Archives of Biochemistry and Biophysics 754 (2024) 109943

Contents lists available at ScienceDirect

Archives of Biochemistry and Biophysics

journal homepage: www.elsevier.com/locate/yabbi &

ELSEVIER

Structure and dynamics of the cyanobacterial regulator SipA

José L. Neira ™", Maria Luisa Lépez-Redondo °, Ana Camara-Artigas d. Alberto Marina ®,

Asuncién Contreras '

2 IDIBE, Universidad Miguel Hernandez, 03202, Elche, Alicante, Spain

Y Instituto de Biocomputacion y Fisica de Sistemas Complejos (BIFI), Universidad de Zaragoza, 50018, Zaragoza, Spain

¢ Unidad Regulacion de La Sintesis de Proteinas, Instituto de Biomedicina de Valencia (CSIC), 46010, Valencia, Spain

d Departamento de Quimica y Fisica, Research Center CIAIMBITAL, Universidad de Almeria- CeiA3, 04120, Almeria, Spain

€ Instituto de Biomedicina de Valencia (CSIC) and Centro de Investigacion Biomédica en Red en Enfermedades Raras (CIBERER), 46010, Valencia, Spain
{ Division de Genética, Universidad de Alicante, 03080, Alicante, Spain

ARTICLE INFO ABSTRACT

Keywords: The small, 78-residue long, regulator SipA interacts with the non-bleaching sensor histidine kinase (NblS). We
C‘yanobacteria have solved the solution structure of SipA on the basis of 990 nuclear Overhauser effect- (NOE-) derived distance
SIPA. o . constraints. The average pairwise root-mean-square deviation (RMSD) for the twenty best structures for the
Er;[t;m-protem Interactions backbone residues, obtained by CYANA, was 1.35 + 0.21 /f\, and 1.90 + 0.16 A when all heavy atoms were
Structure considered (the target function of CYANA was 0.540 =+ 0.08). The structure is that of a p-II class protein, basically
Mobility formed by a five-stranded p-sheet composed of antiparallel strands following the arrangement: Gly6-Leull
Dynamics (B-strand 1), which packs against Leu66-Val69 (p-strand 5) on one side, and against Gly36-Thr42 (p-strand 2)

on the other side; Trp50-Phe54 (B-strand 3); and Gly57-Leu60 (B-strand 4). The protein is highly mobile, as
shown by measurements of R1, Ry, NOE and nyy relaxation parameters, with an average order parameter (<8?>)
of 0.70; this mobility encompasses movements in different time scales. We hypothesize that this high flexibility
allows the interaction with other proteins (among them NbIS), and it explains the large conformational stability
of SipA.

phosphorylation transfer steps and the signal transduction mechanisms
in two-component systems [12]. Therefore, determination of SipA
structure and its molecular features are required to understand the
biological meaning of the NblS-SipA regulatory interaction, as well as to
further increase: (i) the structural coverage of the protein universe; and,
(ii) our knowledge on the emerging field of cyanobacterial small
regulators.

We have previously shown that SipA from Synechococcus sp PCC
7942 is a highly stable protein [13] in a wide pH range. With the fluo-
rescence and far-ultraviolet (far-UV) circular dichroism (CD) findings,
we have set the conditions to carry out NMR studies to allow for its

1. Introduction

Small proteins appear to play critical roles in key cyanobacterial
processes such photosynthesis or regulation of the carbon-to-nitrogen
balance [1-3]. One of these, SipA (non-bleaching sensor (NbIS) histi-
dine kinase (HK) interacting protein A) is a 78-residue-long protein,
which is a unique and conserved cyanobacterial protein identified by its
ability to bind to the HK domain of NblS [4,5]. The interaction with NblS
is, so far, the sole function described for SipA.

SipA stimulates the auto-kinase activity of NblS [6], a protein which

is essential for cyanobacterial survival [7], and one of the few HKs
widely conserved in cyanobacteria [8]. NblS, via its also essential
response regulator RpaB [7,9], controls multiple processes in response
to a variety of environmental conditions [9-11]. However, the signals
and molecular details involved in the regulation of NblS by SipA remain
elusive.

Structures of the complexes between HKs and their regulators, or
even those of the isolated regulators, give important insights into the

assignment and the elucidation of SipA three-dimensional structure. In
this work, we report the NMR assignment, the 3D-structure in solution
and the dynamics of SipA in the range of picosecond-to-nanoseconds.
The structure is formed by a five-stranded p-sheet composed of anti-
parallel strands following the arrangement: Gly6-Leull (p-strand 1),
which packs against Leu66-Val69 (p-strand 5) on one side, and against
Gly36-Thr42 (f-strand 2) on the other; Trp50-Phe54 (p-strand 3); and
Gly57-Leu60 (B-strand 4). The dynamics indicate that the protein had a
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Abbreviations used

CD circular dichroism
DUF domain of unknown function
GdmCl guanidium chloride

HSQC heteronuclear single quantum coherence
HK histidine kinase

IPTG isopropyl-p-p-1-thiogalactopyranoside
NMR nuclear magnetic resonance

NbIS non-bleaching sensor HK

NOE nuclear Overhauser effect

NOESY 2D nuclear Overhauser effect spectroscopy

pIDDT  predicted local distance difference test score

RMSD  root-mean-square deviation

TEV tobacco etch virus

TOCSY 2D total correlation spectroscopy

TPPI time proportional phase increment

TSP 3-(trimethylsilyl) propionic acid-2,2,3,3-2H,-sodium
salt

uv ultraviolet.

high flexibility in the picoseconds-to-nanoseconds time regime. The high
mobility does not only affect the loops connecting the strands, but also
the elements of secondary structure. We hypothesize that this high dy-
namics in such time range allows for interactions with other proteins,
such as NblS and explain the unsuccessful attempts to find conditions of
protein crystallization (MLL-R and AM, unpublished results). Moreover,
the high mobility explains the high thermal conformational stability by
an entropic effect.

2. Materials and methods
2.1. Materials

Imidazole, Trizma base, DNase, SIGMAFAST protease tablets,
deuterium oxide (99 % atom % in 2H20), NaCl, Ni2+-resin, 3-(trime-
thylsilyl) propionic acid-2,2,3,3-Hy-sodium salt (TSP) and Amicon
centrifugal devices with a molecular weight cut-off of 3 kDa were from
Sigma (Madrid, Spain). The p-mercaptoethanol was from BioRad
(Madrid, Spain). Kanamycin and isopropyl-p-p-1-thiogalactopyranoside
(IPTG) were obtained from Apollo Scientific (Stockport, UK). Triton X-
100, dialysis tubing with a molecular weight cut-off of 3500 Da and the
SDS protein marker (PAGEmark Tricolor) were from VWR (Barcelona,
Spain). The rest of the materials were of analytical grade. Water was
deionized and purified on a Millipore system.

The maltose-TEV (tobacco etch virus) protease was requested from
the Harvard depository of clones (http://plasmid.med.harvard.edu
/PLASMID/) and expressed and purified as described [14].

2.2. SipA expression and purification

The protein expression in rich media and removal of the His-tag has
been described before [5,13]. The TEV cleavage sequence is formed by
-ENLYFQG-, where the protease cleaves between the Q and G residues.
After cleavage with the in-home-produced TEV protease, the resulting
protein had the GAM- sequence at its N terminus. The expression in M9
minimal media was supplemented with 1 g/L of °NH4Cl for
15N-labelled samples, or, alternatively for double (13C, 15N)-1abelled
samples used in SipA assignment, with 1 g/L of 1°NH4Cl and 2 g/L of
13C-glucose. The addition of 1 mM IPTG (final concentration in 1 L of
media), when absorbance of the culture at 600 nm was 0.8-1.0, induced
protein expression either in LB or in M9 minimal media. After adding
IPTG, the cells were incubated for 3 h at 37 °C and harvested by
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centrifugation at 20,000 rpm at 5 °C. The rest of the purification steps
are the same as in rich media [5,13].

Protein concentration was determined from the extinction coeffi-
cient of model compounds [15].

2.3. Nuclear magnetic resonance (NMR)

NMR samples for homonuclear experiments were prepared by
concentrating and exchanging the solution containing SipA in Amicon 3
K centrifugal devices, in a final 9:1H,0:2H,0 solution, with a 0.02 %
NaNjs in acetate buffer (50 mM), pH 5.5. The solution was centrifuged
briefly to remove insoluble protein and then transferred to a 5 mm NMR
tube. Spectra were recorded on a Bruker Avance 500 MHz spectrometer
(Bruker GmbH, Karlsruhe, Germany), with z-pulse field gradients and a
TXI probe, equipped with Topspin 2.1 software (Bruker, Karlsruhe,
Germany). Experiments were acquired at 25 °C; the temperature of the
probe was calibrated with methanol, as described [16]. The pH of the
solution was measured at the beginning and end of the complete series of
NMR experiments by using a Russell glass electrode, without finding any
difference between both measurements. Measurements of the pH re-
ported here represent apparent pH values, without correction for isotope
effects. TSP was used as the internal chemical shift reference, and the
values of the chemical shifts of its protons were corrected for the pH
value of the sample [16].

The NMR experiments with '3C/*°N-SipA were performed in the
same magnet with the same buffer, and at the same temperature as the
homonuclear experiments. Protein concentration was 2.5 mM for either
double-labelled or un-labelled samples.

(a) Assignment of SipA: The NMR experiments used for sequence
specific assignment of HN, N, C, and Cg resonances of a'c/1°N-
SipA were HNCACB, HNCA, HNCO, HBHACONH and HCCCONH
[16]. 3D NOESY-HSQC (mixing time 125 ms) and TOCSY-HSQC
(mixing time, 80 ms) spectra were also acquired to allow for
identification of additional protons in the side-chains of residues,
and to find NOE restrictions. The 2D homonuclear NOESY and
TOCSY experiments were also acquired to complete the assign-
ment of the experiments described above, with the same mixing
time described above for the 3D variants. The 2D experiments
aimed to identify the amino acid type were also acquired [17,18].
The details of the acquisition parameters of all the experiments
used for assignment of the protein and structural elucidation are
shown in Supplementary Table 1 (Table ST1). The chemical shifts
have been deposited in the BMRB (Biomagnetic Resonance Bank)
with number 52171. The 2D*°N-HSQC spectra were also acquired
at the beginning, middle and the end of the triple-resonance suite
of experiments to ensure sample integrity. The *C and '°N nuclei
were indirectly referenced, with respect to TSP, considering the
pH-dependence of its resonances [16]. Processing and analysis of
data were carried out by using Topspin 2.1 working on a PC.

(b) Relaxation measurements of SipA: Experiments were acquired with
an °N-labelled sample of SipA. We acquired 15N—R1,15N—R2,
'H-1°N NOE and the transverse Nxy (*H-'>N dipolar/*®N chemical
shift anisotropy, CSA) cross-correlation experiments. All the
relaxation measurements were determined in an interleaved
manner to ensure that the experimental conditions were the same
for the different relaxation delays. The temperature was the same
used in the assignment (25 °C). All experiments were acquired by
using gradient pulse sequences developed by Kay and co-workers
[19]. The Ty (=1/R;) relaxation time was measured with typi-
cally 10 inversion-recovery delays, varying from 5 to 750 ms; T
(=1/R2) was determined by collecting 8 time points ranging from
50 to 400 ms. Two relaxation delays were randomly repeated in
each series of rates to ensure reproducibility. For the T; and T,
pulse sequences, the delay between scans was 5 s. The spectra
were zero-filled in the F; dimension two times, and processed by
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using the same shifted square sine window function, through all
the T; and T, experiments. Cross-peaks intensities at each time
were measured by integration of signals by using Topspin 2.1.
Intensity variation was fitted to simple exponential functions,
with a pre-exponential factor by using KaleidaGraph (Adelbeck
software). Indicated errors in the T; and T were from fitting.

The 'H-'N NOE experiment was measured by recording interleaved
spectra with or without proton saturation. The 'H-1>N NOE spectrum
recorded in the presence of proton saturation was acquired with a
saturation time of 8 s (achieved by a series of 120° pulses separated by 5
ms delays). The 'H-'>N NOE spectrum recorded without proton satu-
ration incorporated a relaxation delay of 8 s. The '"H-'>N NOE experi-
ment (with and without saturation) was repeated twice. The NOE ratio
was defined as NOE = I;,¢/I.f, where I, is the intensity of the corre-
sponding cross-peak in the saturated spectrum and I is that in the
reference (non-saturated) spectrum. Both intensities were measured by
using Topspin 2.1. The two spectra were zero-filled in the F; dimension
two times, and processed by using the same shifted square sine window
function. The errors in the determined NOEs were estimated to be 10%,
as judged from the integrated regions where no peaks were observed.

All spectra for the measurement of I5N_R;,'®N-R; and 'H-'°N NOE
were recorded with 2048 x 180 complex matrices in the Fo and F; di-
mensions, respectively, with typically 32 scans (NOE experiment) and
16 scans (R; and R experiments) per F; experiment. Spectral widths of
1935 and 7000 Hz were used in F; and Fy, respectively; the I5N carrier
was set at 115 ppm and that of 'H was set on the water signal in all the
experiments.

The transverse, Ny (*H-'5N dipolar/*>N chemical shift anisotropy,
CSA), cross-correlation rate constants were measured with spectral
widths of 1800 and 7000 Hz in F; and Fj, respectively, and the 5N
carrier was set at 115 ppm and that of 'H was set on the water signal in
all the experiments. One set of cross-relaxation (which leads to Iqss) and
auto-relaxation (which yields I,,,) experiments were acquired for each
of the relaxation delays. Both sets of experiments consisted of 256 ex-
periments in the F; dimension and 2 K data points in the F5 dimension;
32 scans were acquired per F; experiment. The relaxation delays, T, were
13, 18, 22, 26, and 31 ms. Control experiments (acquiring the two ex-
periments per relaxation time) were acquired with 64 scans and relax-
ation delays of 18, 22, 26, and 31 ms. All the spectra were zero-filled in
the F; dimension two times and processed by using the same shifted sine
square window function for each relaxation time. The peak intensities
were measured by using Topspin 2.1. Errors in the intensities were
determined from the pairwise root-mean-square deviations obtained by
repeating experiments at two selected times. The 1y, was derived from
the one-parameter fitting equation: Icross/Iauto = tanh(ny,T), where T is
the corresponding relaxation delay described above. The ratios of Io;oss/
Luto were fitted to such equation by using Kaleidagraph. The values of
the nyy, were similar, within the experimental error, in both the current
(32 scans in the F; dimension) and control (64 scans in the F; dimension)
experiments.

The experimentally measured transverse relaxation rate, Ry (R =1/
Ts), can be expressed by:

Ry=R3 + Rex )

where R¢y is the contribution to the transverse relaxation rate caused by
conformational processes (millisecond-to-millisecond); and Rg is the
transverse relaxation rate, which does not contain any influence from
those slow movements. Then, to quantify the microsecond-to-
millisecond dynamics, it is necessary to obtain the R independently.
The Rg is obtained from the experimental value of ny, [20,21]:

R)=1.25891, + 1.3[(NOE — 1)R)] % @

where the NOE value has been described above, and yy and yy are the
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gyromagnetic rations of 1°N and 'H, respectively (—2.712 x 10 rad T~}
s~ ! and 26.75 x 107 rad T! s_l).

2.4. Structure calculations

All spectra were analyzed by using the Sparky software [22]. After
integration, the peak volumes of the NOESY spectra and the chemical
shifts list were output to a CYANA-compatible format [23-25]. The
automatic calibration method implemented in CYANA, CALIBA [25],
was run to transform the peak volumes into distances. Default weighting
factors were attributed to the different restraint categories for different
types of atoms. The upper limits obtained were used without modifi-
cation for the initial structure calculations.

Structures of SipA were calculated by using the NOE distance re-
straints with CYANA. At subsequent steps during the calculation of the
structures, those distance restraints were combined in an iterative
fashion with: (i) backbone ¢ and y angle restraints as predicted by
TALOS -+ [26] based on the chemical shifts of Cy, Cp, Hy, Hp, NH, the
amide N and CO atoms (only when angular predictions were classified as
“good” were used in the calculations); and, (ii) hydrogen-bonds ob-
tained from the remaining amide protons of SipA observed in
hydrogen-exchange experiments carried out by dissolving the protein in
99.99 % D50, at 2.5 mM final concentration, and acquiring a 4-h long 2D
'H-'5N HSQC NMR spectrum. The introduced restraints of
hydrogen-bonds were in all cases well-suited with the observed, exper-
imental distance restraints from NOESY spectra, and they were only
introduced as restraints, when the first runs of CYANA, predicted them
in at least 5 of the best 20 conformers (with the lowest CYANA target
functions). Each hydrogen-bond was specified by two distance re-
straints: HN-O distance of 1.7-2.3 A and N-O distance of 2.4-3.3 A.

The resulting initial conformers with the lowest values of the target
function were used: (i) to assign additional, ambiguous peaks in the
NOESY spectrum, which had not been previously used as restraints; and
(ii) to introduce new hydrogen-bonds. The cycle of calculations and
assignments was repeated until no further assignments were possible.
The quality of the introduced constraints was checked at every step by
analyzing the restraint violations of the calculated conformers, as
calculated from CYANA. The NOE cross-peaks corresponding to re-
straints that were consistently violated in a significant number of
structures were checked for possible overlap in the NOESY spectra and
the corresponding restraints were modified. The cycle was repeated
until no consistent violation was detected.

In the final calculation, a total of 400 random conformers were
annealed in 12,000 steps. The 20 conformers with the lowest CYANA
target function constituted the final family of structures of SipA. The
quality of the structures was evaluated in terms of deviations from ideal
bond lengths, angles, and through Ramachandran plots by using the
PSVS server [27].

2.5. AlphaFold model of SipA

The sequence of SipA was introduced in the phenix.predit model
interface in Phenix [28] to generate a computational AlphaFold model
(AF_model). The best model containing residues 1 to 76 of the SipA
sequence was improved by using the phenix.process predicted model
interface, and residues with low predicted local distance difference test
score (pIDDT) values were removed. The final best AF_model contains
residues Asp2-Asp22 and Met26-Glu70.

3. Results
3.1. Description of the structure of SipA
We carried out the assignment of SipA by using triple resonance

experiments. Except for the amide proton, HN, of Ser76, all the 5N, lHu
and HN of the backbone residues were fully assigned. The assignment of
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the 'H chemical shifts of the side chains of all residues was complete at a
98 %. The assignment for the *3CO, 13C, and 13Cﬁ was complete in a 95 %
(BMRB 52171).

Several repeated rounds of ambiguous long-range and non-
sequential NOEs were assigned and converted to distance constraints
to be used as input data in CYANA. Table 1 summarizes the number of
structurally relevant intra-residual, sequential, and medium- and long-
range constraints used in the final round of calculations (Fig. 1). The
average pairwise root-mean-square deviation (RMSD) values for all
backbone atoms and heavy atoms between residues Ile5 and Glu70 were
1.35+0.21 (1.11-1.86) A and 1.90 + 0.16 (1.65-2.32) 108, respectively.
When only the residues ordered (i.e., the f-strands) are considered in the
calculation of the RMSD, the values are 0.4 A and 0.9 A, for all the
backbone and heavy atoms, respectively, as calculated from the PSVS
web-server [27]. The target function of CYANA had an average value of
0.540 + 0.008 (0.44-0.65) (Fig. 1 A). The RMSD for covalent bonds
relative to the standard value was 0.001 A, and that for covalent angles
was 0.2°, as indicated by the PSVS web-server [27]. From the statistics in
Table 1 and it can be seen that the percentage of residues in the most
favored region of the Ramachandran plot is 42 %; we think that this is
due to the presence of the long loops and disordered regions of the
protein, which have a high mobility and where there are no a high
number of long-distant NOEs. In fact, careful examination of the PDB
validation reports indicates that when only the residues in f-strands are
considered, most of them are in the most favored region of the Ram-
achandran plot. This conclusion was not surprising, as when only those
ordered residues were considered for the calculation, the RMSDs for the
backbone and heavy atoms were smaller (see above in this paragraph).
Furthermore, the RMSDs per residue for each of the twenty NMR
structures were also calculated and they were also lower in the p-strands
(see below Fig. 5 C).

The overall fold of SipA shows a five-stranded p-sheet, arranged in an
anti-parallel manner (Fig. 1): Gly6-Leull (B-strand 1), which packs
against Leu66-Val69 (B-strand 5) on one side, and against Gly36-Thr42
(B-strand 2) on the other; Trp50-Phe54 (B-strand 3); and Gly57-Leu60
(B-strand 4). The strands are connected by long loops, which are
mainly disordered, or two p-turns type II: Leu44-Gly47 (between
B-strands 2 and 3); and Phe54-Gly57 (between p-strands 3 and 4), as
indicated by VADAR [29]. The use of the chemical shifts of 13Cm, 13Cﬁ,

Table 1
NMR restraints and structural statistics for the best 20 structures of SipA.

Restraints

Total number of restraints

NOE restraints” 990
Intra-residue (i-j = 0) 271
Sequential (|i-j| = 1) 272
Medium-range (|i-j| < 4) 221
Long-range (Ji-j| > 4) 226

Dihedral angle restraints 50 (for ¢ and y angles)
Hydrogen-bond restraints 13 x 2"
RMSD from the mean structure residues Ile5-Glu70

Average backbone 1.35+0.21 A
Heavy atoms 1.90 + 0.16 A
Bond angles" 0.2°

Bond lengths® 0.001 A
Number of close contacts® 0

Ramachandran summary for all residues in the 20 conformers from Procheck (in %)“
Most favored 421

Additionally allowed regions  35.2

Generously allowed regions 17.3

Disallowed regions 5.4

? The i and j represent two residues of the sequence of SipA.

b For each hydrogen-bond two restrictions were introduced: the HN-O and the
N-O distances.

¢ Obtained from PSVS server [27].

4 The number of close contacts is within 1.6 A for hydrogen atoms, and 2.2 A
for heavy atoms, according to the PSVS server [27].
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13¢co, H,, Hp, NH and amide 15N atoms in TALOS + server [26] also
predicted the five-stranded pleated, twisted p-sheet: Arg8-Alal2
(B-strand 1); GIn38-Leu44 (p-strand 2); Trp50-Phe54 (B-strand 3);
Ser58-Asp62 (f-strand 4); and Leu66-Val69 (p-strand 5). The presence of
these strands was also confirmed by: (i) long-distance NOEs involving
backbone amides and H, protons of residues located in the different
B-strands (Fig. 2), together with long-distance NOEs of backbone amides
or H, protons with the side-chains of residues located in the different
pB-strands; and, (ii) consistency between the observed slow-exchanging
protons, after 4 h of dissolving the protein in D3O, and the
hydrogen-bond scaffolding characteristic of a p-sheet conformation (the
green rectangles in Fig. 3) as defined by the structures of CYANA. The
hydrogen-bonds observed in at least five out of the final twenty best
structures from CYANA (with the lowest target function) defining the
B-sheet scaffold are: Val9(NH)-Gly39(CO); Gly39(NH)-Val9(CO); Thr40
(NH)-Leu53(CO); Ile41(NH)-Asp7(CO); Thr42(NH)-Val51(CO);
Vale52-Phe59(C0O); Leu53(NH)-Thr40(CO); Leu61(NH)-Trp50(CO);
and Ser67(NH)-Argl0(CO). Whereas, the turns were defined by the
hydrogen-bonds: Arg45(NH)-Gly43(CO); Gly57(NH)-Phe54(CO); and
Phe54(NH)-Gly57(CO). The five-stranded B-sheet appeared well-defined
among the twenty conformers; the largest differences among the con-
formers were clustered in the loops, especially the long one joining
B-strands 1 and 2 (Fig. 1 A). Residues which appeared to be outliers in
the Ramachandran plot were involved in the loop regions or alterna-
tively, close to the termini of the f-strands; for instance, the sole residue
which was an outlier in the Ramachandran plot in the twenty calculated
conformers is Lys68, at the end of -strand 5. All the prolines acquired a
trans conformation, as also confirmed by the presence of the observed
ad(i, i+1) NOEs (Fig. 3, white squares).

The chemical shifts of some of the protons of residues Leu33, Gly39,
Leu44 and Val52 appeared up-field shifted (BMRB 52171). In all cases,
this up-field shift was due to the presence of nearby aromatic rings
because of the tertiary structure of the protein: Phe54 and Phe59 were
close to Leu33 and Val52; Phe54 was close to Gly39; and, Tyr49 and
Trp50 were close to Leu44.

3.2. Backbone dynamics of SipA

Backbone '°N relaxation parameters were obtained for 68 (Fig. 4)
out of the 78 residues (all amino acids, except the N- and C-terminal ones
and the 8 prolines). The R; values were relatively uniform through all
the sequence with a mean of 2.35 s~! and a standard deviation of 0.51
s 1 (Fig. 4 A). The largest value (3.34 + 0.12 sH corresponded to
Glu37, at the beginning of f-strand 2. At the N and C termini of the
polypeptide chain, we observed a gradual decrease of the values of R;.

Conversely, the Ry values showed a larger variation, with a mean of
7.59 s ! and a standard deviation of 1.98 s~ ! (Fig. 4 B). We also
observed a gradual decrease at both termini of the polypeptide chain.
The residues with the largest Ry values (>10 s were: Argl0 and
Glu37, which also had a large R; value (see above); both residues were
spatially close in the 3D-structure of SipA (Fig. 2). Those high values of
the R, indicate a large conformational exchange (i.e., in the
microsecond-to-millisecond time regime) contribution [16].

The NOE values for all SipA residues were far from the theoretical
value of 0.82, expected for an amide proton in a rigid environment at
this field strength [16,30], with Val51 (in p-strand 3) having the largest
value: 0.73 (Fig. 4C). In fact, the residues with the highest NOE values
were those around f-strands 3 and 4, and following them, those involved
in the other strands. On the other hand, residues involved in the loops or
turns connecting the strands had very small NOE values (Fig. 4C). These
findings suggest that SipA had a large mobility in the
picosecond-to-nanosecond time regime. It could be thought that those
low values of the NOE were due to a fast-conformational exchange re-
action, such as a dimer-swapped formation or the presence of dimeric
species. However, we can rule out the presence of dimeric species (either
swapped or not) by several pieces of evidence. First, size exclusion
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B)

Fig. 1. Solution structure of isolated SipA. (A) The final twenty NMR conformers of SipA. All conformers are aligned to the first one (with the lowest CYANA target
function). (B) Cartoon representation of SipA from two different views. The strands have been labelled. The figures were produced with PyMOL (Schrodinger, USA).

The PDB identification number is 8QXI.

H O H

Fig. 2. Scaffolding of the five-stranded p-sheet of SipA. Long-distance NOEs observed in NOESY spectra among the p-strands are shown by continuous arrows. The
dotted arrows indicate ambiguous NOEs due to signal overlapping, proximity of the cross-peak to the diagonal, or proximity of the cross-peak to the residual

water signal.

chromatography measurements have shown that: (i) SipA has a molec-
ular weight of 7.4 + 0.8 kDa, close to that obtained from the sequence;
and (ii) SipA has a Stokes radius of 14 + 2 10\, close to that estimated
theoretically for a 78-residue-long protein [13,16]. And second, the
signals of the protein in the 1D-'H NMR spectrum are very sharp with no
evidence of broadening due to conformational exchange (Fig. 1 in
Ref. [13]). Then. the low NOE values, even in some of the strands, can be
only explained as due to an internal high mobility (we think that this
inherent internal high mobility has precluded the crystallization of the
protein at the different conditions assayed, MLL-R and AM, unpublished
results).

Trying to get insight into the mobility of the residues with large Ry
and small NOE values, we measured the nyy (Fig. 4 D). There was a large
variation among the amino acids: the ny, values ranged from 0.695 +
0.008 s ! for Ser58 (at the N-terminal region of B-strand 4) to 26 + 7 st
for Lys19 (at the long loop connecting f-strands 1 and 2). The largest ny,
values (>20 s™) corresponded to residues: Lys19, Leu24, Leu44 and
Phe59. As the 1y, does not rely on the Reyx contribution [20,21], we
determined the transversal relaxation rate without any exchange

contribution, Rg (Eq. (2)), and from that value, the conformational ex-
change term, Rex (Eq. (1)), could be obtained. The Rex determined with
this approach was larger (>6.5 s~ 1) for residues: Ala21 (in the long loop
connecting B-strands 1 and 2) and Ser58 (at the N-terminal region of
B-strand 4), but there were many residues where the difference between
R, and RJ was negative (Eq. (1)), which is not physically possible,
indicating that the movement of the most of residues occurred in
different time regimes [20,21].

Since the small NOE values and the calculations carried out with n,
indicate that SipA had a large mobility in different time scales, we
decided to explore further this apparent intrinsic flexibility. We calcu-
lated the RjRy product, since high RiRy values reflect the presence of
conformational exchange (i.e., in the millisecond-to-second time scale),
and low RiR5 values monitor fast motions [31]. We determined the
<R1R5>, the trimmed mean value after exclusion of residues with values
of NOE <0.1 (Leu24, Ser71 and Ser74), yielding a value of 19.2 s~2 (with
a standard deviation, o, of 6.5 s79). Roughly, half of the residues (35)
had values larger than the <R;Ry> (Fig. S1), whereas the other half (33)
had RjR; values below this mean, and thus, they were affected by fast
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Fig. 3. Summary of NMR data of SipA. NOEs are classified into strong, medium or weak according to the height of the bar underneath the sequence, as concluded
from peak integration. Dotted bars indicate NOEs which could not be unambiguously assigned due to signal overlapping or proximity to the residual water signal. The
corresponding sequential H, NOE with the following H; of the proline residue are indicated by an open bar in the row corresponding to the aN (i, i+1) NOEs. The
green squares at the bottom of the figure indicate those residues that were detected in a 2D '"H-'>N HSQC spectrum after 4 h of exchange at pH 5.5 and 25 °C, i.e.,
solvent-exchange protected residues. The asterisk over the “L” indicates that the Leu symbol (of Leu60) has been repeated to allow for the definition of the NOEs
involving this residue. Residues in red in the sequence at the top are those to be involved in p-strands according to TALOS + [26] predictions.
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Fig. 4. Relaxation parameters of SipA. The R; (A), Rz (B), NOE (C) and 1y (D) values for residues of SipA acquired at 500 MHz (11.14 T). Error bars in R;, R, and
Nxy values are from fitting to exponential curves or the hyperbolic tangent. Errors in NOE are estimated to be 10 % of the reported value. The white squares, at the
bottom or the graphs, indicate the p-strands according to the structure shown in Fig. 1.

motions. Thus, we can confirm, based solely in the R; and R5 values, that
all the residues of SipA had different mobility in a wide range of time-
scales. It is important to indicate that we have not used the Lipari-Szabo
formalism - where specification of the microscopic motional model is

not required - nor, alternatively, the reduced spectral density mapping,
where no model is used to define the spectral density function, in our
discussion of SipA dynamics to avoid an over-interpretation of the re-
sults. However, we can try to sharpen the discussion of our results, to
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Fig. 5. Comparison of NMR structure with an AlphaFold model of SipA.
(A) Model of SipA obtained with Phenix 1.21rc1.5109. Regions with low pIDDT
appear in red (pIDDT 50-60), yellow (pIDDT 70-80) or in green colors (pIDDT
80-90) (depending on the value of pIDDT parameter). Residues Metl, Pro23-
Pro25 and Ser71-Gly78 were removed from the processed AlphaFold model
because the low plDDT parameters. Those well-defined regions appear in blue
(pIDDT >90). (B) Superposition of the AF_model (blue) with the 20 structures
from NMR (light magenta). The regions with a low pIDDT, and a high RMSD as
shown in panel B are indicated with red arrows. (C) Representation of the
RMSD values per residue of the 20 NMR conformers; not all residues are rep-
resented for each of the conformers to avoid overcrowding in the plot.

provide a number which could also pinpoint to the high mobility of
SipA, by using the S? parameter from the Lipari-Szabo formalism. The S?
parameter is the square of the generalized order parameter that char-
acterizes the amplitude of the intramolecular motion in a molecular
reference frame; it satisfies the inequality 0< s? < 1, in which lower
values indicate larger amplitudes of internal motions, and the limit
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value, S% = 0, corresponds to the movement of the N-H vector iso-
tropically through all possible orientations relative to the rest of the
molecule. Thus, although we do not apply the Lipari-Szabo model in
depth, we can provide an estimation of an averaged S2, to further discuss
on the mobility of SipA. Then, we used the R1R5 product to estimate the
averaged generalized order parameter, S2, given by: S2, =

/< RiRy > /R1R™™ , where RiR;™™ is the maximum value (that of
Glu37, with a value of 38.27 s~2). This equation yielded a S2, of 0.708,
which further confirms that SipA is a highly flexible protein, because this
value is much smaller than that theoretically predicted in a rigid protein
of this size (0.82) [16,30].

An estimation of the correlation time of 3.2 4= 0.5 ns, where 0.5 is the
standard deviation, was obtained from a trimmed Ry/R; (excluding
those residues indicated above with very low NOE values) [30]. This
value of the correlation time is within the error of that determined
previously based on homonuclear echo-anti-echo Ty-relaxation time
measurements [13], which was 3.7 ns. This agreement indicates the
robustness of our measurements and pinpoints to the inherent high
mobility of SipA [32-35].

3.3. Analysis and comparison of the SipA structure determined by NMR
with that predicted by AlphaFold

It is important to indicate that there is no structure of SipA in the PDB
[36], or that of any homologous protein (in Uniprot database). In fact, a
BLAST [37-39] search both in PDB and Uniprot did not produce any
homologous structure. However, searching in the database of
non-redundant protein sequences, BLAST yielded several structures with
domains of unknown function (DUFs). That is why to make a model to
compare with our experimentally-determined structure, we used
AlphaFold [28,40]. Indeed, the main differences between the 20 con-
formers and the AF_model were found in these regions of lower pIDDT
values in the AF_model (Fig. 5 A, B). These residues of low confidence
belong to the N and C termini of the protein; those amino acids inter-
vening in the long loop region connecting f-strands 1 and 2
(Asp22-Met26), which involves two prolines (Pro23 and Pro25) (both
regions have been indicated in the figure, as they belong to the poly-
peptide patch Gln14-Ala34); and the region Gly43-Tyr49 (Fig. 5C). The
regions with low pIDDT values agree with those having a high RMSD per
residue in the 20 conformers (Fig. 5C), and where more differences are
observed among the 20 conformers and the AF_ Model (Fig. 5 B, C). In
fact, it has been suggested that the regions with low pIDDT values can be
correlated to different existing conformations in the protein structure
[41]. As expected, residues in the f-strands (i.e., the region around
Val51, forming p-strand 3) showed the lower RMSD per residue values
between the solution structure determined by NMR. On the other hand,
those amino acids belonging to p-strand 5, close to the C-terminal region
of SipA showed also large RMSD per residue values (Fig. 5C).

We also carried out a DALI search firstly with the models from the
whole PDB, and secondly with the models from the AlphaFold [28,40]
database, as DALI can identify related structures, even with modest
sequence identity. The results with the whole PDB yielded 334 poly-
peptide chains, with a sequence similarity with SipA between 6 and 18
%. The most abundant class of proteins are tyrosine protein kinases and
SH3-domain-containing proteins. On the other hand, the search with the
AlphaFold database led to 61 polypeptide chains, with a percentage of
sequence identity with SipA between 9 and 23 %. In this case, the most
abundant class of proteins, whose structure have some similarity to that
of SipA, corresponds to E3-ubiquitin protein ligases, although there were
also several kinases and SH3-domain-containing proteins.

4. Discussion

We have solved the structure of the small regulatory factor SipA in
solution. Our results show that the structure was formed by five
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B-strands arranged in an antiparallel way; this structure was reminiscent
of p-class II proteins. Comparison of a constructed AlphaFold model with
our structure suggests that both were nearly identical except for differ-
ences in the loops connecting the different p-strands (as it happens
among the twenty conformers from NMR calculations).

The comparison of the dynamics in the time scales provided by
solvent-exchange (millisecond-to-second time regime) (Fig. 3, green
squares) with that provided by the relaxation measurements (pico-
second-to-nanosecond time regime) (Fig. 4) indicate that residues with
slow solvent-exchange were those with a larger NOE value (around
Val51, forming the inner region of the protein). Thus, exchange at those
sites should take place during global unfolding events, where residues
have a reduced mobility in the picosecond-to-nanosecond time regime.
Also, there were flexible regions of SipA with movements in the
millisecond-to-second time regime, as judged by the large values of Ry
(Fig. 4 B) and the calculation of Rey from nyy. Therefore, it seems that
residues of SipA were affected by a large flexibility, having conforma-
tional movements in different time scales independently of the type of
secondary structure. However, it is important to pinpoint that residues
in the loops or turns appeared to have movements in a wider range of
times scales than those in the strands (ordered structure).

Small proteins appear to play critical roles in key cyanobacterial
processes such photosynthesis or regulation of the carbon to nitrogen
balance [3,42]. A paradigmatic example is the inhibition by nitrogen
abundance of glutamine synthetase function, executed by two small
proteins instead of by covalent modification, which is the main mech-
anism in proteobacteria [43-46]. Recent work in Synecocystis sp. PCC
6803 [44,47,48] has shown that small proteins (called Pir proteins for
Pll-interacting regulators) exert key regulatory roles in the context of
carbon-to-nitrogen balance by binding to the essential nitrogen regu-
lator PII. SipA could be one of those small proteins playing key functions
(still unknown in this case) in cyanobacteria.

Flexibility in proteins is required to achieve a proper function, often
encompassing huge networks of evolutionarily conserved clusters of
residues spanning an entire protein domain [49,50]. For SipA, this
functional feature could be a key requirement for recognition and
binding to NbIS (as far the sole known function of SipA, and that is why
it is classified as a DUF), its biological partner [4,5]; this binding may be
facilitated by the flexibility of the connecting loops and the ends of the
p-strands from which they emerge. In SipA, probably the N terminus of
B-strand 2, around Glu37, which has large values of R; and Rj rates,
might act as a picosecond-to-nanosecond hinge for the opening of this
strand, weakening the whole scaffold of the sheet, when bound to NblS.
The movements of other regions of the protein will not have to involve
large amplitude collective motions, but they probably implicate small
amplitude fast fluctuations occurring very often. We hypothesize that
Glu37 is probably involved in binding to NblS, and we shall explore this
hypothesis in future works, now the structure of SipA is known.

Finally, it is important to indicate that the flexibility described in this
work explains another important future of SipA. This increase in flexi-
bility exhibited at different time scales would result in an increase in
protein stability, as we have previously shown by using fluorescence and
CD in the presence of denaturants and with heat [13]. GdmCl (guani-
dinium chloride)-chemical denaturation of SipA is not a two-state pro-
cess, showing different midpoints when it is followed by fluorescence or
far-UV CD. The same happens (i.e. a non-two-state process) when
unfolding is followed by thermal denaturations, with thermal denatur-
ation midpoints different between fluorescence and far-UV CD. By
considering the values of the enthalpy, the thermal denaturation
midpoint and the heat capacity previously measured from fluorescence,
the apparent free energy of denaturation, AG, at 298 K was 11.4 kcal
mol ! [13], which is high for such a small protein like SipA. However,
this high value can be rationalized by the high mobility observed in this
work, since the inherent flexibility of the protein favors the folded state
by raising its entropy.
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Supplementary material

There is one figure showing the RiR; plot (Fig. S1). There is a table
showing the complete suite of NMR experiment used during SipA
assignment.
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