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Nonlinear Impact of Electrolyte Solutions on Protein

Dynamics

Hosein Geraili Daronkola*,”™ Benedikt Soldner™,

Ana Vila Verde*®!

Halophilic organisms have adapted to multi-molar salt concen-
trations, their cytoplasmic proteins functioning despite stronger
attraction between hydrophobic groups. These proteins, of
interest in biotechnology because of decreasing fresh-water
resources, have excess acidic amino acids. It has been
suggested that conformational fluctuations — critical for protein
function - decrease in the presence of a stronger hydrophobic
effect, and that an acidic proteome would counteract this
decrease. However, our understanding of the salt- and acidic

Introduction

Aqueous environments with NaCl concentrations up to multi-
molar are home to halophilic (“salt-loving”) organisms. To avoid
membrane disruption by high osmotic pressure, many archae
halophiles accumulate molar concentrations of KCl in their
cytoplasm.'™ Cytoplasmic proteins of these organisms, here
termed halophilic proteins, hence remain functional and soluble
at KCl concentrations far higher than the typical KCl cytoplasmic
concentration (~0.15 moldm~) observed in most other organ-
isms on Earth. Proteins (here called mesophilic) of non-
halophilic organisms have typically low solubility at molar KCI
concentrations."™ Conversely, halophilic proteins often do not
remain  folded, stable or functional at low KCl
concentration.!7'%

Halophilic cytoplasmic proteins contain fewer large + hydro-
phobic and large + cationic amino acids, but contain more
small 4 polar, small+apolar and acidic amino acids (predom-
inantly at the surface)® than mesophilic proteins.”?' As a
result, halophilic proteins have higher net negative charges
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amino acid dependency of enzymatic activity is limited. Here,
using solution NMR relaxation and molecular dynamics simu-
lations for in total 14 proteins, we show that salt concentration
has a limited and moreover non-monotonic impact on protein
dynamics. The results speak against the conformational-fluctua-
tions model, instead indicating that maintaining protein
dynamics to ensure protein function is not an evolutionary
driving force behind the acidic proteome of halophilic proteins.

than mesophilic ones (an average of —8e to —10e vs. —1e to
—3e, respectively).”) Multiple hypotheses have been advanced
to explain this difference, via the impact it will have on protein
solubility (i.e., propensity for protein aggregation), thermody-
namic stability of the folded protein conformation, and bio-
logical function of the molecule (e.g., enzymatic activity). Prior
work has focused on clarifying the impact of acidic amino acids
and salt on protein solubility and on the thermodynamic
stability of folded proteins."? In contrast, our understanding of
the mechanism(s) leading to strong salt dependency of
enzymatic activity — a dependency that is often different from
the salt-dependency of protein aggregation and protein
conformational stability - and the eventual contribution of
acidic amino acids to this dependency, is limited.

A key player in enzymatic activity is enzyme flexibility,
defined as the amplitude and frequency of fluctuations in
conformation experienced by the folded enzyme.'*'® Higher
protein flexibility is more often associated with motions of
higher amplitude but may also be associated with faster
motions (of the same amplitude). Enzyme activity involves
physical steps necessary to bring substrates and cofactors to
their binding sites and to release the product, as well as the
chemical step itself."” Whereas the direct relation between
enzyme flexibility and the chemical step is not fully elucidated,
experimental and simulation studies have clearly demonstrated
a connection between enzyme flexibility and the physical
steps.l'”®

According to the conformational-fluctuations model, the
increased magnitude of the hydrophobic effect at high salt
concentrations would decrease protein flexibility relative to
lower salt concentrations.” In this scenario the increased
intramolecular repulsion brought by the acidic proteome of
halophilic proteins helps maintaining conformational fluctua-
tions key for function at high salt concentration. Studies of a
limited number of non-halophilic proteins have suggested that
a decrease in enzyme function correlates with increased

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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thermodynamic stability in some cases, and that this correlation
arises because of a reduction of protein flexibility.™ To date,
however, a comprehensive assessment of how protein struc-
tural flexibility responds to changes in salt concentration,
whether that response differs between halophilic and meso-
philic proteins, and the role of charged amino acids in this
response does not exist.

Here we use NMR, molecular dynamics (MD) simulations,
and analytical models to understand how protein structural
flexibility is affected by the concentration of KCl. Simulations
are performed on 5 pairs of halophilic and mesophilic proteins,
and experiments are performed on 4 mesophilic proteins.
Covering a wide range of sizes, net charges, and degrees of
flexibility at their native electrolyte concentration, generalized
conclusions on the dependency of flexibility on changes in salt
concentration and the role of acidic amino acids in halophilic
adaptation are obtained.

Results
Experimental Results

We first probed protein motion as a function of KCl concen-
tration within four different - "N- or '""N/"C-labeled -
mesophilic proteins with a molecular-weight range between
7 kDa and 42 kDa using NMR spectroscopy in solution. In
particular, we targeted the SH3 domain of chicken a-spectrin
(7.4 kDa), ubiquitin (8.5 kDa), human carbonic anhydrase
(29 kDa), and maltose binding protein (42 kDa). The first two
proteins are small but contain all different forms of secondary-
structural motifs; a very high signal-to-noise can be achieved.
The last two proteins are reasonably complex structures with
sizeable hydrophobic cores.

To comprehensively capture changes in protein flexibility as
a function of salt concentration, we turned to experiments
addressing two different time regimes. Fast (ps-ns timescale)
motion was targeted using the [°N, 'H] heteronuclear nuclear
Overhauser effect (hetNOE). hetNOE values approach 1 for rigid
amino acids whereas values down to zero, sometimes lower,
are found for very flexible elements of the protein primary
sequence. The latter case is a representative of substantial fast
(ps-ns) timescale fluctuations of the 'H-"N bond vector, with
decreasing values both for faster and for higher-amplitude
motion (lower order parameters). Figure 1(A,B) show the
hetNOE values of the SH3 domain and of hCAll, respectively, as
a function of residue number, for no-salt and high-salt
conditions. For SH3, several local differences are observed with
and without KCl, but no global changes are apparent. With
addition of KCl, hetNOE values of the N-terminus, 28Gly and
41Trp are slightly reduced, indicating slightly increased mobility
on the pico- to nanosecond timescale, while hetNOE values are
strongly increased for 38Asn (n-Src loop, from 0.079 to 0.813)
and 47Asn (distal loop, from 0.097 to 0.725), indicating a
considerable rigidification in the ps-ns timescale regime upon
addition of KCl. In case of hCAIll, hetNOE values increase for
several residues upon addition of salt (e.g. residues 55-57, 59,
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62, 92-94, 96 and 106-107), however, no global shift is visible.
As the highest hetNOE values are expected to be uniform
among the rigid residues and are defined by the overall
tumbling correlation time, the outliers are likely due to a higher
degree of uncertainty. hetNOEs for ubiquitin and MBP are
shown as a function of residue number in Figure S2, where
similar trends can be observed.

To assess global differences of hetNOE between low and
high concentration of KCl, the sequential plots of all four
proteins were statistically analyzed using box plots (Figure 1C).
In these plots the region between the first and third quartile is
depicted as a box. Figure S3 depicts the same data in the form
of a histogram. For SH3 and ubiquitin, the average of hetNOE
values for the 3 secondary structure categories investigated are
very close to 1, indicating that these proteins are not very
flexible in the ps-ns time scale. The distributions of hetNOE
values are very narrow, especially for a-helical and S-sheet-like
secondary structural regions. Box sizes and median values are
virtually identical at low and high salt concentration, revealing
no impact of salt concentration on dynamics of SH3 and
ubiquitin. For hCAIl and MBP, more hetNOE values deviate from
1, indicating that these proteins bear more flexible residues.
Moreover, hetNOE values are much more dispersed at 2.0 M KCl
concentration, which may reflect some impact of salt on the
flexibility of these proteins but at least in part derives from the
decreased sensitivity of the measurements under high-salt
conditions. In agreement with the latter, despite the larger
distributions, the median hetNOE values for the three secondary
structure categories analysed here remain untouched by the
high salt concentration. Overall, the hetNOE data show that
changes in salt concentration have either no impact or only
minor impact on protein dynamics, these effects being more
pronounced for protein regions with higher mobility compared
to those that are motionally restricted. The dependence of
protein flexibility on salt concentration, whenever present, is
not systematic: we observe both increases and decreases in
residue flexibility with increasing salt concentration. Similar
trends are observed in our chemical-shift perturbation study,
described in section 52.2.

We investigated protein dynamics at a slower (us-ms)
timescale using Carr-Purcell-Meiboom-Gill (CPMG) relaxation
dispersion measurements. These quantify the excess contribu-
tion (R.,) to the transverse relaxation rate R, that arises for a °N
nucleus through sampling of differential isotropic chemical
shifts upon conformational exchange. R, increases as the
population of the minor state increases and as the difference in
chemical shifts between the conformations increases. Whereas
such measurements can also inform on conformational-
exchange timescales and even populations, in this work we
restrict our interpretation of differences in R,, between two salt
concentrations as indicating a different extent of conforma-
tional exchange. Note that caution has to be taken when
interpreting relaxation dispersion data for different buffers due
to their impact on the chemical shifts of ground and excited-
state conformations.?'*

Figure 2(A,B) show the R, rates for the proteins ubiquitin
and MBP. For ubiquitin, which shows an overall extremely low
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Figure 1. Picosecond to nanosecond timescale motion with and without KCl, as measured by [°N, 'H] heteronuclear nuclear Overhauser effect, defined as the
ratio /i, /l.q Where I, and /., are the intensities of peaks in the 2D experiments with and without proton saturation, respectively. (A) hetNOE of the SH3
domain of chicken a-spectrin as a function of residue number. (B) hetNOE of human carbonic anhydrase Il. The shaded areas around the curve represent the
propagated error estimated from the spectral noise as described in the Methods section. (C) Distribution of hetNOE values (box plots) in the proteins SH3,
ubiquitin, hCAIl, and MBP for different secondary structure motifs. Note the experimental intricacies of determining precise NOE values for high-molecular-
weight proteins.”” Boxes extend from the first to the third quartile with a line at the median. The whiskers extend over 1.5x the inter-quartile range from the
box. Outliers are marked as white circles. All means and distributions are highly similar between no-salt and high-KCI conditions.

ChemBioChem 2024, 25, 202400057 (3 of 12) © 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH

85U8017 SUOWILLIOD @A 11D 3|qeol [dde 8L Aq peueob ae Sapoiie YO ‘8sh JO Sa|n 10} AIq1]8UIUO AB]IM UO (SUORIPUOD-PUR-SWBIALO" A3 | 1M Ae.q U1 [UO//:SdNL) SUORIPUOD pUe Swiie | 8u) 89S *[9202/TO/ET] Uo ARiqiTauliuO A8]IM ‘PUnWOQ 1BelsIBAIuN 8Y3suye 1 Ad /5000202 9100/Z00T 0T/I0p/Wod 48| imAtelq 1 pujuoadoane-Alis iweyo//:sdny wouy pepeojumod ‘TT ‘vR0Z ‘689657 T



ChemBioChem

Research Article

doi.org/10.1002/cbic.202400057

Chemistry
Europe

European Chemical
Societies Publishing

) )\ ——— ) ) ) ——

Ao

Rex [Hz]

Ubiquitin
—— no KClI
0.75 M KCI

7 N o N 1\ e . \
LIS B O S O O O B O B O

20

40

45 50 55

Residue Number

60

75

- WHD—WH-W—W—P—WP—PP— WW— AW WH— D W~V PW- WP W

Rex [HZ]

4

| K

mmt

|

U

T'] t
LJMMVH Mh

MBP
-— no KCI
2.00 M KCI

[ IMWM IUL.

0 — :
0 0 120 150 180 210 240 270 300 330 360
Residue Number
C 1.0 SH3 0.00 M KCI SH3 0.83 M KCI hCAIlI 0.00 M KClI hCAIl 2.00 M KCI
' o
o
0.8
g 301
~ 0.6 o . v
o 0.4 o I~ e o
o
021 & ° 10 ; 6 é g .
(e}
0.0 1 = —— - -— - 0 é é é
Ubiquitin 0.00 M KCI  Ubiquitin 0.75 M KCI MBP 0.00 M KCI MBP 2.00 M KCI
50— 100 5
4.0 80 1
< 3.07 5 601 o
E o ]’\:‘ g g o 8
g i 8 5 g
& 2.07 < 407 o °
8
1.01 o e 201
o o
0.04 ==~ - -— i — i 01
[ Sheet [ Helix [ coil ‘

Figure 2. Microsecond to millisecond timescale motion, represented by the exchange contribution R, extracted from CPMG relaxation dispersion experiments.
(A) Residue-specific R., in ubiquitin, (B) residue-specific R, in MBP. The shaded areas around the curve represent the propagated error estimated from the
spectral noise as described in the Methods section. (C) Distribution of R., values (box plots) in the proteins SH3, ubiquitin, hCAIl, and MBP, for different
secondary structure motifs. The meaning of each symbol is described in Figure 1.

extent of motion at the ps-ms timescale, no significant
alterations for exchange rate values are observable between
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the two salt concentrations.

Likewise, even though MBP
displays a larger range of slow motions than ubiquitin, system-
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atic changes in dynamics with salt concentration over the entire
protein are also not observed. The higher degree of fluctuations
observed for MBP at the high-salt condition likely derives from
measurement uncertainties; the standard deviation of the R,
values over the entire protein is 10.5. Several residues show a
higher exchange contribution at low salt (e.g., residues 62, 63
and some between 150 and 175; blue). In contrast, other
residues show a higher exchange contribution at high salt (e.g.,
residues 12, 13, 223, 251). However, no clear connection
between the structural motif in which these residues are
embedded or their extent of surface exposure is discernible.
Figure S4 shows the R, rates as a function of sequence for the
remaining proteins SH3 and hCAIl under no-salt and high-salt
conditions. Similarly to MPB and ubiquitin, SH3 and hCAIl do
not show global changes in dynamics with salt concentration,
with only a few residues in hCAIl showing statistically different
values of R,, between the two salt concentrations.

We statistically assessed the distributions of all four proteins
again in the form of box plots (Figure 2C). For SH3 and
ubiquitin, the distributions of R,, rates are again very small.
Apart from a minor change in the average R, rates for 3-sheet-
like secondary structure elements in hCAIl with salt concen-
trations, the box plots show no significant changes in R, rates
with salt concentration. The histograms of exchange contribu-
tions (Figure S5) of hCAIl and MBP differ quantitatively between
the two salt conditions whereas those for ubiquitin and for SH3
are practically identical. Nevertheless, a systematic impact of
salt on the dynamics of particular structural motifs or on the
dynamics of the whole protein is not found for any of the 4
proteins.

Simulation

To investigate how atomic fluctuations respond to salt concen-
tration and the potential role of acidic amino acids in the
maintenance of protein flexibility at high salt concentration, we
performed atomistic MD simulations comparing 5 halophilic
proteins with their mesophilic counterparts. An illustrative
simulation box is shown in Figure 3; names and pdb IDs given
in Figure 4. Each halophilic-mesophilic pair was selected to
ensure high similarity in amino acid sequence and structure
between the two proteins while having a wide range of sizes
and net charges in each category, as discussed in section S1.1.
This diverse and representative group of proteins enables us to
generalize conclusions based on our observations.

Each protein was simulated in aqueous KCl solutions with
molality by =0.15 molkg™" and by =2 molkg™'. The high salt
concentration is thus non-optimal for the mesophilic proteins;
the low salt concentration is likewise non-optimal for the
halophilic ones. In section S2.4.1 we show that the protein
structures remain stable during the entire simulation time.

ChemBioChem 2024, 25, €202400057 (5 of 12)

Figure 3. Example simulation box, of the halophilic ferredoxin protein (pdb
ID: 1DOI). Dark blue shape =New Cartoon representation of protein; Pink
spheres=K*; Green spheres: Cl~; Transparent small blue dots: water
molecules.

Conformational Flexibility

The Root Mean Square Fluctuation (RMSF) quantifies the
amplitude of atomic displacements relative to the average
position, as detailed in section S1.3.4. Figure 4 shows the RMSF
per residue (heavy atoms only) of each protein, at high and low
salt concentration; Figure S7 shows the same data in histogram
form. Similarly to what was observed in the hetNOE values and
R., rates, different protein sections and even adjacent residues
in the protein sequence can have dramatically different
dynamics. Increasing salt concentration impacts protein flexi-
bility only locally, for protein residues that show high flexibility
(as measured by RMSF larger than 2 A) at low salt concen-
tration, which are predominantly found in coil structure (Fig-
ure S8). The majority of flexible protein sections (found in
proteins 2L28, 2ITH, 1FRD, 1HZ6 and 4CNX) becomes less
flexible at high salt concentration. The opposite salt depend-
ency is also seen, but more rarely: some sections of the
mesophilic proteins 1V9E and 2L28 and of the halophilic protein
3WRT show larger RMSF at higher salt concentration. In
contrast, the dynamics of residues without large-amplitude
motions is only marginally sensitive to salt concentration; this
weak dependence is easily seen in the RMSF histograms
(Figure S7) of proteins 1ZKJ, 3WRT, 2KAC and 1V9E. These
results are in line with a prior computational study of a
ubiquitin-like protein,”” a neutron scattering study of bovine
serum albumine,”! and with our NMR experiments discussed
above.

Mechanism of Flexibility Modulation by Salt
To understand the origin of the non-monotonic effect of salt on

protein dynamics, we consider the impact of salt concentration
on the hydrophobic effect and on electrostatics. We consider

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 4. RMSF of each residue of the indicated mesophilic-halophilic protein pairs, at high and low KCI concentration, calculated from MD simulation.
(A) ferredoxin; (B) protein L; (C) carbonic anhydrase; (D) 5-lactamase; (E) dihydrofolate reductase. Black arrows point to some of the residues for which the
RMSF of a protein is higher at the high salt concentration; grey arrows point to some of the residues for which the RMSF is higher at the low salt
concentration.

only salts without strong specific interactions with protein
charged groups, as is the case for KCI.”®

The Hydrophobic Effect and Protein Flexibility

Figure 5(A) shows normalized hydrophobic solvent accessible
surface area (SASA) histograms, P(A), for two of the proteins,
obtained from simulation; the histograms for the other proteins
are shown in Figure S9. The SASA distributions are mono-

ChemBioChem 2024, 25, 202400057 (6 of 12) © 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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Figure 5. Hydrophobic SASA associated with hydrophobic residues, at high
and low salt concentration, calculated from MD simulation: (A) lllustrative
histograms for the proteins with the indicated pdb IDs, at by =2 molkg™
(dark blue and orange) and by =0.15 molkg™' (light blue and orange);
protein 4CNX is halophilic and protein 1V9E is mesophilic; (B) SASA mean;
the error bars show the standard error of the mean; (C) Histogram width at
1/10 of maximum height. Differences below 50 A% are not statistically
significant.

peaked and show little or no skewness, so the distributions can
be characterized by their mean and width. Figure 5(B) shows
the mean hydrophobic SASA of the proteins studied in
simulation; numerical values are shown in Table S4. The mean
hydrophobic SASA varies between 1000 A2 and 4000 A2 For 8

ChemBioChem 2024, 25, €202400057 (7 of 12)

the surface tension at the two concentrations, T is the temper-
ature, kg is the Boltzmann constant and D, is a normalization
constant (see section S2.4.3 for further details).

Figure 6 shows distributions of hydrophobic SASA obtained
through this model. Modifying that reference distribution
according to Eq. (2) for estimates of Ay between 0.15 molkg™
and 2 molkg™' leads to the P.A) curves shown in blue when
considering macroscopic values of the surface tension of
electrolyte solutions, and in orange when considering that the
microscopic surface tension is roughly half of the macroscopic
one."?® The increased hydrophobic effect systematically lowers
the mean hydrophobic SASA by 40 A2 when using microscopic
y values, and by 100 A2 when using macroscopic y values. The
decrease in mean hydrophobic SASA at high salt concentration

© 2024 The Authors. ChemBioChem published by Wiley-VCH GmbH
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(\}“0'003 i A¥micro Figure 7 shows predictions from Eq.(3). The reference

°<:o,002 - distributions are modelled as asymmetric potentials because

§~0 001 the inter-charge distance cannot be smaller than the van der

: Waals radius of atoms. Panel A.i shows predictions when the

0.000 - distance distribution at the reference concentration is narrow

-500 -250 0 250 500
A—(A)(A?)

Figure 6. Probability density distribution of hydrophobic SASA at

byc=2 molkg ™" considering macroscopic (Ay o) and microscopic (AY o)
values of surface tension, predicted through Egs. (1) and (2), given a model
P.¢(A) at the reference concentration modelled as a normal distribution with
mean (A) and standard deviation 100 A% Ay, o =0.5 Ay .c0 = 0.5X(76~

72) mN m71.[12,28,29]

predicted by this model is consistent with simulation results for
8 of the 10 proteins investigated here (see Table S4).

The model also predicts that salt concentration has no
impact on the amplitude of the hydrophobic SASA fluctuations
relative to the mean. This response occurs because the
energetic penalty associated with changes in salt concentration
depends linearly on A. This simple model suggests that the
enhanced hydrophobic effect at high salt concentration will not
impact protein flexibility as measured by the width of hydro-
phobic SASA fluctuations, although it will slightly reduce the
mean hydrophobic SASA, consistent with the results in Fig-
ure 5(B). It follows that the narrowing of the width of the SASA
histograms of proteins 2ITH, 1HZ6 and 2L28 must be the result
of other mechanisms.

Electrostatic Interactions and Protein Flexibility

We consider two elementary charges as a model of charged
amino acids in a folded protein. In the simulation environment
these charges will be under the influence of multiple other
potentials (bond, angle, dihedral, Lennard-Jones potentials,
electrostatic interactions with other charges). The impact of
these interactions on the inter-charge distance is implicitly
captured by the distribution, P,(r), of inter-charge distance at a
reference salt concentration, and is assumed to be independent
of salt concentration. Applying a formalism analogous to that
used to model the hydrophobic SASA fluctuations, the distribu-
tion of inter-charge distance, P (r), at a given salt concentration
¢ can be estimated from P,(r) by considering the impact that
the change in salt concentration has on the electrostatic
interactions between the two charges in question:

Uelectr,c (r) B Uelectr.ref(r)

Pe(r) = Eexp|— kT Prer(r) (3)

E is a normalization constant and U (r) is modelled
through the Debye-Hickel theory. The salt dependence of
electrostatic interactions is present in the salt-dependent values
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and thus does not allow substantial fluctuations. In this case,
increasing salt concentration barely impacts the inter-charge
distance, reflecting the fact that the other interactions affecting
the charges are much more intense than their electrostatic
interaction. In panel A.ii we show the response of the
fluctuations if the two charges have magnitude 2e, as an
approximation to the scenario of a pair of charged amino acids
interacting with a nearby pair of charged amino acids. In this
case, the distribution of inter-charge distances responds, albeit
still weakly, to the change in salt concentration. Because of
stronger charge screening at high salt concentration, like-
charges on average come closer together and they experience
narrower fluctuations around the new mean distance. In
contrast, unlike-charges on average move further apart and
fluctuate more amply around the new mean distance.

The scenario of charges under the influence of a soft
potential, with FWHM ~5 A, is examined Figure 7B. Panel B.i
shows predictions for single point charges. Distance fluctua-
tions now clearly reflect an impact of salt concentration, with
unlike-charges substantially increasing the range of their
distance fluctuations as salt concentration increases and like-
charges showing the opposite behavior. Panel B.ii clarifies that
changes in fluctuations in response to salt concentration
become dramatically more intense, for both like and unlike
charges, when the two charges have magnitude 2e.

i
laj=1e

0.6 - —ref. conc. A
p-+-
\ =+ +/-- -

12 16 16

0.0 L=

4 8 12 16 4 8 12 16
r(A) r(A)

Figure 7. Probability density distribution of inter-charge distance fluctua-
tions at 2 molkg ™" (blue and dashed red curves) predicted through Eq. (2)
from P, (r) (black curve) at the reference concentration by =0.15 molkg™"
for (A) narrow and (B) wide model P,(r) distributions, for () mono and

(i) divalent charges.
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The results from these analytical models qualitatively
explain both the salt-dependent and the salt-independent
protein dynamics observed in simulations and experiment, as
illustrated in Figure 8. Only minimal changes in global protein
flexibility with salt concentration are seen for many folded
proteins because they are rigid. In this case, changes in the
magnitude of the hydrophobic effect or of electrostatic
interactions remain small relative to the other interactions
governing protein flexibility, so flexibility changes little with salt
concentration; this is seen in the small changes (< 100 A? less
than one methane molecule) in the width of the hydrophobic
SASA histograms as a function of salt concentration experi-
enced by all proteins investigated in simulation (Figure 5). The
hydrophobic effect can strongly reduce the flexibility of flexible
protein sections that contain some hydrophobic amino acids
and are exposed to solvent (orange arrow in Figure 8; hydro-
phobic amino acids not shown). More often, however, a strong
reduction in local protein flexibility is associated with protein
regions rich in like-charges, which at high salt concentration no
longer strongly repel (black arrows in Figure 8). Likewise, a
strong local increase in protein flexibility at high salt concen-
tration may also occur when stabilizing salt bridges at low salt
concentration become screened at high salt concentration (red
arrows in Figure 8).

Concluding Remarks
Our results demonstrate that changes in salt concentration
barely impact the dynamics of rigid protein sections, but may

noticeably impact the dynamics of flexible protein regions. The
stronger hydrophobic effect at high salt concentrations has

RMSF change with increasing [salt]

| 1
decrease increase
f'\ (:7 2
*\ 4 ’\)
) )
(\/‘ ; \\(’ \‘ \L,j¥\/.,
N 2 as x\ //
/ // (/
-
« MR 2 i
11\
A 2128 B 2ITH

Figure 8. Local change in protein flexibility (ARMSF), as measured by the
difference in the RMSF values of each amino acid (i) at high and low salt
concentration (ARMSF (i) = RMSF,, (i)-RMSF ;s (1); values from Figure 4), for
the (A) mesophilic and (B) halophilic dihydrofolate reductase proteins
investigated in simulations. The blue-white-red color scale indicates a
reduction-maintenance-increase in protein flexibility with increasing salt
concentration. Green =acidic amino acids; yellow = basic amino acids; grey,
orange spheres =amino acid termini. Red and black arrows indicate unlike-
charge/like-charge interactions that are screened at high salt concentrations
and contribute to positive/negative values of ARMSF, respectively. The
orange arrow indicates a negative ARMSF likely resulting from an increase in
the hydrophobic effect.
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limited bearing on the flexibility of folded proteins, contrary to
expectations."*'? Instead, changes in salt concentration influ-
ence protein flexibility primarily through electrostatics. As salt
concentration increases, flexible protein regions rich in like-
charges will experience an increase in low-amplitude motions
because charge screening will enable the protein to explore
conformations where the charges come closer together, at the
expense of expanded conformations. We note that lower-
amplitude motions may manifest as an enhancement in short
time-scale dynamics, because low amplitude motions are
typically faster. An enhancement of fast dynamics at high salt
concentration has been reported from neutron scattering
experiments on tRNA.®**" By contrast, flexible regions rich in
unlike-charges may increase the amplitude of their motions
when salt concentration increases because of screening of salt
bridges at high salt concentration.

Our results do not support the scenario that an enrichment
in acidic amino acids and the corresponding high negative net
charge is necessary to ensure protein flexibility in a halophilic
environment.®? More likely, excess acidic amino acids are
involved in other mechanisms that enable halophilic proteins
to function at high salt concentration, such as reduction of
hydrophobic solvent-accessible surface area,®™® preferential
solvation of the folded state,?***3% cooperative carboxylate-
cation-water networks®»*” or prevention of aggrega-
tion.[33,36,38740]

Our results identify which physical information must be
considered to efficiently predict protein conformational ensem-
bles and protein dynamics as a function of salt concentration.
They also highlight the complex and non-linear interplay
between all factors contributing to protein dynamics, which
makes it difficult to predict it using simplified physical models.
Strong predictive capabilities may be more easily obtained with
machine learning,*"” which can efficiently handle non-linearities,
in particular physics-informed machine learning approaches™”
which can incorporate the physical insights revealed here. The
beneficial impact of these insights on future predictions will be
critical to guide the modification of biotechnologically useful
enzymes“** so they can remain functional in saline solutions
thus reducing dependency on our fresh water resources, to
obtain improved understanding of the connection between
salt-dependent protein dynamics and protein-protein interac-
tions in the course of evolution,”” and to foster improved
strategies for formulations of protein pharmaceutics and in
structural biology.

Experimental

Experimental Methods

Proteins Used for NMR Spectroscopy

Nuclear magnetic resonance (NMR) experiments were performed
on 4 proteins: a-spectrin SH3 domain (SH3), ubiquitin, human
carbonic anhydrase Il (hCAll), and maltose binding protein (MBP).
All proteins were purchased from Giotto Biotech, Italy. Table S1 lists
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the pdb IDs and amino acid content of each protein, and Table S2
details the experimental conditions used for each protein.

NMR Sample Preparation and Measurement

For NMR studies, uniformly N or C/"*N-labeled protein samples
were prepared in a mixed solvent of 90% 'H,0 and 10% °H,0O
(sample conditions summarized in Table S2). All NMR experiments
were carried out with protein concentrations of 0.5 mM on a Bruker
Avance 800 MHz NMR spectrometer equipped with a 5mm
cryogenically cooled triple-resonance probe and a pulse-field
gradient. The 'H, N resonance assignments of SH3, ubiquitin, hCAIl
and MBP proteins were taken from the Biological Magnetic
Resonance Bank (BMRB, accession numbers 34420, 1541, 34308 and
4986, respectively). In the case of MBP, assignments were further
completed using a 3D HNCA triple-resonance experiment. Chemical
shifts for high-salt conditions were obtained using a titration
approach, upon which original H/N HSQC or HNCA peaks could be
tracked upon increase of KCl concentrations and associated with
their new positions. Further protein preparative procedures and
experimental conditions are given in section S1.2.

Chemical-Shift Perturbations

Chemical-shift perturbations (CSPs) were calculated from 'H and °N
chemical shift differences between protein solutions with and

without KCl according to the equation \/Ad] + (0.14 - Ad}).

['°N, 'H] Heteronuclear Nuclear Overhauser Effect

Steady-state [°N, 'H] heteronuclear nuclear Overhauser effect
(hetNOE) measurements were carried out for 4 protein samples (see
Tables ST and S2) with and without proton saturation during the
relaxation delay. Either 5s of relaxation delay and 3 s of proton
saturation, or 8s of relaxation delay without successive proton
saturation were used. The heteronuclear NOE values were deter-
mined as ratios of peak intensities measured from spectra acquired
with and without proton saturation. NMR spectra were processed
using Bruker TopSpin 4.0.8 and analyzed using CCPN.®" hetNOE
values were determined as intensity ratios between spectra with
and without proton saturation. For estimation of intensity errors, 10
randomly distributed noise peaks were picked in both spectra and
the absolute intensity values were averaged. Errors of hetNOE
values were calculated using error propagation assuming that the
distributions underlying all data are normally distributed.

>N Relaxation Dispersion

Constant-time  ""N-CPMG  (CT-CPMG) relaxation  dispersion
experiments®? were measured for all four protein samples (exper-
imental details summarized in Table 1). Experiments were per-
formed with a constant-time delay as mentioned in Table 1 for
different protein samples. Nine variable CPMG frequencies (Vcpwc)
ranging from 50 Hz to 2000 Hz were collected. Besides, for each

Table 1. Conditions of hetNOE and CPMG experiments.

SH3 Ubiquitin hCAll MBP
Teome (MS) 80 80 40 30
So (PPM) 116.0 116.0 116.0 119.0
PW,, without KCI (us) 730 7.19 735 7.10
PWio with KCI (us) 9.47 10.12 13.36 15.23
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dataset the frequencies 50 Hz and 750 Hz were repeated for
estimation of the error in R, and a reference spectrum without
constant time delay (Tepug=0) was recorded. For each 2D dataset
corresponding to one CPMG frequency, 128 and 2048 complex
points in the indirect and direct dimensions, respectively, were
collected with 32 scans. 2D datasets for all frequencies were
measured in a scan-interleaved fashion. A recycle delay of 1.5 s was
used, giving rise to a net acquisition time between 15 h and 52 h
per sample. NMR relaxation data were processed using Topspin
4.0.8. Peak intensities were quantified and visualized with CCPN.®"
The effective amide "N transverse relaxation rate at each CPMG
frequency was calculated according to the relation of effective
transverse relaxation rate (R, ),

1 /
Ryt = e In (E) 4)

where [ is the peak intensity, I, is the reference peak intensity of a
spectrum recorded without CT-CPMG relaxation period, and t is a
constant time delay.

Evaluation of CPMG data was performed using ChemEx.®”

Relaxation dispersion curves were fitted analytically according to
the Bloch-McConnell equations on the basis of a two-state
exchange model. Errors were estimated from the duplicate points
measured for 50 Hz and 750 Hz field strength. The exchange
contribution to the exchange rate R, was determined as the
difference between the maximum calculated effective transverse
relaxation rate R, (maximum of the fit curve) and the fitted
intrinsic transverse relaxation rate RY.

Evaluation of hetNOE and R, Values

Sequential hetNOE and R., plots, histograms and box plots were
generated using the Matplotlib module of Python 3; the sequential
secondary structure representations on top of the plots were
generated using the Biotite module of Python 3. To better identify
differences in behavior between different secondary structure
elements, hetNOE and CPMG values were grouped into three
secondary-structure classes (sheet, helix and coil) and normalized
for each secondary-structure class. Secondary-structure elements
were determined based on the X-ray structures with PDB ID 2NUZ,
1UBQ, 2CBA and 1ANF using DSSP®¥ and grouped into three
instead of the default eight DSSP secondary structure types (3-, 4-
and 5-turn helices (G, H and 1) as helix; extended strands in 3-sheet
conformation (B) and residues in isolated f(-bridges (E) as sheet;
bends (S), hydrogen bonded turns (T) and unstructured regions (U)
as coil).

Simulation Methods

We used the TIP3P water model,®™ the AMBER ff14SB®**” force field
for proteins and the potassium and chloride parameters of Joung
and Cheatham®™ for TIP3P water. The Lennard-Jones (LJ) parame-
ters for interactions involving carboxylate groups were modified
from the default values obtained using combination rules. The self-
interaction LJ parameters for all carboxylate oxygen atoms use the
values derived by Kashefolgheta et al.,®® which approximate the
hydration free energy of acetate in TIP3P water better than the
original AMBER parameters. The LJ parameters for the interaction
between carboxylate and the side chain of the positively charged
amino acid lysine were also modified,*” thus avoiding unphysically
strong salt bridges. The LJ parameters for the interaction between
carboxylate groups and potassium were modified to improve the
solution activity derivative and the carboxylate-potassium distance
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in a protein crystal.®” The modified parameter values are given in

section S1.3.1. The [2Fe-2S]*" ligand present in the ferredoxin
proteins was simulated using the parameters developed by
Carvalho et al®" for the [2Fe-2S] ferredoxin from Mastigocladus
laminosus, with some modifications: i) The equilibrium angles in our
simulations are those in the crystal structure of our proteins. ii) the
force constant for the Fe-S-C angle, missing in the parameter set of
Carvalho et al. for the [2Fe-2S]** from Mastigocladus laminosus, is
given the value for the desulforedoxin protein from Desulfovibrio
gigas.®” This change is acceptable because the ferredoxins studied
here contains Fe(lll) coordinated by four cysteines in the same
configuration as those in the desulforedoxin protein. The zinc metal
center of the carbonic anhydrase proteins is connected to three
histidine residues and one water molecule. That metal center was
simulated using ZAFF (Zinc AMBER force field)®*®® and the van der
Waals (vdW) parameters for the zinc ion from Li et al.*

Simulations were performed using the GPU version of the pmemd
engine in AMBER 2018.% Only the |-bfgs minimization step was
performed on the Sander engine of AMBER 2018 because it was
not available in the pmemd engine. Each protein was simulated at
bka=0.15 molkg™" and by, =2 molkg~'. The simulation boxes are
cubic and have edge lengths of ~100 A; the minimum distance
between the protein surface and the box face was ~20 A. Periodic
boundary conditions were applied in all directions. The SHAKE®!
algorithm was used to constrain all bonds with hydrogen atoms. A
1 fs time step was used to simulate the carbonic anhydrase proteins
because of the water molecule that coordinates the zinc metal
center, whereas a 2 fs time step was used for all other simulations.
A Langevin thermostat with a collision frequency of 0.01 ps™' was
used to keep the average system temperature at 298 K. This low
collision frequency was necessary to reduce the impact of the
thermostat on the dynamics of the system, and was sufficient to
stabilize the average temperature. This low collision frequency
ensures that the self-diffusivity, rotational correlation time, and
shear viscosity stay within 2% of those obtained from NVE
simulations at the same temperature.® The production simulations
were done in the NVT ensemble and lasted 0.5 us for carbonic
anhydrase and 1 ps for all other proteins, with configurations saved
every 100 ps for analysis. Further simulation details can be found in
section $1.3.2 and in our prior publication.®™™ These simulations
were previously analysed to understand the structure and dynamics
of the protein solvation shells; those results are reported in that
prior publication.*® Here we focus exclusively on the dynamics of
the protein.

Protein conformational dynamics was characterized in simulations
by calculating the root mean square fluctuations (RMSF) and the
hydrophobic surface area (SASA) as a function of time. This analysis
was done with the software packages VMD®” and Cpptraj
package®® from Amber software. The median protein structure was
calculated using the software package Theseus.**’” Details of these
calculations can be found in section S1.3.
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