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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.
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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
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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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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

= 10879
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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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