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Abstract

Flavoenzymes and flavoproteins are versatile and diverse biomolecules that
are implicated in the energetic metabolism and other cellular processes such as
signalling, nucleotide synthesis, protein folding or defense against oxidative
stress. These proteins have as cofactors the riboflavin (RF, vitamin B2) derivatives
flavin mononucleotide (FMN) and/or flavin adenine dinucleotide (FAD), which
confer them their unique and versatile properties. All organisms contain key
flavoproteins and flavoenzymes, and many of them are becoming interesting as

therapeutic targets or biotechnological tools.

In the present thesis, we have delved into the molecular mechanisms of
flavoenzymes with key metabolic functions in prokaryotes and eukaryotes, such
as the human RF kinase (Publication I) and FAD synthase (FADS) (Publication
II), human NAD(P)H:quinone oxidoreductase 1 (Publication III), and
prokaryotic FADS (Publications IV and V). The detailed characterization of
these enzymes contributes to the better understanding of their associated
pathologies, and provides a framework to novel therapeutic strategies and to the
design of compounds targeting them. For instance, here we show a first
approximation for identification of inhibitors of the prokaryotic FADS that might
contribute to exploit them as pharmacological antimicrobial drugs (Publications
IV and V).

This Doctoral Thesis, presented in the form of a compendium of publications,

comprises the following publications:

— Publication I. Anoz-Carbonell E, Ribero M, Polo V, Velazquez-Campoy
A, Medina M. 2020. Human riboflavin kinase: species-specific traits in the
biosynthesis of the FMN cofactor. The FASEB Journal, 34:10871-10886.

JCR Impact Factor 2019: 4.966. Rank: Q1 (57/297) Biochemistry and
Molecular Biology; D1 (9/93) Biology; Q2 (58/195) Cell Biology.

— Publication II. Leone P, Galluccio M, Quarta S, Anoz-Carbonell E,
Medina M, Indiveri C, Barile M. 2019. Mutation of aspartate 238 in FAD
synthase isoform 6 increases the specific activity by weakening the FAD

binding. International Journal of Molecular Sciences, 20(24):6203.

JCR Impact Factor 2019: 4.556. Rank: Q1 (74/297) Biochemistry and
Molecular Biology; Q2 (48/177) Chemistry (multidisciplinary).
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— Publication III. Anoz-Carbonell E, Timson DJ, Pey AL, Medina M. 2020.
The catalytic cycle of the antioxidant and cancer-associated human NQO1
enzyme: hydride transfer, conformational dynamics and functional

cooperativity. Antioxidants, 9(9):E772.

JCR Impact Factor 2019: 5.014. Rank: Q1 (56/297) Biochemistry and
Molecular Biology; Q1 (7/61) Medicinal Chemistry; D1 (10/139) Food
Science & Technology.

— Publication I'V. Sebastian M, Anoz-Carbonell E, Gracia B, Cossio P, Ainsa
JA, Lans I, Medina M. 2018. Discovery of antimicrobial compounds

targeting bacterial type FAD synthetases. Journal of Enzyme Inhibition
and Medicinal Chemistry, 33:1, 241-254.

JCR Impact Factor 2018: 4.027. Rank: Q1 (10/61) Medicinal Chemistry; Q2
(84/299) Biochemistry and Molecular Biology.

— Publication V. Lans I, Anoz-Carbonell E, Palacio-Rodriguez K, Ainsa JA,
Medina M, Cossio P. 2020. In silico discovery and biological validation of
ligands FAD synthase, a promising new antimicrobial target. PLOS
Computational Biology, 16(8):e1007898.

JCR Impact Factor 2019: 4.700. Rank: Q1 (9/77) Biochemical Research
Methods; Q1 (6/59) Mathematical & Computational Biology.
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Resumen

Las flavoenzimas y flavoproteinas son biomoléculas versatiles y diversas que
estan implicadas en el metabolismo energético y otros procesos celulares como la
transduccion de senales, la sintesis de nucledtidos, el plegamiento de proteinas o
la defensa frente al estrés oxidativo. Estas proteinas tienen como cofactores los
derivados de riboflavina (RF, vitamina B2), mononucledtido de flavina (FMN)
y/o dinucleétido de flavina y adenina (FAD), que les confieren propiedades
unicas y versatiles. Todos los organismos contienen flavoproteinas y
flavoenzimas clave, y muchas de ellas se han convertido en interesantes dianas

terapéuticas o herramientas biotecnoldgicas.

En esta tesis, se ha indagado en los mecanismos moleculares de flavoenzimas
y flavoproteinas con funciones metabolicas clave en procariotas y eucariotas,
como las enzimas humanas RF quinasa (Publicacion I), FAD sintetasa (FADS)
(Publicaciéon II) o NAD(P)H:quinona oxidorreductasa 1 (Publicacién III), o las
FADS procariotas (Publicaciones IV y V). La caracterizacion detallada de estas
enzimas contribuye a la mejor comprension de sus patologias asociadas, y sienta
las bases de nuevas estrategias terapéuticas y del disefio de compuestos dirigidos
a estas dianas. Por ejemplo, aqui presentamos una primera aproximacion a la
busqueda de inhibidores de las FADS procariotas que puede contribuir a su
explotacion  farmacoldgica como potencial agentes antimicrobianos
(Publicaciones IV y V).

Esta Tesis Doctoral, presentada en la modalidad de compendio de

publicaciones, incluye las siguientes publicaciones:

— Publicacion I. Anoz-Carbonell E, Ribero M, Polo V, Velazquez-Campoy
A, Medina M. 2020. Human riboflavin kinase: species-specific traits in the
biosynthesis of the FMN cofactor. The FASEB Journal, 34:10871-10886.

JCR Impact Factor 2019: 4.966. Rank: Q1 (57/297) Biochemistry and
Molecular Biology; D1 (9/93) Biology; Q2 (58/195) Cell Biology.

— Publicacion II. Leone P, Galluccio M, Quarta S, Anoz-Carbonell E,
Medina M, Indiveri C, Barile M. 2019. Mutation of aspartate 238 in FAD
synthase isoform 6 increases the specific activity by weakening the FAD

binding. International Journal of Molecular Sciences, 20(24):6203.

JCR Impact Factor 2019: 4.556. Rank: Q1 (74/297) Biochemistry and
Molecular Biology; Q2 (48/177) Chemistry (multidisciplinary).
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— Publicacion III. Anoz-Carbonell E, Timson DJ, Pey AL, Medina M. 2020.
The catalytic cycle of the antioxidant and cancer-associated human NQO1
enzyme: hydride transfer, conformational dynamics and functional

cooperativity. Antioxidants, 9(9):E772.

JCR Impact Factor 2019: 5.014. Rank: Q1 (56/297) Biochemistry and
Molecular Biology; Q1 (7/61) Medicinal Chemistry; D1 (10/139) Food
Science & Technology.

— Publicacion IV. Sebastian M, Anoz-Carbonell E, Gracia B, Cossio P, Ainsa
JA, Lans I, Medina M. 2018. Discovery of antimicrobial compounds

targeting bacterial type FAD synthetases. Journal of Enzyme Inhibition
and Medicinal Chemistry, 33:1, 241-254.

JCR Impact Factor 2018: 4.027. Rank: Q1 (10/61) Medicinal Chemistry; Q2
(84/299) Biochemistry and Molecular Biology.

— Publicacion V. Lans I, Anoz-Carbonell E, Palacio-Rodriguez K, Ainsa JA,
Medina M, Cossio P. 2020. In silico discovery and biological validation of
ligands FAD synthase, a promising new antimicrobial target. PLOS
Computational Biology, 16(8):e1007898.

JCR Impact Factor 2019: 4.700. Rank: Q1 (9/77) Biochemical Research
Methods; Q1 (6/59) Mathematical & Computational Biology.
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Introduction

I. FLAVINS

Biological cofactors extend the catalytic repertoire of proteins by increasing the
limited chemical space of the aminoacyl side chains of peptides. Some of these
cofactors catalyze a small but nevertheless essential set of biological reactions,
such as biotin or thiamine pyrophosphate. In contrast, other cofactors are far
more versatile contributing to very different chemical reactions, as for example

flavin and pyridoxine-derived cofactors (Leys and Scrutton, 2016).

Flavin cofactors are a family of heterocyclic compounds with the basic
structure of 7,8-dimethyl-10-alkylisoalloxazine (FIG 1.1), also referred as
lumichrome. The term is derived from the Latin word flavus, due to their

characteristic yellow color in the oxidized state.

@)

a N a
N NH
% 5 10 10\1}&

a T a N O

R

Figure I.1. Chemical structure and atomic numbering of the 7,8-dimethil-
isoalloxazine ring. R determines the nature of the flavin: R=CHs, lumiflavin; R=ribityl,
riboflavin (RF); R=ribityl-5"-phosphate, flavin mononucleotide (FMN); R=ribityl-(9-
adenosyl)-pyrophosphate, flavin adenine dinucleotide (FAD).

Another non-technical but widely extended terminology is the designation of
the two faces of the isoalloxazine ring as re and si faces. If the isoalloxazine ring
is oriented with the N(10) in the lower part of the molecule, the re face is the one

in which the benzene is located at the left side, as shown in FIGI.2.

P Si face

Figure 1.2. Re and Si faces of the isoalloxazine ring of FMN.
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In general, the flavins with higher biological relevance are riboflavin (RF) and
their active derivatives flavin mononucleotide (FMN, also termed riboflavin 5'-
phosphate) and flavin adenine dinucleotide (FAD) (FIG 1.3), as well as the

inactive products of their photodegradation, lumiflavin and lumichrome.

Q HO M

Flavin adenine dinucleotide (FAD) |

1
1
1
1
1
1
I HO—C—H
1
1
1
1
! 1
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1
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Flavin mononucleotide (FMN) ! 1 : HiCoy N /N 0
1 \ Y
Riboflavin (RF) | | H P "
. . ! HiC™ M
Lumiflavin 1 .
1
1

Lumichrome
1

Isoalloxazine

Figure I.3. Chemical structure of oxidized isoalloxazine ring and its most biologically
relevant derivatives (in red): RF (with a ribityl chain attached to the N(10)), FMN
(formed through the addition of a phosphate group to the 5" carbon of the RF ribityl
chain) and FAD (formed by condensation of FMN with a molecule of AMP).

Despite flavins are usually referred as nucleotides, this term is not strictly
correct since the bond stablished between the ribityl chain and the isoalloxazine
is a carbon-nitrogen bond, susceptible to hydrolysis, and not a glycosidic bond.
Therefore, the nomenclature of FMN and FAD would be incorrect, but it is

traditionally accepted.

Flavins are not only riboflavin-derivatives

Flavins are ubiquitous in the three-domains of life (Archaea, Bacteria and
Eukarya) (Macheroux et al., 2011). In general, RF is not used in any enzyme as a
cofactor, but it seems to be the preferred storage form in some organisms (e.g.

archaea dodecins, riboflavin-binding protein in chicken eggs) (Grininger et al.,
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2009; Monaco, 1997). Furthermore, all organisms use RF as the precursor of FMIN
and FAD. On the contrary, FMN and FAD are used as cofactors of a wide plethora
of flavoproteins and flavoenzymes (Fraaije and Mattevi, 2000). In addition, some
other flavins with modifications in the ribityl chain and/or in the isoalloxazine
ring, have been found in nature, but in general they are restricted to few species
or genus. Examples of flavins modified at the ribityl chain would include
schizoflavins (2,3,4-trihydroxy-4-carboxybutyl)isoalloxazine and 7,8-dimethyl-
10-(2,3,4-trihydroxy-4-formylbutyl)isoalloxazine) from Schizophillum commune
(Tachibana and Murakami, 1975) and the glycosylated or phosphorylated flavin
derivatives (apart from FMN). Some examples of flavins with modifications at
the isoalloxazine moiety are roseoflavin (8-dimethylaminoriboflavin) produced
from Streptomyces davawensis (Lee et al., 2009), 8-hydroxy-5-deazaflavin
(constituent of cofactor Fso) produced by some Actinobacteria (Daniels et al.,
1985), or nekoflavin (8a-hydroxyriboflavin) and 7a-hydroxyriboflavin produced
in some mammals (Matsui, 1965). Furthermore, flavin cofactors covalently linked
to their corresponding flavoproteins could be also included within this later
group (Piano et al., 2017). Recently, a prenylated FMN has been found as cofactor
of yeast ferulic acid decarboxylases Fdcl and prokaryotic UbiD (de)carboxylases
(Payne et al., 2015), but only when co-expressed with the corresponding flavin
prenyltransferases Pad10 or UbiX, respectively. This unexpected discovery opens
the door to new flavin-derived cofactors broadening the chemical space and

catalytic repertoire of flavoproteins.

Additionally, it has been extensively reported the presence of 6- or 8-hydroxy-
flavins when isolating and purifying some flavoproteins, such as electron-
transferring flavoprotein of Peptostreptococcus elsdenii, pig liver glycolate oxidase,
the D-aspartate oxidase from Bos taurus or Octopus wvulgaris, cellobiose
dehydrogenase from Humicola insolens or the human apoptosis factor (Igarashi et
al., 1999; Marshall et al., 2005 Mayhew and Ludwig, 1975, Muller and
Edmondson, 2018; Negri et al., 1987; Tedeschi et al., 1994). The biological role of
these derivatives is still unknown, and they are probably generated as result of
the oxidation of flavoproteins during the protein production and/or purification
processes (Bertagnolli and Hager, 1993; Gong et al., 2007; Negri et al., 1987). This
is further supported by the fact that proteins loaded with these cofactors are less
active than with FMN or FAD, and there is not a characterized biosynthetic route

for the modified cofactor.

13
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Flavin redox properties explain their ubiquity in nature

Flavins, and thus flavoproteins, have always been the apple of enzymologists’
eyes due to their distinctive redox and spectroscopic properties. Henceforth,
flavins have the potential to undergo redox reactions through both one-electron
and two-electron transfer processes. These redox reactions proceed in a
thermodynamically and kinetically fully reversible manner. The part of the
molecule actively involved in the redox process is the isoalloxazine ring.
However, the ribityl chain (or the adenine nucleotide in the case of FAD) is not

only merely structural but also can regulate catalytically-relevant amino acid
residues (Murthy and Massey, 1997).

The free isoalloxazine ring (not bound to a protein) can exist in three different
redox states: oxidized (flavoquinone, o0x), one-electron reduced
(flavosemiquinone, sq), and two-electron reduced (flavohydroquinone, rd)
(Miiller, 1991). Moreover, due to the amphoteric nature of the flavin ring, each
redox state can be found in three different protonation states depending the pH:
anionic, neutral or cationic species (FIG I.4). From the nine forms shown in
FIG 1.4, at least six are physiologically possible based on their pKa values. Each
redox and protonation species has differential characteristic properties.

Cationic Neutral Anionic
R H R R
9 { 1 9 I 1
! N 10N N 2.0 10y N 2 O

o -
o 2 =0 3 \f Ka =10 377
Oxidized |+ A L | 4 \p = ’ | a g
X\ N 3 NN 3
+ 5 4 + -

-le -1H" || +1e +1H"
/
R H R R
Yoo 9 1ok N 2.0 . Y N_ o
o NAN N pKa = 233N\ 2 Y pKa =832 N7 N7 ¢
Semiquinone | o ~ | 1 NG | . .
X N s A NOR L AN
O T -
H n ©
-le -1H* || +1e +1H
/
R H R
1‘\1 N o
. YpKa<0\/\/ pKa 67 g \‘(
Hydroquinone J\H/NH —_— | | NH
N Y
/ \ g b o)

Figure 1.4. Redox states and acid-base equilibrium of the isoalloxazine ring. Figure
modified from (Edwards, 2006).
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The oxidized flavoquinone form is stable toward molecular oxygen,
independently of the substituent at N(10). At pH values between 1 and 9, the
oxidized flavin is in the neutral form. The proton at N(3) dissociates with a pKa
value of about 10. The cationic specie is formed at pH < 0. Protonation occurs at
the N(I) atom, which is the most basic nitrogen atom in the isoalloxazine ring. A
dicationic form can also be found in extreme acidic conditions due to the
additional protonation at N(5). The semiquinone form, first discovered by
Michaelis in 1936 (Michaelis and Schwarzenbach, 1938), incorporates an electron
over the oxidized form. Depending on the pH (pKa ~8.3), it can be found in the
red-colored anionic form or in the blue/green-colored neutral form (color
depends of the tautomeric form stabilized, and it varies with the solvent
polarity). The cationic flavosemiquinone, observed at pH < 2.3, is rather stable
against oxygen compared to the other semiquinone species. The fully reduced
flavin incorporates an electron over the semiquinone state. In the hydroquinone
state, the pyrimidine ring is rich in electronic density and harbors negative charge
at neutral pH (pKa ~6.5). Neutral flavohydroquinone incorporates a proton at
N(1), the least basic position in this redox state, and at N(5) in the cationic form
(at pH <0).

In aqueous solution, an equimolar mixture of oxidized and reduced flavin
reaches an equilibrium with only a small percentage of flavin in the semiquinone
form (less than the 1% at pH 8.0) (Mayhew, 1999a). This is caused by the high
thermodynamically instability of the semiquinone form, also reflected in the
redox potential of the half-reactions or reduction by a single electron: Eoxsq is
more negative than Esqra. At pH 7.0, the redox potential for the two-electron
reduction of the free flavin is about Em = =200 mV (=219 mV for FAD, -205 mV
for FMN, and 200 mV for RF) (Clark and Lowe, 1956). Reduction potential
values for FMN at pH 7.0 and 20°C are Eoxsq = -313 mV and Esqra = -101 mV
(Mayhew, 1999D).

Spectroscopic properties of flavins

Spectroscopic properties of flavins depend on the redox and protonation state,
due to their different distribution of electronic density along the isoalloxazine
ring. In aqueous solvents, all oxidized flavins exhibit strong absorption in the
ultraviolet and visible region, with four characteristic peaks at 220, 265, 375 (band
IT) and 445 nm (band I) (FIG 1.5). The UV-visible absorption spectra is almost

15
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independent of the substituent in N(10). However, there are subtle differences
for FAD in the intensity of bands I and II, and in the position of band I
(hypochromic displacement to 450 nm), due to the formation of an
intramolecular complex between the isoalloxazine moiety and the adenine
moieties (van den Berg et al., 2001; Weber, 1950). The neutral semiquinone has a
characteristic blue or green color (depending of the solvent) because it has a band
of absorption around 500-600 nm (with a maximum at 580-600 nm) (FIG L.5). The
anionic semiquinone shows red color and has low absorbance above 550 nm and
has two maxima at 370 and 490 nm. The reduced flavins show a low absorption
at the band I and II, and a shoulder around 290 nm (van den Berg et al., 2002;
Weber, 1950).

The neutral oxidized forms of flavins exhibit an intense yellow-green
fluorescence, being the maxima of absorption and emission around 440-450 and
525-530 nm respectively (Sun et al., 1972). For the free flavins, at neutral pH, the
quantum yield of RF and FMN is 10-times higher than that of FAD, result of the
interaction of the isoalloxazine ring and the adenine group of the nucleotide
(which quenches the fluorescence of the isoalloxazine ring) (van den Berg et al.,
2002; Weber, 1950). Flavin fluorescence is highly dependent on solvent polarity,
pH, temperature and position and nature of substituents in the isoalloxazine ring
(Ghisla and Hemmerich, 1971; Sun et al., 1972; Walker et al., 1972). The fluorescent

quantum yield of reduced flavins is very small.

18
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Figure I.5. UV-visible absorption spectra of the oxidized (black), reduced (red),
anionic semiquinone (blue) and neutral semiquinone (green) of some FAD-
dependent flavoproteins. Adapted from (Liu et al., 2010)
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The flavosemiquinone state has radical character (unpaired electron spin) and
can also be studied by electron paramagnetic resonance (EPR) related methods.
Those studies demonstrate that the spin density is mostly located in pyrazine
rings (mainly at N(5)) and benzene (predominantly at CHs(8)), with lower
density at the pyrimidine ring (Garcia et al., 2002; Martinez et al., 2016)

II. SYNTHESIS OF THE RIBOFLAVIN PRECURSOR
De novo riboflavin biosynthesis

Bacteria, fungi and plants have the ability to synthesize RF de novo (Barile et
al., 2016; Fischer and Bacher, 2006; Garcia-Angulo, 2017). With a few variations
in some reaction steps, the biosynthetic pathways are similar across kingdoms
but they are surprisingly identical in eubacteria and plants. In all cases, each
molecule of RF is synthetized from a molecule of guanosine 5-phosphate (GTP)
and two molecules of ribulose 5-fosfate (derived from glucose through the

pentose phosphate pathway) (FIG L.6).

In a first step, GTP cyclohydrolase II (EC 3.5.4.25) catalyzes the hydrolytic
opening of GTP imidazole ring producing 2,5-diamino-6-ribosylamino-4(3H)-
pyrimidinone 5 -phosphate. GTP cyclohydrolase II can be found as a
monofunctional enzyme (yeast and some bacteria) or as part of a bifunctional
enzyme with 3,4-dihydroxy-2-butanone-4-phosphate synthase activity (EC
4.1.99.12) (some bacteria and plants). In archaea and some bacteria, this reaction
is carried out by the sequential action of GTP cyclohydrolase III and formamide
hydrolase. The product of GTP hydrolysis is converted to 5-amino-6-
ribitylamino-2,4(1H,3H)-pyrimidinedione 5 -phosphate by two reaction steps,
involving the hydrolytic cleavage of the position 2 amino group of the
heterocyclic ring (EC 3.5.4.26) and the reduction of the ribosyl side chain (EC
1.1.1.193). The sequential order of these steps varies in different organisms.
Whereas in bacteria the product is firstly deaminated and then reduced
(catalyzed by a single bifunctional deaminase/reductase enzyme); in yeast and
fungi, the reduction precedes the deamination. The final product, 5-amino-6-
ribitylamino-2,4(1H,3H) pyrimidinedione 5’-phosphate, is dephosphorylated by

a mechanism still unknown.
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Figure I.6. Pathway for FAD biosynthesis in prokaryotes. The enzymes involved in
the metabolic route are: GTP cyclohydrolase II (1), 2,5-diamino-6-ribosylamino-4
(8H)-pyrimidinone 5-phosphate deaminase (2), 5-amino-6-ribosylamino-2,4
(1H,3H)-pyrimidinedione 5-phosphate reductase (3), 2,5-diamino-6-ribosylamino-4
(3H)-pyrimidinone 5'-phosphate reductase (4), 2,5-diamino-6-ribitylamino-4 (3H)-
pyrimidinedione 5'-phosphate deaminase (5), hypothetical phosphatase (6), 3,4-
dihydroxy-2-butanone 4-phosphate synthase (7), 6,7-dimethyl-8-ribityllumazine
synthase (8), riboflavin synthase (9), riboflavin kinase (10), and FAD synthase (11).
Eubacteria and plants produce RF through (2) and (3) while yeasts utilize path
through (4) and (5). Figure from (Abbas and Sibirny, 2011).
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Formerly, the lumazine synthase (EC 2.5.1.78) catalyzes the condensation of 5-
amino-6-ribitylamino-2,4(1H,3H)  pyrimidinedione with 3,4-dihydroxy-2-
butanone-4-phosphate (product of dihydroxy-2-butanone-4-phosphate synthase
(EC 4.1.99.12) with ribulose 5-phosphate as substrate). The final step, catalyzed
by the RF synthase (EC 2.5.1.9), comprises the dismutation of two molecules of
6,7-dimethyl-8-ribityllumazine (lumazine) into RF and 5-amino-6-ribitylamino-
2,4(1H,3H) pyrimidinedione. The reaction produces RF and recycles the
substrate of the lumazine synthase reaction. In some eubacteria, both lumazine
and RF synthases form oligomeric assemblies that could favor substrate

channeling and thus the enzymatic reaction.

In eubacteria, the enzymes performing the aforementioned steps are encoded
by rib genes (with the exception of the dephosphorylation step, probably
accomplished by low specificity hydrolases). It is noteworthy to highlight that
the rib genes nomenclature is different between Escherichia coli and some Gram-
positive bacteria, such as Bacillus subtilis. The latter organisms is used for RF
industrial production (Duan et al., 2010) and for this reason its rib operon has

been so extensively characterized.

Riboflavin transport

Although most bacteria can synthetize RF, some species rely on external
sources of RF and harbor specialized flavin transport systems. Nine different
families of bacterial riboflavin transport system have been described, the energy-
coupling factor (ECF)-RibU, PnuC/RibM, RibN, RftuABCD, ImpX, RibXYZ, RfnT,
RibZ and RibV (Gutiérrez-Preciado et al., 2015). Some bacterial species conserve
both uptake genes (generally, expressed constitutively) and RF biosynthetic
genes, only expressed when there is not an external RF source available.
Moreover, it has also been reported that some bacterial strains can secrete flavins
to the extracellular media (Marsili et al., 2008; Mehta-Kolte and Bond, 2012;
Yurgel et al., 2014).

In eukaryotic organisms, sub-cellular compartmentalization entails an
additional level of complexity and regulation in flavin metabolism and transport.
Hence, there probably exist specific systems involved in flavin trafficking to the
different organelles or cellular compartments (mitochondria, chloroplast,

vacuoles, nucleus...) (Barile et al., 2016; Gudipati et al., 2014).
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In addition to de novo biosynthesis, yeast species are capable of RF uptake. For
example, to date, five RF transporters have been described in the yeast
Saccharomyces cerevisiae: plasma membrane transporter MCH5 (flavin import
from the extracellular media), flavin-antiporter Flxlp (exchange of
mitochondrial-matrix FMN by cytosolic FAD) and three putative FLC

transporters (transport of FAD to the endoplasmic reticulum).

Nonetheless, higher organisms have lost the ability to synthesize RF and they
need to acquire it from the diet or to a lesser extent from its intestinal microflora’s
production. For instance, in the case of human nutrition, the daily recommended
allowance for RF is 1.1-1.3 mg/day, which is mainly supplied by the consumption
of vegetables, milk, eggs and cereals. In mammals, flavins from diet are
transformed into RF by non-specific hydrolases and absorbed at the small and
large intestine via carrier-mediated processes. Recently, five flavin transporters
have been discovered: mitochondrial riboflavin transporter (mRF),
mithocondrial FAD transporter and three plasma membrane transporters
(hRFTV1, hRFTV2 and hRFTV3) (Spaan et al., 2005; Yonezawa and Inui, 2013).
These proteins have different subcellular and tissue-specific expression profiles,

as well as functional and kinetic properties.

To date, data on RF transport mechanisms in archaea, fungi and plants, are

still quite limited on the literature.

Riboflavin supply pathways are tightly regulated

The transcriptional organization of RF biosynthesis genes is highly variable
among bacteria species. In the simplest cases, all rib genes are encoded by a single
operon, as observed in Bacillus or Mycobacteria genomes (Garcia-Angulo, 2017).
This seems to allow the coordinated expression of all rib genes. However, genes
can also be dispersed along the chromosome, such as in E. coli. Hence, each gene
can be independently regulated to satisfy cellular requirements. Additionally,

many bacteria have redundant duplications or incomplete RF biosynthetic genes.

Both the de novo biosynthesis and the uptake of riboflavin is energetically
costly for the microorganisms, consequently both processes are tightly regulated.
As in other anabolic pathways, the first step of the pathway (GTP hydrolysis) is
rate-limiting and could be inhibited by the product RF, at least in B. subtilis
(Htmbelin et al., 1999). Also, it has been reported the feedback inhibition of 6,7-
dimethyl-8-ribityllumazine synthase from Pichia guilliermondii by RF
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(Logvinenko et al., 1973). Furthermore, apart from the regulation at the protein
level, RF synthesis is regulated at the transcriptional and translational level. The
most widely distributed regulatory factor is the FMN riboswitch (also termed
RFN element), a sequence in the 5-UTR that adopts a characteristic metabolite-
dependent secondary structure (Garcia-Angulo, 2017). FMN binding to the
riboswitch avoids the transcription and/or translation by forming a terminator
and by hiding the ribosome binding site (Winkler et al., 2002). Therefore, this
mechanisms couple RF needs with the expression of the genes required to
produce it, avoiding waste of metabolic energy when intracellular flavin levels
are sufficient. In some species (from bacteria to yeast and plants), a link between
iron and RF metabolisms has been observed, since iron starvation induces rib
gene expression and the replacement of iron-dependent enzymes by flavin-
dependent enzymes (Crossley et al., 2007; Fedorovich et al., 1999; Sepulveda
Cisternas et al., 2018, Welkie and Miller, 1960). Nonetheless, regulatory
mechanisms are neither present in all organisms or genes (Garcia-Angulo, 2017;

Vitreschak et al., 2002), or remain still uncharacterized.

III. BIOSYNTHESIS OF THE FLAVIN COFACTORS

Independently on the endogenous or exogenous origin of RF, all the
organisms transform RF into FMN and FAD through two sequential reactions.
Firstly, a riboflavin kinase (RFK, ATP:riboflavin 5 phosphotransferse, EC
2.7.1.26) phosphorylates RF into FMN by transferring the y-phosphate group
from ATP to the C5’ ribityl chain (Eqn. 1.1; reaction (10) in FIG L.6). After the
phosphorylation step, an ATP:FMN adenylyltransferase (FMNAT, EC 2.7.7.2)
activity converts FMN into FAD (Eqn. 1.2; reaction (11) in FIG L.6).

RF + ATP — FMN + ADP (Eqn. 1.1)

FMN + ATP — FAD + PPi (Eqn. 1.2)

Although all organisms synthesize FMN and FAD from RF, they utilize

different enzymes for that purpose.

21



Ernesto Anoz Carbonell — Doctoral Thesis

In most of prokaryotes, both enzymatic reactions RFK and FMNAT are
catalyzed by a single bifunctional enzyme, the type-I FAD synthase (FADS) (FIG
1.7) (Herguedas et al., 2010; Krupa et al., 2003; Sebastian et al., 2017a; Wang et al.,
2003, 2004). Its C-terminus RFK module is homologous to monofunctional
eukaryotic RFKs. However, its N-terminus FMNAT module belongs to the
nucleotidyl-transferase superfamily and differs from mammalian eukaryotic
FMNATSs. In addition to these type-I FADS bifunctional enzymes, some bacterial
species own monofunctional enzymes with RFK and/or FMNAT activities
(Solovieva et al., 1999; Yruela et al., 2010), and bifunctional enzymes different
from type- FADS. These latter enzymes show a N-terminus FMNAT module and
a C-terminal module of unknown function, and are designated type-II FADS
(Sebastian ef al., 2019; Yruela et al., 2010).
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Type-I FADS FADpp
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Figure 1.7. Distribution of the activities related to FMN and FAD synthesis in the
subcellular locations of different organisms. Enzymes in solid color have been
purified and characterized biochemically. Enzymes shown with transparency have
been predicted by bioinformatical analysis even though they have not been found
experimentally. RFK (riboflavin kinase)) FMNAT (FMN adenylyltransferase),
FADasa (FAD hydrolase), FADpp (FAD pyrophosphorilase), FHy (FMN hydrolase).
Figure modified from (Medina, 2012).
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Contrary to prokaryotes, two independent monofunctional enzymes
catalyzing RFK and FMNAT activities are present in yeast, animals and, in
general, non-photosynthetic eukaryotes (FIG 1.7) (Barile et al., 2000; Kasai et al.,
1990; Merrill Jr. and McCormick, 1980; Santos et al., 2000). Monofunctional RFKs
are ATP-dependent, and sequence analyses revealed a highly conserved PTAN
motif and a glutamic residue that acts as catalytic base (Bauer et al., 2003b;
Karthikeyan et al., 2003a, 2003b). Likewise, eukaryotic FMNATSs are currently
classified as member of the 3'-phosphoadenosine 5’-phosphosulfate (PAPS) reductase-
like family, belonging to the adenine nucleotide a-hydroxilase-like superfamily
(Huerta et al., 2009; Leulliot et al., 2010; Santos et al., 2000). Both proteins can
present different isoforms with different sub-cellular location (mitochondria,
nucleus, cytosol...) (Brizio et al., 2006; Giancaspero et al., 2013; Leone et al., 2018;
Miccolis et al., 2012; Torchetti et al., 2010).

In addition to the enzymes involved in FMN and FAD biosynthesis,
eukaryotic cells harbor enzymes that hydrolyze FMN (FHy) in the cytosol and
the intermembrane space (FIG 1.7) (Barile et al., 1997; Fischer and Bacher, 2006;
Fuchs et al., 1992; Granjeiro et al., 1997; Lee and Ford, 1997; Sandoval et al., 2008).
Moreover, in S. cerevisiae, FAD pyrophosphatase (FADase) (EC 3.6.1.18) and FHy
(EC 3.1.3.102) have also been reported in the mitochondrial inner membrane and

in the matrix, respectively (Pallotta, 2011).

In plants, the situation is even more intricate, since additionally to the
monofunctional RFKs and FMNATSs, two different bifunctional enzymes can be
found (FIG 1.7) (Yruela et al., 2010). One of them presents RFK activity in its C-
terminus module, and hydrolase activity in its N-terminus one (Sandoval and
Roje, 2005). The other bifunctional enzyme shows a N-terminus module similar
to prokaryotic FMNATS, and a shorter C-terminal of unknown function (shorter
than eukaryotic RFKs and without the PTAN motif) (Sandoval et al., 2008). These
plant bifunctional enzymes have been named as FADSs-type II and plant-like
FADSs, respectively (Yruela et al., 2010). The monofunctional RFKs and FMNATSs
have been found in multiple sub-cellular localizations (mainly mitochondria and
cytosol but also in chloroplast) (Mitsuda et al., 1970). However, the location of
bifunctional enzymes is still not clear, but they might be located in
mitochondrion and/or chloroplast, since they have location sequences for these
organelles (Giancaspero et al., 2009; Sandoval and Roje, 2005; Sandoval et al.,
2008).
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Archaea possess two monofunctional proteins that are phylogenetically
different from the eukaryotic counterparts. The archaeal RFKs use exclusively
CTP as substrate (instead of ATP in eukaryotic RFKs) (Ammelburg et al., 2007).
The FMNATS belong to the nucleotidyl-transferase superfamily, although they do
not show some of its characteristic motifs (Mashhadi et al., 2008), and either ATP

or CTP can be used as substrates.

Eukaryotic riboflavin kinases

Monofunctional RFKs have been purified and characterized from yeasts
(Santos et al., 2000) and diverse mammal tissues (Kasai et al., 1990; Kashchenko
and Shavlovsky, 1976; McCormick et al., 1997; Schrecker and Kornberg, 1950;
Yamada et al., 1990). Additionally, the crystallographic structures of the RFKs of
Schizosaccharomyces pombe (SpRFK) and Homo sapiens (HsRFK) have been resolved
(Bauer et al., 2003b; Karthikeyan et al., 2003a, 2003b).

In general, RFKs are cytosolic enzymes of 18-24 kDa (Merrill and McCormick,
1980; Yamada et al., 1990) and their expression levels are particularly high in
brain, placenta, bladder, liver and intestine of higher organisms. However,
mitochondrial isoforms have also been identified in yeast and other eukaryotic
organisms, including plants and animals (Barile et al., 2000; Giancaspero et al.,
2009; Mitsuda et al., 1970; Sandoval et al., 2008; Santos et al., 2000).

RFKs catalyze the phosphorylation of RF into FMN, using exclusively ATP as
phosphate donor (Merrill and McCormick, 1980; Yamada et al., 1990). However,
some RFKs show moderate activity using other nucleotides as substrates (as
GTP) (Kashchenko and Shavlovsky, 1976). Apart from RF, eukaryotic RFKs can
also phosphorylate a wide variety of RF-analogs (Kashchenko and Shavlovsky,
1976; Kearney, 1952; McCormick and Butler, 1962), being the determinants of
specificity the length of 4-6 C-atoms of the N(10) substituent, the substitution in
positions 7 and 8, and the absence of substituents in N(3) and N(5) (McCormick
and Butler, 1962). The RFK activity also requires of the presence of a divalent
cation, such as Zn?* or Mg? (Nakano and McCormick, 1991).

Nowadays, the tridimensional structures of the RFKs of S. pombe (PDB entries
1NO05, IN06, 1IN07 and 1NO8) (Bauer et al., 2003b) and H. sapiens (PDB entries
1INBO, INB9, 1P4M and 1Q9S) (Karthikeyan et al., 2003a, 2003b) are available,
both free and/or in complex with their ligands (substrates and products of the
RFK reaction). Both RFKs fold into a six-stranded antiparallel B-barrel core with
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Greek key topology and some segments of a-helix located mainly at the C-
terminal end (FIG I.8). The adenine nucleotide is located between a glycine-rich
loop, a short 310-helix, and a reverse turn leading to a short 3-strand that contains
the most conserved PTAN sequence motif (Bauer ef al., 2003b; Karthikeyan et al.,
2003a). This motif is implicated in the coordination of the divalent cation and the
binding of the triphosphate moiety of ATP. In contrast, the flavin binds in a
pocket between the surface of the 3-barrel and an a-helix, with the ribityl moiety
extended to the nucleotide binding site. This folding represented a new fold in
the kinase family with a novel nucleotide binding motif never previously
described (Cheek et al., 2005; Karthikeyan et al., 2003a).
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Figure 1.8. Structural properties of HsRFK. (A) Crystallographic structures of HsRFK
in complex with FMN and ADP showing the FlaplI loop in either open (PDB ID 1P4M,
in purple) or closed conformation (PDB ID 1Q9S, in blue). FMN and ADP ligands are
shown as CPK colored sticks colored with carbons in orange and yellow, respectively.
(B) Topology of HsRFK, with a-helices as dark rectangles and B-strands as light
arrows. Numbers indicate residue positions.

Despite the overall structural identity among the RFK available structures,
differences are found in the conformation of the loops constituting the adenine
and flavin binding sites, termed FlapI and Flapll (F1G I.8A) (Karthikeyan et al.,
2003a, 2003b). These variations regarding the apo-RFK and in complex with
different combinations of ligands (ADP, RF:ADP and FMN:ADP) point to drastic

conformational changes upon substrate binding and catalysis.
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The structure of the apo-form has only been resolved for SpRFK (PDB entry
1NO05). However, high sequence identity between eukaryotic RFKs suggest that
SpRFK structure is a representative model of the whole family (Bauer et al., 2003b;
Karthikeyan et al., 2003b). In this structure, Flapl collapses onto the -barrel and
blocks the adenine binding site, hampering ATP binding; whereas Flapll is
disordered (not observed in the crystallographic structure), leaving the flavin
pocket accessible to RF. Hence, this structure suggests that the RFK activity
occurs through a sequential ordered bi-bi mechanism in which the preferred
pathway is for RF to bind to the enzyme first followed by ATP. Binding of RF
might induce a conformational change both in FlaplI, that encloses the flavin into
the protein, and in Flapl, opening the adenine binding site to ATP, as observed
in the crystallographic structures of RFK in complex with ADP and RF/FMN.
After the catalysis, the FMN is blocked by Flapll, whereas ADP is completely
solvent exposed, favoring its release. Finally, both protein loops might acquire
the initial conformation, in which the flavin binding site is open for FMN product

dissociation.

Eukaryotic FMN adenylyltransferases

FMN adenylyltransferases (FMNAT, but also referred as FAD synthases,
FADS) have been purified and characterized from yeast (Huerta et al., 2009; Wu
et al., 1995), rat liver (Gomes and McCormick, 1983; McCormick et al., 1997), and
Homo sapiens (Brizio et al., 2006; Galluccio et al., 2007). The crystallographic
structure has been resolved for the FADS from the yeasts Saccharomyces cerevisiae
(S5cFMNAT) and Candida glabrata (C{FMNAT) (Huerta et al., 2009; Leulliot et al.,
2010), but not for the human protein (hFADS).

In yeast and fungi, FMNATs are monofunctional enzymes with a PAPS
reductase-like domain, which has conserved motifs different from those of
nucleotidyl-transferases (FMNAT modules of bifunctional prokaryotic FADS).
Nonetheless, an additional domain is found at the N-terminus of FMNATSs of
higher eukaryotes, including H. sapiens. This module resembles molybdopterin-
binding (MPTb) domain and harbors FAD pyrophosphatase activity (Cialabrini
et al., 2013; Giancaspero et al., 2015a). Therefore, these latter enzymes are
bifunctional FMNAT/FADases that can both synthesize and hydrolyze FAD in
response to the physiological state of the cell.
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Eukaryotic FMNATSs are enzymes of 30-40 kDa (monofunctional fungi
FMNATS) or 50-60 kDa (bifunctional FMNAT/FADases), and their subcellular
location is still controversial since both FMNAT and FADase activities are
detected in almost all cellular compartments (Bafunno et al., 2004; Giancaspero et
al., 2013; Torchetti et al., 2010, 2011). Furthermore, these enzymes are
constitutively expressed in all tissues, but their expression levels are particularly
high in brain, placenta, bladder, liver and gastrointestinal tract of higher
organisms (Expression Atlas, http://www.ebi.ac.uk/gxa) (Papatheodorou et al.,
2018).

FMNATSs catalyze the adenylylation of FMN into FAD, using exclusively ATP
as adenylyl donor (Bowers-Komro et al., 1989; Schrecker and Kornberg, 1950).
Hence, no enzymatic activity is detected when using AMP, ADP, dATP, TTP,
UTP, CTP or GTP as nucleotide donors. Nonetheless, although these enzymes
show higher enzymatic activity with FMN as substrate, a wide variety of FMN-
analogs can be adenylated. The determinants of specificity are the absence of
substitutions in the pyrimidine portion of the isoalloxazine ring (CO and NH
groups at positions 2 and 3), and the length of 5-6 C-atoms of the N(10)
substituent (Bowers-Komro et al., 1989). Additionally, the FMNAT activity has a
strict requirement of Mg?, although other divalent cations as Co?", Mn?*, Ca? and
Zn* can be used with less efficiency (Bowers-Komro et al., 1989; McCormick et
al., 1997; Torchetti et al., 2011).

The FMNAT activity follows an sequential ordered bi-bi mechanism in which
ATP binds first to the enzyme followed by FMN, and product pyrophosphate
(PPi) is released first followed by the release of FAD (Giancaspero et al., 2015a;
Huerta et al., 2009; Oka and McCormick, 1987; Yamada et al., 1990). Both products
of the forward reaction (FAD and PPi), as well as nucleotides other than ATP, act
as inhibitors of the FMNAT activity (Bowers-Komro et al., 1989; Torchetti et al.,
2011). Additionally, FAD release may represent the rate-limiting step of the
whole catalytic cycle and is consistent with the proposed role of eukaryotic
FMNATSs as FAD chaperones: these enzymes do not only synthesize FAD but also
deliver it to the recipient apo-flavoproteins through protein-protein interactions
(Giancaspero et al., 2015b; Torchetti et al., 2011).

Structural information of eukaryotic FMNATSs is limited to ScFMNAT in
complex with FAD (PDB entry 2WSI) (Leulliot et al., 2010), and CgFMNAT (PDB
entries 3FWK, 3G6K, 3G59 and 3G5A), free and in complex with the substrates
or products of the FMNAT reaction (Huerta et al., 2013). In both FMNATs, the
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PAPS reductase-like domain has an a/f3 fold with a twisted six-stranded [3-sheet
sandwiched by a-helices, organized into a non-canonical Rossmann-fold
(Dym and Eisenberg, 2001; Rossmann et al., 1974). The ATP nucleotide binds in a
crevice formed at the [-sheet, with its By-phosphate tail positioned in an
anion-binding pocket near the N-terminus of a3 (Huerta et al., 2009). The flavin
binding site is located on the same side of the central (3-sheet than the ATP, in a
groove created by the loop connecting (35 to 36, helix a5 and the B-sheet. Within
this site, the adenylyl (of ATP or FAD) and isoalloxazine moieties (of FMN or
FAD) are packed against each other and face inwards, and the phosphoribityl
moiety faces to the solvent (Huerta et al., 2009; Leulliot et al., 2010). Therefore,
FAD adopts a bent conformation, different from those observed in other FMN-
or FAD-flavoproteins (Dym and Eisenberg, 2001), emphasizing this flavin-
binding mode as a characteristic of eukaryotic FMNATSs. Furthermore, the Mg?
cation in the ternary complexes stabilize the phosphate groups of the substrates
and products, positioning them in an optimal configuration for the adenylyl

transfer reaction.

A ‘ L\ / -Phosphate motif
¥ c\ | ARG2 motif

Flavin otif
C. glabrata FMNAT P. aeruginosa APS reductase

Figure 1.9. (A) Crystallographic structure of CgFMNAT in complex with the products
FAD, PPi and Mg?* (PDB ID 3G6K). Secondary structure elements are labeled, together
with structural motifs involved in substrate binding and catalysis. (B) Comparison of
CgFMNAT with the closely related APS reductase of P. aeruginosa. Equivalent structural
motifs are colored similarly. The characteristic PP-loop motifs are shown in red. Regions
that deviate from the typical Rossmann-fold topology are shown in magenta. FAD and
APS are shown as CPK colored sticks colored with carbons in orange and yellow,
respectively. Figure from (Huerta et al., 2009)
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Altogether, the crystallographic structures are consistent with the proposed
catalytic mechanism for eukaryotic FMNATSs (Giancaspero et al., 2015b; Huerta
et al., 2009; Leulliot et al., 2010). ATP binds preferentially to the apo-enzyme, as
its binding site would be partially blocked by FMN otherwise. Additionally, the
presence of ATP may induce the binding and proper allocation of FMN through
the interaction of its isoalloxazine ring with the adenosine moiety of ATP.
Although the phosphoribityl tails of FMN is highly flexible and can adopt
multiple conformations (as observed in the crystallographic structure of the
substrate tertiary complex), this part of the FMN substrate would move close the
a-phosphate of ATP during the adenylylation reaction. The cleavage of the af3-
phosphodiester bond is facilitated by the coordination of the Mg? ion. After the
catalysis, subtle structural rearrangements are observed: the PPi group is in the
same position as the By-phosphates of the ATP interacting with the same set of
protein residues and the Mg* cation. Dissociation of PPi induces a
conformational change in the 34-f35 loop, allowing release of the FAD reaction

product.

Human FAD synthase

In Homo Sapiens, hFADS is encoded by the gene FLADI, located on
chromosome 1 at 1q21.3. Up to six isoforms have been identified as a result of
alternative splicing of the same gene (FIG 1.10) (UniProtKB database,
https://www.uniprot.org - Q8NFF5). The three longest isoforms (h/FADS1, 2 and
3) contain both FMNAT and FADase domains (Brizio et al., 2006; Galluccio et al.,
2007; Torchetti et al., 2011). However, two isoforms (hHFADS3 and 4) lack the PAPS
reductase module, meanwhile the last isoform discovered (hFADS6) lacks the
FADase module (Leone et al., 2018; Olsen et al., 2016). These isoforms also differ

in subcellular location as well as in catalytic efficiencies and ion requirements.

For example, hFADS1 has an additional N-terminal putative mitochondrial
targeting peptide, and therefore localizes in the mitochondria (Torchetti et al.,
2010); whereas hFADS?2 is a cytosolic isoform. In addition, FMNAT activity has
also been detected in the cellular nucleus (Giancaspero et al., 2013), but the
nuclear isoform has not been characterized to date. Altogether, subcellular
distribution of AFADS isoforms, together with flavin transporters, might
contribute to create different flavin cofactor pools, constituting a flavin network
presumably involved in the regulation of metabolism and homeostasis (Barile et
al., 2016; Giancaspero et al., 2015b).
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Figure 1.10. Schematic representation of FLAD] transcript variants reported in RefSeq
(colored in dark blue) and in (Olsen et al., 2016) (in green). Colored boxes represent
coding regions, while lines represent introns. The two functional domains of the
longest isoforms are colored in the background. Figure from (Tolomeo et al., 2020).

To date, there is no crystallographic information available for any of the
hFADS isoforms, but some structural models have been built based on the
published yeast FMNATS for the C-terminal domain and CinA of Thermoplasma
acidophilum for the N-terminal domain (Leone et al., 2018; Miccolis et al., 2012,
2014; Taleb et al., unpublished results).

hFADS has been associated with cancer development and progression (breast,
gastric, liver and renal cancers), and with several diseases, some of which are
responsive to the treatment with RF (Hu et al., 2020; Tolomeo et al., 2020). For
example, mutations in FLAD1 have been linked to LSMFLAD (lipid storage
myopathy due to FLADI1 deficiency — OMIM #255100), an autosomal recessive
inborn defect in metabolism resulting in a RF responsive and not responsive
mitochondrial myopathy (Muru et al., 2019; Olsen et al., 2016; Ryder et al., 2019).
The biochemical abnormalities of this disease (cyclooxygenase defect, decreased
activities of mitochondrial complexes I and IV, elevation of multiple
acylcarnitines...) resemble those observed in MADD (multiple acyl-CoA
dehydrogenase deficiency — OMIM #231680), hence both diseases are usually
confused. In addition, deregulation of flavin homeostasis, as a consequence of
FLADI1 deficiency, has also been associated with amyotrophic lateral sclerosis
(ALS — OMIM #105400), a degenerative disease affecting motor neurons that

control voluntary muscles (Tolomeo et al., 2020).
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Prokaryotic FAD synthases

To date, multiple prokaryotic bifunctional FAD synthases (FADs) with RFK
and FMNAT activities have been cloned, purified and characterized (Grill et al.,
2008; Kearney et al., 1979; Manstein and Pai, 1986; Matern et al., 2016; Sebastian et
al., 2017a, 2019; Wang et al., 2004). These FADSs are typically 310-340 residues in
length (~36 kDa) and are folded in two nearly independent modules, each one
mainly involved in one of the activities (Herguedas et al., 2010; Wang et al., 2003).
The C-terminal module catalyzes the RFK activity, while the N-terminal module
carries out the FMNAT reaction; therefore, they are usually referred as the RFK
and FMNAT modules, respectively.

The RFK-module (~ 180 aa) shows an overall topology similar to that found in
the eukaryotic RFKs, with differences only observed in the loops connecting
secondary structure elements (Bauer et al., 2003b; Karthikeyan et al., 2003a). This
module exhibits several consensus sequences GxVxxGxxG, G(F/Y)PT(A/L/I/V)N
(including the substrate binding PTAN motif), PxxG(V/I)(Y/F), PT(F/V/I), and
(L/VTEx(H/F/Y/N)x(E/L)(D/N)(E/W/Y)xx(D/N/E)(L/I/A/V)Y(G/D/N], as well as
the glutamic residue that acts as catalytic base (FIG I.11) (Cheek et al., 2005; Frago
et al., 2008; Herguedas et al., 2015).

FMNAT module/activity
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Figure I.11. Sequence logos of the consensus motifs of bifunctional Type  FADSs. The
numeration of CaFADS is used as reference. The sequence logo was produced using
the WebLogo server (http://weblogo.berkeley.edu) (Crooks et al., 2004).
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The FMNAT module of FADSs consists of an a/p-dinucleotide binding
domain with a typical Rossmann fold topology (~ 150 aa). It presents several
consensus sequences, GxFDGxHxGH and SS(T/S)x(I/V)R, which are also
conserved in nucleotidyl-transferases, as well as other exclusive motifs such as
FxP(H/Q)P and G(D/N)(F/Y/H)x(F/Y)G (F1G 1.11) (Frago et al., 2008). Moreover,
prokaryotic FMNAT modules differ from eukaryotic FMNATSs (or FADSs) both
in sequence and structure, and hence they have been proposed as potential

antimicrobial targets (Serrano et al., 2013b)

The first tridimensional structure reported for a FADS was that from
Thermotoga maritima (ImFADS) both free and in complex with different ligands
(PDB entry IMRZ and 1T6Y) (Wang et al., 2003, 2005). Nowadays, the structures
of two additional bacterial FADSs are available: the FADSs from Streptococcus
pneumoniae  (SpnFADS, PDB entry 30P1) (unpublished results) and
Corynebacterium ammoniagenes (CaF ADS, PDB entry 2X0K) (Herguedas et al., 2009,
2010). Additionally, the crystallographic structure of the CaFADS RFK-module
in complex with its ligands (PDB entries 5A8A, 5A88 and 5A89) has been also
reported (Herguedas et al., 2015).

The FADS from C. ammoniagenes is hitherto the best characterized member of
this family from both functional and structural points of view (Arilla-Luna et al.,
2019; Efimov et al., 1998; Frago et al., 2008, 2009; Herguedas et al., 2009, 2010, 2015;
Marcuello et al., 2013; Sebastian et al., 2017b; Serrano et al., 2013a, 2015, 2017,
2012). Nonetheless, other family members, such as the FADSs from Bacillus
subtillis (BsFADS) (Kearney et al., 1979), Streptomyces davawensis (SAFADS) (Grill
et al., 2008), Streptococcus pneumoniae (SpFADS) (Sebastian et al., 2017a, 2018a) and
Listeria monocytogenes (Lm1FADS and Lm2FADS) (Matern et al., 2016; Sebastian et
al., 2019) have been recently characterized. The reported differences among
prokaryotic FADS include (i) the stabilization or not of transient oligomeric
assemblies during catalysis, (ii) the differential modulation of RFK activity by
substrates and products, (iii) the influence of the redox state of the substrates in
the efficiency of RFK and/or FMNAT activities, and (iv) the cooperation in the
binding of substrates and products (Grill et al.,, 2008; Herguedas et al., 2010;
Kearney et al., 1979; Sebastian et al., 2017b, 2017a, 2018a, 2019). These differential
characteristics point to species-specific strategies to regulate the biosynthesis of
FMN and FAD.
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The FADS from Corynebacterium ammoniagenes is the best characterized

member of the family

The FADS from C. ammoniagenes (CaFADS) was firstly reported in 1976 as an
enzyme for 5-deazaFAD synthesis from 5-deazariboflavin (Fisher et al., 1976).
However, it was not purified to homogeneity and further characterized until 1986
(Manstein and Pai, 1986). In 2010, the crystallographic structure of CaFADS was
determined at 1.95 A resolution (PDB entry 2X0K) (Herguedas et al., 2009, 2010).

CaFADS enzymatic activity and substrate binding

The CaFADS is constituted by a single polypeptide of 338 residues
(approximately 38 kDa of molecular weight) and an isoelectric point of 4.6. As
other FADSs, it catalyzes the RF phosphorylation into FMN and the subsequent
adenylylation of FMN into FAD. The RFK reaction is irreversible while the
FMNAT activity can be reverted to transform FAD into FMN and ATP in the
presence of PPi (FADpp activity) (Efimov et al., 1998).

Both enzymatic activities have different optimum conditions (Hagihara et al.,
1995; Manstein and Pai, 1986; Nakagawa et al., 1995). The FMNAT reaction was
described as dependent of the presence of the divalent cation Mg?, whereas the
RFK activity was reported to occur even in its absence (but considerably less
efficiently) (Manstein and Pai, 1986). Nevertheless, the optimum Mg?
concentration for each reaction differs, being 0.8 mM for the RFK activity and 10
mM for the FMNAT one. The optimum pH and temperature were 7.8-8 and 35-
37 °C for the RFK reaction and 7.0-7.4, 37-40 °C for the FMNAT one (Hagihara et
al., 1995; Manstein and Pai, 1986).

A key feature of CaFADS is the strong inhibition that is observed in its RFK
activity when the RF substrate concentration is increased beyond ~7.5 uM
(Herguedas et al., 2015; Serrano et al., 2013a). It has been suggested that the RF
inhibitory effect might be related to the formation of non-productive enzyme-
substrate (or enzyme-products) complexes (Sebastian et al., 2017b; Serrano et al.,
2013a). In the case of the FMNAT activity, no inhibition is observed for any of the
substrates, FMN and ATP (Arilla-Luna et al., 2019; Serrano et al., 2012).

The enzymatic activity of CaFADS is not only restricted to RF, since this
enzyme exhibits a wide specificity or promiscuity to other RF-analogs (Frago et
al., 2010; Iamurri et al., 2013; Mack and Grill, 2006; Miller and Edmondson, 1999;
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Spencer et al., 1976). The substrate specificity determinants comprise the position
3 of the isoalloxazine ring, the existence of a hydroxyl group at 5" and a
substitution at position 7 (Walsh et al., 1978). However, the protein is absolutely
specific for ATP (Manstein and Pai, 1986), without detectable enzymatic activity

with other nucleotides.

Both catalytic cycles follow a sequential ordered bi-substrate mechanism with
the formation of an intermediate ternary complex. In the RFK cycle, ATP binds
the enzyme before RF, and after the phosphorylation the FMN and ADP are
released sequentially (Efimov et al., 1998; Sebastian et al., 2017b). In the FMNAT
cycle, FMN binds to CaFADS after ATP, and PPi is released before FAD (Efimov
et al., 1998).

Early studies proposed two independent binding sites for adenine
nucleotides, associated to RFK and FMNAT activities, and a single site for flavin
binding, shared by both enzymatic activities (Efimov et al., 1998). Nonetheless,
subsequent studies on substrates binding through ITC demonstrate the existence
of two independent flavin binding sites, one in each protein module (Frago et al.,
2009). Additionally, it has been demonstrated that substrate binding modulates
the affinity for the other ligands, through ligand-induced structural
rearrangements in the catalytic site (Frago et al., 2009; Herguedas et al., 2015;
Sebastian et al., 2017b). Therefore, CaFADS suffers a series of conformational
reorganizations during substrate binding in order to accommodate the substrates
in the active site and to stabilize the transition state, but also for the further
release of the products of the reaction. This interaction model was further
validated by the crystallographic structures of CaFADS and its truncated RFK-
module (Herguedas et al., 2010, 2015).

CaFADS folds in two modules related to its RFK and FMINAT activities

The analysis of the CaFADS primary structure reveals that this protein shows
all the consensus sequences of RFKs and prokaryotic FMNATSs (F1G 1.11) (Frago
et al., 2008; Yruela et al., 2010). The crystallographic structure of CaFADS has been
obtained at 1.95 A resolution (PDB entry 2X0K) (Herguedas et al., 2010). The
asymmetric unit contains two chains of 338 residues with similar overall folding

but subtle differences in loop conformation.
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The CaFADS monomer is a ~70-A prokaryotic type-I FADS folded in two
structural domains, similarly to other crystallized FADS (Sebastian et al., 2017a;
Wang et al., 2003). The N-terminus FMNAT module (residues 1-186) shows an
a/p dinucleotide binding domain with a Rossmann fold topology (Rossmann et
al., 1974). This module owns a parallel 3-sheet compound by six strands (B1n—
6n) and five a-helixes (aln-a5n) distributed at both sides of the (3-sheet. At the
end of the module a small subdomain built by a 3-hairpin (37n and $8n) and two
short a-helixes (a6bn and a7n) can be found (FIG 1.12). The main differences
between the FMNAT modules of CaFADS and other family members are found
at the strand 1n (absent in TmFADS and other members of the nucleotidyl-
transferase superfamily), the loops connecting secondary structure elements (L1n,
L4n, L6n and L8n) and the subdomain at the end of the N-terminus module
(Arilla-Luna ef al., 2019; Serrano et al., 2017).

FMN Adenylyl
Transferase
(1-186)

Riboflavin
Kinase
(187-338)

Figure I.12. (A) Overall structure of CaFADS showing the different secondary
structure elements (PDB ID 2X0K). Sulfate and PPi are displayed as sticks. (B) Scheme
of the CaFADS topology, with the names assigned to every element of secondary
structure. The C-terminal or RFK domain is displayed in orange, while the N-terminal
or FMNAT one is shown in green. Figure from (Herguedas et al., 2010).
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The CaFADS C-terminal module (residues 187-338) folds in a globular domain
formed by a B-barrel with six antiparallel B-strands (B1c- B6c), a long a-helix
(alc) and seven loops connecting them (FIG 1.12) (Herguedas et al., 2010). This
domain displays sequence and structural homology to monofunctional RFKs and
other FADS RFK-modules (Sebastidn et al., 2017a; Wang et al., 2003), but CaFADS
owns a 12 residues insertion in L3c (Leu232-Val246) that is only observed in
corynebacteria and mycobacteria (Frago et al., 2008; Herguedas et al., 2010). Other
differences include (1) the conformation of the loops Llc or FlapI (V193-T208)
and L4c or Flapll (P258-E263), both involved in the stabilization of nucleotides
and flavins (Herguedas et al., 2015; Karthikeyan et al., 2003b); (2) the position of
the P207 and T208 residues at the 207-PTAN-210 motif (Frago et al., 2008), and (3)
the presence of a 15 residues loop (L7c, A324-S338) in two different
conformations (FIG 1.13), that is absent in eukaryotic RFKs, as HsRFK or SpRFK.

Both RFK and FMNAT modules interact with each other through H-bonds and
the formation of a hydrophobic core that provides rigidity to their interface. Loop
L2c, which is implicated in these inter-domain interactions, is an a-helix in
eukaryotic RFKs (Herguedas et al., 2010).

Figure 1.13. Detailed cartoon representation of the RFK (A) and FMNAT (B) modules
of CaFADS (PDB ID 2X0K). RFK and FMNAT modules are represented in orange and
green, respectively, with their loops in purple. Secondary structure elements are
labeled. In (A), the alternative conformation of loop L7c is shown in light blue. Figure
adapted from (Herguedas et al., 2010).
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Conformational rearrangements upon CaFADS RFK catalytic cycle

CaFADS crystallographic structures are available for the full-length protein
free of ligands (apo form, PDB ID ), as well as for the RFK module in complex
with adenine and flavin nucleotide ligands (holo forms) (FIG I.14A) (Herguedas
et al., 2015): binary RFK:ADP-Mg? complex and ternary RFK:FMN:ADP-Mg**
complex (PDB entries 5A88 and 5A89, respectively). This structural information,
together with computational analysis and kinetic and binding data, suggest that

CaFADS suffers conformational changes during ligand binding and catalysis.

The structure of the RFK module in the apo form of the CaFADS significantly
differs from those found for the binary RFK:ADP-Mg? and the ternary
RFK:FMN:ADP-Mg?* complexes (Herguedas et al., 2015). Both complexes exhibit
important structural rearrangements that affect the conformation of the PTAN

motif, as well as most of the protein loops with the only exception of L2c.

In the apo-protein structure, the adenine nucleotide binding site of the RFK
module is closed by the interaction of L1c-Flapl, L3c and L5c loops. However, in
the protein-ligand, the adenine nucleotide cavity is opened by the displacement
of L1c to alc, while L3c and L5c move to the opposite direction (FIG 1.14C).
Molecular dynamics (MD) simulations of the free RFK module show that these
loops establish an open-closed equilibrium for the adenine nucleotide binding
site, in which the opening is favored by the presence of either flavin or adenine
nucleotides (Herguedas et al., 2015). Regarding the flavin binding site of the RFK
module, L4c-Flapll is disarranged in the binary complex and as a consequence
the flavin binding cavity is open and wide (F1G 1.14B). However, FMN binding
induces a change in the size, shape and solvent accessibility of the cavity
(Herguedas et al., 2015).

The consensus PTAN motif, implicated in the stabilization of ATP phosphates
and Mg? cofactor, also experiences different conformational changes upon
ligand binding. In the free structure, the side chain of T208 is occupying the
position where the adenine ring is in the binary and ternary complexes (FIG
I.14E). Therefore, the binding of the adenine nucleotides should necessarily
induce a conformational change that results in the opening of their binding site.
MD simulations show that the presence of either the flavin or the adenine
nucleotides is not sufficient to induce the Thr208 conformational change.
Moreover, these simulations suggest that the coordination of its side chain with
ADP/ATP through the Mg?* ion is the most probable determinant for the
achievement of the catalytically competent geometry of the PTAN motif.
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CaFADS ry blex Ternary complex

Figure I.14. Superposition of free CaFADS RFK domain (apo form, in light blue), the
binary complex with ADP (in light pink) and the tertiary complex with ADP and
FMN (in brown) (PDB entries 2X0K, 5A88 and 5A89, respectively). (A) Overall view
of the structural alignment, with the main differences highlighted with squares. (B)
Zoom in the flavin binding site, showing the displacement of loops L4c-Flapll and
Léc. (C) Detail of the adenine nucleotide binding site, showing the conformational
changes of loops Llc, L3c and L5c. (D) Zoom into C-terminus of the RFK module
showing the displacement of L7c. (E) Conformation of the PTAN motif in the three
models. The conformational change of Pro207 and Thr208 can be appreciated.
Conformational changes are indicated with yellow arrows. Figure from (Herguedas
et al., 2015).
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CaFADS can stabilize quaternary assemblies in the form of a dimer of trimers

The structural analysis of the crystal structure of CaFADS predicted an AsBs
hexameric oligomer (being A and B the two chains of the asymmetric unit of the
CaFADS crystal) (F1G 1.15), constituted by a dimer of trimers (A1-Az-As and Bi-Be-
Bs, one on top of the other) (Herguedas et al., 2010; Serrano et al., 2015). Formation
of these in silico predicted assemblies was imaged at the single-molecule level
through atomic force microscopy techniques (AFM) and detected in vivo in C.

ammoniagenes protein extracts (Marcuello et al., 2013).

Figure 1.15. Oligomeric state of CaFADS. (A) Space-filling representation of the dimer
of trimers. Left, view through the 3-fold crystallographic axis. Right, lateral view of
the hexamer. (B) Surface electrostatic potential of the CaFADS hexamer along the
interaction surfaces of the two trimers (negative, positive and uncharged residues are
shown in red, blue and white respectively). Arrows indicate the positions with
electrostatic contacts between trimers for the formation of the hexamer. Figure from
(Herguedas et al., 2010).
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Trimers are stabilized through contacts of different nature between 20 side
chains (18 H-bonds, 18 hydrophobic contacts and 3 salt bridges) (FIGS 1.16A)
(Herguedas et al., 2010; Serrano et al., 2015). The interface between trimers shows
electrostatic complementarity (FIG I.15B). Moreover, 14 H-bonds, 4 salt bridges
and 12 hydrophobic contacts strengthen the hexamer (Serrano et al., 2017).
Additionally, sulphate ions play an crucial role the by stablishing additional H-
bonds and salt bridges (Herguedas et al., 2010).

Within each trimer, the protomers are organized in a head-to-tail
configuration (F1GS I.15A and 1.16B); thereby approaching the FMNAT module
of one protomer to the RFK module of the neighboring protomer. In this
disposition, both actives sites come in close contact which modifies both the
active site environment and its solvent and ligand accessibility. The RFK cavity
appears partially closed by a2n and L4n of the neighboring protomer (FMNAT
module) (FIG I.16D), whereas the FMNAT is also partially closed by residues at
alc and L6c (RFK module) (FIG 1.16C).

CaFADS oligomerization is a dynamic process occurring upon ligand binding
and catalysis (Herguedas et al., 2010; Marcuello et al., 2013; Serrano et al., 2017).
Some of the substrates and products of the RFK (RF, ATP:Mg? and
FMN:ADP:Mg?*) and FMNAT activities (FAD) induce the oligomerization of
CaFADS, yielding different quaternary assemblies (Marcuello et al., 2013). Hence,
the assembly of the organized dimer of trimers might occur/take place through a
series of oligomerization intermediates, such as dimers, trimers and amorphous

hexamers.

The oligomerization process is tightly regulated by the substrates and
products of CaFADS, what points to be a mechanism to regulate the biosynthesis
of flavin cofactors and thus maintain the flavin and flavoproteome homeostasis.
Initially, it was proposed that the dimer of trimers was implicated in the
channeling of the FMN product from the RFK active site to the FMNAT one, to
be subsequently transformed into FAD (Herguedas et al., 2010; Marcuello et al.,
2013). However, MD simulations suggest that the RFK module prevents catalysis
at the transferase site by modulating negatively the FMN binding to the FMNAT
module (Lans et al., 2018). Nevertheless, it remains for future investigations to
describe whether this might be a general behavior for prokaryotic FADSs or, on
the contrary, a particular feature for the FADSs from Corynebacterium and, also

probably, Mycobacterium species.
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Figure 1.16. (A) Detail of the contacts between the RFK and FMNAT modules of
different protomers within a trimer, including the hydrophobic residues, H-bonds,
and salt bridges involved in trimer stabilization. (B) Cartoon representation of one of
the trimers conforming the hexamer. RFK and FMNAT modules are shown in orange
and green, respectively, and the molecular surface of each monomer is displayed in
different colors. Flavin ligands are represented as yellow spheres. (C) Detail of the
active-site surface at the FMNAT module showing how alc and Llc of the RFK
module of the neighboring protomer close the binding site. (D) Detail of the active
site of the RFK module. a2n and L4n of the FMNAT module of the neighboring
protomer close the binding site. FMN and FAD are represented as violet and yellow
sticks respectively. Figure from (Herguedas et al., 2010)
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Prokaryotic FADS as potential antimicrobial targets

The rise of antimicrobial resistance (AMR) threatens the effective prevention
and treatment of an ever-increasing range of infections caused by
microorganisms. Hence, the World Health Organization pointed AMR as a
public health problem of growing concern (World Health Organization, 2014).
Examples of microorganisms included in the list of antibiotic-resistant pathogens
for which is urgent to develop new antimicrobial drugs include methicillin-
resistant Staphylococcus aureus, Streptococcus pneumoniae resistant to both
penicillin and macrolides, vancomycin-resistant Emnterococcus faecalis, and
multidrug and extensively drug-resistant strains of Mycobacterium tuberculosis
(World Health Organization, 2014, 2017).

The only long-term solution to overcome this global problem is the continuous
research and development of new antimicrobials, focusing on the discovery of
new druggable targets. Although there are approximately 450 essential proteins
conserved along prokaryotes (Christen et al., 2011; Hutchison et al., 2016), most
of the commercially available antibiotics are directed to a limited set of
antimicrobial targets: the cell wall biogenesis, the prokaryotic ribosome or the
DNA replication and transcription (Lewis, 2013). Hence, the rest of essential

cellular processes remain nearly unexplored as antimicrobial targets.

Until relatively recently, flavin metabolism had not been considered a
potential target of antimicrobials. First compounds directed to this pathway were
compounds inhibiting lumazine synthase and/or riboflavin synthase (Cushman
et al., 1999; Morgunova et al., 2005; Ritsert et al., 1995). Additionally, in 2009 and
2015, roseoflavin and ribocyl C were described as the first compounds acting
indirectly on riboflavin biosynthesis through the binding to the FMN riboswitch
and repression of the expression of the rib operon (Howe et al., 2015; Lee et al.,
2009). Furthermore, the prokaryotic FADS was also proposed as an antimicrobial
target (Serrano et al., 2013b) and afterwards inhibitory compounds endowed with
antimicrobial activity and targeting FADS were further discovered (Sebastian et
al., 2018b).

Prokaryotic bifunctional FADSs are key proteins in flavin homeostasis and in
the maintenance of flavoprotein and flavoenzyme function (Frago et al., 2008).
Hence, the inhibition of their enzymatic activities leads into FMN and FAD
deficiency, and consequently into the accumulation of the apo forms of numerous
flavoproteins, which are unable to carry out their expected functions in the

cellular metabolism and other essential processes (Serrano et al., 2013b). Indeed,
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FADS are highly conserved among prokaryotes and have been described as
essential for numerous microorganisms including Bacillus subtilis (Kobayashi et
al., 2003), Escherichia coli (Goodall et al., 2018), M. tuberculosis (Griffin et al., 2011;
Minato et al., 2019; Sassetti et al., 2003), S. pneumoniae (Liu et al., 2017), etc.

This crucial role in cellular metabolism, together with the significant
biochemical and structural differences with their eukaryotic counterparts
(monofunctional RFKs and FMNATSs) (Karthikeyan et al., 2003a; Miccolis et al.,
2014), converts the FADS in an attractive potential drug target for the
development of antimicrobials (Serrano et al., 2013b). Thus, halting the
production of FMN and FAD by inhibiting the FADSs would prevent, from the

very beginning, all pathways that involve flavoproteins and flavoenzymes.

In principle, riboflavin biosynthesis inhibitors (targeting both RF synthase or
lumazine synthase) would be expected to trigger similar effects than FADS
inhibitors. However, RF biosynthesis is conditionally essential since some
microorganisms (depending also on growth conditions) have other mechanisms,
in addition to the de novo synthesis, to obtain RF (Garcia-Angulo, 2017; Gutiérrez-
Preciado et al., 2015; Matern et al., 2016). By contrast, in most bacteria (except for
prokaryotes harboring monofunctional RFKs and/or FMNATs), the only
pathway for FMN and FAD biosynthesis occurs through bifunctional FADS.

Druggability of prokaryotic FADSs is also supported by their strict function-
structure relationship. Mutations affecting the active site (most common binding
site of inhibitory compounds) would probably alter the enzymatic activity.
Therefore, FADS inhibitors might be less prone to generate resistances, since
mutations conferring resistance also might compromise the protein function and
thus the cellular viability. Additionally, the availability of structures of several
bacterial FADSs facilitates the design of both inhibitory drugs and activity assays
(Herguedas et al., 2010; Sebastian et al., 2018b; Wang et al., 2003).

In addition, the biochemical characterization of several prokaryotic FADS
(including TmFADS CaFADS, SpFADS, Lm1FADS and Lm2FADS) envisages
significant species-specific traits in their enzymatic activity and regulatory
strategies (Herguedas et al., 2015; Sebastian et al., 2017c, 2017a, 2019; Wang et al.,
2004). Such differences might provide with a framework to design species-

specific antimicrobial compounds.
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IV. FLAVOPROTEINS

Flavin cofactors show unique spectroscopic and redox properties, and thus
flavoproteins, proteins harboring flavin as cofactors, have marveled generations

of enzymologist along the time.

Among the redox cofactors, flavins can participate in both one-electron and
two-electron transfer processes. Other cofactors usually catalyze exclusively one-
(iron-sulfur clusters, heme groups, quinones...) or two-electron transfer
processes  (almost exclusively nicotinamide nucleotides). Therefore,
flavoenzymes are indispensable mediators between these processes, as in the
case of the well-known mitochondrial and chloroplast electron-transport chains,
or beta-oxidation of fatty acids. Additionally, flavins are capable of reacting with
oxygen (dioxygen activation processes). This catalytic versatility encompasses
many established reaction classes, including dehydrogenation, oxidation,
monooxygenation, epoxidation, Baeyer-Villiger oxidation, decarboxylation,
halogenation and reduction (Leys and Scrutton, 2016; Massey, 2000; Walsh and
Wencewicz, 2013). Furthermore, the complexity of flavin-catalyzed reactions is
further increased when they join forces with other redox-active cofactors, such as
iron—sulfur clusters ([2Fe-2S], [3Fe—4S] and/or [4Fe—4S]), heme, molybdopterin,
or thiaminediphosphate.

However, the role of flavins in flavoproteins is not only limited to redox
processes, as ~ 10% of flavin-dependent enzymes catalyze non-redox reactions
(Macheroux et al., 2011). Hence, the flavin cofactor is also widely used as
signaling and sensing molecule in biological processes (FIG 1.17). Examples
would include signal transduction upon apoptosis (Natarajan and Becker, 2012;
Susin et al., 1999), embryonic development (Murty and Adiga, 1982), chromatin
remodeling (Forneris et al., 2005), nucleotide synthesis (Myllykallio et al., 2002),
tRNA methylation (Nishimasu et al., 2009), protein folding (Gross et al., 2004),
defense against oxidative stress (Natarajan and Becker, 2012), among others.
Flavoproteins are also implicated in detoxification of aromatic compounds
(xenobiotic metabolism) (Dagley, 1987) and in light-dependent processes as
luciferase light-emission (Meighen, 1991), plant phototropism (Briggs et al., 2001)
or DNA reparation (Jorns et al., 1987), in which flavin is capable of receive

photons.
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Figure 1.17. Structure of the isoalloxazine ring of flavin cofactors and some of the
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biological processes they are involved in. Figure from (Joosten and van Berkel, 2007)

In a recent study, Macheroux et al. (2011) analyzed FMN and FAD-dependent
proteins in 22 genomes, including archaea, eubacteria, protozoa and eukaryotic
organisms. They reported 374 classes of flavin-dependent proteins (276 fully
classified and 98 with no or partial classification and without enzymatic activity),
entailing approximately the 2% of all the proteins. As expected for a redox-active
cofactor, most of the 276 flavoenzymes are oxidoreductases (91%), whereas other
enzymatic functions are underrepresented, such as transferases (4.3%), lyases
(2.9%), isomerases (1.4%) or ligases (0.4%) (Macheroux et al., 2011), although the

exact percentages varies among organisms.

The majority of flavoenzymes bind FAD (75%) rather than FMN (25%).
Moreover, some eukaryotic flavoproteomes are biased towards FAD-dependent
enzymes, as in the case of human proteome (84% of FAD-dependent proteins)
(Lienhart et al., 2013; Wegrzyn et al., 2019).

Additionally, in most of the cases the cofactor is noncovalently bound,
although covalent attachment is also observed (approximately 10% of
flavoproteins), especially for FAD-flavoproteins. FMN is preferentially bound by
both the 6- and/or 8a-position of the isoalloxazine ring with a nucleophilic side
chain of the protein (Singer and McIntire, 1984). Covalent binding might increase

protein stability, ensure cofactor retention and/or induce a more positive redox
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potential of the cofactor (Heuts et al., 2009). In the case of noncovalent interaction,
dissociation constants (Kp) in the low nanomolar scale are usually observed,

although lower affinities have also been reported (Mayhew, 1971).

The absorption spectra of flavoproteins and free flavins are highly similar.
Nevertheless, the protein environment usually induces small displacements in
the position of the maxima and in their intensities, as well as the appearance of
spectral shoulders. Additionally, fluorescence of the flavin when forming part of
a flavoprotein can be moderately altered, completely disappear (Keilin and
Hartree, 1946) or stay unaltered (Straub, 1939), depending on the manner in
which the isoalloxazine ring gets embedded within the protein (Weber, 1950).

This makes the spectra of each flavoprotein unique.

Although flavoproteins share the same cofactor (FMN or FAD), all of them
catalyze diverse enzymatic reactions with a wide variety of substrates (Massey,
2000; Walsh and Wencewicz, 2014). This catalytic versatility comes from the
modulation of the reactivity of the isoalloxazine ring by the protein environment
(Miura, 2001). Flavin cofactors interact with flavoproteins through hydrogen
bonds, hydrophobic and electrostatic effects (magnified by the high
hydrophobicity and low dielectric constant of flavin binding sites), charge-
transfer interactions (fractional electron transference from the HOMO orbital of
an electron donor to the LUMO orbital of an electron acceptor), and mt-mt stacking

interactions between the isoalloxazine ring and an aromatic residue.

The protein environment at the flavin binding site not only modulates the
affinity by the flavin cofactor but also alters the charge distribution along the
isoalloxazine ring. Therefore, each flavoprotein interacts differentially with each
oxidation and protonation state of the flavin cofactor, stabilizing preferentially
some of them. Consequently, the midpoint reduction potential of the flavin ~ (~
-200 mV when free in solution) (Clark and Lowe, 1956; Mayhew, 1999b) is
modulated from -400 to +80 mV when in a flavoprotein (Ghisla and Massey, 1986,
1989). Furthermore, depending on the relative modulation of Eovs; and Esgra
values, some flavoproteins reach a stabilization of near to 100% of the
semiquinone state (in comparison with the 1% observed for protein-free flavins
at physiological conditions) (Mayhew, 1999a). This characteristic allows
flavoproteins to mediate in one- and/or two-electron transfer processes. Under
physiological conditions and depending on the pH, the semiquinone state in
flavoproteins can be found either in the red anionic form or in the neutral blue

one. Also, under these conditions, the hydroquinone (reduced state) of
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flavoproteins can only be found in the anionic and neutral forms (Clark and
Lowe, 1956). Besides all these forms, electronic states where partial charge is
transferred from or to one of the states previously described to a neighboring

molecule, commonly termed as charge-transfer states, can be found.

Flavoproteins as therapeutic targets

In most organisms, flavoproteins have a relevant role in a wide variety of
essential biochemical reactions and other cellular processes. Hence, flavin-
dependent proteins are plausible targets for pharmacological treatment, from

infectious diseases to neurological disorders or cancer therapies.

Concerning the treatment of infectious diseases, some prokaryotic and
protozoan flavoproteins have been considered potential targets of antimicrobial
compounds, such as electron transfer flavoprotein (Burkholderia cenocepacia),
lipoamide dehydrogenase (M. tuberculosis, Trypanosoma, Leishmania), glutathione
reductase (Plasmodium falciparum), thioredoxin reductase (P. falciparum),
thymidylate synthase and decaprenylphosphoryl-B-D-ribose 2'-oxidase
(M. tuberculosis), and trypanothione reductase (Trypanosoma, Leishmania) (Becker
et al., 1990; Chernyshev et al., 2007; Myllykallio et al., 2002, 2003, 2018; Olin-
Sandoval et al., 2012; Reyes et al., 1982; Subbayya et al., 1997; Venugopal et al.,
2011). Additionally, some flavin-analogs (e.g. roseoflavin or 8-demethyl-8-
amino-riboflavin) show antimicrobial activity through the in vivo inhibition of
flavoproteins by the incorporation of a non-active cofactor instead of FMN or
FAD (Langer et al., 2013; Lee et al., 2009; Mack and Grill, 2006). However, these
antimetabolites have low to no selectivity for prokaryotic flavoproteins with
respect to human or eukaryotic ones, limiting their applicability as

antimicrobials.

Human flavoproteins are also associated to several disorders caused by
mutations in their corresponding genes, and hence they are potential
pharmacological targets. Some of them have been associated to cancer
development and progression, such as apoptosis-inducing factor 1 (redox
sensing and apoptosis) (Novo et al., 2020; Villanueva et al., 2019), lysine-specific
demethylase 1 (histone methylation and chromatin remodeling) (Chen et al.,
2012), thiorredoxine reductase (redox homeostasis maintenance) (Gromer ef al.,
2004) or NAD(P)H:quinone oxidoreductase 1 (defense against oxidative stress)

(Beaver et al., 2019). Other human diseases related to flavin-dependent proteins

47



Ernesto Anoz Carbonell — Doctoral Thesis

are depression, Parkinson’s and Alzheimer’s diseases (monoamine oxidase),
schizophrenia (D-amino acid oxidase), xanthinuria type I (xanthine
dehydrogenase), glutaric acidemias (glutaryl-CoA dehydrogenase, electron-
transferring flavoprotein or electron-transferring flavoprotein-ubiquinone
oxidoreductase), deficiencies in B-oxidation and deficiencies in mitochondrial

complexes (Lienhart et al., 2013).

NAD(P)H:quinone oxidorreductase

NAD(P)H:quinone oxidoreductase 1 (NQO1, DT-diaphorase; EC 1.6.99.2) is a
ubiquitous FAD-dependent flavoprotein that catalyzes the two-electron
reduction of quinones to their hydroquinone forms (Ernster et al., 1962). This
enzyme utilizes the NADH and NADPH reduced pyridine nucleotide cofactors
with almost equal efficiency, and strictly requires of the tightly bound flavin
cofactor FAD for its catalytic activity (Lind et al., 1990). In addition to quinones,
NQOL1 can reduce a wide variety of substrates as nitroaromatic compounds,
imidazoles and iron (III) ions (Misevidiene et al., 2006; Nemeikaite-Céniené ef al.,
2019; Newsome et al., 2007; Sarlauskas et al., 2004).

In human tissues NQO1 is physiologically expressed at high levels in
epithelial cells, vascular endothelium and adipocytes. NQO1 is a cytosolic
protein, but lower levels have also been detected in the mitochondria,
endoplasmic reticulum and nucleus (Danson et al., 2004; Shaw et al., 1991; Siegel
et al., 2012). Noticeably, NQO1 is over-expressed in most human solid tumors
including lung, colon, liver, pancreas and breast (Siegel and Ross, 2000), being

associated to poor prognosis (Li et al., 2015; Ma et al., 2014).

NQO homologues are widely found across living organisms ranging from
bacteria to mammals. In humans there is a second NQO enzyme,
ribosyldihydronicotinamide quinone oxidoreductase 2 (NQO2; EC 1.10.5.1),
which shows substantial sequence and structural similarity to NQO1 (Jaiswal et
al., 1990). However, this enzyme uses ribosyldihydronicotinamide (reduced
nicotinamide ribonucleotide; NRH) as source of reducing equivalents instead of
NAD(P)H (Wu et al., 1997). Also, prokaryotic organisms have several enzymes
with quinone oxidoreductase activity, but they are usually classified as
nitroreductases or modulator of drug activity (Mda) proteins (Ryan et al., 2014;
Wang and Maier, 2004).
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Crystallographic structure of NQO1

Until now, the crystallographic structures of three mammalian NQO1s have
been determined: rat (rNQO1) (Li et al., 1995), mouse (mNQO1, PDB entry 1DXQ)
(Faig et al., 2000), and human (hNQO1, PDB entry 1D4A) (Faig et al., 2000; Skelly
et al., 1999); as well as the human NQO2 (hNQO2, PDB entry 1QR2) (Foster et al.,
1999). In addition, several structures of complexes of NQO1 with substrates,
chemotherapeutic drugs and inhibitors have also been reported (Faig et al., 2001;
Pidugu et al., 2016; Strandback et al., 2019; Winski et al., 2001).

Structurally, NQO1 is a physiological homodimer with two interlocked
monomers (FIG I.18A) (Faig et al., 2000; Skelly et al., 1999). Each monomer is
constituted by two separate domains (FIG I.18C): a major N-terminal domain
(residues 1-220), which includes the FAD-binding site and the active site; and a
shorter C-terminal domain (residues 221-270), which is involved in dimerization
and binding of the adenosine moiety of the pyridine nucleotide. The catalytic
domain has a distinct fold within FAD-containing flavoproteins (Dym and
Eisenberg, 2001) and shows structural similarity with the Clostridium beijerinckii
flavodoxin, a FMN-dependent flavoprotein (Ludwig et al., 1997; Smith et al.,
1977). This module comprises a twisted five-strand parallel B-sheet surrounded
by five a-helices that interconnect consecutive strands in an alternating o/f3
topology. Besides, the C-terminal domain is composed by an anti-parallel hairpin
motif followed by a short helix and several disordered loops, and folds against

the other monomer catalytic domain.

The hNQOI1 dimer is highly stabilized through extensive contacts between
monomers, which result in the burial of ~ 5400 A2 of solvent-accessible area. Most
contacts occur between residues belonging to four main regions: residues 153-
164 are in contact with residues 235-262 of the adjacent monomer (and viceversa),

and residues 42-52 and 103-104 contact their equivalent in the other monomer.

Within the homodimer, the catalytic sites are located at the interface between
monomers and, thus, both active sites are composed by residues from both dimer
subunits (FIG I.18A). The NQOT1 active sites are essentially large hydrophobic
pockets with three defined binding spaces for the adenine and ribose parts of
NAD(P)H, the FAD cofactor, and the nicotinamide moiety of NAD(P)H or the
electron acceptor molecule (Pey et al., 2016). The FAD cofactors are tightly but
non-covalently bound to each monomer (dissociation constants are in the
nanomolar range, Ko 64 nM in hNQO1), and do not come off the enzyme under

native conditions (Lienhart et al., 2014).
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Figure 1.18 (A) Cartoon representation of the hNQO1 with the molecular surface of
each monomer displayed in different colors (PDB ID 1D4A). FAD cofactor is
represented as yellow spheres. (B) Close-up view of the FAD-binding site and active
site of hANQO1 (PDB ID 2F10), with the residues belonging to the N- and C-terminal
domains highlighted in blue and red, respectively. FAD, dicoumarol and residue
P187 are shown in cyan, light brown and green, respectively. (C) Two views of the
NQOI1 dimer displaying secondary structures of the N- and C-terminal domains in
color blue and red, respectively. Ligands and residue P187 are depicted as in (B).
Figure adapted from (Medina-Carmona et al., 2017).

The NQOI1 catalytic cycle

The obligatory two-electron reduction occurs through a ping-pong bi-
bi catalytic mechanism (FIG I.19). First, in the reductive half-reaction, an
NAD(P)H molecule binds to the enzyme in such a way that the nicotinamide ring
lies parallel to the FAD. In this complex, the pro-4S hydrogen (B-side) of the
NAD(P)H is at ~ 3.4 A from the N5 of the isoalloxazine ring of FAD (re-face), as
predicted from the crystallographic structure of rat NQO1 (PDB entry not
published) (Li et al., 1995). This arrangement is ideal for the hydride transfer for
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reducing the FAD to FADH: (with a second-order rate constant of ~ 10° M s).
Nevertheless, Lee and collaborators reported that the hydride transfer from
NAD(P)H by rat liver NQO1 occurs with pro-4R (A-side) stereospecificity (Lee et
al., 1965). Subsequently to flavin reduction, the enzyme undergoes a

conformational change that results in the release of the oxidized nicotinamide
dinucleotide, NAD(P)".

Binding of the substrate (electron acceptor) cannot occur until NAD(P)* is
released because both, substrate and pyridine nucleotide, share the same site in
the catalytic pocket. Finally, the electron acceptor (such as different quinones)
binds to the vacated site in an orientation propitious for a second hydride transfer
from FADH:, in a very fast oxidative half-reaction (with a second-order rate
constant > 10° M s) (Lienhart et al., 2014). Consequently, the substrate is
reduced (as quinones in their corresponding hydroquinone forms), regenerating

the flavin in oxidized form and releasing the product.
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substrates (benzoquinone in this case) by NQO1, according to (Colucci et al., 2008).
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This catalytic cycle is inhibited by dicoumarol (and other coumarin-based
molecules), a hydroxycoumarin with strong anticoagulant activity that acts as
potent competitive inhibitor by blocking the NAD(P)H access to the active site
and partially occupying its binding site (F1G 1.18B and 1.18C) (Nolan et al., 2007).
However, inhibitor binding causes only subtle structural rearrangements in the
conformation of NQOI1 (primarily located at the surface of the catalytic site)
(Asher et al., 2006). In addition, other selective inhibitors of NQO1 have been
further identified as anti-cancer drugs due to the association of its overexpression
with cancer progression and development (Nolan et al., 2007, 2009, 2010; Scott et
al., 2011).

Functions of NQO1

NQOL1 catalyzes different reactions with antioxidant, detoxification and
metabolic roles, such as the two-electron reduction of quinones to their
hydroquinone form, thus avoiding the formation of highly reactive and cytotoxic
semiquinones (Anusevicius et al., 2002; Hosoda et al., 1974; Lind et al., 1982),
reduction of coenzyme Q10 and vitamin E to their reduced state (antioxidant
form) (Beyer et al., 1996; Siegel et al., 1997), scavenging of superoxide anions
(Siegel et al., 2004), reduction of catecholamines and vitamin K (Ingram et al.,
2013) and modulation of the NADH/NAD" redox balance (Ross and Siegel, 2018;
Siegel et al., 2018). Moreover, this chemoprotective role is further supported by
its activity towards a wide variety of reactive species (quinones,
naphthoquinones, quinone-imines, azo and nitro compounds, hexavalent
chromium compounds ...) (Miseviciene et al., 2006; Newsome et al., 2007;
Sarlauskas et al., 1997; Talalay and Dinkova-Kostova, 2004) and its induction
under a variety of cellular stress responses including oxidative stress (Prochaska
et al., 1992; Ross and Siegel, 2018). Additionally, NQOL1 is also implicated in the
bioreductive activation of several compounds, such as the antitumoral drugs
mitomycin C and 3-lapachone (Pink et al., 2000; Siegel et al., 1992).

Although NQO1 has been traditionally considered as a cellular reductase, new
non-enzymatic roles have emerged recently where this enzyme binds to and
regulates the stability of many biologically relevant molecules. For example,
NQOL1 physically interacts to 20S proteasome (Moscovitz et al., 2012) and protects
some intrinsically-disordered proteins from degradation such as p33, p53, p63,
p73, c-Fos, C/EBP, PGC-1, Hif-1a or ornithine decarboxylase (Adamovich et al.,
2013; Asher et al., 2001). However, it is still uncertain if this protection from
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degradosome degradation is through the association with the proteins
undergoing degradation and/or the direct interaction with the 20S proteasome.
Additionally, it has been recently found that NQO1 can bind to several mRNAs
including SERPINA1 mRNA (encodes the serine protease inhibitor «-1-
antitrypsin) increasing its translation (Di Francesco et al, 2016). These
interactions seem to be modulated by NAD(P)H/NAD(P)* ratio, although the
enzymatic activity of NQO1 may not be required (Asher et al., 2005; Medina-
Carmona et al.,, 2017). Altogether, this suggest that the intracellular pyridine
nucleotide balance regulates these interactions with its protein and RNA
partners, pointing to the role of NQO1 as a redox molecular switch to modulate

the downstream cellular functions (Siegel et al., 2018).

Polymorphism in NQO1

To date, more than 250 single-nucleotide polymorphisms (SNPs) in the NQO1
gene have been described (according to the dbSNP database,
http://www .ncbi.nlm.nih.gov/SNP), including the two most prevalent variants in
the human population, NQO1*2 and NQO1*3.

The NQO1*2 polymorphism (rs1800566) is a missense SNP which replaces the
cytosine 609 of the cDNA for a thymine (c.C609T), resulting in a proline-to-serine
substitution at residue 187 (p.P187S). Its allelic frequency is higher in Asian
populations (approximately 50%) compared with Caucasians (approximately
25%) (Gaedigk et al., 1998). Additionally, this polymorphism is associated with
higher cancer risk (particularly, gastrointestinal, liver, colorectal, lung, breast and
thyroid cancers) (Fagerholm et al., 2008; Lee et al., 2013; Long et al., 2002; Peng et
al., 2014; Stoehr et al., 2012; Xu et al., 2001), increased susceptibility to poisoning
by benzene and other carcinogenic agents (Bauer et al., 2003a; Nebert et al., 2002;
Rothman et al., 1997), and reduced NQO1-dependent activation of antitumoral
prodrugs (Traver et al., 1992).

The NQO1 P187 residue is located in a loop close to the surface of the protein
at the N-terminal domain (FIG 1.18C), far away from the FAD- and NAD(P)H-
binding sites. However, the p.P187S substitution produces a dramatic reduction
on both NQO1 enzymatic activity and FAD binding affinity (Lienhart et al., 2014;
Medina-Carmona et al., 2017). In addition, this polymorphism has reduced
intracellular stability of the protein and is promptly ubiquitinated and degraded
by the 20S/60S proteasome (Moscovitz et al., 2012; Siegel et al., 2001). Although
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the overall crystallographic structure of p.P187S is identical to the wild-type
NQOT1 structure, this polymorphism causes the presence of unfolded states in
solution and a significant increase in local dynamics of two functionally and
structurally distant sites: the N-terminal domain associated with enzyme
inactivation, and the C-terminal domain linked with its enhanced proteasomal
degradation (Lienhart et al., 2014; Medina-Carmona et al., 2017).

The NQO1*3 polymorphism (rs1131341) represents a cytosine for thymine
change at position 465 of the NQO1 cDNA (c.C465T), and results in an arginine-
to-tryptophan substitution at residue 139 (p.R139W). It has an estimated global
allele frequency of 2%, reaching up to 7% in Spanish Iberian population (Gaedigk
et al., 1998). This polymorphism has also been associated with cancer
development (specifically childhood acute lymphoblastic leukaemia and urinary
bladder neoplasm) (Sanyal et al., 2007; Stanulla et al., 2007) and reduced
responsiveness to several antitumoral drugs (Hu et al., 1996; Pan et al., 1995),
although this NQO1 variant is less well studied than p.P187S. These deleterious
effects might be result of an enhanced alternative splicing of the NQOI1 pre-
mRNA causing skipping of exon 4, and therefore a decrease of the expression of
the active full-length enzyme (Gasdaska et al., 1995; Pan et al., 2002, 1995).

NQO1 R139 residue forms part of a solvent-exposed loop located in the N-
terminal domain of the enzyme, without interacting with the active site residues.
The p.R139W variant adopts the same tertiary structure than the wild-type as
observed by X-ray crystallography and nuclear magnetic resonance spectroscopy
(Lienhart et al., 2017). However, this substitution causes subtle differences in
enzyme kinetic properties (higher Km values and/or lower ket values for quinone
substrates), reduced in vitro and in vivo stability of the protein, and minor
stabilization of protein partners such as p53 (Lienhart et al., 2017, Medina
Carmona et al., 2016; Megarity and Timson, 2019; Pey et al., 2014)
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Objectives

This thesis is focused on two interrelated topics, both associated with flavin
cofactors and their crucial biological role in different organisms. The first aims to
further delve into the molecular mechanisms of eukaryotic flavoenzymes of
biological interest (HsRFK, hFADS and hINQO1), associated with flavin and redox
intracellular homeostasis. The second objective deals with the identification and
evaluation of potential inhibitors of the FMNAT activity of prokaryotic FADSs,

backing our proposal of these enzymes as potential antimicrobial targets.

With these general aims, in this study we tackle the following specific goals:

— To explore specific features of the mechanisms underlying the regulation
of human RFK activity, in comparison with previous structure-function
studies of RFK modules of prokaryotic FADSs.

— To propose a plausible catalytic cycle for HsRFK, based on the kinetic and
thermodynamic data and in the context of the available crystallographic

structures.

— To elucidate the mechanism underlying the higher enzymatic activity of
the D238E hFADS “supermutant” in comparison with the WT protein.

— To confirm the catalytic mechanism proposed for human FAD synthase

through its kinetic and thermodynamic characterization.

— To provide an integrated perspective on the INQOI catalytic mechanism
by studying both the reductive and oxidative half-reactions in the pre-

steady state.

— To evaluate the contribution of quantum tunneling, conformational
dynamics and reorganizations in the hydride transfer process from the
NADPH coenzyme to hNQOL.

— To characterize the effect of hit molecules envisaged to interact with
CaFADS by either high-throughput-screening (HTS) or in silico screening
on the RFK and FMNAT activities of CaFADS, and to determine the
binding affinities of the best hits inhibiting its FMNAT activity.

— To evaluate the antimicrobial effect of HTS hits against several bacterial

species, as well as the cytotoxic effect in eukaryotic cell lines.
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Abstract

Human riboflavin kinase (HsRFK) catalyzes vitamin B, (riboflavin) phosphoryla-
tion to flavin mononucleotide (FMN), obligatory step in flavin cofactor synthesis.
HsRFK expression is related to protection from oxidative stress, amyloid-f toxicity,
and some malignant cancers progression. Its downregulation alters expression pro-
files of clock-controlled metabolic-genes and destroys flavins protection on stroke
treatments, while its activity reduction links to protein-energy malnutrition and thy-
roid hormones decrease. We explored specific features of the mechanisms underly-
ing the regulation of HsRFK activity, showing that both reaction products regulate it
through competitive inhibition. Fast-kinetic studies show that despite HsRFK binds
faster and preferably the reaction substrates, the complex holding both products is
kinetically most stable. An intricate ligand binding landscape with all combinations
of substrates/products competing with the catalytic complex and exhibiting moderate
cooperativity is also presented. These data might contribute to better understand-
ing the molecular bases of pathologies coursing with aberrant HsRFK availability,
and envisage that interaction with its client-apoproteins might favor FMN release.
Finally, HsRFK parameters differ from those of the so far evaluated bacterial coun-
terparts, reinforcing the idea of species-specific mechanisms in RFK catalysis. These
observations support HsRFK as potential therapeutic target because of its key func-

tions, while also envisage bacterial RFK modules as potential antimicrobial targets.

KEYWORDS

calorimetry, kinetics limiting step, ligand binding and cooperativity, pre-steady-state kinetics,
product inhibition, riboflavin kinase, therapeutic target

Abbreviations: ANP, adenine nucleotide (ATP or ADP); Ca, Corynebacterium ammoniagenes; CD, circular dichroism; FADS, FAD synthase; FLV,
flavinic nucleotide (FMN or FAD); FMNAT, ATP:FMN adenylyltransferase; GST, glutathione S-transferase; HPLC, high-performance liquid
chromatography; Hs, Homo sapiens; ITC, isothermal titration calorimetry; K, association constant; k., catalytic constant; K, dissociation constant; K,

Inhibition constant; Ky;, Michaelis constant; k,,, observed rate constant; kg, dissociation rate constant; &, association rate constant; PIPES, 1,4-piperazine
diethane sulfonic acid; rpm, revolutions per minute; RF, riboflavin, Vitamin B,; RFK, ATP:riboflavin kinase; SDS-PAGE, sodium dodecyl sulfate-

polyacrylamide gel electrophoresis; Sp, Schizosaccharomyces pombe; Spn, Streptococcus pneumonia; a, heterotropic interaction constant; €, extinction

coefficient.
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1 | INTRODUCTION

Human riboflavin kinase (HsRFK; ECnonbreakingsp
ace2.7.1.26) is an essential enzyme that catalyzes the biosyn-
thesis of the flavin mononucleotide (FMN) cofactor using as
substrates riboflavin (RF, vitamin B,) and ATP, therefore, ex-
hibiting an ATP:riboflavin kinase activity (ECnonbreakingsp
ace2.7.1.26)." Besides its key role in the synthesis of flavin
cofactors, HsRFK is predicted as involved in a protein-pro-
tein association network that at the system level affects to
different cellular processes (Figure SP1). In this context, the
orthologous protein in mice has been shown essential for
embryonic development, while, in both human and mouse
cells, its binding to the Tumor Necrosis Factor Receptor 1
enhances assembly of the flavin adenine dinucleotide (FAD)
cofactor to NADPH oxidases activating the production of re-
active oxygen species as defence and signaling molecules.’
HsRFK expression is also related to cellular protection from
progression of some malignant prostate cancers.”* Recently,
RFK, as well as its FMN metabolic product, have also been
reported as critical modulators of amyloid-f toxicity.5 On the
contrary, its downregulation alters the expression profiles of
cryptochromes and other clock-controlled metabolic genes,
being also a potential risk factor for stroke by destroying the
protective effect of flavin treatments.®’ Finally, insufficient
conversion of RF into flavin cofactors by reduction of the
RFK activity is reported in protein-energy malnutrition sit-
uations coursing with reduced thyroid hormone concentra-
tions.*'” Altogether such observations point to HsRFK as a
potential therapeutic target.

Part of the FMN produced by HsRFK is directly used as
cofactor of FMN-dependent flavoproteins, but most of it is
subsequently adenylylated by a FAD synthase (HsFADS),
that exhibits ATP:FMN adenylyltransferase activity
(FMNAT, ECnonbreakingspace2.7.7.2) and provides the
flavin adenine dinucleotide (FAD) cofactor.'!? RF to FMN
conversion seems to be the major rate limiting step in FAD
synthesis, being therefore HsRFK a key element for the pro-
duction of the FAD cofactor required by more than 60 human
flalvoenzymes.l?”14 RFK and FMNAT activities located in
two independent enzymes is a trait of non-photosynthetic
eukaryotes, but in most prokaryotes a single bifunctional
enzyme known as type I FAD synthase (FADS) carries out
both activities.'’ Noticeably, prokaryotic FADSs fold in two
modules, being the N-terminal module associated to the
FMNAT activity and the C-terminal to the RFK one. 1316 The
eukaryotic monofunctional RFKs and the C-terminal mod-
ules of prokaryotic FADSs are structurally homologs (both
folding into a six-stranded f barrel core with Greek key to-
pology), but species-specific differences in secondary struc-
ture elements are observed.">'%!® These variations, although
apparently minor, utterly modulate conformational reorgani-
zations occurring during substrate binding and catalysis, as

demonstrated for the RFK cycles of the prokaryotic FADSs
of Corynebacterium ammoniagenes and Streptococcus
pneumoniae (CaFADS and SpnFADS, respectively).lg’20
Furthermore, the substrate binding and catalytic motifs—
PTAN and GxY—despite conserved, exhibit species-specific
arrangements and traits (Figurel and Sp2).>18

As FMN and FAD are essential cofactors, not only in cell
energetics metabolism, but also for the action of a plethora
of flavoenzymes with very different cellular functions, their
biosynthesis must be thoroughly regulated to maintain cellu-
lar and flavoproteome homeostasis.**! In prokaryotes, we
recently learned that FMN biosynthesis is regulated through
mechanisms that, depending on the species, can include the
inhibition of the RFK activity by the RF substrate and/or
products, the redox state of the RF substrate, the formation
of transient assemblies coupled to catalysis or the subsequent
FMNAT activity occurring at the protein N-terminal mod-
ule.!%-20:22-27 Eukaryotic cells provide additional levels of reg-
ulation by making use of different isoforms or intracellular
compartmentalization. The mechanisms underlying FMN ho-
meostasis in eukaryotes remain still poorly understood,
but those found in prokaryotic FADSs might also apply. In
this context, the available crystallographic structures of
HsRFK and of RFK from the yeast Schizosaccharomyces
pombe (SpRFK) also envisage large conformational changes
upon ligand binding and catalysis, particularly in the surface
loops termed Flapl and FlaplII (Figure 1 and Sp2).1:17

In the present study, we focus on the intrinsic mechanisms
underlying the regulation of HsRFK enzymatic activity. We
have used the apo-HsRFK form, to avoid substrates and prod-
ucts of the reaction interfering our experimental approach.
Our steady-state data indicate that HsRFK is inhibited by the
reaction products, but not by substrates. Stopped-flow spec-
trophotometry allows ascertaining sequential conformational
changes upon ligand binding and catalysis. Finally, ligand
binding studies using isothermal titration calorimetry (ITC)
display an intricate thermodynamic landscape. Our results
are discussed in the context of the here modeled structure
for apo-HsRFK, the available crystallographic structures of
monofunctional RFKs and previous structure-function stud-
ies concerning RFK modules of prokaryotic FADSs.

2 | MATERIALS AND METHODS
2.1 | Cloning, expression, and purification
of recombinant HsRFK

The coding sequence of HsRFK (accession number
Q969G6) was codon optimized for its heterologous expres-
sion in Escherichia coli and synthetized by GenScript. This
DNA sequence was cloned between the Ncol and BamHI re-
striction sites of a pET28a(+)-derived vector, in which the
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HsRFK:Mg2*-ADP:FMN open

HsRFK:Mg2*-ADP:FMN closed

FIGURE 1
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(D)

Structural properties of RFKs. Cartoon representation of the crystallographic structure of HsRFK in complex with FMN and ADP

in either the (A) open (PDB ID 1P4M) or the (B) closed conformation (PDB ID 1Q9S) of the flavin binding site. (C), Cartoon representation of
SpRFK as crystallized in the apo form (PDB ID 1NOS5). Flapll is disordered and depicted as a dashed loop. Comparison of the organization of the
active site in the closed HsRFK:FMN:ADP complex relative to the structures of the (D) open HsRFK:FMN:ADP complex and of the (E) apo-
SpRFK (shown in grey). In all panels FMN and ADP ligands are shown as CPK colored sticks with carbons in green and magenta, respectively,

and Mg?* is shown as a green sphere. Unless otherwise stated, Flapl, Flapll, and L6c are highlighted in green, violet and pink, respectively, the

consensus PTAN motif at the active site is in blue for HsRFK and grey for SpRFK. Relevant side-chains are in sticks

thrombin cleavage site was substituted by the PreScission
Protease cleavage signal. The sequence-verified plasmid
was transformed into E coli BL21(DE3) strain, and trans-
formed cells were grown at 37°C in LB medium (1% (w/v)
of tryptone, 0.5% (w/v) of yeast extract, and 1% (w/v) of
NaCl) supplemented with 50 mg/mL of kanamycin. At an
OD¢gg nm 0f 0.7, cultures were induced with 0.2 mM of iso-
propyl p-b-1-thiogalactopyranoside, incubated under the
same conditions and, after 24 hours, harvested. Cells were
resuspended in 20 mM sodium phosphate, pH 7.4, 500 mM
NaCl, and 10 mM imidazole, containing lysozyme (1 mg/
mL), DNase (0.1 mg/mL), and protease inhibitors (0.2 mM
of Phenylmethanesulfonyl fluoride and 10 mM of benzami-
dine), and subsequently sonicated at 4°C. After centrifuga-
tion to remove cell debris, the supernatant containing the
soluble protein was loaded into a HisTrap HP affinity col-
umn (GE Healthcare) and the protein was eluted applying
a gradient from 10 to 500 mM of imidazole in 20 mM of

sodium phosphate, pH 7.4, 500 mM NaCl. Buffer was ex-
changed to 50 mM Tris/HCI, pH 7.4, 150 mM NaCl, using a
HiPrep Desalting Column (GE Healthcare). The Hisq-Tag
was removed by 24 hours incubation with the PreScission
protease (GE Healthcare) at 4°C, in ratio 1:10 (w/w), and
the protein was then loaded into the HisTrap HP column in
tandem coupled to a GSTrap 4B column (GE Healthcare)
to eliminate both the remained Hisg-Tagged HsRFK and
the PreScission protease (a GST fused product). The re-
sulting yellowish unbound fraction was fractioned with
20% of ammonium sulfate and centrifuged for 30 minutes
at 4000 g. The supernatant was loaded onto a Phenyl-
Sepharose High performance (GE Healthcare) column
equilibrated with 50 mM of Tris/HCI, pH 8.0, 20% of am-
monium sulfate. The column was washed with the same
buffer until most of the yellow color washed out. Finally,
the protein was eluted using a 20—-0% reversed-gradient of
ammonium sulfate in the same buffer. Protein purity was
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assessed by 17% of SDS-PAGE and buffer was finally ex-
changed by dialysis in 20 mM PIPES, pH 7.0. Pure protein
solution was stored at —80°C until used.

2.2 | Spectroscopic analysis

UV-visible spectra were recorded in a Cary 100 spectro-
photometer (Agilent Technologies) and ligand-free HsRFK
was quantified using the theoretical extinction coeffi-
cient €579 ,,, = 21 430 M~'em™ and a molecular weight
of 17.76 kDa (ProtParam). Fluorescence emission spectra
were recorded in a Cary 100 spectrophotometer (Agilent
Technologies) in 20 mM of PIPES, pH 7.0, 0.3 mM of
MgCl, at 25°C, exciting the protein aromatic residues at
280 nm. Fluorescence excitation scans were recorded at the
maximum emission wavelength (323 nm) and in the same
experimental conditions. Circular dichroism (CD) spectra
were recorded at 25°C using a Chirascan spectropolarime-
ter (Applied Photosystem Ltd.). Samples containing ~5 and
~20 uM of HsRFK in 20 mM of PIPES, pH 7.0, 0.3 mM
of MgCl, were used in the far-UV (cuvette path length,
0.1 cm) and near-UV CD (cuvette path length, 0.4 cm),
respectively.

2.3 | Steady-state RFK activity

The RFK activity of HsRFK was measured at 25°C in 500 pL
of 20 mM of PIPES, pH 7.0 and 0.3 mM of MgCl,, contain-
ing variable concentrations of RF (0.2-15 uM) and ATP (2-
600 uM), as previously described.***!' The inhibitory effect
of the substrates and products of the reaction was also ana-
lyzed by measuring the RFK activity in reaction mixtures at
increasing concentrations of FMN (0-5 uM), varying the ATP
concentration and keeping the RF constant for the determina-
tion of the FMN inhibitory effect; and at increasing concen-
trations of ADP (0-120 uM), varying the RF concentration
and keeping ATP fixed. In all cases, reactions were initiated
by addition of 40 nM HsRFK to reaction mixtures preincu-
bated at 25°C. After 1 minute of incubation at 25°C reactions
were stopped by boiling the samples at 100°C for 5 minutes.
The flavin composition of the supernatant was analyzed
using an Alliance HPLC system (Waters) equipped with a
2707 autosampler and an HSST3 column (4.6 X 50 mm,
3.5 mm; Waters) preceded by a pre-column (4.6 X 20 mm,
3.5 mm; Waters) as previously described.> Flavin concen-
trations were quantified using RF or FMN standard curves
acquired under the same conditions, and the observed steady-
state rates for FMN production (v,) were determined in units
of nmoles of flavin transformed per min per nmol of enzyme
(vo/le]). The kinetic data obtained for one substrate at satu-
rating concentrations of the second substrate were fitted to

the Michaelis-Menten kinetic model, obtaining k., and K,
values. The inhibition mechanism of the products of the RFK
reaction -FMN and ADP- was determined by evaluating their
effect on K, and k., by individual fitting of data sets to the
Michaelis-Menten model. Additionally, data sets acquired
at variable concentrations of the product acting as inhibitor
were globally fitted to the Lineweaver-Burk equation for
competitive inhibition

el (10 Kn 1, 1
E_ (1+ K> kcat [S] +kcat (1)

l
where [S] is the concentration of the varying substrate (RF or
ATP) and [I] that of the inhibitor (FMN or ADP), and K; is
the corresponding inhibition constant. All experiments were
performed in triplicate. Estimated errors in k., Ky and K;
values were, in general, within 10% of their values, assumed
to be larger than the standard deviation between replicates
and the numerical error after fitting analysis.

2.4 | Pre-steady-state kinetics

Kinetic experiments in the pre-steady state were registered
using stopped-flow spectroscopy on an Applied Photophysics
SX17.MV spectrophotometer, using the ProData SX soft-
ware (Applied Photophysics Ltd.) for fluorescence data ac-
quisition and kinetic data analysis. Fast kinetic measurements
were carried out at 25°C in PIPES 20 mM, pH 7.0, 0.3 mM
of MgCl, as previously described.'”* In short, 0.2 uM of
HsRFK was mixed with reaction samples containing increas-
ing concentrations of the FLV ligands in the absence or pres-
ence of saturating concentrations of ANP ligands. Evolution
of flavin fluorescence after mixing was measured with an
excitation wavelength of 445 nm, while fluorescence emis-
sion was recovered using a >530 nm cut-off filter. Control
experiments, recorded in the same buffer but in absence of
MgCl,, produced similar profiles with significantly smaller
amplitudes in the fluorescence change. All the concentra-
tions indicated for these experiments are the final ones in
the stopped-flow observation cell. Three to five reproducible
traces were acquired at each time and concentration condi-
tion assayed. These kinetic traces were then fitted to expo-
nential functions,

y= Z Ai -€Xp (_kobsi : t) (2)

where A; and kg, are the amplitude of the fluorescence
change and the observed kinetic constant for a particular
spectroscopic process i that contributes to the overall time-
dependent fluorescence change. The previous equation was
corrected by the addition of a linear term when a process was
not finished in the timeframe of the measurement.
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Y= D" A;-exp (—kopgi 1) +b-t 3)

It should be noticed that when more than one process is
detected, accuracy in determination A; and k; for processes
after the initial one decreases with the FLV concentration
assayed.
kyps values showing a linear dependence on the FLV
concentration were fitted to a one-step model associated
to the binding equilibrium of the flavin ligand to HsRFK
(HsRFK+FLV s HsRFK:FLV), whose kinetics can be repre-

sented by the following equation
kObS = kOIl . [FLV] + kOff (4)

where k,, and k. are the kinetic rate constants for complex
formation and dissociation, respectively.

When kg, values show hyperbolic dependence on the
FLV concentration, data can be fitted to an induced fit
model (HsRFK+FLV s HsRFK:FLV*—HsRFK:FLV)* that
parametrizes both the ligand binding (K, kq/k,,) and the
subsequent conformational change (k,, as the kinetic rate con-
stant for the structural rearrangement).

[FLV]

" K,+[FLV] ®)

kobs =

When detected, flavin photobleaching within the stop-
flow observation chamber was evaluated as previously
described.*

2.5 | Isothermal titration calorimetry

ITC measurements were performed using a high precision
Auto-iTC200 MicroCal calorimeter (Malvern Panalytical)
thermostated at 25°C. Up to 19 injections of 2 pL of the titrat-
ing solution were added to the calorimetric sample cell and
mixed using a stirring speed of 750 rpm. Ligands and protein
were both dissolved in 20mM of PIPES, pH 7.0, in absence
and presence of 0.3mM of MgCl, (cation concentration for
optimal enzymatic activity). Typically, S0uM of RF, 70uM
of FMN, and 80uM of ANP (ATP or ADP) in PIPES 20mM,
pH 7.0 were used to titrate HsRFK (10 uM) in a 200uL sam-
ple cell. Additionally, preformed complexes of the enzyme
with the FLV or ANP ligands at saturating concentrations
were titrated with ANP or FLV ligands, respectively. The as-
sociation constant (K,), the enthalpy change (AH), and the
binding stoichiometry (N) were obtained through nonlinear
least squares regression of the data using a homemade model
for one binding site, which was implemented in Origin 7.0
(OriginLab) as previously described.*® The K, the free en-
ergy change (AG), and the entropy change (AS) were ob-
tained from essential thermodynamic relationships.

= 10875
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Cooperative ligand binding was assessed by ITC employ-
ing an exact analysis of the heterotropic interactions con-
sidering a ternary equilibrium between the protein and two
ligands approximate analysis as previously described. >
A quasi-binary equilibrium between the protein and one li-
gand, with the influence of the other ligand being implicit
within the apparent ligand binding parameters, was also used
to confirm parameters.20 Briefly, ANP ligands were used to
titrate mixtures of HsRFK (10 uM) with different FLV con-
centrations (0-100 uM) in the calorimetric cell, and the coop-
erativity constant for the heterotropic interaction («) between
ANP and FLV ligands was determined from any single ti-
tration employing the exact methodology.***® Additionally,
titrations of HsRFK:FLV mixtures (at different FLV concen-
trations) with ANP ligands were analyzed as binary titrations,
from which apparent association constants for ANP ligands
at certain FLV concentrations were determined. These data
were fitted to a cooperativity model that considers explicitly
the influence of the FLV ligand in the protein binding affinity
for the ANP ligand:w’zo’%36

FLV
e _ gap L @K TFLY]
a

(©)
“ 14K [FLV]

where KZPP’ANP is the apparent association constant for the
ANP ligand as a function of the FLV concentration, KfNP
is the intrinsic association constant for ANP (that is, in the
absence of FLV ligand), KS LV is the association constant for
FLV, and [FLV] is the concentration of flavin in the calori-
metric cell, from which o between ANP and FLV ligands can
also be determined.

ITC experiments were performed in duplicate or tripli-
cate. The errors considered in the measured parameters (in
general +15% in K, and K, values, +0.3 kcal mol™" in AH,
AG and —TAS, and +20% in o) were assumed to be larger
than the standard deviation between replicates and the nu-
merical error after fitting analysis.

2.6 | Molecular dynamics simulations

The initial model of apo-HsRFK, excluding any ligand, was
built by removing ADP and Mngr from the crystallographic
structure with PDB ID INB0O. PROPKA software was used
to assign pK, values to structures, which were protonated
to pH 7.0.%7 PyMOL was used for structural manipulations
and figures production.’® All-atom molecular dynamics
(MD) simulations were performed using GROMACS 5.1.5%
and AMBER ff03 parameters.40 The system was placed in
the center of a rhombic dodecahedron box, solvated with a
TIP3P water model and neutralized by adding sodium ions.
Final system consisted in 22345 total atoms. A steepest de-
scent minimization was performed to avoid close contacts
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or clashes. Desired conditions were achieved after a 100 ps
simulation with NVT ensemble and the generation of ran-
dom initial velocities, and a 100 ps simulation with NPT en-
semble, restraining the movement of atoms of protein with a
1000 kJ-mol™"-nm™" harmonic potential. Longer NPT (300 K)
simulations with positions unrestrained were then performed,
collecting the data every 10 ps. Time step of 2 fs and leap-
frog integrator, periodic boundary conditions, Particle Mesh
Ewald method for long range electrostatic interaction,
Parrinello-Rahman method for pressure control, modified
Berendsen method for temperature equilibration and LINCS
to restrain bonds including hydrogen atoms were used. Five
replicates were made for each trajectory, which were ana-
lyzed using VMD*! and GROMACS package tools.*

3 | RESULTS
3.1 | HsRFKis purified free of flavin and
adenine ligands

E coli BL21 (DE3) cells transformed with the recombinant
pET28a-HsRFK vector produced a high level of expression of
active HsRFK enzyme, with a typical yield after purification of
3.2 mg of protein per liter of culture. HsRFK fractions were yel-
low colored, suggesting the protein was expressed in complex
with a tightly bound flavinic ligand that kept bound throughout
the purification process. Hence, initial purified fractions of the
recombinant protein showed the typical flavoprotein bands-I
and -II in the Vis absorbance spectrum (Figure SP3A). HPLC
analysis of the supernatant obtained upon thermal denaturation
of the enzyme demonstrated that the bound cofactor was FMN.
Additionally, the other product of the RFK activity, ADP, was
also detected as trapped into the purified enzyme. This was evi-
denced by the displacement of the aromatic absorption peak of
protein toward 260 nm (characteristic of nucleotides) in some
flavin-free enzyme samples and by the absorption properties of
its supernatant after thermal denaturation. High affinity of the
adenine nucleotide was previously reported, probably being the
reason why all HsRFK structures so far reported in the PDB
contain it."* Therefore, despite the protein was pure, a phenyl-
sepharose hydrophobic chromatographic step was required to
remove the FMN and ADP products from HsRFK. To the best
of our knowledge, this will be the first purification of HsRFK in
its apo-form to homogeneity (spectrum shown in Figure SP3A).

Excitation of HsRFK at 280nm produced a fluorescence
emission band centered at 332nm (Figure SP3B), in agreement
with Trp residues embedded within the protein environment.
The negative couplet (195-210 nm) in the far-UV CD spectrum
of HsRFK (Figure SP3C) indicated secondary o-helix struc-
ture, and the shoulder at 218nm also pointed to an important
content of B-sheet. Such spectral properties are consistent with
the secondary structure content derived from crystallographic

data: around 27% of a-helix, 30% of pB-sheet and a large con-
tent of loops. The near-UV CD spectrum (Figure SP3D) of
HsRFK showed a broad 265-295nm negative band with min-
ima at 285 and 292nm related to the protein tertiary structure
organization. Collectively, these data indicate that the purified
HsRFK is correctly folded and in the apo-form.

3.2 | The HsRFK activity is modulated
by the products of the reaction

In advance to determining the HsRFK kinetic parameters,
we quantitatively evaluated the influence of the reducing
environment (by using sodium dithionite) as well as of the
presence of Mg2+. Under saturating concentrations of both
substrates (RF and ATP), the RFK activity resulted tightly
regulated by the cation concentration, with maximal rates at
a concentration of 0.3mM (Figure SP4A). Herein, a MgCl,
concentration of 0.3mM was used. On the contrary, the rate
for RF transformation was independent on the concentration
of the reducing agent (Figure SP4B). This later behavior re-
sulted similar to that described for CaFADS and SpnFADS,
but differed for other species, as Listeria monocytogenes,
whose turnover and efficiency highly depended on the redox
status of the media.'*?>%32627

Steady-state rates for the HsRFK activity showed satura-
tion profiles for both substrates (Figure 2A). These profiles
fitted to the Michaelis-Menten model allowing determination
of ke KpiYs and Ky, ™', in 102 min~', 2.5 uM and 30 uM
(Table 1), respectively. Furthermore, no inhibition by excess
of RF substrate was detected, contrary to that reported for the
RFK activity of CaFADS?' but in line with previous data for
HsRFK,* SpnFADS,' and LmFADS-1.”” Nonetheless, our
HsRFK data showed high efficiency for the synthesis of FMN
when compared not only to bifunctional FADSs,'”***7 but
also to data previously reported for HsRFK™® (Table 1). In the
case of HsRFK, such differences can be associated to different
protein isolation procedures, in agreement with early reports
showing different RFK pools with distinct enzymatic activity
co-existing in rat liver cells. Such differences are probably due
to dissimilarities in the content of ligands bound to the enzyme.

Since inhibition of the RFK activity by the reaction
products contributes to maintain the flavin and flavopro-
teome homeostasis in prokaryotes, it is worthy to evaluate
the occurrence of such effects in the HsRFK activity. The
Michaelis-Menten and Lineweaver-Burk plots at increasing
concentrations of either ADP or FMN products showed that
while k., remained constant, both KQTP and K&F increased
(Figure 2). This pointed out to a competitive mechanism
of inhibition for both reaction products, allowing determi-
nation of the apparent inhibition constants, K?DP and KFMN
(Table 1). The similar values of K’IA‘DP and KQTP as well as of
K™ and Ky indicated that ADP and FMN bind to the free
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FIGURE 2 Inhibition of HsRFK activity by FMN and ADP products. (A) and (C) Michaelis-Menten plots and, (B and D) their corresponding
Lineweaver-Burk representations, as a function of different concentrations of the (A and B) ATP and (C and D) RF substrates in the presence
of different concentrations of the products (A and B) ADP and (C and D) FMN. Lines correspond to global fits to the equation for competitive

inhibition (Equation 1)

TABLE 1 Steady-state kinetic parameters for the HsRFK activity

e/ KAT? keal Ky K™
RFK enzyme ke (min™) KX (uM) (min~' pM~Y) KPP (uM) K uM)  (min~' pM) (uM)
HsRFK* 102 +7 308 34+1.1 33+6 25+04 41+9 25+0.8
HsRFK(-)" 18 117 0.16
HsRFK(+) 30 36 0.08
CaFADS® RFK module 130 + 30 40 + 12 32+ 1.7 17+3 6.9 + 0.4 19+5 14+0.2
SpnFADS“l 55+2 T5+7 0.7+0.1 130 + 16 12+03 46+ 13 1.3+04
LmFADS-1(-)° 33+2 41 +2 0.8 + 0.1 844 + 95 0.5+0.1 66 + 4 7.1+13
LmFADS-1(+)° 95+7 12+ 1 79+09 10+ 1 95+ 1

“Experiments performed at 25°C in 20mM of PIPES, pH 7.0, 0.3 mM of MgCl, (n = 3, mean + SD). Presented data calculated by global fitting.

"Data from (43). Experiments performed at 37°C in 50 mM of potassium phosphate buffer, pH 7.5, 12mM of MgCl,, both in absence (—) and presence (+) of 24 mM
of sodium dithionite.

“Data from (20). Experiments performed at 25°C in 20mM of PIPES, pH 7.0, 0.8 mM of MgCl,

Data from (19). Since both ADP and FMN act as mixed inhibitors two different K; values are shown for each. Experiments performed at 25°C in 20 mM of PIPES, pH

7.0, 0.8 mM of MgCl,.
“Data from (27), experiments performed in 20mM of PIPES and 0.8 mM of MgCl,, pH 7.0, at 25°C, both in absence (—) and presence (+) of 24 mM of sodium

dithionite.

HsRFK enzyme with alike affinity to the substrates of the CaFADS and SpnFADS also showed product inhibition
reaction. Also, the significantly smaller inhibition constant  of the RFK activity, but their inhibition mechanisms dif-
for FMN in comparison with ADP (K’IAD P /Kf MN = 13.2) en- fered from that of HsRFK as well as among them: mixed for
visages FMN as a more potent inhibitor. both products in SpnFADS versus competitive for FMN and
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uncompetitive for ADP in CaFADS. FMN is a more potent
inhibitor in CaFADS (Ky/Ki™™ = 7.1) than in SpnFADS or
HsRFK (0.8 and 1, respectively); and also, RF is a very strong
inhibitor of the RFK activity in CaFADS but not in the other
enzymes.'g’zo'27 Therefore, FMN biosynthesis in Homo sapi-
ens will be regulated by the products of the RFK reaction.
In addition, and considering that transport across membranes
appears favored for the RF substrate over FMN and FAD,
intracellular compartmentalization with different substrate/
product concentrations and/or the presence of different iso-
forms might also apply in the in vivo HsSRFK regulation.] 12844

3.3 | Binding of HsRFK substrates is the
kinetically preferred process

We used stopped-flow spectrophotometry to kinetically
differentiate individual processes during the HsRFK reac-
tion. This technique allowed us to detect small changes in
the dielectric environment of the flavin isoalloxazine upon
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its binding and/or dissociation to the protein, and/or as con-
sequence of conformational changes in its environment, >
while RF transformation into FMN is not observed due to
the same fluorescence spectra and quantum yields of both
flavins. When we mixed HsRFK with either RF or FMN, we
only detected very slow and linear fluorescence decays con-
sistent with previously reported flavin photobleaching.lg’20
These observations suggested that the apo-form of HsRFK
is not able to bind RF or FMN (herein both referred as FLV)
ligand, or at least to internalize its isoalloxazine ring in the
expected catalytically competent enclosed conformation.

A fast and intense exponential decay in fluorescence in
the 2 seconds time frame was, however, detected when mix-
ing HsRFK with all combinations of ATP or ADP (denoted
herein as ANP) and FLV ligands (Figure 3A). We related the
fluorescence decay to FLV binding and/or internalization in
the protein matrix by FlaplIl displacement (Figure 3A), con-
cluding that the ANP presence/binding prones HsRFK to
bind and internalize the FLV ligand. Noticeably, no subse-
quent recover of fluorescence was observed for the assayed
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FIGURE 3 Pre-steady-state stopped-flow kinetics of the binding of RF and FMN to HsRFK in the presence of adenine nucleotides. (A)
Normalized evolution of kinetic changes in fluorescence upon mixing HsRFK (0.2 uM) with all possible FLV-ANP ligand combinations (0.125

and 250 uM, respectively). (B) Example of the fittings of kinetic traces (in this case, corresponding to mixtures of HsRFK with RF-ATP), and
residuals of the fitting of the 1 uM RF-250 uM ATP data to a biexponential function. Evolution of (C) k¢, and (D) k,, as a function of the FLV
concentrations. Insets show schemes representing the corresponding processes
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combinations of ligands, differing this behavior from the
one reported when similarly evaluating the RFK modules of
CaFADS and SpnFADS. For these two enzymes, the initial
flavin fluorescence decay was followed by fluorescence re-
cover related to an ATP-induced conformational change that
re-opens the flavin binding site making the isoalloxazine ac-
cessible to the solvent after the reaction has taken place.lg’20

Kinetic traces corresponding to mixtures of HsRFK with
the RF-ADP ligands fitted to a single exponential decay,
whereas two and up to three independent processes were
identified when, respectively, evaluating the binding kinetics
in the FLV-ATP and FMN-ADP combinations (Figure 3B).
Noticeably, while the amplitude of the first process (A;)
dominates the fluorescence decay for RF binding, A; and
A, became similar when assaying the binding kinetics of the
FMN product (no shown). Therefore, we identified the ini-
tial process, generally accounting for most of the amplitude
decay, as FLV binding/internalization in HsRFK by Flapll
displacement (up to ~14A reorganization of amino acids com-
prising the loop), similarly to that reported for CaFADS and
SpnFADS."**" The succeeding fluorescence decays have to
relate to subsequent conformational changes in HsRFK loops
further contributing to additional changes in the isoalloxazine
environment after the initial binding. Considering these extra
processes are not observed when mixing the protein with RF-
ADP, they appear related to the extra phosphates of ATP and
FMN, over ADP and RF, respectively, influencing some con-
formational flexibility.

kops1 values showed a linear dependence on the FLV con-
centration (Figure 3C) that permitted to determine k,, and
kg for flavin binding and, as a consequence the process dis-
sociation constant (K,;) (Table 2). These data indicated that
binding processes containing the RF substrate are the fastest
(Table 2A). In addition, the largest amplitude in fluorescence
decay is observed for RF and ATP (Figure 3A). Therefore,
HsRFK binds preferably the substrates of the RFK reaction,
RF and ATP, over other combinations of substrates/products,
similarly to SpnFADS but contrary to CaFADS. Noticeably,
binding of the FMN product in presence of ANP (particularly
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ATP) were the least favored processes from the kinetic point
of view (smaller k,,), though the combination of FMN-ADP
products showed an amplitude comparable to that of sub-
strates and a considerably lower k. As consequence, the
complex of HsRFK with the products of its activity exhibits
the smaller K, and appears, therefore, as the most stable one.

On their side, when detected, k., showed a saturation
profile on the FLV concentration (Figure 3D). When fitting
these data to an induced fit model representing changes in
the protein conformation induced by binding of the ligand,32
we were able to determine an equilibrium reorganization
constant as well as the kinetic constant to achieve the final
state (Table 2B). Noticeably, this process presented very par-
ticular features when evaluating the FMN-ADP products; it
was considerably slower (k,), A, was comparable to A, and
the product of its reorganization was the most stable (Kco)-
Therefore, binding of the products of the RFK activity to
the enzyme occurs through stabilization of a transient inter-
mediate in the isoalloxazine internationalization by Flapll
displacement, while these intermediate is hardly populated,
or not at all, in the binding of other ligand combinations.
Noticeably, this FMN-ADP combination is the only one for
which a third considerably slower process (80-100 min~" at
the FMN concentrations assayed), likely independent of the
flavin concentration, is observed when binding to HsRFK.
Interestingly, k., and k, values for the binding of RF-ATP
substrates are substantially faster than the k., while kg for
the FMN-ADP products is situated in its range (Tables 1 and
2). Collectively, these observations indicate that kinetics of
products release limits the HsRFK catalytic activity.

These data point to differences in the regulation of the
catalytic activity of HsRFK when compared to CaFADS
and SpnFADS. In HsRFK, as in SpnFADS, the binding of
substrates of the RFK reaction -RF and ATP- is the kineti-
cally favored process,'® whereas in CaFADS binding of any
other combination of ligands is faster.”> Moreover, while in
CaFADS and SpnFADS the ATP substrate activates FLV
ligand internalization as well as the subsequent cavity re-
opening to make this ligand again solvent accessible, such

TABLE 2  Pre-steady-state kinetic parameters for the binding and dissociation of flavins to HsRFK in the presence of adenine nucleotides.
Experiments were performed at 25°C in 20 mM of PIPES, pH 7.0, 0.3 mM of MgCl, (n =5, mean + SEM) in and stopped-flow equipment

kops2 (conformational rearrangement)

kops1 (flavin binding)
Ligands
combination kon (min~! pM~) kot (min~") Ky (uM)
RF-ATP 1760 + 50 700 + 40 0.40 + 0.02
RF-ADP 1670 + 90 610+ 10 0.36 + 0.03
FMN-ATP 420 + 40 110 + 10 0.26 + 0.04
FMN-ADP 1140 + 30 59 +38 0.05 + 0.01

“Process not observed for this combination of ligands.

AGreorg
AG (kcalmol™) K, (min~") Keeorg @M)  (keal mol ™)
-8.6£0.1 530 + 80 038+008 -88+0.1
-8.7+0.1 £ £ £
-89+0.1 127 + 14 083+041 —83+03
—9.9+0.1 12+2 0.16 + 0.1 —92+04
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FIGURE 4 Scheme of the conformational and ligand binding spaces along the HsRFK cycle. The diagram summarizes the different HsRFK
species envisaged considering kinetic, inhibition, binding, and structural data available. All presented structures correspond to different crystal
structures for HsRFK (PDB IDs are indicated), with the only exception of the apo-form that has been produced by MD simulations of the INBO
pdb after removing the ADP:Mg2+ ligand. Crystal structures are represented by B-factor of backbone atoms, with higher radius of ribbons and
warmer colors indicating higher fluctuations, being all snapshots normalized according the color code. Those states lacking structural data are
represented by circles (nonproductive states are shown in red, alternative paths in violet and competent state in blue start). Processes leading to the
formation of sub-stoichiometric complexes (HsRFK:RF) are highlighted with blue arrows

final exposure is not detected with HsRFK. In addition, this making the binding of the products stronger and envisaging
enzyme is the only from the three for which k. for the FMN-  different mechanisms for the FMN product release from the
ADP ligands is considerably slower than &, (nearly 20-fold), RFK site among these three proteins.
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3.4 | Thermodynamics modulates the ligand
binding landscape of HsRFK

Subsequently, we performed ITC experiments to assess if the
kinetically detected processes were significant in reaching the
thermodynamic equilibrium. Binary and ternary interactions
of HsRFK with ANP and/or FLV ligands were analyzed at
pH 7.0 and 25°C both in absence and in presence of 0.3 mM
of Mg2+. The corresponding determined thermodynamic pa-
rameters are summarized in Table SP1, while some examples
of the experimental thermodynamic dissections are displayed
in Figure SPS.

Direct titrations allowed the determination of the intrinsic
binding parameters of the interaction of HsRFK with sub-
strates and products of the RFK reaction. For ANP ligands,
KdANP values were in the low micromolar range and the stoi-
chiometry of the interaction, around 0.6, was consistent with a
unique ANP-binding site, with occupancy below unity being
probably associated to protein conformational heterogeneity.
This agrees with low B-factors of the bound ADP—MgZJr in
the available crystallographic structures (Figure 4). The pres-
ence of Mg2+ resulted in the reduction of the favorable en-
thalpic contribution to binding, as well as of the unfavorable
entropic one (Figure SP6). Nonetheless, AG remained mostly
insensitive to the cation through entropy/enthalpy compensa-
tion. A similar situation was previously reported for the RFK
module of CaFADS.* On the contrary, FLV (RF and FMN)
ligands were hardly able to directly bind HsRFK. No inter-
action heat was detected for the protein titration with FMN,
suggesting either lack of interaction, very slow binding or in-
teraction occurring without appreciable exchange of heat. In
titrations with the RF substrate, data allowed for estimation

(A) With mg?*

@ N A App
O Re A AP

FIGURE 5

(B)

FASE‘BJOURNALJ—

of a KdRF value in the micromolar range, but the low interac-
tion stoichiometry observed envisages very low occupancy
(N around 0.16). Mg2+ further hindered RF binding due to
a higher increase in the entropic contribution to the binding
than in the enthalpic one (2.32- and 1.37-fold, respectively)
(Table SP2, Figure SP6).

Titrations of ANP:HsRFK or FLV:HsRFK binary mix-
tures with, respectively, FLV or ANP permitted to further
unravel the complete thermodynamic landscape of ligand
binding. Figure 5 summarizes all possible binary and tertiary
interactions of the enzyme with substrates and products in
absence (Figure SA) and presence of Mg2+ (Figure 5B), in-
cluding the fraction of binding-competent protein (N) in each
case as the thickness of the arrows. Titrations involving both
RF and ATP in the presence of the divalent cation (catalytic
conditions) were not measured, since the heat of the catalytic
reaction masked the interaction heat. As shown in the fig-
ure, pathways leading to non-competent tertiary complexes
compete with formation of the HsRFK:ATP:RF catalytically
complex (orange pathways in Figure 5). Nevertheless, there
was no thermodynamically preferred binding pathway, both
in terms of final complex stability and production probability
(N, interaction stoichiometry). The presence of Mg*" slightly
increased the fraction of protein prone to interact and, con-
sequently, the probability of a particular path to occur, but,
contrary to CaFADS and SpnFADS, "% hardly modulated
the binding landscape (Figure 5A,B, SP5, Table SP1). The
only exception to this behavior was observed for the FMN-
ADP products combination, where the cation presence made
enthalpic as well as entropic contributions to the HsRFK
binding favorable. Therefore, differences in conformation
of ternary HsRFK complexes as a consequence of the cation

Without Mg?*

Gibbs free energy flow for the interaction of HsRFK with substrates and products. Diagrams summarize the thermodynamics

of the interaction of HsRFK with different combination of its ligands as obtained by ITC (Table SP1) at 25°C (A) in 20 mM of PIPES, pH 7.0,
0.3 mM of MgCl, and (B) in 20 mM of PIPES, pH 7.0. HsRFK is represented as blue spheres, RF and FMN as orange and yellow hexagons, and
ATP and ADP as green and blue triangles, respectively. The length of the arrows is proportional to the AG for the interaction (value in kcal mol™

are indicated in numbers), and its thickness is representative to the fraction of HsRFK binding the titrating ligand. Processes not directly observed

by ITC (interaction of HsRFK with FMN) are shown as dotted arrows. Paths leading to the formation of the tertiary catalytic complex (HsRFK with

ATP and RF substrates) are highlighted with orange arrows. NM indicates processes that could not be measured in the presence of Mg2+ since the

reaction heat would mask the interaction heat
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TABLE 3 Cooperativity coefficients for the binding of the
different combinations of FLV and ANP ligands to HsRFK in presence
and absence of Mg“. Experiments were performed at 25°C in 20mM
of PIPES, pH 7.0, both in absence and presence of 0.3mM of MgCl,.
(n =5, mean + SEM)

[MgCl,] Ligands o N Ah kcal/mol

0.3mM  RF-ATP N.M.* N.M.? N.M.?
RF-ADP 22+02 0.62 +0.01 -13+0.2
FMN-ATP 1.4+0.1 0.49+0.01 62+1.0
FMN-ADP 2.0+0.2 0.50+£0.01 -10+0.3

0 mM RF-ATP 0.87 +£0.20 0.68 +0.01 53+04
RF-ADP 83+12 0.46 +0.01 1.8+0.6
FMN-ATP  0.96 +0.10 0.61 +0.01 2.7+0.2
FMN-ADP 69 + 1.2 056 +0.01 -59+0.6

“N.M., not measured. When mixing RF and ATP in presence of Mg2+, the
catalytic reaction heat conceals the interaction heat.

presence are only predicted for the formation of the ternary
complex containing the FMN and ADP products, contrary
to that reported for CaFADS and SpnFADS."** The energy
diagram in the absence of MgCl, (Figure 5B) showed two
alternative pathways leading to HsRFK:ATP:RF “pseudo-re-
active” complexes, which in addition are among the most
probable. Therefore, the HsRFK behavior is more similar to
SpnFADS than to CaFADS, enzyme that favors all the other
nonproductive CaFADS:ANP:FLV complexes against the
CaFADS:ATP:RF one.""*

3.5 | ANP and FLYV ligands cooperate
in their binding to HsRFK

Although direct FLV binding to the free protein was hardly
observed by ITC or stopped-flow spectrophotometry, the
presence of FLV increased HsRFK affinity for ANP ligands,
particularly when the cation is present (compare AG values
for the titrations of free HsRFK and binary mixtures, Table
SP1, Figure 5A and SP6). These observations suggest that, as
in the bacterial RFK modules, (a) FLV ligands have a slow-
binding mode to HsRFK that permits to indirectly estimate
their binding parameters 344546 and (b) ANP and FLV show
cooperativity in their binding.

To evaluate cooperativity, we titrated HsRFK:FLV binary
mixtures with ANP and fitted the resulting thermograms
to a model for heterotrophic interactions applying, as ex-
plained in Materials and Methods section, two complemen-
tary methodologies.34’36'46 Our data, summarized in Table 3,
show that Mg2+ modulates ligand binding cooperativity to
HsRFK. In its presence, FLV and ANP ligands show positive
cooperativity (a > 1). When Mg2+ is absent, RF-ADP and
FMN-ADP binding cooperativity increases (up to 4-fold and
3-fold, respectively), while binding cooperativity becomes

slightly negative for the RF-ATP substrates combination
(a < 1). In general, the magnitudes of the cooperativity con-
stants for ligand binding to HsRFK are moderated and in the
range of those for SpnFADS, while those for CaFADS are
considerably larger, particularly in the presence of MgCl,.
Cooperativity in RF and ATP substrates binding to HsRFK
and SpnFADS is slightly negative and positive, respectively.
Noticeably, in the case of CaFADS its sign and magnitude are
highly influenced by the RF substrate concentration that in
this case also acts as inhibitor.'>%° Thus, differences are also
found in the cooperation of substrates and products binding
to RFK enzymes from different organisms.

4 | DISCUSSION
4.1 | Conformational landscape in the
HsRFK catalytic cycle

To date, there is no an available 3D crystal structure of
HsRFK in the absence of any ligand, either ANP or FLV,
or both. To gain insight into such conformation, we gener-
ated a model of apo-HsRFK by removing Mg*":ADP from
the HsRFK-Mg®":ADP crystal structure (PDB ID INBO).
This model was minimized and relaxed by MD simulations
(5 replicas) (Figure6 and SP7). Trajectories for Ca root mean
square deviation (RMSD), energy, solvent accessible surface
(SAS) and radius of gyration (GyR) indicate that apo-HsRFK
keeps overall folding along simulations (Figure SP7). The
most remarkable fact was the transient breaking of the
Lys20-Asp88 salt bridge, with the consequent displacement
of FlapI and loop 5 (L5c), and the observation of a dynamic
opening/closing of the ADP/ATP-binding cavity (Figure 6).
On the contrary, the conformation of the active site, formed
by the consensus PTAN motif and Glu78, retained confor-
mations similar to those observed in the crystal binary- and
ternary- HsRFK complexes (Figure 6C and SP8). Such con-
formations resemble those in the apo-forms of SpRFK and
RFK module of SpnFADS (Figure 1 and SP7). This leaves
apo-CaFADS as the only RFK showing a different PTAN
conformation due to its Thr exhibiting considerably differ-
ent @ and y values (Figure SPSA). In conclusion, our MD
data show that Flapl and L5c adopt different conformations
in apo-HsRFK with respect to binary HsRFK:ADP com-
plexes.2 Additionally, our simulations predict an open Flavin
binding site for apo-HsRFK, while crystal structures indicate
that closed conformations must be populated in ternary com-
plexes due Flapll displacement toward this cavity (Figure 1
and SP2).'” Therefore, it is accepted that HsRFK must un-
dergo a series of sequential conformational changes during
the catalytic cycle (Figure 4).

An ordered bi-bi mechanism for mammalian RFKs was
previously proposed, in which RF binding was followed by
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FIGURE 6 The apo-HsRFK structural model. (A) Cartoon overlapping and (B) surfaces around the ADP/ATP binding site of apo-HsRFK
structural models for the starting structure (violet) and the snapshot after 5 ns of MD (brown). L5c¢ and Flapl are, respectively, colored in salmon
and olive. Side chains for Lys20 and Asp88 are shown in sticks. (C) Stick representation of the conformation of the PTAN motif and the catalytic
residue Glu78 in the starting structure (violet) and the snapshot after 5 ns of MD (brown). Panels A-C show snapshots of replica 1, and initial
distances among selected atoms are shown as black dashed black lines, while corresponding distances at the end of the simulation are shown as
grey dashed lines. (D) Trajectories for the evolution of the relative distances between residues Lys20 and Asp88, as well as among Thr26 at the
PTAN motif and Ser19 and Glu78 along 5ns MD simulations of apo-HsRFK. Data are shown for the 5 replicates. Simulations carried out at 300 K
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ATP binding, being ADP and FMN subsequently released
after catalysis.l’z’47 However, our ITC and stopped-flow
experiments demonstrate that FLV (RF and FMN) ligands
hardly interact with HsRFK in the absence of ANP ligands.
The interaction of RF detected by ITC—a minority pathway
in the whole interaction landscape—might be associated to
the slow binding of a few molecules, probably associated to
RF molecules recognizing some motives of the large flavin
binding site in the open conformation expected in apo-Hs-
RFK (Figure 4) (as observed in SpRFK”). Nonetheless, RF
recognition in this state appears scarce, slow and unable
to trigger by itself the structural reorganization of Flapll.
This is confirmed by the absence of changes indicative of
internalization of the isoalloxazine ring in our stopped-
flow experiments as well as in the crystallographic struc-
tures (differences in Flapl and Flapll disposition relative
to HsRFK:ADP:FMN complex, Figures 1, 4 and SP2).
Nonetheless, the larger magnitudes for the entropic and
enthalpic contributions for ATP binding to apo-HsRFK
when compared to the HsRFK-RF mixture (Table SP1 and
Figure SP6) point to structural rearrangements associated
to the RF presence in its binding cavity that favors ANP
binding. Nonetheless, even if RF favors the initial binding
of ANP, the accommodation of the ANP in the cavity and
the establishment of new FlapI-ANP interactions probably
elapses the initial nonproductive RF interaction mode to a
new one. Thus, conformational changes in Flapl have also
an effect in FlapIl conformation (see Flapl and Flapll in
HsRFK:ADP:FMN crystal structures, Figure 1 and SP2),
further contributing to place RF in an arrangement com-
patible with catalysis.l’2 Our transient kinetic experiments
support such mechanism, since FlapIl displacements can be
indirectly perceived by the changes in flavin fluorescence.
Thus, for mixtures of HsRFK with FMN-ANP, we observed
a slower reorganization process consistent with additional
isoalloxazine burial into the binding pocket by Flapll re-
organization. However, in the case of RF-ATP mixes, k, is
relatively faster and shows lower amplitude, probably only
reflecting the protein dynamics during the catalytic turnover.
Noticeably, our stopped-flow data also envisage that after
catalysis the flavin binding site of HsRFK remains blocked
by Flapll (Figure 4), making FMN release the rate-limiting
step in FMN production and envisaging that this reaction
process might be controlled by factors different from the pro-
tein itself. In this context, it is worth to note that HsFADS,
besides its FMNAT activity, also operates as a FAD chaper-
one for flavin delivery to its client apoproteins.”’48 Our data
envisage that a similar mechanism might apply in HsRFK
for FMN transfer to HsFADS as well as to FMN dependent
client apoproteins, with direct protein-protein interaction
favoring FMN release from HsRFK. Such tight regulation
agrees with FMN, as well as FAD, being crucial cofactors in
a pletora of enzymes devoted to manage cell bioenergetics.

4.2 | Different organisms, different
regulatory strategies

Our previous hypothesis of a species-specific inhibition and
activity modulation of the RFK activity in bifunctional FADS
is here reinforced, as well as extended to monofunctional
proteins, by the HsRFK data. Despite the overall structural
similarity among eukaryotic RFK enzymes and prokaryotic
RFK-modules (RMSD of core Ca positions are only 1.2, 1.6,
and 1 A when comparing HsRFK with SpRFK, CaFADS,
and SpnFADS, respectively), differences among species
occur in the conformation of several structural elements, in-
cluding the Flapl and FlaplI loops, and, particularly, the cata-
Iytic PTAN motif (Figure SP8A).'® In this structural context,
activity and binding studies reflect some common regulatory
mechanisms, as well as highly relevant differences among
HsRFK and the RFK-modules of CaFADS and SpnFADS.
These variations modulate ligand binding and, consequently,
catalytic cycles, resulting in a variety of species-specific
mechanisms regulating the biosynthesis of flavin cofactors.
Thus, the inhibition of the RFK activity by the products of
the reaction seems to be common for all of them, although in-
hibition potency and mechanism varies with the enzyme. For
example, CaFADS is more strongly inhibited by both reaction
products as deduced from the K IFMN/K MRF and I(IADP/KI\,[ATP ra-
tios (0.2 vs 1 and 1, and 0.42 vs 1.16 and 11.2, for HsRFK and
SpnFADS, respectively).lg’20 Kinetic data for binding are con-
sistent with these differences, since binding of the RFK reac-
tion products is kinetically preferred in CaFADS, while HsRFK
and SpnFADS bind the substrates faster. Thermodynamics also
shows that pathways leading to the catalytic RFK complex are
un-favored respect to those leading to “pseudo-reactive” com-
plexes in CaFADS,20 whereas these differences either do not
exist or favor formation of the catalytic complex in HsRFK
and SpnFADS, respectively (Table SP1)."” Differences are
also observed in heterotropic ligand binding cooperativity.
Cooperativity seems to be determinant in regulating RFK
activity in CaFADS, while in general the HsRFK behavior
is more modest and resembles that of SpnFADS. Thus, our
data indicate that HsRFK, CaFADS, and SpnFADS achieve
the catalytic RFK:RF:ATP complex through mechanisms ex-
hibiting relevant differences. HsRFK and SpnFADS follow a
random sequential binding of the RFK substrates, while sub-
strates binding to CaFADS is concerted. Differences in the
substrates cooperative behavior and magnitude might relate
also to the different conformations of the PTAN motif among
species (Figure SP8A), which points to specific conformational
changes during the RFK activity. In CaFADS, the occupation
of the ANP binding site by RF—when it is in excess—might
prevent the ligand-induced conformational change of this
motif, which is necessary for ATP binding.18 This structural re-
arrangement is not expected to be necessary neither for HsRFK
(Figure 1D,E) nor for SpnFADS.'® Therefore, the absence of
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inhibition by RF in HsRFK and SpnFADS might be associated
to the minimal rearrangement of PTAN motif during the cata-
lytic cycle of these enzymes.

For all three proteins release of FMN and ADP products
appears to be the reaction limiting step, but clear differ-
ences are also envisaged in the conformation of such ter-
nary complex in solution. Thus, our stopped-flow analyses
suggest that FMN is not accessible to the solvent when the
HsRFK:FMN:ADP complex is in solution, while it is accessi-
ble when similarly evaluating the RFK modules of CaFADS
and SpnFADS. This might implicate different modes for the
transfer of the newly synthesized FMN to the client proteins.
In this context, we must also consider that while eukaryotic
RFKs are relatively small, monofunctional and monomeric
proteins, their bacterial counterparts have an additional
FMNAT module that duplicates its size.'® Moreover, these
bifunctional enzymes can stabilize quaternary assemblies
with direct interaction of RFK and FMNAT ligand binding
cavities, which potentially will contribute to FMN release
from the RFK module by direct transfer to the FMNAT mod-
ule as well as to regulate Flapll conformation and flavin ac-
cessibility to the solvent.'®%

In conclusion, we present here an integrated thermody-
namic and kinetic description of the catalytic mechanism
of HsRFK that might contribute to the better understanding
of the molecular bases of certain pathologies coursing with
changes in the expression or catalytic efficiency of this pro-
tein. We also report key thermodynamic, kinetic and struc-
tural differences of the regulation of the HsRFK catalytic
cycles relative to bacterial modules performing the same
activity. To date, antimicrobials only targeting the FMNAT
activity of prokaryotic FADSs have been investigated,49
probably because of the overall sequence and structural sim-
ilarity of their RFK module to their eukaryotic counterparts
envisaged specificity compromise and as a consequence dele-
terious effects to the host.”’ However, the here presented data
also foresee that the bacterial RFK activity might be consider
a potential antimicrobial target for some bacterial pathogens.
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Figure SP1. Protein-protein network predicted for HsRFK. Association
networks produced by STRING v11 (1) allowing up to 20 proteins. Networks are
presented at (A) ‘high’ (0.700) and (B) ‘medium’ (0.400) confidence cutoffs.
Evidence types contributing to this particular network include data from
experiments (pink lines) and databases (blue lines). (C) Summary of main

features of the proteins found in the networks.
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Figure SP2. Structural properties of RFK domains. (A) Cartoon
representation of the two crystallographic structures available of HSRFK in
complex with FMN and ADP showing the Flapll loop in either open (PDB ID
1P4M, in purple) or closed conformation (PDB ID 1Q9S, in blue). FMN and
ADP are shown as CPK colored sticks colored with carbons in orange and
yellow, respectively. (B) Topology of HSRFK with a helices as dark rectangles
and B strands as light arrows. Numbers indicate residue positions. (C)
Sequence alignment including eukaryotic HSRFK (1P4M) and SpRFK (1N05)
and the RFK modules of CaFADS (2X0K) and SpnFADS (30P1). Structural
alignments were generated using the PDBeFOLD server
(http://www.ebi.ac.uk/msd-srv/ssm/) and graphically visualized using ESPript
3.0 (http://espript.ibcp.fr/ESPript/ESPript/) (2). Highly conserved residues in
sequence and structure are highlighted in red, including conserved RFK
motifs such as PTAN, GxY and the highly conserved Glu at the active site
(red asterisk). Note, the Pro of the consensus PTAN motif is not conserved in
position in CaFADS alignment because structurally it differs in conformation
regarding the corresponding residue in the other structures.
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Figure SP3. HsRFK spectroscopic properties. (A) UV-visible absorption
spectra of purified HsSRFK:ADP:FMN (dashed line, before the hydrophobic
chromatography) and of ligand-free HsRFK (solid line, after hydrophobic
chromatography). (B) Fluorescence excitation (black line) and emission (gray
line) spectra of ligand-free HsRFK. (C) Far-UV and (D) near-UV CD spectra
of ligand-free HsRFK. Spectroscopic measurements performed in 20 mM
PIPES, pH 7.0 at 25°C.
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Figure SP4. Influence of MgCl: and reducing conditions in catalytic
activity of HsRFK. Activity as a function of (A) MgCl2 and (B) sodium
dithionite concentrations. Reaction mixtures contained 15 yM RF, 250 uM
ATP, and 40 nM HsRFK. MgCl2 was used at 0.3 mM when varying dithionite
concentrations and no sodium dithionite was added when varying MgClo.
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Figure SP5. Isothermal calorimetric titrations. Calorimetric titrations of 10
MM HsRFK with (A) 80 uyM ATP, (B) 80 uyM ADP and (C) 50 uM RF.
Experiments were performed in 20 mM PIPES, pH 7.0, 0.3 mM MgCl2 at 25°C.
The upper panels show the thermograms for the interactions and the lower
panels show the corresponding binding isotherms with integrated heats. Data
were fitted to a home-derived model for a single binding site.
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Figure SP6. Thermodynamic dissection of the interaction of ligands with
free HsSRFK and pre-formed HsRFK:X (X being either FLV or ANP) binary
mixtures. Experiments carried out at 25°C in 20 mM PIPES, pH 7.0 in (A)
presence of 0.3 mM MgClz and (B) in its absence. Gibbs energy (AG), enthalpy
(AH), and entropy (-TAS) contributions to the binding are represented in black,
gray and white bars, respectively. Data were obtained by fitting ITC
thermograms to a home-derived model for a single binding site.
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Figure SP7. Molecular Dynamics simulations of HsRFK. (A) Trajectories for
radius of gyration (GyR), solvent accessibility surface (SAS), root mean square
deviation (RMSD) against the starting structure and global energy. Trajectories
are shown for the MD simulations of five replicas, with parameters
corresponding to the same replicate shown in the same colour. (B) Heat map
representation of the Co root mean square fluctuation (RMSF) in the five
replicates of the MD simulations.
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Figure SP8. The conformation of the XPTAN motif in different species and
structures. Ramachandran representations of the main chain ®/y
conformational angles of the XPTAN motif for (A) the available crystal
structures of monofunctional eukaryotic RFKs (left panel) and prokaryotic
bifunctional enzymes (right panel), and for (B) their distribution along the five
replicas of apo HsRFK MD simulations. Apo HsRFK models do not stabilize at
any point of the simulations the Thr conformation observed for apo CaFADS
(highlighted in a pink ellipse in panel A right).
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Table SP1. Thermodynamic parameters for ligand (ANP or FLV) binding to free HsRFK and
pre-formed binary HSRFK-FLV and HsRFK-ANP mixtures. Experiments carried out at 25°C in
20 mM PIPES, pH 7.0, 0.3 mM MgClz (upper table) and 20 mM PIPES, pH 7.0 (lower table).
Errors in AG, AH and —TAS were estimated in +0.3 kcal/mol and those in Kq in £15%, taken in
general larger than the standard deviation between replicates (n=3) and the numerical error
after fitting analysis.

0.3 mM MgCl2
Pre-bound ligand Tllitéztr:zg (:I\(;I) (kcaIArc':loI'1) (kcaIA:oI'1) (kca-:-?nsolﬂ
- ATP 0.16 -9.1 137 4.6
] ADP 0.18 9.1 -16.0 6.9
; RF 0.52 8.5 215 13
- FMN N.D.? N.D.? N.D.? N.D.?
ATP RF N.M.P N.M.P N.M.2 N.M.P
ATP FMN 0.05 9.8 222 12.4
ADP RF 0.003 11.4 -28.9 17.5
ADP FMN 0.01 -10.6 20.2 8.3
RF ATP N.M.P N.M.P N.M.2 N.M.P
RF ADP 0.07 9.7 -18.1 8.4
FMN ATP 0.15 9.3 -16.0 6.7
FMN ADP 0.10 9.6 -28.9 19.3
0.0 mM MgCl2
Pre-bound ligand Tllit;trllrt;g (:l\(ljl) (kcaIAanol'1) (kcaIA:ol'1) (kca-ll-ﬁ'lSoI“)
- ATP 0.07 9.6 15.8 6.2
] ADP 1.37 7.9 -20.1 5.7
- RF 0.03 ~10.1 15.7 56
] FMN N.D.? N.D.2 N.D.2 N.D.?
ATP RF 0.29 8.8 9.0 0.1
ATP FMN 0.16 9.9 233 13.4
ADP RF 0.04 -10.1 27.0 16.9
ADP FMN 0.16 9.9 15.8 5.9
RF ATP 0.07 9.7 9.6 0.1
RF ADP 0.18 9.2 -18.8 9.6
FMN ATP 0.07 9.8 -12.9 3.1
FMN ADP 0.04 ~10.1 241 14

a N.D. Not detected. No heat of interaction detected for this titration. ® N.M. Not measured.
Combinations including RF and ATP substrates in presence of Mg?* lead to the catalytic
reaction, which mask the interaction heats.
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Abstract: FAD synthase (FADS, or FMN:ATP adenylyl transferase) coded by the FLAD1 gene is the
last enzyme in the pathway of FAD synthesis. The mitochondrial isoform 1 and the cytosolic isoform
2 are characterized by the following two domains: the C-terminal PAPS domain (FADSy) performing
FAD synthesis and pyrophosphorolysis; the N-terminal molybdopterin-binding domain (FADHy)
performing a Co™*/K*-dependent FAD hydrolysis. Mutations in FLAD1 gene are responsible
for riboflavin responsive and non-responsive multiple acyl-CoA dehydrogenases and combined
respiratory chain deficiency. In patients harboring frameshift mutations, a shorter isoform (hFADS6)
containing the sole FADSy domain is produced representing an emergency protein. With the aim
to ameliorate its function we planned to obtain an engineered more efficient hFADS6. Thus, the
D238A mutant, resembling the D181A FMNAT “supermutant” of C. glabrata, was overproduced
and purified. Kinetic analysis of this enzyme highlighted a general increase of Ky, while the keat
was two-fold higher than that of WT. The data suggest that the FAD synthesis rate can be increased.
Additional modifications could be performed to further improve the synthesis of FAD. These results
correlate with previous data produced in our laboratory, and point towards the following proposals
(i) FAD release is the rate limiting step of the catalytic cycle and (ii) ATP and FMN binding sites are
synergistically connected.

Keywords: FAD synthase; FMN adenylyl transferase; FADS isoform 6; supermutant

1. Introduction

The riboflavin (Rf) derived FMN and FAD cofactors play a pivotal role in cell economy ensuring
the functionality of the flavoproteome, mainly localized in mitochondria [1,2]. Consistent with
the crucial role of flavins and flavoenzymes in cell life, several diseases, including neuromuscular
and neurological disorders are linked to flavin-dependent enzyme deficiency or impairment in Rf
homeostasis in humans and experimental animals. These disorders, in some cases, can be cured
with high doses of Rf, as the two Rf-responsive (RR) disorders Brown-Vialetto van Laere syndrome
(BVVLS) [3,4] and RR-multiple acyl-CoA dehydrogenase deficiency (RR-MADD) [5-7]. In mammalian
cells, Rf is taken up via translocators (SLC52A1-3, also named RFVT1-3) [8,9] and converted into FMIN
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and FAD via the sequential action of Rf kinase (RFK, EC 2.7.1.26) and FAD synthase or FMN-ATP
adenylyl transferase (FADS, EC 2.7.7.2).

The only gene identified for coding functional FAD synthases in humans is FLAD1 gene (GenBank,
A.N. DQ458779, [10]) localized on chromosome 1, which is orthologue of flad-1 in C. elegans, [11], Fadl
in S. cerevisiae [12] and FMINAT in C. glabrata [13]. The structures of FADSs from yeast, but not that of
the human orthologue, have been solved [13,14].

The FLAD1 gene in humans generates different alternative transcript variants, with unknown
differential expression profile, producing protein isoforms, only in part characterized, which have
different subcellular localization [15] and domain organizations.

The most abundant variant in all the tissues and cells tested so far, is isoform 2 (NM_201398.3 in
NCBI GenBank), which corresponds to a cytosolic enzyme of 490 amino acids [15]. The FADS or FMN-AT
module of this protein is localized in the C-terminus of the protein; it contains a phosphoadenosine
5-phosphosulfate (PAPS) reductase domain and it is fused with a molybdopterin binding resembling
(MPTb) domain located in the N-terminus [16,17].

FAD synthesis catalyzed by hFADS2 follows a bi-bi ordered kinetics with ATP entering prior to
FMN and pyrophosphate released before FAD [17]. This enzyme contains 10 cysteines, some of which
are relevant for catalysis; two of them are stably reduced (C139 and C241, one for each protein domain),
four are implicated in stable disulfide bridges (C399 to C402, C303 to C312, both in the PAPS domain),
and the other four are forming redox sensitive disulfides (C39 to C50; C440 to C464) [18].

Following the discovery that hFADS?2 is a bifunctional enzyme, with the N-terminal domain
working as a Co?*-dependent FAD hydrolase, the two domains of the protein were renamed as FADHy
and FADSy, functionally corresponding to E.C. 3.6.1.18 and E.C. 2.7.7.2, respectively [19,20]. FADHy
is also present in the other three isoforms of the protein reported in the NCBI GenBank (FLAD1
isoform 1, NM_025207.5; FLAD1 isoform 3, NM_001184891.2; and FLADI1 isoform 4, NM_001184892.2).
Nonetheless, it is indeed absent in the FAD1p yeast counterparts and, more interestingly, in another
human isoform not yet annotated as FADS, but reported as CRA_d in NCBI and known as hFADS6.

The isoform hFADS6 is a 320-residue long protein, containing the sole FADSy domain, whose
corresponding transcript was recently described in the frame of studying FLAD1 mutations leading to
RR-MADD [7]. The relevance of this novel isoform lies in its ability to ensure FAD supply to patients
carrying frameshift mutations in exon 2 of the FLAD1 gene and, for this reason, it has been named
an “emergency protein” for MADD patients. When produced in E. coli and purified at homogeneity,
hFADS6 behaves as a yellow monomer, able to tightly, but not covalently, bind FAD. Recombinant
hFADSS6 is more stable than hFADS2 and is able to perform FAD synthesis starting from FMN and
ATP. As expected, it is not able to perform FAD hydrolysis [21]. The molecular features of this novel
natural form well correlate with those of a previously produced artificial construct, lacking the first 231
residues of hFADS2, which per se can fold and catalyze the FAD synthesis reaction [22]. Therefore,
this novel isoform of FAD forming enzymes is, in our opinion, a good model to address remaining
challenges in the catalytic behavior of the FAD synthesis reaction in humans, as compared with the
our deeper understanding of the yeast orthologues [13,14], from which structure the human protein
was modeled [21]. The more striking point concerning the catalytic cycle of FAD forming enzyme
concerns the observation that the turn-over number of the reaction, as catalyzed by hFADS?2, is quite
low (0.069 + 0.011 s71), with FAD release being the limiting step of the over-all reaction [23]. This
apparently sounds strange for a protein which is expected to be devoted to FAD delivery. We postulate
that redox events or protein—protein interaction in a sort of chaperoning process may promote cofactor
delivery to cognate apo-flavoprotein [17,23].

The aim of this work was to confirm the proposed mechanism by proving that lowering the
FAD affinity toward the catalytic site (i.e., facilitating FAD release) results in increasing the turn-over
number of the FAD forming reaction. To obtain these results we took into account studies on Candida
glabrata FMN-AT (C¢gFMN-AT) [24] that identified a cryptic residue, precisely D181, whose mutation to
Ala resulted in an increase of the Vimayx, and therefore it was named “super-mutant”. The orthologous
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residue in the human enzyme is D238. We investigate, here, the effects of the D238A mutation on
hFADS6 steady-state activity and binding capability to confirm our hypothesis that a weak FAD
binding to the active site could led to an increased rate of synthesis. The possible final goal of this
study is to open a perspective towards increasing the emergency enzyme activity in patients suffering
for FLAD1 mutations.

2. Results

2.1. Homology Model of D238A-hFADS6

The amino acid sequences of WT and D238A mutant hFADS6 were aligned by Clustal Omega
software with the FMN-AT protein Q6FNA9 of C. glabrata. The alignment presented in Figure 1
highlights not only a high percentage identity (about 32%) between the human and the yeast proteins,
but also confirms that D238 of hFADS6 corresponds to D181 of the yeast orthologue and that it is part
of the flavin binding motif.

CFMNAT ~  m = m e e e e e
hFADS 6 MKGLFQNPAVQFHSKELYVAADEASIAPILAEAQAHFGRRLGLGSYPDWGSNYYQVKLTL 60

hFADS 6p238 MKGLFQNPAVQFHSKELYVAADEASIAPILAEAQAHFGRRLGLGSYPDWGSNYYQVKLTL 60

cgFMNAT = = -————————————— - —————— MRLGDAAELCYNLTSSYLQIAAESDSIIAQT 31
hFADS6 DSEEEGPLEECLAYLTARLPQGSLVPYMPNAVEQASEAVYKLAESG-—-—--—-—- SSLGKRKV 113
hFADS6p23s DSEEEGPLEECLAYLTARLPQGSLVPYMPNAVEQASEAVYKLAESG---—---- SSLGKKV 113
thak gk ok aE
cgFMNAT QRAINTTKSILINETFPKWSPLNGEISFSYNGGKDCQVLLLLYLSCLWEYYIVKLSQSQF 91
hFADS6 AGALQT----- IETSLAQYS--LTQLCVGFNGGKDCTALLHLFHAAVQRK-—==—===—=—— 156
hFADS6p3138 AGALQT----- IETSLAQYS--LTQLCVGFNGGKDCTALLHLFHAAVQRK-——======~ 156
*i ook i o1 o1k HEREE L & Sk S S N
cgFMNAT DGKFHRFPLTKLPTVFIDHDDTFKTLENFIEETSLRYSLSLYESDRDKCETMAEAFETFL 151
hFADS6 -=-=-LPDV-PNPLQILYIRSISPFPELEQFLODTIKRYNLOMLEAEGS-~-- GELQ 208
hFADS6p213s -=--LPDV-PNPLQILYIRSISPFPELEQFLODTIKRYNLOMLEAEGS----MKQALGELQ 208
: . . % R Lok Kk ook kk ko ko * ok :
cgFMNAT QVFPETKAIVIGIRHTDPFGEHLKPIQK PDF QPLLHWNLANIWSFLLYSNEP 211
hFADS6 ARHPQL.: GTRRTDPYSCSLCPFSPTDPGWPAFMRINPLLDWTYRDIWDFLRQLFVP 268
hFADS6p23s ARHPQLE. TRRTDPYSCSLCPFSPiPGWPAFMR INPLLDWTYRDIWDFLRQLFVP 268
Lhs ckacck kokkk: ok ki ok kk Kk k:ihkkk K, chk | kK *
cgFMNAT ICELYRYGFTSLGNVEETLPNPHLRKDKNSTPLKLNFEWEIENRYKHNEVTKAEPIPIAD 271
hFADS6 YCILYDRGYTSLGSRENTVRNPALKCLSPGGHPTYRPAYLLENE---—--—-————-——-——— 312
hFADS6p23g YCILYDRGYTSLGSRENTVRNPALKCLSPGGHPTYRPAYLLENE----=-======—===== 312
* kk  kokkkk  kok: kk k. L. L. coikk

cgFMNAT EDLVKIENLHEDYYPGWYLVDDKLERAGRIKKK 304

hFADS6 = =  ——=—===————m—mmm—mm o EEERNSRT--- 320

hFADS6p33  ——--=——===——==—————————— EEERNSRT--- 320

. k%%

Figure 1. Sequence alignment of CgFMN-AT (Q6FNA9), hFADS6, and hFADS6p354. The protein
sequences were aligned by Clustal Omega software. D181 of the yeast protein, D238 of the hFADS6,
and A238 in the mutant are shadowed in grey. Amino acids forming the flavin binding motif are
highlighted by boxes.

Due to the lack of suitable templates for modeling the N-terminus (amino acids 1 to 108) of
hFADSS6, an ab initio strategy was previously adopted to obtain its three-dimensional (3D) structural
model [21]. FAD was then inserted in the active site according to the structure of C{FMN-AT (3G6K)
as described in Materials and Methods. Figure 2 clearly shows a reduced steric hindrance upon
substitution of D238 with A. However, the major reason for varied FAD binding and release kinetics
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should be the loss of the dipole interaction between the Asp-carboxylate group and the N(3)H-FAD,
which most affects FAD binding.

(@)

Figure 2. Modeling and FAD docking of hFADS6: (a) Ribbon representation of hRFADS6 modeled as
described in [21]. FAD transferred in the active site from PDB ID: 3G6K and represented as yellow
licorice colored by heteroatom type. (b,c) Zoom into the binding site of the isoalloxazine moiety of
FAD. Amino acids involved in isoalloxazine binding are colored in pink. D238 in the WT (b) and A238
in the mutant (c) are rendered as green licorice colored by heteroatom type.

2.2. Cloning, Expression, and Purification of the D238A-hFADSG6 Isoform

The D238A mutant of the hFADS6 was constructed as described in Materials and Methods. The
protein overexpressed in E. coli showed similar electrophoretic mobility to that of the WT [21] when
purified by Ni-chelating chromatography, i.e., an apparent molecular mass of about 35 kDa. This
value was compatible with the theoretical mass derived from the tagged sequence of the expressed
polypeptide (38.222 kDa, Figure 3).
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Figure 3. Protein fractions obtained by Ni?*-chelating chromatography were separated by SDS-PAGE
on 12% polyacrylamide gel and stained with Coomassie blue. Lane 1, insoluble fraction of IPTG-induced
cell lysate (6 pg); lane 2, soluble fraction of IPTG-induced cell lysate (28 pug); lane 3, first flow-through
fraction (19 pg), lane 4, proteins eluted with 50 mM imidazole (13 ug), lane 5, first fraction of proteins
eluted with 100 mM imidazole (2 pg), lane 6, second fraction of proteins eluted with 100 mM imidazole
(3 ug), lane 7, third fraction of proteins eluted with 100 mM imidazole (2 pg); lane 8, first fraction of
proteins eluted with 250 mM imidazole (5 pg); lane 9, second fraction of proteins eluted with 250 mM
imidazole (1 pg); and lane 10, molecular mass markers.

The overexpressed protein was recovered in the soluble fraction of the cell lysate and was used for
spectrophotometric analysis and compared with the WT protein. The spectrum of the most abundant
purified mutant protein fraction (fraction 8), whose purity is higher than 98%, is shown in Figure 4.
An absorbance peak at 274 nm was observed, but surprisingly, no other peaks were present at higher
absorption values. As the control, the WT hFADS6 spectrum was shown, presenting two additional
minor peaks, at 350 and 450 nm, typical of oxidized FAD (Figure 4). From the absorbance value at
280 and 450 nm a ratio FAD/hFADSG6 of 0.43 was calculated, as reported in [21], and thus indicating
the presence of some apoprotein. The spectra of fractions 5, 6, 7, and 9 showed the same features as
fraction 8. The spectral features of the D238A mutant hFADS6 indicated that this protein does not
stabilize the strong binding of flavins.

hFADS6
D238A-hFADS6
—~ 0.04
0.4 ::
3 3
<
§ .g 0.02
g £
S 0.2 M
7]
- 0.0
< 350.0 400.0 450.0 500.0
Wavelenght (nm)
0.0
300.0 400.0 500.0 600.0
Wavelenght (nm)

Figure 4. Absorption spectra of hFADS6 and D238A-hFADS6 purified to homogeneity. The spectra
of WT hFADS6 (8.6 uM, grey dotted line) and of D238A-hFADS6 (9.7 uM, black line) were recorded

in 40 mM HEPES/Na, 5 mM {3-mercaptoethanol, pH 7.4. The protein concentration was measured as
indicated in [21].
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2.3. Kinetics of the D238A hFADS6

The mutant protein was characterized in terms of kinetics to uncover possible variations of
interactions with the substrates or the effectors and inhibitors. Figure 5 shows the response of the
mutant to Mg2+, which is a known effector of hFADSs, including the hFADS6 isoform [21,23]. The
presence of Mg?* is also essential for activity in the mutant. However, a different behavior was
observed. The ACs (half maximum activation constant) of Mg?* is quite higher in the mutant than
in the WT. Its value 3.5 + 0.9 mM is twenty-fold that of the WT. Moreover, a higher value of V,y is
measured in the case of the mutant. Another distinctive feature is the inhibition observed at higher
Mg?* concentrations, which was not present in the WT. The effect of Hg?" was also studied because
this heavy metal typically inhibits the WT protein due to interaction with the Cys residues [18,21,23].
Differently from the case of Mg?*, the effect of Hg?* on the mutant was very similar to that on the
WT enzyme.

150
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'-'g, 120 g 80
. 2
A 90 2
£ " < 60
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= [ E
g 60 13 40
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> 30 20
0 L1 | 0 Lk 1l 1 1111111717
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(@) (b)

Figure 5. Fluorimetric evidence of FAD synthesis. The FAD synthesis reaction was started by the
addition of purified recombinant proteins (hFADS6 open circle or D238A-hFADS6 closed circle) and
measured by the initial rate of fluorescence decrease (A excitation = 450 nm, A emission = 520 nm). (a)
Dependence on the MgCl, concentration. FAD synthesis rate, catalyzed by purified hFADS6 (open
circle, 10 pg, 0.26 nmoL) or D238A-hFADS6 (closed circle, 2.3 pg, 0.06 nmol), was fluorimetrically
measured at 37 °C in 2 mL of 50 mM Tris/HCI pH 7.5, in the presence of 100 uM ATP, 2 uM or 4 uM FMN,
respectively, and of the given MgCl, concentrations. (b) Inactivation by the mercurial reagent HgCl,.
FAD synthesis rate, catalyzed by purified hFADS6 (open circle, 10 ug, 0.26 nmoL) or D238 A-hFADS6
(closed circle, 3.2 ug, 0.08 nmol), was fluorimetrically measured at 37 °C in 2 mL of 50 mM Tris/HCI pH
7.5, in the presence of 2 uM or 3 uM FMN, respectively, 100 uM ATP, 5 mM MgCl, and of the given
HgCl, concentrations. The values of V) are reported as nmol min~! mg~! (a) and as percentages of the
maximum rate (b) arbitrarily set to 100%. Data points are fitted according to the Michaelis-Menten
equation (a) and according to the ICsq equation (b) with Grafit 3.0 software.

Then, the dependence of the FAD synthesis rate on the concentrations of the main substrates
FMN and ATP was studied in the presence of saturating concentration of the counter-substrate, i.e.,
ATP and FMN, respectively. As shown in Figure 6a, dependences on the ATP concentration for the
WT and the mutant were quite different. Both the Ki, and the Vi, increased in the mutant. The
Ky for ATP increased from 6.9 + 0.5 uM (WT) to 44 + 4 uM (mutant). The Vpax increased from
79 + 1 (WT) to 145 + 5 nmol min~! mg_1 protein. The derived ke, of the mutant was 0.093 + 0.003 s7!
(5.6 + 0.2 min~!) which is about double than that of the WT 0.050 + 0.001 s! (3.0 = 0.1 min™!) [21]. To
graphically highlight the difference in Ky, the same data were expressed as percentage of the Vimax
(Figure 6a’). A similar behavior was observed when measuring the dependence of the reaction rate on
FMN concentrations. Again, the Ky, for FMN and the V. increased in the mutant (Figure 6b). The Ky,
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for FMN increased from 0.13 + 0.01 uM (WT) to 1.3 & 0.3 uM (mutant). The Vyax increased from 74 + 1
(WT) to 162 + 12nmol min~! mg~! protein (mutant). The derived ke, of the mutant was 0.103 + 0.007 s~
(6.2 + 0.5 min~!) which is about twice that of the WT 0.047 + 0.001 s~ (2.9 + 0.1 min~!) [21], very
similar to that obtained for the ATP kinetics. In this case, the same data were represented as percentage
of the Vimax (Figure 6b”). Table 1 summarizes the kinetic comparison between WT and D238 A hFADS6.
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(b) (b))

Figure 6. Fluorimetric evidence of FAD synthesis. The FAD synthesis reaction was started by the
addition of purified recombinant proteins (hFADS6 open circle or D238 A-hFADS6 closed circle) and
measured by the initial rate of fluorescence decrease (A excitation = 450 nm and A emission = 520 nm).
Vo was expressed as nmol min~1 mg‘1 (a,b) and as a percentage of the Vinax value (a’,b’) set arbitrarily
to 100%. Data points are fitted according to the Michaelis-Menten equation with Grafit 3.0 software.
(a) ATP concentration dependence. FAD synthesis rate, catalyzed by purified hFADS6 (open circle,
10 pug, 0.26 nmoL) or D238 A-hFADS6 (closed circle, 4.2 pg, 0.11 nmoL), was fluorimetrically measured
at 37 °C in 2 mL of 50 mM Tris’HCI pH 7.5, in the presence of 5 mM MgCl,, 2 uM or 3 uM FMN,
respectively, and of the given ATP concentrations. (b) FMN concentration dependence. FAD synthesis
rate catalyzed by purified hFADS6 (open circle, 10 ug, 0.26 nmoL) or D238A-hFADS6 (closed circle,
3.9 pg, 0.10 nmoL) was fluorimetrically measured at 37 °C in 2 mL of 50 mM TrisHCI pH 7.5, in the
presence of 5 mM MgCl,, 100 uM ATP, and of the given FMN concentrations.
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Figure 7. Fluorimetric evidence of FAD cleavage. The FAD cleavage (i.e., pyrophosporolysis) reaction
was started by the addition of purified recombinant proteins (hFADS6 open circle, or D238 A-hFADS6
closed circle) and measured by the initial rate of fluorescence increase (A excitation = 450 nm and A
emission = 520 nm). Data points are fitted according to the Michaelis-Menten equation with Grafit
3.0 software. (a) NaPPi concentration dependence. FAD cleavage (i.e., pyrophosporolysis) rate,
catalyzed by purified hFADS6 (open circle, 10 pg, 0.26 nmol) or 6His-D238A-hFADS6 (closed circle,
10 pg, 0.26 nmol), was measured fluorimetrically at 37 °C in 2 mL of 50 mM Tris/HCl pH 7.5, in the
presence of 5 mM MgCl,, 0.5 uM FAD, and of the given NaPPi concentrations. (b) FAD concentration
dependence. FAD cleavage (i.e., pyrophosporolysis) rate, catalyzed by purified hFADS6 (open circle,
10 pg, 0.26 nmol) or D238A-hFADS6 (closed circle, 10 ug, 0.26 nmoL), was measured fluorimetrically at
37 °Cin 2 mL of 50 mM Tris/HCI pH 7.5, in the presence of 5 mM MgCl,, 1 mM NaPPj, and the given
FAD concentrations. (c) Exogenous FAD cleavage following endogenous FAD removal from hFADS6.
The reaction catalyzed by purified hFADS6 (5 ug, 0.13 nmoL) was followed at 37 °C in 2 mL of 50 mM
Tris’ HCI pH 7.5, in the presence of 5 mM MgCl, and 1 mM NaPPi until the fluorescence reached a
constant value corresponding to complete endogenous FAD conversion to FMN (grey line). When
indicated exogenous FAD (0.5 uM) was added to calculate the rate of pyrophosporolysis (black line).
(d) FAD concentration dependence of hFADS6 apo-form. FAD cleavage rate, catalyzed by apo-form of
hFADS6 (5 png, 0.13 nmoL), was measured fluorimetrically at 37 °C in 2 mL of 50 mM Tris/HCl pH 7.5,
in the presence of 5 mM MgCl,, 1 mM NaPPj, and the given added FAD concentrations as described in
Material and Methods (paragraph 4.6.) and graphically explained in (c).
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Table 1. Comparison between Kpys for substrates of hFADS6 and D238A-hFADS6. * The value was
obtained using the autocatalytically formation of apo-eznyme as described in Materials and Methods
and graphically explained in Figure 7c. Km values of the mutant are in bold

6His-hFADS6 6His-D238A-hFADS6

Forward reaction

Km FMN (uM) 0.13 £ 0.01 1.3+0.3
Km ATP (uM) 69 +05 44 +4
Acso Mgt (mM) 0.15 + 0.02 3.5+ 0.9
Reverse reaction
Km PPi (mM) 0.042 + 0.006 0.060 + 0.008
Km FAD (uM) 0.0079 + 0.0017 * 0.045 + 0.008

The reverse reaction, i.e., pyrophosphorolysis was also revealed by using recombinant FADS
enzymes [21,23]. The kinetics of this reverse reaction was measured for the mutant in comparison
with the WT. In the reverse reaction, the Ky, for NaPPi (Figure 7a) and for FAD (Figure 7b) increased
in the mutant, while the V.« remained very similar. Even though an increase of K, for FAD
(0.045 + 0.008 uM) is clearly evident in the mutant, the Ky, value for the WT could not be accurately
measured due to both instrumental limitations and to the presence of tightly bound FAD in the active
site of the WT protein [21,23]. Therefore, to measure a reliable Ky, of FAD for the WT, the apo-enzyme
was prepared autocatalytically, i.e., by incubating the purified protein at 37 °C for 10 min in the presence
of MgCl, and NaPPi and in the absence of externally added FAD, allowing the reverse reaction to
occur using the endogenous bound FAD. At this stage, after endogenous FAD conversion to FMN,
external FAD was added, and the reverse reaction started (Figure 7c). Under this condition, in which
the reaction rate could be measured, being much lower than in the case of the holo-enzyme and, hence,
an accurate value of Ky, could be calculated. As shown in Figure 7d, the K, for FAD of the WT was
derived from the curve of Figure 7d. Its value was 0.0079 + 0.0017 pM. This data correlates well with
the data of Figure 7b, confirming that, indeed, the Ky, of the mutant is much higher.

Since some nucleotides have been proposed to affect the enzyme activity of FADS [20], we have
also tested the effect of GTP and NAD* on the mutant activities. The D238 A-hFADS6 was inhibited
by GTP and by NADH in analogy with the typical behavior of a FADS enzyme (Supplementary
Figure Sla,b).

2.4. Impact of the D238A Mutation in the Binding Kinetics of Flavinic Substrates

In the attempt to kinetically dissect the binding of substrates from the overall catalytic reaction
process we used stopped-flow spectrophotometry to evaluate the forward (ATP + FMN) and reverse
(PPi + FAD) reactions in both WT and D238A hFADS6. Binding and catalysis processes might
induce changes in the fluorescence of the flavin isoalloxazine; the first due to changes in its electronic
environment [25,26], and the second because of the lower FAD fluorescent yield. No relevant changes
in flavin fluorescence are detected when mixing WT or D238A hFADS6 with FMN, FAD, or a mixture
containing FMN and ADP. These results agree with isothermal titration calorimetry (ITC) lacking to
detect direct FMN binding and just envisaging slow direct binding of FAD (Supplementary Figure S2).
On the contrary, when introducing the stopped-flow mixtures, in addition to the flavin substrate, the
second substrate of the FMN-AT or FADpp activities, ATP or PPj, respectively, noticeably changes in
the fluorescence of the flavins are detected (Figure 8).

In mixtures containing substrates of the forward reaction, ATP and FMN, the relevant decrease
in the flavin fluorescence is indicative of internalization of the isoalloxazine or FMN transformation
into FAD. These observations also agree with ATP binding to the protein prior to FMN in the bi-bi
ordered kinetic mechanism reported for hFADSs [17]. Nonetheless, features for this fluorescence decay
also differ between WT and D238A hFADSs (Figure 8a). WT hFADS6 shows an initial biexponential
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fluorescence decay followed by a linear one. The first exponential decay has observed rate constants
(kobs1) in the low seconds range which depend linearly on the FMN concentration, while its amplitude
is concentration independent (Supplementary Figure S3a,b). kps, for the second exponential decay
indicate a slower process nearly FMN concentration independent, with amplitude increasing with FMN
concentration (Supplementary Figure S3a,b). Linear dependence of kgps; on substrate concentration
indicates this process relates to FMN binding to the protein, and determines the kinetic constants for
FMN binding (kon = 3.4 + 0.1 uM~! s7!) and dissociation (kg = 0.32 + 0.001 s~!) for the WT hFADS6:ATP
complex, as well as a dissociation constant (Kg"™N = K ¢/kon) for the ternary hFADS6::ATP:FMN
complex (Table S1). The derived Kg™N 0.094 + 0.004 uM, agrees well with the above derived Ky fMN
for WT hFADS6. Features of the second exponential process suggest it might represent reorganization
of the initial complex to achieve the catalytic organization. Finally, the continuous and linear flavin
fluorescence decay established after the exponential processes fits well with the settlement of the
catalytic steady-state transformation of FMN into FAD, showing, in addition, rates in the ranges of
Vmax and keat. When similarly evaluating D238A hFADS6, the exponential flavin fluorescence decays
related to FMN binding collapse in a single process that becomes hardly detectable, suggesting a
deleterious effect of the mutation in the isoalloxazine internalization within the protein. Nonetheless,
fluorescence decay related to FMN transformation into FAD follows similar traits to the WT ones
(Figure 8a). Kinetic parameters for FMN binding to D238A hFADS6:ATP are as a consequence difficult
to unambiguously quantify (Table S1), but data make clear that binding of FMN to the mutant is
considerably slower and less efficiently than to WT (Figure S3a). Collectively, these observations
further confirm that the D238A mutation has a deleterious effect in the FMN binding process.
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Figure 8. Dissection of the kinetics of the substrates binding process from the catalytic reaction by

0.28

stopped-flow spectrophotometry. Normalized kinetic traces for the flavin fluorescence evolution upon
mixing the protein with substrates for the (a) forward (ATP + FMN) and (b) reverse (PPi + FAD)
reactions. Traces for WT and D238A hFADS are shown in colored grey and red scales as a function of the
flavin given concentrations. Normalized signals regarding the fluorescence of the forward reaction at
maximum FMN concentration are shown. Kinetic traces were obtained at 25 °C in mixtures containing
100 nM of protein and 250 uM of either ATP (a) or PPi (b) in 50 mM HEPES/NaOH, 10 mM MgCl,, pH
7.0, 5 mM -mercaptoethanol. All concentrations are final after mixing.

When similarly evaluating the reverse reaction, kinetic traces for both WT and the D238A mutant
show an initial fluorescence exponential decay of small amplitude that is followed by a linear increase
of the signal (Figure 8b). We again deduce the kinetics for binding of FAD from the exponential decay,
while rates for the subsequent linear fluorescence increase relate well to steady-state kinetic parameters
for the transformation of FAD into FMN. Although the small amplitudes for FAD binding make it
difficult to accurately determine ks values, both parameters show a dependence on the substrate
concentration (Supplementary Figure S3a,b). Errors in estimated kinetic parameters when using these
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data are high, but obtained values are again indicative of the mutant binding FAD slower and weaker
than the WT (Supplementary Table S1 and Figure S3c,d).

3. Discussion

The substitution of the D238 residue with A in hFADS6, reproduces the previously described
mutation of the homologous residue of the C¢ FMN-AT that generated an enzyme exhibiting a higher
rate of FAD production. The hFADS6 mutant shows similar kinetic changes. The data correlate well
with the high conservation of the FAD binding site of eukaryotic FAD synthesizing enzymes along the
different species as previously highlighted [16]. This work provides the first evidence that the human
FAD synthesizing domain, which corresponds to the hFADS6 enzyme isoform, can be engineered
improving its kcat as in the case of the lower eukaryotic organism. Although the k.t value increases,
currently, only two-fold, this result can be a promising starting point for further studies based on
computational analysis (molecular dynamics) together with additional site-directed mutagenesis to
obtain an engineered enzyme with optimized kinetics.

On the basis of changes in both ATP and FMN Ky,s measured here in the forward reaction and of
previous observations [17], the binding of the two substrates appears to be synergistic.

Indeed, the extremely low Ky, for FAD, measured in the course of the reverse reaction, indicates
the presence of a very stable bond between FAD. This is in agreement with the finding that size
exclusion chromatography is not able to remove FAD from the protein [21,22]. However, the presence
of a covalent linkage was previously excluded on the basis of the acidic treatment [23]. Similar strong
but non-covalent interactions have been well described for the mitochondrial ADP/ATP binding to
carboxyatractilosyde [27]. Indeed, a reliable K, value has only been measured in the present work
after using a strategy for removing the bound cofactor (see Figure 7d).

The residue 238 has a major role in this strong interaction. The molecular bases of the improved
synthesis rate rely in the correlation between the Ky, for the FAD and the increase in ket. Indeed,
the increased Ky, derives by a weaker binding of the FMN or FAD to the enzyme active site. This
correlates well with the binding data. These experimental evidences confirm the hypothesis that a
labile binding allows a faster release of the newly formed cofactor, and hence an increase of the rate
of synthesis. The mechanism was firstly hypothesized in the case of the C. glabrata enzyme [24]. In
this work, in addition to confirming the kinetic data at the basis of the hypothesis, we provide further
evidences based on the variations of the binding after FAD conversion into FMN. Moreover, using
the stopped-flow procedure that allows dissecting the binding from the overall catalytic process we
provide evidences that the increase of Ky, observed in the mutant can be attributed mostly to a lower
binding affinity in the mutant. This could be the basis of a faster release of FAD.

On a structural point of view, the substitution of a hydrophilic residue (Asp) with a hydrophobic
one (Ala) weakens the bonds among the FAD molecule and the amino acid residues of the protein
active site. The weakening is explained at the molecular level by some structural changes. First,
putative hydrogen bonds that fixed FAD to the site are abolished upon substitution of Asp (which can
form hydrogen bonds) by Ala (whose side chain is hydrophobic). In addition, the decrease of the side
chain size of the 238 residues, resulting from substituting Asp by Ala, favors the release of the cofactor
to the external solvent (see Figure 2). This is in agreement with the proposal, which is depicted in the
sketch of Figure 9, that the limiting step of the overall catalytic process is the FAD releasing step. This
hypothesis has been previously put forward on the bases of steady-state kinetics and cofactor release
dynamics in the case of isoform 2 [17,23].

The described changes at the molecular level only affect the active site and its relationships with
the cofactor. Indeed, other typical features of the enzyme, such as the inhibition by GTP is similar to
the FADS WT enzymes [22,23]. Interestingly, NADH, but not NAD, inhibits the rate of FAD synthesis,
thus suggesting an interconnection between the two cofactors and the ability to discriminate between
the redox state of nicotinamide pool. The discrimination may be related to the positive charge of
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the nicotinamide ring. The same features were demonstrated with isoform 2; when measuring FAD
hydrolase activity NADH is also substrate of FADHy domain [20].

Again, the response to the SH binding reagent HgCl,, is not affected by the mutation, correlating
with the previous finding that the SH sensitive residue(s) are not in close proximity to the active
site [18]. This phenomenon of k¢, increases also introduces important perspectives in human health.
The hFADS6 has been previously described as an “emergency protein” on the basis of its expression in
patients with FADS gene defects [7] and of its functional and biochemical characterization [21]. In these
patients, a decrease of FAD synthesis is the cause of the pathological alterations. Thus, the knowledge
of a strategy to increase the reaction rate, i.e., the capacity of synthesizing FAD, of the emergency
protein hFADS6, could open the possibility to ameliorate therapeutic interventions. As an example,
targeting the D238 residue by specific chemical reagents (drugs) that reduce the hydrophilic property
of this residue could partly mimic the effect of the mutation. Chemical screening and further mutations
are under investigation to find conditions for further increasing the FAD synthesis rate of hFADS6.

E E-ATP E-ATP:FMN E-PPi:FAD E-FAD E

—_— — " —
D0 Mg | ATP D,/ M | ATP:FMN D g | PPi:FAD D, | me~ FAD p, ———— Dyas
ATP FMN PPi
.- FAD ~__
Apo-flavoprotein -~ ’ Tl Holo-flavoprotein
2" )
ATP FMIN PPi “ FAD -~

l l T T

| Al e | AP [ e ATP:FMNA PPi:FAD A, [ w|  FAD An_sl_'l A
E-FAD E

E E-ATP E-ATP:FMN E-PPi:FAD

Figure 9. Sketch of the catalytic cycle of FAD synthases. In the figure the schematic representation of
FAD synthesis performed by hFADS6 (orange boxes) or hRFADS6-D238A (blue boxes), and next cofactor
delivery to client apo-flavoprotein (green boxes). Both recombinant proteins show the same catalytic

cycle, in addition, several differences are highlighted in the picture: in the mutant, the increased
Kus for substrates ATP and FMN (in the forward reaction) and PPi and FAD (in the reverse reaction)
are highlighted by increasing font size; the increased kcat in the mutant is highlighted by decreasing
arrow length in the last step from the enzyme-FAD (E-FAD) complex to free enzyme (E); the increased
ability, in the mutant, to deliver the cofactor to client apo-flavoprotein is highlighted by decreasing
arrow length from the enzyme-FAD (E-FAD) complex to product FAD. This picture is based on results
obtained with the isoform 2 in [17] and with D238 A-hFADS6 in this work.

4. Materials and Methods

4.1. Materials

All chemicals were from Sigma-Aldrich (St. Louis, MO, USA), unless otherwise specified. The
Escherichia coli Rosetta(DE3) strain was purchased from Novagen (Madison, WI, USA). Restriction
endonucleases and other cloning reagents were purchased from Fermentas (Glen Burnie, MD, USA).
Chelating Sepharose Fast Flow was from Amersham Biosciences (Arlington Heights, IL, USA), and the
Isolate II PCR and Gel Kit (Bioline, London, UK). The dye reagent for protein assay was from Bio-Rad
(Hemel Hempstead, Herts, UK).
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4.2. Site-Directed Mutagenesis of the hFADS6

The hFADS6-D238 A mutant was obtained by PCR overlap extension method [18] using as forward
and reverse mutagenic primers 5-TTCAGCCCCACTGCTCCAGGCTGGCCCGCATTCAT-3" and
5-ATGAATGCGGGCCAGCCTGGAGCAGTGGGGCTGAA-3, respectively. The external forward
and reverse wild type primers allowed the directional cloning of the desired hFADS6-D238A cDNA
between EcoRI (at 5" end) and Xhol (at 3’ end) restriction sites of the pH6EX3 expression vector. The
resulting recombinant protein carried the extra N-terminal sequence MSPIHHHHHHLVPRGSEASNS.

4.3. Expression of the WT hFADS6 and hFADS6-D238A Proteins in E. coli

Rosetta(DE3) strain was transformed with either pH6EX3-hFADS6 or pH6EX3-hFADS6-D238A
plasmids by calcium chloride treatment. Selection of transformed colonies was performed on LB-agar
plates containing 100 pg/mL ampicillin and 34 ug/mL chloramphenicol. E. coli Rosetta(DE3) cells
carrying the recombinant plasmids were inoculated in 10 mL of LB medium (1% tryptone, 0.5% yeast
extract, 0.5% NaCl, pH 7.0) supplemented with 100 ng/mL ampicillin and 34 pg/mL chloramphenicol,
and cultured overnight at 37 °C with rotary shaking (~180 rpm). The day after, a 5 mL aliquot of the cell
culture was transferred to 0.5 L of fresh LB medium supplemented with antibiotics and grown at 37 °C
to A600 equal to 0.8 to 1. Then, 0.5 mM IPTG was added to induce the expression of the recombinant
WT and mutant proteins. Growth was continued overnight at 20 °C, bacteria were harvested by
centrifugation at 3000x g for 10 min at 4 °C and the pellets stored at —20 °C. The bacterial pellet (about
4 g wet weight) was thawed on ice and resuspended in 30 mL start buffer (500 mM NaCl, 40 mM
HEPES/Na, pH 7.4) supplemented with protease inhibitor cocktail (P8849, Sigma-Aldrich, Merck,
Milan, Italy 1 mL/20 g of cells wet weight) and 0.5 mM phenylmethyl sulfonyl fluoride (PMSF, P7626,
Sigma-Aldrich, Merck, Milan, Italy). Cells were disrupted by mild sonication (one cycle of 10 min and
one cycle of 5 min with 1 s Pulse ON and 1 s Pulse OFF, at 40 W) on ice bath using a VCX-130 Sonifier
(Sonics). The soluble and the insoluble cell fractions were separated by centrifugation of the cell lysate
at 20,000x g for 30 min at 4 °C. The supernatant, containing the soluble overexpressed 6His-hFADS6
or 6His-D238A-hFADS6 proteins, was used for SDS-PAGE analysis, FADS activity assay and further
protein purification (see below).

4.4. Purification of Recombinant hFADS6-D238A

A 40 mL aliquot of the soluble cell fraction, obtained from E. coli Rosetta(DE3) strain transformed
with the pH6EX3-hFADS6-D238A plasmid, was applied onto a Chelating Sepharose Fast Flow column
(3.5 mL packed resin), previously charged with 200 mM NiSOy according to the producer’s protocol,
and equilibrated with the start buffer. The column was first washed with 35 mL start buffer, then,
developed with a step gradient of 50 mM, 100 mM, 250 mM, and 500 mM imidazole in the same buffer.
At each step of the purification procedure, the FADS activity was measured (see below) and the purity
of the proteins was checked by SDS-PAGE. Prior to storing or further processing, fractions containing
the purified recombinant protein were desalted by gel filtration on a PD10 column in 40 mM HEPES/Na,
5 mM (-mercaptoethanol, pH 7.4. These protein samples were stable for at least 30 days at 4 °C.

Protein concentration and FAD/protein monomer ratio measurements were carried out as
previously described [21].

4.5. 3D Modeling and Docking of the WT hFADS6 and hEFADS6-D238A Proteins

The 3D model of the hFADS6 protein was obtained by ab initio using the server Robetta (available
at http://robetta.bakerlab.org/) as previously described [21]. FAD was docked in the same position
as in the 3G6K structure by aligning the two structures with the MatchMaker tool of the Chimera
software using Needleman-Wunsch algorithm and BLOSUM-62 matrix [28]. D238A mutation in
hFADS6 structure was introduced using a rotamer library according to Shapovalov and Dunbrack [29].
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4.6. Measurements of Enzyme Catalyzed Rates for FAD Synthesis and FAD Pyrophosphorolysis

The rate of FAD synthesis and FAD cleavage were measured in continuo as in [23], by exploiting the
different fluorescence properties of FAD with respect to FMN. Fluorescence time courses (A excitation
at 450 nm and A emission at 520 nm) were followed at 37 °C in a FP-8300 Jasco spectrofluorometer.
In each experiment, FMN and FAD fluorescence were calibrated by using standard solutions whose
concentrations (used in M range) were calculated by using e459 of 12.2 mM~! em™! for FMN and
11.3 mM~! em™! for FAD. Under the experimental condition used here, the specific relative FAD
fluorescence coefficient (brap) proved to be about ten times lower than those of FMN (¢prp) [30,31].

For FAD synthesis rate measurements, purified protein fractions (2 to 10 ug, 0.06 to 0.26 nmoL
protein as monomer, unless otherwise indicated) were incubated in 50 mM Tris/HCI, pH 7.5, containing
5 mM MgCl,, 3 uM FMN, 100 uM ATP, and additional reagents as appropriate. The rate of FAD
synthesis, expressed as nmoL FAD min~! mg protein~!, was calculated from the rate of fluorescence
decrease, measured as the tangent to the initial part of the experimental curve by applying the
following equation:

Vo = [(AF450/520/Adaso/520) X VE]/(t X m) (1)

where AF is expressed in fluorescence arbitrary units, A¢ = dpmn — rap is expressed as uM~L Vfis
expressed in mL, t is time expressed in min, and m is the mass of protein in mg.

The rate of FAD pyrophosphorolysis catalyzed by 6His-D238A-hFADS6 (5 to 10 pg, 0.13 to 0.26
nmoL protein as monomer) was measured in 50 mM Tris’HCI, pH 7.5, containing 5 mM MgCl, in the
presence of 5 mM MgCl,, 1 mM NaPPi (sodium pyrophosphate), and 0.5 uM FAD, unless otherwise
indicated. The rate of FAD cleavage was expressed as nmol FAD min~' mg protein-1, and was
calculated from the rate of fluorescence increase, measured as the tangent to the initial part of the
experimental curve, as previously described.

In the case of using WT hFADS6, which is a FAD binding protein, the measurement of Km for FAD
might not be accurate. To overcome this limitation, the apo-form of the protein was obtained by a rapid
procedure in the cuvette simply by allowing autocatalytic endogenous bound FAD conversion to FMN
by adding only 1 mM NaPPi. The reaction was followed for about 10 min until endogenous bound
FAD is completely converted to FMN, i.e., the fluorescence does not change. At this stage, external
FAD was added at different concentrations and the dependence of the reaction rate was studied.

4.7. Kinetics for the Binding of Flavinic Ligands to WT hFADS6 and hFADS6-D238A Proteins

Pre-steady-state kinetic experiments were performed using stopped-flow spectroscopy on an
Applied Photophysics SX17.MV spectrophotometer using the Pro-Data SX software (Applied Photophysics
Ltd. Leatherhead, Surrey, UK). The fluorescence of flavins was measured in a continuous assay with an
excitation wavelength of 445 nm, while the emission was recovered using a >530 nm cut-off filter and
the voltage was set to 350 V. Then, 100 nM hFADS6 samples were mixed with samples that contained
increasing concentrations of FMN or FAD (which varied in the range 0.025-1 uM), in the absence and
in the presence of saturating concentrations of their respective co-substrates ATP or PPi (250 uM). All
the indicated concentrations are final ones in the stopped-flow observation cell. Measurements were
carried out at 25 °C in 50 mM HEPES/NaOH, 10 mM MgCl,, pH 7.0, 5 mM (-mercaptoethanol. At
least three reproducible kinetic traces of changes in fluorescence were recorded for each condition and
fitted to exponential equations (usually one or two exponentials were used)

y =) A kot )

where A; and kops ; represent the amplitude and the observed rate constant, respectively, for each of the
processes (i) that contribute to the overall time-dependent fluorescence change for each experimental
condition. Processes whose kps showed a linear dependence on flavin concentration were fit to a
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one-step model that accounts for the kinetic equilibrium of the formation and dissociation of the
protein-flavin complex, whose kinetics can be represented by

Kobs = Kon [FLV] + Koff 3)
where kon and ks are the kinetic constants for complex formation and dissociation, respectively.

4.8. Isothermal Titration Calorimetry (ITC)

Measurements were carried out using an Auto-ITC200 microcalorimeter (MicroCal LLC,
Northampton, MA, USA) thermostated at 25 °C. Ligand (100 pM FMN or FAD) and proteins (~15
uM) were dissolved in 50 mM HEPES/NaOH, 10 mM MgCl,, pH 7.0, 2 mM (3-mercaptoethanol, and
degassed prior to titration. Up to 19 injections of 2 pL of ligand were added to the sample cell (~0.2
mL) containing the enzyme and then mixed via the rotating (1000 rpm) stirrer syringe. Since either no
binding or slow binding was detected, data fitting to obtain thermodynamic binding parameters was
not reliable.

4.9. Electrophoretic Analysis

Proteins were separated by SDS-PAGE on 12% total polyacrylamide gels, according to Laemmli [32].
Quantitative evaluation of Coomassie blue-stained protein bands was carried out using the Chemidoc
imaging system and the Quantity One software (Bio-Rad), as described previously [33].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/24/
6203/s1.
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Abbreviations

FADS FAD synthase

FMNAT FMN adenylyl transferase

hFADS6 human FAD synthase isoform 6

Rf riboflavin

FMN flavin mono nucleotide

FAD flavin adenine dinucleotide

PAPS phosphoadenosine 5-phosphosulfate
FADSy FAD synthase domain

MPTb molybdopterin binding

FADHy FAD hydrolase domain

BVVLS Brown-Vialetto-van Laere syndrome

RR-MADD riboflavin responsive multiple acyl-CoA dehydrogenase deficiency
PMSF phenylmethyl sulfonyl fluoride
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Supplementary Figure 1. (a) GTP inhibition on FAD synthesis catalyzed by D238A-hFADS6. The
FAD synthesis reaction was started by the addition of purified recombinant protein D238A-hFADS6
and measured by the initial rate of fluorescence decrease (A excitation =450 nm, A emission =520 nm).
FAD synthesis rate, catalyzed by purified D238A-hFADS6 (2.9 ug, 0.08 nmol), was fluorimetrically
measured at 37 °C in 2 ml of 50 mM Tris/HCI pH 7.5, in the presence of 100 pM ATP, 5 mM MgCls, 3
UM (closed circle) or 1.3 uM (open circle) FMN, and of the given GTP concentrations. Data points are
fitted according to the linear equation with Grafit 3.0 software. (b) NAD* and NADH inhibition on
FAD synthesis. The FAD synthesis reaction was started by the addition of purified recombinant
protein 6His-D238A-hFADS6 and measured by the initial rate of fluorescence decrease (A excitation
=450 nm, A emission =520 nm). FAD synthesis rate, catalyzed by purified D238A-hFADS6 (8 ug, 0.21
nmol), was fluorimetrically measured at 37°C in 2 ml of 50 mM Tris/HCI pH 7.5, in the presence of
100 uM ATP, 5 mM MgClz, 1.3 uM FMN, and of the given NAD* (open circle) and NADH (closed
circle) concentrations. Data points are fitted according to the exponential or linear equations for
NADH and NAD* respectively with Grafit 3.0 software.
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Supplementary Figure 2. Isothermal titration calorimetric analysis of the binding of flavinic
substrates to D238 A hFADS6 in the absence of the second substrate. Thermogram (upper panels) and
binding isotherms with integrated heat (lower panels) for the titration with (a) FMN and (b) FAD. No
interaction heat is detected (a) for the titration of FMN, suggesting under the assayed conditions
binding is not produced. Thermograms for the titration with FAD titration envisage binding to less
than 20% of the protein molecules (suggesting a slow-binding process) under the assayed conditions,
as well as KaAP below 1 uM. Titrations were performed at 25 °C in 50 mM Hepes/NaOH, 10 mM
MgCl, pH 7.0, 5 mM B-mercaptoethanol. The low stability of WT hFADS6 along the ITC assay
prevented production of the corresponding thermograms.
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Supplementary Figure 3. Dependence of flavin binding pre-steady-state kinetic parameters on the
concentration of the flavin substrates. Evolution of binding parameters for the FAD biosynthesis: (a)
kobs1 (closed circles) and kobs2 (open circles) and (b) their corresponding amplitudes, Amp1 (closed
circles) and Amp2 (open circles), obtained when mixing WT (black) and D238A (red) hFADS6s with
saturating ATP and different FMN concentrations. Evolution of binding parameters for the FAD
pyrophosphorolysis: (c) kobs (closed circles) and (d) Amp (closed circles) obtained when mixing WT
(black) and D238A (red) hFADS6s with saturating PPi and different FAD concentrations. Data were
obtained at 25 °C in mixtures containing 100 nM of protein and 250 uM of either ATP or PPi
(respectively for FAD synthesis and FAD pyrophosphorolysis) in 50 mM Hepes/NaOH, 10 mM
MgClz, pH 7.0, 5 mM B-mercaptoethanol.
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Supplementary Table 1. Kinetic parameters derived from stopped-flow data for the binding of FMN
and FAD to WT and D238A hFADS6 in the presence of the second substrate (ATP or PPj, respectively).
kon and ko the kinetic constants for complex formation and dissociation were obtained by fitting lineal
data corresponding to kobs1 dependences on flavin concentration presented in Supplementary Figures
3a and 3c (n = 3, mean + SD). Dissociation constants determined as kof/kon. Data obtained at 25 °C at 25
°C in 50 mM Hepes/NaOH, 10 mM MgClz, pH 7.0, 5 mM B-mercaptoethanol.

FMN-ATP mixtures (FMN binding)
hFADS6  kon (UM™.57) kot (577) Kaf™MN (uM)
WT 34+0.1 0.32+0.01 0.094 + 0.004
D238A 0.552 0.09 2 >0.18 2
FAD-NaPP: mixtures (FAD binding)
kon (UM™s1)  kott (s71) KdfAP (uM)
WT 45+0.6 0.81£0.05 0.18+0.04
D238A 152 0.352 >0.32
2 Error in the determination of parameters for the mutant is high, at least + 30%, due to small
amplitudes in the exponential decays and/or low data reproducibility.
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Abstract: Human NQO1 [NAD(H):quinone oxidoreductase 1] is a multi-functional and stress-inducible
dimeric protein involved in the antioxidant defense, the activation of cancer prodrugs and the stabilization
of oncosuppressors. Despite its roles in human diseases, such as cancer and neurological disorders,
a detailed characterization of its enzymatic cycle is still lacking. In this work, we provide a
comprehensive analysis of the NQO1 catalytic cycle using rapid mixing techniques, including
multiwavelength and spectral deconvolution studies, kinetic modeling and temperature-dependent
kinetic isotope effects (KIEs). Our results systematically support the existence of two pathways for
hydride transfer throughout the NQO1 catalytic cycle, likely reflecting that the two active sites in the
dimer catalyze two-electron reduction with different rates, consistent with the cooperative binding of
inhibitors such as dicoumarol. This negative cooperativity in NQO1 redox activity represents a sort
of half-of-sites activity. Analysis of KIEs and their temperature dependence also show significantly
different contributions from quantum tunneling, structural dynamics and reorganizations to catalysis
at the two active sites. Our work will improve our understanding of the effects of cancer-associated
single amino acid variants and post-translational modifications in this protein of high relevance in
cancer progression and treatment.

Keywords: antioxidant enzyme; antioxidant response; cancer; oxidoreductase; enzyme kinetic
analysis; functional cooperativity; hydride transfer; kinetic isotope effects; quantum tunneling;
conformational dynamics

1. Introduction

NAD(P)H quinone oxidoreductase 1 (NQO1; DT-diaphorase; EC 1.6.5.2) is a multi-functional and
stress-inducible flavoprotein whose activity is associated with different pathologies, particularly with
cancer [1,2]. NQO1 has a wide range of substrates and enzymatic functions associated with antioxidant
defense and cancer development, including the NAD(P)H-dependent two-electron reduction of
quinones to form hydroquinones, thus avoiding the formation of highly reactive and cytotoxic
semiquinones [3,4], the maintenance of vitamin K3 and ubiquinone in their reduced state [5-8] and
scavenging of superoxide anions [9]. NQO1 activity is also required for the activation of cancer
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prodrugs [10-14]. In addition, NQOL is capable of interacting with over forty different proteins, such as
p53, p73x and HIF-1«, and the general effect of these interactions is the protection of protein partners
against proteasomal degradation [4,15,16].

NQO1 is upregulated transcriptionally in response to stress [17-20]. The activation of the
antioxidant response induces the expression of NQO1, as well as that of enzymes involved in NADPH
generation [21-25]. The expression of NQOI1 can also be induced by some antioxidants (such as
resveratrol) through the antioxidant response pathway [26,27].

Changes in the activity of NQOI1 are associated to different pathologies, including cancer
and cardiovascular and neurodegenerative diseases [2]. Intriguingly, the role of NQOL1 in cancer
development seems to be twofold. NQOT1 is overexpressed in certain types of cancer and its inhibition
by dicoumarol (Dic), and analogs thereof, arrests the growth of certain cancer cell lines [28,29].
Its overexpression may also contribute to tumor growth through the stabilization of HIF-1«, a master
regulator of angiogenesis, thus critical in cancer development [16]. Conversely, cancer cell lines that
express inactivating and destabilizing NQO1 polymorphic variants (such as p.P187S and p.R139W)
are resistant to certain cancer treatments and are associated with increased cancer risk and poor
prognosis [2,30-32].

Structurally, NQO1 forms functional homodimers in which each monomer has a two-domain
structure, with a large N-terminal domain (approximately residues 1-225) that contains most of the
active site and a tightly bound FAD molecule and C-terminal domain (approximately residues 225-274)
that complete the active site (i.e., the NAD(P)H and substrate binding sites) and the monomer:monomer
interface [33-37]. The enzymatic cycle of NQOI1 follows a ping-pong bi-bi mechanism that can
be grossly divided into two half-reactions, each of them containing ligand binding/release events,
as well as hydride transfer (HT) reactions [2,38,39] (Figure 1A). First, in the reductive half-reaction,
NAD(P)H binds to holo-NQOT1 (the bound flavin is not released during the enzymatic cycle) and
reduces FAD to FADH),, thus releasing NAD(P)". This step is fast, with a second-order rate constant
in the order of 10°-10° M~!s™!. It has been proposed that the reduction of FAD by NAD(P)H)
occurs by direct HT between them, likely leading to the formation of FADH; in the enolate form.
This tautomer would have a negatively charged O2F that may become stabilized upon sequential
proton transfer with the side chains of Y156 and H162. In the oxidative half-reaction, the substrate
binds and is reduced by FADH, (this half-reaction is much faster, with a second-order rate constant of
10° M~1.s71), thus releasing the reduced substrate and regenerating the holo-enzyme [2,34]. In this
second half-reaction, the charge/proton transfer between FADH,, Y156 and H162 would likely occur in
the reverse sense [40,41].
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Figure 1. NQOI1 catalytic mechanism and protein dynamics. (A) Plausible mechanism for the reductive
and oxidative half-reactions (for details see the main text). FADH2 undergoes keto/enol tautomerism.
Here, we show the initial and final structures of FAD in the enol tautomer. Some reaction steps require
the enol or enolate tautomer. (B) Changes in NQO1 structural dynamics upon Dic binding from
hydrogen-deuterium exchange (HDX) analysis [42]. The upper panel shows the position of the FAD,
Y156 and H162 (involved in the stabilization of FADH2) and Y127 and Y129 (critical for Dic and NAD+
binding). (C and D) Dic binding. (C) leads to decreased dynamics in residues covering the whole active
site, particularly regarding the inhibitor and the FAD binding sites that may contribute to optimizing
HT from NAD(P)H and FADH2. (D) A%Dav is a simple stability metric that refers to the averaged
maximal difference in HDX kinetics between two given ligation states according to [42], and a negative
value for this parameter reflects an increase in local stability for a given protein segment upon ligand
binding (i.e., either HDX is slower and/or its amplitude is reduced upon ligand binding, thus reflecting
a locally stabilizing effect upon ligand binding). Note that residue numbering follows the full-length
sequence of the protein.

Importantly, most of our knowledge on the NQO1 kinetic mechanism has come from analysis
of either ligand binding/release events from crystallographic analyses, or from single-wavelength
kinetic analyses focused on the changes in FAD spectral properties associated with chemical steps
(i.e., HT) [34,38,40,43,44]. Several studies have supported that changes in molecular dynamics
throughout the catalytic cycle should also be considered [42,45]. The use in these studies of Dic,
a potent competitive inhibitor of NAD(P)H [6,39], has supported the proposal that NAD(P)H binding
may cause minimal structural changes [46,47] but affects the stability and structural dynamics of the
active site, which contributes to the enhancement of catalysis by reducing the reaction free energy
barrier(s) and/or promoting quantum tunneling effects [42,45] (Figure 1B). Interestingly, Dic binding
might also allow for the communication of local stability effects between active sites during the catalytic
cycle [42,48,49]. The existence of functional and structural non-equivalence between the active sites
may also explain the apparent negative cooperativity found for Dic binding (mainly reflected by
inhibition studies with the holo-protein) [48,49]. A critical role of protein dynamics in the activity and
stability of NQOL1 is further supported by the study of the inactivating and destabilizing effects of
the cancer-associated p.P187S polymorphism [30,31,50-53]. Importantly, long-range communication
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of stability effects due to inactivating mutations and polymorphisms, as well as due to the presence
of suppressor mutations and ligand binding (Figure 1B), seems to be a general phenomenon in
NQO1 [30,33,41,42,50,54-57].

A deep understanding of the kinetic mechanism of this important metabolic and antioxidant
enzyme would allow us to rationalize the effects of missense variants and enable the improved design of
inhibitors and drugs which are activated by NQO1 as chemotherapeutics [56-63]. However, to the best
our knowledge, no study has investigated the NQO1 kinetic mechanism from an integrated perspective
of the changes occurring in the NQOL1 structure and dynamics that facilitate HT reactions. We provide
here such an integrated perspective on the NQO1 catalytic mechanism by kinetically evaluating
the different events occurring in the reductive and oxidative half-reactions by using stopped-flow
spectrophotometry with photodiode detection combined with temperature-dependent kinetic isotopic
effects (KIEs) [64]. Overall, our results show that HT from NAD(P)H to FAD occurs through two
different pathways with widely different kinetics, likely reflecting that the two active sites in the NQO1
dimer are not equivalent. This non-equivalence may explain the binding cooperativity observed for
Dic. In addition, these two pathways largely differ in the contributions from structural and vibrational
dynamics along the reaction coordinate(s). Thus, this work constitutes an important advance in
deciphering the dynamics at the active site of this structurally complex enzyme during catalysis.
Our work will help in the rational design of more potent and specific mechanism-based NQO1
inhibitors, as well as to understand the functional consequences of naturally occurring NQO1 missense
variants and post-translational modifications and the structural and energetic basis of functional
cooperativity in this enzyme.

2. Materials and Methods

2.1. Materials

All the chemicals were purchased with high purity (typically > 99%) from Sigma-Aldrich and Merck,
and these were used without further purification, unless otherwise indicated. The 5-deazariboflavin
was a gift from the G. Tollin Lab (University of Arizona). The stereospecifically labeled nicotinamide
nucleotide [4R-?H;]-NADH (with the deuterium in the A face of the nicotinamide ring, NADD)
was synthetized enzymatically using [?Hg]-propanol/alcohol dehydrogenase following previously
described protocols [65]. Milli-Q water was obtained from a Milli-Q® Reference water purification
system (Millipore, Madrid, Spain) and used for the preparation of all buffers and media.

2.2. Protein Expression and Purification

The wild-type (WT) NQO1 cDNA was cloned into a pET-46 Ek/LIC vector [31]. This plasmid was
used to transform BL21(DE3) cells (Agilent) for protein expression. Transformed cells were grown
in 240 mL of autoclaved Luria-Bertani (LB) medium containing 0.1 mg-mL~! ampicillin (Canvax
Biotech) (LBA) overnight at 37 °C. These cultures were diluted into 4.8 L of LBA and grown at 37 °C
for 3 h under shaking (at 150-160 rpm) to reach an optical density of about 0.6. Then, cultures were
cooled down to 25 °C and induced with 0.5 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG, Canvax
Biotech). After 4 h, cells were harvested by centrifugation (8000 g, 15 min, 4 °C) and cells were
frozen and maintained at —80 °C overnight. Cells were resuspended in binding buffer (BB; 20 mM
NaH;POy4 300 mM NaCl, 50 mM imidazole; pH was adjusted to 7.4 using concentrated HCI) plus 1 mM
phenylmethylsulfonyl fluoride (PMSF), sonicated in an ice bath and centrifuged at 24,000 g for 20 min
at 4 °C. Supernatants (soluble extracts) were loaded into immobilized-metal affinity chromatography
(IMAC) columns (His Gravitrap, Ni Sepharose 6 fast flow resin, 1 mL bed volume, GE Healthcare),
washed with 25 volumes of BB and eluted with 2.5 mL of BB containing 500 mM imidazole (pH was
adjusted to 7.4 by addition of concentrated HCI). These eluates were buffer exchanged using PD-10
columns (GE Healthcare) to the storage buffer (50 mM HEPES-KOH pH 7.4), frozen in liquid nitrogen
and stored at —80 °C. Typically, this procedure yielded about 20 mg of purified NQO1 protein.
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About 20 mg of protein from IMAC were thawed, centrifuged for 10 min at 24,000 g and 4 °C,
diluted in storage buffer to a final volume of 5.5 mL and 5 mL of this protein solution were injected
into a HiLoad® 16/600 Superdex® 200 pg (GE Healthcare). Size-exclusion chromatography (SEC)
was carried out using 20 mM HEPES-NaOH, 200 mM NaCl pH 7.4 as a mobile phase at 20 °C
and using a 1.5 mL-min~! flow rate. Void (Vj) and total (V1) volumes were determined using
blue dextran and acetone, respectively (Figure 2A). Fractions eluting between 75 and 90 mL were
pooled, concentrated using Amicon® Ultra-15 Centrifugal Filter Units-30,000 NMWL (Millipore),
mixed with a final concentration of 1 mM FAD and exchanged to HEPES-KOH 50 mM pH 7.4 using
PD-10 columns. The UV-visible absorption spectra of the purified protein were collected at a 20 uM
protein concentration using 1-cm pathlength quartz cuvettes on a Cary 50 or 100 spectrophotometer
(Agilent). Protein concentration and FAD content were determined from the absorbance at 280 nm
and 450 nm, respectively [50]. Briefly, the experimental spectrum was converted into molar extinction
units (M~'.cm™) using the absorbance at 280 nm considering that the extinction coefficient of NQO1
monomer with bound FAD is the sum of its intrinsic protein extinction coefficient (47,900 Ml.em™,
based on its amino acid sequence) plus the contribution from bound FAD (22,000 M~!-cm™! -fraction
of bound FAD per monomer) [31]. The former contribution can be assessed experimentally for each
spectrum from the absorbance at 450 nm (e450 = 11,300 M~Lem™) [66]. As we have previously
indicated [50], this approach considers that the spectral properties of FAD are similar when bound
to NQOL1 to those of the free ligand. NQO1 samples obtained from different purifications contained
0.97-0.99 moles of FAD per mole of NQO1 monomer as assessed by this procedure (Figure 2B).
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Figure 2. Purification of NQO1. (A) Size-exclusion chromatography (SEC) chromatogram of NQO1
protein. About 20 mg of protein from IMAC (immobilized-metal affinity chromatography) were injected
into a HiLoad® 16/600 Superdex® 200 pg (GE Healthcare) running on 20 mM HEPES-NaOH, 200 mM
NaCl pH 7.4 at 20 °C. Void (Vj) and total (V) volumes are indicated. Fractions eluted between 75 and
90 mL were pooled and concentrated. The purity was checked by SDS-PAGE in 12% acrylamide gels
(inset). (B) Concentrated protein was exchanged to HEPES-KOH 50 mM pH 7.4 and the UV-visible
absorption spectrum was collected at a 20 uM protein concentration. The extinction coefficient of free
FAD is indicated for sake of comparison.

2.3. NQOT1 Redox Properties Evaluated by Absorption Spectroscopy

Photoreduction of NQO1 was achieved by irradiating the oxidized protein (NQO1,x) under
anaerobic conditions in the presence of 2 mM EDTA and 8 uM 5-deazariboflavin [67]. Experiments
were performed in HEPES-KOH, pH 7.4 at 25 °C in home-made spectrophotometer cuvettes. Glucose
(at a 310 mM final concentration) and glucose oxidase (at a 10 units-mL~! final concentration) were
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added to all the solutions to remove trace amounts of oxygen. The stepwise reduction of the protein
was achieved by light irradiation from a 250 W slide projector for different periods of time, for which
the UV-visible spectrum was then recorded in a Cary 100 spectrophotometer (Agilent). Once fully
reduced (no variation in the UV-visible spectra despite further irradiation), the protein was re-oxidized
by breaking the anaerobic conditions and exposure to atmospheric air, and absorption spectra were
recorded until complete re-oxidation.

The ability of NAD" to re-oxidize the hydroquinone form of the protein (NQO1p) was evaluated
by using anaerobic solutions of photoreduced NQO1 (7.5 uM), produced by following the above
described procedure in specially designed cuvettes. NQO1q was them mixed with an NAD" solution
placed in the same cuvette lateral arm, providing a final 1:1 protein:coenzyme ratio and the kinetics of
the re-oxidation of the enzyme were followed in the full protein spectral range using an Agilent 8453
photodiodearray spectrophotometer (Agilent).

2.4. Stopped-Flow Pre-Steady-State Kinetic Measurements

Fast HT reactions from NAD(P)H/D to NQO1,x, as well as from NQO1,q4 (generated by NQOTox
mixed with NADH at stoichiometric ratio) to 2,6-dichlorophenol indophenol (DCPIP), were measured
using a stopped-flow spectrophotometer from Applied Photophysics (SX.18MV, Applied Photophysics
Ltd., Leatherhead, UK) interfaced with a photodiode array detector and under anaerobic conditions,
following previously established protocols [68,69]. All samples were made anaerobic (in specially
designed tonometers by successive evacuation and O;-free argon flushing) before introduction into the
stopped-flow syringes. NQO1x (7.5 uM) was mixed with NADH/D at concentrations ranging from 1:1
to 1:14 NQO1,x:NADH)/D ratios, while when using NADPH, the single 1:1 ratio was used. To evaluate
re-oxidation, NQO1yq (7.5 uM) was mixed with stoichiometric amounts of DCPIP. Additionally, Dic
was used as an inhibitor of both the reductive and oxidative half-reactions, adding it at 1:1 and 1:4
NQOT1: Dic ratios. Reactions were studied in 20 mM HEPES-KOH, pH 7.4 with glucose/glucose oxidase
(310 mM/10 units:mL!), at 25 °C and/or 6 °C. Multiple wavelength absorption data in the flavin
absorption region (400-900 nm) were collected and processed using the ProData-SX software (Applied
Photophysics Ltd.). Time-dependent spectral deconvolution was performed by global analysis and
numerical integration methods using Pro-Kineticist (Applied Photophysics Ltd.). Collected data
were fitted to either single- or multi-step (A—B—n ... .—Z) models allowing for estimation of
the corresponding observed conversion rate constants (kopsa—B, kobsB—cC, --- ) at each NAD(P)H/D
concentration, as well of the spectra of intermediate and final species [70]. A, B, n and Z are spectral
species, reflecting a distribution of enzyme species at any time throughout the course of the enzyme:
coenzyme interaction, including HT (or deuteride transfer, DT) or reorganization processes, and do not
necessarily represent a single distinct enzyme intermediate. Since none of them represents individual
species, their spectra cannot be included as fixed in the global fitting.

The kgps values showing hyperbolic dependence profiles on the NAD(P)H/D concentration were
fitted to a function (1) that describes binding at a single site followed by reorganization or HT/DT
processes, allowing for the determination of the corresponding equilibrium constant (Kg), as well as
the rate constant for the subsequent process (k) [69,70]:

k-[NAD(P)H]
NAD(P)H] + K,

kobs =kasp =kpc = [ (1)
Depending on the process, k might account for the rate constant of the rate-limiting step for complex
formation, kon, or for the HT/DT rate constant, ki or kpr. K4 might respectively account for the
complex dissociation constant, K;\]AD H/D , or for a reorganization constant related to the transition
between reaction intermediate species, K;eg :
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2.5. Kinetic Isotopic Effects (KIEs)

For the estimation of primary kinetic isotopic effects in the HT process [68], HT or DT observed
rate constants (ks or PTkyy,s) from NADH/D to NQO1,, were evaluated at different temperatures
in the 5.3-20 °C range, in samples containing equimolecular mixtures (7.5 pM of each component)
using NADH and [4R-*H]-NADD, unless otherwise indicated.

Kinetic isotope effects (KIEs) on rate constants were calculated as follows:

ket _ HTkobs

KIE = — = 2
kpr DTk ps @
For each isotope, the fitting of the observed rates to the Arrhenius equation was calculated:
Ea
k=Axe kT 3)

providing the values corresponding to Arrhenius pre-exponential (frequency) factors (Ayg and Ap)
and activation energies (E,y and E,p). The temperature dependence of the KIE was analyzed by
combining Equations (2) and (3). Additionally, the activation enthalpies (AH?Y) and entropies (ASH)
were calculated using the Eyring equation:

kobs _ kg 1 AH?*
ln( T = In p + (AS*/R) RT 4)
where kg is the Boltzmann constant (1.3806-1072% J-K~1) and # is the Planck constant (6.626-1073* J-s).

3. Results and Discussion

3.1. Human NQO1 Does Not Stabilize Intermediate Semiquinone States upon Photoreduction

NQO1,x exhibits the characteristic UV—visible spectra of flavoproteins, with maxima at 278, 375
and 449 nm, and shoulders at 422 and 475 nm (Figure 3). Upon photoreduction, the FAD cofactor
exists in the hydroquinone state, NQO1q (i.e., a two-electron reduction), as denoted by the decrease in
absorbance at 370 and 450 nm. Full reduction was achieved after 15 min of irradiation, with equivalent
spectral features to those observed upon reduction with an excess of sodium dithionite (Figure 3).
The photoreduction occurs without the appearance of any red-shifted absorbance band, indicative of
the stabilization of the FAD blue-neutral semiquinone, but subtle changes in absorbance at 375, 400 and
480 nm might point to traces of the red-anionic semiquinone radical [71], as observed for other oxidases,
including rat liver NQO1 [44]. Such a lack of semiquinone intermediates indicates that reduction
of the semiquinone to the hydroquinone state is thermodynamically more favorable and kinetically
faster than the reduction of the oxidized to the semiquinone species [72]. This observation agrees with
the absence of detectable semiquinone paramagnetic signals when evaluating the redox cycle of the
enzyme and with mammalian quinone oxidoreductases, which are a notable exception in that they
only function by a compulsory two-electron transfer [73]. Such observations denote a less negative
midpoint reduction potential of the FADH-/FADH,; couple with respect to the FAD/FADH- one. Finally,
upon mixing the photoreduced protein with atmospheric air, the initial absorbance spectrum of the
oxidized protein was restored (not shown).
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Figure 3. Photoreduction of NQO1. Colored spectra correspond to different illumination time points
throughout the photoreduction process. The dashed black line indicates the spectra corresponding to a
sample chemically reduced by dithionite (5,04%).

3.2. The Catalytic Cycle of NQO1

To evaluate the kinetics of the reductive and oxidative half-reactions in the catalytic cycle of NQO1
(Figure 1A), we studied the spectral changes occurring in the band-I (400-500 nm range) of the flavin
by using fast kinetics stopped-flow spectrophotometry.

3.2.1. Non-Equivalent Active Sites in the NQO1 Dimer throughout the Reductive Half-Reaction

We first evaluated the kinetics of the reductive half-reaction by mixing NQO1,x with NADH at
6 °C under strict anaerobic conditions. A decrease in the absorption at the FAD band-I was quickly
observed without detection of semiquinone traces (Figure 4A), in agreement with FAD reduction
to the hydroquinone form. The final spectrum after the overall HT compares well with the fully
photoreduced NQO1 and dithionite reduced spectra, suggesting full reduction of the cofactor was
achieved (Figure 3 vs. Figure 4A). This observation envisages a less negative reduction potential
of the NQO1 FAD/FADH, pair regarding the NAD*/NADH redox pair (E’y = —320 mV) [74] under
our experimental conditions. This agrees with the value of —159 mV previously reported for the rat
enzyme [44].

To provide further insight into the mechanism of the reductive half-reaction, we submitted these
kinetic data to global spectral deconvolution (Figure 4B). Several mechanisms were evaluated, but
only a minimal three-step non-reversible mechanism (A—B—C—D) (Figure 4B-D) reproduced the
experimental data well. The lack of major spectral changes in the instrumental dead time suggested
that species A corresponds with the initial mixing of NQO1,x and NADH. The conversion of species A
into B was very fast (initial ~10-40 ms of reaction) and contributed to nearly 75% of the decay of the
band-I absorption (Figure 4B). Therefore, this step comprises the HT process from NADH to FAD and
its reduction. The observed rate constants for this process, kopsa—p, showed hyperbolic dependence on
NADH concentration (Figure 4E), allowing for the determination of a NADH dissociation constant
(KgNAPH) as well as of a limiting HT rate constant (kyt1), without considering the occurrence of any
reverse HT reaction. The limiting value for kytq of 284 + 17 s71 (at 6 °C) indicates a very fast HT from
NADH to NQO1,y, which compares well with the steady-state catalytic constant (kcat) of 180200 s
(at 30-37 °C) [31,33,48]. This agreement supports that the HT process is the rate-limiting step within
the reductive half-reaction. Alternative scenarios, in which substrate binding and/or product release
could be rate-limiting steps are discussed in Appendix A. Kinetic analysis on the A—B process also
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allows us to determine a KgNAPH of 16 + 3 1M, a value 10-times lower than the reported KyNAPH
(160-240 uM, using DCPIP as substrate) [31,33,48]. This observation indicates a tighter interaction
in the reactive NQO1,x:NADH complex than in the subsequent complexes formed throughout the
reaction, and justifies the lack of spectroscopic detection of charge-transfer complexes (CTCs).
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Figure 4. Kinetics of the NQOI1 flavin reduction by NADH/D. (A) Spectral evolution on a 0-60 s
timescale after mixing NQO1ox (7.5 uM) with NADH (7.5 pM) in 20 mM HEPES-KOH, pH 7.4, at 6 °C.
Different colored lines correspond to the spectra at different reaction times. (B) Spectral deconvolution
of intermediate species observed during the reaction when fitting to a four-state model and the
corresponding calculated observed rate constants. In panels A and B, the dashed line represents the
spectrum of NQO1,x before mixing. (C,D) Decay of kinetic traces at 450 nm and 475 nm and fittings to
the model. (E) Dependence of ko values on the NADH/D concentration. The trace for the fitting to
Equation (1) for kopsa —p Values is shown as a black line. Error bars correspond to the SD for at least

three different replicates. Spectral evolution (A) and deconvolution (B) are from a single measurement
and representative from n > 3.

This initially observed HT step (A to B) was followed by another process (B to C) that led to
the nearly full reduction of the flavin bound to NQO1. In fact, this process essentially accounted
for the remaining 25% of the total absorption decrease at the flavin band-I, and, therefore, must also
be related to an HT process. The kqpsp—c values were considerably slower than those for kopsa—B,
and roughly dependent on the coenzyme concentration (Figure 4E), providing a limiting rate for this
second HT event, kyyro, in the 10-15 571 range. Our kinetic analysis showed a final step to achieve full
FAD reduction (C to D), but this process accounted for a very small and slow spectroscopic change

(with rate constants 5000 times slower than for the A—B process), suggesting that it might not be of
catalytic relevance.
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NQOI1 can also use NADPH as electron donor, which is a better reductant than NADH (with
six-fold higher catalytic efficiency and a four-fold enhancement in keat, [31,34,75]). Consequently,
NQO1,x mixed with NADPH at a 1:1 ratio shows a faster FAD reduction than when using NADH,
part of which occurs in the instrumental dead time (Figure 5A). The process was best described as a
two-step process (A—B—C) (Figure 5B), with at least 80% of flavin reduction occurring in the first
step. The kopsa—p and kopsp—c values at stoichiometric concentrations were 261 + 13 and 7.8 + 0.3 s71,
respectively, with kopsa—,p being 3.7 times faster than when using the same NADH ratio, while kqpsp—c
values resulted in the same range. Hence, the overall HT process is faster when NADPH is the hydride
donor, consequently preventing studies using higher coenzyme concentrations.
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Figure 5. Kinetics of the NQOI1 flavin reduction by NADPH. (A) Spectral evolution on a 0-0.5 s
timescale after the mixing NQO1ox (7.5 uM) with NADH (7.5 uM) in 20 mM HEPES-KOH, pH 7 4, at
6 °C. Different colored lines correspond to the spectra at different reaction times. The inset shows the
decay of kinetic traces at 450 nm and 475 nm, the fittings to the model, and the residuals at 450 nm to
show the quality of the fitting. (B) Spectral deconvolution into the different species observed along the
reaction from fittings to a two-step model and calculated rate constants. Spectral evolution (A) and
deconvolution (B) are from a single measurement and representative from n > 3.

Altogether, and considering that NQO1,y is a dimer, these data allowed us to suggest that the
reduction of each protomer within the dimer might occur at very different rates. We must note that,
according to the change in the flavin band-I magnitudes for the A—B and B—C steps, a part of the
reduction of the slower protomer might occur within the first A—B step. To test this hypothesis, we
used Dic to slow down the reductive half-reaction of NQO1 by NADH [6,39]. Dic competes for the
NAD(P)H binding site, blocking access to the nicotinamide part of the coenzyme and, as a consequence,
preventing the HT from the nicotinamide to the flavin cofactor [46]. As shown in Figure 6, the presence
of Dic causes a considerable slowdown of the overall HT processes by NADH. Moreover, the spectral
evolution was best described by a two-step mechanism (A—B—C), with each of the two steps
accounting for half of the spectral change corresponding to FAD reduction. The full observation of both
individual processes was likely possible because of the considerable reduction in kypsa—p and kopsp—c
caused by Dic, respectively 0.034 + 0.003 and 0.0065 + 0.0005 s~! at stoichiometric concentrations,
which implies a ~2000-fold decrease. Higher Dic ratios (1:1:4 protein/NADH/dicoumarol) produced
further slowdowns of both steps (Table 1), while increasing NADH concentrations (50 uM, 1:6.6:4 of
protein/NADH/Dic) only slightly increased reduction rate constants, hardly preventing Dic inhibition.
Such observations are easily explained by the higher affinity of three orders of magnitude of Dic vs.
NADH (KdDiC typically in the 1-20 nM range; [33,49,55] and Section 3.2.1). Therefore, these inhibition
studies with Dic strongly supported that the reduction of the FAD cofactor at the two active sites of the
NQOI1 dimer occurs at different rates.
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Figure 6. Kinetics of NQOI1 flavin reduction by NADH in the presence of the Dic inhibitor. (A) Spectral
evolution after the mixing in the stopped-flow equipment of NQO1x (7.5 tM) with NADH (7.5 uM) in
the presence of Dic (7.5 uM) in 20 mM HEPES-KOH, pH 7.4, at 6 °C on a 0-800 s timescale. Different
colored lines correspond to the spectra at different reaction times. The inset shows the decay of kinetic
traces at 450 nm and 475 nm, as well as the fitting to a three-state model. (B) Spectral deconvolution
of intermediate species observed during the reaction upon fitting to a two-step model and calculated
observed rate constants. In panels A and B, the dashed line represents the protein spectrum before
mixing. Spectral evolution (A) and deconvolution (B) are from a single measurement and representative
fromn > 3.

So far, our analyses for the reductive half-reaction of NQO1,x by NAD(P)H have pointed to the
reverse HT reactions being practically negligible. To confirm this, we mixed photoreduced NQO1y,q with
stoichiometric concentrations of NADY, in specially designed spectrophotometer cuvettes and under
anaerobic conditions, and followed spectral changes over the time. Once the reaction components were
mixed, the FAD cofactor became very slowly re-oxidized without the stabilization of any semiquinone
or CTC intermediates (Figure 7). The overall protein re-oxidation resulted in a monophasic process
with a rate constant of 0.0025 + 0.0005 s~!'. This parameter would relate to the apparent HT rate
constant for the backward reaction (*PPky.1), being around 28,000 times slower than the corresponding
forward process. Therefore, the equilibrium of the reductive half-reaction is fully displaced towards
the production of NQO1y, in agreement with the main physiological role of the enzyme in the
detoxification of quinones by their reduction.

Table 1. Summary of observed rate constants (kops) for the reductive and oxidative half-reactions
involving NQO1. Measurements were carried out in 20 mM HEPES-KOH, pH 7.4 at 6 °C and the
ratios are indicated between brackets for each reactant. Evolution of the reaction was followed in the
400-1000 nm wavelength range using stopped-flow equipment with a photodiode array detector (n > 3,
mean + SD).

Sample in Tonometer1  Sample in Tonometer 2 k"(l;s;AITB k"(bss_Bﬂ)C
NQO1 (1) NADH (1) 78+1 89+09
NQO1 (1) 4R-NADD (1) 44 £ 2 6.3+0.2
NQO1 (1) NADPH (1) 261 +£13 7.8+0.3

NQO1 (1) + Dic (1) NADH (1) 0.034 + 0.003 0.0065 + 0.0005
NQO1 (1) + Dic (1) NADH (6.6) 0.036 + 0.002 0.010 £ 0.001

NQO1 (1) + Dic (4) NADH (1) 0.018 + 0.003 0.0015 + 0.0001
NQO1 (1) + Dic (1) NADPH (1) 0.036 + 0.006 0.0070 + 0.0008
NQO1 (1) + Dic (4) NADPH (1) 0.017 £ 0.001 0.0020 + 0.0001

NQO1 (1) + NADH (1) DCPIP (1) >500 160 + 14

NQO1 (1) + NADH (1) DCPIP (1) + Dic (1) 38+3 63+12

NQOI1 (1) + NADH (1) DCPIP (1) + Dic (4) 7.7+02 1.3+0.1

NQO1 (1) + NADH (1) Ferricyanide 219 +£12 29+4
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Figure 7. Kinetics of the reaction of NQO1,q with NAD™. (A) Spectral evolution after mixing (in an
anaerobic cuvette) NQO1pq (7.5 uM)) with a 1:1 ratio of NAD* in 20 mM HEPES-KOH, pH 7.0, at 6 °C
on a 0-35 min timescale. Different colored lines correspond to the spectra at different reaction times.
(B) Detail of kinetic traces at 450 nm and 475 nm and fitting to a single exponential function. Spectral
evolution (A) is from a single measurement and representative from n > 3.

3.2.2. Non-Equivalent Active Sites in the NQO1 Dimer throughout the Oxidative Half-Reaction

Although NQOT1 can reduce a wide variety of substrates [4], most of them are not appropriate
for enzymatic studies due to their low solubility in aqueous solutions, their characteristic spectral
properties or, in some cases, their fast reduction that precludes pre-steady-state kinetic characterization
using stopped-flow spectroscopy [34,44]. We have here used DCPIP, a suitable and artificial electron
acceptor often used in activity measurements of human NQO1 [4], to study its oxidative half-reaction.
Nonetheless, mixing NQO1q with DCPIP at equimolecular concentrations also resulted in the
extremely fast re-oxidation of the protein, even at low temperatures, and with nearly 50% of the spectral
changes occurring in the instrumental dead time (Figure 8A—C). The observed overall process was best
fitted to a two-step mechanism (A—B—C), with the initial step accounting for most of the spectroscopic
changes and exhibiting observed rate constants, kopsp—B, above the instrumental measurement limit
(>500 s71, at stoichiometric reactant ratios). Conversely, the second step (B—C) shows minor, and
probably biased, contributions both in terms of kypsp_c (160 s71) and amplitude. These values for
the rate constants in the oxidative half-reaction further reinforce that the reductive half-reaction is
rate-limiting in NQOL catalysis, also preventing additional analyses at higher NQO1y,4:DCPIP ratios.

Although Dic is usually reported as an inhibitor of the reductive half-reaction, we also evaluated its
effect in the oxidative half-reaction. The re-oxidation of NQO1,q by DCPIP is also significantly slowed
down in the presence of Dic (1:1 of protein/NADH mixed with 1:1 DCPIP/Dic, Figure 8D,E), which might
not be surprising because Dic shares the binding site with both the electron donor and acceptor [46].
The presence of Dic has a considerable effect on both kgpsa—p and kepsp—c, which decreased to 38 + 3
and 6.3 + 1.2 571, respectively, at a 1:1 ratio and even more at higher Dic concentrations (Table 1),
while the amplitudes of the changes became similar for both processes (Figure 8D-F). These data
indicate that the two active sites of NQOL1 are also non-equivalent regarding the kinetics of the
oxidative half-reaction.
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Figure 8. Kinetics of NQO1p re-oxidation by DCPIP (2,6-dichlorophenol indophenol). (A) Spectral
evolution after mixing NQO1yq (7.5 pM) with DCPIP (7.5 pM) in 20 mM HEPES-KOH, pH 74, at 6 °C
on a 0-0.1 s timescale. (B) Spectral deconvolution of intermediate species observed during the reaction
when using a three-state model. (C) Kinetic traces at 450 nm, 475 nm and 600 nm. Experimental data as
well as the fitting to the three-state mechanism are shown. (D) Spectral evolution after mixing NQO1pq
(7.5 uM) with DCPIP (7.5 uM) in the presence of Dic (7.5 uM) in 20 mM HEPES-KOH, pH 7.4, at 6 °C
on a 0-1 s timescale. (E) Spectral deconvolution of intermediate species obtained from analysis using a
three-state model. (F) Kinetic traces at 450 nm, 475 nm and 600 nm. Experimental data as well as the
fitting to the three-state mechanisms are shown. Dashed lines (panels A,B and D,E) correspond to the
initial spectra of NQO1,q and DCPIP (bold), the bold black line is the addition of these two spectra
(species at t = 0) and the different colored lines correspond to the spectra at different reaction times.
Spectral evolution (A,D) and deconvolution (B,E) are from a single measurement and representative
fromn > 3.

Although the main enzymatic role of NQOL1 is associated with the mandatory two-electron
reduction of substrates, reactivity with artificial one-electron oxidants, such as ferricyanide, has been
widely reported for the characterization of Saccharomyces cerevisiae Lot6p and rat and human
NQOL1 [76,77]. The rapid mixing of reduced NQO1yq with ferricyanide (1:1 reduction equivalent
ratio) coursed with the re-oxidation of the FAD cofactor (in ~ 0.4 s) without any trace of semiquinone
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stabilization and with kgpsa g of 219 + 12 57! and kgpsp_c of 29 + 4 571, values considerably lower
when compared to two-electron substrates.

3.3. Dynamics at the NQO1 Active Sites Differentially Contribute to the Two HT Events Representing the
Reductive Half-Reaction

We then used fast kinetics measurements to investigate primary KIEs (using [4R-’H]-NADD), as
well as the temperature dependence of the rate constants and KIEs, in the context of the Arrhenius
equation. The resulting parameters may provide information on the structural organization and
dynamics at the active site of enzymes during HT catalysis [68]. Due to HTk 1sasp values being close
to the instrumental limit upon increasing the coenzyme concentration (see black closed circles in
Figure 4E), equimolecular concentrations of enzyme and coenzyme were the most suitable choice to
overcome the technical limitations for the temperature-dependent studies. Nonetheless, since KqNAPP
may differ from KqNAPH, the KIEs obtained in this way might be apparent. However, this does
not seem to be the case, since the K4NAPP at 6 °C is quite similar to that of KgNAPD (12 + 2 uM vs.
16 + 3 uM, Figure 4E), indicating that, at this temperature, the deuterated substrate hardly influences
this parameter. Moreover, the comparison of the limiting kpr; of 122 £5s ~1 with kyyry (284 + 17 s71)
resulted in a moderate value of 2.3 + 0.5 for the KIE5_,g at 6 °C. On their side, PTkypsp_c values
were considerably lower (Figure 4E, red open circles) with a limiting kpr, ~ 7 s~! and therefore a
KIEp_,c may also be close to a value of 2. KIEs usually exhibit maximal values at lower temperatures,
suggesting this might be a nearly limiting value. The magnitude of primary H/D KIEs theoretically
can reach a maximum value of 8, although there are considerably larger values reported for some
enzymes [78]. Nonetheless, primary KIEs can also decrease towards 1 when the C-H bond is either
broken less (i.e., earlier transition state) or more (i.e., later transition state) in the transition state structure
(asymmetrical), or if the transition state is nonlinear [79,80]. This suggests that, in the NQO1 reductive
half-reaction, the transition state, at least for the first HT, is either moving away from symmetrical or it
is non-linear.

The magnitude of the KIE is itself informative, but the size of its temperature dependence also
serves as a key descriptor of the reaction coordinate [64]. In particular, we applied the environmentally
coupled tunneling model by determining HT and DT observed rate constants, namely " Tkgpsa 5,
HTY bsBocs PTkopsa—sp and PTk pepc, at different temperatures (Figure 9A). As indicated above, we
used equimolecular concentrations of the enzyme and the coenzyme substrate (instead of saturating) to
avoid entering the detection limit of the instrument upon increasing the temperature. The determined
kops values provided apparent KIEA g and KIEg_,¢c values of ~1.8 (Table 2), which were temperature
independent (Figure 9B). Despite these values being apparent, they match with the limiting one
obtained under saturating conditions and low temperature. HTK bsaop and PTkpa_p showed a
weaker temperature dependence than Tk ,ss_,c and PTkypep_»c, and in both cases the Arrhenius
plots for HT and DT hardly deviated from parallel lines, indicating very similar E, values (Figure 9A).
E, values are moderate for the fast HT/DT event and 1.5 times larger for the second process, while AE,
(EapT — Eanr) is nearly 0 for both processes. In addition, the calculated isotope effect on the Arrhenius
frequency factor (Ay/Ap) strongly differed between both HT/DT events, with a value close to the
unity for the faster one and about 10 for the slower one. As a consequence of the marginal differences
between E,pr and E,yr and the small values for the apparent KIEs, the activation enthalpies and
entropies for HT and DT are also small when these results are analyzed in the context of the Eyring
equation (Equation (4), see Figure 9C and Table 3).
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Figure 9. Temperature dependence of kinetic parameters for the two hydride/deuteride transfer
(HT/DT) processes from NADH to NQO1. (A) Arrhenius plots of kinetic constants. (B) Temperature
dependence of the kinetic isotope effects (KIEs). (C) Eyring plots of kinetic constants.

Table 2. KIEs for the HT in the reduction of NQO1 by NADH. All values correspond to data obtained
with equimolecular concentrations of the reactants in the stopped-flow equipment. (n > 3, mean + SD).
Analysis was performed using Equations (2) and (3) (see Figure 9A,B).

HT DT AE,
EapT — Eanr
HT s 2 Eant An DTk ops 2 EapT Ap KIE (lzcal»mola*“ An/Ap
(s71) (kcal-mol-1) (s (s71) (kcal-mol-1) (s71)
A-B 78 £1 61+02  (53+1.2)-10° 4 +2 63+04  (41+£1.1)10° 1.8+0.1 02+04 1.3+06
B—C 8.9+09 109+05 (3.4 +0.9)10° 53+0.2 98+05  (26+06)108 18+03 -1.1+07 13+6

a Values at 6 °C.

The temperature independence of the KIE is generally interpreted in the context of full tunneling
models, where the reaction barrier is attributed to the heavy atom motions that affect the probability of
wave function overlap and little, or no, sampling of the distance of the reacting atoms [81]. Thus, our
data show that both HT events in NQOL1 are consistent with transitions under the barrier (i.e., quantum
tunneling) and with asymmetrical or non-linear transition states. Moreover, the lower E, and close
to zero AE, values and, particularly, the close to unity Ay/Ap ratio for the fast HT process support
for this event some contribution of dynamics, and/or donor-acceptor distance (DAD) fluctuations
of the active site heavy atoms, to the tunneling. Thus, the fast HT process resembles the behavior
most commonly found in native enzyme-mediated HT processes, in which catalytic enhancement is
achieved by promoting and optimizing vibrations in active sites that minimize DAD fluctuations [81,82].
Conversely, the second HT event also shows almost temperature-independent KIEs and still similar
E,p and E,y values, but higher E, and Ay/Ap considerably greater than the unity (Figure 9, Table 2).
The higher E,j; values suggest larger reorganization energies as the main source of the E,, whereas
the rest of the parameters, particularly the Ap/Ap ratio, support a larger contribution to the active
site environment to promote a close approach between the hydride donor and the acceptor atom
with little DAD sampling. Altogether, these data indicate that for the slower HT process the initial
pre-organization complex situates the reacting atoms, N5 of FAD and the C4-H of the nicotinamide
of NADH, at optimal tunneling distance, creating a stiffer active site for the competent HT when
compared to the active site of the fast HT process.
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Table 3. Activation enthalpies (AHY) and entropies (ASY) obtained using the Eyring equation
(Equation (4)) and temperature-dependent ks values (see Figure 9C).

HT DT
Activation Parameters
A—-B B—C A—-B B—C
AH¥ (kcal'mol™) 53+03 11+1 57+0.6 9.8+0.8
AS¥ (cal'mol~1. K1) 311 -16+2 -30+2 —20+3

4. Conclusions

Our understanding of the roles of the multifunctional NQO1 protein in many physiological
and pathological states, particularly in those associated with oxidative insults such as cancer and
neurological disorders, is growing steadily [1,2,4,16]. In addition, NQO1 is an excellent example of
an oligomeric human protein in which functional ligands exert remarkable cooperative effects with
important implications for the understanding of how human genetic variability, divergent evolution
and post-translational modifications shape the complex functional chemistry of multifunctional
proteins [2,28,31,34,42,50,51,54-57,83]. We provide here a kinetic analysis of the oxidoreductase cycle
of NQOI1 in unprecedented detail. One of the main conclusions of our study is the existence of
non-equivalent active sites in the protein dimer that differ in activity by about 20-fold and, thus,
this could explain previous reports on the negative binding cooperativity towards inhibitors such as
Dic [48,49]. At this point, we must note that in a thermodynamic sense, the existence of two active sites
with different efficiencies (i.e., non-identical active sites) cannot be distinguished from two active sites
displaying negative cooperativity (i.e., identical and non-independent active sites) [32,84]. We also
report details on chemical aspects of the NQOT1 catalytic cycle, such as the contributions to HT from
quantum tunneling, and asymmetric transition states, as well as conformational and vibrational
dynamics along the reaction coordinate. We anticipate that this detailed kinetic analysis will be
valuable for understanding the effects of naturally occurring missense variants and post-translational
modifications in NQO1, as well as in the rational design of novel inhibitors targeting NQO1 activity
and biomacromolecular interactions [2,4].

Considering previous equilibrium binding and kinetic studies [31,48,49,54], the strong evidence
provided in this work for the existence of non-equivalent active sites in the human NQO1 is not
striking. Thus, our work helps to reconcile previous binding and steady-kinetic analyses focused on
NAD(P)H and Dic. By looking at the NAD(P)H coenzyme, we have found strong evidence for HT
occurring with a 20-fold difference in rate constants between active sites, although the fast process
accounts for 75-80% of the overall HT process. This could imply that the fast pathway for HT using
this coenzyme dominates the observed steady-state kinetics, thus contributing to an explanation
for the lack of negative cooperativity observed in coenzyme dependence studies by steady-state
kinetics [31]. However, we observed that about half of the HT process occurred through fast and slow
pathways in the presence of Dic (that slowed down both pathways by three orders of magnitude).
These results indicate that Dic binding causes a larger kinetic uncoupling between the two active
sites, thus contributing to an explanation for the negative, but not extreme, cooperativity observed in
inhibition studies (with Hill coefficients of about 0.5, corresponding to a cooperative binding Gibbs
energy of about 1.5 kcal'mol™; [48,49]). Interestingly, negative cooperativity between FAD binding
sites of a similar magnitude is also observed in the apo-enzyme [54]. A detailed structural explanation
for these observations, and the derived mechanistic implications, is difficult to provide for several
reasons. If we consider that the two active sites intrinsically differ (i.e., non-identical and independent
active sites), high-resolution structural information of the holo-enzyme with and without bound
Dic would have revealed such structural differences between the monomers in the dimer. However,
this has not been the case to the best of our knowledge (of course, we can always suggest that the
reported technical aspects of the X-ray crystallography experiments, such as low temperature data
acquisition, the refinement approaches used and the fact that the protein is not in solution, might
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have contributed to hiding such structural heterogeneity) [36,46]. If negative cooperativity exists
(i.e., identical and dependent active sites), the clue would reside in the properties of the half-ligated
species (i.e., the holo-enzyme dimer with one NAD(P)H/Dic binding site occupied) [42]. However,
again, we have no structural information on these half-ligated states. However, recent molecular
dynamics (MD) simulations and hydrogen-deuterium exchange (HDX) analyses have provided some
clues to the structural basis of these cooperative effects [42,48]. MD simulations combined with a
Gaussian network model have supported that, in the half-ligated species, the binding of Dic to one
site might trigger changes in dynamics that propagate to the (empty) binding site of the adjacent
monomer [48]. In addition, the holo-protein in solution shows a remarkably complex behavior in
terms of local stability, supporting that, in the absence and the presence of bound Dic, different
conformational substates with widely different local stability (and plausibly, intrinsic binding affinities
for this inhibitor) may also be populated [42].

The kinetic heterogeneity described in this work for the two active sites in NQO1 has been further
characterized by analysis of the KIEs for this enzymatic reaction. Although we must be cautious
in the interpretation of these potentially apparent KIEs, according to current models of HT [64,81],
these analyses supported different contributions from quantum tunneling, conformational dynamics
and molecular vibrations for the fast and the slow HT processes catalyzed by NQO1. For instance,
the activation enthalpies and entropies for the fast and slow pathways clearly differed, showing that
the fast pathway must overcome a larger activation entropic component (Table 3). Importantly, as
indicated by one of the reviewers, more robust conclusions will be drawn when several technical
issues are overcome to yield the values of intrinsic KIEs in NQO1. However, at this point, it is
important to keep in mind that the overall enzyme dynamics are substantially altered (not only at
the active site) when Dic, the competitive inhibitor of NADH, binds to the enzyme [42] (Figure 1B).
In addition, the conformational dynamics of the holo-enzyme (and to a lower extent when Dic is bound)
is significantly altered by disease-associated and artificial mutants of NQO1 [30,33,50,55], as well as by
phosphorylation at S82 [57], and these effects are long range (i.e., dynamic alterations are observed at
regions far from the perturbed site). Therefore, the methodology presented here will pave the way to
dissect at the molecular level how the dynamic alterations caused by these single-site perturbations
may differently affect the fast and slow HT processes catalyzed by NQOL1.

Author Contributions: Conceptualization, E.A.-C., A.L.P. and M.M.; methodology, E.A.-C. and M.M.; software,
E.A.-C. and M.M,; validation, E.A.-C., A.L.P. and M.M.; formal analysis, E.A.-C. and M.M.; investigation, E.A.-C.,
A.L.P. and M.M,; resources, A.L.P, D.J.T. and M.M.; data curation, E.A.-C., A.L.P. and M.M.; writing-original
draft preparation, E.A.-C., D.].T., A.L.P. and M.M; writing-review and editing, E.A.-C., D.J.T., A.L.P. and M.M,;
visualization, E.A.-C., A.L.P. and M.M,; supervision, A.L.P. and M.M; project administration, A.L.P. and M.M;
funding acquisition, A.L.P. and M.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the ERDF/Spanish Ministry of Science, Innovation and Universities—State
Research Agency (Grant RTI2018-096246-B-100, to A.L.P.), Spanish Ministry of Science and Innovation—State
Research Agency (Grant PID2019-103901GB-100, to M.M.), Consejeria de Economia, Conocimiento, Empresas
y Universidad, Junta de Andalucia (Grants P11-CTS-07187 and P18-RT-2413, to A.L.P.) and Gobierno de
Aragon-FEDER (Grant E35_20R).

Acknowledgments: The authors would like to acknowledge the use of Servicios Generales de Apoyo a la
Investigacion-SAI, Universidad de Zaragoza.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

Appendix A. Kinetic Solvent Viscosity Effects (KSVEs)

As pointed out by one of the reviewers, the role of additional steps, such as substrate
binding/product release as a rate-limiting step, should be considered. To this end, we analyzed
the so-called kinetic solvent viscosity effects (KSVEs) on the steady-state parameters of NQO1. [85].
The diaphorase activity of NQO1 was evaluated using DCPIP as the electron acceptor at different
concentrations of glycerol as a viscogen. Reaction mixtures contained 20 uM DCPIP, 1 nM recombinant
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NQO1 and NADH at varying concentrations at 25 °C. The reaction was triggered by the addition of the
enzyme and followed by absorption changes at 600 nm for 1 min in 1-cm path length quartz cuvettes
in a thermostatized Cary 100 spectrophotometer (Agilent). The specific activity was calculated using
£620nm = 21,000 M~!.cm~! for DCPIP. Kinetic parameters were determined by varying the NADH
concentration [34]. The ket and Ky values were determined using the Michaelis—-Menten equation.
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Figure A1. Viscosity dependence of NQO1 steady-state parameters. (A) Plot of (kcat/Km)o/(kcat/Km)n
VS, Mrel- (B) (kcat)o/(kcat)n Vs. Mrel. Dashed lines guide the eye along slopes with values of 1 and
0, respectively.

A plot of (kcat)o/(kcat)n Vs. relative viscosity (1) yields a slope below unity (0.55 + 0.05) (Figure A1),
indicating that product(s) release could be partially limiting the enzyme turnover rate. A plot of
(kcat/Kn)o/ (kcat/Kn)n Vs. Myrel yields a slope over 1 (1.6 + 0.1) (Figure Al), thus supporting that the
diffusion of substrates is not relevant and that the viscogen could manifest inhibitory behavior due to
effects on structural dynamics (e.g., in protein loops).

References

1.  Ross, D,; Siegel, D. NQO1 in protection against oxidative stress. Curr. Opin. Toxicol. 2018, 7, 67-72. [CrossRef]

2. Beaver, S.K.; Mesa-Torres, N.; Pey, A.L.; Timson, D.J. NQO1: A target for the treatment of cancer and
neurological diseases, and a model to understand loss of function disease mechanisms. Biochim. Biophys.
Acta Proteins Proteom. 2019, 1867, 663-676. [CrossRef] [PubMed]

3. Anusevicius, Z.; Sarlauskas, J.; Cenas, N. Two-electron reduction of quinones by rat liver NAD(P)H: Quinone
oxidoreductase: Quantitative structure-activity relationships. Arch. Biochem. Biophys. 2002, 404, 254-262.
[CrossRef]

4. Salido, E.; Timson, D.].; Betancor-Fernandez, I.; Palomino-Morales, R.; Pey, A.L. Targeting HIF-1alpha
Function in Cancer through the Chaperone Action of NQO1. Preprints 2020, 2020, 030285.

5. Ingram, B.O,; Turbyfill, J.L.; Bledsoe, PJ.; Jaiswal, A.K.; Stafford, D.W. Assessment of the contribution of
NAD(P)H-dependent quinone oxidoreductase 1 (NQO1) to the reduction of vitamin K in wild-type and
NQO1-deficient mice. Biochem. J. 2013, 456, 47-54. [CrossRef]

6.  Ernster, L.; Danielson, L.; Ljunggren, M. DT diaphorase. I. Purification from the soluble fraction of rat-liver
cytoplasm, and properties. Biochim. Biophys. Acta 1962, 58, 171-188. [CrossRef]

7. Ross, D.; Siegel, D. Functions of NQOL1 in Cellular Protection and CoQ10 Metabolism and its Potential Role
as a Redox Sensitive Molecular Switch. Front. Physiol. 2017, 8, 595. [CrossRef]

8.  Beyer, R.E,; Segura-Aguilar, J.; Bernardo, S.D.; Cavazzoni, M.; Fato, R.; Fiorentini, D.; Galli, M.C.; Setti, M.;
Landi, L.; Lenaz, G. The role of DT-diaphorase in the maintenance of the reduced antioxidant form of
coenzyme Q in membrane systems. Proc. Natl. Acad. Sci. USA 1996, 93, 2528-2532. [CrossRef]

9. Siegel, D.; Gustafson, D.L.; Dehn, D.L.; Han, J.Y.; Boonchoong, P; Berliner, L.J.; Ross, D. NAD(P)H: Quinone
oxidoreductase 1: Role as a superoxide scavenger. Mol. Pharm. 2004, 65, 1238-1247. [CrossRef]


http://dx.doi.org/10.1016/j.cotox.2017.10.005
http://dx.doi.org/10.1016/j.bbapap.2019.05.002
http://www.ncbi.nlm.nih.gov/pubmed/31091472
http://dx.doi.org/10.1016/S0003-9861(02)00273-4
http://dx.doi.org/10.1042/BJ20130639
http://dx.doi.org/10.1016/0006-3002(62)90997-6
http://dx.doi.org/10.3389/fphys.2017.00595
http://dx.doi.org/10.1073/pnas.93.6.2528
http://dx.doi.org/10.1124/mol.65.5.1238

Antioxidants 2020, 9, 772 19 of 22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Walton, M.I; Smith, PJ.; Workman, P. The role of NAD(P)H: Quinone reductase (EC 1.6.99.2, DT-diaphorase)
in the reductive bioactivation of the novel indoloquinone antitumor agent EO9. Cancer Commun. 1991, 3,
199-206. [CrossRef]

Brunmark, A.; Cadenas, E.; Lind, C.; Segura-Aguilar, J.; Ernster, L. DT-diaphorase-catalyzed two-electron
reduction of quinone epoxides. Free Radic. Biol. Med. 1987, 3, 181-188. [CrossRef]

Siegel, D.; Gibson, N.W.; Preusch, P.C.; Ross, D. Metabolism of mitomycin C by DT-diaphorase: Role in
mitomycin C-induced DNA damage and cytotoxicity in human colon carcinoma cells. Cancer Res. 1990, 50,
7483-7489. [PubMed]

Siegel, D.; Beall, H.; Senekowitsch, C.; Kasai, M.; Arai, H.; Gibson, N.W.; Ross, D. Bioreductive activation of
mitomycin C by DT-diaphorase. Biochemistry 1992, 31, 7879-7885. [CrossRef] [PubMed]

Siegel, D.; Yan, C.; Ross, D. NAD(P)H: Quinone oxidoreductase 1 (NQO1) in the sensitivity and resistance to
antitumor quinones. Biochem. Pharm. 2012, 83, 1033-1040. [CrossRef] [PubMed]

Asher, G.; Tsvetkov, P.; Kahana, C.; Shaul, Y. A mechanism of ubiquitin-independent proteasomal degradation
of the tumor suppressors p53 and p73. Genes Dev. 2005, 19, 316-321. [CrossRef] [PubMed]

Oh, E.T,; Kim, ] W,; Kim, S.J.; Lee, ].S.; Hong, S.S.; Goodwin, J.; Ruthenborg, R.J.; Jung, M.G.; Lee, H.].;
Lee, C.H.; et al. NQOI1 inhibits proteasome-mediated degradation of HIF-lalpha. Nat. Commun. 2016, 7,
13593. [CrossRef]

Ross, D.; Kepa, ] K.; Winski, S.L.; Beall, H.D.; Anwar, A.; Siegel, D. NAD(P)H:quinone oxidoreductase 1
(NQOT1): Chemoprotection, bioactivation, gene regulation and genetic polymorphisms. Chem. Biol. Interact.
2000, 129, 77-97. [CrossRef]

Rushmore, T.H.; Morton, M.R; Pickett, C.B. The antioxidant responsive element. Activation by oxidative
stress and identification of the DNA consensus sequence required for functional activity. J. Biol. Chem. 1991,
266, 11632-11639.

Nioi, P,; Hayes, ].D. Contribution of NAD(P)H: Quinone oxidoreductase 1 to protection against carcinogenesis,
and regulation of its gene by the Nrf2 basic-region leucine zipper and the arylhydrocarbon receptor basic
helix-loop-helix transcription factors. Mutat. Res. 2004, 555, 149-171. [CrossRef]

Brauze, D.; Widerak, M.; Cwykiel, J.; Szyfter, K.; Baer-Dubowska, W. The effect of aryl hydrocarbon receptor
ligands on the expression of AhR, AhRR, ARNT, Hiflalpha, CYP1A1 and NQO1 genes in rat liver. Toxicol. Lett.
2006, 167, 212-220. [CrossRef]

Tonelli, C.; Chio, I.I.C.; Tuveson, D.A. Transcriptional Regulation by Nrf2. Antioxid. Redox Signal. 2018, 29,
1727-1745. [CrossRef] [PubMed]

Sun, Z.; Chin, Y.E.; Zhang, D.D. Acetylation of Nrf2 by p300/CBP augments promoter-specific DNA binding
of Nrf2 during the antioxidant response. Mol. Cell. Biol. 2009, 29, 2658-2672. [CrossRef] [PubMed]

Sekine, H.; Okazaki, K.; Ota, N.; Shima, H.; Katoh, Y.; Suzuki, N.; Igarashi, K.; Ito, M.; Motohashi, H.;
Yamamoto, M. The Mediator Subunit MED16 Transduces NRF2-Activating Signals into Antioxidant Gene
Expression. Mol. Cell. Biol. 2016, 36, 407-420. [CrossRef] [PubMed]

Hayes, ].D.; Dinkova-Kostova, A.T. The Nrf2 regulatory network provides an interface between redox and
intermediary metabolism. Trends Biochem. Sci. 2014, 39, 199-218. [CrossRef] [PubMed]

Wu, K.C,; Cui, ].Y;; Klaassen, C.D. Beneficial role of Nrf2 in regulating NADPH generation and consumption.
Toxicol. Sci. 2011, 123, 590-600. [CrossRef] [PubMed]

Valerio, L.G,, Jr.; Kepa, J.K,; Pickwell, G.V.; Quattrochi, L.C. Induction of human NAD(P)H:quinone
oxidoreductase (NQO1) gene expression by the flavonol quercetin. Toxicol. Lett. 2001, 119, 49-57. [CrossRef]
Hsieh, T.C.; Lu, X.; Wang, Z.; Wu, ].M. Induction of quinone reductase NQO1 by resveratrol in human
K562 cells involves the antioxidant response element ARE and is accompanied by nuclear translocation of
transcription factor Nrf2. Med. Chem. 2006, 2, 275-285.

Nolan, K.A.; Scott, K.A.; Barnes, J.; Doncaster, J.; Whitehead, R.C.; Stratford, I.]. Pharmacological inhibitors of
NAD(P)H quinone oxidoreductase, NQO1: Structure/activity relationships and functional activity in tumour
cells. Biochem. Pharm. 2010, 80, 977-981. [CrossRef]

Nolan, K.A.; Zhao, H.; Faulder, PE; Frenkel, A.D.; Timson, D.]J.; Siegel, D.; Ross, D.; Burke, T.R,, Jr.;
Stratford, L].; Bryce, R.A. Coumarin-based inhibitors of human NAD(P)H: Quinone oxidoreductase-1.
Identification, structure-activity, off-target effects and in vitro human pancreatic cancer toxicity. J. Med. Chem.
2007, 50, 6316-6325. [CrossRef]


http://dx.doi.org/10.3727/095535491820873164
http://dx.doi.org/10.1016/0891-5849(87)90003-7
http://www.ncbi.nlm.nih.gov/pubmed/1701346
http://dx.doi.org/10.1021/bi00149a019
http://www.ncbi.nlm.nih.gov/pubmed/1510975
http://dx.doi.org/10.1016/j.bcp.2011.12.017
http://www.ncbi.nlm.nih.gov/pubmed/22209713
http://dx.doi.org/10.1101/gad.319905
http://www.ncbi.nlm.nih.gov/pubmed/15687255
http://dx.doi.org/10.1038/ncomms13593
http://dx.doi.org/10.1016/S0009-2797(00)00199-X
http://dx.doi.org/10.1016/j.mrfmmm.2004.05.023
http://dx.doi.org/10.1016/j.toxlet.2006.09.010
http://dx.doi.org/10.1089/ars.2017.7342
http://www.ncbi.nlm.nih.gov/pubmed/28899199
http://dx.doi.org/10.1128/MCB.01639-08
http://www.ncbi.nlm.nih.gov/pubmed/19273602
http://dx.doi.org/10.1128/MCB.00785-15
http://www.ncbi.nlm.nih.gov/pubmed/26572828
http://dx.doi.org/10.1016/j.tibs.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24647116
http://dx.doi.org/10.1093/toxsci/kfr183
http://www.ncbi.nlm.nih.gov/pubmed/21775727
http://dx.doi.org/10.1016/S0378-4274(00)00302-7
http://dx.doi.org/10.1016/j.bcp.2010.06.024
http://dx.doi.org/10.1021/jm070472p

Antioxidants 2020, 9, 772 20 of 22

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Medina-Carmona, E.; Palomino-Morales, R.J.; Fuchs, ]J.E.; Padin-Gonzalez, E.; Mesa-Torres, N.; Salido, E.;
Timson, D.J.; Pey, A.L. Conformational dynamics is key to understanding loss-of-function of NQO1
cancer-associated polymorphisms and its correction by pharmacological ligands. Sci. Rep. 2016, 6, 20331.
[CrossRef]

Pey, A.L.; Megarity, C.F,; Timson, D.J. FAD binding overcomes defects in activity and stability displayed
by cancer-associated variants of human NQO1. Biochim. Biophys. Acta 2014, 1842, 2163-2173. [CrossRef]
[PubMed]

Pan, S.S.; Forrest, G.L.; Akman, S.A.; Hu, L.T. NAD(P)H: Quinone oxidoreductase expression and mitomycin
C resistance developed by human colon cancer HCT 116 cells. Cancer Res. 1995, 55, 330-335. [PubMed]
Medina-Carmona, E.; Neira, J.L.; Salido, E.; Fuchs, J.E.; Palomino-Morales, R.; Timson, D.J.; Pey, A.L.
Site-to-site interdomain communication may mediate different loss-of-function mechanisms in a
cancer-associated NQO1 polymorphism. Sci. Rep. 2017, 7, 44352. [CrossRef] [PubMed]

Lienhart, W.D.; Gudipati, V.; Uhl, M.K; Binter, A.; Pulido, S.A ; Saf, R.; Zangger, K.; Gruber, K.; Macheroux, P.
Collapse of the native structure caused by a single amino acid exchange in human NAD(P)H: Quinone
oxidoreductase (1). FEBS J. 2014, 281, 4691-4704. [CrossRef] [PubMed]

Chen, S.; Deng, PS.; Bailey, ].M.; Swiderek, KM. A two-domain structure for the two subunits of NAD(P)H:
Quinone acceptor oxidoreductase. Protein Sci. 1994, 3, 51-57. [CrossRef] [PubMed]

Faig, M.; Bianchet, M. A ; Talalay, P; Chen, S.; Winski, S.; Ross, D.; Amzel, L.M. Structures of recombinant
human and mouse NAD(P)H: Quinone oxidoreductases: Species comparison and structural changes with
substrate binding and release. Proc. Natl. Acad. Sci. USA 2000, 97, 3177-3182. [CrossRef] [PubMed]

Li, R.; Bianchet, M.A.; Talalay, P; Amzel, L.M. The three-dimensional structure of NAD(P)H: Quinone
reductase, a flavoprotein involved in cancer chemoprotection and chemotherapy: Mechanism of the
two-electron reduction. Proc. Natl. Acad. Sci. USA 1995, 92, 8846-8850. [CrossRef]

Bianchet, M.A.; Faig, M.; Amzel, LM. Structure and mechanism of NAD[P]H:quinone acceptor
oxidoreductases (NQO). Methods Enzym. 2004, 382, 144-174.

Hosoda, S.; Nakamura, W.; Hayashi, K. Properties and reaction mechanism of DT diaphorase from rat liver.
J. Biol. Chem. 1974, 249, 6416-6423.

Bianchet, M.A.; Erdemli, S.B.; Amzel, L.M. Structure, function, and mechanism of cytosolic quinone
reductases. Vitam. Horm. 2008, 78, 63—84.

Pey, A.L.; Megarity, C.E; Timson, D.J. NAD(P)H quinone oxidoreductase (NQO1): An enzyme which needs
just enough mobility, in just the right places. Biosci. Rep. 2019, 39, BSR20180459. [CrossRef] [PubMed]
Vankova, P; Salido, E.; Timson, D.].; Man, P; Pey, A.L. A dynamic core in human NQOI1 controls the functional
and stability effects of ligand binding and their communication across the enzyme dimer. Biomolecules 2019,
9,728. [CrossRef] [PubMed]

Tedeschi, G.; Chen, S.; Massey, V. Active site studies of DT-diaphorase employing artificial flavins. J. Biol. Chem.
1995, 270, 2512-2516. [CrossRef] [PubMed]

Tedeschi, G.; Chen, S.; Massey, V. DT-diaphorase. Redox potential, steady-state, and rapid reaction studies.
J. Biol. Chem. 1995, 270, 1198-1204. [CrossRef] [PubMed]

Cavelier, G.; Amzel, L.M. Role of Fluctuations in Quinone Reductase Hydride Transfer: A Combined
Quantum Mechanics and Molecular Dynamics Study. In Proceedings of the AIP Conference, Zaragoza,
Spain, 8-11 February 2006; Volume 851. Meeting: FROM PHYSICS TO BIOLOGY: The Interface between
Experiment and Computation - BIFI 2006 II International.

Asher, G.; Dym, O.; Tsvetkov, P.; Adler, J.; Shaul, Y. The crystal structure of NAD(P)H quinone oxidoreductase
1 in complex with its potent inhibitor dicoumarol. Biochemistry 2006, 45, 6372—-6378. [CrossRef] [PubMed]
Timson, D.J. Dicoumarol: A Drug which Hits at Least Two Very Different Targets in Vitamin K Metabolism.
Curr. Drug Targets 2017, 18, 500-510. [CrossRef]

Megarity, C.F.; Abdel-Bettley, H.; Caraher, M.C.; Scott, K.A.; Whitehead, R.C.; Jowitt, T.A.; Gutierrez, A.;
Bryce, R.A.; Nolan, K.A.; Stratford, I.].; et al. Negative cooperativity in NADP(H) quinone oxidoreductase 1
(NQO1). ChemBioChem 2019, 20, 2841-2849. [CrossRef]

Megarity, C.E,; Timson, D.]. Cancer-associated variants of human NQO1: Impacts on inhibitor binding and
cooperativity. Biosci. Rep. 2019, 39. [CrossRef]


http://dx.doi.org/10.1038/srep20331
http://dx.doi.org/10.1016/j.bbadis.2014.08.011
http://www.ncbi.nlm.nih.gov/pubmed/25179580
http://www.ncbi.nlm.nih.gov/pubmed/7812966
http://dx.doi.org/10.1038/srep44532
http://www.ncbi.nlm.nih.gov/pubmed/28291250
http://dx.doi.org/10.1111/febs.12975
http://www.ncbi.nlm.nih.gov/pubmed/25143260
http://dx.doi.org/10.1002/pro.5560030107
http://www.ncbi.nlm.nih.gov/pubmed/7511454
http://dx.doi.org/10.1073/pnas.97.7.3177
http://www.ncbi.nlm.nih.gov/pubmed/10706635
http://dx.doi.org/10.1073/pnas.92.19.8846
http://dx.doi.org/10.1042/BSR20180459
http://www.ncbi.nlm.nih.gov/pubmed/30518535
http://dx.doi.org/10.3390/biom9110728
http://www.ncbi.nlm.nih.gov/pubmed/31726777
http://dx.doi.org/10.1074/jbc.270.6.2512
http://www.ncbi.nlm.nih.gov/pubmed/7531691
http://dx.doi.org/10.1074/jbc.270.3.1198
http://www.ncbi.nlm.nih.gov/pubmed/7836380
http://dx.doi.org/10.1021/bi0600087
http://www.ncbi.nlm.nih.gov/pubmed/16700548
http://dx.doi.org/10.2174/1389450116666150722141906
http://dx.doi.org/10.1002/cbic.201900313
http://dx.doi.org/10.1042/BSR20191874

Antioxidants 2020, 9, 772 21 of 22

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Medina-Carmona, E.; Fuchs, J.E.; Gavira, J.A.; Mesa-Torres, N.; Neira, J.L.; Salido, E.; Palomino-Morales, R.;
Burgos, M.; Timson, D.J.; Pey, A.L. Enhanced vulnerability of human proteins towards disease-associated
inactivation through divergent evolution. Hum. Mol. Genet. 2017, 26, 3531-3544. [CrossRef]

Munoz, I.G.; Morel, B.; Medina-Carmona, E.; Pey, A.L. A mechanism for cancer-associated inactivation of
NQO1 due to P187S and its reactivation by the consensus mutation HSOR. FEBS Lett. 2017, 591, 2826-2835.
[CrossRef]

Martinez-Limon, A.; Alriquet, M.; Lang, W.H.; Calloni, G.; Wittig, I.; Vabulas, R.M. Recognition of enzymes
lacking bound cofactor by protein quality control. Proc. Natl. Acad. Sci. USA 2016, 113, 12156-12161.
[CrossRef] [PubMed]

Siegel, D.; Anwar, A.; Winski, S.L.; Kepa, ].K.; Zolman, K.L.; Ross, D. Rapid polyubiquitination and
proteasomal degradation of a mutant form of NAD(P)H: Quinone oxidoreductase 1. Mol. Pharm. 2001, 59,
263-268. [CrossRef] [PubMed]

Claveria-Gimeno, R.; Velazquez-Campoy, A.; Pey, A.L. Thermodynamics of cooperative binding of FAD to
human NQO1: Implications to understanding cofactor-dependent function and stability of the flavoproteome.
Arch. Biochem. Biophys. 2017, 636, 17-27. [CrossRef] [PubMed]

Pey, A.L. Biophysical and functional perturbation analyses at cancer-associated P187 and K240 sites of the
multifunctional NADP(H): Quinone oxidoreductase 1. Int. |. Biol. Macromol. 2018, 118, 1912-1923. [CrossRef]
Medina-Carmona, E.; Betancor-Fernandez, I.; Santos, ]J.; Mesa-Torres, N.; Grottelli, S.; Batlle, C.;
Naganathan, A.N.; Oppici, O.; Cellini, B.; Ventura, S.; et al. Insight into the specificity and severity
of pathogenic mechanisms associated with missense mutations through experimental and structural
perturbation analyses. Hum. Mol. Genet. 2019, 28, 1-15. [CrossRef]

Medina-Carmona, E.; Rizzuti, B.; Martin-Escolano, R.; Pacheco-Garcia, J.L.; Mesa-Torres, N.; Neira, J.L.;
Guzzi, R.; Pey, A.L. Phosphorylation compromises FAD binding and intracellular stability of wild-type and
cancer-associated NQO1: Insights into flavo-proteome stability. Int. J. Biol. Macromol. 2019, 125, 1275-1288.
[CrossRef]

Reigan, P; Colucci, M.A; Siegel, D.; Chilloux, A.; Moody, C.J.; Ross, D. Development of indolequinone
mechanism-based inhibitors of NAD(P)H: Quinone oxidoreductase 1 (NQO1): NQO1 inhibition and growth
inhibitory activity in human pancreatic MIA PaCa-2 cancer cells. Biochemistry 2007, 46, 5941-5950. [CrossRef]
Colucci, M.A.; Reigan, P.; Siegel, D.; Chilloux, A.; Ross, D.; Moody, C.J. Synthesis and evaluation of
3-aryloxymethyl-1,2-dimethylindole-4,7-diones as mechanism-based inhibitors of NAD(P)H: Quinone
oxidoreductase 1 (NQO1) activity. J. Med. Chem. 2007, 50, 5780-5789. [CrossRef]

Dehn, D.L,; Siegel, D.; Swann, E.; Moody, C.J.; Ross, D. Biochemical, cytotoxic, and genotoxic effects of ES936,
a mechanism-based inhibitor of NAD(P)H:quinone oxidoreductase 1, in cellular systems. Mol. Pharm. 2003,
64, 714-720. [CrossRef]

Dehn, D.L.; Siegel, D.; Zafar, K.S.; Reigan, P.; Swann, E.; Moody, C.J.; Ross, D. 5-Methoxy-1,2-dimethyl-3-
[(4-nitrophenoxy)methyl] indole-4,7-dione, a mechanism-based inhibitor of NAD(P)H: Quinone
oxidoreductase 1, exhibits activity against human pancreatic cancer in vitro and in vivo. Mol. Cancer
2006, 5, 1702-1709. [CrossRef]

Xu, S.; Yao, H.; Pei, L.; Hu, M,; Li, D.; Qiu, Y.; Wang, G.; Wu, L.; Yao, H.; Zhu, Z; et al. Design, synthesis, and
biological evaluation of NAD(P)H: Quinone oxidoreductase (NQO1)-targeted oridonin prodrugs possessing
indolequinone moiety for hypoxia-selective activation. Eur. J. Med. Chem. 2017, 132, 310-321. [CrossRef]
[PubMed]

Zhang, X; Bian, J.; Li, X.; Wu, X;; Dong, Y.; You, Q. 2-Substituted 3,7,8-trimethylnaphtho [1-b]furan-4,5-diones
as specific L-shaped NQO1-mediated redox modulators for the treatment of non-small cell lung cancer. Eur. J.
Med. Chem. 2017, 138, 616-629. [CrossRef] [PubMed]

Klinman, J.P; Offenbacher, A.R. Understanding Biological Hydrogen Transfer Through the Lens of
Temperature Dependent Kinetic Isotope Effects. Acc. Chem. Res. 2018, 51, 1966-1974. [CrossRef]
[PubMed]

Pollock, V.V.; Barber, M.]. Kinetic and mechanistic properties of biotin sulfoxide reductase. Biochemistry 2001,
40, 1430-1440. [CrossRef] [PubMed]

Whitby, L.G. A new method for preparing flavin-adenine dinucleotide. Biochem. J]. 1953, 54, 437-442.
[CrossRef]


http://dx.doi.org/10.1093/hmg/ddx238
http://dx.doi.org/10.1002/1873-3468.12772
http://dx.doi.org/10.1073/pnas.1611994113
http://www.ncbi.nlm.nih.gov/pubmed/27733512
http://dx.doi.org/10.1124/mol.59.2.263
http://www.ncbi.nlm.nih.gov/pubmed/11160862
http://dx.doi.org/10.1016/j.abb.2017.10.020
http://www.ncbi.nlm.nih.gov/pubmed/29100982
http://dx.doi.org/10.1016/j.ijbiomac.2018.07.051
http://dx.doi.org/10.1093/hmg/ddy323
http://dx.doi.org/10.1016/j.ijbiomac.2018.09.108
http://dx.doi.org/10.1021/bi700008y
http://dx.doi.org/10.1021/jm070396q
http://dx.doi.org/10.1124/mol.64.3.714
http://dx.doi.org/10.1158/1535-7163.MCT-06-0105
http://dx.doi.org/10.1016/j.ejmech.2017.03.055
http://www.ncbi.nlm.nih.gov/pubmed/28395199
http://dx.doi.org/10.1016/j.ejmech.2017.06.028
http://www.ncbi.nlm.nih.gov/pubmed/28710963
http://dx.doi.org/10.1021/acs.accounts.8b00226
http://www.ncbi.nlm.nih.gov/pubmed/30152685
http://dx.doi.org/10.1021/bi001842d
http://www.ncbi.nlm.nih.gov/pubmed/11170471
http://dx.doi.org/10.1042/bj0540437

Antioxidants 2020, 9, 772 22 of 22

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

Frago, S.; Goni, G.; Herguedas, B.; Peregrina, ].R; Serrano, A.; Perez-Dorado, I.; Molina, R.; Gomez-Moreno, C.;
Hermoso, J.A.; Martinez-Julvez, M.; et al. Tuning of the FMN binding and oxido-reduction properties by
neighboring side chains in Anabaena flavodoxin. Arch. Biochem. Biophys. 2007, 467, 206-217. [CrossRef]
Sanchez-Azqueta, A.; Catalano-Dupuy, D.L.; Lopez-Rivero, A.; Tondo, M.L.; Orellano, E.G.; Ceccarelli, E.A.;
Medina, M. Dynamics of the active site architecture in plant-type ferredoxin-NADP(+) reductases catalytic
complexes. Biochim. Biophys. Acta 2014, 1837, 1730-1738. [CrossRef]

Perez-Amigot, D.; Taleb, V.; Boneta, S.; Anoz-Carbonell, E.; Sebastian, M.; Velazquez-Campoy, A.; Polo, V.;
Martinez-Julvez, M.; Medina, M. Towards the competent conformation for catalysis in the ferredoxin-NADP(+)
reductase from the Brucella ovis pathogen. Biochim. Biophys. Acta Bioenerg. 2019, 1860, 148058. [CrossRef]
Tejero, J.; Peregrina, J.R.; Martinez-Julvez, M.; Gutierrez, A.; Gomez-Moreno, C.; Scrutton, N.S.; Medina, M.
Catalytic mechanism of hydride transfer between NADP+/H and ferredoxin-NADP+ reductase from
Anabaena PCC 7119. Arch. Biochem. Biophys. 2007, 459, 79-90. [CrossRef]

Massey, V.; Muller, E; Feldberg, R.; Schuman, M.; Sullivan, P.A.; Howell, L.G.; Mayhew, S.G.; Matthews, R.G.;
Foust, G.P. The reactivity of flavoproteins with sulfite. Possible relevance to the problem of oxygen reactivity.
J. Biol. Chem. 1969, 244, 3999-4006.

Clark, W.M. Oxidation-Reduction Potentials of Organic Systems; The Williams & Wilkins Company: Baltimore,
MD, USA, 1960.

Dinkova-Kostova, A.T.; Talalay, P. NAD(P)H: Quinone acceptor oxidoreductase 1 (NQO1), a multifunctional
antioxidant enzyme and exceptionally versatile cytoprotector. Arch. Biochem. Biophys. 2010, 501, 116-123.
[CrossRef] [PubMed]

Burton, K. The enthalpy change for the reduction of nicotinamide—Adenine dinucleotide. Biochem. |. 1974,
143, 365-368. [CrossRef] [PubMed]

Lind, C.; Cadenas, E.; Hochstein, P.; Ernster, L. DT-diaphorase: Purification, properties, and function.
Methods Enzymol. 1990, 186, 287-301. [PubMed]

Merker, M.P; Audi, S.H.; Bongard, R.D.; Lindemer, B.J.; Krenz, G.S. Influence of pulmonary arterial
endothelial cells on quinone redox status: Effect of hyperoxia-induced NAD(P)H: Quinone oxidoreductase 1.
Am. |. Physiol. Lung Cell. Mol. Physiol. 2006, 290, L607-L619. [CrossRef] [PubMed]

Bongard, R.D.; Krenz, G.S.; Gastonguay, A.J.; Williams, C.L.; Lindemer, B.].; Merker, M.P. Characterization
of the threshold for NAD(P)H: Quinone oxidoreductase activity in intact sulforaphane-treated pulmonary
arterial endothelial cells. Free Radic. Biol. Med. 2011, 50, 953-962. [CrossRef]

Klinman, J.P. Moving Through Barriers in Science and Life. Annu. Rev. Biochem. 2019, 88, 1-24. [CrossRef]
Nelson, 5.D.; Trager, W.F. The use of deuterium isotope effects to probe the active site properties, mechanism
of cytochrome P450-catalyzed reactions, and mechanisms of metabolically dependent toxicity. Drug Metab.
Dispos. 2003, 31, 1481-1498. [CrossRef]

Yoshimoto, FK.; Zhou, Y.; Peng, HM,; Stidd, D.; Yoshimoto, J.A.; Sharma, K K.; Matthew, S.; Auchus, R.J.
Minor activities and transition state properties of the human steroid hydroxylases cytochromes P450c17
and P450c21, from reactions observed with deuterium-labeled substrates. Biochemistry 2012, 51, 7064-7077.
[CrossRef]

Nagel, Z.D.; Klinman, J.P. Update 1 of: Tunneling and dynamics in enzymatic hydride transfer. Chem. Rev.
2010, 110, PR41-PR67. [CrossRef]

Nagel, Z.D.; Klinman, ].P. A 21st century revisionist’s view at a turning point in enzymology. Nat. Chem. Biol.
2009, 5, 543-550. [CrossRef]

Mesa-Torres, N.; Betancor-Fernandez, I.; Oppici, E.; Cellini, B.; Salido, E.; Pey, A.L. Evolutionary Divergent
Suppressor Mutations in Conformational Diseases. Genes 2018, 9, 352. [CrossRef] [PubMed]

Wyman, J.; Gill, S.J. Binding and Linkage. Functional Chemistry of Biological Macromolecules; University Science
Books: Mill Valley, CA, USA, 1990.

Gadda, G.; Sobrado, P. Kinetic Solvent Viscosity Effects as Probes for Studying the Mechanisms of Enzyme
Action. Biochemistry 2018, 57, 3445-3453. [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.abb.2007.08.024
http://dx.doi.org/10.1016/j.bbabio.2014.06.003
http://dx.doi.org/10.1016/j.bbabio.2019.148058
http://dx.doi.org/10.1016/j.abb.2006.10.023
http://dx.doi.org/10.1016/j.abb.2010.03.019
http://www.ncbi.nlm.nih.gov/pubmed/20361926
http://dx.doi.org/10.1042/bj1430365
http://www.ncbi.nlm.nih.gov/pubmed/4156827
http://www.ncbi.nlm.nih.gov/pubmed/2233301
http://dx.doi.org/10.1152/ajplung.00302.2005
http://www.ncbi.nlm.nih.gov/pubmed/16243901
http://dx.doi.org/10.1016/j.freeradbiomed.2011.01.009
http://dx.doi.org/10.1146/annurev-biochem-013118-111217
http://dx.doi.org/10.1124/dmd.31.12.1481
http://dx.doi.org/10.1021/bi300895w
http://dx.doi.org/10.1021/cr1001035
http://dx.doi.org/10.1038/nchembio.204
http://dx.doi.org/10.3390/genes9070352
http://www.ncbi.nlm.nih.gov/pubmed/30011855
http://www.ncbi.nlm.nih.gov/pubmed/29874467
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

Publication IV

Discovery of antimicrobial compounds
targeting bacterial type FAD synthases



Ernesto Anoz Carbonell — Doctoral Thesis

Ernesto Anoz Carbonell contributions: Experimental work: protein
purification, steady-state enzymatic activity measurements and antimicrobial

activity assays. Data analysis. Manuscript writing, review and editing

134



JOURNAL OF ENZYME INHIBITION AND MEDICINAL CHEMISTRY
2018, VOL. 33, NO. 1, 241-254
https://doi.org/10.1080/14756366.2017.1411910

Taylor & Francis
Taylor &Francis Group

RESEARCH PAPER

a OPEN ACCESS ‘ M) Check for updates

Discovery of antimicrobial compounds targeting bacterial type FAD synthetases

Maria Sebastian®® @), Ernesto Anoz-Carbonell®*<, Begona Gracia“®, Pilar Cossio®', José Antonio Ainsa®>“? @,
Isafas Lans’ and Milagros Medina®®

?Departamento de Bioquimica y Biologia Molecular y Celular, Facultad de Ciencias, Universidad de Zaragoza, Zaragoza, Spain; PInstitute of
Biocomputation and Physics of Complex Systems (BIFI-IQFR and CBsC-CSIC Joint Units), Universidad de Zaragoza, Zaragoza, Spain; “Grupo de
Genética de Micobacterias, Departamento de Microbiologia, Medicina Preventiva y Salud Publica. Facultad de Medicina, Universidad de
Zaragoza, Zaragoza, Spain; “CIBER Enfermedades Respiratorias (CIBERES) Instituto de Salud Carlos Ill, Madrid, Spain; Department of Theoretical
Biophysics, Max Planck Institute of Biophysics, Frankfurt, Germany; ‘Biophysics of Tropical Diseases, Max Planck Tandem Group, University of
Antioquia, Medellin, Colombia

ABSTRACT

The increase of bacterial strains resistant to most of the available antibiotics shows a need to explore
novel antibacterial targets to discover antimicrobial drugs. Bifunctional bacterial FAD synthetases (FADSs)
synthesise the flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD). These cofactors act in
vital processes as part of flavoproteins, making FADS an essential enzyme. Bacterial FADSs are potential
antibacterial targets because of differences to mammalian enzymes, particularly at the FAD producing site.
We have optimised an activity-based high throughput screening assay targeting Corynebacterium ammo-
niagenes FADS (CaFADS) that identifies inhibitors of its different activities. We selected the three best
high-performing inhibitors of the FMN:adenylyltransferase activity (FMNAT) and studied their inhibition
mechanisms and binding properties. The specificity of the CaFADS hits was evaluated by studying also
their effect on the Streptococcus pneumoniae FADS activities, envisaging differences that can be used to
discover species-specific antibacterial drugs. The antimicrobial effect of these compounds was also eval-
uated on C. ammoniagenes, S. pneumoniae, and Mycobacterium tuberculosis cultures, finding hits with
favourable antimicrobial properties.
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Introduction levels, of FMN and FAD lead to the accumulation of apoflavopro-
teins, unable to perform the flavin-dependent functions, resulting
in the concomitant death of the cell or the organism'>'
Prokaryotic bifunctional FAD synthetases (FADS) synthesise both
FMN and FAD, being therefore potential new antimicrobial tar-
gets'®. Such hypothesis is sustained by several facts; (i) halting the
production of FMN and FAD prevents, from the very beginning, all
pathways that involve flavoproteins and flavoenzymes, (ii) in most
bacteria the only pathway for FMN and FAD biosynthesis occurs
with bifunctional FADS'>', (iii) prokaryotic FADSs differ structur-
ally and biochemically from the mammalian proteins that trans-
form FMN into FAD'®'®, so drugs that target these proteins are
likely to be selective for bacteria and (iv) the availability of struc-
tures of several bacterial FADSs facilitates the design of both
inhibitory drugs and activity assays®®~22.

An important innovation gap in the discovering of antibiotics has
occurred during the last two decades’, with only five new classes
available and 51 new antimicrobials in clinical development®™. In
addition, the selection of multi-drug resistant microorganisms®
encourages to search for new antimicrobial drugs capable of
inhibiting novel protein targets, such as those controlling the bio-
synthesis of essential biomolecules. Flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD) are the cofactors of flavo-
proteins. All living organisms contain a great number of such pro-
teins and many of them are involved in essential functions®®
including protein folding®, electron transport in the respiratory
and photosynthetic chains'®, f-oxidation of fatty acids'', nucleo-
tide synthesis or signal transduction'?, among others. Lack, or low
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Bacterial FADSs have both ATP:riboflavin kinase (RFK, EC
2.7.1.26) and ATP:FMN:adenylyltransferase (FMNAT, EC 2.7.7.2) activ-
ities, being the latter reversible (FAD pyrophosphorylase) in some
species'’?3, FADSs synthesise FMN and FAD from riboflavin (RF, vita-
min B2) through two sequential reactions: RF is first phosphorylated
to FMN by the RFK activity, and then the FMNAT activity transfers an
adenylyl group from ATP to FMN producing FAD. These catalytic
activities are performed by two almost independent modules
(Supplementary Figure SD1). The C-terminus module produces FMN
from RF (named RFK module), while the N-terminal module trans-
forms FMN into FAD (FMNAT module). The RFK module shows
sequence and structural homology with the monofunctional eukary-
otic RFKs, while the FMNAT module does not present neither
sequence nor structural similarity with the proteins that synthesise
FAD in mammals'®?"?*2> Because the enzymes leading to FAD pro-
duction in prokaryotes and eukaryotes use different chemistry, and
belong to different structural families, potential inhibitors that spe-
cifically target the FMNAT module of bacterial FADSs are an interest-
ing option for the novel drug development'®.

In this work, we have used as a model the FADS from the non-
pathogenic organism Corynebacterium ammoniagenes (CaFADS),
which is the best known model to characterise members of the
prokaryotic FADSs family'”?*?53° in an activity-based high-
throughput screening (HTS) assay to find potential inhibitors. The
HTS hits were assayed to determine their specificity and potency
for the RFK and FMNAT activities. We also studied the kinetic
inhibition mechanism of the three most potent and selective
inhibitors of the FMNAT activity (FMNAT hits), as well as their
binding properties. Furthermore, considering the structural similar-
ity among CaFADS and the FADSs from the human pathogens
Streptococcus pneumoniae (included in the World Health
Organisation [WHQ] priority list of antibiotic resistant pathogens;
SpnFADS) and Mycobacterium tuberculosis (the World's leading
infectious killer; MtFADS), we explored the potential antimicrobial
effect of the FADS HTS hits in these microorganisms by determin-
ing their minimal inhibitory concentration (MIC). Some of the HTS
hits demonstrated high FADS inhibitory activity in vitro, but their
antimicrobial activity revealed that uptake of these compounds by
bacterial cells could be suboptimal. Collectively, our results valid-
ate our approach for discovering antimicrobials targeting bacterial
FADSs, and for identifying inhibitors that constitute a great start-
ing point for future developments of novel antimicrobials.

Methods
Protein purification and quantification

Recombinant CaFADS was overexpressed in BL21 (DE3) E. coli cells
and purified as previously described°. Recombinant SpnFADS was
overexpressed in E. coli strain BI21 Star™ (DE3) and purified as
previously described?®. Pure samples were dialysed against 20 mM
PIPES, pH 7.0 and quantified using the theoretical extinction coeffi-
cients £,79=27.8mM~'cm~' and 28.8mM~"cm~' for CaFADS and
SpnFADS, respectively. The purity of each protein was tested by
15% SDS-PAGE.

Chemicals

The Prestwick Chemical Library®, containing 1240 molecules
approved by the Food and Drugs Administration (FDA) and
European Medicines Agency (EMA), was selected for the HTS.
Compounds were dissolved in 100% DMSO at 10 mM. All the HTS
hits were subsequently acquired from Sigma Aldrich, Prestwick or
Carbosynth and dissolved in 100% DMSO to prepare stock

solutions at 50 and 10mM. The purity of all compounds was
>95%, as determined by High performance liquid chromatography
(HPLC), thin layer chromatography (TLC), NMR, IR or basic titration.

Activity-based high-throughput screening for CaFADS

An activity-based HTS was performed on the 1240 compounds of
the Prestwick Chemical Library®. The assays consisted in record-
ing the time dependent decrease in the fluorescence of the iso-
alloxazine ring, produced upon transformation of RF and FMN
into FAD, as a consequence of the fluorescence quenching in
this later flavin?’. When either the RFK or the FMNAT activities
were inhibited, less FAD was produced and, consequently, the
fluorescence decrease registered in a specific time interval was
less pronounced. Measurements were carried out using a multi-
mode microplate reader, Synergy™ HT Biotek, with BRAND 96-
well plates pure Grade™. To optimise the assay conditions, a
previous study was performed using constant concentrations of
RF, ATP and CaFADS (~5, ~50 and ~0.4puM, respectively) and
variable concentrations of MgCl, (0.2-10mM) and DMSO
(0-12.5% v/v). Optimum conditions were 2.5% DMSO, 10mM
MgCl, and sensitivity 70.

HTS reaction mixtures contained 5uM RF, 0.4pM CaFADS,
10 mM MgCl,, in PIPES 20 mM, pH 7.0, 2.5% DMSO, and the corre-
sponding compound of the chemical library at a final concentration
of 250 uM. Reactions were initiated through addition of 50 uM ATP,
being the final reaction volume 100 pul. Controls, which contained
the reaction mixture but not any chemical from the library, were
added both to the first and last columns of the plate. Flavin fluores-
cence in each well was registered at 25 °C, every 50 s during 15 min.
Excitation and emission wavelengths were 440 and 530nm,
respectively. The slope of the resulting line, recorded between 0
and 6 min, was calculated for every compound, and also for the
controls, as well as the fluorescence change per time unit (AF/At).
The compounds that decreased the reaction rate below the average
reaction rate of the controls minus the standard deviation could be
preselected as potential inhibitors, but we reduced further the cut-
off by selecting only those compounds inhibiting more than 50% of
the controls activity as HTS hits.

Identification of the activity inhibited by each of the HTS hits

The decreasing of the reaction rate by the presence of the HTS
hits might be consequence of the compounds inhibiting the RFK
activity, the FMNAT one, or both of them; also, it could be a false
positive due to the properties of pan assay interference com-
pounds (PAINS). To clarify this point, we first checked that there
were no PAINS among the HTS hits using the FAF-Drug4 web ser-
ver’'. Then, the RFK and FMNAT reactions were individually
assayed in the presence of the HTS hits at 25 °C. Reaction mixtures
contained 50 pM ATP, 5 uM RF, 0.4 uM CaFADS in 20 mM PIPES, pH
7.0, 0.8 mM MgCl,, when assaying the RFK activity, and 50 uM ATP,
10 M FMN, 0.4puM CaFADS in 20 mM PIPES, pH 7.0, 10 mM MgCl,
when measuring the FMNAT reaction. Each HTS hit was tested
again at 250puM for each of the two enzymatic reactions. Finally,
reactions were stopped by boiling the samples at 100 °C for 5 min,
and the precipitated protein was eliminated through centrifuga-
tion. The transformation of RF into FMN or FAD was evaluated
through flavins separation by HPLC, as previously described?’.
Those HTS hits decreasing the FMNAT activity by more than 95%
of the controls, without significantly affecting the RFK activity
(rates over 75% those of the controls) were selected as FMNAT
hits for further assessment. When assaying the HTS hits against
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the FMNAT activity of SpnFADS, similar conditions were used but
samples contained 3mM sodium dithionite to maintain the flavin
in its reduced state?>. Data were processed as previously
reported?’. All the experiments were performed in triplicate.

Determination of the potency of FMNAT hits

To determine the ICs5o values of the FMNAT hits, the FMNAT activ-
ity was assayed at different concentrations of each inhibitor
(0-100 uM range) and 25°C. Experiments were performed and
analysed through HPLC as described above. Positive controls
(without any hit compound) were included in every reaction set.
DMSO concentration was kept at 2.5% in all samples. All the
experiments were performed in triplicate.

Determination of the inhibition mechanism of CaFADS by
FMNAT hits 24, 27 and 31

The inhibition mechanism was further studied for the three
FMNAT hits that showed the lowest ICs, and minimal residual
FMNAT activities, namely, 24, 27 and 31. Reaction mixtures con-
taining 0-100 uM of each compound, 1-20uM FMN and 400 uM
ATP were used when analysing the inhibitory effect of the com-
pound regarding the FMN substrate, while 5-400 uM ATP and
15uM FMN when analysing the effect of the inhibitor regarding
the ATP substrate. All the experiments were carried out in 20 mM
PIPES, 10 mM MgCl,, pH 7.0, 2.5% DMSO at 25°C, being the final
reaction volume 500 pl. The reactions were initiated by addition of
CaFADS at a final concentration of ~40nM, followed by 1min
incubation. The flavin composition of the supernatant was ana-
lysed as previously described®””. All the experiments were per-
formed in triplicate. The effect of the inhibitors on K., and V,ax
was determined by fitting the data sets to the Michaelis-Menten
model. Additionally, data were globally fit to Lineweaver-Burk
equations for competitive, uncompetitive, non-competitive or
mixed inhibition, yielding K;, as well as K/ when applying, for each
compound (Equations (1-4), respectively).

1 (14 K 1 .

VO Vmax [ ] Vmax
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l_(1+K_'f>+Km 1 o)
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() () ke
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l_(1+%)-Km l+<1+7‘,-) “
Vo Vinax [s] Vimax

Thermodynamic characterisation of binding of hits 24, 27 and
31 through isothermal titration calorimetry (ITC)

ITC experiments were performed to characterise the protein’s affin-
ity for the selected compounds, as also the thermodynamic
parameters that drive the interaction. Experiments were carried
out in an AutolTC200 (MicroCal) thermostated at 25°C. In these
experiments, ~400uM of each compound were used to titrate
~25uM CaFADS contained in a 200 uL cell. However, when satur-
ation of the protein was not reached, higher concentrations of
compounds were employed. The titrations were performed by
stepwise injections of the titrating compound. Up to 19 injections
of 2 ul were added to the cell sample and mixed using a 1000 rpm
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stirrer syringe. The compounds and the protein were dissolved in
20 mM PIPES, pH 7.0, 10 mM MgCl, and degassed prior to titration.
DMSO was added to the protein and ligand samples, until reach a
final concentration of 3%. The association constant (K,), the
enthalpy variation (AH) and the binding stoichiometry (N), were
obtained through non-lineal regression of the data to a model for
one or two independent binding sites, implemented in Origin 7.0
(OriginLab) as previously described??°. The entropic contribution
(—TAS), the Gibbs free energy (AG) and the dissociation constant
(Kg) were obtained through essential thermodynamic equations.

Docking of hits 24, 27 and 31 to the FMNAT module of CaFADS

The AutoDock4.2 software®?* and the coordinates of a monomer
from CaFADS (PDB 2XO0K)** were used to obtain the interaction
models with 24, 27 and 31. The space sampling was defined using
a grid box of 90 points in each dimension, and placing the H57
NE atom of the FMNAT module as the grid box centre. The grid
size was 0.375A. The search was performed using the lamarkian
genetic algorithm, with a starting population of 150 individuals,
using 25,000,000 energy evaluations and 27,000 generations. The
24, 27 and 31 initial structures for the docking protocol were opti-
mised using the functional B3LYP with the basis set 6-31G (d,p)
and the gaussian09 software®. The structural poses with the low-
est docking score were selected and analysed.

Determination of the antibacterial activity of the HTS hits

The antimicrobial activity of the HTS hits was tested by the colori-
metric method of the resazurin microplate assay®® according to
broth microdilution method guidelines (CLSI; Clinical and
Laboratory Standards Institute). Serial 2-fold dilutions of the HTS
hits were performed in BHI medium, in 96-well microtiter plates,
with a final volume of 100l per well. Subsequently, liquid cul-
tures of C. ammoniagenes ATCC 6872 in logarithmic phase were
adjusted to 10° CFU/ml in BHI broth, and 100 pl of this suspension
were added to each well, making a final inoculum of 5 x 10> CFU/
ml. Plates were incubated 16h at 37°C. 30l of 0.1 mg/ml resa-
zurin solution were then added to each well, and results were
observed after 4h of incubation at 37°C. Resazurin (blue) is an
indicator of bacterial growth, since metabolic activity of bacteria
reduces it to resorufin (pink). The minimum inhibitory concentra-
tion (MIC) is the lowest concentration of compound that does not
change the resazurin colour from blue to pink.

Similarly, the HTS hits were also assayed at 37°C against M.
tuberculosis ATCC 27,294 and S. pneumoniae ATCC 49619 cells. In
these experiments the initial cell concentration was also 5 x 10°
CFU/ml, and plates were incubated for 10h (S. pneumoniae), and
6days (M. tuberculosis) before addition of resazurin. Results were
observed after incubation with resazurin 4h and two days for S.
pneumoniae and M. tuberculosis, respectively. In these experiments,
culture media were; Middlebrook 7H9 (Difco) supplemented with
10% ADC (0.2% dextrose, 0.5% V fraction BSA and 0.0003% bovine
catalase) (BD Difco) and with 0.5% glycerol (Scharlau) for M. tuber-
culosis growth, and BHI supplemented with 4% FBS (Gibco) for S.
pneumoniae growth.

Statistics

Results are expressed as the mean *the standard deviation (SD) or
as the mean *the standard error (SE) of the regression. When indi-
cated, one-way analysis of variance (ANOVA) was performed to
determine statistical significance.
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Figure 1. Activity-based high throughput screening (HTS) for the discovery of
inhibitors of the RFK and/or the FMNAT activities of CaFADS. (A) Example of the
flavin fluorescence evolution over time for three of the identified hits and for
control assays. Reaction mixtures were incubated at 25 °C and contained 5 uM RF,
50 uM ATP, 0.4 uM CaFADS, 10 mM MgCl,, in PIPES 20 mM, pH 7.0, 2.5% DMSO.
The black symbols and lines correspond to kinetic traces at wells containing
library compounds at 250 uM, while grey ones correspond to control wells. (B)
Initial velocities (Afluorescence/s) for the reactions in each of the wells of a HTS
plate. Data from wells containing chemical library compounds are in black while
controls are in grey. The solid line represents the average velocity obtained for
the positive controls of the reaction and the dotted lines are the average velocity
plus and minus the standard deviation. The letters and numbers indicate the pos-
ition of the well in the plate (row and a column respectively) for each specific
selected measurement. A bold dashed line indicates 50% the rates of controls.

Results

Identification of potential inhibitors of the CaFADS activities
through HTS

To identify potential inhibitors of the CaFADS activities we
designed the activity-based HTS assay described in the methods
section, which allowed to determine rates for the transformation
of RF into FAD (via the FMN intermediate) in each one of the plate
wells. Wells containing chemicals of the library and decreasing
reaction rates relative to the controls (absence of chemicals) were
preselected as containing compounds that are potential inhibitors
of at least one of the CaFADS activities. Thus, among the 1240
compounds of the chemical library, 140 (13.5%) reduced the
CaFADS activity levels below the mean of the positive controls
minus twice its standard deviation, and of them, 37 (3.6%)
reduced the positive controls average rate for FAD formation in a
factor higher than 0.5 (Figure 1). Those 37 compounds were
selected as the HTS hits (Supplementary Chart SD1).
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Figure 2. Effect of the HTS hits on the RFK and FMNAT activities of CaFADS.
Residual (A) RFK and (B) FMNAT activities when assayed in the presence of
250 uM of the 37 HTS hits. In (A), the columns below the dashed line present
statistical significant inhibition by the corresponding hit (p < 0.002, 67% remain-
ing activity) related to the control CaFADS RFK activity. In (B), all hits produce
statistical significant inhibition (p < 0.0001, dashed line) when compared with the
controls of the CaFADS FMNAT activity. Solid lines indicate 75 and 5% of the con-
trol RFK and FMNAT activities, respectively. The HTS hits displaying <5% and
>75% of the control FMNAT and RFK activities, respectively, were selected for
further study. Experiments carried out in 20mM PIPES, pH 7.0, 2.5% DMSO at
25°C, with 7.5 uM RF, 350 uM ATP, 0.8 mM MgCl; (for the RFK activity) or 15 uM
FMN, 350 uM ATP, 10mM MgCl, (for the FMNAT activity) (n = 3; mean £ SD).

Effect of the HTS hits on the RFK and FMNAT activities of
CaFADS

We then move to identify which one of the activities (RFK or
FMNAT), and in which extension, was affected by each one of
these 37 HTS hits. With this aim, we assayed the effect of the HTS
hits both on the CaFADS RFK and FMNAT activities. Figure 2 and
Table 1 summarise the results. Comparison of Figure 2(A,B) shows
that, in general and under the assay conditions, the 37 HTS hits
produced a stronger deleterious effect on the FMNAT activity (all
decreased the activity of the controls in more than 50%) than on
the RFK one. The FMNAT module of CaFADS does not have
sequence or structural homology with the mammalian protein but
the RFK module belongs to the eukaryotic RFKs family. Therefore,
we decided to continue the study with the HTS hits that inhibit
the FMNAT activity, since they are more likely to be specific to the
bacterial proteins. Thus, we choose the HTS hits that decreased
the FMNAT activity below 5% of that of the controls, but main-
tained over 75% the RFK activity (Figure 2, Table 1). Thus, among
(2)\(11), tiratricol (15), benzbromarone (17), oxantel pamoate (19),
Chicago sky blue 6B (24), gossypol (27), flunixin meglumine (31)
and oxaprozin (43) (Chart 1) were selected as FMNAT hits. It is
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Table 1. RFK and FMN residual activities of CaFADS in the presence of the HTS hits.
% Residual RFK activity

<5 5-50 50-75 >75
% Residual FMNAT activity
<5 9, 29, 33, 37 14,47 2,11, 15,17, 19, 24, 27, 31, 43
5-50 35 38 22,32 1,3,4,56,7,8,10, 12, 13, 16,

18, 25, 28, 39, 40, 44, 46
>50 - - - _

Values measured at 25°C, in 20mM PIPES, pH 7.0, 2.5% DMSO and 0.8 or 10 mM MgCl, when assaying the RFK or the FMNAT activ-
ities, respectively. The final concentration of each HTS hit was 250 uM and saturating concentrations of all the substrates were used.
The compounds highlighted in italics completely inhibited the FMNAT activity with minor effects on the RFK one, and were selected as

FMNAT hits.
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Chart 1. Chemical structures of compounds selected as FMNAT hits for CaFADS.
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100

worth noticing that although some of these compounds are
apparently structurally related with other of the HTS hits, slight
differences in functional groups and geometries induce different
enzymatic responses in the FMNAT or RFK activities. This is a fact
of particular interest when developing specific inhibitors.

To rate the power of these 9 FMNAT hits as inhibitors of the
CaFADS FMNAT activity, their half maximal inhibitory concentra-
tions (ICso) and the remaining activity at 50 uM of each compound
were determined (Figure 3, Table 2). The 9 compounds yielded
ICso values in the micromolar range, reducing by more than half
the activity of the controls. Considering both their ICsq value and
residual activity, the most potent inhibitors were 24 (ICsq
=04%0.1pM), 27 (ICso =0.5+0.1 uM) and 31 (ICso = 6.6 % 0.6 pM).
These three compounds produce residual activities below 25% of
the controls. Compound 43 also showed high inhibitory potency,
but due to its low solubility in the working buffer it was
discarded.

The inhibition mechanisms of 24, 27 and 31

To determine the inhibition mechanism of the hits 24, 27 and 31,
we measured the FMNAT activity of CaFADS in the presence of
increasing concentrations of each compound. Considering that
this is a bi-substrate activity, for each compound we carried out
two set of experiments at; (i) saturating ATP and different FMN
concentrations, and (ii) saturating FMN and increasing ATP con-
centrations. Then we fit our experimental data to the
Michaelis—Menten model, obtaining K, and k. values. The ana-
lysis of the evolution of these constants on the hits concentra-
tions, together with the corresponding Lineawever-Burk plots
[representation of data as double inverses and fit to Equations
(1-4)] (Figure 4, Supplementary Figures SD2 and SD3,
Supplementary Table SP1) allowed identifying the inhibitory mech-
anisms of the 24, 27 and 31 hits, as well as the corresponding
inhibition constants (K; or, K; and K/) (Table 3). The experiments
carried out at saturating ATP (varying the FMN concentrations),
revealed that the three compounds are strong non-competitive
inhibitors of the CaFADS FMNAT activity regarding the FMN sub-
strate (K; values around 0.08 uM, Table 3). Nevertheless, when
using a constant and saturating FMN concentration but varying
the ATP concentration, their inhibition mechanisms differ among

Table 2. Effect of the FMNAT hits on the FMNAT activity of CaFADS.

FMNAT hit Residual activity® (%) ICso® (M)
2 411452 89+1.0
1 346+4.9 90+13
15 453+42 40.7+3.9
17 33.5+10.1 128434
19 433+39 208+26
24 36+0.2 04+0.1
27 6.9+08 0.5+0.1
31 245+19 6.6+0.6
43¢ 203+52 1.0+05

Experiments carried out at 25°C, in 20mM PIPES, pH 7.0, 10mM MgCl, at satu-
rating FMN and ATP. All samples contained 2.5% DMSO (n =3, mean £ SD).
?Remaining activity in the presence of 50 uM of each compound. All data show
statistical significance differences when compared with activity in the com-
pound absence (***p < 0.0001).

PCompounds assayed in the 0-100 uM concentration range.

“This compound shows very low water solubility, so it was discarded to continue
the study even though its good properties.

them. 24 is a strong ATP uncompetitive inhibitor (K; =0.08 +0.
03 uM), therefore, it is able to bind the CaFADS-ATP complex and
reduce the amount of enzyme that is available to react. 27 is a
strong competitive inhibitor regarding the ATP substrate (K;=0.
06+0.01 uM), while 31 is a considerably poorer mixed inhibitor.
Thus, 31 is able to bind to both the free enzyme and the CaFADS-
ATP complex, although binding constants indicate that binding to
free CaFADS is preferred (K; 3.5+1.0uM versus K/ 18.4+4.0 uM,
Table 3).

Binding of 24, 27 and 31 to CaFADS

The interaction of CaFADS with compounds 24, 27 and 31 was
characterised using ITC. This is a very powerful technique
because first the shape of the thermograms informs us about
the number of binding sites related to the thermodynamic
nature of binding. Then, fitting of experimental data to the equa-
tions describing binding models allow determining thermo-
dynamic binding parameters, as well as binding stoichiometry at
each of the different binding sites. Thus, analysis of our ITC titra-
tions indicates that the three compounds bind the enzyme at, at
least, one binding site (Figure 5(A), Table 4). Thus, we identified
in CaFADS a unique binding site of moderate-low affinity for 31
(N=~1, K4=30.9£2.8uM) and two binding sites of high and simi-
lar affinity for 27 (N~ 2, K4,y =0.7 £0.07 uM, this Ky, value is an
average value, since the similarity between the two binding sites
prevents them to be distinguished). These 27 and 31 binding
sites are expected to be located at the enzyme FMNAT domain,
since that is the inhibited activity. The interaction between the
hit 24 and the enzyme resulted more complicated, because our
ITC data indicate that compound 24 binds to the protein at
three sites. Two of them show similar and strong affinity
(Kgav=1.1£0.TuM) and therefore, we suggest that they might
be located at the FMNAT module, since that is the activity
mainly inhibited by compound 24. The third site for 24 binding
has lower affinity (Ky=161+20uM). Since this compound also
mildly inhibits the RFK activity, we presume this third binding
site may be at the RFK module. All bindings here characterised
(with the only exception of the low affinity binding site for 24)
are favoured by the enthalpic contribution (Figure 5(B), Table 4).
This suggests a net gain of H-bonding and ion-pair interactions
and indicates specific binding interactions. Regarding the
entropic contribution to the binding free energy, it is small and
favourable for 24 and 27, and only slightly unfavourable for 31
(Figure 5(B), Table 4). However, it drives the binding of 24 to the
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Figure 4. Hit 27 as an inhibitor of the FMNAT activity of CaFADS. Michaelis—-Menten plots at different concentrations of 27 and saturation (A) of ATP and (B) of FMN.
Lineaweaver-Burk representations with global fit to (C) non-competitive inhibition at saturating ATP and (D) competitive inhibition at saturating FMN. Reaction rates
obtained in 20 mM PIPES, pH 7.0, 10 mM MgCl,, at 25°C, with 15uM FMN and 10-450 uM ATP (FMN saturating) or with 350 uM ATP and 0.5-20 uM FMN (ATP saturat-

ing). All samples contained 2.5% DMSO (n =3, mean £ SD).

Table 3. Inhibition constants and mechanisms of the best FMNAT hits relative to the FMNAT activity of CaFADS.

Saturating ATP

Saturating FMN

Ki (LM) Inhibition mechanism Ki (Lm) K (um) Inhibition mechanism
24 0.07 £0.01 Non-competitive 0.08 +£0.03 - Uncompetitive
27 0.08 +0.01 Non-competitive 0.06 +0.01 - Competitive
31 0.09+0.03 Non-competitive 35+1.0 184+4.0 Mixed

Experimental data recorded at 25°C in 20mM PIPES, pH 7.0, 10mM MgCl, and 2.5% DMSO. Data obtained by globally fitting the
experimental data to the corresponding Lineweawer—Burk inhibition model.

RFK module (site 3 Figure 5(B)), revealing that it might be non-
specific and that could occur due to the compound hydrophobi-
city and rigidity®”.

To investigate how the FMNAT module of CaFADS accommo-
dates these compounds, we performed a computational protein-
ligand docking (Figure 6 and Supplementary Figure SD4). In the
highest-scoring docking mode, as well as for the best five poses
(purple molecule in Figure 6(B), Supplementary Figure SD4,
respectively), 24, (1 indicates the first molecule of 24 docked) is
situated in the substrates binding pockets (Figure 6A)**. One of
the 24, moieties binds through one of its sulphates to S164 and
H31. 24, is in addition H-bonded to the N125 catalytic base'’, as
well as to Y106, T127 and N131 at the loop that forms the upper
flavin ring binding site (Figure 6(B)). Since our ITC data suggest
two binding sites for compound 24 at the FMNAT module, we
carried out an additional docking analysis to identify the second
site, 24, (pink molecule in Figure 6(B)), using as receptor our
highest-scoring FADS:24; model. Considering the binding

energies (Table 4) this site is expected to be less populated, but
given that 24 is an ATP uncompetitive inhibitor, the docking
binding energy could improve if we consider the ATP substrate
presence instead of the 24, molecule. Additionally, it is worth
noting that in the presence of substrates or products, the 24
binding conformations might differ from the ones presented
here. In the most favourable docking poses, the first molecule of
27 bound to the protein (27;) is H-bonded by T127 and the
N125 catalytic base at the binding site of the ATP phosphates'’
(purple molecule in Figure 6(C) and SD4), in agreement with 27
being an ATP competitive inhibitor. Because two binding sites
were again predicted by ITC at the FMNAT site, we carried out a
second docking using as receptor the highest-scoring FADS:27,
model. 27, is stabilised by H-bonds with the N-terminal of the
o6n helix, T165 and R168, at the ATP binding site entrance (pink
molecule in Figure 6(C)). We observed direct interaction between
the two 27 molecules, and 27, somehow resembling the 24,
binding (purple molecule in Figure 6(B)). For 31, we only carried
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Figure 5. Thermodynamic analysis of the binding of the selected FMNAT hits to CaFADS. (A) Calorimetric titrations for the 24, 27 and 31 compounds. The upper panels
show the thermograms for the interaction and the lower panels show the corresponding binding isotherms with integrated heats. (B) Thermodynamic dissections of
the interaction of CaFADS with each of the selected compounds. The binding Gibbs energy (AG), enthalpy (AH) and entropy (—TAS) are represented in black, grey and
white bars, respectively. Experiments were carried out at 25°C, in 20 mM PIPES, pH 7.0, 10mM MgCl, and 3% DMSO.

Table 4. Thermodynamic parameters for the interaction of CaFADS with the hits 24, 27 and 31.

Hit N Ky (M) AG (kcal/mol) AH (kcal/mol) —TAS (kcal/mol) Docking AG b (kcal/mol)
24
Site 1-2 ~ 2 1.1+0.1° —8.1+1.0° —4.2+0.5° —3.9+0.5° —8.2+0.5/-42+04
Site 3 ~ 1 161+20 —52+0.7 184422 —-23.6+19 n.d.c
27 ~ 2 0.7+0.07% —8.4+0.9° —3.1+0.1° —53+04° —11.9+0.1/-9.1+0.1
31 ~1 309+2.8 —6.2+0.6 —72+04 1.1+0.1 —6.59+0.1

ITC experiments performed at 25 °C, in PIPES 20 mM, pH 7.0, 10 mM MgCl,, 3% DMSO.
®These parameters correspond to average values for the binding of two hit molecules.
bDocking score for the best pose, with standard deviation for the best five poses.
“Not calculated.

out the flunixin docking, given that this compound is the bio-
active agent of 31 and meglumine is the excipient. The best
poses for 31 binding are suggested at the ATP binding site
(Figure 6(D) and SD4), stabilised by a H-bond with H31. This

binding is coherent with the ATP mixed inhibition mechanism of
31. In all cases, the H-bond interactions explain the favourable
enthalpic binding contributions revealed by ITC, while the favour-
able entropic contributions can be attributed to the expelling of
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Figure 6. Docking models for the binding conformations of the selected FMNAT hits to the CaFADS FMNAT module. (A) Model of the theoretical placement of sub-
strates. ATP in violet, Mg®" as a green dot and FMN in yellow. Data from (24). Best docking pose of (B) FADS:24, and FADS:24,:24, models (24, in violet, 24, in pink),
(C) FADS:27, and FADS:27,:27, models (27, in violet, 27, in pink), and (D) FADS:31 (31 in violet, docking corresponds only to the flunixin bioactive part of 31, meglu-
mine is the excipient). Side-chains of key residues are shown as CPK sticks with carbons in wheat. H-bonds are indicated as dashed lines. The protein is shown as a car-
toon, having the FMNAT and RFK modules coloured in grey and green, respectively. Docking was performed using Autodock4.2.

structural water molecules from the binding cavities, particularly
at the substrates binding sites.

Effect of the HTS hits on the RFK and FMNAT activities of
SpnFADS

To determine whether the 37 HTS hits were specific for CaFADS or
might have effect on other similar bacterial FADS family members,
we tested their effects on the RFK and FMNAT activities of the
also bimodular and bifunctional SpnFADS. Eleven of the 37 HTS
hits inhibited either the RFK or the FMNAT activities of SpnFADS
(Table 5). However, most compounds exhibited ICs, in the high
micromolar range (>65uM). Only fluvastatin sodium salt (37) for
the FMNAT activity, and thonzonium bromide (9) and 27 for the
RFK one showed IC5, lower than 10 uM. 37 (ICso=7+1 M) and 9
(ICso =61 uM) inhibit completely the corresponding activity, but
the residual RFK activity with 27 was too high to be considered as
a good inhibitor.

Effect of selected HTS hits on different bacterial cells

To assess the effect of the HTS hits on the growth of different
bacteria, we determined their MIC (Table 6). Bacterial cells of C

ammoniagenes, M. tuberculosis and S. pneumoniae were grown
in the presence of increasing concentrations of the selected HTS
hits. Among the 37 HTS hits, only twelve, six and nine com-
pounds inhibited, respectively, the growth of C. ammoniagenes,
M. tuberculosis and S. pneumoniae. Among these, only 9, benze-
thonium chloride (14), methyl-benzethonium chloride (29), alexi-
dine dihydrochloride (33) and verteporfin (47) showed MIC
values for C. ammoniagenes lower than 2uM, while 17, 24,
diethylstilbestrol (32) and dienestrol (35) show values between 2
and 16 uM (Table 6). Interestingly, the compounds that pre-
sented better properties against the CaFADS FMNAT activity (24,
27 and 31) have a poor growth inhibitory effect on the bacter-
ial cells (24 and 27 have MIC~32 and 64uM, respectively,
whereas the MIC of 31 was >64 puM). Nonetheless, it is worth to
notice that 9, 14, 29, 33 and 47 show in common the consider-
abl ability to inhibit both of the CaFADS enzymatic activities as
well as to greatly affect the C. ammoniagenes growth (Table 1,
Figure 7). Regarding M. tuberculosis growth, sulfasalazine (8), 9,
24 and 29 produced mild effects on cell growth, but only 14
and 33 showed MIC values below 8 uM. Table 6 summarises the
effect of some selected compounds on S. pneumoniae, indicat-
ing that 9, 14, 29 and 33 inhibit moderately its growth.
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Table 5. Effect of selected HTS hits on the RFK and FMNAT activities of
SpnFADS.

RFK activity FMNAT activity

HTS hit  Res. activity® (%)  ICso® (uM)  Res. activity® (%) 1Cso® (M)
1 100£15 - 0 & ¥ 69+5
2 78+10 >100 100£12 -

7 92410 >100 04 0F** 73+7
9 0+ Q*** 6x1 VA 78+6
10 100+ 12 - 0 & 0¥ 68+7
14 100+ 10 - 63 & 7H%* >100
24 84+9 >100 0 & 0¥ 70+6
25 81+8 >100 04 0*** 70+6
27 25+ 4 *¥* 6+1 0+0 *** 51+6
29 71+8* >100 040 *** 64+5
33 2643 Fx 33+4 93+ 11 >100
37 96410 >100 040 **x* 7+1
38 4045 % 8846 68+7 ** >100
43 3243 ¥¥X 14+2 10015 -

All the experiments were carried out at 25°C, in 20mM PIPES pH 7.0, 10mM
MgCl, at saturating concentrations of FMN and ATP and in the presence of 2.5%
DMSO. (n =3, mean £ SD).

?Remaining activity in the presence of 100 uM of each compound. Data showing
statistical significance differences when compared with activity in the absence
of compound (***p < 0.0001; **0.0021 > p > 0.0001; *0.033 > p > 0.0021).
PCompounds assayed in the 0-100 uM concentration range.

Table 6. Minimal inhibitory concentration (MIC) of selected HTS hits against dif-
ferent microorganisms.

HTS hit ~ C. ammoniagenes (uM) M. tuberculosis (WM)  S. pneumoniae (uM)
1 >64 >64 >64
2 >64 >64 >64
9 2 16 1-2
11 >64 >64 >64
14 0.25 8 2
15 32 >64 64
17 8 >64 >64
24 16-32 16-32 >64
27 64 >64 >64
29 0.125 16-32 1
31 32-64 >64 >64
32 8 >64 64
33 0.125 2-4 0.5
35 16-32 >64 64
37 >64 >64 >64
38 32 >64 16-32
47 2-4 8 4

The FMNAT hits are shown in italics. Compounds were assayed in the
0.125-64 uM range.

Discussion
Validation of the HTS protocol

Here we have designed and optimised an enzymatic activity-based
HTS protocol to discover specific inhibitors for CaFADS. In this
protocol, the direct evaluation of the FMNAT enzymatic activity
allows for the selection of species-specific inhibitors®®>°. Our HTS
protocol is simple, effective and consumes little protein (1.5ng/
compound against the ~5 pug/compound required for some differ-
ential scanning fluorescence-based HTSs). Our protocol monitors
directly the activity of the enzyme that we want to inhibit (Figure
1(A)), therefore, minimises the number of false positives and
PAINS. In addition, because the chemicals in the library are
approved drugs, their toxicity in mammalian cells is expected to
be limited. The 37 HTS hits obtained (3.6% of the chemical library)
were further assayed against the RFK and FMNAT activities of
CaFADS. Nine of the HTS hits (when assayed at 250 uM) almost
completely inhibited the FMNAT activity without practically

affecting the RFK one (Table 1). Because the FMNAT activity of
CaFADS appeared as a preferred target, due to the different active
site regarding eukaryotic enzymes, we further assessed the inhibi-
tory power of these FMNAT hits.

Inhibitors targeting the FMNAT activity of CaFADS

We choose the three FMNAT hits that showed the lowest 1Csy and
residual activity (24, 27 and 31, 8% of the HTS hits) (Table 2) to
further determine their binding affinities and inhibition mecha-
nisms. Chicago Sky Blue 6B (CSB), here 24, is an allosteric inhibitor
of the Macrophage Inhibitor Factor, and shows promising in vivo-
effects for the treatment of spinal cord injury®’. Additionally, 24
can act as an anticancer drug through the specific inhibition of
Rad 51, as well as a potential resource for Alzheimer disease treat-
ment by inhibiting the binding of f-amyloid to the prion pro-
tein**2.  Furthermore, the inhibition of vesicular glutamate
transporters by 24 attenuates expressions of behavioural sensitiza-
tion®®. In our study, CSB is the most potent inhibitor of the
CaFADS FMNAT activity, as shown by its lowest values of residual
activity and 1Csy (Table 2), targeting the free enzyme as well as
the FMN-protein and ATP-protein complexes (Table 3,
Supplementary Figure SD2). Moreover, 24 binds to both enzyme
modules being the binding to the FMNAT site highly favourable
and enthalpically driven (Table 4, Figure 5). This is an advantage
for an inhibitor, since high binding enthalpy denotes lots of spe-
cific interactions™.

Gossypol, here 27, was used some years ago in China as a mas-
culine contraceptive®®, however, its side effects stopped its
pharmacological use. More recently, 27 has demonstrated anti-
cancer effects through the inhibition of antiapoptotic proteins
belonging to the Bcl-2 family and of molecules implicated in
tumour progression*®*”. Additionally, 27 inhibits the HIV-1 replica-
tion in vitro*®. 27 is a potent inhibitor of the CaFADS FMNAT activ-
ity, as shown by the low ICso and residual FMNAT activity (Table
2), while does not affect the RFK one (Table 1, Figure 2). This com-
pound competes with ATP for its binding at the FMNAT site (Table
3, Figures 4 and 6(C)). The lower K4 value for 27 when compared
with that of FMN?°, makes the inhibitor a preferred ligand for
CaFADS.

31, or flunixin meglumine, is a non-steroidal anti-inflammatory
drug, analgesic and antipyretic extensively used in horses, pigs
and cattle®®'. This fact guarantees that 31 can be used securely
in mammals. In this study, 31 arises as a mixed inhibitor of the
CaFADS FMNAT activity. This is in agreement with our docking
model and its small size, envisaging that binding of this com-
pound might coexist with binding of substrates or products in
non-competent conformations. Although 31 is the less potent
inhibitor of the three here characterised (Table 2, Figure 3), its
binding thermodynamic properties, together with its bio-security
in mammals, reveals its potentiality as a drug precursor.

Our docking models supply additional details about the
molecular inhibition mechanisms of 24, 27 and 31. Because 27 is a
competitive inhibitor it occupies the active site substituting ATP,
as demonstrated with the best docking poses (Figure 6(C)).
However, the way in which 24 and 31 inhibit the FMNAT activity
is not obvious. The 31 binding conformation (Figure 6(D)) could
be affected by the ATP ligand, and, given the small size of 31, it
could coexist with ATP in the active site, causing the previously
described intricate mechanism. In presence of ATP, the 24 binding
conformation should be different to the one of our FADS:24,
model, because ATP has to displace 24 from the binding site,
given that 24 partially occupies it**. It is probable that with ATP in
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Figure 7. Venn diagrams for the HTS hits effects on C. ammoniagenes and S. pneumoniae. (A) HTS hits that inhibit the RFK (dark grey circle) and FMNAT (medium grey
circle) activities of CaFADS as well as the growth of C. ammoniagenes cells (pale grey circle). (B) HTS hits that inhibit the RFK (dark grey circle) and FMNAT (medium
grey circle) activities of SpnFADS and the S. pneumoniae cellular growth (pale grey circle). In (A), The hits whose inhibition potency was experimentally assessed in this
study (inhibit the FMNAT activity without affecting the RFK one) are highlighted in bold. The hits surrounded by a circle, both in (A) and (B), also inhibit the prolifer-

ation of M. tuberculosis.

the active site, and taking into account the large size of this mol-
ecule, 24 only interacts with the active site via the N-terminal of
the a6n helix (pink molecule in Figure 6(B)) and the flexible loop
L4n that forms the external and entry part of the FMNAT sub-
strates cavities?®2*, In this way, the 24 sulphates would be able to
coordinate the magnesium ion to potentially induce a change in
the ATP phosphates orientation, negatively affecting their orienta-
tion for the FMNAT activity as well as the entry and exit of the
reaction ligands.

Inhibition of other bacterial FADS by CaFADS FMNAT hits

S. pneumoniae causes more than 25% of the cases of community-
acquired pneumonia®?, generating more deaths than any other
vaccine-preventable bacterial disease. M. tuberculosis causes tuber-
culosis, the most common cause of death among infectious dis-
eases®3. SpnFADS has as similar native structure to CaFADS
(Supplementary Figure SD1), while the MtFADS sequence shows
45% identity with CaFADS and 59% of conservation®°. Since the
attempts to produce stable purified MtFADS have so far failed, we
considered CaFADS a good model for MtFADS, as reported for
other proteins of these two genera®®. Thus, we tested the effect of
the CaFADS HTS hits on the RFK and FMNAT activities of SpnFADS.
We can find that only 30% of the HTS hits have inhibitory effects
on SpnFADS, and the high values of residual activities and ICsg
reveal that they are worse inhibitors for SpnFADS (Table 5).
Nevertheless, among the HTS hits, 9, 27, 37 and 43 are interesting
inhibitors of SpnFADS (Table 5). 27 and 43, which did not inhibit
the CaFADS RFK activity (Table 1), have an important effect on the
SpnFADS one. 9, inhibits both SpnFADS activities (Table 5). This
compound is a monocationic detergent that has been commonly
used in cortisporin-TC ear drops to help penetration of active
ingredients through cellular debris. Additionally, 9 inhibits vacuolar
ATPase, showing cytotoxic effects at concentrations higher than
10uM>>. It is also an inhibitor of the RANK-L induced osteoclast

formation®®. 37, inhibited both CaFADS activities, but only affects
the FMNAT one in SpnFADS. 37 inhibits the HMG-CoA reductase,
being used to treat hypercholesterolemia®’. 37 has positive effects
in myocardial fibrosis by favouring ACE2 expression, and also
modestly inhibits replication of the hepatitis C virus®®>°. 43 is
used as analgesic (inhibits anandamide hydrolase in neurons) and
as anti-inflammatory®®®', acting as a no selective cyclooxygenase
inhibitor. Additionally, it inhibits NF-xf in activated monocytes,
being a promising drug for the treatment of rheumatoid arth-
ritis®2. Regarding the three FMNAT hits of CaFADS: 24 has a poor
inhibitory effect on SpnFADS (Table 5), which might be of interest
as selective inhibitor; 27 inhibits both CaFADS and SpnFADS activ-
ities (Tables 1 and 5), appearing as a broad inhibitor of FADS; and
31 has no effect on SpnFADS (Table 5), indicating the specificity of
this compound for CaFADS.

Recent studies®>28%35> revealed important differences in
catalysis among bifunctional FADS, probably related to dissimilar-
ities in the active site conformation during catalysis. This is consist-
ent with the differential inhibitory mechanisms of the HTS hits
against CaFADS and SpnFADS, as observed in the present work.
Such mechanistic variations could determine the binding or the
inhibitory capability of the hits. These observations highlight the
potentiality of our method to find selective drugs targeting a
specific protein of a particular microorganism. The development
of such species-selective drugs is of great importance for the treat-
ment of infections by avoiding undesired side-effects on normal
microbiota of the host®®, and for minimising the selection of resist-
ant bacterial strains.

Antimicrobial activity of the CaFADS FMNAT hits

Finally, we also tested the inhibitory activity of the best FMNAT
hits on the growth of C. ammoniagenes, S. pneumoniae and M.
tuberculosis cultures. 24 shows moderate effects on the C. ammo-
niagenes and M. tuberculosis growth (Table 6, Figure 7). However,


https://doi.org/10.1080/14756366.2017.1411910

252 M. SEBASTIAN ET AL.

it does not inhibit the pneumococci growth. 27 and 31 do not
inhibit the growth of C. ammoniagenes, S. pneumoniae or M. tuber-
culosis cells. This might be due to their inability to enter in the
bacterial cell, or because efflux pumps eject them once in the bac-
terial cytoplasm. Tools to favour their bactericide effects can be
obtained by deriving second generation hits, using vehiculization
systems to move drugs across the membrane, or using efflux
pumps inhibitors®” . In this context, we remark that inhibition of
FAD synthesis in M. tuberculosis could have an immediate impact
in  current antituberculosis drug discovery programmes.
Benzothiazinones are antituberculosis compounds that block ara-
binan synthesis by targeting the flavoprotein decaprenylphos-
phoryl-g-D-ribose 2-epimerase DprE17°. It is expected that the
antituberculosis activity of benzothiazinones, which are currently
in phase | clinical trials®, could be enhanced by FADS inhibition, in
a synergistic manner. Among the other FMNAT hits, only 15, 17
and 31 show mild inhibitory activity on the growth of C. ammonia-
genes, but do not have an effect on S. pneumoniae and M. tubercu-
losis cultures (Figure 7).

We find five HTS hits (9, 14, 29, 33 and 47) as strong inhibitors
of the C. ammoniagenes growth (Table 6, Figure 7). These five HTS
hits also inhibit the growth of S. pneumoniae (Table 6, Figure 7),
while only the first four mildly affect M. tuberculosis. Noticeably,
these five HTS hits are good inhibitors of both CaFADS activities
(Table 1, Figure 7). 9 and 29 also appear as potent inhibitors of
the SpnFADS RFK and/or FMNAT activities. The effect of the other
three compounds as SpnFADS inhibitors is milder, suggesting
mechanisms that do not involve FADS in preventing cell prolifer-
ation. Overall, our results suggest that targeting both activities of
bifunctional FADSs can be a strategy in the discovery of new anti-
bacterial drugs. Thus, the non-selective antimicrobial properties of
9 and 29 seem interesting tools to be explored.

In this context, and despite all compounds in the library are
approved by FAD and EMA, it remains for future studies to test
the effect of the most promising compounds on the homologous
human proteins and cells. In addition, future studies should also
focus on the improvement of these compounds regarding
potency, selectivity, pharmacokinetics and drug-likeness.

Conclusions

The FMNAT activity of bifunctional FADS enzymes is a potential
antimicrobial target for drug discovery. The transformation of FMN
into FAD is performed by different catalytic mechanisms in prokar-
yotes and eukaryotes, and the FMN and FAD deficiency inactivates
an important number of flavoproteins. In this work, we have opti-
mised an activity-based HTS that can be used to discover new
antibacterial drugs, targeting the RFK and/or FMNAT activities of
bifunctional FADSs. Our method allows identifying bacterial FADS
inhibitors with different levels of selectivity regarding the inhib-
ition of bacterial growth. The method is fast, effective and requires
small protein quantities. We have confirmed that bacterial FADS
are promising species-selective drug targets. Among the 1240
compounds from the Prestwick Chemical Library®, 37 inhibited
CaFADS, and three were potent inhibitors of its FMNAT (but not
of the RFK) activity. Two of these compounds were not species-
selective because they also affected SpnFADS, but the third one,
31, was selective for CaFADS versus SpnFADS. These three com-
pounds are promising as non-selective or selective inhibitors at
the enzyme level. However, they do not produce observable anti-
microbial effects, suggesting that they do not reach inhibitory con-
centrations at the intracellular level, possibly due to a poor
uptake, efficient efflux or in vivo fast degradation. Nevertheless,

some HTS hits show good antimicrobial properties, probably due
to the inhibition of both RFK and FMNAT activities of FADS.
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Supplementary Charts

Chart SD1. Structures of the 37 compounds selected as HTS hits for CaFADS.
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Supplementary Figures

Figure SD1. Similarity within members of the bacterial bifunctional FADS family. (A)
Sequence alignment of CaFADS (Q59263), SpnFADS (AOAOH2UPY5) and MtFADS
(NP_217302.1) obtained using CLUSTAL W (http://www.ebi.ac.uk/clustalw/) with

default parameters. The consensus sequence is indicated on the top. Equivalent residues

at each position show same color. Deep and light blue upper bars indicate regions for
the FMNAT and RFK modules, respectively. (B) Structures of CaFADS (PDB 2X0K),
with the FMNAT and RFK modules in blue and light blue respectively, and of
SpnFADS (PDB 30P1), with the FMNAT and RFK modules in pink and light pink
respectively. The reaction catalyzed by each module is next to the corresponding
module. On the right it is shown the structural alignment showing an r.m.s.d. of 1.63 A

for 247 Ca atoms. Structural figures were produced with PyMol (Delano 2002).
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Figure SD2. Hit 24 as inhibitor of the FMNAT activity of CaFADS. Michaelis-Menten
plots at different concentrations of 24 and saturation (A) of ATP and (B) of FMN.
Lineaweaver-Burk representations with global fit (C) to non-competitive inhibition
model when ATP saturating and (D) to competitive inhibition model when FMN
saturating. Reaction rates obtained in 20 mM PIPES, pH 7.0, 10 mM MgCly, 2.5 %
DMSO, at 25 °C, with 15 uM FMN and 10-450 uM ATP (FMN saturating) or with 350
uM ATP and 0.5-20 uM FMN (ATP saturating) (n=3, mean + SD).
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Figure SD3. Hit 31 as inhibitor of the FMNAT activity of CaFADS. Michaelis-Menten
plots at different concentrations of 31 and saturation (A) of ATP and (B) of FMN. (C)
Lineaweaver-Burk representations with global fit to non-competitive inhibition model
when ATP saturating, and (D) to competitive inhibition model when FMN saturating.
Reaction rates obtained in 20 mM PIPES, pH 7.0, 10 mM MgCl,, 2.5% DMSO, at 25
°C, with 15 uM FMN and 10-450 uM ATP (FMN saturating) or with 350 uM ATP and
0.5-20 uM FMN (ATP saturating) (n=3, mean + SD).
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Figure SD4. Results from the docking analysis of the best five poses of the inhibitors
(A) 24, (B) 27 (the five with almost identical orientation) and (C) 31 at the CaFADS
FMNAT site. Inhibitors, FMNAT module and RFK module are showed in purple, gray
and green, respectively. The poses for 24 and 27 correspond to the docking performed
for the first molecular binding at the FMNAT module (241 and 271).
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Supporting Tables

Table SP1. Apparent kinetic parameters for the FMNAT activity of CaFADS at
different concentrations of the 24, 27 and 31 inhibitors. Data obtained at 25°C in 20 mM

PIPES, pH 7.0, 10 mM MgClz, 2.5% DMSO.

Saturating ATP

Saturating FMN

[24] Keat Knm [24] Keat Knm
(M) (min™) (LM) (M) (min™) (LM)

0 34+38 16.3+3.2 0 224+0.7 29.4+49
0.12 243+4.1°2 140+39 0.04 225438 11.5+0.72
0.2 9.8+1.3° 106+24 0.12 7.2+04% 42.1+3.9%
0.4 5.6+0.62 43+1.0° 0.2 43042 35.8+3.2
0.6 57+1.3° 11.1+3.9 0.4 18+0.1°2 120+ 3.6°

Saturating ATP Saturating FMN
[27] Keat K [27] Keat K
(M) (min) (UM) (M) (min) (M)

0 34 +3.8° 16.3+3.2 0 224 +0.7 29.4+49
0.05 21.6+292 101+£29 0.1 228+1.3 59.7+5.72
0.1 16.1+1.7°2 7.7x21 0.2 222+14 482562
0.2 15.1+15° 135126 0.4 18.1+1.6 51.8 +5.52
0.75 10.0+ 0.8 128+2.1 0.75 17.1+£33 51.5+492

1 6.5+0.2°% 15020 1 12.5+0.52 40.9£5.7

Saturating ATP Saturating FMN

[31] Kcat Km [31] Keat Km
(LM) (min™) (M) (M) (min™) (LM)

0 34+38 16.3+3.2 0 224+ 0.7 294+49

1 2461292 133131 4 19.7+1.0° 43379

4 18.1+1.4°2 6.8+1.3 5 17.3+1.1°2 475+£57¢%

5 6.4+12% 244+7.0 7 16.9+0.62 79.1+8.7°2

7 3.0+0.4° 13.3+3.6 10 153+1.3° 102'93 242
10 3.0+£04° 12.3+3.6 12 13.8+£1.02 921+149°

2Values showing statistically significant differences, p < 0.002, from the values in the

absence of compounds, as determined by the one-way ANOVA test (n=3, confidence

interval 95%).

Delano, W. L. (2002). "They PyMOL molecular graphics system." DeLano Scientific, San

Carlos, CA, USA: http://www.pymol.org.
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Abstract

New treatments for diseases caused by antimicrobial-resistant microorganisms can be
developed by identifying unexplored therapeutic targets and by designing efficient drug
screening protocols. In this study, we have screened a library of compounds to find ligands
for the flavin-adenine dinucleotide synthase (FADS) -a potential target for drug design
against tuberculosis and pneumonia- by implementing a new and efficient virtual screening
protocol. The protocol has been developed for the in silico search of ligands of unexplored
therapeutic targets, for which limited information about ligands or ligand-receptor structures
is available. It implements an integrative funnel-like strategy with filtering layers that
increase in computational accuracy. The protocol starts with a pharmacophore-based virtual
screening strategy that uses ligand-free receptor conformations from molecular dynamics
(MD) simulations. Then, it performs a molecular docking stage using several docking pro-
grams and an exponential consensus ranking strategy. The last filter, samples the confor-
mations of compounds bound to the target using MD simulations. The MD conformations
are scored using several traditional scoring functions in combination with a newly-proposed
score that takes into account the fluctuations of the molecule with a Morse-based potential.
The protocol was optimized and validated using a compound library with known ligands of
the Corynebacterium ammoniagenes FADS. Then, it was used to find new FADS ligands
from a compound library of 14,000 molecules. A small set of 17 in silico filtered molecules
were tested experimentally. We identified five inhibitors of the activity of the flavin adenylyl
transferase module of the FADS, and some of them were able to inhibit growth of three bac-
terial species: C. ammoniagenes, Mycobacterium tuberculosis, and Streptococcus pneumo-
niae, where the last two are human pathogens. Overall, the results show that the integrative
VS protocol is a cost-effective solution for the discovery of ligands of unexplored therapeutic
targets.
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Author summary

Developing cures for antimicrobial-resistant microorganisms is a pressing necessity.
Addressing this problem requires the discovery of novel therapeutic targets -for example,
bacterial proteins with no human homologues- and the development of cost-effective
drug screening protocols. In this work, we tackled the problem on both sides. We devel-
oped an efficient and successful integrative computational protocol for screening inhibi-
tory-molecules for unexplored targets. We used it to discover five novel inhibitors of
flavin-adenine dinucleotide synthase (FADS), a promising protein target of pathogens
causing tuberculosis and pneumonia.

Introduction

Given the growing incidence of infections caused by antimicrobial resistant pathogens, inter-
national institutions, such as the World Health Organization [1], have informed about the lack
of potential therapeutic options for these pathogens, and have named a list of pathogens for
which is critical to develop novel antimicrobial agents. The development of such treatments
should involve efficient drug design protocols and the discovery of new molecular targets to
fight antimicrobial resistance. A straightforward and effective way to increase the chances of
success of the drug-screening pipeline is through the implementation of efficient virtual
screening (VS) protocols. These methods provide powerful tools to reduce the costs of drug
discovery by reducing the number of compounds to be tested in experimental trials [2-5].
Moreover, VS protocols increase the success rate (i.e., active compounds found) and reduce
the false negatives in high-throughput compound screening [2, 3, 6-12].

Efficient VS protocols have to be able to screen large compound libraries in short computa-
tional times. Therefore, these protocols usually implement a funnel-like strategy, which start
from fast but less accurate methods (where a large number of molecules are filtered) and more
accurate and time-consuming tools are used in the last steps [13-15]. Usually, pharmaco-
phore-based tools are implemented in the first stages of VS, given their ability to quickly screen
large compounds libraries [16-18]. While more sophisticated tools such as docking or molecu-
lar dynamics (MD) are implemented in the latter steps to predict ligand affinities [11, 13, 19-
26].

Special attention deserve the tools used in the first steps of the VS, because these impact the
ability of the protocol to explore large compound libraries and the chemical space of the com-
pounds, such as the pharmacophore-based strategies [16-18, 27-30]. Despite the usefulness of
these methods, which accelerate the first steps of the VS, these strategies have some limitations.
Several pharmacophore-based methods require knowing ligands or ligand-receptor structures
for their training, limiting the chemical space of the filtered molecules to that associated with
the training set [16]. Recently, the flexi-pharma method, a VS strategy that uses pharmacho-
phores from MD conformations was developed to overcome these limitations [31]. However,
in general, new protein targets, which have limited structural information available, such as
the bifunctional enzyme flavin-adenine dinucleotide synthase (FADS), are challenging for the
funnel-like VS strategies.

FADS is a potential target for drug design against antimicrobial-resistant organisms, such
as the human pathogens Mycobacterium tuberculosis and Streptococcus pneumoniae. FADS is a
bi-functional and bi-modular enzyme that catalyzes the synthesis of two essential co-factors:
flavin mononucleotide (FMN) and flavin-adenine dinucleotide (FAD). These are essential for
a large number of proteins participating in energy transformation or metabolic processes, in
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prokaryotic and eukaryotic organisms [32-34]. For FADS, the synthesis of FMN occurs at the
C-terminal module (the RKF module) and that of FAD at the N-terminal module (FMNAT
module) [35-38]. The RFK module has a similar structure and sequence to the equivalent
enzyme in eukaryotic organisms. However, because the FMNAT module lacks both sequence
and structural similarity with the equivalent enzymes in eukaryotic systems, the prokaryotic
FADSs have emerged as potential antimicrobial targets [35, 39-41].

The most characterized FADS is the enzyme of Corynebacterium ammoniagenes (CaFADS),
which is considered a good representative model for the FADS of the human pathogen M.
tuberculosis (MtFADS) [40, 41]. However, limited structural information about this enzyme is
available. Moreover, no experimental structures of the FADS-FMNAT module in complex
with substrates are reported. The only ligand-CaFADS FMNAT module structures correspond
to theoretical or computational models [35, 42].

The objective of this work is to discover molecules able to inhibit the FMNAT activity of
FADS using a novel integrative VS protocol. This promising protocol addresses some of the
limitations found with traditional VS, for example, it does not require knowledge of ligands or
ligand-receptor structures, and its attributes enable a better exploration of the chemical space
of large compound libraries.

This manuscript is organized as follows. First, we describe the integrative computational
protocol, which includes several filtering layers: i) flexi-pharma screening [31], i) consensus
docking screening [43], iii) MD sampling and scoring, and iv) compound activities measured
by experimental assays. The protocol is tested and optimized using a library of 1993 com-
pounds from which 39 compounds are true ligands of the CaFADS [41]. Subsequently, the
optimized protocol is implemented over a library of 14000 compounds. A final list of 17 fil-
tered compounds is tested experimentally. We discover that six molecules are able to inhibit
the FMNAT-FADS activity, five bind to the FMNAT-FADS and five present growth inhibitory
activity against C. amoniagenes, M. tuberculosis or S. pneumoniae. We conclude that the VS
protocol and the new inhibitory compounds can contribute to further development of novel
therapeutic strategies against antimicrobial-resistant pathogens such as M. tuberculosis and S.
pneumoniae.

Materials and methods
Computational methods

FAD structure. The Cartesian coordinates of the FMNAT module (M1-H186) of CaFADS
were taken from the crystal structure with PDB code 2X0K [35]. These were used for the MD
simulations in the flexi-pharma or molecular docking stage.

Flexi-pharma method. The flexi-pharma protocol [31] has three substages: run an MD
simulation of the receptor target, generate a set of pharmacophores from each ligand-free
receptor MD conformation, and assign a vote to each molecule every time it matches at least
one pharmacophore from each MD conformation.

First, an MD simulation of receptor was performed. For CaFADS, we used the results from
a simulation of this system performed in a previous work [42]. Specifically, we used 600 equi-
distant ligand-free CaFADS conformations from 60 ns of MD at 300.15K (for details about the
MD parameters see ref. [42]). To generate the pharmacophore set from each ligand-free MD
conformation, we used Autogrid4.2 [44] to calculate the affinity maps of several atom-types:
hydrogen-bond donor, hydrogen-bond acceptor, hydrophobic, aromatic and charged atoms.
Some atom-type affinity grids were first discarded if they show a flat distribution of the affinity
values of the map (for this work, the affinity maps that have a histogram with kurtosis larger
than 3). Then, we defined a grid-percentage threshold to determine the hotspots (clusters of
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grid-cells) for each atom type. The threshold is a percentage of the total number of cells in the
grid with negative affinity energy. We clustered the selected cells to generate a pharmacophoric
feature (given by a center, a radius of gyration, an atom type and in some cases a direction). A
pharmacophore was built by combining three features. The pharamcophore set consists of all
possible combinations of triplets of features from different active spaces (i.e., centers of the
affinity grids) together with a volume exclusion term. The Pharmer [45] program was used to
screen the compound library with the created pharmacophore set. An example of the pharma-
cophore mapping is shown in S1 Fig.

Flexi-pharma gives a score to each compound by means of a voting strategy. If a molecule,
from the compounds library, matches any pharmacophore obtained from a specific MD
frame, then the molecule obtains a vote. The total number of votes is used as a score of the
molecule. For more details about the flexi-pharma method see ref. [31].

Molecular docking. The molecular docking was carried out using the programs: Auto-
dock4.2 [44, 46, 47], Vina [48], and Smina [49]. All programs used the same molecule input
format that was AutoDock pdbgt. The protonation state for each molecule was determined
from the compound libraries. Also for these programs, the sampling space was defined using a
grid box of 15 x 15 x 15 A centered at the oxygen of the amide group of the catalytic residue
ASN125 [50]. The number of requested poses was 50.

Autodock4.2 [44, 46, 47] was used with a grid spacing of 0.25 A. The search was performed
using the Lamarckian genetic algorithm implemented in Autodock, with a starting population
of 50 individuals, using 25000000 energy evaluations and 27000 generations. The resultant
poses were clustered using the RMSD of the atomic positions, with a tolerance of 2.0 A, using
the default clustering method. In addition, to the sampling space and the number of poses,
Vina [48] and Smina [49] were used with the default parameters. For Smina, the Vinardo [51]
scoring function was used.

Molecular dynamics simulations. The best pose for each compound from the docking
stage, obtained with the Autodock4.2 program, was used as the initial conformation for the
MD simulation. Since, the output poses from Autodock4.2 do not contain aliphatic protons,
we use Open Babel [52] to protonate those atoms as in the original database (Prestwick or
Maybridge). The PROPKA [53] module from the PDB2PQR software package [54, 55] was
used to determine the protonation state of all ionizable groups at pH 7.0. The final models
were solvated with a dodecahedral water box, centered at the geometric center of the complex.
To neutralize the systems, Na* ions were added when necessary. The AMBER99SB-ILDN [56]
force field was used to model the protein with the TIP3P water model [57]. The GAFF force
field [58] parameters were obtained for the compounds using Antechamber [58, 59]. ACPYPE
[60] was used to change the topology files from amber to GROMACS [61, 62], which was used
for all the MD simulations. The systems were minimized until the maximum force was < 1000
kJ/mol-nm with the steepest descent algorithm. MD simulations were carried out with periodic
boundary conditions. A spherical cutoff of 1.2 nm for the non-bonded interactions was applied
together with a switch function acting between 1.0 and 1.2 nm. The non-bonded pair list was
updated every 20 steps. The particle mesh Ewald method was used to compute long-range elec-
trostatic force terms, and the leapfrog algorithm to propagate the equations of motion. All
bond lengths and angles involving hydrogen atoms were constrained using the LINCS algo-
rithm [63]. Equilibration consisted of 100 ps of NVT followed by 100 ps of NPT simulation at
310 K, with a time step of 2 fs. During equilibration the coordinates of protein and of ligand
heavy atoms were restrained using a constant force of 100 kJ/mol-nm. Finally, MD simulations
between 5—15 ns were carried out using the GROMACS 5.1.3 program [61, 62] with a time
step of 2 fs, without restraints, in an isothermal-isobaric (NPT) ensemble at 310.15 K and 1
atm.
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Exponential consensus ranking. A consensus methodology was used to combine the
results from different scoring functions both for the docking and MD VS stages. We used an

exponential consensus ranking (ECR) methodology [43]. This method assigns a score p(r]) to
each molecule i for each scoring function j using an exponential function p(r}) = exp (%5) /%,

which depends on the rank of the molecule (r}) given by each individual docking program. a is
the expected value of the exponential distribution, which we have set to 50% of the total mole-
cules at each stage. The final score P(i) is defined as the sum of the exponential functions for all

of the programs, P(i) = Z}p(r’,) =) exp (%J’)

Validation metrics. The enrichment factor (EFx%) is a measure of the change on the
ligand/decoys proportion in a molecular dataset, after filtering it to the x%. EFx% is defined as
the ratio between ligands (Hits) found at a certain threshold (x%) of the best ranked com-
pounds and the number of compounds at that threshold (Nx%) normalized by the ratio
between the hits contained in the entire dataset (Hits100%) and the total number of com-
pounds N100%:

Hitsx% NIUO%
EFX = Nx% X Hitsl00% *

(1)

Values of EFx% higher than 1 indicate an enrichment of the compound library.

The enrichment plot (EP) measures the performance of a filtering method at different levels
of a compound library reduction. In an EP, the percentage of ligands found in the top x% of
ranked compounds vs the top x% of filtered compounds is plotted [64].

To asses to the error of the flexi-pharma EPs, a bootstrapping analysis with replacement
was used. The selected MD frames were iteratively re-sampled with replacement 100 times.
Thus, 100 EPs were obtained for each trajectory. From these the average and the error of the
EPs were calculated (similarly as in ref. [31]).

Experimental methods

Chemicals. The selected compounds were acquired from Molport and dissolved in
100% DMSO to prepare stock solutions at 50 mM and 10 mM. According to the manufacter
indications, the purity of the compounds was >95%, and had been determined by high perfor-
mance liquid chromatography (HPLC), thin layer chromatography (TLC), NMR, IR or basic
titration.

Protein purification and quantification. CaFADS was produced as a recombinant pro-
tein in Escherichia coli BL21(DE3) and purified as previously described in ref. [40]. Protein
purity was tested by 15% SDS-PAGE. Protein content in pure samples (in 20 mM PIPES, pH
7.0) was quantified using the theoretical extinction coefficient (¢) 279 nm = 27.8 mM tem™L

Differential scanning fluorescence. Interaction of compounds with CaFADS was evalu-
ated using fluorescence thermal denaturation, on the bases of the shifts in denaturation mid-
points of thermal curves of the protein [65]. Denaturations were performed in a Stratagene
Agilent Mx3005p qPCR instrument (Santa Clara, US) following SYPR Orange (ThermoFisher
Scientific) emission fluorescence (excitation at 492 nm and emission at 610 nm), which greatly
increases when this probe binds to protein hydrophobic regions becoming solvent exposed
upon thermal unfolding. Solutions containing 2 yuM CaFADS with the studied compound in
an increasing 5-250 M concentration range (2% residual final concentration of DMSO) and
5xSYPR Orange in 20 mM PIPES pH 7.0, 10 mM MgCl,, with a 100 uL total volume were dis-
pensed into 96-well microplates (BRAND 96-well plates pure grade™). After an initial 1 min
incubation at 25 °C within the equipment, unfolding curves were registered from 25 to 100 °C
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at 1 "C-min"". Control experiments with CaFADS samples with/without DMSO were rou-
tinely performed in each microplate. For those compounds shifting midpoint denaturation
temperature, T,,, the dissociation constant, K;, was predicted by fitting the data to the equation
[66]

AT NRT? [L]
m———p (14 2
Tm AH[] ! < * Kd) ’ ( )

which estimates the extent of the ligand-induced protein stabilization/destabilization.

AT, =|T, — T°| with T° and T,, being the midpoint denaturation temperatures in the
absence and the presence of ligand, respectively, and AH, the unfolding enthalpy of the protein
in the absence of ligand.

Evaluation of the compound’s ability to inhibit the CaFADS enzymatic activity. To
determine the compound’s ability to inhibit the RFK and/or the FMNAT activities of CaFADS,
both enzymatic activities were quantitatively measured in the absence and presence of the
compounds following previously described protocols [41]. Reaction mixtures contained 50
uM ATP, 5 yuM RF in 20 mM PIPES, pH 7.0, 0.8 mM MgCl,, when assaying the RFK activity,
and 50 yuM ATP, 10 uM FMN in 20 mM PIPES, pH 7.0, 10 mM MgCl, when measuring the
FMNAT reaction. Each compound was tested at 250 M (0.5% residual final concentration of
DMSO) for each of the two enzymatic reactions. The samples were pre-incubated at 25 °C, the
reaction was then initiated by the addition of ~ 40 nM CaFADS (final concentration) and
allowed for 1 min. Finally, the reaction was stopped by boiling the samples for 5 min and the
denatured protein was eliminated through centrifugation. The transformation of RF into
FMN and FAD (RFK activity) and of FMN into FAD (FMNAT activity) was evaluated through
flavins separation by HPLC (Waters), as previously described [37]. All the experiments were
performed in triplicate. To evaluate the potency of compounds as inhibitors, we took advan-
tage of the decrease in quantum yield of fluorescence when FMN is transformed into FAD,
which allows to follow such transformation in a continuous system. Measurements were car-
ried out using a microplate reader Synergy HT multimode plate reader (Biotek) with BRAND
96-well plates pure Grade. Reaction mixtures contained 5 uM RF or FMN, and 50 uM ATP in
20 mM PIPES, pH 7.0, 10 mM MgCl,, and the inhibitor compound in a 5-250 yM concentra-
tion range (2% residual final concentration of DMSO). Reactions were initiated through addi-
tion of 0.4 uM CaFADS, being the final reaction volume 100 yL. Flavin fluorescence
(excitation at 440 nm and emission at 530 nm) was registered at 25 °C, every 50 s during 15
min. The fluorescence change per time unit (AF/At) was calculated as the slope of the resulting
fluorescence decays recorded between 0 and 6 min (linear decay of the fluorescence). Controls
which contained the reaction mixture without the enzyme and without any potential CaFADS
inhibitory compound were included in the assay and referred as the 0% and 100% of enzy-
matic activity, respectively. ICso was calculated as the concentration of compound required for
a 50% inhibition of the enzymatic activity.

Determination of the antibacterial activity of the compounds. The minimum inhibitory
concentration (MIC) of the inhibitors was determined by the resazurin serial broth microdilu-
tion method [67] according to the Clinical and Laboratory Standards Institute guidelines.
Compounds were tested against a panel of bacterial strains including Gram positives, Gram
negatives and acid fast bacteria (see S3 Table). Serial 2-fold dilutions of the inhibitors were per-
formed in cation-adjusted Mueller-Hinton broth (Difco) in 96-well polypropylene flat-bottom
plates, with a final volume of 100 uL per well. Subsequently, liquid cultures of the bacterial
strains in logarithmic phase were adjusted to 10° CFU/ml in Mueller-Hinton broth, and 100
4L of this suspension were added to each well, resulting in a final inoculum of 5-10° CFU/ml.
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Plates were incubated for 18 hours at 37 °C. Then, 30 yL of 0.4 mM filter-sterilized resazurin
(Sigma-Aldrich) was added to each well, and results were revealed after 4 h of further incuba-
tion at 37 “C. When testing the compounds against mycobacteria, Middlebrook 7H9 (Difco)
supplemented with 10% ADC (0.2% dextrose, 0.5% V fraction BSA and 0.0003% bovine cata-
lase) (BD Difco) and with 0.5% glycerol (Scharlau) was used as culture media, and plates were
incubated 4 days for Mycobacterium smegmatis and 7 days for M. tuberculosis. Resazurin
(blue) is an indicator of bacterial growth, since metabolic activity of bacteria reduces it to
resorufin (pink). The minimum inhibitory concentration (MIC) is the lowest concentration of
compound that does not change the resazurin colour from blue to pink.

Evaluation of the cytotoxicity of the compounds in eukaryotic cell lines. The (4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay was used to determine
the effect of the compounds in cell growth and viability of HeLa (ATCC CCL-2) and A549
(ATCC CCL-185) eukaryotic cell lines. Both cell lines were routinely cultured in high-glucose
DMEM (Lonza) supplemented with 10% fetal bovine serum, 4 mM glutamine GlutaMAX™
(Gibco) and 1x non-essential amino acids (Gibco), under 5% CO, at 37 °C in a humidified
atmosphere. For the MTT assay, cells were initially seeded in 96-well flat-bottom plates at a
density of 10* cells per well and cultured for 24 h. Cultures were routinely tested for myco-
plasma presence. The compounds were dissolved in fresh culture medium, added in a 4-512
UM concentration range (1% DMSO final concentration), and incubated with the cells for 24
h. Finally, formazan crystals were dissolved with pure DMSO and MTT absorbance was mea-
sured at 570 and 650 nm. Untreated cells were included as control of 100% viability. Assays
were done in quadruplicate.

Results and discussion

Virtual screening protocol

The VS protocol aims to find active compounds, from large compound libraries, towards
receptors for which little or no information about ligands or ligand-receptor structures is avail-
able. This is the case of the CaFADS. To achieve this goal, we implemented a funnel-like proto-
col with four filtering stages (Fig 1). It includes three main VS stages plus an experimental
stage. In the following, we present the principal ideas for the integrative VS protocol.

Flexi-Pharma: Pharmacophore filtering from ligand-free receptor conformations.
Pharmacophore-based VS strategies are computationally efficient. These strategies are able to
explore large compound libraries using pharmacophores: an ensemble of physico-chemical
features that ensure the optimal interactions within the active site of a specific biological target
[16]. Therefore, the first stage of the protocol implements a phamacophore-based VS strategy
[31]. The method flexi-pharma defines pharmacophores from ligand-free receptor conforma-
tions from MD simulations. It implements a rank-by-vote strategy, assigning a vote to each
compound that matches an MD conformation. The use of multiple conformations allows for a
better exploration of the pharmacophoric space. The voting strategy enables the filtering of the
molecules at any percentage of the dataset. Details for the flexi-pharma strategy are presented
in the Methods and in ref. [31].

ECR-docking: Exponential consensus ranking of docking VS. The second stage of the
protocol consists of a docking-based VS. Molecular docking aims to find the most favorable
binding conformation of a molecule (i.e., pose) upon binding to a pocket of a protein target
[68, 69], and assigns a docking score to each molecule. The docking score is an empirical or
physics-based estimation of the affinity of the molecule towards the biological target. There-
fore, with molecular docking, it is possible to screen and rank molecules from compound
libraries. However, it has been shown that the docking results might be system or structure
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Fig 1. Main stages of the funnel-like VS protocol. The protocol consists of four stages: i) flexible pharmacophore-
based VS (flexi-pharma) [31], i) docking and exponential consensus ranking (ECR-docking) [43], iii) MD simulations
with consensus ranking -that includes a new Morse-based ligand-flexibility score-, and iv) biological experimental
binding and activity assays. At each stage, the compound library was filtered. The protocol was optimized and
validated over a library of 1993 compounds, which was previously tested over CaFADS [41]. On the left, we show an
example of the reduction of this library going from 100% to 0.25% through the successive steps.

https://doi.org/10.1371/journal.pcbi.1007898.9001

dependent [43, 70], possibly due to algorithm-parameterization biases, which are trained over
particular benchmark systems. To overcome this limitation, we use a consensus strategy that
combines the results from different docking programs to obtain a consensus rank using a sum
of exponential functions (ECR method) [43]. Below, in the SI Text and S2 Fig, we describe
the different docking-scoring alternatives that we used to find the optimal enrichment for the
FMNAT-FADS ligand screening.

MD-ranking VS. MD simulations were used to estimate the compound affinities and the
stability of the predicted complexes filtered from the docking stage. The MD starting configu-
ration was selected from the best pose obtained with Autodock4.2 [44, 46, 47] in the previous
stage. Inspired by conformational-prediction tools that take into account flexibility [71, 72],
we used two measures for the stability and affinity of the ligand bound to the receptor in the
MD ensemble. The first measure generates a consensus rank using multiple scoring functions
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over the MD conformations. We called this scoring function-based rank (see below for
details). The second measure is based on the root mean square deviation (RMSD) of the
ligand’s atomic positions along the MD trajectory. This is used with a Morse potential to define
a score that measures the ligand’s flexibility (see below for details). Finally, the scoring func-
tion-based rank and the Morse-based rank are combined using the ECR method. We use this
analysis to select the percentage of best-ranked molecules for the activities assays. In the fol-
lowing, we describe the scoring function-based rank and the Morse-based rank.

Scoring function-based rank. We used four scoring functions: Autodock4.2 [44, 46, 47],
Vina [48], Vinardo [51] and CY score [73], which were calculated over each MD conforma-
tion. For each scoring function, an average score over all the conformations is calculated for
each molecule. This can then be used to rank the molecules. The ranks from the four scoring
functions are used with the ECR method [43] to obtain a consensus rank by combining their
individual ranks.

Morse-based rank. We used the standard deviation of the RMSD of the ligand’s atomic
positions around the binding site as an indicator of the ligand’s flexibility. Those ligands show-
ing a small standard deviation of the RMSD at the binding site indicate a very rigid complex,
which leads to a conformational penalization. On the other hand, molecules with high RMSD
standard deviation, indicate a dissociation tendency, which leads to an affinity penalization.
These behaviors can be characterized using a Morse potential (Eq 3 and Fig 2)

V,(r) = o(1l — exp ‘“("’0))2, (3)

where w is the depth of the well, r, is the position of the minimum, a = \/% and k is a constant

that defines the width of the well. For the Morse-base score, we used Vj(r) from Eq 3, where
the dependent variable r is the standard deviation of the RMSD along the MD trajectory, and
1o is the standard deviation corresponding to a normal distribution with null entropy (i.e., ry =
0.242 A). The Morse potential was implemented with a force constant k = 1 kcal/mol.nm?* and
a depth of the well w = 1 kcal/mol. Thus, RMSD values lower or higher than 0.242 A are penal-
ized with Morse-based score. We used this to rank the molecules according to the Vj,(r) score.
We note that most molecules have a RMSD standard deviation greater than 0.242 A, therefore,
the parameters k and w used in the score do not have a great impact in the final Morse-based
rank.

VS parameter dependence. Although the presented VS protocol is sufficiently general to
be applied over any receptor target, there are several parameters and setups that can be opti-
mized. Moreover, because -in its complete form- it has not been tested, we considered it
necessary to first validate and optimize the VS protocol over a benchmark library with known
inhibitors of the CaFADS—FMNAT activity [41]. The results are presented in the following
section.

VS protocol FADS validation: Prestwick Chemical Library

To validate and optimize the VS protocol for screening potential ligands of CaFADS, a molec-
ular library (Prestwick Chemical Library) was used. A previous study showed that 39 of its
1993 compounds are able to bind to the CaFADS with FMNAT inhibitory activity [41]. To
study the performance, we measure the enrichment factor (EF) and the enrichment plots (EP)
[64] (see the Methods). In the following, we present the results for each stage of the VS proto-
col applied over the Prestwick Chemical Library.
Flexi-pharma FADS optimization and validation. In Fig 3, we present the EP obtained

after the application of the flexi-pharma stage over the Prestwick compound library. Since the

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007898  August 14, 2020 9/24


https://doi.org/10.1371/journal.pcbi.1007898

PLOS COMPUTATIONAL BIOLOGY In silico and biological discovery of ligands of FADS, a promising antimicrobial target

T Rigd Flexible
>

EEssEEEEEEEEEEE -----f.-n-------------------------------------1-------------»

Morse-based score

A 4

0 0.25 0.50 0.75 1.00 1.25
Standard deviation of RMSD (A)

Fig 2. Morse-based score. A score that uses a Morse potential (Eq 3) was implemented for scoring the flexibility of the
ligand inside the pocket using MD simulations. The input variable is the standard deviation of the RMSD of the
ligand’s atomic positions around the binding site. Ligands that show large RMSD variations are considered very
flexible -with dissociation tendencies (i.e., unstable)- and their behavior is penalized (right of vertical black dashed
arrow). Ligands with small RMSD fluctuations are considered rigid leading to a conformational penalization (left of
black vertical dashed arrow). The Morse potential was implemented with a force constant k = 1 kcal/mol.nm?, a depth
of the well of w = 1 kcal/mol, and the minimum is localized at ro = 0.242 A.

https://doi.org/10.1371/journal.pcbi.1007898.g002

flexi-pharma method uses MD conformations of the ligand-free receptor, we used 600 equidis-
tant frames from 60 ns of MD of the ligand-free CaFADS, which was carried out in a previous
study [42]. We applied the flexi-pharma VS as described in the Methods. We find an enrich-
ment of the compound library, showing that the data (black line) are better than a random EP
(red line). The vertical violet line shows the percentage of molecules selected to pass to the next
stage. The selected list of compounds consists of 600 potential ligands (~=30% of the initial
compound library) with 24 actual ligands, resulting in a EF of 2.0 for this stage. These results
support the usefulness of flexi-pharma to enrich the Prestwick compound library.

The EPs showed in the Fig 3 involved several parameters, such as the affinity grid threshold
value (i.e., percentage of grid points with lowest grid energies), the active spaces and the num-
ber of features used to define the pharmacophores (see ref. [31]). In that work, it was shown
that the results are almost independent of the affinity-grid threshold. However, a large thresh-
old implies a large number of features, which increases the pharmacophore set and the compu-
tational time to carry out the VS. Therefore, a good computational efficiency is obtained with
small threshold values, while maintaining the performance. For this study, the threshold value
of 0.1% is used. Because of the large size of the FMNAT active site, the pharmacophores were
obtained from 7 active spaces (centered at NE2-H31, NE2-H57, CA-E108, CG-L110,
ND2-N125, OG-S164 and CZ-R168 [50]).

ECR-docking FADS optimization and validation. The second stage of the VS protocol
uses a docking-based strategy. Docking generates an optimal molecule-bound conformation
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Fig 3. Flexi-pharma VS stage over the Pretswick library. Average enrichment plot of the Pretswick library using the
flexi-pharma stage over MD conformations of ligand-free CaFADS. The affinity-grid threshold value is 0.1% and 600
equidistant frames obtained from an MD of 60 ns were used [42]. The flexi-pharma number of votes for each molecule
was used as a score to calculate the EPs. Bootstrapping analysis was performed by sampling with replacement 100 times
to obtain the average EP and its standard deviation. The violet line shows the screening threshold (=30%) for the
selection of molecules to be filtered and passed onto the second stage.

https://doi.org/10.1371/journal.pcbi.1007898.9003

with a corresponding score. However, some docking-program outcomes depend on the system
of study [43, 70]. Thus, a particular docking software can show good results for a receptor,
however, it can show bad results for other receptors. For an untested receptor it is impossible
to know, in advance, which docking software generates the best outcome. To overcome this
limitation, we implement a modified version of the exponential consensus rank (ECR) strategy
[43] using several docking programs.

The top 600 molecules of the Pretswick library filtered from the flexi-pharma stage were
docked, using several programs, to the FMNAT module using the crystallographic structure
(PDB 2X0K) of CaFADS. After several attempts (see the S1 Text), we found that the best EP
was obtained by using the best pose from Autodock4.2 and re-scoring it with Autodock4.2 [44,
46, 47], Vina [48], Vinardo [51] (a function scoring implemented in Smina [49])) and CYscore
[73] scoring functions. The molecules that did not have the best Autodock4.2 pose within the
FMNAT-FADS active site (less than 5 A of H31 and N125) [50] were discarded, reducing the
list to 467 molecules (including 23 confirmed inhibitors). The ranks from each scoring func-
tion were combined in using an ECR methodology to obtain a consensus rank. The enrich-
ment plot after this analysis is shown in the Fig 4 and S2 Fig. The top 100 molecules from this
analysis contained 9 confirmed ligands, which represents a global EF% (i.e., the EF% normal-
ized to the initial compound library) of 4.6, showing a clear enrichment.

MD-ranking FADS optimization and validation. MD simulations of potential ligand-
receptor complexes allows for a more accurate sampling of their conformational space. The
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Fig 4. ECR-docking VS stage over the Pretswick library. Enrichment plot using the ECR (black line) from the best
Autodock4.2 pose that is re-scored with four scoring functions (Autodock4.2, Vina, Vinardo and CYscore). The
shaded area encloses the best and worst behaviors for the individual scoring functions. The enrichment plot is
normalized by the initial database values (39-ligands and 1993 compounds). The violet line shows the threshold for the
selection of molecules for the third VS stage.

https://doi.org/10.1371/journal.pcbi.1007898.9004

stability of these conformations should give an estimate of the affinity of the potential ligand
towards the receptor. As mentioned previously, the starting conformation was chosen from
the best docking pose from Autodock4.2 obtained from the previous stage. For the Pretswick
library, we found that by dividing the MD stage into two substages according to the simulation
time (MD-ranking 1 and MD-ranking 2), there is a good trade-off between computational
costs and performance. In the MD-ranking 1, we ran 5 ns for all the compounds filtered from
the docking stage. We used the two measures over the MD conformations, scoring function-
based and Morse-based, to rank of the potential ligands to the CaFADS. The two results were
combined using an ECR to obtain the EPs shown in Fig 5 (black line). Our results indicate that
it is possible to obtain an enrichment of the library compound using MD and combining the
two measures using an ECR methodology. We note that, although the EP from the Morse-base
rank shows better outcome than the EP from the ECR scoring functions-based (ECR-SF) (blue
and green lines, respectively, in Fig 5), the use of both measures is relevant. The logic behind
combining the two stability measures, lies in that the Morse-based rank gives only information
about the conformational stability of the ligand but it does not contain direct information
about any physico-chemical interactions. Whereas the scoring functions, e.g., Autodock4.2 or
Vina, include physics-based interactions which are relevant. Therefore, the scoring functions-
based rank supplies an empirical contribution to the enthalpy and global entropy in the bind-
ing process. Thus, the two strategies should complement each other.

We selected the top 50 molecules to be screened in the MD-ranking 2 stage. For this filtered
set, we extended the MD time to 15 ns for each complex. These new conformations are scored
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Fig 5. MD-ranking 1 VS stage over the Pretswick library. Enrichment plot obtained using an ECR methodology
(black) from the combination of the ECR scoring function-based rank (ECR-SF) (green) and Morse-based rank (blue).
5 ns of MD for 100 complexes were carried out. We used 200 equidistant frames from the last 2 ns of MD simulation.
The enrichment plot is normalized to the initial database (39-ligands and 1993 compounds). The violet line shows the
threshold for the molecule selection for the MD-ranking 2 stage.

https://doi.org/10.1371/journal.pcbi.1007898.g005

similarly as before (i.e., ECR combined scoring function-based and Morse-based ranking) and
we select the top 5 molecules. The EFs for all the stages of the protocol are shown in Table 1.
These results confirm that all stages of the VS protocol increase the enrichment while saving
computational resources.

VS protocol FADS application: Maybridge database

Once the efficiency of the VS protocol was optimized with the Prestwick library, the protocol
was implemented over the Maybridge compound library that contains 14000 molecules. A
description of the VS protocol for this library is shown in S3 Fig. For the flexi-pharma filtering
we selected 3000 molecules. Then, the best 600 were selected using the ECR-docking stage. For
the second MD-ranking VS stage, we tested the best 300 molecules. In S4 Fig, we present the

Table 1. EFs obtained for each VS stages using the Prestwick library.

Stage Stage EF Global EF Ligands Molecules filtered
Flexi-pharma 2.0 2.0 24 600

ECR-Docking 23 4.6 9 100

MD-ranking 1 1.3 6.1 6 50

MD-ranking 2 1.7 10.2 1 5

Stage EF is the enrichment factor relative to the previous step, while the Global EF is the enrichment factor normalized to the initial database (39-ligands and 1993

compounds).

https://doi.org/10.1371/journal.pcbi.1007898.t001
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rank obtained from each individual scoring function in comparison to the ECR, which was
used to select the top 30 molecules. We note that the difference in the screening between the
Maybridge library with respect to the Prestwick library is the percentage of molecules selected
at each step. These numbers were changed to optimize the computational efficiency, since for
just the MD-ranking stages 6 ys of MD simulation time were used.

Experimental evaluation of the affinity and the inhibitory activity of
selected molecules

Considering a range of properties for the 30 best VS-ranked compounds that relate to their
potential drug-likeness, shown in S1 Table [74, 75], as well as their commercial availability, 17
compounds were chosen as virtual screening hits (VSH) to experimentally evaluate their per-
formance. From the experimental assays 5 compounds were found as true ligands of CaFADS.
Table 2 and Fig 6 show the dissociation constant (K;) values in the range of 1.7—41 yM.

Since binding of small molecules to a protein usually alters its thermal conformational sta-
bility, shifting the midpoint temperatures (T),,) of thermal denaturation curves [65], displace-
ments in T,, induced by the different VSH appeared as a feasible approach to experimentally
identify those binding CaFADS [76]. 5 compounds, out of the 17 selected, produced a dose-
response T, shift, A T, indicative of interaction with CaFADS (Fig 6A). Compounds C6 and
C9 increased T,, by more than 3 degrees, indicating binding to the protein. In addition, C3,
C5 and C18 shifted it to lower values (up to 2 and 6 degrees, respectively), suggesting that
they produced a ligand-induced perturbation consistent with binding and destabilization of
CaFADS. Fitting of the corresponding dose-response data to Eq 2 that relates them to the
binding affinity, allowed to estimate the corresponding K; values (Fig 6B, second column in
Table 2). The data pointed to C5, C9 and C18 as the stronger binders. In addition, postulated
the C5 >C18 >C9 >C3 >C6 affinity ranking with K, values in the 1.7-41 yM range. The pre-
vious results support that compounds C5, C6, C9, C18 and C3 are actual ligands of CaFADS,
highlighting the capacity of the VS protocol to find protein ligands for receptor targets.

As our VS was directed towards the FMNAT active site of CaFADS, we then rated the
power of the 17 VSHs as inhibitors of CaFADS ability to transform FMN into FAD. Hits were
evaluated in terms of concentration of compounds causing 50% enzyme inhibition (ICsy), as

Table 2. In vitro performance of VS hits over the FMNAT and RFK+FMNAT CaFADS activities.

Compound K4 (uM)? FMNAT FMNAT RFK+FMNAT RFK+FMNAT
ICso(yM)b % Res. act. 250 uM ICSO(‘uM)b % Res. act. 250 uM
C2 >95 88+2
C3 18£8 2387 48+3 248 +3 48+5
C5 1.7+£0.7 53+1 6.0+14 83+2 14+ 1.3
C6 41+3 96+ 6 48+ 6 57+3
C7 >95 827
C9 6.4+1.2 566 76+ 3
C18 3.0+£09 143+ 4 35+4 147 £ 4 35+4
C26 72+ 6 84+4

The table includes dissociation constant (K;) for the compounds altering thermal stability of CaFADS, concentration of compound causing 50% enzyme inhibition
(ICsp) and residual activity at 250 uM of compound for the FMNAT and RFK+FMNAT activities of CaFADS. Thermal stability and activity experiments were carried
out in 20 mM PIPES, pH 7.0, 10 mM MgCl,. CaFADS activities were assayed at 25 “C. All samples contained 2% DMSO. (n = 3, meant+ SD).

? Obtained from differential scanning fluorescence data and

¥ kinetic measurements. For details see the Methods.

https://doi.org/10.1371/journal.pcbi.1007898.t002

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1007898  August 14, 2020 14/24


https://doi.org/10.1371/journal.pcbi.1007898.t002
https://doi.org/10.1371/journal.pcbi.1007898

PLOS COMPUTATIONAL BIOLOGY In silico and biological discovery of ligands of FADS, a promising antimicrobial target

1.0+

0.8

0.6 1

AT T,

0.4

0.2

Normalized fluorescence

0.0
T T T T T T T 0.0 T T T T T
25 30 35 40 45 50 55 60 65 0 50 100 150 200 250

Temperature (°C) [CX] (uM)

125 +

D

T T T T 0 T T T T T
0 50 100 150 200 250 0 25 50 75 100 125

[CX] (uM) % CaFADS RFK activity

-
(=3
o

@
o
!
-
]
1

»
o
1

N
o
1

% CaFADS FMNAT activity
N o
o o

% CaFADS FMNAT activity

8

Fig 6. In vitro assessment of VSHs ability to bind and to inhibit CaFADS. A) Thermal denaturation curve for CaFADS (2 uM)
observed by differential scanning fluorescence and T, shifts observed in the presence of the compounds at 250 M. Thermal stability
curves are plotted against the normalized fluorescence signal. Experiments were carried out in 20 mM PIPES, pH 7.0, 10 mM MgCl,
2% DMSO. B) Dependence of A T,, on the VSH concentration and data fit to Eq 2. C) Dose-response curves for the FMNAT activity
of CaFADS in the presence of representative VSHs. Experiments performed at 25 °C in 20 mM PIPES, pH 7.0, 10 mM MgCl,, 2%
DMSO, with 5 uM FMN and 50 uM ATP. Values derived from these representations are included in Table 2, such as the IC5, and %
of remaining activity at 250 uM of the VSH. D) Comparison of the effects of the VSHs on the RFK and FMNAT activities of
CaFADS. All the experiments were carried out at 25 °C, in 20 mM PIPES pH 7.0, MgCl, (10 mM when assaying FMNAT activity
and 0.8 mM when assaying RFK activity) at saturating concentrations substrates and in the presence of 250 uM of the VSH (2%
DMSO, final concentration). Compound color code: Protein in the absence of VSH is shown in light gray, C3 is violet, C5 is red, C6
is green, C9 is blue, C12 is black (shown as control, neither binder nor inhibitor) and C18 is orange. Note that not all molecules are
shown in all panels. In panel D, compounds different from the above mentioned are indicated in dark gray and calculated activity
percentages are relative to the corresponding ones in absence of compounds. (n = 3, mean * SD).

https://doi.org/10.1371/journal.pchi.1007898.9006

well as of the percentage of remaining activity at the highest compound concentration assayed
(250 uM) (Fig 6C, third and fourth columns in Table 2). 6 out of the 17 VSHs produced some
inhibitory effect on the FMNAT activity. These were compounds C3, C5, C6, C9, C18 and
C26. Among them, C5 and C6 yielded ICs, values below 100 M, C5 IC5y = 53+1 yM and C6
ICso = 96+6 uM, with C5 inhibiting over 90% the FMNAT activity of CaFADS at the maximal
compound concentration assayed. The structure of these compounds is shown in S5 Fig.

CaFADS is a bifunctional enzyme that in addition to the FMNAT N-terminal module holds
an RFK C-terminal module that transforms riboflavin (RF) into FMN, producing the substrate
of the FMNAT activity. The presence of this second module was not considered in our VS pro-
tocol, where only the ATP/FMN binding pocket of the FMNAT module was used as the active
site. Nonetheless, since the RFK module also comprises an active site binding adenine and
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Table 3. In vivo performance of VS hits.

Compound MIC (uM) MIC (uM)
C. ammoniagenes M. tuberculosis
C2 128 256
C3 >256 256
C5 32 128
C6 128 128
C27 128 256

VSHs which minimal inhibitory concentration (MIC) against C. ammoniagenes and M. tuberculosis is lower than 256
uM.

https://doi.org/10.1371/journal.pchi.1007898.t003

flavin nucleotides, its RFK activity might also been affected by the VSHs. Therefore, we also
evaluated the ability of CaFADS to transform RF into FMN and subsequently into FAD. Fig
6D, compares the effect of the VSHs on both individual activities of CaFADS, RFK and
FMNAT, showing that, under the assay conditions, the 17 hits produced minor effects on the
RFK activity. In agreement, when evaluating the overall CaFADS activity the effect of the
VSHs follows a similar trend to that when individually evaluating the FMNAT activity.

To assess the effect of VSHs on the growth of different bacteria, we determined their MIC
(Table 3 and S2 Table). Bacterial cells of C. ammoniagenes, Corynebacterium glutamicum,
Corynebacterium diphteriae, M. tuberculosis, M. smegmatis, S. pneumoniae, E. coli, Listeria
monocytogenes, Pseudomonas aeruginosa, Salmonella thyphimurium, Staphylococcus aureus
and Bacillus spp. were grown in the presence of increasing concentrations of the selected
VSHs. Among the VSHs, C2, C5, C6, C18 and C27 produced a detectable inhibition in the
growth of C. ammoniagenes, being C5 (MIC = 32 yuM) the compound producing the largest
antibacterial effect followed by C2 (MIC = 64 uM). Interestingly, C5 is also the hit exhibiting
the lowest ICs, for the FMNAT activity of CaFADS (Table 2). The five VSHs exhibiting anti-
bacterial activity against C. ammoniagenes also had activity on the other Corynebacterium spe-
cies analyzed, being particularly relevant the effects of C1 and C5 on C. glutamicum as well as
of C5 and C18 on C. diphteriae. Four of these five compounds, C2, C5, C6 and C27, as well as
C3, had also antibacterial effect in the growth of Mycobaterium species, although they were in
general less potent. In addition, C18 and C27 produced moderate MIC values (64 uM) for L.
monocytogenes growth, C6 for S. pneumoniae, and C27 for S. aureus. It is also worth to note
the inhibition of Baccillus spp. growth caused by C5 and C27 (MIC = 32 yM).

In general, we observed that the VSHs showing inhibitory activity against CaFADS also
inhibit the growing of Corynebacterium species. Thus, we can hypothesize that the growing
inhibition effect should be caused by the CaFADS inhibition. In addition, those VSHs also
inhibit the growing of the Mycobacterium species, supporting CaFADS as a representative
model of the FADS of M. tuberculosis. The fact that the compounds identified through VS
have demonstrated some antimicrobial activity is an important result, even when this antimi-
crobial activity is moderate; historically, potential enzyme inhibitors identified through in sil-
ico or in vitro protein-binding assays are mostly devoted of any antimicrobial activity, due to
their inability to cross the high permeability barrier posed by the bacterial envelope [77].

Finally, we evaluated for the effect of VSHs on eukaryotic cell growth and viability. Com-
pounds C2, C5 and C6 were not cytotoxic in HeLa and A549 cell lines, with ICs, (concentra-
tion of compounds causing the 50% inhibition of the cellular viability) above the maximal
concentration evaluated (512 yM). In contrast, C18 and C27 showed moderate cytotoxicity in
both cell lines but only in the 256-512 yM range, with complete viability being retained at
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Fig 7. Docking poses showing the main interactions of the VSHs and CaFADS. These were obtained with Autodock4.2 and were used as the starting

conformation for the MD stage.

https://doi.org/10.1371/journal.pchi.1007898.9007

lower concentrations. Thus, the compounds do not show high cytotoxic effects against eukary-
otic cells, highlighting their potential use against prokaryotic pathogens.

Binding pocket VSHs interactions

Fig 7 shows the main interactions between the VSHs (from Table 2) and CaFADS. According
to the simulations, most hits interact with the ATP binding site (C2, C3, C5, C6, C7 and C9).
Only two compounds (C18 and C26) interact with the binding site of both natural substrates
(ATP and FMN). Detailed interactions between the VSHs and the CaFADS are represented in
S6 Fig. A global view of the VSHs inside the binding pocket is shown in S7 Fig. It is worth to
note that all the ligands show direct interactions with key residues in the FMAT binding
pocket. Compounds C2, C3, C5, C6, C7, C9 and C18 interact with N125, which is considered
the key catalytic residue for the FMNAT activity. In addition, all compounds show direct inter-
actions with highly conserved residues, particularly those responsible for the stabilization of
the phosphates of the ATP (H28, H31, H57, S164 and R168).

Conclusion

We developed a VS protocol that is able to find ligands of an enzyme which does not require
previous knowledge of ligands or ligand-receptor structures. The protocol is computationally
efficient allowing for the screening of large compound libraries with moderate computational
resources. The protocol was implemented over CaFADS, an enzyme that is considered a good
model for FADSs of bacterial species that cause tuberculosis and pneumonia [40, 41].

The VS protocol involves a funnel-like strategy with filtering stages that increase in accu-
racy. In the first stage, we used the flexi-pharma method [31], a pharmacophore filtering
strategy with ligand-free receptor conformations from MD. In the second stage, we used a con-
sensus docking strategy to combine the results from different docking programs using the
exponential consensus ranking (ECR) method [43]. In the third stage of MD-ranking, we
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developed a new score for the ligand’s flexibility using a Morse potential. This score is com-
bined with other scoring functions using the ECR method over the MD ensemble.

The protocol was optimized and validated over an experimentally-tested compound library
with known ligands of the CaFADS. We implemented the VS strategy over a unexplored com-
pound library, resulting in a list of 17 compounds that were tested experimentally. Notably, we
discovered five compounds able to bind to the CaFADS. One of these compounds shows sig-
nificant inhibition of the FMNAT activity of CaFADS. In comparison to previous work [41],
the computational protocol gives an enrichment of around 8 for the experimental stage. In
addition, some of the new compounds show growth inhibitory activity against Corynebacte-
rium, Mycobacterium or Streptococcus species, supporting the use of the integrative VS proto-
col for the initial stages of drug discovery.

Although our final results show a good experimental enrichment, we note that the generali-
zation of the entire protocol (shown in Fig 1) is still to be optimized, and validated for multiple
systems with diverse active sites.

Supporting information

S1 Fig. Example of the Flexi-pharma pharmacophore mapping. The green, red and gray
spheres represent hydrogen-bond acceptor, negatively charged and aromatic features, respec-
tively.

(TIF)

S2 Fig. Enrichment plot for the different ECR-docking strategies. The violet line shows the
EP from ECR combination of Autodock4.2, Vina and Smina docking results using the best
pose from each program (as was done in ref. [43]). We also studied the outcome when using
the best pose for each molecule from the different programs: from Autodock4.2 (black), Vina
(green) and Smina (blue), then re-scored it with Autodock4.2, Vina, Vinardo and CYscore,
and these new scores were combined using an ECR methodology. We find that using the
Autodock4.2 pose and re-scoring it with the other programs produces the best outcome.
(TIF)

$3 Fig. Funnel-like protocol implemented for the Maybridge compound library. The
number of filtered molecules is shown on the left. The computational protocol has several
stages: first, a pharmacophore-based VS (flexi-pharma), then ECR-Docking, afterwards two
MD stages (that depended on the simulation time) were used for ranking the compounds
with a Morse-based score and an ECR combination of scoring functions. In the physico-
chemical stage, we assessed a range of properties for the 30 best VS-ranked compounds that
relate to their potential drug-likeness (S1 Table), as well as their commercial availability,
selecting 17 compounds for the experimental assays. 5 compounds were found to be ligands
of CaFADS.

(TIF)

S4 Fig. Ranks for the individual scoring functions and the ECR method for the MD-rank-
ing stage 2 using 300 molecules filtered from the Maybridge compound library. The best
ranked molecules by the ECR are also well ranked for the majority of the programs but not

necessarily for all. The top 30 molecules given by the ECR are selected for the following stage.
(TIF)

S5 Fig. Structure of the active VSHs towards CaFADS or the organisms tested. C3, C5, C6,
C9 and C18 are able to bind to CaFADS. C3, C5, C6 and C18 cause 50% of FMNAT activity
inhibition (ICs) at concentration lower than 250 uM. C3, C5 and C18 cause 50% RFK-
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FMNAT activity inhibition (ICs, at concentration lower than 250 uM. C3, C5, Cé6, C9, C18
and C26 have FMNAT residual activity < 95% at 250 uM of compound. C2, C3, C5, Cé6, C7,
C9, C18 and C26 have RFK+FMNAT residual activity < 95% at 250 uM of compound. C2, C5,
C6 and C27 have MIC values lower than 256 uM against C. ammoniagenes, and or C2, C3, C5,
C6 and C27 Mycobacteriumspecies.

(TIF)

S6 Fig. 2D representation of interactions between VSHs and CaFADS found in the docking
stage. The Autodock pose obtained in the docking stage was used to observe the interactions
with CaFADS. Compounds C2, C3, C5, C6, C7 and C9 interact with the ATP binding site

and compounds C18 and C26 show interactions with the binding site of both ATP and FMN.
Almost all compounds interact with key residues in the binding pocket: H28, H31, H57, N125,
S164 and R168.

(TIF)

S7 Fig. Global view of the CaFADS receptor with VSHs. A global view of the receptor struc-
ture with the superposition of the Autodock poses of the VSHs compounds. The docked com-
pounds cover a wide range of the receptor binding pocket.

(TIF)

S1 Text. Description of the different ECR-docking FADS optimization strategies.
(PDF)

S1 Table. Summary of properties for the CaFADS best ranked VS compounds. The table
shows the VS rank, the Zinc and Maybridge Codes, the names and summary of physico-chem-
ical criteria (values at pH 7.0) to evaluate their potential drug-likeness. Preferred criteria values
are indicated on the top in green. Favorable criteria for each compound are highlighted in a
green background, those in the limit are in a yellow background and those violating the criteria
are in a red background. Compounds selected for experimental evaluation as virtual screening
hits (VSH) are highlighted in red font in the first four columns.

(PDF)

$2 Table. Minimal Inhibitory Concentration (MIC) of VSHs against different microorgan-
isms. Compounds were, in most cases, assayed in the 0-256 yM concentration range. In some
cases, they were assayed only in the 0-64 yM concentration range, and if no effect was observed
in these cases > 64 is shown. Best performing compounds are colored from red, orange, yellow
to green.

(PDF)

§3 Table. Bacterial strains tested for VSH antibacterial activity.
(PDF)
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SUPPORTING TEXT
SI 1 Text. Description of the different ECR-docking FADS optimization strategies.
The ECR-docking was implemented using two strategies:

1) The best ranked molecules from the step 1 were docked to the FMNAT-FADS active
site using the Autodock4.2 [1-3], Vina [4] and Smina [5] programs. The scores of the best
poses from each docking program (evaluated with its own scoring function) were used to
obtain 3 ranks (one for each docking program). The three ranks were combined using ECR

to obtain a consensus rank (violet line in Figure SI 2).

2) In the second strategy, we extracted the best pose from each program and re-evaluated
it with Autodock4.2 [1-3], Vina [4], Vinardo [6] and CYscore [7] scoring functions. Then, the
4 obtained ranks were combined using an ECR strategy to obtain a consensus rank (black,

green and blue lines in Figure SI 2).

We found that the best EP was obtained with the second strategy using the best pose
from Autodock4.2 (black line in Figure SI 2).



SUPPORTING FIGURES

SI 1 Fig. Example of the Flexi-pharma pharmacophore mapping. The green, red and
gray spheres represent hydrogen-bond acceptors, negatively charged and aromatic features,

respectively.

60
ECR-Docking strategies
40
20
* Pose from gach program
Pose autodock
Pose ving ———
Pose-smina
randam
0
10 20

SI 2 Fig. Enrichment plot for the different ECR-docking strategies. The violet line
shows the EP from ECR combination of Autodock4.2, Vina and Smina docking results using
the best pose from each program (as was done in ref. [8]). We also studied the outcome
when using the best pose for each molecule from the different programs: from Autodock4.2
(black), Vina (green) and Smina (blue), then re-scored it with Autodock4.2, Vina, Vinardo
and CYscore, and these new scores were combined using an ECR methodology. We find
that using the Autodock4.2 pose and re-scoring it with the other programs produces the best

outcome.
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SI 3 Fig. Funnel-like protocol implemented for the Maybridge compound library. The
number of filtered molecules is shown on the left. The computational protocol had several
stages: first a pharmacophore-based VS (Flexi-pharma), then ECR-Docking, afterwards two
stages (that depended on the simulation time) were used for ranking the compounds with
a Morse-based score and an ECR combination of scoring functions. In the physico-chemical
stage, we assessed a range of properties for the 30 best VS-ranked compounds that relate to
their potential drug-likeness (SI 1 Table), as well as their commercial availability, selecting
17 compounds for the experimental assays. 5 compounds were found to be ligands of
CaFADS.
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SI 4 Fig. Ranks for the individual scoring functions and the ECR method for the MD-
ranking stage 2 using 300 molecules filtered from the Maybridge compound library. The
best ranked molecules by the ECR are also well ranked for the majority of the programs but
not necessarily for all. The top 30 molecules given by the ECR are selected for the following

stage.
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SI 5 Fig. Structure of the active VSHs towards CaFADS or the microorganisms tested.
Compounds C3, C5, C6, C9 and C18 can bind to CaFADS. Compounds C3, C5, C6 and C18
cause 50% of FMNAT activity inhibition (ICs)) at concentration lower than 250 puM.
Compounds C3, C5 and C18 cause 50% RFK-FMNAT activity inhibition (ICso) at
concentration lower than 250 uM. Compounds C3, C5, C6, C9, C18 and C26 have FMNAT
residual activity < 95% at 250 uM of compound. Compounds C2, C3, C5, C6, C7, C9, C18
and C26 have RFK+FMNAT residual activity < 95% at 250 uM of compound. Compounds
C2, C5, C6 and C27 have minimal inhibitory concentration (MIC) lower than 256 uM against
C. ammoniagenes, and so do compounds C2, C3, C5, C6 and C27 against M. tuberculosis.
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SI 6 Fig. 2D representation of interactions between VSHs and CaFADS found in the
docking stage. The Autodock4.2 pose obtained in the docking stage was used to observe
the interactions with the FMNAT module of CaFADS. Compounds C2, C3, C5, C6, C7 and
C9 interact with the ATP binding site and compounds C18 and C26 show interactions with

the binding site of both ATP and FMN. Almost all compounds interact with key residues in
the binding pocket: H28, H31, H57, N125, S164 and R168.

SI 7 Fig. Global view of the FMNAT module of the CaFADS receptor with VSHs. A
global view of the receptor structure with the superposition of the Autodock poses of the

VSHs compounds. The docked compounds cover a wide range of the receptor binding

pocket.



SUPPORTING TABLES

SI 1 Table. Summary of properties for the CaFADS best ranked VS compounds. The
table shows the VS rank, the Zinc and Maybridge Codes, the names and summary of
physicochemical criteria (values at pH 7.0) to evaluate their potential drug-likeness.
Preferred criteria values are indicated on the top in green. Favorable criteria for each
compound are highlighted in a green background, those in the limit are in a yellow
background, and those violating the criteria are in a red background. The 17 compounds
selected for experimental evaluation as virtual screening hits (VSH) are highlighted in red
font in the first four columns. 2 n.a., not available.
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(trifluoromethy
|)phenyl]thio}-
1,4,5,6-
tetrahydropyri
midin-4-one




Cc20

22.32

ZINC31723536

DSHS00186

2-(1-
naphthylmethyl
idene)-1,2,3,4-
tetrahydronaph
thalen-1-one 1-

(2,4
dinitrophenyl)h

ydrazone

c21

21.53

ZINC04381326

PD00681

6-{[4-(4-
chlorophenoxy)
anilino]carbony

1}-3,4-
dimethylcycloh
ex-3-ene-1-
carboxylic acid

c22

20.91

ZINC08636573

HTS06857

3,7-bis(4-
methylphenyl)-
2-(4-
nitrophenyl)-7-
oxo-5-phenyl-
2,4-
heptadienenitri
le

c23

20.12

ZINC33380709

BLT00007

methyl 4-[2-
(2,4-
dinitrophenyl)h
ydrazono]-4-(4-
methylphenyl)b
utanoate

c24

19.93

ZINC01042691

RF01303

[3-(2,6-
dichlorophenyl)
-5-
methylisoxazol-
4-yllmethyl 4-
nitrobenzoate

Cc25

19.63

ZINC08618071

FM00297

[3-(2,6-
dichlorophenyl)
-5-
methylisoxazol-
4-yI}{2-((4-
methyl-2-
nitrophenoxy)
methyl]-1,3-
thiazolan-3-
yl}methanone

C26

19.61

ZINC08649294

RH01964

N-{2-[2-nitro-4-
(trifluoromethy
l)anilino]ethyl}-
2-
phenoxynicotin
amide

c27

19.03

ZINC15923715

NRB05091

4-hydroxy-
11,11-
dimethyl-5,11-
dihydro-2H-
pyrano[2',3":4,5
Jpyrido[1,2-
alindole-2,5-
dione
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Table SI 3. Bacterial strains tested for VSH antibacterial activity.

Bacterial strain Features Source
Corynebacterium ammoniagenes ATCC Reference strain ATCC
7862
Corynebacterium glutamicum ATCC 13032 Reference strain ATCC
Corynebacterium diphteriae ATCC 39255 Strain lacking diphtheria toxin ATCC
Mycobacterium tuberculosis H37Rv Reference laboratory strain (virulent) ATCC
Mycobacterium smegmatis mc*155 ATCC  High-efficiency strain for DNA ATCC
700084 transformation
Streptococcus pneumoniae ATCC 49619 Clinical isolated ATCC
Escherichia coli ATCC 10536 Reference strain to test bactericidal ATCC
activity of disinfectants
Listeria monocytogenes EDGe ATCC BAA-  Clinical isolate ATCC
679
Pseudomonas aeruginosa ATCC 15442 Reference strain to test bactericidal ATCC
activity of disinfectants
Salmonella thyphimurium SV5015 Salmonella thyphimurium SL1344 his*  [9]
Staphylococcus aureus CECT 794 (ATCC Reference strain to test antimicrobial CECT
29213) susceptibility
Bacillus sp. CECT 40 Environmental isolate CECT

ATCC, American Type Culture Collection
CECT, Spanish Type Culture Collection
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General discussion

I. Species-specific strategies regulate the biosynthesis of flavin cofactors.

The flavin cofactors are essential in cell bioenergetics because the act as
cofactor of a plethora of flavoproteins and flavoenzymes (Macheroux et al., 2011).
Hence, its production should be thoroughly regulated to maintain the cellular
and flavoproteome homeostasis. In general, eukaryotes and most archaea
synthetize FMN and FAD through two independent monofunctional enzymes;
whereas most prokaryotic organisms depend on a single bifunctional enzyme,
the FAD synthase (FADS) (Serrano et al., 2013a)

The eukaryotic monofunctional RFKs and the C-terminal modules of
prokaryotic FADSs show high overall structural similarity. However, species-
specific features have been reported regarding the conformation of several
structural elements, such as loops FlapI and Flapll and the catalytic PTAN motif
(Frago et al., 2008; Herguedas et al., 2010; Karthikeyan et al., 2003a; Sebastian et
al., 2017a; Wang et al., 2003). These variations modulate conformational
reorganizations occurring upon ligand binding and catalysis, and result in a
variety of species-specific strategies to regulate FMN biosynthesis; as
demonstrated for the RFK cycles of the prokaryotic FADSs of Corynebacterium
ammoniagenes and Streptococcus pneumoniae (Sebastian et al., 2017c, 2018a). The
results in Publication I (Anoz-Carbonell et al., 2020a) further reinforce our

hypothesis and extend it to monofunctional RFKs.

The inhibition of the RFK activity by the products of the reaction seems to be
a common regulatory mechanism, although inhibition potency and mechanism
varies with the enzyme. Hence, FMN and ADP inhibit the RFK reaction through
the formation of non-productive ternary complexes that kinetically and
thermodynamically competes with the -catalytically competent complex
(Publication I) (Anoz-Carbonell et al., 2020a; Sebastian et al., 2017c, 2018a).
However, the inhibition by RF substrate seems to be a species-specific
mechanism, since it has been observed just for the RFK activity of CaFADS but
not for other prokaryotic FADS or eukaryotic RFKs so far studied (Herguedas et
al., 2015; Sebastian et al., 2017c). Other significant differences are observed in
ligand binding cooperativity, which might exacerbate the inhibitory effect of
substrates and/or products, as observed in CaFADS but with modest contribution
in SpnFADS and HsRFK. Altogether, our data reflect noteworthy differences in
the RFK catalytic mechanism of the characterized prokaryotic FADS and
eukaryotic RFKs: HsRFK and SpnFADS follow a random sequential binding of
the RFK substrates, while substrates binding to CaFADS is concerted
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(Publication I) (Anoz-Carbonell et al., 2020a; Sebastian et al., 2017c, 2018a).
Additionally, for all these three RFK proteins, the release of FMN and ADP
products might be the rate-limiting step of the whole catalytic cycle. Hence, this
seems to be a prevailing regulatory mechanism of the RFK activity, as well as a
potential strategy to control the delivery of FMN to their respective FMNATSs
(FMNAT modules of prokaryotic FADS or eukaryotic FMNATSs) or to the FMN

client apo-flavoproteins.

The FMNAT module of prokaryotic FADSs differ from eukaryotic FMNATSs
(or FADSs) both in sequence and structure. Although both adopt a Rossmann
a/B/oc topology, they belong to two different proteins superfamilies, the
nucleotidyl-transferase and the adenine nucleotide a-hydroxilase-like superfamilies,
respectively (Herguedas et al., 2010; Huerta et al., 2009; Leulliot et al., 2010;
Sebastian et al., 2017a; Wang et al., 2003). Thus, FAD biosynthesis is regulated
through several mechanisms that, depending on the species, can include the
inhibition of the FMNAT reaction by the substrates and/or products, the redox
state of the FMN substrate, the stabilization of quaternary assemblies coupled to
catalysis (Bowers-Komro et al., 1989; Sebastidn et al., 2017a; Serrano et al., 2015;
Torchetti et al., 2011). Moreover, the release of the FAD product is the rate-
limiting step in the FMNAT catalysis both in the prokaryotic and eukaryotic
enzymes (Arilla-Luna et al., 2019; Huerta et al., 2013; Lans et al., 2018; Park et al.,
2012), as observed for RFKs. In the case of the human hFADS, this regulatory
feature was also hypothesized (Giancaspero et al., 2015b; Torchetti et al., 2011),
and has been further confirmed with the D238A hFADS6 mutant, in which the
enzymatic activity increases as a result of a lower affinity for the flavin ligand,
and thus a higher product release as reported in Publication II
(Leone et al., 2019).

The detailed characterization of the catalytic cycles of the enzymes implicated
on the flavin cofactor biosynthesis in Homo sapiens might contribute to the better
understanding of the molecular bases of flavin-related pathologies, such as lipid
storage myopathy due to FLAD1 deficiency, amyotrophic lateral sclerosis or
certain types of cancers (Hirano et al., 2011; Hu et al., 2020; Olsen et al., 2016;
Tolomeo et al., 2020). Furthermore, it might provide a framework to new
therapeutic strategies and to the design and developpe selective compounds

targeting these enzymes.
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II. The two active sites of the NQO1 homodimer of Homo sapiens are
non-equivalent during catalysis.

Flavoenzymes and flavoproteins execute crucial roles in energetic metabolism
as well as in other cellular processes, such as cell signaling, protein folding, or
nucleotide synthesis (Joosten and van Berkel, 2007, Macheroux et al., 2011).
Nonetheless, in the human being, most flavin-dependent enzymes catalyze
oxidation-reduction processes in primary metabolic pathways, and
approximately two thirds of them are associated with disorders caused by allelic

variants affecting protein function (Lienhart et al., 2013).

Human NQOL1 is a dimeric FAD-dependent flavoprotein involved in the
antioxidant defense, the activation of cancer prodrugs and the stabilization of
oncosuppressors (Beaver et al., 2019; Oh et al., 2016; Ross and Siegel, 2018).
Furthermore, changes in the activity of this enzyme have been associated to
different pathologies, including cancer and cardiovascular and neurological
diseases (Ross et al., 2000). The enzymatic cycle of NQO1 follows a bi-bi
mechanism divided in two half reactions, each of them comprising ligand
binding/release events and the hydride transfer reaction (Bianchet et al., 2004;
Hosoda et al., 1974). Early studies with rat NQO1 pointed to the existence of
functional non-equivalent active sites within the protein dimer and negative

cooperativity towards some inhibitors (Rase et al., 1976).

Our work (Publication III) further reinforces the mechanism of rat ¥NQO1,
and extends it to human /NQO1 (Anoz-Carbonell ef al., 2020b). In /NQO1, the
hydride transfer from NAD(P)H to the flavin cofactor occurs with a 20-fold
difference in rate constants between active sites. Therefore, the fast pathway
might dominate the observed steady-state kinetics, representing a sort of half-of-
sites activity. This kinetic difference between both active sites was also observed
in the hydride transfer of the oxidative half-reaction. Moreover, the HT of both
active sites is slowed down by the inhibitor dicoumarol in both the reductive and
oxidative half-reactions. Analysis of KIEs and their temperature dependence also
supports our proposal of two non-equivalent active sites, since they show
significant different contributions from quantum tunneling, structural dynamics

and reorganizations to the HT process.

A deep understanding of the catalytic mechanism of this disease-related

enzyme would allow us to rationalize the effects of missense variants (such as
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the polymorphisms p.P187S or p.R139W), as well as to design more selective
modulators/inhibitors of NQO1 activity and pro-drugs which are activated by
NQOL1 as chemotherapeutics.

II1. Exploring prokaryotic FADSs as antimicrobial targets.

The emergence during the last decades of drug-resistant microorganisms
reveals the need to develop new antimicrobial drugs, focusing on the discovery
of new druggable targets and processes in prokaryotes. In our group, we propose
prokaryotic FADSs as potential antimicrobial targets. This bifunctional proteins
synthetize the essential flavin cofactors FMN and FAD, and hence they have a
crucial role in flavin homeostasis and in the maintenance of flavoprotein and
flavoenzyme function (Frago et al., 2008). Indeed, FADS are highly conserved
among prokaryotes and have been described as essential for numerous
microorganisms (Goodall et al., 2018; Kobayashi et al., 2003; Liu et al., 2017; Minato
et al., 2019). Furthermore, FMNAT modules of prokaryotic FADS and eukaryotic
FMNATSs differ both in sequence, structure and biochemical features (Herguedas
et al., 2010; Huerta et al., 2009; Leulliot et al., 2010; Wang et al., 2003), so potential
inhibitors that specifically target the FMNAT module of FADS are likely to be

selective to bacteria without affecting the eukaryotic host enzymes.

In our group, we decided to explore the potentiality of FADSs as antimicrobial
targets through the high-throughput screening against the FADS of
Corynebacterium ammoniagenes. CaFADS 1is hitherto the best characterized
prokaryotic FADS and a good representative model for the FADS of
Mycobacterium tuberculosis (Frago et al., 2008, 2009; Herguedas et al., 2010;
Marcuello et al., 2013). For that, we have followed two different but
complementary approaches: a wet-laboratory activity-based HTS (Publication
IV) (Sebastian et al., 2018b) and a docking-based virtual screening (Publication
V) (Lans et al., 2020)].

In the activity-based HTS against CaFADS (Publication IV) (Sebastian et al.,
2018b), we identified 37 compounds inhibiting its enzymatic activities (RFK
and/or FMNAT), three of which are selective and potent inhibitors of the FMNAT
activity. Additionally, the species-specificity of HTS hits was confirmed, since
only a third of the compounds have moderate inhibitory effects on SpnFADS,
another member of the prokaryotic FADS family.
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Additionally, a virtual screening was used to find new CaFADS ligands from
a larger compound library (Publication V) (Lans et al., 2020). With this in silico
approach, we have identified 5 compounds from the 17 best-scored hits that are
in vitro ligands of CaFADS and inhibit its FMNAT enzymatic activity.

We also tested the antimicrobial activity of both HTS hits against several
bacterial strains, including C. ammoniagenes, S. pneumoniae and M. tuberculosis; as
well as their cytotoxic activity in eukaryotic cell lines (Publications IV and V)
(Lans et al., 2020; Sebastian et al., 2018b). The selective FMNAT inhibitors from
the HTS had mild or no antimicrobial effect against the tested strains, and those
compounds targeting the both the RFK and FMNAT activity (non-selective HTS
hits) had strong effect on microbial growth. In contrast, the compounds identified
in the virtual screening are active but at high concentrations. Furthermore, all the
identified FMNAT inhibitors do not show significant cytotoxic effect at the
concentrations required for the antimicrobial activity, highlighting their potential
use against prokaryotic pathogens. However, derivatization of this compounds
into second generation hits, the utilization of vehiculation systems or the
combination with synergistic antimicrobial partners are some strategies to

further increase the efficacy of these inhibitors.

In these studies, we have focused on compounds targeting the FMNAT
modules of prokaryotic FADSs, because of the lack of sequence and structural
similarity with eukaryotic FMNATs/FADSs. To date, antimicrobials targeting the
RFK modules of FADS have not been exploited, since their structural homology
with the eukaryotic RFKs envisaged the potential compromise of the specificity
of these inhibitors, resulting in deleterious effects to the host (Serrano et al.,
2013a). However, our results in Publication I (Anoz-Carbonell et al., 2020a)
demonstrate species-specific mechanisms in RFKs (associated with significant
differences in secondary structure elements and their conformational changes
upon ligand binding and catalysis), hence re-opening the door to antimicrobials
against RFK modules of bacterial FADSs.
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Conclusions

PUBLICATION I. Human riboflavin kinase: Species-specific traits in the
biosynthesis of the FMN cofactor.

— Inhibition of the HsRFK activity provides with an intricate regulatory
mechanism that might contribute to flavins production according to the

cellular needs.

— Binding of the substrates and products into non-competent complexes act
as kinetic and thermodynamic traps for the formation of the catalytically

competent complex.

— HSsRFK catalytic and regulatory mechanisms differ from those of the so far
evaluated bacterial counterparts, reinforcing the idea of species-specific
mechanisms in RFK catalysis and opening the door to antimicrobials
against this enzymatic activity of prokaryotic FADS.

PUBLICATION II. Mutation of aspartate 238 in FAD synthase isoform 6
increasing the specific activity by weakening the FAD binding,.

— The D238A hFADS6 mutant, as the D181A C¢FMNAT “supermutant”
(mutant in the orthologous residue), has higher turn-over number and

catalytic efficiency than the WT protein.

— The D238A substitution in "FADS drastically lowers the affinity for the
flavin ligands, favoring FAD product release after catalysis, and therefore

increasing the specific activity.

— Our data is consistent with the proposed mechanism for FAD
biosynthesis by hFFADS, in which the limiting step of the overall catalytic
process is the FAD releasing step.

PUBLICATION III. The catalytic cycle of the antioxidant and cancer-
associated human NQO1 enzyme: hydride transfer, conformational dynamics
and functional cooperativity.

— hNQOL1 has two non-equivalent active sites in the protein dimer that differ
significantly in the rate for hydride transfer from NAD(P)H to the flavin

cofactor.
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The inhibitor dicoumarol slows down the reductive and oxidative half-

reactions at both active sites within the protein dimer.

Analysis of KIEs and their temperature dependence shows different
contributions from quantum tunneling, structural dynamics and

reorganizations to catalysis at the two active sites of a INQO1 dimer.

PUBLICATION IV. Discovery of antimicrobial compounds targeting

bacterial type FAD synthases.

37 compounds of the Prestwick Chemical Library® (1240 compounds)
inhibit CaFADS enzymatic activities (RFK and/or FMNAT), three of which
are specific and potent inhibitors of the FMNAT activity.

Two of these three hits are not species-selective, since they inhibit both
CaFADS and SpnFADS.

No antimicrobial effect against C. ammoniagenes and S. pneumoniae was
detected for these three FMNAT inhibitors. However, compounds
affecting both RFK and FMNAT activities show the best antimicrobial

properties.

Prokaryotic FADSs are promising species-selective antimicrobial targets.

PUBLICATION V. In silico discovery and biological validation of ligands
of FAD synthase, a promising new antimicrobial target.

208

The applied virtual screening protocol is able to computationally screen
large compound libraries to find ligands/binders of CaFADS.

5 compounds out of the 17 best-scored from the VS of the Maybridge
Chemical Library® (14000 compounds) against CaFADS, are in vitro
ligands of this protein and inhibit its FMNAT activity.

These bona fide hits have antimicrobial activity against C. ammoniagenes
and M. tuberculosis, without showing significant cytotoxicity in eukaryotic

cell lines.
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Conclusiones

PUBLICACION I. Human riboflavin kinase: Species-specific traits in the
biosynthesis of the FMN cofactor.

— La inhibicion de la actividad de HsRFK proporciona un intrincado
mecanismo regulatorio que podria contribuir a la produccion de flavinas

de acuerdo con las necesidades intracelulares.

- Launion de los sustratos y productos en complejos no-competentes actiia
a modo de trampas cinéticas y termodindmicas a la formacion del

complejo catalitico competente.

— Los mecanismos cataliticos y regulatorios de HsRFK difieren de los
observados en las RFKs bacterianas, lo que refuerza la idea de mecanismos
especie-especificos en la catalisis RFK y abre la puerta al desarrollo de
antimicrobianos frente a esta actividad enzimatica de las FADS

procariotas.

PUBLICACION II. Mutation of aspartate 238 in FAD synthase isoform 6
increasing the specific activity by weakening the FAD binding.

— El mutante D238A hFADS6, de forma similar al “supermutante” D181A
CgFMNAT (mutante en el residuo ortologo), tiene mayor numero de

recambio y eficiencia catalitica que la proteina silvestre.

- La sustituciéon D238A en hFADS reduce drasticamente la afinidad por el
ligando flavinico, favoreciendo la liberaciéon del producto tras la catalisis

y, con ello, incrementando la actividad especifica.

— Nuestros datos son consistentes con el mecanismo propuesto para la
biosintesis de FAD por hFADS, en el que la etapa limitante del proceso

catalitico es la liberacidon del FAD.
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PUBLICACION III. The catalytic cycle of the antioxidant and cancer-

associated human NQO1 enzyme: hydride transfer, conformational dynamics

and functional cooperativity.

— El dimero de INQOI1 tiene dos centros activos no idénticos que difieren

significativamente en la velocidad de transferencia de hidruro del
NAD(P)H al cofactor flavinico.

El inhibidor dicumarol ralentiza las semi-reacciones de reduccion y

oxidacion de ambos centros activos del dimero.

El andlisis de los efectos isotdpicos cinéticos y su dependencia con la
temperatura muestra diferentes contribuciones del efecto tinel, dindmicas
conformacionales y reorganizaciones moleculares en la catalisis de ambos

centros activos del dimero de hINQOI.

PUBLICACION 1V. Discovery of antimicrobial compounds targeting

bacterial type FAD synthases.
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37 compuestos de la quimoteca Prestwick Chemical Library® (1240
compuestos) inhiben las actividades enzimaticas de CaFADS (RFK y/o
FMNAT), tres de los cuales son inhibidores especificos y potentes de la
actividad FMNAT.

Dos de estos tres compuestos no son selectivos de especie, ya que inhiben
tanto CaFADS como SpnFADS.

No se detecta efecto antimicrobiano frente a C. ammoniagenes vy
S. pneumoniae para estos tres inhibidores de la actividad FMNAT. Sin
embargo, los compuestos que afectan simultdneamente a las actividades

RFK y FMNAT presentan mejores propiedades antimicrobianas.

Las FADSs procariotas son prometedoras dianas de antimicrobianos.
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PUBLICACION V. In silico discovery and biological validation of ligands

of FAD synthase, a promising new antimicrobial target.

- El protocolo de cribado virtual empleado permite identificar de forma

computacional compuestos que unan CaFADS.

— 5 compuestos de los 17 mejor clasificados del cribado virtual de la
quimioteca Maybridge Chemical Library® (14000 compuestos) frente a
CaFADS, son ligandos in vitro de esta proteina e inhibien su actividad
FMNAT.

— Estosinhibidores tienen actividad antimicrobiana frente a C. ammoniagenes

y M. tuberculosis, sin presentar citotoxicidad en lineas celulares eucariotas.
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ARTICLE INFO ABSTRACT

Keywords: Brucella ovis encodes a bacterial subclass 1 ferredoxin-NADP(H) reductase (BoFPR) that, by similarity with other
Bacterial ferredoxin-NADP(H) reductase FPRs, is expected either to deliver electrons from NADPH to the redox-based metabolism and/or to oxidize
Hydride transfer NADPH to regulate the soxRS regulon that protects bacteria against oxidative damage. Such potential roles for
Charge-transfer complex the pathogen survival under infection conditions make of interest to understand and to act on the BoFPR me-
::;;‘;ZZ{?ﬁ:omﬂry chanism. Here, we investigate the NADP ' /H interaction and NADPH oxidation by hydride transfer (HT) to
Xeray diffraction BoFPR. Crystal structures of BoFPR in free and in complex with NADP* hardly differ. The latter shows binding of
Molecular dynamics the NADP* adenosine moiety, while its redox-reactive nicotinamide protrudes towards the solvent. Nonetheless,
pre-steady-state kinetics show formation of a charge-transfer complex (CTC-1) prior to the hydride transfer, as
well as conversion of CTC-1 into a second charge-transfer complex (CTC-2) concomitantly with the HT event.
Thus, during catalysis nicotinamide and flavin reacting rings stack. Kinetic data also identify the HT itself as the
rate limiting step in the reduction of BoFPR by NADPH, as well as product release limiting the overall reaction.
Using all-atom molecular dynamics simulations with a thermal effect approach we are able to visualise a po-
tential transient catalytically competent interaction of the reacting rings. Simulations indicate that the archi-
tecture of the FAD folded conformation in BoFPR might be key in catalysis, pointing to its adenine as an element
to orient the reactive atoms in conformations competent for HT.

1. Introduction to NADP*, via ferredoxin, to produce reducing power in the form of
NADPH [2,3]. This reaction can be physiologically reversible and, thus,

Plant-type ferredoxin-NADP* reductases are FAD-dependent en- FNRs can also oxidize NADPH to provide reducing power to various
zymes structurally and functionally subdivided in two groups known as metabolic processes in photosynthetic cells as well as in non-photo-
plastidic-type FNRs and bacterial-type FPRs [1,2]. The main function of synthetic tissues and in some bacteria [4-6]. FPRs in general work in
FNRs in photosynthetic cells is the electron transfer from Photosystem I the NADPH oxidation sense of the reaction. In heterotrophic bacteria

Abbreviations: CHES, 2-(cyclohexylamino)ethanesulfonic acid; CTC, charge transfer complex; DCPIP, 2,6-diclorophenolindophenol; DMSO, dimethyl sulfoxide; E.
coli, Escherichia coli; FAD, flavin adenine dinucleotide; FNR, plastidic type ferredoxin-NADP " reductase; FPR, bacterial type ferredoxin-NADP " reductase; HEPES, 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HT, hydride transfer; IPTG, isopropyl (-D-1-thiogalactopyranoside; ITC, isothermal titration calorimetry; MD,
molecular dynamics; MES, 2-(N-morpholino)ethanesulfonic acid; NADP* and NADPH, oxidized and reduced forms of the nicotinamide adenine dinucleotide
phosphate; PEG, polyethylene glycol; PIPES, piperazine-N,N’-bis(2-ethanesulfonic acid); ROS, reactive oxygen species; SDS-PAGE, sodium dodecyl sulfate poly-
acrylamide gel electrophoresis; Tris, tris(hydroxymethyl) aminomethane
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they usually provide electrons, via ferredoxin or flavodoxin, to pro-
cesses such as nitrogen, hydrogen, methane or CO, assimilation and
fixation, activation of anaerobic enzymes, fatty acid desaturation or [3-
carotene hydroxylation [1,2]. A key antioxidant role in the protection
of Gram negative bacteria against changing environments is also related
to their NADPH oxidase activity [7-9]. Thus, FPRs are reported as a
component of the soxRS regulon system that protects bacteria against
superoxide and nitric oxide damage. In this context, at least five loci
involved in the superoxide response of Escherichia coli are related to
redox processes including the fpr gene, with NADPH formation and FPR
protein levels stimulated when bacteria are exposed to oxidative en-
vironments [10-13]. Therefore, some bacteria finely regulate the NADP
(H) pool homeostasis, and its deployment to the oxidized state, by the
FPR action to produce the oxidation of the soxRS sensor. This later fact
in turn activates the protective bacterial response under oxidative en-
vironments [14].

Both FNRs and FPRs fold in two domains, the N-terminal being the
main responsible for FAD binding while the C-terminal domain binds
NADP™*/H [1-3,9,15]. Despite overall FAD binding is similar, differ-
ences are found in its conformation that is respectively extended and
folded. The extended FAD in FNRs is favoured by a f-hairpin structure
that is replaced by a short loop in FPRs (Fig. SP1A). On its side, the
folded FAD in FPRs is stabilised by the stacking of its adenosine to an
aromatic residue found in a C-terminal tail present in FPRs but absent in
FNRs. A key dissimilarity among FNRs and some FPRs also occurs at the
active site. The isoalloxazine ring of FNRs stacks between two aromatic
residues, being the one facing its Re-face a highly conserved C-terminal
Tyr that controls substrates/products access/release as well as the op-
timal catalytic competent conformation for catalysis [2,16-18]. Sub-
class II FPRs conserve this aromatic residue, but subclass I members
lack it (Fig. SP1A). Such traits are claimed as the causes for differences
in catalytic efficiencies described between FNRs and FPRs.

The Gram negative a-proteobacterium Brucella ovis has a fpr gene
(codifying for BoFPR) whose immediate downstream sodr gene codifies
for a superoxide dismutase (SOD). SOD enzymes are directly involved
in the process of reactive oxygen species (ROS) elimination, and its
overexpression in some Brucella genus inhibits bacterial intracellular
growth [19]. Noticeably, sodr genes are found immediately upstream of
fpr in some highly related Rhizobiales (which share more than 80% of
sequence identity). In most bacteria the fpr genomic context lacks sodr
genes, but contains genes for ferredoxins and/or flavoproteins (Fig.
SP1B). As chromosomal proximity in prokaryotes can relate to gene co-
regulation [20], a functional association might be envisaged between
BoFPR and BoSOD. Bacteria from the genus Brucella are facultative
intracellular pathogens that cause brucellosis in humans and many
animals, including cows, goats, sheep, dogs, and pigs. B. ovis is the
causative agent of this zoonosis in sheep, causing genital injuries, pla-
centitis, perinatal mortality increase and a lack of fertility [21-23]. The
host tries to cope with the infection through phagocytosis involving the
activation of neutrophils which undergo the respiratory burst releasing
of ROS intended to target foreign pathogens [24]. Since in Gram ne-
gative bacteria FPR might perform an important function in ROS re-
sponse, processes involving BoFPR might be of utmost importance for
the survival of B. ovis under infection conditions.

Better understanding of the proteins that support Brucella in-
tracellular growth is critical to design safe and effective vaccines and
treatments of brucellosis. In this context, we present here the isolation
of BoFPR, as well as a study of its mechanism for NADPH oxidation. Our
combined spectroscopic, kinetic and structural (both experimental and
theoretical) approaches provide an insight into the molecular me-
chanism for NADPH oxidation by BoFPR. In addition, we present
structural details on the contribution of the FAD folded conformation
and of the C-terminal tail of FPRs to the formation of a geometry that
allocates the N5 of the isoalloxazine of FAD and the C4 of the nicoti-
namide from NADPH in close proximity. We consider that knowledge
about these facts in the context of what is known about other members
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of this family is of interest both from the mechanistic point of view in
FPRs and to consider BoFPR a potential therapeutic target.

2. Materials and methods
2.1. Protein production

The BOV-0348 gene of B. ovis ATCC 25840 was synthetized and
cloned into the Ncol/BamHI sites of the pET-28a(+) plasmid by
GenScript. In this way the codifying fragment contains the BoFPR gene
preceded by an extension coding for a Hisg-Tag plus a PreScission
protease cleavage sequence. PET28a-BoFPR was used to transform E.
coli BL21 (DE3) competent cells. Transformed cells were selected on
LB/agar with 30 ug/mL kanamycin and then grown in LB media. BOFPR
expression was induced by overnight incubation with 200 uM IPTG at
37 °C. Cells were harvested by centrifugation and stored at —20 °C. To
purify BoFPR, cells were thawed, resuspended in cell disruption buffer
(20 mM potassium phosphate, pH 7.4, 10 mM imidazole, 0.5M NacCl,
and 1uM phenylmethanesulfonyl fluoride) and broken by ultrasonic
treatment at 4°C (12cycles of 30s) in a DRH UP200 DR sonicator
(Hielscher). The cell debris was removed by centrifugation and the
supernatant was loaded onto a His-Trap HP column (GE Healthcare)
equilibrated with cell disruption buffer. The column was washed with
the same buffer. Hiss-BoFPR was then eluted by using a 10 — 500 mM
imidazole gradient and collected in aliquots while recording absor-
bance at 280 nm. Fractions being yellow were analysed by SDS-PAGE.
Those containing BoFPR were pooled and dialysed against 25 mM Tris/
HCl, pH7.4. To remove the Hiss-Tag, the protein was incubated with
the PreScission Protease and then loaded in tandem His-Trap and GST-
Trap columns (GE Healthcare) to eliminate both the Hisg-tag and the
protease. Purification was completed using a HiPrep™ 26/60
Sephacryl® S-200 HR chromatography (GE Healthcare). Pure BoFPR
fractions were pooled and stored at —20 °C.

2.2. Spectroscopic analyses

UV-visible absorption spectra were recorded in an UV-Vis Cary 100
spectrophotometer (Agilent Technologies) at 25°C. CD spectra were
obtained in a Chirascan spectropolarimeter (Applied Photophysics Ltd.)
at 25 °C with 5 uM protein for the far-UV region and 20 uM for the near-
UV and visible regions, with 0.1 and 1cm path length cuvettes, re-
spectively. Fluorescence spectra were monitored using a Cary Eclipse
fluorimeter (Agilent Technologies) with 20 uM protein solutions. The
molar absorption coefficient for BoFPR at 451 nm was spectro-
photometrically determined by thermal denaturation of the protein for
10min at 90°C, followed by centrifugation, separation of the pre-
cipitated apoprotein, and spectroscopic quantification of the FAD re-
leased to the supernatant as previously described [25]. Spectral evo-
lution upon stepwise reduction of BoFPR (20 uM) was achieved by
photoreduction in the presence of 5-diazariboflavin (4 uM) and 3 mM
EDTA under anaerobic conditions [26]. Unless otherwise stated samples
were in 25 mM Tris/HCl, pH7.4.

2.3. Isothermal titration calorimetry

Interaction of BoFPR,, with NADP* was evaluated by isothermal
titration calorimetry (ITC) using a high precision Auto-ITC200 calori-
meter (MicroCal-Malvern Panalytical) thermostated at 25°C.
Interaction parameters were obtained by direct titration of BoFPR,y
(10 uM in the cell) with NADP* solutions (150 or 250 uM in the syr-
inge) in 25 mM Tris/HCl, pH 7.4, following procedures described pre-
viously [27,28]. A home-derived model for one binding site im-
plemented in Origin 7.0 (OriginLab) was used to determine the binding
stoichiometry (N), the association constant (K,), and the binding en-
thalpy (AH) [27,28]. The values of the dissociation constant (Ky), the
free energy of binding (AG) and the enthalpic contribution to the
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binding (—T-AS) were derived from basic thermodynamic relationships.
2.4. Evaluation of BoFPR thermal stability

The increase in the FAD cofactor fluorescence by its dissociation
from the holoprotein upon thermal unfolding was used to evaluate
BoFPR stability through assessing the midpoint temperature for flavin
release (T,rap). Denaturation curves were recorded in 25 mM Tris/HCI,
pH 7.4, using a Varian Cary Eclipse fluorimeter (Agilent Technologies
Ltd.) from 20 to 85 °C with scan rates of 1.5 °C/min and 2 uM protein,
both in the absence and presence of a 50-fold excess of NADP™*.
Samples were excited at 450nm and fluorescence was recorded at
530 nm. T,rap values were determined by analysing thermal FAD re-
lease curves as one-transition (i.e., a two-state process, native <> un-
folded or FAD bound < unbound, N <= U) by applying the following
equations [29]:

Sy + SUe_(AG/RT) _ SN,O + myT + (SU,O + my T)ef(AG/RT)
1 + e—(AG/RD) 1 + ¢(AG/RD) 1)

Sobs =

where S, is the measured protein signal at a given temperature (T), Sy
and Sy are the intrinsic fluorescent signals corresponding to protein-
bound FAD and protein-free FAD, respectively, and considered linear
functions of the temperature (Sy,o and Sy o are the y-axis intercepts, and
my and my are the slopes). On the other hand, the free energy differ-

AG, = AH,-(l - ! )+ ACy

follows, o~
. 15

ence in Eq. (1)

(T — Tupapi — Tln ﬁ), where AH,; is the van't Hoff enthalpy for each

FAD release transition, Typap; is the mid-transition temperature for
FAD release, ACp; is the heat capacity change for the unfolding transi-
tion associated with FAD release, and R is the ideal gas constant.

The heat capacity of BoFPR,, and BoFPR, :NADP* samples was
measured as a function of temperature (ACp(T)) using a High-sensitivity
differential scanning PEAQ-DSC automated microcalorimeter
(MicroCal-Malvern Panalytical). Thermal denaturation scans were
performed with 20 uM degassed BoFPR,, solutions, both in the absence
and presence of a 5-fold excess of NADP * at a scanning rate of 1 °C/min
from 10 to 95 °C. Reference solutions (containing buffers but lacking
BoFPR and NADP *) were treated similarly to record the baseline of the
instrument before experiments. No precipitation/aggregation occurred
during thermal denaturation. Thermograms were baseline-corrected
and analysed using a home-derived routine implemented in Origin 7
(OriginLab).

2.5. Steady-state enzymatic assays and evaluation of the inhibitory effects

The BoFPR NADPH-dependent diaphorase activity was determined
by following the 2,6-diclorophenolindophenol (DCPIP) reduction
(95uM) at 620nm (ggp0 = 21 mM~'em™Y) in samples containing
20 nM BoFPR and a 0-50 uM NADPH range [30]. Kinetic measurements
were carried out at 25 °C, in 25 mM Tris/HCl, pH 7.4. ks and K,N*PPH
values were calculated by data fitting to the Michaelis-Menten equation
considering inhibition by excess of NADPH,

v ket INADPH]

[BoFPR] ~ KNADPH 4 [S]1(1 + [S]/K;) 2

which also provided the corresponding inhibition constant, K;. NADPH
consumption when using oxygen and superoxide as potential BoFPR
electron acceptors was quantified by monitoring the decrease in ab-
sorbance at 340 nm. Superoxide was added as a potassium 18-crown-6
salt (Sigma-Aldrich) dissolved in dimethyl sulfoxide (DMSO).

The diaphorase activity was also assayed at different pH values
using as buffers 25 mM MES in the pH 5.5-6.0 range, 25 mM PIPES in
the pH 6.3-6.7 range, 25 mM Tris/HCl in the pH 7.0-8.4 range, and
25mM CHES in the pH 8.7-9.2 range, all of them containing 150 mM
NaCl. The relative activities obtained were fitted to a three-state model
using the following equation:

BBA - Bioenergetics 1860 (2019) 148058

Fe F4 + Fy10% 4 Fgl0@+b)
1 4 102 4 10@+d) 3)

where Fp, Fy and Fy are the activities (%) at acidic, neutral and basic pH
values respectively, and a = m(pH — pK,;) and b = n(pH — pK,»),
being m and n the number of protons exchanged in each of the two
transitions [31].

The inhibitory effect of small molecules (Table SP1) on the BoFPR
diaphorase activity was evaluated, in 25mM Tris/HCl, 2% DMSO,
pH7.4, at 25°C, using 20 nM BoFPR, saturating DCPIP (95uM) and
NADPH (50 uM), and varying the concentration of the compounds.
These data were used to determine the concentration of the compound
causing 50% enzyme inhibition (ICs¢) and maximal inhibition (ICpax),
as well as the BoFPR residual activity at ICp,.x [30].

2.6. Stopped-flow kinetic measurements

Fast reduction of BoFPR,, by NADPH was evaluated by using a
SX.18MV stopped-flow spectrophotometer (Applied Photophysics Ltd.)
with a photodiode array detector following settled down procedures
[32]. All samples were made anaerobic before introduction into the
stopped-flow syringes. BoFPR (~20 M) was mixed with a range of
NADPH concentrations at ratios from 1:1 to 1:20 in 25 mM Tris/HCI,
pH7.4 at both 6 and 25°C. Multiple wavelength absorption data
(400-1000 nm) were collected and processed using the X-Scan software
(Applied Photophysics Ltd.). Time spectral deconvolution was per-
formed by global analysis and numerical integration methods using
Pro-Kineticist (Applied Photophysics Ltd.). Collected data were fitted to
either single (A — B or B — C) or two (A — B — C) steps model allowing
estimation of the corresponding observed conversion rate constants
(ka—p, kp—.c) at each NADPH concentration, as well as obtaining
spectral information of intermediate and final species [32,33]. A, B and
C are spectral species, reflecting a distribution of enzyme intermediates
(reactants, charge-transfer complexes (CTCs), products, Michaelis
complex) at any certain time along the course of the enzyme:coenzyme
interaction and HT or reorganization processes and do not necessarily
represent a single distinct enzyme intermediate. Moreover, none of
them represents individual species and, their spectra cannot be in-
cluded as fixed in the global-fitting. ko5 or kp_.c showing hyperbolic
dependence profiles on the NADPH concentration was fitted to the
equation describing binding at a single site followed by reorganization
processes or a HT, allowing determination of the corresponding inter-
action constant (K4) as well as rate constants for the subsequent process
(k) [33].

k-[NADPH]|

Kops = knop = kpo = — AL
obs = FA=B = T5=C T INADPH] + Ky )

where, depending on ks_.p or kp_.c processes, k might respectively
account for the kinetic limiting rate for BOFPR:NADPH complex for-
mation, k,,, or for the HT rate constant, kyr; while K4 might respec-
tively account for the BoFPR:NADPH complex dissociation constant,
KNMPPH o for a reorganization constant related to the transformation
between reaction intermediate species, K4 %.

2.7. Protein crystallization and X-ray diffraction

Crystals of BoFPR, alone and complexed with NADP*, were ob-
tained using either the hanging-drop or sitting-drop vapour-diffusion
methods at 291 K. A typical drop consisted of 0.33 pl of BoFPR (9.5 mg/
ml) in Tris/HCl 25 mM, NaCl 150 mM, pH 7.4 and 0.33 pl of reservoir
solution, set up by a NANODROP II (Innovadyne Technologies, Inc.
USA). Drops were equilibrated against 60l of reservoir solution.
Adequate crystals for X-ray diffraction were obtained in the condition
25% PEG 4K, 0.1 M MES, pH6.5 and 0.2mM MgCl, (C7 of Classic
screen from Jena Bioscience). Crystals reached maximum size in one
week and were cryoprotected with 20% of glycerol before diffraction.
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Fig. 1. Spectroscopic properties of BoFPR. (A) UV/Vis absorption spectrum of BoFPR (4 uM). The inset shows the SDS-PAGE of the purified sample (lane 1) and of
several Molecular Weight Markers (lane 2). (B) Spectra evolution for the photoreduction of BoFPR (20 pM) under anaerobic conditions and in the presence of 4 uM 5-
deazariboflavin and 3 mM EDTA. (C) far-UV and (D) near-UV/Vis CD spectra of BoFPR. Spectra obtained with 5uM (0.1 cm path-length cuvette) and 20 uM (1 cm
path-length cuvette) protein respectively. (E) Far UV and (F) visible fluorescence spectra of BoFPR (20 uM). Black lines show the fluorescence emission spectra when
exciting at 280 (E) and 450 (F) nm, whereas grey lines correspond to excitation spectra when collecting fluorescence at 326 (E) and 514 (F) nm. All spectra were

recorded in Tris/HCl 25 mM, pH 7.4 at 25 °C.

Crystals of BoFPR,,:NADP" complex were obtained adding NADP™* in
powder on drops containing crystals of BoFPR, previously grown in 2%
PEG 400, 0.1 M HEPES, pH7.5 and 2M ammonium sulfate, and in-
cubating that mixture for 25 min. Crystals were cryoprotected with a
solution containing 85% of mother liquor and 15% of glycerol with
10mM NADP*. Data were collected from a single crystal of BoFPR
using the synchrotron source DLS beamline 124 and a Pilatus3 6 M
detector with a wavelength of 0.968620 A, to a maximum resolution of
1.69 A. Crystals belonged to P4; tetragonal space group with one

molecule in the asymmetric unit and unit cell dimensions shown in
Table SP2. BoFPR,,:NADP " diffraction data were collected in the B13
(XALOC) beamline at ALBA synchrotron with a Dectris Pilatus 6M de-
tector and a wavelength of 0.979260 A, to a maximum resolution of
1.4A. Crystals belonged to the P2;2,2; group (Table SP2). All data sets
were processed, scaled and reduced with XDS [34] and SCALA [35]
from the CCP4 package [36]. The structures were solved by molecular
replacement using the MOLREP [37] program from CCP4 [36] and the
structure of P. aeruginosa FPR (PDB ID: 2QDX) as search model.


http://firstglance.jmol.org/fg.htm?mol=2QDX
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Automatic refinement was performed by Refmac5 [38] from the CCP4
package and alternating manual model building by WinCOOT [39].
Final models compromised residues 2-258 and one FAD for both
structures and 166 and 257 water molecules for BoFPR,, and BoF-
PR,«NADP*, respectively. Additionally, one SO,>~ and one NADP™*
molecules were refined in the complex structure. PROCHECK [40] was
used to assess the final structure quality. Relevant data collection sta-
tistics and refinement parameters are presented in Table SP2. The co-
ordinates and structure factors for BOFPR.x and BoFPR,,:NADP" have
been deposited in the Protein Data Bank with PDB IDs 6RR3 and 6RRA,
respectively.

2.8. Molecular dynamics simulations

An initial model of BoFPR,,, including the FAD cofactor, was built
using the A. vinelandii FPR crystallographic structure (PDB ID: 1A8P)
[41] as template and Prime [42,43] after a Needleman-Wunsch se-
quence alignment (zhanglab.ccmb.med.umich.edu/NW-align). Proto-
nation states were adjusted to pH7.0. To produce a BoFPR,,:NADPH
complex model, the NADPH coenzyme was manually introduced in the
BoFPR,, model and allocated using as models the BOFPR:NADP ™" (PDB
ID: 6RRA) and P. aeruginosa FPR:NADP™" (PDB ID: 3CRZ) complexes
[44]. PyMOL was used for structural manipulations and figures pro-
duction [45]. All-atom molecular dynamics (MD) simulations were
performed using GROMACS 5.1.5 [46]. AMBER ff03 [47] parameters
were applied to the amino acids while ligands were parameterised using
GAFF [48] and density functional theory (DFT). Atomic charges were
calculated with the Gaussian09 package [49] at the B3LYP/6-31G level
of theory and used with Antechamber [50] through ACPYPE [51].
Oxidized FAD and NADPH redox states for the cofactor and coenzyme
have been used respectively in all simulations. Each system was placed
in the centre of a rhombic dodecahedron box, solvated with a TIP3P
water model and neutralised by adding sodium ions. Final systems
consisted in 37,456 and 37,410 total atoms for BoFPR,x and BoF-
PR,:NADPH, respectively. A steepest descent minimization was per-
formed to avoid close contacts or clashes. Desired conditions were
achieved after a 100 ps simulation with NVT ensemble and the gen-
eration of random initial velocities, and a 100 ps simulation with NPT
ensemble, both restraining the movement of atoms of protein and li-
gands with a 1000 kJ-mol ~*nm ™' harmonic potential. Longer NPT si-
mulations with positions unrestrained were then performed, collecting
the data every 10 ps. A time step of 2 fs and leap-frog integrator, peri-
odic boundary conditions, Particle Mesh Ewald method for long range
electrostatic interaction, Parrinello-Rahman method for pressure con-
trol, modified Berendsen method for temperature equilibration and
LINCS to restrain bonds including hydrogen atoms were used. Trajec-
tories were analysed using VMD [52] and GROMACS package tools
[46]. PROPKA software was used to assign pK, values to X-ray and
model structures [53].

3. Results and discussion

3.1. BoFPR has the typical spectroscopic features of a member of the plant
FNR family

After purification BoFPR shows a single band in SDS-PAGE that
corresponds to a molecular weight of ~30 kDa, as well as an absorption
spectrum with maxima at 274, 371 and 451 nm and a shoulder at
490 nm, with Abssy4/Abs,s; ratio of 5.5 (Fig. 1A). Thermal denatura-
tion confirms that BoFPR has FAD as cofactor, allowing also to de-
termine a molar extinction coefficient of 11.5 + 0.4mM ™ 'cem™! at
451 nm in 25 mM Tris/HCl, pH 7.4. Upon stepwise photoreduction the
BoFPR spectrum shows absorption decrease at 450 nm concomitant
with the initial appearance of a new band with a maximum at 584 nm
and its subsequent bleaching (Fig. 1B). Such spectral observations re-
late to transformation of the oxidized (ox) FAD state to the fully
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reduced state (hq) through the transient stabilisation of a neutral
semiquinone (sq) state. Isosbestic points are detected at 340 nm and
260 nm for the ox/hq transition, and at 500 nm for the ox/sq transition.
Nonetheless, maximal sq stabilisation is estimated below 25%, sug-
gesting a lower midpoint reduction potential for the ox/sq one-electron
transfer step, Eoy,/sq, than for the sq/hq one-electron step. This later trait
is typical in FNR family members that need to exchange electrons be-
tween obligatory two-electron transfer substrates, such as pyridine
nucleotides, and obligatory one-electron transfer redox centres, such as
iron-sulfur clusters [54].

The BoFPR far-UV CD spectrum has minima at 221.5 and at 208 nm
(Fig. 1C), suggestive of folding in a-helixes and B-sheets. The 277.5 nm
maximum in the near-UV CD suggests at least one Tryptophan inter-
nalized within the folded protein, while the Vis CD features relate to the
FAD (maximum at 358 nm and minima at 451 and 478.5 nm) (Fig. 1D).
When excited in the near-UV (280 nm) BoFPR emission is centred at
326 nm (Fig. 1E), suggestive of at least one tryptophan in a folded
protein environment. In agreement, the corresponding excitation
spectrum (Fig. 1E) has a maximum at 290 nm. The BoFPR Vis emission
spectrum shows typical features of a strongly quenched flavin, in
agreement with its excitation and absorption spectra (Fig. 1F and A).
Altogether these data indicate that the purified BoFPR is correctly
folded and contains one molecule of FAD per molecule of protein.

3.2. BoFPR binds the NADP* /H and exhibits NADPH oxidoreductase
activity

To evaluate the BoFPR,, ability to bind the expected product of its
catalytic reaction, NADP *, we first used differential spectroscopy in the
flavin absorption region. Nonetheless, NADP* addition induces no
spectral changes, suggesting that either NADP* does not bind to
BoFPR, or its binding does not affect the isoalloxazine electronic
properties. Such behaviour differs from that reported for other FPRs
and FNRs, where characteristic and species specific difference spectra
have been reported [55,56]. The profiles for thermal release of the FAD
from BoFPR,, also show that the presence of NADP™ hardly affects
TmFAD (TmFADBoFPRox =3283 + 0.3 K, TmFADBoFPRox:NADP+
328.9 + 0.3K) and the related unfolding enthalpy
(AHPFPROX = 100 + Skecal/mol, ~AHPOFFROXNADP+ — 190 + Skcal/
mol) (Fig. 2A). Similarly, DSC shows two partially overlapping transi-
tions of similar temperatures (Tp;2°FPR* = 326.4 = 0.5K,
T2 O PRO% = 328.6 + 0.5K, Ty PP Ro¥NAPPY = 3963 + 0.5K, and
Ty POFPROXNADP+ — 3986 + 0.5K) and unfolding enthalpies
(AH,P°PPR* = 138 + 2kcal/mol, AHLPFFROX = 70 + 3 kcal/mol,
AHlBoFPRox:NADP+ =140 + 2kcal/mol and AHZBOFPROX:NADP+ —
62 =+ 2kcal/mol) for BoFPR,, and BoFPR,,:NADP " complex (Fig. 2B).
Thus, NADP* does not induce BoFPR thermal stabilisation, contrary to
that found in other FNRs [57]. Moreover, these analyses suggest that
the BoFPR,,, unfolding process of the FAD-binding and NADP * -binding
domains are not fully cooperative, with the FAD domain being just
slightly more stable, and the presence of NADP* not having impact on
the thermal stability of BoFPR.

To further evaluate NADP " binding to BoFPR,, we used ITC. Fig. 2C
provides a thermogram consistent with binding of a molecule per
BoFPR, molecule with K BOFPROXNADP+ — 3 7+ 0.2 uM,
AG = —7.4 £ 0.3kcal/mol, AH = —32 = 1kcal/mol, and
—T-AS = 24.6 kcal/mol. Therefore, NADP" binding to BoFPR,, under
our experimental conditions is apparently enthalpically driven with an
opposing entropic contribution. Binding affinity is in the range of
plastidic FNRs, but changes are observed when comparing the en-
thalpic/entropic contributions ratio to the binding [27,28,57,58]. Al-
together these data show that despite BoFPR, is able to bind its
NADP* product, the binding mode might differ from other family
members. Thus, despite binding of the NADP* to BoFPR,, occurs, the
nicotinamide moiety of the NADP* hardly influences the flavin en-
vironment and the protein thermal stability.
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Fig. 2. The interaction of BOFPR with NADP *. (A) Thermal denaturation curves of BOFPR,, (2 uM, closed squares) and BoFPR,,:NADP* (2 uM:100 uM, open squares)
roughly normalized to the fluorescence of the FAD bound fraction (Py, from 1 to 0), with their global fits to a one-transition model represented by continuous lines.
Decrease in FAD bound fraction was experimentally followed by increase in the FAD fluorescence upon its release from the holoprotein along a 20 to 85°C
temperature ramp. (B) DSC thermogram for solutions of BoFPR,, (20 uM, black) and BoFPR,:NADP* complex (20 uM:100 uM, grey). Fittings to a two-transition
unfolding process are shown in dashed lines. (C) Thermogram (top panel) for the calorimetric titration of BoFPR,, (10 uM) in calorimetric cell with NADP* (250 uM
in syringe) at 25 °C and corresponding binding isotherm with ligand-normalized integrated heats (bottom panel). All experiments were performed in Tris/HCI 25 mM,

pH7.4.

We have then explored the ability of BoFPR to oxidize NADPH, by
evaluating its diaphorase activity to transfer electrons from NADPH to
the artificial electron acceptor DCPIP. Our data indicate an oxido-re-
ductase activity that depends on the NADPH concentration with in-
hibition by its excess (Fig. 3A). Data fitting to the Michaelis-Menten
equation that takes into account such inhibition (Eq. (2)) allows to
determine ke, Ky “"PPH and K; for BoFPR in the values of
14.3 + 0.7571,3.7 £ 0.2uM, and 52 + 8uM, respectively. Ky APPH

is in the range described for both FNRs and FPRs, while k.., following
the trait of other FPRs, is considerably lower than that found in FNRs
[56,58,59]. Such traits have been claimed as the causes for differences
in catalytic efficiency so far described between FNRs and FPRs. None-
theless, it is remarkable the strong deleterious effect of the NADPH
excess on BoFPR activity, while in other family members considerably
more modest deleterious effects are observed [60]. Finally, NADPH
oxidation is not detected when using either molecular oxygen or
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Fig. 3. Steady-state catalytic activity of
BoFPR. (A) Steady-state kinetic profile for
the diaphorase activity of BoFPR.
Experimental data were fitted to the
Michaelis-Menten equation when con-
sidering inhibition by excess of substrate
(solid line) or in the absence of inhibition
(dotted line). Measurements were recorded
with 20nM BoFPR in Tris/HCl 25mM,
pH 7.4, using 95 uM DCPIP and a 0-50 yM
range of NADPH at 25 °C. (B) Effect of pH
on the apparent rate constant at 12.5uM
NADPH as a function of pH. Line shows
data fitting to Eq. (3).
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superoxide as BoFPR electron acceptors, suggesting that the enzyme has
neither oxidase nor superoxide reductase activities.

The BoFPR DCPIP diaphorase activity is highly dependent on the
pH, with maximal activity at pH6.7 and two inflection points at
5.5 = 0.7 and 8.1 + 0.1 (Fig. 3B). The first fits well with the theo-
retical isoelectric point of the protein sequence, pI ~5.6, indicating that
the activity decrease when lowering the pH from 6.7 to 5.5 might relate
to the enzyme change in charge. The second pK, suggests a deproto-
nation at the active site over pH 8.0. Since in the structures below de-
scribed no residue around the active site is predicted to have a pK, close
to 8, this protonation might be related to a change in the protonation
state of the flavin isoalloxazine ring [61].

As the chemical compound 1-[5-(4-Chloro-benzylsulfanyl)-[1,3,4]
thiadiazol-2-y1]-3-(4-chloro-phenyl)-urea (named D5) was recently
shown as inhibitor of XacFPR [30], we have here evaluated also its
potential, as well as that of four analogues (Table SP1), as BoFPR in-
hibitors. All five compounds show high ICs, values on the NADPH-
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dependent BoFPR diaphorase activity (160-1900 uM range) (Table
SP1), and the more efficient one, D5, is only able to decrease the en-
zyme activity over 80% at IC,ax. As a consequence, D5 appears species
specific for XacFPR versus BoFPR, and none of the here studied com-
pounds turns out to be good inhibitors of BoFPR.

3.3. Hydride transfer from NADPH to BoFPR is the reaction limiting step
and occurs through formation of two charge transfer complexes between the
donor and acceptor rings

We then used stopped-flow with photodiode array detection to
evaluate the reductive half-reaction conducting to NADPH oxidation
(Fig. 4). Anaerobic fast mixing of NADPH with BoFPR,, courses with
fast stabilisation of a band centred in the 580-600 nm region compa-
tible with the formation of a CTC between the oxidized isoalloxazine
and the reduced nicotinamide rings, FPR,,:NADPH, labelled before as
CTC-1 in other FNRs and FPRs [32,33,58] (Fig. 4A). Stepwise formation
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Fig. 4. Pre-steady-state activity of BoFPR. Kinetic evaluation of the NADPH oxidation by BoFPR,y as followed by stopped-flow spectrophotometry. (A) Spectral
evolution for the mixing of BoFPR (20 uM) with NADPH (60 uM) in 25 mM Tris/HCl, pH 7.4, at 6 °C in a 100 ms timescale. The bold line represents the BoFPR
spectrum before mixing. Formation of two CTCs at 580-600 nm (CTC-1) and 820-860 nm (CTC-2) are detected. (B) Spectral deconvolution of intermediate species
observed during the reaction of BoFPR,, with NADPH when using a three states fitting model (A — B — C); species A, B and C are shown in black, dark grey and grey
continuous lines, respectively. The inset shows their evolution profile. (C) Kinetic traces at 452 nm (closed squares), 600 nm (open circles) and 827 nm (open
squares). The residual of the fit at 827 nm is shown at the bottom. (D) Dependence of k4.5 (closed squares) and ks_.c (open circles) on the NADPH concentration.

Data fitting to Eq. (4) are presented.
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of this band is detected in experiments at 6 °C, but this process becomes
too fast at 25 °C to be detected (not shown). Subsequent spectroscopic
changes bring about the decrease of the 452nm flavin band-I, in-
dicative of isoalloxazine reduction by hydride transfer (HT) from
NADPH, and the appearance of a second broad charge transfer band
centred around 840 nm that agrees with a FPR,:NADP* CTC species
(CTC-2) (Fig. 4A). Global analysis of spectral evolution at 6 °C best fits
to a three species model, A — B — C. The initial identified spectroscopic
species (A) closely relates to BoFPR,,. Features of the intermediate
species (B) are suggestive of the binding of the NADPH substrate and
the formation of a CTC-1 species. The final species (C) is mainly con-
tributed by a CTC-2 spectrum, indicating that HT has already taken
place (Fig. 4B-C). Thus, data at 6°C allow estimation of observed
conversion rate constants for NADPH binding and CTC-1 formation
(ka—n), as well as those (kg_.c) consistent with transformation of CTC-1
into CTC-2 that include the HT process. ka_.p values show a hyperbo-
lical dependence on the NADPH concentration (Fig. 4D), allowing to
determine a dissociation constant for NADPH binding to BoFPR,y
(K™Y of 8.7 = 0.9 uM and limiting rate for this CTC-1 formation of
200 + 35! On the contrary ks_.c values hardly showed concentra-
tion dependence in the over 1:1 protein:NADPH ratio assayed, sug-
gesting that they nearly correspond to the limiting rate for the HT (kyr),
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being in this case of 48 = 1s™ 1. To the best of our knowledge this is
the first report of parameters for CTC-1 and CTC-2 formation obtained
independently for a FNR/FPR family member. In addition, these data
identify the HT itself as the limiting step in the semi-reductive half
reduction where BoFPR is reduced by NADPH. Moreover, when com-
pared with the steady-state parameters they also envisage product re-
lease from the CTC-2 complex as limiting the overall BoFPR turnover.
Nonetheless, in experiments at 25 °C, CTC-1 formation occurs within
the instrumental dead-time and a single step mechanism applies, being
this what was so far described for FNRs and FPRs [32,33]. At this
temperature kops also depends hyperbolically on the NADPH con-
centration, but in this case it will account for NADPH binding, for re-
organization of the Michaelis complex into the CTC-1 and for the HT
process itself, allowing to determine a *PKV*PPH of 31 + 5uM, and
aPPir of 167 = 557 1. These values are in the range of those reported
for other FPRs, particularly of subclass I, while are consistently higher
and lower respectively than those in FNRs [32,58]. In addition, BoFPR
behaves similarly to other subclass I FPRs regarding spectroscopic sta-
bilisation of CTC-1 and, particularly, of CTC-2 during catalysis, while
only CTC-1 stabilisation has been reported for subclass II FPRs [32,58].

Therefore, in BoFPR, as in the other bacterial FPRs, formation of
these CTCs during HT from NADPH is suggestive of stacking of the

Fig. 5. Crystal structures for BOFPR,, and BoFPR,,:NADP " complex. (A) Cartoon representation of BOFPR,, (PDB ID: 6RR3). N-terminal and C-terminal domains are
shown in wheat and brown respectively. (B) Cartoon representation of BoFPR,,:NADP* complex (PDB ID: 6RRA). N-terminal and C-terminal domains are shown in
pale and dark blue respectively. In (A) and (B) the C-terminal tail is coloured in purple with the F255 side-chain (stacking the adenine of FAD) shown in sticks. (C) H-
bond network stabilising the FAD folded conformation of BoFPR and detail of the stacking of F255 (violet) to its adenine. (D) H-bond network stabilising NADP*
binding in the BoFPR:NADP* complex. Parallel- and T-stacking of F255 (violet) to the FAD adenine moiety and the nicotinamide of NADP™* is observed. In (C) and
(D) water molecules are represented as red spheres. In all panels FAD is shown in sticks with carbon atoms in white, while in (B) and (D) NADP* is in sticks with

green carbon atoms.
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reactive isoalloxazine and nicotinamide rings to encounter their re-
spective N5 and C4 atoms to allow direct HT, as also proposed in FNRs
[16,32,62]. Differences in the side-chain stacking against the iso-
alloxazine suggest dissimilarities in competent active site geometries
within FPR subclasses, where it is suggested that the initial pre-orga-
nization of CTC-1 situates the N5 of FAD and the C4 of NADPH reacting
atoms at optimal tunnel distance in a stiff competent active site [32]. In
addition, the C-terminal tail in FPRs suggests an overall more complex
mechanism than in FNRs. Thus, the higher reorganization energy to
attain the catalytically competent state and the minimization of gating
contribution in tunnelling ready conformations in FPRs makes them less
efficient in the HT processes than FNRs [32,63].

3.4. Crystal structures of B. ovis FPR,, do not envisage the coupling of
reactant rings

To evaluate coupling of BoFPR,, and the coenzyme at the atomic
level, we have solved the 3D structure of BoFPR,, in the absence
(Fig. 5A) and presence of NADP™* (Fig. 5B). BoFPR,, consist of an N-
terminal domain (residues 3-98) that folds into a six-stranded anti-
parallel B-barrel and a short a-helix, and of a C-terminal domain (re-
sidues 99-258) built of a Rossmann nucleotide binding fold (Fig. 5A).
Such overall folding resembles those of other bacterial FPRs, as the
subtype Ia from Xanthomonas citri subsp. citri (XacFPR), the subtype Ib
from Rhodobacter capsulatus (RcFPR) and the subtype II from Escherichia
coli (EcFPR) (Table SP3). As other FPRs, BoFPR lacks of the large FAD-
binding domain loop that interacts with the adenylate moiety of the
cofactor in plastidic FNRs. This is one of the reasons why its FAD adopts
a folded conformation (Fig. 5A) [15,58]. Folded FAD is stabilised by the
stacking of the adenine ring to Phe255 at the C-terminal tail (Fig. 5C),
while the adenine ribose interacts with the C-terminal Glu257 and
Lys258. Arg52, Pro76, Leu77, Thr78 and Lys258 H-bond the FAD
pyrophosphate, while Tyr54 and Ile70 H-bond the flavin ribityl chain
(Fig. 5C). Ser55, Ile70 and Phe68 H-bond the isoalloxazine, and Tyr54
and Ala254 respectively stack at its Si- and Re-face. Seven water mo-
lecules complete this H-bonds network. The Ala at the Re-face of the
isoalloxazine and the residue properties at the C-terminal sequence
(Fig. SP1) fit BoFPR,y in the subclass Ia. As expected, BoFPR also
conserves, in sequence and spatial conformation (Figs. SP1 and SP2),
the catalytic triad (S55, C220 and E252 in BoFPR) directly involved in
the interaction with the NADP™" nicotinamide ring in the FNR family
[11.

The BoFPR,:NADP* structure keeps the overall protein folding and
active site features, showing very minor changes to accommodate
NADP™* (RMSD 0.23 A for 229 Ca) (Fig. 5B). NADP* binds through its
2’P-AMP moiety while its redox reactive nicotinamide nucleotide
(NMN) moiety orients out of the active site and barely interacts with the
protein (Fig. 5D), as so far reported in all experimental FPR and FNR
structures in complex with NADP™* [44,55,64-66]. Binding of the 2'P-
AMP moiety displaces Arg146 and Argl91 side-chains (by ~4.5 A) and
reduces their mobility (Fig. SP2A and B). Argl46 contributes to the
NADP* pyrophosphate binding, Arg191, Thr182 and Argl183 stabilise
the ribose 2°-P charge, and Thr193 and Glu228 the adenine base. On
the contrary, the NMN moiety is largely accessible to the solvent, with
one of the nicotinamide ring sides in front of Pro223 and the C-tail
residues Phe255 and Glu257. Interestingly, soaking of NADP™* does not
influence the Phe255 position that maintains its stacking to the adenine
of FAD and favours T-stacking of the nicotinamide ring against them
(Fig. 5D). B-factor values of FAD in BoFPR, envisage some flexibility
for the ribose and the pyrophosphate cofactor moieties facing the sol-
vent, while FAD overall decreases in BoFPR,,:NADP™* (Fig. SP2C and
D).

Therefore, the nicotinamide conformation observed in our
BoFPR,:NADP™* structure is far from envisaging the competent flavin-
nicotinamide coupling for catalysis foreseen by our kinetic studies.
Nonetheless, our structural observations agree with the in solution
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structural data that indicate no coupling of rings when, as in this case,
both are in the oxidized state.

3.5. Thermal effects on molecular simulations allow to envisage formation
of a catalytic competent organization

According to the formation of CTCs during HT, we would expect
that displacement of the adenine moiety of FAD and of the C-terminal
tail of bacterial FPRs would contribute to coupling of reacting flavin
and nicotinamide rings. As there are not experimental data supporting a
nicotinamide active site entrance path, we have here used a MD ap-
proach to simulate a potential BoFPR,,:NADPH catalytically competent
complex architecture. Our initial MD simulations at 27 °C show slightly
faster stabilisation of the BoFPR,,:NADPH model than that of the
BoFPR,,, with the complex exhibiting lower RMSD values and both
maintaining overall crystallographic folding (Figs. SP3 and SP4). Root
mean square fluctuations (RMSF) indicate that the FAD keeps position
along simulation time, nonetheless, its adenine nucleotide moiety re-
sults much more flexible than its isoalloxazine moiety (Fig. SP3B). In
the BoFPR,,:NADPH model, RMSFs suggest stable coupling of the 2P-
AMP moiety of the NADPH, while its NMN moiety is more flexible,
solvent exposed and hardly in contact with the protein chain. RMSFs for
BoFPR,x and BoFPR,:NADPH Ca atoms agree with the protein core
around the active site having very low flexibility (Fig. SP3B). Therefore,
these simulations indicate a packed isoalloxazine environment and do
not envisage access of the nicotinamide ring to the FPR active site, in
agreement with crystal structures and biochemical characterizations in
other FPRs [44,55,58].

In this context, production of a HT competent conformation
bringing together the flavin and nicotinamide rings can be considered
as an infrequent event that might be explored by applying a
Temperature Accelerated MD method [67]. We have run short MD si-
mulations of the BoFPR,:NADPH model at increasing temperatures
(Fig. SP5). RMSD and radius of gyration at 150 °C suggest protein un-
folding, while at 100 °C uncoupling of NADPH is observed. No changes
in these parameters are however detected at lower temperatures.
Longer MD simulations at 50 °C show a stable complex, with low RMSD
and a nearly constant isoalloxazine interaction network (Fig. SP6).
Nonetheless, some fluctuations in the radius of gyration are observed,
and in some replicas the FAD transiently populates an extended con-
formation where its adenine moiety opens towards the solvent (max-
imum isoalloxazine:adenine distance at 8.2ns in Fig. 6A) as a con-
sequence of the C-terminal tail displacement and uncoupling the
adenine:F255 stacking. Such displacement allows approaching of the
NADPH nicotinamide ring towards the active site, decreasing the dis-
tance between the N5 and C4 reacting atoms up to 8 A (Fig. SP6B). It is
worth to note that our approach treating the transient displacement
towards the solvent of the adenine of FAD as an infrequent event as-
sisted by the C-terminal tail, agrees with experimental data on shor-
tened RcFPR variants which despite leaving FAD in a more exposed
situation do not promote significant changes in its folded conformation
[58].

We then selected one of the snapshots showing the FAD extended
conformation and the shorted reacting atoms distance (8.2ns in
Fig. 6A) as starting structure of longer MDs at physiological tempera-
ture (37 °C). The new simulations show transient snapshots character-
ized by N5-C4 distances which might be short enough (up to only 4.8 A)
for a direct HT (Fig. 6B). In these snapshots fully parallel stacking of the
isoalloxazine and nicotinamide reacting rings is prevented by the ade-
nine ring of FAD, particularly by its amide group, that keeps the cor-
responding N10-C2 distances larger than the N5-C4 ones (Fig. 6B).

3.6. The adenine moiety of FAD in FPRs might mimic the C-terminal
aromatic in FNRs during HT catalysis

Mutational and theoretical analysis to the C-terminal Tyr residue
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Fig. 6. Simulation of the coupling of the FAD and NADPH redox active rings. (A) Time evolution of the relative position of the nicotinamide of NADPH regarding the
isoalloxazine and adenine moieties of the FAD in a temperature accelerated MD run at 50 °C for the BoFPR,x:NADPH complex. Figure shows evolution of distances
from the reactive C4 atom of the nicotinamide regarding two FAD positions, N5 isoalloxazine and N1 adenine, as well as between these two FAD positions. Top panels
show relative dispositions of FAD (carbons in yellow) and NADPH (carbons in green) in representative frames at 2, 8.2, 10.5 and 18.5 ns of the MD simulation. (B)
Time evolution of the reactant atoms distance (C4 nicotinamide and N5 FAD) along a MD simulation at 37 °C when using as starting structure the snapshot than
minimizes such distance whereas maximizing distances to the N1 adenine in the temperature accelerated MD simulation (8.2 ns structure in the 50 °C MD). On the
right it is shown the structural model for the snapshot (4.74 ns) showing the minimum distance, with FAD, NADPH and some active site residues shown in sticks

(colour code as in A, and as in SP5B for lines).

stacking at the Re-face of the isoalloxazine ring in plastidic FNRs
pointed to this residue having a critical role in HT between the N5 of
the FAD(H™) and the C4 of the nicotinamide ring of NADP " (H).
Though the presence of this Tyr was not obligatory for HT, it was shown
to be crucial for the high catalytic efficiency of FNRs by i) modulating
the FAD midpoint reduction potential, ii) avoiding a too strong inter-
action between the reacting rings that would be incompatible with
product release, iii) contributing to the optimal geometry between the
N5 and C4 reacting atoms for HT, and iv) providing flexibility at the
active site for the HT step to occur through tunnelling [16,17,68,69].
FPRs have a short C-terminal tail, 1 to 6 residues long, beyond the re-
sidue in front of the isoalloxazine Re-face. Moreover, in subclass I this
residue is not aromatic anymore and it is usually replaced by an Ala
(Fig. SP1). Thus, in FPRs the C-terminal tail together with the adenosine

10

moiety of the folded FAD occludes access of the nicotinamide to the
active site (Fig. 5B and D) [44,55]. So far, we have no structural details
about a potential arrangement for the coupling of reacting rings in
FPRs, but CTC formation during catalysis is reported in several species
[32], including BoFPR (Fig. 4), pointing to their stacking. Contrary to
that observed in plastidic FNRs (where NADP* /H binding at the 2'P-
AMP has a key impact in the relative disposition of the reacting rings),
structural, binding and dynamic kinetic studies point to low contribu-
tions of NADPH binding at the 2’P-AMP site to attain the catalytic
complex in FPRs. Instead, these studies suggest fluctuations at the C-
terminal tail as potential promotors to increase the probability of
competent nicotinamide:isoalloxazine couplings [32,44,55,70,71]. In
addition, while pre-organization motions to accommodate the NADPH
in the active site, including active site compression, favour overall
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catalytic enhancement in FNRs, those effects have been shown to con-
tribute much less to catalysis in FPRs [32,66,72].

Our simulations suggest that, facilitated by the C-terminal tail dy-
namics, the adenine moiety of the BoFPR FAD can transiently move
towards the solvent, moment in which the nicotinamide of the NADPH
can make its way towards the active site (Figs. 6 and SP6). The data also
suggest that the direct and parallel stacking of the nicotinamide ring to
the isoalloxazine ring is avoided by the adenine moiety of FAD
(Fig. 6B). Noticeably, such snapshots of the dynamics resemble the
competent catalytic conformation suggested for plastidic FNRs during
catalysis, where it is the key C-terminal Tyr residue above mentioned
the one avoiding parallel stacking of reacting rings [17,62]. This will
suggest that in subclass I FPRs, the adenine of FAD will contribute to
attain an optimal geometry during catalysis that avoids a strong in-
teraction between the reacting rings. On its side, the C-terminal tail,
despite not being directly involved in the catalytic event, will rather
modulate the strength of molecular links to expedite the entry and exit
of NADP* /H.

In conclusion, BoFPR is a bacterial subclass I FPR that oxidizes
NADPH through the formation of two CTCs, occurring before and after
the HT event. Therefore, during catalysis binding of NADPH takes place
with stacking of the nicotinamide and flavin reacting rings. However, as
reported for other FPRs, x-ray diffraction, at least from BoFPR,,:NADP ™"
crystals generated in aerobic conditions, does not allow envisaging
neither a catalytic competent geometry nor how it is attained. The use
of all-atom MD simulations with a thermal effect approach allows
producing potential competent isoalloxazine:nicotinamide interactions
envisage a potential role to facilitate catalysis for the folded FAD in
FPRs. In the BoFPR models the FAD folded conformation places its
adenine moiety among the reacting rings, suggesting that during cata-
lysis the adenine of FAD might have some of the roles claimed for the C-
terminal Tyr in the plastidic family members.
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SUPPLEMENTARY FIGURES

l\ BoFPR 51 TRAYSIASSLyE------ DGLEFFSIKVP--------—-— NGPLTSKLQHLKKG 87
XacFPR 51 LRAYSIASANWE------ EHLEFFSIKVP----------— DGPLTSRLQHIQPG 87
AVFPR 50 MRAYSIASPNyE------ EHLEFFSIKVQ---------- NGPLTSRLQHLKEG 86
RcFPR 63 MRAYSIASPAwWD------ EELEFYSIKVP---------- DGPLTSRLQHIKVG 99
EcFPR 49 QRAYSYVNSPAN------ PDLEFYLVTVP----------— DGKLSPRLAALKPG 85

AnFNR 77 LRLYSIASTRhGAdv-ddKTISLCVRQLEykhpesgetvYGVCSTYLTHIEPG 127
PsFNR 86 LRLYSTASSA-IgdfgdsKTVSLCVKRLVytnda-gevvKGVCSNFLCDLKPG 136

BoFPR 215 DRMMLCGSPEMLAETKQILEER-G----—---—-- F-TEGSgs-ePgeFVIEKAfvek 258
XacFPR 215 DRFMICGSPQMLADLRSLLDSR-G----—--—--—--— F-QTSPrigtPghYVFERAfvek 259
AVvFPR 214 DRAMICGSPSMLDESCEVLDGF-G----—------ L-KISPrmgePgdYLIERAfvek 258
RcFPR 227 DRAMVCGSLAFNVDVMKVLESY-G--------—--— L-REGAns-ePreFVVEKAfvgegi 272
EcFPR 207 SHVMLCGNPOMVRDTQQLLKETrQ---------—- M-TKHLrr-rPghMTAEHYwW 248
AnFNR 251 THTYICGLRGMEEGIDAALSAA-AakegvtwsdyQkDLKKa--gR--WHVET 303
PsFNR 261 TFVYMCGLKGMEKGIDDIMVSL-AakdgidwieyKrTLKKa--eQ--WNVEV 308

B { Ochrobactrum anthropi ATCC 49188

Rhizobiales bacterium
SOD

—— Brucella ovis ATCC 25840

Kaistia granuli

Stella humosa

Azorhizobium caulinodans ORS 571
Flavodoxin

Filomicrobium sp.

Inguilinus limosus

Chelatococcus daeguensis .
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0.080

Figure SP1. (A) Selected fragments of a multiple sequence structural alignment including the bacterial
FPRs, BoFPR and FPRs from Xanthomonas citri subsp citri (XacFPR), Azotobacter vinelandii (AvFPR),
Rodhobacter capsulatus (RcFPR) and Escherichia coli (EcFPR), and the plastidic FNRs from Anabaena
(AnFNR) and Pisum sativum (PsFNR). Highly conserved identical and similar residues are shadowed in dark
and light gray respectively, residues of the structural conserved catalytic triad are highlighted in red, and
residue stacking at the Re-face of the isoalloxazine is highlighted in blue. Regions highly differing between
both enzyme types are shown in lower case and the region corresponding to the FAD binding loop in
plastidic FNRs is underlined. Alignments were generated using the PDBeFOLD server
(http://www.ebi.ac.uk/msd-srv/ssm/) and graphically visualized using BioEdit
(http://www.mbio.ncsu.edu/BioEdit/bioedit.html). (B) Phylogenetic tree of several bacterial FPRs
sequences identified in a Blast search (NCBI) starting with the BoFPR sequence. Selected sequences
identities are in the range of 94.96 to 65.62 % relative to BoFPR. Organisms from Brucellaceae
(taxid:118882) and Brucella (taxid:234) were excluded during the search. Evolutionary analyses were
conducted in MEGA X [1] using Clustal W, Maximum Likelihood and JTT matrix-based model [2]. The tree
with the highest log likelihood is shown. Initial tree(s) were obtained automatically by applying Neighbor-
Join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then selecting
the topology with superior log likelihood value. Regions shaded the same color contain proteins codified
in genes located in the close genomic context of fpr and which might be related with the potential FPR
function.
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Figure SP2. Detail of the NADP* binding site in the crystallographic structures. (A) Position of R146 and
R191 side-chains in BoFPR (yellow C atoms) and in BoFPRox:NADP* (grey C atoms). Arrows indicate the
outwards displacement of these residues when the coenzyme binds. NADP* is represented as sticks with
green C atoms. B-factor representation of (B) R191 in BoFPRox and BoFPRox:NADP*; (C) FAD in BoFPRox
(yellow) and (D) FAD and NADP* in BoFPRox:NADP* (blue). (E) Detail of residues of the conserved catalytic
triad in stick representation in BoFPR (yellow) and AnFNR (light pink). Residue numbers correspond to the
BoFPR (in brackets, AnFNR numbering).
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Figure SP3. Starting MD simulations at 27 °C. (A) Root mean square deviation (RMSD) against the starting
structure along MD simulations of BoFPRox (gold) and BoFPRox:NADPH (blue) models. Vertical lines
indicate apparent ranges for the equilibration phase end (coenzyme favours reaching of the equilibrium).
(B) Equivalent B-factors as calculated from root mean square fluctuation (RMSF) in the MD simulations of
BoFPRox and BoFPRox:NADPH.
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Figure SP4. (A) Model structures at the end of the MD simulation for BoFPRox (gold) and (B)
BoFPRox:NADPH (blue) aligned on the corresponding crystallographic structures (PDB 6RR3 and 6RRA), in
grey). (B) RMSD of the BoFPRox (gold) and BoFPRox:NADPH (blue) structures along the MD simulation at

27 °C regarding the corresponding crystallographic structures.
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Figure SP5. Effect of temperature on RMSD and radius of gyration along MD simulations of the
BoFPRox:NADPH model.
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Figure SP6. Temperature accelerated MD simulation of BoFPRox:NADPH at 50 °C. (A) Evolution of RMSD
and radius of gyration in a replica of interest. (B) Evolution of selected distances.



SUPPLEMENTAL TABLES

Table SP1. Compounds evaluated on the NADPH-dependent DCPIP diaphorase activity of BoFPR

clLog ICso 1Cmax Inhibition

HIT IUPAC name Structure p (»M) (1M) % at ICmax

1-[5-(4-Chloro- [
benzylsulfanyl)- (ﬁ

D5 | [1,3,4]thiadiazol- 5.781 | 411.32 | 160%10 500+4 88+2

- g

2-yl]-3-(4-chloro- 7 <5
phenyl)-urea = i
2-[(5-{[(4-

fluorophenyl)car
gr | Pamoyllamino}- - Q 2159 | 34138  320+10 @ >>>>° <2
1,3,4-thiadiazol- )L
2-yl)sulfanyl]-N- E%
methylacetamide
1-(4-
fluorophenyl)-3-

5-l2- =
E2 | oxopropyl)sulfan ) Q 3.002 | 326.36 @ 430+10 | >1000* 25+10
yIl-1,3,4- Ty -
thiadiazol-2-
yllurea
2-[(5-{[(4-
chlorophenyl)car

bamoyl]amino} J% Q
E3 | 1,3,4-thiadiazol- Ty 3.012 | 344.79 | 1900£20 & >>>>? <45
). L~
yl)sulfanyl]acetic
acid
1-(4-

chlorophenyl)-3- N D
(5. 3 ).
E4 (methylsulfanyl)- ne 3.557 | 300.78 | 150+10 | 370%10 6445
1,3,4-thiadiazol-
2-yllurea

2 Not reached in the assayed range.



ercentages in sequence identity (%seq = Nident / Naiign) and RMSD values (A?; in brackets) after the
pairwise comparison and 3D structural alignment of sequences included in Figure SP1 as
calculated by the PDBeFold server (http://www.ebi.ac.uk/msd-srv/ssm/).

BoFPR XacFPR AvFPR RcFPR EcFPR AnFNR PsFNR
(4B4D) (1A8P) (2BGI) (1FDR) (1IQUE)  (1QG0)
59.8 65.0 55.1 36.9 16.8 19.2
BoFPR (0.841) (0.893) (1.108) (1.694) (2.704)  (2.672)
XacFPR 59.8 63.6 49.5 33.6 20.6 215
(4B4D) (0.841) (0,737) (1.079) (1.687) (2.616)  (2.572)
AVFPR 65.0 63.6 54.2 33.2 19.2 19.6
(1A8P) (0.893) (0.737) (0.926) (1.653) (2.464)  (2.471)
RcFPR 55.1 49.5 54.2 36.0 19.2 16.8
(2BGI) (1.106) (1.079) (0.926) (1.831) (2.631)  (2.664)
EcFPR 36.9 33.6 33.2 36.0 20.1 22.0
(1FDR) (1.694) (1.687) (1.653) (1.831) (2.622)  (2.560)
ANnFNR 16.8 20.6 19.2 19.2 20.1 55.6
(1QUE) (2.704) (2.616) (2.464) (2.631) (2.622) (1.273)
PsFNR 19.2 215 19.6 16.8 22.0 55.6
(1QG0) (2.672) (2.572) (2.471) (2.664) (2.560) (1.273)
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Table SP3. Data collection and refinement statistics for BooxFPR and the Bo.xFPR:NADP*

complex.

BooxFPR

BooxFPR:NADP*
(soaking)

Crystallization conditions

25% PEG4K, 0.1 M MES

pH 6.5and 0.2 mM

2% PEG400, 0.1 M HEPES pH 7.5 and 2M
ammonium sulphate. NADP* in powder

MgCl, onto crystals
Data collection statistics
Space group P4, P212:2;
Unit cell parameters
a, A 39.07 58.64
b, A 39.07 70.75
¢, A 164.91 84.24
Wavelength, A 0.968620 0.979260
Resolution. A 41.23-1.69 84.24-1.40
! (1.78-1.69) (1.48-1.40)
No. of unique reflections 26843 ( 3432) 69102(9824)
Redundancy 4.1(2.0) 4.5 (3.6)
Completeness, % 97.4 (85.1) 99.3(97.9)
Mn(1)/sd 12.2 (2.0) 12.7 (2.1)
Rmerge? 0.059 (0.347) 0.056 (0.515)
Refinement statistics
Resolution range, A 41.23-1.69 54.18-1.40
Protein non-hydrogen atoms 2071 2071
Ligand non-hydrogen atoms 53 106
Solvent non-hydrogen atoms 166 257
Rwork (%) 16.8 17.99
Riree® (%) 21.0 20.24
rmsd bond lenght, A 0.010 0.028
rmsd bond angles, ° 1.640 2.620
Average B-factor, A2 25.61 24.85

Values in parentheses correspond to the highest resolution shell.

a
Rym=2| I- Iav |/ 21, where the summation is over symmetry equivalent reflections.

b
R calculated for 5% of data excluded from the refinement
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Aminoglycoside acetyltransferases are important determinants of resistance to
aminoglycoside antibiotics in most bacterial genera. In mycobacteria, however,
aminoglycoside acetyltransferases contribute only partially to aminoglycoside
susceptibility since they are related with low level resistance to these antibiotics
(while high level aminoglycoside resistance is due to mutations in the ribosome).
Instead, aminoglycoside acetyltransferases contribute to other bacterial functions, and
this can explain its widespread presence along species of genus Mycobacterium. This
review is focused on two mycobacterial aminoglycoside acetyltransferase enzymes.
First, the aminoglycoside 2’-N-acetyltransferase [AAC(2')], which was identified as a
determinant of weak aminoglycoside resistance in M. fortuitum, and later found to be
widespread in most mycobacterial species; AAC(2') enzymes have been associated
with resistance to cell wall degradative enzymes, and bactericidal mode of action
of aminoglycosides. Second, the Eis aminoglycoside acetyltransferase, which was
identified originally as a virulence determinant in M. tuberculosis (enhanced intracellular
survival); Eis protein in fact controls production of pro-inflammatory cytokines and other
pathways. The relation of Eis with aminoglycoside susceptibility was found after the
years, and reaches clinical significance only in M. tuberculosis isolates resistant to the
second-line drug kanamycin. Given the role of AAC(2’) and Eis proteins in mycobacterial
biology, inhibitory molecules have been identified, more abundantly in case of Eis.
In conclusion, AAC(2’) and Eis have evolved from a marginal role as potential drug
resistance mechanisms into a promising future as drug targets.

Keywords: mycobacteria, aminoglycoside antibiotics, aminoglycoside acetyltransferase, drug target,
pathogenicity, aminoglycoside resistance

BACTERIAL RESISTANCE TO AMINOGLYCOSIDE ANTIBIOTICS

Aminoglycoside (AG) antibiotics (Box 1) have not been an exception to the fact that after their
introduction in clinical practice, resistance has been recorded (Waglechner and Wright, 2017).
In fact, the three classes of aminoglycoside-modifying enzymes, aminoglycoside acetyltransferases
(AACs), aminoglycoside phosphotransferases (APHs), and aminoglycoside nucleotidyltransferases
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(ANTs), have been widely detected in most pathogenic bacteria as
a major determinant of resistance; in these bacteria the presence
of aminoglycoside-modifying enzymes correlated with patterns
of AG susceptibility (Smith and Baker, 2002). The modified
AG (either by acetylation, phosphorylation or nucleotidylation)
fails to inhibit their bacterial target, the 30S ribosomal subunit
(Smith and Baker, 2002). Most genes encoding aminoglycoside-
modifying enzymes are plasmid-located (indicative of a potential
acquisition by horizontal gene transfer processes) and confer the
bacterial hosts with high levels of AG resistance (Davies and
Wright, 1997).

In mycobacteria, however, resistance to AGs resulted mainly
from mutations of the ribosome components that prevent the
drugs from inhibiting its function (Jugheli et al., 2009; Zhang and
Yew, 2009; Shcherbakov et al., 2010). This is due to the fact that
most mycobacterial species have either one (like Mycobacterium.
tuberculosis) or two (like Mycobacterium fortuitum) ribosomal
operons, hence making dominant those mutations acquired in
their components (Magnet and Blanchard, 2005; Shi et al., 2013).
The presence of aminoglycoside-modifying enzymes, mostly
AAC, in mycobacterial species has been reported over the years
(as detailed in the following sections), and the role of such
AACs has been explored, originally for their contribution to AG
resistance, and more recently for their role in other bacterial
processes, which has resulted in the interest of developing
inhibitors of these enzymes (Jana and Deb, 2005; Labby and
Garneau-Tsodikova, 2013). In this review, we will summarize
major findings on two mycobacterial AACs, the AAC(2')-I and
Eis enzymes, that have resulted in a Copernican turn for AACs in
mycobacteria, from being putative drug resistance mechanisms,
to reach the status of novel drug targets.

AACs IN NON-TUBERCULOUS
MYCOBACTERIA

The first detection of AACs in mycobacteria (Hull et al,
1984) was reported in a group of M. fortuitum isolates, an
opportunistic fast-growing mycobacteria. Biochemical assays of
crude extracts from M. fortuitum strains revealed the presence
of AAC activity, strongly acetylating gentamicin and kanamycin
A, along with other AGs. This substrate profile was consistent
with that of AAC(3) enzymes that had been previously described
in Pseudomonas and Enterobacteriaceae (Angelatou et al., 1982),
although confirmation at the genetic or molecular levels were
not done at that time. Surprisingly, the AG susceptibility profile
of M. fortuitum could not be correlated with the activity of
AACs, indicating that in this species AACs were not the major
responsible for AG resistance; it was neither correlated with
the presence of plasmids, hence suggesting a chromosomal
location (Hull et al., 1984). In fact, the frequency of resistant
mutants to kanamycin and amikacin in M. fortuitum and the
related species Mycobacterium chelonae ranged between 10~*
and 1077 (Wallace et al., 1985). This relatively high frequency
of mutations, along with the fact that AAC activity was detected
at similar levels between susceptible and resistant strains, led
the authors to suggest that ribosome alterations were the main

factor responsible of AG resistance in these species (Wallace et al.,
1985). In another study (Udou et al., 1986), altered transport
or permeability of AGs was identified as a contributor to AG
resistance in M. fortuitum, since ribosomes from a clinical isolate
were inhibited by one tenth of the MIC of AGs: for example,
the MIC of kanamycin for M. fortuitum was 50 pg/ml, and in
cell-free systems, 5 pg/ml of kanamycin reduced the activity of
ribosomes to 13% in comparison with drug-free controls; similar
results were obtained when using gentamicin or paromomycin
(Udou et al., 1986).

The biochemical analysis of crude extracts from other non-
tuberculous mycobacteria such as Mycobacterium smegmatis,
Mycobacterium phlei, Mycobacterium vaccae, and Mycobacterium
kansasii, from both clinical and environmental origins, revealed
similar characteristics to those found in M. fortuitum: crude
extracts from all strains contained AAC enzymatic activity, but
no correlation with AG susceptibility profile could be established
(Udou etal., 1987; Ho et al., 2000). In other mycobacterial species
such as Mycobacterium avium and Mycobacterium intracellulare,
however, AAC activity could not be detected (Ho et al., 2000).
In a recent study, using cell-free translation assays, ribosomes
of Mycobacterium abscessus and M. smegmatis were inhibited
by both AGs having a 2’-amino group (tobramycin, dibekacin,
and kanamycin B) and by those having a 2'-hydroxyl group
(amikacin, and kanamycin A). However, in M. abscessus, those
AGs having a 2’-amino group (tobramycin, dibekacin, and
kanamycin B) were less efficient in killing the cells and inhibiting
its ribosomes, which is consistent with the presence of a
highly active AAC(2') activity in this species. These findings
suggested that in M. abscessus, AACs could somewhat mitigate
the bactericidal effect of its AGs substrates (Maurer et al., 2015).

Interestingly, when characterizing the enzymatic activity of
crude extracts, early reports detected that substrates such as
amino sugars, malonyl-CoA, propionyl-CoA or butyryl-CoA
inhibited the enzymatic activity of AACs from mycobacterial
species. Such effect of non-acetyl CoA donors had never been
described for the AAC(3) enzymes from other bacteria (Udou
et al., 1987). Altogether, these findings strongly suggested for the
very first time that, in mycobacteria, AACs could have important
metabolic functions, and their contribution to AG resistance
could be marginal (Udou et al., 1989).

AAC(2'), ANEW ENZYME COMES INTO
SCENE

In Providencia stuartii, a Gram-negative species, phylogenetically
distant from mycobacteria, a novel class of AAC was identified
as AAC(2'), because of its acetylating activity against gentamicin
and lack of enzymatic activity against kanamycin A. The gene
encoding AAC(2')-Ia was cloned from P. stuartii (Rather et al.,
1993) and found to be present in the chromosome of all isolates
of this bacteria. In P. stuartii, the expression of the aac(2')-
Ia gene was controlled by several transcriptional regulators
(Macinga and Rather, 1999), suggesting that this enzyme could
play an important role, beyond its contribution to drug resistance
(Franklin and Clarke, 2001). In fact, AAC(2')-Ia contributes to
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BOX 1| Aminoglycosides: origins, structure, mode of action, resistance and clinical use.

Most aminoglycoside antibiotics are produced by bacterial species of the genus Streptomyces, such as the antitubercular streptomycin that is produced by
S. griseus being the first antibiotic identified from bacteria. Other genera producing aminoglycosides are Micromonospora and Bacillus. Many semi-synthetic
aminoglycosides, such as amikacin, have also been produced (Mingeot-Leclercq et al., 1999; Magnet and Blanchard, 2005; Shi et al., 2013).

Structurally, aminoglycosides are formed by an aminocyclitol (commonly, 2-deoxystreptamine) with additional amino sugars bound by glycosidic bonds. There are
two large families of 2-deoxystreptamine aminoglycosides, those carrying substitutions at positions 4 and 5 of the 2-deoxystreptamine ring (including neomycin,
paromomycin, lividomycin, ribostamycin and butirosin) and those being substituted at positions 4 and 6 of the 2-deoxystreptamine (including kanamycin, amikacin,
tobramycin, dibekacin, arbekacin, gentamicin, isepamicin, sisomicin, and netilmicin). The carbon atoms in the sugar bound to position 4 of the 2-deoxystreptamine
ring are named with primed numbers (), and those in the sugar bound to positions 5 or 6 of the 2-deoxystreptamine ring are named with double-primed numbers (7).
Other aminoglycosides contain aminocyclitols distinct to 2-deoxystreptamine (this is the case of streptomycin or apramycin) or are formed by fused amino sugar
rings (i.e., spectinomycin) (Magnet and Blanchard, 2005; Shi et al., 2013). The following figure shows the structure of kanamycin A, an example of 4,6 di-substituted
2-deoxystreptamine aminoglycoside antibiotic.

CH,OH

7 NH,

The bacterial target of aminoglycosides is the 30S small ribosomal subunit, and their global effect is the interference with protein synthesis. In bacterial cells,
translation is initiated when the 30S ribosomal subunit binds the Shine-Dalgarno sequence (because of sequence complementarity between the Shine-Dalgarno
sequence and the 16S rRNA molecule of the 30S ribosomal subunit), which is normally present in the 5" untranslated region of mRNAs. Next, initiation factors and
fMet-tRNA will join the complex that finally will recruit the 50S ribosomal subunit in order to start translation. Aminoglycoside binding to the 30S subunit does not
affect the binding of MRNA and the large 50S subunit, so translation can proceed. However, aminoglycosides differ in their binding site at the 30S subunit, hence
affecting the protein production at different levels. Whereas spectinomycin blocks translocation (hence being bacteriostatic), streptomycin and most
2-deoxystreptamine aminoglycosides lock the ribosome in a conformation that is prone to introducing erroneous aminoacyl-tRNAs. The accumulation of aberrant
proteins in the bacteria results in cell death (Davies and Wright, 1997; Magnet and Blanchard, 2005; Shell et al., 2015).

Resistance to aminoglycosides may be due to several mechanisms (Davies and Wright, 1997; Magnet and Blanchard, 2005). Reduced uptake (which can be a
consequence of alterations in the composition of bacterial membrane or to metabolic conditions like anaerobiosis) or the action of efflux pumps can lead to limited
intracellular concentration of aminoglycosides, hence causing resistance. Mutations in 16S ribosomal RNA or certain ribosomal proteins such as S12 (encoded by
rpsL gene) lead to aminoglycoside resistance through target modification; this is also achieved after the action of methyltransferases, which introduce methyl groups
in guanine or adenine nucleotides of 16S ribosomal RNA. The presence of aminoglycoside-modifying enzymes is, however, the most prevalent mechanism of
aminoglycoside resistance; there are three types of aminoglycoside-modifying enzymes: aminoglycoside N-acetyltransferases (AAC), O-phosphotransferases (APH),
and O-nucleotidyltransferases (ANT). Aminoglycoside-modifying enzymes are named by using the aforementioned abbreviations, followed by a number in brackets
indicating the site of modification in the aminoglycoside molecule (as explained above), a Roman numeral related with substrate profile, and a lower-case letter for
differentiating isoenzymes, i.e., AAC(2)-Ib.

Clinically, due to their oto- and nephrotoxicity and the rising prevalence of resistance, aminoglycosides are commonly reserved as a second line of treatment of
serious infections. Due to their low absorption when given orally, aminoglycosides need to be administered through injections. Streptomycin was a first-line drug in
the treatment of tuberculosis, and in our days, kanamycin and amikacin are listed as second line drugs against this disease. Spectinomycin is used against Neisseria
gonorrhoeae infections (Suay-Garcia and Perez-Gracia, 2018). Pseudomonas aeruginosa infections in cystic fibrosis patients, septicemia, endocarditis and several
other infections caused by non-tuberculous mycobacteria, Gram-positive or Gram-negative bacteria can be treated efficiently by using aminoglycosides, either alone
or in combinations with other antibacterials such as the beta-lactam antibiotics (Mingeot-Leclercq et al., 1999; Magnet and Blanchard, 2005; Bassetti et al., 2018).

O-acetylation of peptidoglycan affecting cell morphology and the
expression of autolysins, and can use acetylated peptidoglycan
precursors as donors of acetyl groups, another indication about
the role of this enzyme beyond resistance (Payie et al., 1995, 1996;
Clarke et al., 1996; Payie and Clarke, 1997).

AAC(2') in Mycobacteria

Given the high AG acetylating activity against gentamicin,
tobramycin, netilmicin and its derivatives 2'-N-ethyl- and
6'-N-ethyl-netilmicin, kanamycin A and kanamycin B found in
M. fortuitum (Hull et al., 1984; Ainsa et al., 1996), we launched
a molecular approach aimed at characterizing the determinant of
AG resistance in this species. A genomic library of M. fortuitum
was transformed in M. smegmatis, and characterization of AG

resistant clones allowed the identification of a M. fortuitum
gene showing sequence similarity to aac(2')-Ia of P. stuartii.
The enzyme of M. fortuitum was named AAC(2')-Ib (Ainsa
et al, 1996) and was capable of acetylating gentamicin, but
not kanamycin A, hence indicating that another AAC enzyme
should be present in M. fortuitum. Similarly to P. stuartii,
the aac(2')-Ib gene was found in all strains of M. fortuitum
regardless of the phenotype of AG resistance, suggesting other
roles for the AAC(2')-Ib in this species. Further studies (done
by database searching or by southern blot analysis using the
probe of aac(2’)-Ib gene) demonstrated the presence of aac(2')-
I genes in other mycobacterial species, including M. tuberculosis
(the major pathogenic species in this genus), Mycobacterium
leprae, and M. smegmatis, indicating thus that the presence
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of aac(2')-I genes in mycobacteria could be universal (Ainsa
et al., 1997). Interestingly, the expression of the aac(2’)-Id gene
in M. smegmatis was driven from two promoters, and the
strongest one produced a leaderless transcript having a GTG
translation start codon at its 5’ end (Mick et al., 2008). Leaderless
transcripts are those in which the transcription start site coincides
with the translation start codon; although representing a rather
unusual feature in the model organism E. coli, they are quite
common in mycobacteria, where 25% of all transcripts are
predicted to be leaderless (Shell et al., 2015); in fact, eis gene
of M. tuberculosis (see the section “The Eis Protein Becomes a
Novel Aminoglycoside Acetyltransferase;,” below) is transcribed
also as aleaderless mRNA (Zaunbrecher et al., 2009). In leaderless
mRNAgs, there is no Shine-Dalgarno sequence, and 70S ribosomes
bind directly to the 5-end of the mRNA in order to initiate
translation (Shell et al., 2015).

New Roles for AAC(2’) in Mycobacteria

Two major evidences supported that in mycobacteria, AAC(2')-
I enzymes could have additional roles other than acetylation of
AGs containing 2'-amino group: first, the capability of amino
sugars and diverse acyl-CoA molecules to inhibit the acetylating
activity of mycobacterial crude extracts (Udou et al., 1989); and
second, the implication of AAC(2)-Ia (an enzyme of the same
class) in acetylation of cell wall substrates in P. stuartii. In a series
of laboratory mutants of P. stuartii expressing aac(2')-Ia gene
at different levels, it was found that the extent of peptidoglycan
acetylation correlated with the activity of AAC(2')-Ia, hence
suggesting a partial contribution of this enzyme (along with other
enzymes) to peptidoglycan acetylation. Many bacterial pathogens
acetylate their peptidoglycan as a way to resist the action of
muramidase enzymes. Under in vitro conditions, AAC(2")-Ia was
able to acetylate tobramycin having acetylated peptidoglycan as
donor of acetyl groups (Payie et al., 1995, 1996; Payie and Clarke,
1997).

We investigated the hypothesis of mycobacterial AAC(2')-1
enzymes having also a role in cell wall metabolism, and a gene
knock-out mutant of M. smegmatis deleted in aac(2')-Id gene was
constructed. This mutant (named EP-10) defective in AAC(2')-
I activity was more susceptible to gentamicin, tobramycin,
dibekacin, and netilmicin than the parental wild-type strain, and
crude extracts of M. smegmatis EP-10 failed to acetylate 2'-amino
group containing AGs, whereas wild-type strains of M. smegmatis
readily acetylated such AGs (Ainsa et al., 1997; Maurer et al,
2015). M. smegmatis EP-10 was also twofold more susceptible
to lysozyme, a feature that has been associated with the extent
of peptidoglycan acetylation (Ainsa et al, 1997). Hence, we
concluded that in M. smegmatis, AAC(2')-Id enzyme could also
contribute to acetylation of peptidoglycan, since a less extensively
acetylated peptidoglycan in the knock-out strain would be more
susceptible to lysozyme degradation affecting cell viability.

Biochemical Analysis of Mycobacterial
AAC(2')-1 Enzymes

The presence of an AG (2/)-N-acetyltransferase gene in the
genome of M. tuberculosis was intriguing. In this species, AAC

activity had never been reported (Mitsuhashi et al., 1977) and
the expression of the aac(2')-Ic gene [annotated as Rv1258¢ gene
in the M. tuberculosis H37Rv genome (Cole et al., 1998)] in the
surrogate host M. smegmatis could not be associated with any
change in the levels of susceptibility to AGs (Ainsa et al., 1997).
We constructed a knock-out mutant of M. tuberculosis H37Rv
deleted in the aac(2')-Ic gene and observed that the mutant
(named M. tuberculosis B1) was twofold more susceptible than
the original wild-type strain to AGs containing a 2’-amino group
such as gentamicin, tobramycin and dibekacin, and fourfold
more susceptible to 6'-N-ethyl-netilmicin. This indicated that
the aac(2')-Ic gene was being expressed in M. tuberculosis
although at a very low level, and that the AAC(2')-Ic enzyme in
M. tuberculosis would acetylate all these four AGs in the wild type
strain; hence, acetylated AGs would bind less efficiently to the
ribosome, and the AAC(2')-Ic enzyme would contribute to basal
AG resistance in this species.

In order to find the physiological role of this enzyme
in M. tuberculosis, recombinant E. coli-produced AAC(2')-Ic
enzyme from M. tuberculosis was studied and found to efficiently
acetylate AG antibiotics containing an amino group at the 2’
position (as expected; for example, Ky, for kanamycin B was
1.4 M), and surprisingly, it was also capable of acetylating
(although to a much lesser extent) other AGs such as kanamycin
A (K 320 wM) and amikacin (K, 968 wM) that have a
hydroxyl group in the 2’ position, hence suggesting this enzyme
to be capable of both N- and O-acetylation (Hegde et al,
2001; Draker et al., 2003). This residual activity of AAC(2)-
Ic against kanamycin A and amikacin does not affect their
bactericidal activity, and these two antibiotics are used as second
line drugs against drug resistant M. tuberculosis (World Health
Organization [WHO], 2010). The activity of M. tuberculosis
AAC(2')-Ic is dependent on metal ions, being inhibited by Cu?™
and Au®*t (Lietal, 2015).

Another study consisted in binding covalently the AGs
kanamycin A, tobramycin, neamine and neomycin B to an
agarose matrix in order to quantify the extent of AG acetylation
by AAC enzymes and their subsequent ability to bind an artificial
probe mimicking the A-site of the ribosome (Barrett et al,
2008). In such experimental model system, the AGs acetylated by
M. tuberculosis AAC(2')-Ic enzyme (only tobramycin, neamine
and neomycin B) maintained their binding affinity with the
probe mimicking A-site of the ribosome at detectable levels,
maybe because the percent of AG acetylation by AAC(2')-Ic was
low. In contrast, these AGs were very efficiently acetylated by
E. coli AAC(3) (at a different amino group) and had readily lost
their affinity for binding this artificial probe. These experiments
suggested that subtle differences in the structure of modified
AGs (i.e., acetylation at the amino group in 2" or 3 position) are
sufficient to drastically affect their capability of binding to the
A-site probe, and this would be expected to correlate with their
activity as ribosome inhibitors. In consequence, in mycobacteria,
AAC(2')-I enzymes would not play a major role in resistance
to these drugs (Barrett et al,, 2008). High resolution crystal
structures of AAC(2')-Ic complexed with AGs demonstrated
that this enzyme is a member of the GNC5 acetyltransferase
superfamily and suggested a role in the synthesis of mycothiol,
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a metabolite that has a key role in regulating redox potential in
mycobacteria (Vetting et al., 2002, 2003).

In agreement with the preferential N-acetylating activity over
the O-acetylating activity that was found in the M. tuberculosis
enzyme (Hegde et al.,, 2001; Draker et al., 2003), M. abscessus
clinical isolates were found to be more susceptible to AGs
containing a hydroxyl group at the 2’ position (such as amikacin
and kanamycin A) than to AGs with a 2’-amino group (such
as tobramycin, dibekacin and kanamycin B), as the latter group
would be substrates of M. abscessus AAC(2')-I enzyme (Maurer
et al., 2015). In fact, crude extracts of M. abscessus efficiently
acetylated kanamycin B, whereas kanamycin A was not acetylated
at detectable levels. In this species, deletion of the aac(2)-I gene
resulted in increased susceptibility to kanamycin B, tobramycin,
dibekacin and gentamicin C (all of them containing a 2’-amino
group) (Rominski et al., 2017). These two reports demonstrate
that in M. abscessus, the presence of an AAC(2')-I enzyme
contributes to decreased innate susceptibility to AGs containing
a 2'-amino group (Luthra et al., 2018).

Becoming a Drug Target: Developing
Inhibitors of AAC(2')-1

The interest in developing inhibitors against AAC(2')-I enzymes
came from a study in the non-tuberculous species M. abscessus
(Maurer et al., 2014). It was found that AGs such as amikacin,
gentamicin or tobramycin, which are normally bactericidal
against E. coli, do not have such activity against M. abscessus
or M. smegmatis. However, disruption of the chromosomally
encoded aac(2')-I gene in these species restored the bactericidal
activity of these AGs (Maurer et al., 2014). Given that AGs
are used as second-line drugs in treatment of multidrug
resistant (MDR) tuberculosis infections, and also in the treatment
of other infections caused by non-tuberculous mycobacteria,
the possibility of developing compounds that could enhance
bactericidal activity of current antimycobacterial treatments
became an interesting approach.

To date, the only putative inhibitor of M. tuberculosis
AAC(2')-Ic is andrographolide, a natural product that was
identified in methanolic extracts of a plant that were capable
of inhibiting growth of M. tuberculosis strains (Prabu et al,
2015). In silico analysis predicted that this compound could
potentially bind with a high affinity the AAC(2')-Ic enzyme, as
well as isocitrate lyase (a metabolic enzyme of the glyoxylate
shunt, involved in persistence and virulence of M. tuberculosis)
and other M. tuberculosis proteins (Prabu et al., 2015). However,
the specificity of this binding and the ability to really inhibit
such putative target proteins were not tested. Given that the
gene encoding AAC(2')-Ic is not essential in M. tuberculosis, a
direct link between AAC(2')-Ic inhibition and bacterial growth
inhibition could be discarded. Hence, the ability of plant extracts
containing andrographolide to inhibit growth of M. tuberculosis
could be due to the presence of additional compounds in
the extract, or to multiple effects on M. tuberculosis cells.
Other in silico analysis revealed that AAC(2')-Ic enzyme from
M. tuberculosis could interact with ten other proteins (including
a protein of a putative RND-like efflux pump), suggesting that

inhibition of AAC(2')-Ic could also impact many other metabolic
processes, hence conferring this enzyme with a relevant role in
drug discovery of antituberculosis agents (Joshi et al., 2013).

THE Eis PROTEIN BECOMES A NOVEL
AMINOGLYCOSIDE
ACETYLTRANSFERASE

Investigation of M. tuberculosis virulence factors lead to the
identification of a protein, that was required for infecting and
survival in human macrophages; this protein was named Eis
for enhanced intracellular survival (Box 2) (Wei et al., 2000).
Bioinformatic analysis revealed that Eis protein of M. tuberculosis
was an acetyltransferase of the GCN-5 family (Samuel et al,
2007).

Later on, the analysis of kanamycin resistant M. tuberculosis
laboratory and clinical strains revealed mutations in the —10 and
—35 regions of the eis gene promoter, which resulted in increased
levels of eis mRNA and Eis protein. These mutations were related
to low-level resistance to kanamycin (MIC 25 pg/ml), but not to
amikacin (MIC < 4 pg/ml), whereas 16S rRNA mutations confer
higher levels of resistance to kanamycin (MIC > 80 pg/ml) and
frequently cross-resistance to amikacin. These eis mutants also
displayed increased levels of AAC activity, hence demonstrating
that Eis was a novel class of AAC, highly divergent from all
other previously known AACs. Eis is capable of acetylating
kanamycin more efficiently than amikacin, and streptomycin
was not found to be a substrate of Eis (Zaunbrecher et al,
2009). From then on, detection of mutations in eis promoter has
become a relevant assay in clinical microbiology laboratories for
determining susceptibility to kanamycin (Georghiou et al., 2012);
the diagnostic and clinical implications of these tests are beyond
the scope of this review.

Formation of stable hexamers by Eis is required for its AAC
activity (Ganaie et al., 2011; Anand and Sharma, 2018), which
can acetylate multiple amine groups of different AG antibiotics,
including netilmicin, sisomicin, neamine, ribostamycin,
paromomycin, neomycin B, kanamycin, amikacin, tobramycin
and hygromycin, resulting in mono-, di-, tri, and tetraacetylated
products (Chen et al., 2011; Houghton et al., 2013a), being able
to use not only acetyl-CoA but also other acyl-CoA derivatives
(Chen et al., 2012a). The Eis protein works by a random-
sequential bisubstrate mechanism of acetylation (Tsodikov et al.,
2014). Interestingly, Eis is also able to acetylate capreomycin,
a polypeptide second-line antituberculosis drug commonly
used in the treatment of MDR tuberculosis infections (Reeves
et al., 2013). Several metal ions such as Au’t, Cd** and Zn2*
inhibited Eis activity in vitro (Li et al., 2015).

Other mycobacterial species such as M. smegmatis and
M. abscessus have ortholog (and even paralog) eis genes, although
the Eis proteins have distinct biochemical features and impact on
AG susceptibility in comparison with Eis of M. tuberculosis (Chen
et al., 2012b; Rominski et al., 2017). For example, M. abscessus
has two eis genes, and the deletion of one (but not the other
one) resulted in altered AG susceptibility (Rominski et al., 2017;
Luthra et al., 2018). Consistently with these findings, mutational
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BOX 2| Discovery and characterization of enhanced intracellular survival (Eis) protein of M. tuberculosis.

A genome wide investigation of the ability of M. tuberculosis for infecting macrophages resulted in the identification of a coding sequence that, once cloned in the
non-pathogenic M. smegmatis species, conferred capacity for infecting the human macrophage-like cell line U937. This gene was named eis (Rv2416c¢ in the

M. tuberculosis genome; Cole et al., 1998) for enhanced intracellular survival (Wei et al., 2000), and was detected only in pathogenic species of mycobacteria. The
promoter of the eis gene is similar to consensus E. coli sigma-70 dependent promoters (Roberts et al., 2004) and it is recognized by M. tuberculosis SigA sigma
factor (Wu et al., 2009). The Eis protein was found to be mostly hydrophilic, but having a hydrophobic N-terminal end, so that it could be found in the cytosolic but
also in other cell fractions such as the membrane, cell wall or among the secreted proteins of M. tuberculosis (Dahl et al., 2001). In fact, antibodies against Eis could
detect this protein in the sera of tuberculosis patients (Dahl et al., 2001) and in the cytoplasm of infected macrophages (Samuel et al., 2007). Also, it was found that
Eis protein, directly added to cultures of human monocytes, modulated the secretion of pro-inflammatory cytokines in a similar way to that found in M. tuberculosis
infected cells (Samuel et al., 2007), hence suggesting a role of Eis as an effector protein. Further studies demonstrated that Eis inhibits the extra-cellular
signal-regulated kinase 1/2 (ERK1/2) and JAK pathways, and in consequence it inhibited the production of TNF-alpha and IL-4, and stimulated the production of
IFN-gamma and IL-10 (Lella and Sharma, 2007). The effect of Eis in increasing production of IL-10 was found to be related to Eis-mediated acetylation of histone
H3, which binds the promoter of the human IL-10 gene (Duan et al., 2016). Hence, by disturbing cross-regulation of T-cells and impairing TH1 and TH2 response,
Eis could mediate M. tuberculosis pathogenicity (Lella and Sharma, 2007). In fact, an isolate of the Beijing family (which are more transmissible and virulent than
other M. tuberculosis genetic lineages (Hanekom et al., 2011) was found to contain elevated levels of Eis protein, mediated by increased expression of SigA (Wu

et al., 2009). Other key factors in host immune response to tuberculosis are also mediated by Eis, which increased production of ROS and consequently modulated
processes such as autophagy, inflammation, and cell death (Shin et al., 2010). These processes are started by Eis-dependent acetylation of dual-specificity
phosphatase-16 (DUSP16)-mitogen-activated protein kinase phosphatase-7 (MKP-7), which dephosphorylates the JNK protein leading to its inactivation (Kim et al.,
2012; Yoon et al., 2013). Other studies have revealed the activity of Eis for acetylating arylalkylamines such as histamine, octopamine, or tyramine, suggesting novel

roles for this protein in M. tuberculosis pathogenicity (Pan et al., 2018).

changes in the amino acid residues lining the substrate binding
site of M. tuberculosis Eis altered its substrate specificity (Jennings
etal., 2013).

It is important to note that in M. tuberculosis, transcription
of the eis gene is activated by the regulator WhiB7 (Reeves
et al, 2013). Mutations in the promoter of whiB7 gene
that led to increase in the mRNA of this gene resulted
in increased expression of eis gene, along with other genes
such as rv1258¢ (encoding the Tap efflux pump; Ainsa et al.,
1998), hence resulting in cross resistance to several drugs
including kanamycin (mediated by Eis protein) or streptomycin
(mediated by Tap efflux pump). Similarly, in M. abscessus, WhiB7
controlled the expression of one of the two eis genes in this
species and also that of the erm(41) gene, which encodes a
ribosomal methyltransferase that by altering target structure
is associated with resistance to macrolide antibiotics (Pryjma
et al., 2017; Luthra et al., 2018). Subinhibitory concentrations
of clarithromycin induced the whiB7 gene and consequently
decreased Eis-mediated susceptibility to AGs, such as amikacin
that is currently used in the treatment of M. abscessus infections
(Pryjma et al., 2017).

Aminoglycosides and Beyond. ..

The unusual properties of Eis acetyltransferase include its
capability for acetylating peptides and proteins (Kim et al., 2012;
Houghton et al., 2013b; Yoon et al., 2013), in contrast with
other AACs. The M. tuberculosis nucleoid-associated protein
HU (encoded by Rv2986¢ gene) can be acetylated by Eis on
multiple lysine residues, hence decreasing its ability to interact
with DNA, and altering its DNA compactation activity (Ghosh
et al., 2016; Green et al, 2018). Overexpression of Eis led
to a hyperacetylation of HU protein, and consequently, to a
decompactation of the genome (Ghosh et al., 2016). The reverse
effect (condensation of relaxed DNA) could be reached through
the deacetylation of HU protein, which is mediated by a Sir2
family protein from M. tuberculosis encoded by the Rv1155¢
gene (Anand et al, 2017; Green et al., 2018). Controlling the
architecture of DNA is a key process in any bacteria, and so, the

HU protein is essential for M. tuberculosis. In fact, inhibitors of
HU have been discovered (Bhowmick et al., 2014), which could
act in synergy with potential inhibitors of Eis, as described in the
next section.

Finding Inhibitors of Eis Protein

The crystal structure of M. tuberculosis Eis protein was
determined by several groups (Chen et al, 2011; Kim et al,
2012), which has been useful for determining docking properties
of potential inhibitory compounds; also, its comparison with
the crystal structure of M. smegmatis Eis protein revealed
several distinct structural features that may account for the
biochemical and substrate differences between the two proteins
(Kim et al., 2014). A first screening of potential inhibitors of
Eis from M. tuberculosis resulted in the identification of 25
molecules (including the antiseptic chlorhexidine) that inhibited
Eis with ICsq values in the low micromolar range. In addition,
this inhibition was specific to the M. tuberculosis Eis protein,
since these molecules could not inhibit significantly AACs from
AAC(2), AAC(3), and AAC(6') families (Green et al., 2012), nor
Eis protein from Bacillus anthracis (Green et al., 2015a). Later
studies revealed the presence of eis-like genes in many pathogenic
and non-pathogenic bacteria (remarkably, many mycobacterial
species have two or even three paralogs of the eis gene), and
chlorhexidine was capable of inhibiting (to different levels) all
Eis proteins that were capable of acetylating AGs (Green et al,,
2015b).

A second screening of a larger collection of small-molecule
compounds resulted in the identification of several families of
compounds capable of inhibiting Eis activity. These contained
diverse chemical scaffolds (Garzan et al., 2016a,b, 2017; Willby
et al,, 2016; Ngo et al, 2018). Besides, these inhibitors were
highly selective for Eis, and did not inhibited AACs from other
families (Garzan et al, 2016b). More importantly, as these
inhibitors bound in the AG pocket of the Eis protein, they
were able to reverse kanamycin resistance of a M. tuberculosis
isolate (Garzan et al., 2016b; Willby et al., 2016; Ngo et al., 2018).
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Some of these inhibitors, such as those based on a pyrrolo[1,5-
a]pyrazine scaffold, also lacked any toxicity on mammalian cell
lines (Garzan et al., 2017).

OTHER AMINOGLYCOSIDE-MODIFYING
ENZYMES IN MYCOBACTERIA

Genome-wide analysis of M. tuberculosis genome identified
only one other potential AAC (encoded by the Rv1347c gene),
although such enzymatic activity could not be detected on the
recombinant protein (Draker et al., 2003). Later studies related
the product of the Rv1347c gene with a role in the synthesis of
mycobactin, the mycobacterial siderophore (Card et al., 2005).

Leaving apart AACs, only a few reports of other classes
of aminoglycoside-modifying enzymes have been done in
mycobacteria. An APH enzyme of the APH(3"”) family,
conferring resistance to the AG streptomycin only, has been
characterized in M. fortuitum (Ramon-Garcia et al., 2006) and
M. abscessus (Dal Molin et al., 2018; Luthra et al., 2018); the
latter species encodes up to 11 additional putative APH enzymes
(Ripoll et al., 2009). Furthermore, a putative APH of the APH(3’)
class, encoded by the Rv3168 gene of M. tuberculosis, was
identified and expressed as a recombinant enzyme in E. coli, being
related to kanamycin phosphotransferase activity (Ahn and Kim,
2013).

BACK TO THE START POINT: Eis IN
M. fortuitum

We started this review referring to previous work that has shown
that crude extracts of M. fortuitum harbored AAC activity having
gentamicin, tobramycin, netilmicin and its derivatives 2'-N-
ethyl- and 6'-N-ethyl-netilmicin, kanamycin A and kanamycin
B as substrates. So far, the only AG acetyltransferase identified
in this species has been AAC(2')-Ib (Ainsa et al, 1996),
which cannot explain the acetyltransferase activity against
kanamycin A and 2’-N-ethyl-netilmicin detected in M. fortuitum
crude extracts. Later studies characterized Eis AAC in diverse
mycobacterial species, but no report were been done on a putative
Eis protein in M. fortuitum. In view of the universal presence
of Eis proteins in mycobacteria, and its activity as AAC, we
hypothesized that M. fortuitum could also have a putative Eis
protein that would be responsible for the acetyltransferase activity
against kanamycin A and 2'-N-ethyl-netilmicin detected in crude
extracts of this species, as it was reported earlier (Hull et al., 1984;
Ainsa et al., 1996).

Thus, we first ascertained the existence of an eis gene in the
genome of M. fortuitum (Ho et al., 2012), which presented a 94%
of identity with respect to the one reported in M. tuberculosis;
the sequence of both Eis proteins from M. tuberculosis and
M. fortuitum also presented high levels of identity (Figure 1).
We designed two oligonucleotides for amplifying specifically a
DNA fragment from M. fortuitum genome containing eis gene.
This DNA fragment was subsequently cloned in pMV261 vector
(Stover et al., 1991), which expresses genes constitutively under

the control of the hsp60 gene promoter, resulting in plasmid
pES2. Given that this plasmid still contains the Tn903-derived
aminoglycoside-3'-phosphotransferase (aph) gene (present in
the original pMV261 cloning vector) conferring kanamycin
resistance as selection marker, we anticipated that M. smegmatis
strains harboring pMV261 vector or its derivatives would be
intrinsically resistant to kanamycin A; this would prevent
from determining whether this antibiotic is a substrate of the
M. fortuitum Eis protein. Additionally, the selection marker
could have cross-effect with other AGs and thus interfering with
the resistance phenotype conferred by eis gene. To circumvent
these problems, we generated a derivative of pFS2 through the
disruption of the aph gene with the ampicillin resistance cassette
(bla gene) from pGEM®-T easy (Promega). The resistance to
2’-N-ethylnetilmicin conferred by eis gene, as demonstrated for
the parental plasmid pFS2 (see Table 1) was used as resistance
marker for transformant selection and plasmid maintenance.
This process resulted in plasmid pEAC which contains the
M. fortuitum eis gene and no other determinant of AG resistance.

The three plasmids [original empty vector pMV261 as a
control, and the two plasmids (pFS2 and pEAC) containing
M. fortuitum eis gene] were introduced in M. smegmatis mc* 155
in order to over-express the ortholog eis gene from M. fortuitum
and to elucidate its hypothetical implication in AG susceptibility.
The antibiotic susceptibility assay was made, based on a double
dilution protocol with the addition of resazurin dye (Palomino
et al., 2002).

We observed that plasmids pFS2 and pEAC produced
detectable changes in AG susceptibility of M. smegmatis mc? 155,
which can be attributed to the expression of the plasmid-borne
M. fortuitum eis gene. The major shift in the MICs was detected
for 2’-N-ethylnetilmicin (Table 1), since the MIC increased from
3.12 to 6.25 pg/ml in the control strains to 50-100 pg/ml in the
strains containing M. fortuitum Eis, accounting for a 8- to 32-fold
increase; similar changes were observed for 6'-N-ethylnetilmicin
(8-fold increase in the MIC). A moderate decrease in the
susceptibility to kanamycin A (fivefold), hygromycin (twofold to
fourfold) and gentamicin (twofold to fourfold) was also observed.
Finally, slight changes (twofold) in the MICs were detected for
kanamycin B and capreomycin; this finding is consistent with
previous reports on the activity of M. tuberculosis Eis against
capreomycin (Reeves et al,, 2013). The levels of susceptibility
to the AGs amikacin, streptomycin and spectinomycin, and
to other non-AG compounds tested (isoniazid, rifampicin,
ethambutol, ciprofloxacin, tetracycline, chloramphenicol) were
not altered significantly by the presence of the plasmid-encoded
eis gene (Table 1 and data not shown), suggesting that either
these antimicrobials are not substrates of the Eis enzyme or
the corresponding acetylations (if any) might just not affect
antibacterial activity.

CONCLUDING REMARKS

The presence and activity of AAC(2')-I and Eis AACs in
mycobacteria have clearly demonstrated that their primary role
is little related with susceptibility to AGs.
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FIGURE 1 | Comparison of the amino acid sequences of Eis proteins from M. fortuitum and M. tuberculosis. Symbols under the sequence alignment: Asterisks (*)
indicate positions with identical amino acid in both proteins. Colons (:) indicate positions which have amino acids with strongly similar properties. Periods (.) indicate

TABLE 1 | MICs (ng/ml) of antibiotics of different structural families in the
M. smegmatis mc? 155 strains that overexpress eis gene from M. fortuitum.

Strain M. smegmatis mc? 155

Plasmid None pMV261 pFS2 pEAC
Marker gene on plasmid None aph aph bla
M. fortuitum eis gene — - + +
Gentamicin 0.78-1.56 0.78 3.12 3.12
2'-N-ethyl netilmicin 6.25 3.12-6.25 50-100 50
6'-N-ethyl netilmicin 3.12 3.12 3.12-6.25 25
Kanamycin A 1.56 >100 >100 7.8
Kanamycin B 6.25 >100 >100 125
Hygromycin 15.6 15.6 31.2-62.5 62.5
Amikacin 0.39 0.39 0.39 0.39
Capreomycin 1.95 1.95 3.9 3.9
Streptomycin 0.25 0.25 0.25 0.25
Spectinomycin 62.5 31.2-62.5 62.5 62.5

The values separated by a dash indicate that growth was detected in both
concentrations. The range of antibiotic concentrations spanned from 0.78 pg/ml to
100 wg/ml, and from 0.25 wg/ml to 125 ng/ml; a twofold difference in the MIC was
not considered as significant. aph: aminoglycoside 3'-phosphotransferase from
Tn903; bla: beta-lactamase.

In the case of AAC(2')-I enzymes, its presence
in phylogenetically distant genera as Providencia and
Mpycobacterium remains to be an evolutionary mystery.

In contrast with this restricted distribution of AAC(2')-1
enzymes among bacteria, Eis enzymes seem to be more
widely distributed, being present even in non-pathogenic and
environmental species, which suggest a general function of
Eis-like enzymes in bacterial metabolism, and virtually excludes
any potential selection of eis genes due to the use of AGs, or its
horizontal transfer from other species.

It is clear that in mycobacteria ribosomal modifications
constitute the major mechanism of AG resistance, given that
only one or two copies of ribosomal RNA operons are
present in these species, hence making likely the acquisition
of mutations conferring high levels of AG resistance. Then,
AAC(2')-1 enzymes only contribute modestly to innate low level
susceptibility to AGs, and despite other roles have been suggested
in the literature for mycobacterial AAC(2')-I enzymes, their
relevance as potential drug targets is still modest, especially
in comparison with Eis acetyltransferase. The contribution
of Eis acetyltransferase to virulence of M. tuberculosis, and
the finding that Eis is related with resistance to kanamycin
(a second line drug for the treatment of tuberculosis) in
clinical isolates has greatly attracted the attention and promoted
the interest in developing Eis inhibitors. In some way, Eis
inhibitors would fall into the class of anti-virulence and anti-
resistance mechanisms compounds, which is a trending topic
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in the age of antimicrobial resistance. Globally, antimicrobial
resistance is a major public health threat, and multi and
extensively drug resistant (MDR, XDR) tuberculosis is a case
of particular concern, so progress and major advances that
can be expected from the coming years will be greatly
welcomed.
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a Cooperativity constant

A Increment / deletion

€ Molar extinction coefficient

by Wavelength

[6]mr Molar ellipticity per residue

3D Three-dimensional

A Arrhenius pre-exponential factor

A Angstrom

Abs Absorbance

Ap Arrhenius pre-exponential factor for DT

ADP Adenosine 5 -diphosphate

An Arrhenius pre-exponential factor for HT

AMP Adenosine 5 -monophosphate

ANP Adenine nucleotide (denotes for either ADP or ATP)
WPk ecat Apparent catalytic constant

ATP Adenosine 5'-triphosphate

AU Absorbance units

CaFADS FAD synthetase from Corynebacterium ammoniagenes
cal Calorie

CD Circular Dichroism

CgFMNAT FMNAT of Candida glabrata

CPK Corey, Pauling, Koltun, colors code for atoms

CSB Chicago Sky Blue

CTC Charge transfer complex

CTP Cytosine 5’-triphosphate

Da Dalton

DAD Donor-acceptor distance

DCPIP 2,6-Dichlorophenolindophenol

DEAE Diethylaminoethyl

Dic Dicoumarol

DMSO Dimethylsulfoxide

DT Deuteride transfer

DTT Dithiothreitol

Ea Activation energy

EC Enzyme commission

ECR Exponential consensus ranking

EDTA Ethylenediaminetetraacetic acid

Eoxisq Redox potential for the oxidized and the semiquinone species
Eqn Equation

Esqing Redox potential for the semiquinone and the reduced species
et. al. Et alia (and collaborators)

FAD Flavin adenine dinucleotide

FADasa FAD hydrolase

FADpp FAD pyrophosphorilase

FADS FAD synthase

FDA Food and Drug Administration

FHy FMN hydrolase

Fig Figure

FLV Flavins (denotes for either RF or FMN)

FMN Flavin mononucleotide / Riboflavin 5 -monophosphate

FMNAT FMN adenylyltransferase
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FPLC
G

GST
GTP

H
HEPES
hEADS
hFADS6
hNQO1
HPLC
hq
HsRFK
HSS
HT
HTS
ICso
IPTG
ITC

Ka

Ka app, ANP

Keat

Kp

Ki

KIE

K

KSVE

LB
Lm1FADS
Lm2FADS
MBTb
MD

MIC
MRE

Mt
MtEADS
MW

N
NAD(P)*
NADP)H
NADD
NQO1
O.D.
O.N

(0).¢

PAIN
PAPS
PDB

pH
PIPES
PMSF
PPi
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Fast Protein Liquid Chromatography

Gibbs free energy

Glutathione transferase

Guanosin 5'-triphosphate

Enthalpy
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
Human FAD synthase

Isoform 6 of human FADS

NQO1 from Homo sapiens

High Performance Liquid Chromatography
Hydroquinone

Riboflavin kinase from Homo sapiens

High Strength Silica

Hydride transfer

High-throughput screening

Concentration causing 50% of inhibition (cellular viability, enzymatic activity...)
Isopropyl p-D-1-thiogalactopyranoside

Isothermal Titration Calorimetry

Association constant

Apparent association constant for ANP ligands

Catalytic constant

Dissociation constant

Inhibition constant

Kinetic isotope effect

Michaelis-Menten constant

Kinetic solvent viscosity effects

Lysogeny-Broth

Type I-FAD synthetase from Listeria monocytogenes
Type II-FAD synthetase from Listeria monocytogenes
Moliybdopterin-binding domain

Molecular dynamic

Minimal inhibitory concentration

Molar residue ellipticity

Mycobacterium tuberculosis

FAD synthetase from Mycobacterium tuberculosis
Molecular weight

Stoichiometry for an interaction

Oxidized nicotinamide adenine dinucleotide (phosphate)
Reduced nicotinamide adenine dinucleotide (phosphate)
Nicotinamide adenine dinucleotide, deuterated at A-face of C4
NAD(P)H:quinone oxidoreductase 1

Optical density

Over night

Oxidized

Pan-assay Interference Compound
Phosphoadenosine 5-phosphosulfate

Protein Data Bank

Potential of Hydrogen

1,4-Piperazine diethane sulfonic acid
Phenylmethylsulfonyl Fluoride

Pyrophosphate



rd

RF

RFK
RMSD
rNQO1
rpm

S
ScFMNAT
SDS
SDS-PAGE
SNP
SpFADS
SpRFK
Tm
TmFADS
Tris

TTP

uv
UV-vis
Vmax

VS
WHO
WT

Reduced

Riboflavin

Riboflavin kinase

Root Mean Square Deviation

NQO1 from Rattus norvegicus

Revolutions per minute

Entropy

FMNAT of Saccharomyces cerevisiae
Sodium Dodecyl Sulphate

Denaturing electrophoresis with SDS
Single nucleotide polymorphism

FAD Synthetase from Streptococcus pneumoniae
Riboflavin kinase from Schizosaccharomyces pombe
Melting Temperature

FAD Synthetase from Thermotoga maritima
Tris(hydroxymethyl)aminomethane
Thymidine 5'-triphosphate

Ultraviolet

Ultraviolet-visible

Maximum reaction velocity

Virtual screening

World Health Organization

Wild Type
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