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ABSTRACT

Glutamine synthetase (GS) catalyzes the ATP-dependent formation of glutamine from glutamate and
ammonia. The activity of Synechocystis sp. PCC 6803 GS is regulated, among other mechanisms, by
protein-protein interactions with a 65-residue-long, intrinsically disordered protein (IDP), named IF7. IDPs
explore diverse conformations in their free states and, in some cases, in their molecular complexes. We
used both nuclear magnetic resonance (NMR) at 11.7 T and small angle X-ray scattering (SAXS) to study
the size and the dynamics in the picoseconds-to-nanosecond (ps-ns) timescale of: (i) isolated IF7; and (ii)
the IF7/GS complex. Our SAXS findings, together with MD results, show: (1) some of the possible IF7
structures in solution; and, (ii) that the presence of IF7 affected the structure of GS in solution. The joint
use of SAXS and NMR shows that movements of each amino acid of IF7 were uncorrelated with those of
its neighbors. Residues of IF7 with the largest values of the relaxation rates (Ri, Rz and 1xy), in the free and
bound species, were mainly clustered around: (i) the C terminus of the protein; and (ii) Ala30. These
residues, together with Arg8 (which is a hot-spot residue in the interaction with GS), had a restricted
mobility in the presence of GS. The C-terminal region, which appeared more compact in our MD
simulations of isolated IF7, seemed to be involved in non-native contacts with GS that help in the binding

between the two macromolecules.
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1. INTRODUCTION

Glutamine synthetase (GS) is the first enzyme involved in nitrogen assimilation in bacteria: conversion
of inorganic to organic nitrogen by incorporating ammonium to glutamate leading to glutamine formation
[1,2], in the presence of Mn?* and Mg?*. Based on sequence similarity and their functional roles, there are
three types of GSs: GS type I, the main form present in prokaryotes; GS type I, mostly found in eukaryotes;
and GS type Ill, which is only present in some prokaryotes. In cyanobacteria, GS type | function is
modulated at transcriptional and  posttranscriptional  levels, although the classical
adenylylation/deadenylylation regulation of GS has not been observed [2]. However, a protein-protein post-
translational regulatory mechanism, involving a 65-residue-long protein (inactivating factor 7 or IF7) and
a 149-residue-long one (inactivating factor 17 or IF17), has also been found [2-5]. Analyses of mutant
strains lacking IF7, IF17 or both inactivating factors have shown that the two proteins are involved in GS
inactivation in vivo. A maximal level of inactivation in vitro occurs when both proteins are present, although
the presence of either IF is enough for GS inactivation [2,3].

Isolated IF7 from Synechocystis sp. PCC 6803 is an intrinsically disordered protein (IDP) [6]. Isolated
IDPs do not fold into a three-dimensional structure in isolation, adopting instead an ensemble of inter-
converting conformations, although in many cases they fold upon binding to their partners [7,8]. The
IF7/GS binding reaction is complex, electrostatically-driven, and it involves several GS-bound species of
IF7 with different conformations [9]. NMR characterization of isolated IF7 indicates that its N terminus
populates helical conformations (residues Thr3-Argl3, Met25-Ala29 and Phe41-Thr43); some of these
polypeptide patches comprise the amino acids that initially interact with GS [9], as further tested by site-
directed mutagenesis [10], and thus, constitute the hot-spot region of the protein: Arg8, Arg21 and Arg28.
Mechanisms by which IDPs recognize their interacting partners are important to describe the
conformational landscape of the resulting complex and, in addition, that of the free protein. The
conformational space sampled by IDPs is large, and use of complementary techniques is required. Among

other techniques, IDPs have been successfully characterized by SAXS and NMR [11-14]. SAXS monitors



long-range interactions among distant polypeptide chain regions, as it can map the whole protein size, and
it is sensitive to its overall conformational properties. On the other hand, NMR reports on both local- and
long-range interactions, as well as on the timescales of inter-conversion among the different conformers
[15]. Hence, while NMR provides a powerful approach for the identification of particular residue flexibility,
SAXS, despite its lower resolution, provides structural information on the protein shape and determines
how the polypeptide chain stiffness can be affected by different solution conditions [16] and/or the presence
or absence of partners.

We were interested in understanding how molecular recognition of IF7 proceeds at the atomic level and
how its dynamics is changed upon the binding of GS. We have previously shown that the apparent
dissociation constant, Kq, for the complex IF7/GS is 0.3 = 0.1 uM [6]. There have been recent studies on
IDPs that fold upon binding, investigating their dynamics when isolated [17,18] and in the presence of their
partners [19-22]. In this work based on SAXS data, we show further evidence that isolated IF7 had a
conformation consistent with a disordered polypeptide chain model, but it does not adopt a worm-like
model [21]. Furthermore, by combining SAXS measurements with molecular dynamics (MD) simulations,
we demonstrate that IF7 did not have a globular shape and that it spanned a variety of different
conformations in solution. On the basis of our SAXS data, we can infer that IF7 caused a slight but
noticeable compaction in the structure of GS when bound. The ps-ns timescale dynamics sampled by NMR
indicates that IF7 was highly mobile even when interacting with GS. The mobility in presence of the latter
was decreased especially around residues Arg8, Ala30 and in the C-terminal polypeptide patch. Either in
the absence or in the presence of GS, the residues of IF7 did not move collectively, as indicated by the
reduced spectral density approach (RSDA), in agreement with the impossibility of fitting SAXS data to a
worm-like model. The C-terminal region of IF7, although it has not been recognized as a hot-spot by site-
directed mutagenesis, seems to be important to promote non-native contacts with GS and to help in the
complex formation, acquiring a more compact conformation than the rest of the protein, as shown by our

MD simulations.



2. MATERIALS AND METHODS
2.1. Materials

Deuterium oxide and isopropyl-p-D-1-thiogalactopyranoside were obtained from Apollo Scientific
(Stockport, UK). Sodium trimethylsilyl [2,2,3,3-°Ha] propionate (TSP), deuterated Tris acid, His-Select HF
nickel affinity gel and ""NH4Cl were from Sigma-Aldrich (Madrid, Spain). Dialysis tubing, with a
molecular weight cut-off of 3500 Da, was from Spectrapor (VWR, Barcelona, Spain). Amicon centrifugal
devices with a molecular weight cut-off of 3500 Da were from Millipore (Barcelona, Spain). Standard
suppliers were used for all other chemicals. Water was deionized and purified on a Millipore system.

2.2. Protein expression and purification

GS and IF7 were expressed and purified by using a His-tagged vector [3,5,6,9], with Ni-resin and an
additional gel-filtration step performed with a Superdex GS-200 (GE Healthcare) and a Superdex G75,
respectively. Both columns were connected to an AKTA-FPLC (GE Healthcare), and we followed
absorption at 280 nm. Protein stocks were run in SDS-PAGE gels and found to be > 97% pure. Protein
concentration was determined from the absorbance of individual amino acids (each GS monomer has 8
tryptophans and 23 tyrosines, and IF7 has a single tryptophan) [23]. ©*N-labelled IF7 was expressed and
purified as described [9].

The His-tag of the IF7 species used in our experiments was not removed, as we have previously shown
that its presence does not affect the binding between both proteins: the same apparent affinity constant was
obtained either in the presence or in the absence of the His-tag [6,9] and using such different techniques as
fluorescence and biolayer interferometry. The His-tag of GS used in our experiments was not removed
either.

2.3. NMR spectroscopy

The NMR experiments were acquired at 298 K on a Bruker Avance DRX-500 (Bruker GmbH, Germany)

spectrometer equipped with a triple-resonance probe and z-gradients. The temperature of the probe was

calibrated with methanol [24]. All experiments were carried out in 50 mM Tris (pH 7.2), with a protein



concentration of 300 uM of IF7 and final concentration of GS of 8 uM. This pH value was chosen because
at more acidic values GS precipitates. The stoichiometry [25] and the kinetic pathway of the binding
reaction [9] between GS and IF7 are complex; the stoichiometry is, in protomer units, [[F7]/[GS] = 0.5
[25], and the kinetic pathway seems to involve several steps [9]. Furthermore, we have previously shown
that, at this IF7 concentration [9], there is a compromise between the largest possible number of [F7 signals
observed and the progress of the binding [9]. Other NMR dynamic studies of IDPs also report the use of
sub-stoichiometric amounts of the largest partner to avoid excessive signal broadening and in some cases.
precipitation ([22] and references therein).

NMR relaxation data included the acquisition of '"N-R;, "N-R,, "'N-ny (the 'H-'>N dipolar/'*N
chemical shift anisotropy (CSA) cross-correlated relaxation rate) and 'H-">N NOE 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 '>N-R;, '*N-R, and 'H-'>N NOE
experiments were acquired by using gradient pulse sequences developed by Kay and co-workers [26]. The
T1 (=1/R)) relaxation time was measured with typically 10 inversion-recovery delays, varying from 5 to
850 ms; T> (=1/R>) was determined by collecting 8 time points ranging from 10 to 400 ms. Two relaxation
delays were randomly repeated in each series of rates for each sample (both isolated IF7 and IF7/GS
complex) to ensure reproducibility. For the 771 and 7> pulse sequences, the delay between scans was 1 s.
The 'H-'>N NOE experiment was measured by recording interleaved spectra with or without proton
saturation. The 'H-'N NOE spectrum recorded in the presence of proton saturation was acquired with a
saturation time of 10 s. The 'H-'>N NOE spectrum recorded without proton saturation incorporated a
relaxation delay of 10 s. The 'H-">N NOE experiment (with and without saturation) was repeated twice for
each sample. Spectra were recorded with 2048 x 180 complex matrices in the F» and Fi dimensions,
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 Fi and F2, respectively; the '°N carrier was

set at 120 ppm and that of 'H was set on the water signal in all the experiments.



The ny value was measured with the pulse sequences reported [27], with the same spectral widths
described above, and the '°N carrier was set at 120 ppm in all the experiments. The delay between scans
was 2 s for each specific relaxation time in both experiments. One set of cross-relaxation (which leads to
Leross) and auto-relaxation (which yields Zauo) experiments were acquired for each of the relaxation delays.
Both sets of experiments consisted typically of 256 experiments in the F; dimension and 2 K data points in
the F> dimension; either 16 or 32 scans were acquired per Fi experiment. The relaxation delays, 7 (= 2A),
were 25, 50, 75 and 100 ms; to ensure the reproducibility in each series of samples one of those cross- and
auto-relaxation delays were repeated.

All the spectra were zero-filled in the F; dimension (two to four times), and processed by using a shifted
sine square window function in Topspin 2.1 software package (Bruker). The same window function was
used throughout all the 71 and 7> experiments. Intensities of the cross-peaks were measured with Topspin
2.1. The R; and R» values were determined by fitting the measured peak intensities to a two-parameter

function: I(t) =1, eXp(— tRlyz), where I(f) is the peak intensity after a relaxation delay ¢, and /o is the

intensity at time zero; uncertainties in the relaxation rates were errors in the fittings to the above equation.

. . I .
The value of nxy was derived from the one-parameter fitting: —"%55 — tanh (anT ); uncertainties on the 1xy
auto

values were errors in the fitting of data to such equation. Data were fitted to both equations with
Kaleidagraph (Synergy Software, Reading, PA, USA). The steady-state 'H-""N NOE values were
determined from the ratios of the peak intensities with and without proton saturation (i.e. NOE = sat/Inonsat)-
The uncertainties of the NOE values were determined from the measured background noise levels during
repeated experiments.

The experimentally measured R» rates can be expressed by: R, = R}+ R,,, where Rex is the transverse

ex 2
relaxation rate caused by conformational processes (nanosecond-to-millisecond (ns-ms) timescale); and R

is the transverse relaxation rate, which does not contain any influence from ns-ms motions. Then, to



quantify the value of Rey, it is necessary to obtain RS independently. The value of RS was obtained from

the value of 1y, as [28,29]:

RO =1.2589-7,, +13[(NOE —1)-R,]- 2 (1),

VH

where yn and yn are the gyromagnetic ratios of '°N and 'H, respectively. We used this value of R to

estimate the spectral density function at ® = 0, J(0) (Eq. (2), see below), as it has been described when the
RSDA is applied to IDPs [30]. In that way, J(0) is insensitive to chemical exchange, and hence it will only
report on ps-ns dynamics.

2.4. Theoretical background for the reduced spectral density approach (RSDA)

The T and T relaxation times and the NOE enhancement of an amide '°N nucleus are dominated by the
dipolar interaction of the >N nucleus with its attached proton and by the CSA. The energy of the CSA and
the dipolar interaction has a constant value over the whole spin ensemble [31]. The spectral density
function, J(w), expresses how the energy of all spins is distributed over all the spectrum of possible
frequencies, ®. The measured rates for each N-H bond vector (backbone amide bond) can be approximated
(the so-called ‘reduced spectral density mapping approach’) by the values of the spectral density function
at ® = 0, o~ and 0.87wn according to [32-34]:

(6R, —3R, —2.725,,,)

0= g )

(2),

ow =R (NOE _1)(7N /7/H) (5,

where C = (@ )(O-I _GL) and d = (zuoh7N7H)

; Mo 1s the permeability constant of the free space; 4 is the
J3 l6x2(r)’]

Planck constant; o is the Larmor frequency of '’N; wy is the Larmor frequency of 'H; <r> is the length of



the amide bond vector (1.02 A); and o) and & are, respectively, the parallel and perpendicular components
of the CSA tensor (o, — 0o, = —160 ppm for a backbone amide [35]). The uncertainties for each specific

J(®) were the quadrature-weighted sum of errors, which were derived from Egs. (2) to (5), assuming that
errors in the relaxation rates constants were independent [36]. It is important to indicate that J(0) (Eq. (2))

was calculated from the value of R, which in turn was obtained from 1y (Eq. (1)).

2.5. SAXS experiments
SAXS data were collected at the Austrian beamline at Elettra Synchrotron in Trieste, Italy [37].
Temperature was 298 K during all measurements. SAXS patterns were recorded using the 2D Pilatus3 1M

detector system of total area 168.7 x 179.4 mm?. Data were obtained as a function of the scattering vector

(47sin(9))

Q defined as: Q= 7

, where 20 is the scattering angle, and A = 0.995 A, the X-ray wavelength.

The incident and transmitted intensities were measured to obtain data on an absolute scale. The sample
stage was an autosampler developed in the beamline, whose fixed measurement cell was a 1 mm thick
quartz capillary. Each measurement was performed on at least 10 injections of very small sample volumes
(15 pL), and was carried out four times for 20 s. Each SAXS spectrum acquisition was followed by 3 s of
dead-time. This approach allowed us to minimize the effects of both potential inhomogeneity and radiation
damage in the protein sample. After SAXS data comparison, we averaged all the measured scattering data
corresponding to the same nominal sample. Normalized SAXS patterns were averaged azimuthally to
obtain one-dimensional profiles of scattered intensity. Buffer measurements were always performed before
and after sample measurements, and the buffer contribution was subtracted. SAXS curves are obtained from
solutions whose concentration was 800 uM for isolated IF7 and 40 uM for GS, whereas the complex of the
two proteins was obtained at a concentration of 38 uM for both proteins. All the experiments were repeated
at half of their respective concentrations to verify that no oligomeric equilibria affected our measurements

(data not shown).
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A basic fitting of the experimental macroscopic cross section, g—é (Q), was performed according to both

Guinier [38] and Debye approximations [39]. Guinier equation to estimate the gyration radius, Ry, of

globular species in solution is:

,RzQz

3

e e |58
o) Q)= E(O) € (6).

The Debye equation, which is described next, is more appropriate for disordered polymer chains:
dx iz 2 [ (RQ )
—(Q)=—(0)———= | e T/ -1+R? 7),
OIQ(Q) dQ()(R‘;Qj ( RgQ" | (7)
where Ry is the estimated gyration radius in the Debye approximation. Further analysis, based on a set of
models of the protein structure obtained by MD simulations, was performed by considering SAXS data as

the weighted sum of form factors:
N

dz 3 ax
E(Q)—ind—Q(Q)‘i(S),

i=1
where the index i corresponds to a single protein conformation; N is the number of models in the set; xi is

the relative weight of the i-th structure, and %(Q)

is the macroscopic differential scattering cross section

obtained by the calculation of the form factor of the i-th structure. The calculations of form factors and of
the theoretical fittings were obtained using the GENFIT software [40]. The contribution of the solvation
shell, whose mass density is supposed to be different from the one of the bulk solvent, was explicitly taken
into account. The adimensional parameter considered in the calculation, rq, is the mass density of the
solvation shell relative to the mass density of the bulk water [41]. Due to moderately low sample
concentration and to the range of Q monitored in our experiments, the structure factor was considered equal
to one.

2.6. Molecular simulations of isolated IF'7

11



The molecular topology of IF7 was built using the Amber 99SB-ILDN force field [42], with protein
titratable residues protonated to mimic neutral pH and four Cl” counterions added to obtain a system with
overall zero charge. According to a protocol we previously described [43], IF7 was first built in extended
conformation and then collapsed in an MD run performed with the simple 3-point water model TIP3P [44],
up to reach Ry = 24 A in about 10 ns.

Eight MD simulations were performed, differing by the type of water model and the starting gyration
radius. In particular, either the two 4-point water models TIP4P-D [45] or OPC [46] were alternately used,
whereas R, was initially set to 24, 25, 26 or 27 A. We note that, although we had not previously employed
either of these two water models to study IF7, we have already successfully used both to investigate other
IDPs in simulation [47, 48]. The two extreme values of the starting protein radius corresponded to the
experimental estimate for IF7 obtained using either the Guinier approximation (R; = 24 A) or the Debye
approximation (Ry = 27 A) to fit our SAXS results (see section 3.2).

All simulations were run using the package GROMACS [49] for 10 ns in the isothermal-isobaric
ensemble. Reference values and coupling times for the thermostat and barostat, treatment of the
electrostatics and van der Waals interactions, and time steps for sampling and integration of the equation

of motions, were as previously described [50, 51].

12



3. RESULTS
3.1. Dynamics of IF7 under several conditions as mapped by NMR

The relaxation rates of 23 out of 63 residues (65 total amino acids, minus 1 proline and the N-terminal
residue) of IF7 could be measured by using NMR at pH 7.2 (Fig. S1), based on the previous assignment
(BRMB accession number 25921 [9]). The same set of residues was observed, although their cross-peaks
were broader, in the presence of sub-stoichiometric amounts of GS (Fig. S1). The small number of
resonances identified did not map the whole polypeptide chain, but the observation of probes along different
regions of the polypeptide chain allowed us to get reliable conclusions.

3.1.1. Dynamics of isolated IF7

The relaxation rates are shown in Fig. 1 and Table ST1. The Ry values appeared to be between 2.25 and
7.08 s, whereas those of R, ranged from 1.67 to 4.99 s. On the other hand, the nx, values ranged from
1.4 10 7.4 s*. The largest values of R1 (Fig 1 A), and those of 1y (Fig. 1 C), were observed for residues
located at both termini of the polypeptide chain. By contrast, the R2 values (Fig. 1 B) were quite uniform
along the polypeptide chain.

The NOE values of residues of the isolated IF7 were below 0.52 (the value observed for Ala29) (Fig. 1
D). Keeping in mind that at 11.7 T the maximum value for the NOE is 0.70 [52] in an isotropically tumbling
molecule without internal motions, we must conclude that isolated IF7 had a highly flexible backbone. In
general terms, residues around Asp40 and those located at the N terminus of the protein were more flexible
(i.e., they had lower NOE values).

NOE:s are sensitive markers of local structure in IDPs [52], but also nxy (and R> rates, when they are not
affected by contributions of Rex) can be used to characterize the presence of local order [52,53]. The R
(Fig. 1 B) and nyy (Fig. 1 C) rates for isolated IF7 followed a similar trend: they had larger values for
residues around Leu10 (with values of 5 s for R, and 3.29 s for nxy), Thr44, and the region around GIn50.
The NOE values (Fig. 1D) around GIn50 were among the highest measured, suggesting that the order

around those polypeptide patches was larger than the in the rest of the polypeptide chain, and the mobility,
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as shown by the values of R», was very high on the ps-ns timescale. However, for Leul0 and Thr44, the
NOE values were among the smallest measured. This opposite tendency in R> and NOE values could look
unusual, but there are some IDPs or unfolded proteins in which the NOE value of a particular residue
remains unaltered, when compared to those of its neighbors, while the R, value of that residue increases
(see, for instance, [54,55]). Furthermore, mutations can alter the R» rates in unfolded proteins, while the
NOE behavior does not mirror those changes [56].

3.1.2. Dynamics of the IF7/GS complex

The addition of GS in submicromolar concentrations to IF7 did not change the chemical shifts of the
cross-peaks in the HSQC spectrum of IF7 (Fig. S1, Table ST2), although it induced signal broadening as it
happened in the cross-peaks of other IDPs when bound to their partners [22,57, and references therein]. In
general, we observed an increase in all the relaxation rates of IF7, when compared to those measured in the
absence of GS (Fig. 2).

The R values ranged from 1.77 to 10.98 s™'; the behavior of this rate was completely different from that
observed in isolated IF7 (Fig. 1 A), showing the largest values of the relaxation rate not only at both termini,
but also around residues Ala30 and Asp40 (Fig. 2 A). On the other hand, the R» values (Fig. 2 B) ranged
from 1.73 to 17.6 s™!, and the behavior (in contrast to what we observed in the absence of GS, Fig. 1 B) was
not uniform: residues Ser27, Ala30, Thr44, GIn46, Ser51, Phe53, Thr56 and Asp58, had the largest R»
values (and so the largest variations), when compared to those of isolated IF7. Calculation of Rex from R
(Eq. (1)) for the residues above yielded values larger than 6 s except for Ser51 (0.5 s) and Thr56 (1.8 s°
1. Finally, the trend observed for the 1y, values was similar to that of R; (i.e., large values at both termini
and around Ala30, Fig. 2 C), ranging from 1.02 to 9.53 s (Fig. 2).

The NOE values (Fig. 2 D), although presenting differences in specific residues (Tables S1 and S2),
were similar to those measured for each amino acid in the absence of GS (Fig. 1 D); for instance, Ala29
had also the largest value: 0.52. All the NOE values showed the same tendency described in the absence of

GS, indicating that IF7 kept its disordered state when it is bound.
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3.2. The structure of IF7 and its complex with GS as mapped by SAXS
3.2.1. Structure of isolated IF7

SAXS experiments complement and extend NMR results by providing additional information on
conformational properties and the size of complexes formed by IDPs, which are governed by both local

and long-range interactions. SAXS data of isolated IF7 are shown a Kratky plot (Fig. 3). In the Kratky
representations (reporting (g—é(Q)xQz) versus Q), a bell-shaped peak indicates that the particles in

solution are likely globular or compact, whereas a plateau or linear trend characterizes unfolded/extended
conformations [38]. We did not observe a well-defined peak in the Kratky plot of isolated IF7 data, proving
that the protein did not have a globular shape. In a first approximation, SAXS data for [F7 were fitted by
using either the Guinier or Debye equation (Fig. S2). The two approaches provided a radius of gyration R,
=24.2 £ 0.2 A (in the Guinier approach) and R; = 26.95 + 0.05 A (in the Debye approach). The Debye
equation is more appropriate for disordered chains than the Guinier one, and accurately fitted our
experimental data, as shown by the continuous line (Fig. 3).

Although the fitting obtained with this approach did have small residuals and a good y* value, IF7
cannot be modelled as a single structure with a well-defined R;. In fact, as many other IDPs, IF7 should
be more properly described in terms of a collection of structures spanning a variety of different sizes in
solution. For this reason, we performed MD simulations in explicit water to obtain a set of protein
structures that, although being far from representing a complete and rigorously defined statistical
ensemble, provide a more dynamic picture of IF7. Due to the importance of the solvent for simulating
disordered protein conformations in MD, two distinct sets of structures were obtained by using either the
IDP-specific water model TIP4P-D [45] or the all-purpose model OPC [46], which have both provided
satisfactory results in reproducing unfolded protein states [58, 59].

To test the goodness of our approach, only one representative structure for each gyration radius (i.e., a
total of thirteen structures with R, = 18, 19, ..., 30 A) was included in each set, thus obtaining the two-fold

effect of limiting the complexity in the calculations and avoiding a potential over fitting of our
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experimental values. The continuous lines in Fig. 4 correspond to the fitting of SAXS data obtained by
using either set of structures. The conformations obtained with both water models did correctly fit the
experimental data. The accuracy is similar in both cases, as no significant difference was evident in the
agreement with experimental data in terms of the y?>. The weights, x; obtained for each protein
conformation, as described in Eq. (8), are reported in Table ST3 for both the IDP-specific water model
TIP4P-D and for the model OPC. 1t is interesting to note that IF7 conformations corresponding to the same
Ry, but arising from the two different MD approaches, did not present similar weights in the fitting of the
experimental SAXS data. This result confirms the evidence that the SAXS fingerprint provides a wider
information in respect to the overall protein dimensions (i.e, Rg), determining protein conformations that
more accurately describe the ensemble of IF7 in solution.

Figure 5 summarizes the most relevant IF7 conformations observed in our MD simulations. In
particular, Fig. 5 A reports a superposition of the first three structures showing the highest relative weight
in the fitting procedure of SAXS data for both simulation sets (the same structures are shown in a separate
and more detailed view as Figure S3). The R,, in decreasing order or relevance, was 18, 24 and 29 A for
the TIP4P-D set, and 22, 27 and 20 A for the OPC set. These findings clearly indicate that SAXS data
resulted from contributions to the scattering of IF7 structures with different sizes; this observation is also
in agreement with the distribution of the R, obtained in our MD simulations (see above). In fact, Fig. 5 B
reports the frequency of R obtained with the water model TIP4P-D, which is considered the best solvent
model to correctly avoid over-compaction in the simulated structure of IDPs [45, 61]. The histogram
shows that a variety of gyration radii are readily accessible in the conformational space of isolated IF7 in
solution. The structures we obtained (Fig. 5 A) were on average less compact than those we have
previously observed for IF7 under acidic conditions [43]. However, all these structures (i.e., the ones
belonging to the current TIP4P-D and OPC simulation sets, as well as those previously described at low

pH and acquired with the less specific water model TIP3P [44]), share a common feature consisting in an
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asymmetric shape, with the N-terminal region more elongated and mobile, and the C-terminal region more

globular and compact.

3.2.2. Structure of IF7/GS complex

GS plays a key role in the metabolism of nitrogen, and consequently its structure has been already
intensively investigated by using crystals [62,63]. A crystallographic structure of GS from Syrnechocystis
sp. PCC 6803 has been released (3NGO entry in the PDB), but so far no experiments have tested its
structure in solution; in this work, we present SAXS data on isolated GS in solution. SAXS experimental
data obtained for isolated GS are shown in Fig. 6, together with the theoretical fit (black continuous curve)
provided by the calculation of the protein form-factor on the basis of the available crystallographic
structure (3NGO), considering also the typical contribution of a hydration shell [41]. It can be easily
appreciated that the reconstruction of the form factor fitted the experimental data very satisfactorily even
at higher Q values corresponding to the highest structural resolution, thus indicating that structure
evidenced by X-ray is similar to that present in solution.

The SAXS experiment with a stoichiometric ratio 1:1 of GS and IF7 was acquired to provide insight
into the interaction of the two proteins. Experimental data are shown and scaled in Fig. 6 (cyan continuous
line) and a theoretical curve obtained by the sum of the SAXS fingerprints of both GS and IF7 alone,
weighted according to their respective concentration (equimolar) in the sample, and assuming no complex
formation, is reported for comparison (yellow continuous line); the same experimental data are also
reported in unscaled form in Fig. S4. Because GS and IF7 sizes are very different, it is clear that GS
scattering contribution dominates SAXS data. However, the fact that the experimental curve,
corresponding to the simultaneous presence of GS and IF7 in solution, was different from the sum of the
single scattering contributions of the two isolated proteins, confirms the presence of a well-defined
assembly arrangement between IF7 and GS. Although the presence of the IF7/GS complex in solution is
well-documented [6,9,25], our SAXS results provide a direct estimation of some of its structural features

at a low resolution. In fact, a Guinier fitting approach (Fig. S5) provides an assessment of the average
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dimensions of both isolated GS and of the GS/IF7 complex in solution. In particular, according to the
Guinier approach, the values obtained were R, = (56.52 + 0.08) A for isolated GS, we found the R, = (53.1
+0.1) A for the complex. Guinier fitting approach was performed within the limit Ry * Opax < 1.3, where
Omax 1s the maximum value of Q for which the fitting has been performed. At higher O values (Fig. S5),
the fitting fails because both proteins are not exactly spherical. The Guinier approximation considers a
fixed contrast between the protein in solution and the bulk solvent and hence, although results indicate
just a slight decrease of the dimension of IF7/GS complex with respect to GS, we can ascribe this change
to a compaction in the structure of GS due to the interaction with IF7.
3.3. Reduced spectral density approach (RSDA) for isolated IF7 and its complex with GS
3.3.1. Analyses of the spectral density functions

The RSDA is used to obtain additional information on protein dynamics for IF7 in isolation or when it
was bound to GS. The RSDA provides insight into the motion of the N-H bond vector by the calculation of
the J(w) values at three frequencies: 0, o~ and 0.87wn [30, 32-34]. It could be thought that the RSDA can
be only used for well-folded proteins, but since it does not rely on any specific assumption about the overall
rotation of the molecule, it has been recently applied to interpret the relaxation measurements in IDPs
[20,21,30, 64-67]. In fact, this approach has been shown to be successful in describing the dynamics
behavior of IDPs, without the need to use an extensive equipment for long periods of time [20,21,68]. In
the following, we describe the results for IF7 in the two explored conditions: in isolation and in the GS-

bound species.

J(0). The J(0) values were obtained from the R values (which in turn they were calculated from the
Nxy rate, Eq. (1)). A small J(0) value indicates internal flexibility of the N-H amide bond: the smaller the
value of J(0), the larger the flexibility of the N-H bond vector. Conversely, a large J(0) value indicates
residues with slower fluctuations. There was a great variation among the J(0) values of the different residues
(Fig. 7 A, black dots) for isolated IF7, but in general the values were very small for most of the residues (<

1 ns rad™): only GIn50 and Ser51 had values around 1.5 ns rad™’. It is interesting to note that these residues
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are at the C-terminus of the protein, where in our MD simulations (Fig. 5 A) we observed compaction of
the polypeptide chain. All these findings indicate a large flexibility over most of the polypeptide chain.

Upon complex formation, a slower rotational diffusion and therefore an increase in the J(0) value should
be expected [37]. In the presence of GS, J(0) increased in general, indicating that the mobility of IF7 in the
presence of GS was reduced, due to the larger size of the complex. Residues at the C terminus of the protein,
as well as Lys19 and Ser27 showed the largest values (on average two times larger than those for other
amino acids, Fig. 7 A, red dots), with distinct J(0.87wn) spectral density values (Fig. 7 C), especially for
residues at the C-terminal region. This means that these residues were more rigid (with slower movement)
in the presence of GS.

To summarize, the isolated IF7 had a large flexibility in the ns-ps timescale, which was reduced, but not
quenched, in the presence of GS.

J(on). For small proteins, J(wn) usually decreases with an increase of the internal flexibility; however,
for large proteins J(wn) increases with a larger protein flexibility [30, 32-34]. In isolated IF7, we observed
larger values of J(wn) for Arg8 (at the N terminus), Ser51 and Asp58 (both at the C terminus of the protein),
since most of the residues had a fairly constant, small value of J(wn) (Fig. 7 B, black dots). Therefore,
considering IF7 as a small protein, such small value of J(w~) for the majority of the residues further
pinpoints the high flexibility of the polypeptide chain.

Upon addition of GS, all the J(wn) increased, although the variations were not very large (on average, a
10-15 % variation), further benchmarking the large flexibility of the protein even when it was bound to GS.
The largest variations were observed for Ser27, Glu38 and Asp58 (Fig. 7 B, red dots), indicating that these
residues had a restricted mobility in the presence of GS.

J(0.87@n). The high frequency J(0.87wn) value reports on fast (ps timescale) motions in flexible regions
of proteins: the largest values are found in highly mobile regions, and the smallest for rigid polypeptide
patches [32,33]. In general, for isolated IF7, the J(0.87wn) values were slightly larger at both main chain

termini, whereas for residues in the middle of the polypeptide chain they had a fairly constant value (Fig. 7

19



C, black dots). In the presence of GS, the J(0.87wn) values increased, indicating that IF7 had a large
flexibility even though it was bound to its partner. In the complex, the regions of IF7 with the highest values
of J(0.87 wn) were at Arg8 and at the C terminus of the protein (Fig. 7 C red dots). These results indicate
that those regions were highly mobile, even when forming the complex, confirming the results obtained by
analyzing the other two values of the spectral density function.

Recently, by using molecular simulations it has been possible to estimate the correlation times of the
movements of polypeptide patches of some IDPs in isolation [16,17,55, 67,69,70]. We have also recently
used the plots of the spectral density functions at different frequencies against each other to allow for an
easier and direct identification of residues affected by ps-ns timescale motions in another IDP in the
presence of some of its partners [21]. These plots allow one to assess changes in protein dynamics without
assuming any explicit, physical model. The only assumption is that the value ofthe spectral density function
at a particular frequency can be expressed as a linear combination of the values of the such function at other
frequencies [32,33,70].

Then, we represented J(0.87wn) versus J(0) to elucidate whether the motions involving IF7 backbone
were collectively organized [65,66,70]. If the movements of all IF7 residues were to occur collectively
(either in the absence or in the presence of GS), then both spectral density values should be linearly
correlated [33]. Residues not involved in such collective motions should deviate from the linearity in the
plots of one spectral density function at a particular frequency versus another value, or should appear
clustered in different sections, along distinct straight lines, indicating independent motions of some
polypeptide regions. Under both conditions, the plots of J(0.87wn) versus J(0) for IF7 were not linearly
correlated (Fig. 8), indicating that most of the residues did not move collectively. However, as the values
of J(0) and J(0.87wn) were different in the two environments, the uncorrelated motions of the same residue
in the two conditions were different. That is, binding of GS changed the conformational movements of IF7,

but the movements of each amino acid were uncorrelated with those of its neighbors.
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4. DISCUSSION

Recent studies try to address the dynamics of various IDPs by using several NMR fields at different
conditions [16,17,67,71]. Furthermore, the dynamics of IDPs has been also studied in the presence of some
of their partners [18,19], although in most of the examples when the IDPs acquire a well-folded structure
upon binding. However, we do not know how the dynamics of IDPs changes upon binding to their partners.
In this work, we have tried to address these questions by using IF7, a 65-residue-long IDP, and studying
the binding to its partner, GS, by using NMR measurements at a single field strength (11.7 T) and
synchrotron SAXS. It is important to note that since with NMR we are measuring exclusively the dynamics
of the backbone amide protons, we cannot speculate on the side-chain mobility of IF7 and its contribution
to the mobility of either the isolated protein or in the complex with GS.

We have previously shown that the polypeptide patches comprising residues Thr3-Argl3, Met25-Ala29,
and Phe41-Thr43 have a certain helical propensity [9]. In isolated IF7, except for Arg8, whose R rate had
a large value (Fig. 1 A), none of the other residues belonging to those polypeptide patches had a large value
for any of the measured relaxation rates. On the other hand, Ala29 showed the largest NOE value (Figs. 1
D, 2 D), either in the absence or in the presence of GS, indicating that the presence of helical structure
might induce some local rigidity. As it happens with the relaxation rates, the values of the spectral density
functions at ® = 0, o~ and 0.87 wn for those polypeptides patches, did not show large values, except Arg8
which had some of the largest ones for J(wn) and J(0.87 on) (Fig. 7 B, C). Therefore, in isolated IF7, the
regions with a certain helical propensity showed a high mobility, but Arg8 appeared to have a restricted
mobility (a large J(0) value, Fig 7 A (black dots)). It is interesting to note that mutational studies indicate
that substitution of Arg8, Arg21, and Arg28 with glutamic residues abolishes the ability of the mutant
protein to inactivate GS [10]. Furthermore, molecular modeling of the binding of GS to an N-terminal, 38-
residue-long fragment of IF7, suggests that residues Arg8, Arg21, and Arg28 are involved in binding to GS
[72]. Therefore, we could consider those residues as hot-spots of IF7, and then, from our mapping of the

dynamics of the isolated protein, we can conclude that Arg8 did have a restricted motion (even though its
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NOE value was not very large, Fig. 1 D). This restricted motion at Arg8 was kept (and it did not increase)
when IF7 was bound to GS (Fig. 2 D, and Fig. 7 A, red dots). These findings do agree with those observed
for other small IDPs [21], since also the hot-spots of those other proteins had a reduced mobility when the
polypeptide chain is in isolation. It has been suggested that the difference in the mobility of the hot-spots
in IDPs when compared to the other residues in their polypeptide chains could allow a “free-for-all”” binding
for the different partners [73]. In the case of IF7, its sole function so far described is the inhibition of GS,
and then the mobility of the hot-spot region (and thus, the small NOE value) does not need to slow down
to a larger extent, especially if the binding is directed by other regions of the protein (see below). This
biological behavior among different IDPs could be also responsible for the behavior of the relaxation rates
in the presence or in the absence of their partners: for instance, in an IDP which is involved in forming
ternary complexes with different macromolecules, only the nxy, values change in the presence of the partners
[21].

The dynamics of IF7 was mainly dominated by motions in the ps-ns timescale, with uncorrelated motions
among all the residues, as suggested by the absence of linearity in the J(0.87 wn) versus J(0) plots (Fig. 8).
Residues showing the largest values of J(0) (with a reduced mobility) were those around Arg8 (which is
involved in the binding of GS, see above) and at the C terminus of the protein (Fig. 4 C). We have previously
hypothesized that the C-terminal region of IF7 (which is highly hydrophobic, as it contains the majority of
Asp and Glu residues of the protein [4,43]) is key in achieving the inhibitory function of the protein
(although it is not important in the encounter complex between the two macromolecules) [74]. In the
presence of GS, residues at the C terminus had the largest variations in the J(0), J(on~) and J(0.87wn) values
(Fig. 7) when compared to those of the isolated IF7; moreover, the C-terminal region of the GS-bound
protein showed the largest values of the relaxation rates (Ri1, R and nxy, Fig. 2). Then, taken together, our
NMR results in this work, together with previous results obtained with a short, N-terminal fragment of IF7
[74], indicate that not only Arg8, Arg21 and Arg28 (the two latter ones could not be observed in our

experiments due to fast solvent-exchange) are key residues in the binding to GS, but also that residues at
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the C terminus are important in such reaction. Recognition in IDPs occurs through conformational
heterogeneity, with conformations of the IDP adopting different contact topologies and having different
plasticity [75,76], which are modulated by residues outside the hot-spot regions: this regulation is based on
the so-called non-native contacts of the IDP. These non-native contacts in IF7 would involve residues at its
C-terminal region. The fact that different regions of IF7 are involved at different stages in the binding to
GS (and therefore, different residues intervene at different stages in the binding between the two
macromolecules) is also supported by previous titration experiments with GS [9]. However, it could be
thought that the large J(0) values around the C terminus were due to the high hydrophobicity of this region
[54,56,77]. Currently, for IDPs or unfolded proteins there is not a clear relationship between hydrophobicity
and variations in R» rates (or J(0) values): for some unfolded proteins relaxation rates increase in
hydrophobic regions [53,54,77], but for others, the two parameters are uncorrelated [56]. We think that the
large values of J(0) at the C terminus of [F7 correspond to a more compact conformation of the polypeptide
chain (as suggested by our MD simulations, Fig. 5) to pave the way for the binding to GS.

Our SAXS results clearly show that IF7 is an IDP, which in solution adopted a disordered conformation
when isolated. When bound to GS, IF7 did not adopt the same conformation as when it was isolated in
solution, but it forms fuzzy complexes. There are several pieces of evidence confirming this result. First,
SAXS data clearly show that IF7/GS structure was not a simple addition of the structures of the two isolated
proteins (in fact, GS structure became more compact after [F7 binding). And second, we observed the
absence of changes in the chemical shifts for the cross-peaks of the spectra of IF7, when GS was present
(Fig. S1). It has been recently suggested that fuzziness in an IDP is due to the minimization of the
unfavorable free energy of folding, while the protein establishes interactions with the partner involving
backbone and side-chain atoms [78]. Since we are monitoring the backbone amide protons of IF7, we
cannot speculate on the side-chain mobility of IF7 and their contribution to the mobility of the complex

with GS.
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The absence of linearity in the J(0.87wH) versus J(0) plots indicates that the movements of all residues
were uncorrelated, and then, in contrast with what is observed in other IDPs [21], we could not estimate
local correlation times of IF7, which could have explained movements of segments of the polypeptide
chain. In addition, SAXS data of isolated IF7 in solution were successfully fitted by a set of structures from
MD, while a fitting of SAXS curve by a worm-like model, that was successfully used for other IDPs [21],
did not provide satisfactory results. Then, it follows that IF7 could not be considered as a chain with a well-
defined persistence length determining its stiffness, hence the arrangement and the movement of all residues
is uncorrelated, as the dynamical results provided by RSDA indicate (Fig. 8). We hypothesize that this
behavior was also related to the function of the protein: IF7 is a small protein when compared to GS (a
dodecameric protein, formed by 450-residue-long monomers); then, the residues of IF7 do not need to
restrict its conformational flexibility to a large extent (which could be provided by the presence of correlated
motions), as IF7 does not have to bind other proteins of similar size.
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The Supplementary Material contains three tables (Tables ST1, ST2 and ST3) with the IF7 rates
measured for the different conditions (ST1 and ST2), and data from the simulations (ST3); and five figures

(NMR spectra (Fig. S1), SAXS (Fig. S2,S4 and S5) and MD (Fig. S3)).
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FIGURE LEGENDS

FIGURE 1: Experimental relaxation data for isolated IF7 at 298 K. (A) Ri; (B) R2; (C) nxy; and (D)
heteronuclear NOE. Fitting errors to the exponential function for R; and R», and for the hyperbolic tangent
function (for nxy) are indicated. Errors in heteronuclear NOEs were determined from the measurements of

the intensity of regions of two repeated spectra.

FIGURE 2: Experimental relaxation data for IF7/GS complex at 298 K. (A) R1; (B) R2; (C) nxy and (D)
heteronuclear NOE. Fitting errors to the exponential function for R; and R, and for the hyperbolic tangent
function (for nxy) are indicated. Errors in heteronuclear NOEs were determined from the measurements of

the intensity of regions of two repeated spectra.

FIGURE 3: Kratky plot of isolated IF7 at 298 K. Kratky plot of SAXS experimental data (only half of
the points was plotted for clarity), together with the theoretical fitting line obtained by a Debye approach

corresponding to a disordered chain (continuous line, Eq. (7)).

FIGURE 4: SAXS data relative to isolated IF7 at 298 K with fitting curves arising from protein
models obtained in MD simulations. The continuous lines correspond to theoretical fits from a set of

structures obtained with the water model TIP4P-D (cyan line) and OPC (yellow line).

FIGURE 5: Structures of IF7 obtained in MD simulations. (A) The best three structures obtained in
MD runs with the water model TIP4P-D (shades of blue) and OPC (shades of red); structures with the
highest relative weight in the fit of the SAXS data are represented as having the most intense colour. The
N-terminal region is on top and the C-terminal at the bottom. MultiProt [60] was used for molecule

superposition. For a separated and more detailed view of the different structures, see Fig. S3
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(Supplementary Material). (B) Histogram of the distribution of protein Rq in simulation with the water

model TIP4P-D.

FIGURE 6: Comparison between SAXS curves for GS alone and in complex with IF7. From bottom
to top: experimental SAXS points corresponding to isolated GS in solution and relative theoretical fitting
(black continuous line) obtained from the crystallographic structure (3NGO in the PDB); SAXS
experimental data corresponding to GS in equimolar ratio with IF7 in solution (cyan line); SAXS
theoretical curve obtained from the weighted sum of SAXS curves of IF7 and GS, weighted according to
their respective concentration (equimolar) in the sample, assuming no complex formation (yellow line).
Values on the y-axis refer to the experimental points and their theoretical fitting, whereas the other curves

are up-shifted for clarity.

FIGURE 7: RSDA results for IF7 in the absence and in the presence of GS. (A) J(0); (B) J(on); (C)

J(0.87 wn). Errors in the value of each function were obtained from propagation errors of Equations (2-5).

FIGURE 8: The plots of J(0.87 wn) versus J(0). (A) isolated IF7; and (B) complex with GS (red). The J(0)
values were obtained from R values. Errors in the values of each spectral density function were obtained

from propagation errors of Equations (2-5).
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Fig. 1(Neira et al.)
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Fig. 2 (Neira et al.)
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Fig. 3 (Neiraet al.)
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Fig. 4 (Neira et al.)
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Fig. 5 (Neira et al.)
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Fig. 6 (Neiraet al.)
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Fig. 7 (Neira et al.)
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Fig. 8 (Neira et al.)
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