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ABSTRACT: Recent studies indicate more restricted dynamics of
water around intrinsically disordered proteins (IDPs) than
structured proteins. We examine here the dynamics of hydrogen
bonds between water molecules and two proteins, small ubiquitin-
related modifier-1 (SUMO-1) and ubiquitin-conjugating enzyme
E2I (UBC9), which we compare around intrinsically disordered
regions (IDRs) and structured regions of these proteins. It has
been recognized since some time that excluded volume effects,
which influence access of water molecules to hydrogen-bonding
sites, and the strength of hydrogen bonds between water and
protein affect hydrogen bond lifetimes. While we find those two
properties to mediate lifetimes of hydrogen bonds between water
and protein residues in this study, we also find that the lifetimes are

affected by the concentration of charged groups on other nearby residues. These factors are more important in determining the
hydrogen bond lifetimes than whether a residue hydrogen bonding with water belongs to an IDR or to a structured region.

1. INTRODUCTION

Intrinsically disordered proteins (IDPs) and intrinsically
disordered regions (IDRs) of otherwise structured proteins
are ubiquitous and involved in many signaling and regulatory
processes.' ~ Interactions between proteins and water and the
dynamics of water around proteins play key roles in protein
function, including enzyme activity and allostery,”* and while
these properties have been extensively studied for structured
proteins,” ¢ less is known for IDPs and proteins with IDRs.
Some studies indicate more restricted dynamics of water
around IDRs and IDPs compared to structured systems of
similar size,”’~*" the origin of which appears to be due at least
in large part to a greater presence of charged groups in
disordered regions.”® In a recent study of a family of
disordered peptides results of molecular dynamics (MD)
simulations and megahertz (MHz)-to-terahertz (THz) dielec-
tric spectroscopic measurements indicated that the presence of
charged groups underlies the more restrictive motion of water
near the surface of the IDPs compared with two structured
systems of similar size.*” Moreover, it was found that near
IDPs, the dynamics of water molecules around both charged
and uncharged residues is more restricted than around
corresponding groups of the structured systems, a result
consistent with NMR measurements that found segments of
three residues in sequence sharing collective behavior.” In this
article, to clarify the possibility of collective effects near
disordered regions on water dynamics, contributions of
charged groups, and accessibility of water to protein residues,
we examine hydrogen bond dynamics for water molecules
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around IDRs and structural elements of two proteins, small
ubiquitin-related modifier-1 (SUMO-1) and ubiquitin-con-
jugating enzyme E2I (UBC9).

We recently studied the hydration layer and dynamics of
water around three IDPs and two structured systems of similar
size, all between 22 and 26 residues, to investigate differences
in hydration water dynamics between IDPs and structured
proteins and its origins.”” The systems were either intrinsically
disordered or structured. There was a clear distinction between
dynamics of water near charged and neutral residues, with
slower dynamics near charged groups, particularly anionic.”
Moreover, there appeared to be a collective slowing down of
water dynamics around the IDPs, where the dynamics of water
around neutral residues was found to be more sluggish than
around neutral and even some of the charged residues around
the structured systems. The results of the MHz-to-THz
measurements indicated overall more restricted water dynam-
ics and more tightly bound water molecules around the IDP
for which measurements were made than around the two
structured systems. Rotational dynamics of water was probed
in the experiments, while the MD simulations examined both
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rotational and hydrogen bond dynamics, where the latter
provided information about local dynamics involving charged
and neutral residues of the IDPs and structured systems.
This study examines dynamics of hydrogen bonds between
water and two proteins with both IDRs and structured regions,
SUMO-1 and UBCY, illustrated in Figure 1. Small ubiquitin-
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Figure 1. Structures of SUMO-1 and UBC9 colored by residue type:
anionic, cationic, polar, and nonpolar.

related modifier protein-1 (SUMO-1) regulates a variety of
cellular proteins by covalent linkage termed sumoylation. It
regulates protein—protein interactions, protein—DNA inter-
actions, and protein subcellular localization, and is important
in the maintenance of cellular homeostasis as the cell responds
to a variety of cellular stresses.*”*> UBCY, a ubiquitin-
conjugating enzyme, participates in the cycle of sumoylation
of SUMO-1. There is evidence that liquid—liquid phase
separation plays a key role in cellular sumoylation.” Both
SUMO-1 and UBC9 contain numerous IDRs, regions that are
generally implicated in liquid—liquid phase separation.’®*°
SUMO-1, with 101 amino acids of which 57 are in IDRs, is the
smaller of the two. It contains 4 IDRs ranging in length from 6
to 21 amino acids. UBC9, with 158 amino acids of which 67
are in IDRs, contains 6 IDRs ranging in length from 3 to 31
amino acids. IDRs are associated with flexibility in interactions
with a variety of systems important in regulation." We note
that liquid—liquid phase separation can give rise to a protein-
rich phase with a high density of IDPs and a dilute
phase,”**>*” and we are examining here properties of water
around IDRs and structured regions of proteins in dilute
solution.

In the earlier work,"” it was seen that water dynamics,
including the dynamics of hydrogen bonds between water and
the protein, was more restricted near residues of IDPs,
regardless of whether the residue is charged or neutral. The
IDPs of that study had a higher concentration of charged
groups than the structured proteins. The density of water
molecules in the first hydration layer was larger, as was the
number of water molecules tightly bound to the surface of the
proteins, as revealed by analysis of the MHz-to-THz dielectric
spectra. These results suggest that more tightly bound water
molecules in contact with charged groups affect the dynamics
of hydrogen bonds between water and nearby neutral residues.

We shall also see the importance of density of charged
groups on the hydrogen bond dynamics of water and SUMO-1
and UBC9. The dynamics will be discussed in terms of models
for hydrogen bond rearrangement, where the mobility of water
molecules to serve as new hydrogen bond acceptors is taken
into account.***’ Besides the concentration of charged groups,
we will see that the solvent-accessible surface area of a
particular residue relative to its largest value found in a large
database™ also plays a key role in the dynamics of hydrogen
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bonds between water and the protein. This so-called relative
solvent-accessible surface area affects the extent to which water
molecules can reach a water—protein hydrogen bond and form
a new hydrogen bond. The combination of relative solvent-
accessible surface area and density of charged groups will be
seen to play a more decisive role in the dynamics of hydrogen
bonds between water and SUMO-1 and UBC9 than whether
the residue belongs to an IDR or a structured region.

The article is organized as follows: In Section 2, we
summarize the computational methods used to examine the
dynamics of water near SUMO-1 and UBC9. In Section 3, we
present and discuss results of the computational study.
Concluding remarks appear in Section 4.

2. METHODS

Human small ubiquitin-related modifier-1 (SUMO-1) and
ubiquitin-conjugating enzyme E2I (UBC9) were simulated
with the CHARMM 36m force field.”">* Simulations were
performed with GROMACS 2019.6.°>*" The initial config-
urations for SUMO-1 and UBC9 were taken from the Protein
Data Bank (PDB)*® entries 1ASR and 1A3S, respectively. Of
note, simulations employing the Optimal Point Charge (OPC)
water model with the Amber force field models ff99SB and
ff14SB were tested for both systems. However, structural
content of both SUMO-1 and UBC9 using these force fields
proved unstable during long production simulations.

The systems were prepared in a truncated octahedral box
with a minimum padding distance of 1.4 nm from either
protein. The two systems were solvated with the TIP3P water
model®® optimized for use with CHARMM 36m*> and NaCl
was added to each system resulting in a 0.15 M salt
concentration. The resulting systems contained 24,562 and
16,095 TIP3P water molecules for SUMO-1 and UBCY,
respectively. A total of 74 Na* and 69 Cl” ions are contained
within the SUMO-1 system, while 47 Na" and 51 CI” are
contained within the UBC9 system. Harmonic position
restraints were applied in minimization and equilibration
with a harmonic force constant of 1000 k] mol™' nm™* where
stated. Particle mesh Ewald®” was employed for long-range
electrostatics. Neighbor searching was performed by the
Verlet™ cutoff scheme where the Coulomb and van der
Waals cutoff were both set to 1.2 nm, and force switching was
applied for van der Waals interactions starting at 1.0 nm
smoothly switching off at 1.2 nm. Temperature coupling was
accomplished using the velocity rescale algorithm®” with
independent coupling of the protein and the remainder of
molecules in the system. Time integration was performed every
2 fs, and periodic boundary conditions were applied in all three
dimensions.

Both systems were minimized to 100.0 k] mol™" nm™" with
heavy-atom position restraints over 50,000 steps or until the
cutoff was reached. Atom velocities were generated using a
Maxwell distribution equating to 300 K and each system was
simulated under a canonical ensemble with position-restrained
heavy atoms at 300 K with a temperature coupling constant of
100 fs for S ns to relax the solvent. The systems were then
simulated under an isobaric—isothermal (NPT) ensemble
keeping the same temperature coupling constant and a
pressure bath with a coupling constant of 2.0 ps for 1 ns
with the Berendsen pressure bath to relax the density, followed
by a 4 ns simulation with the Parrinello—Rahman pressure
bath at 1 bar with heavy-atom position restraints applied. The
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Figure 2. Hydrogen bond lifetime, 7, vs relative solvent-accessible surface area (RSA), defined by eq 2, plotted for residues of (left) SUMO-1 and
(right) UBC9 with some of the outliers indicated. The residues and data points are colored by the residue side chain: (red) anionic, (blue) cationic,

(green) polar, and (white) nonpolar.

final stage of equilibration was carried out without position
restraints under the same NPT conditions for 100 ns.

For analysis of water dynamics, the production simulation
was performed for a total of 55 ns under constant volume—
isothermal (NVT) conditions, which was sufficient for
convergence of properties studied here. The structural features
of SUMO-1 and UBC9 remained unchanged over the course
of this simulation time using the CHARMM 36m force field.
The system was under the velocity rescale thermostat with a
time constant of 1 ps at 300 K. Coordinates were saved every
250 fs for later analysis.

SUMO-1 and UBC9 differ in their disordered content.
SUMO-1 is made up of 101 amino acids of which 57 are in
IDRs. The 4 IDRs range in length from 6 to 21 amino acids.
UBC9 contains 158 amino acids of which 67 are in IDRs. The
6 IDRs range in length from 3 to 31 amino acids. We
investigate the dynamics of water near each residue, specifically
within 3.5 A. To assess the stickiness of the surface waters near
each residue, the hydrogen bond time correlation function,
C(t), was investigated for hydrogen bonds between water

molecules and the protein13

h(ty)h(t, + t)

c@t) = <7° L
h(t,) (1)

This correlation function corresponds to the probability that
a hydrogen bond between the protein and water exists at a
time, t, after £, given that it was found at f; regardless of
whether it broke in the meantime. In eq 1, h(t) is 1 when there
is a hydrogen bond and is otherwise 0. Hydrogen bonds are
defined for D—H--A when D and A are within 3.5 A and the
DHA bond angle is greater than 150°. Lifetimes, 7, are taken to
be the time where C(t) is ¢! of C(0), which is found via
nonlinear least-squares fitting with the SciPy Python 3.6
library. This is the definition of hydrogen bond lifetime
adopted in our previous study,” and we use the same for
consistency. C(t) is not a single exponential, and this time
constant represents the fast decay. The full set of data for all
C(t) is available via a link provided in the Supporting
Information.

Studies of the dynamics of hydrogen bonds between water
molecules near proteins reveal the importance of charged
groups on the dynamics, particularly anionic groups,* and the
results presented here indicate this is also the case for protein—
water hydrogen bonds. Beyond charges, excluded volume
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effects and topology contribute, as they influence the extent to
which other water molecules participate in the formation of
new hydrogen bonds.”® We shall see that an effective quantity
in capturing access of water molecules to form new hydrogen
bonds to facilitate protein—water hydrogen bond dynamics is
the average solvent-accessible surface area (SASA) relative to
maximum values for a particular residue found in a large data
set.”’

We therefore compute the average SASA per residue during
the simulation. The average SASA for residue i is (SASA;). We
use GROMACS to compute the mean relative accessible
surface area (RSA) per residue”

_ SASA,
‘ SASAi,max (2)
where SASA, .. is the maximum accessible surface area for

residue i. We chose the empirical results of Tien et al,,>® who
obtained SASA, . for a given residue from the largest value
found among 3197 structures from the PDB, where chain-
terminating residues were excluded, to obtain RSA values
between 0 and 1. Below we present full results of hydrogen
bond lifetimes, 7, vs RSA for all residues except those at the
ends of the chains, as well as binned results as a guide to seeing
trends in the data with RSA. For the binning, we used a sliding
window averaging method along the RSA of each data type
(anionic, cationic, polar, and nonpolar). A sliding window
average has a window size (0.25) and step size of (0.125). The
window moves to the right from left along RSA. The first
length is 0.25 of RSA, then it moves by 0.125 every step until it
reaches 1, i.e., the first window is 0 to 0.25, the next window is
0.125 to 0.25 + 0.125, and the last is 0.75 to 1.0.

We compute a retardation factor of the hydrogen bond
lifetime, which results from the interaction between water and
the protein, for a given region of RSA. This is motivated by the
retardation factor computed for hydrogen bond lifetimes
between water molecules near chemical groups of solutes.** To
compute the retardation factor for protein—water hydrogen
bonds in this work, the sliding window averages of each data
type (anionic, cationic, polar, and nonpolar) were calculated
with a sliding window length of 0.25 and an overlapping length
of 0.16 along the RSA. Then, the retardation factors were
Computed as Tpolar/Tnonpolarl Tcationic/Tnonpolar) and Tanionic/Tnonpolar
for polar, cationic, and anionic residues, respectively. The
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Figure 3. Hydrogen bond lifetime, 7, vs relative accessible surface area (RSA), defined by eq 2, for (left) SUMO-1 and (right) UBC9. The data
presented was produced by a sliding window average along RSA for residues belonging to a-helices, f-sheets, IDRs, and loop regions. Error bars
indicate one standard deviation. Coloring of each point corresponds to the proportion of anionic residues per window average. Note that the
highest proportion of anionic residues is less than half the total number of residues.

retardation factors were plotted against the mean RSA value of
each segment.

We shall see that for small RSA there is a large distribution
of hydrogen bond lifetimes. When RSA is small, it is possible
for a residue to be near the surface if the side chain is largely
unexposed to the solvent or the residue may lie closer to the
interior of the protein. These factors may determine if the
hydrogen bond lifetime is large or small. We thus examine
whether there is a correlation between the length of the
hydrogen bond lifetime and the distance of the residue from
the center of mass of the protein when RSA is small. For small
RSA, we consider values below 0.3. We take a time of 30 ps as
a cutoff, separating short and long hydrogen bond lifetimes,
where times greater than 30 ps are considered long and the rest
short. For all residues with long lifetimes (z > 30 ps) and with
RSA below 0.3, we compute the distance of the center of mass
of the residue from the center of mass of the protein. Similarly,
for all residues with short lifetimes (z < 30 ps) and with RSA
below 0.3, we compute the distance of the center of mass of
the residue from the center of mass of the protein. We then
examine if there is a correlation in the distance between the
residue and center of mass of the protein and the average
lifetime of hydrogen bonds between the residue and water
molecules. We note that changing the cutoff to values
somewhat below 30 ps or above 30 ps does not change the
trends observed in the analysis.

3. RESULTS AND DISCUSSION

The lifetimes of protein—water hydrogen bonds for SUMO-1
and UBC9 are plotted in Figure 2 as a function of RSA. We
separate lifetimes for hydrogen bonds between water and
anionic, cationic, polar, and nonpolar residue side chains.
Looking first at the overall trends in the data, we see that the
lifetime for hydrogen bonds between water molecules and
protein generally increases as RSA becomes smaller. For
nonpolar residues, the variation in the lifetime with RSA is
small until RSA becomes smaller than about 0.4, where the
lifetime increases strikingly with smaller values of RSA. For
polar and cationic residues, a similar trend is seen, though
there is a more noticeable increase in the lifetime with
decreasing RSA over the full range of RSA plotted than seen
for nonpolar residues. For anionic residues, we see for UBC9
that the lifetimes steadily increase with smaller RSA values,
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while for SUMO-1 the variation of lifetime with RSA is small
for RSA above 0.4 and increases significantly with smaller RSA
below 0.4.

RSA quantifies the average exposure of a residue to water
relative to its maximum SASA.’° Because smaller RSA
corresponds to less access to water molecules than large
RSA, we expect smaller values of RSA to correspond to longer
lifetimes. Hydrogen bonds can rearrange when water
molecules are nearby to serve as new hydrogen bond donors
or acceptors, but that is less likely when RSA is small. In the
jump model developed by Laage and Hynes,***”*° hydrogen
bonds between water molecules rearrange as an acceptor
moves toward a donor, forming a transition state whereby the
hydrogen bond between two water molecules jumps to form a
new hydrogen bond. Similarly, for a hydrogen bond between a
water molecule and a protein residue, there needs to be
another nearby hydrogen bond donor or acceptor for
rearrangement to occur. The overall trends seen in Figure 2
are consistent with this picture.

For a given RSA, the longest lifetimes are found for water
molecules in contact with anionic residues, followed by
cationic, polar, and nonpolar residues. This is generally the
order found for hydrogen bonds between water molecules near
residues of this kind and has been explained by the jump
model.** Water molecules hydrogen bonded to anionic
residues cannot easily reform a hydrogen bond with another
water molecule. When the oxygen atom of a nearby water
molecule moves toward the water that hydrogen bonds to the
anion, the latter bond is less susceptible to break due to the
relatively strong binding enthalpy so that the transition state to
another hydrogen bond does not easily form. While there are
some restrictions to rearrangement for water molecules
interacting with cations, the water molecule can still rotate
around the axis of the bond between the oxygen atom and
cation to form a new hydrogen bond and is thereby less
restricted than when hydrogen bonded to an anion.

To investigate the effect, if any, of secondary structure on
the dynamics of hydrogen bonds between protein and water, a
moving window average was applied across RSA values with
respect to the structure (Section 2). The results are plotted in
Figure 3. Additionally, the proportion of anionic residues is
indicated by the color, with lighter data points corresponding
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to greater anionic character of the structural element to which
the residue belongs.

Overall, lighter colors are seen to correspond to somewhat
longer lifetimes for a given RSA, as is expected from the results
seen in Figure 2. In many cases, the points with longer lifetimes
correspond to IDRs, reflecting the tendency for disordered
regions to contain charged residues, but in many other cases,
longer lifetimes for a given RSA may correspond to structural
elements, often f-strands and in some cases a-helices. Overall,
there is no striking difference in values of the hydrogen bond
lifetime between water molecules and residues of IDRs and
lifetimes of water molecules hydrogen bonding to residues of
structural elements of the proteins. Based on Figure 3, we see
that the lifetime is dictated by RSA value, particularly for
smaller values of RSA, and based on the results of Figures 2
and 3 also the charged nature of the residue, particularly
noteworthy for anionic residues.

Returning to Figure 2, substantial variation in values of the
lifetimes for a given RSA is observed for all residue
classifications. The data plotted are listed in the Supporting
Information in Tables SI and S2, along with error estimates.
We have carried out statistical analysis to identify any outliers
in the data and to quantify if the differences in the average
lifetimes of anionic, cationic, polar, and nonpolar residues in
different regions of RSA are statistically significant. For the
latter, we ran an ANOVA test®® for the data in RSA intervals of
0-0.2, 0.2—0.4, 0.4—0.6, 0.6—0.8, and 0.8—1.0. The results of
the ANOVA test are tabulated in the Supporting Information.
The test confirms that differences in average lifetimes for
anionic, cationic, polar, and nonpolar residues are statistically
significant for all RSA except for the smallest values, in the
range 0—0.2, for both SUMO-1 and UBC9. We will discuss the
large variation in the lifetimes for small RSA below.

We also examined the data for any outliers from the first
quartile, Q1; the third quartile, Q3; and the difference, IQR =
Q3 — Ql. Data points that lie outside the range Q1 — 1.5 X
IQR and Q3 + 1.5 X IQR are considered outliers.®> This range
in the data was computed for anionic, cationic, polar, and
nonpolar residues of SUMO-1 and UBC9 again for RSA
intervals 0—0.2, 0.2—0.4, 0.4—0.6, 0.6—0.8, and 0.8—1.0. The
results are plotted in the Supporting Information as boxplots
(Figure S7). From this analysis, only 11 residues out of 223
total for which hydrogen bond lifetimes are computed are
outliers. They are indicated in the Supporting Information
(Tables S1 and S2) and we discuss some of them now.

Consider first the data for SUMO-1, starting with RSA
between 0.4 and 0.6. For RSA near 0.45, the residue with the
longest lifetime is a polar residue, Ser61, with an average
lifetime of 21.5 ps. Ser6l is identified as one of 11 outliers
mentioned above. We find Ser61 to lie near several charged
residues. On average, the minimum distance, i.e,, the nearest
distance between an atom of Ser61 and an atom of another
residue, computed over the course of the MD simulation is 2.9
A to Glu89. The average minimum distance to Arg63 is 3.4 A.
There are other residues with ionic groups for which the
average minimum distance from Ser6l is small, specifically
Lys48 (4.8 A), Glu93 (6.6 A), and Glu49 (6.7 A). A snapshot
indicating locations of these residues appears in Figure S1. We
note that the long lifetime for Ser61, and other residues with
exceptionally long lifetimes, may be affected by the limited
length of the total simulation as conformers potentially not
sampled could influence the density of nearby charged groups
and thus the lifetime.
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For RSA in the range 0.5 to 0.6, the residue with the longest
hydrogen bond lifetime is a polar residue (Thr42), with a
lifetime of 25.4 ps, and the residue with the shortest lifetime is
GLYS6, with a lifetime of 5.7 ps. The former is found in a loop
and the latter in an IDR, so that neither lies in a structured
region. As is evident in Figure 2, lifetimes for hydrogen bonds
between water molecules and polar or nonpolar residues of 10
ps or less are not uncommon. It is noteworthy that the shortest
one in the region we are considering involves an IDR, as we
already concluded from Figure 3 that the structural features
themselves are less important than the nature of the residue
(anionic, nonpolar, etc.) and RSA. Here, we see two residues
with nearly the same RSA and the same character (polar)
exhibit very different lifetimes.

Like Ser61, the reason for the long lifetime of the hydrogen
bond between water and the polar residue Thr42 of SUMO-1
is the proximity to several charged residues. The lifetime for
Thr42, like Ser61, has been identified as one of 11 outliers.
Water molecules in contact with ionic residues, particularly
anionic, cannot easily rearrange to form new hydrogen-
bonding partners with water molecules that hydrogen bond
to Thr42, enhancing the lifetime of the hydrogen bond
between water and Thr42. On average, the minimum distance
between Thr42 and Asp73 is 3.5 A, and Thr42 lies close to 3
lysine residues, an average minimum distance of 3.5 A from
Lys46, 5.5 A from Lys37, and 5.9 A from Lys39. A snapshot
indicating the location of these residues appears in Figure S2.
For GlyS6, with a short lifetime of 5.7 ps, there are no charged
residues within on average 8.3 A. Even if there are some
charged residues nearby, we expect that more sluggish
dynamics occurs with a higher density of charged residues.
For example, hydrogen bond dynamics between water and
GIn69, with an RSA near 0.6, is also quite fast, but there is only
one charged residue in the vicinity (Glu69 with an average
minimum distance of 4.9 A). At smaller RSA, but still above
0.2, the largest hydrogen bond lifetimes are all with either
glutamic acid or aspartate. Some are found in IDRs and some
in f-sheets. Again, we see that the structural element itself does
not appear to be a major factor in the lifetime, but instead the
ionic, particularly anionic, character of the residues.

Turning to UBCY, we see a similar pattern. Around RSA of
0.4, the hydrogen bond with the longest lifetime, 55.1 ps, is the
polar contact Ser9S, which is part of an IDR. While Ser9S is
not identified as one of the 11 outliers, it nevertheless exhibits
a long lifetime. Ser9S lies near many ionic residues including
Glu98, with an average minimum distance of 2.3 A; Asp102,
with an average minimum distance of 2.0 A; and Lys101, with
an average minimum distance of 2.4 A. Other nearby anionic
residues include Aspl100, Aspl27, and Glu99, with average
minimum distance of 5.6, S.1, and 5.5 A, respectively. A
snapshot indicating the location of the residues appears in
Figure S3. Other polar contacts in the range of RSA from 0.2
to 0.4 also exhibit the longest lifetimes near a particular RSA
value. One is Asnl24, with an average lifetime of 42.6 ps.
Asp127 and Glul22 are found on average a minimum distance
of 2.6 and 3.7 A, respectively, from Asn124, shown in Figure
S4. Ser71, with a somewhat shorter lifetime, also has two
nearby anionic residues and two nearby cationic residues, all
shown in Figure SS. Finally, lle107, a nonpolar residue, has
been identified as one of the 11 outliers. The lifetime, 31.4 ps,
is exceptionally long for a nonpolar residue with an RSA of
0.33. Aspl102 and Glul2 are found on average a minimum
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distance of 3.4 and 4.8 A, respectively. A snapshot indicating
the location of nearby charged residues is shown in Figure S6.

For RSA below 0.2, there are no anionic residues and only a
few cationic residues, as is also the case for SUMO-1. For both
proteins, the lifetimes vary considerably when RSA is below
0.2, from a few ps to about 100 ps. As discussed further below,
longer lifetimes are found where residues lie closer to the
center of mass of the protein and shorter ones closer to the
surface.

We find the lifetime of hydrogen bonds between water
molecules and amino acids to depend on RSA, so we consider
here an RSA-dependent retardation factor. Since lifetimes
between water molecules and nonpolar residues are usually
shortest for a given RSA, compared to hydrogen bonds
between water and polar or charged residues, we define the
retardation factor as the average lifetime for a polar, cationic, or
anionic residue relative to the average lifetime for a nonpolar
residue near a given RSA value. Specifically, the retardation
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factors are computed as Tyl/Thonpolar Zeationic/ Tnonpolar a0
Tanionic/ Tnonpolar fOT  polar, cationic, and anionic residues,
respectively.

In Figure 4, we plot the RSA-dependent retardation factor
for SUMO-1 and UBC9. The lifetimes are averaged in intervals
of 0.1 in RSA. We note that for the smallest RSA plotted, just
below 0.2, the results of the ANOVA test indicate no statistical
significance in the differences of the averages that are plotted,
but for other RSA the differences are significant. The trends for
both proteins are similar, though for the smaller SUMO-1
there is greater variation in the average value of the retardation
factor around a given RSA compared to UBC9. For RSA larger
than 0.4, average values of the retardation factor are between
about 1 and 1.5 for polar residues, between about 1 and 2 for
cationic residues, and between 1.5 and 3.5 for anionic residues.

For hydrogen bonds between solutes and water, the lifetime
has been predicted to be affected by excluded volume, which
affects the approach of water molecules that can serve as new
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hydrogen bond acceptors or donors, and enthalpy of the
hydrogen bond between the solute and water molecule, as this
impacts the favorability of forming a new hydrogen bond with
another water molecule.”* These have been treated as
separable effects.”® As we have seen, high concentrations of
charged groups lead to slower relaxation times. For UBC9, the
charged groups are most highly concentrated for RSA between
0.3 and 0.5 (see Figure 2), and the average retardation factors
are relatively large in this region. For SUMO-1, the density of
charged groups is large near an RSA of 0.3 and again near 0.7
(Figure 2), which is consistent with somewhat higher average
retardation factors for these RSA. We note that there may be
other factors, such as the curvature of the surface of the
protein, that we have not accounted for and that may also
affect the dynamics of hydrogen bonds between water
molecules and the proteins.”~%°

For residues with small RSA values, there is a large
distribution of lifetimes, 7, for hydrogen bonds between
water molecules and residues, most of which have nonpolar
side chains. We expect that the largest values of 7 correspond
to residues that tend to lie more in the interior of the protein
and those with smaller values lie toward the surface. To
illustrate this, we consider those residues with values of RSA
below 0.3. We plot the distribution of distances between the
center of mass of residues with large 7, chosen to be greater
than 30 ps, and center of mass of the protein. We compare that
with the distribution of distances between the center of mass of
residues with small 7, taken to be less than 30 ps, and the
center of mass of the protein. The results for SUMO-1 and
UBC9 are plotted in Figure 5.

Consider first SUMO-1. As seen in Figure S, the most
probable distance of a residue with RSA less than 0.3 and 7 <
30 ps is about 12 A from the center of mass of SUMO-1,
whereas it is about 9 A for 7 > 30 ps. The mean distances are
not so different due to the broad distribution of distances from
the center of mass and are 11.2 A for 7 < 30 ps and 10.4 A for 7
> 30 ps. Turning to UBC9, we see that the most probable
distance of a residue with RSA less than 0.3 and 7 < 30 ps is
about 18 A from the center of mass, whereas it is about 11 A
for 7 > 30 ps. Again, the mean distances are more similar than
the most probable distances and are 14.5 A for 7 < 30 ps and
13.8 A for 7 > 30 ps. Different choices of large and small
cutoffs for 7 change the distributions somewhat but the overall
picture is consistent with long-lived hydrogen bonds found
more in the interior of the protein and less accessible to water
molecules that could participate in rearrangement of hydrogen
bonds.

For larger RSA, above 0.2, we find statistically significant
correlations between RSA and hydrogen bond lifetimes as well
as differences in average lifetimes for residues with nonpolar,
polar, cationic, and anionic side chains. However, for smaller
RSA, a residue may be either near the surface with the side
chain barely exposed or buried in the interior of the protein.
These possibilities give rise to a large distribution of hydrogen
bond lifetimes when RSA is small. We have seen upon further
analysis (Figure 5) that the lifetimes correlate with the location
of the residue when RSA is small, where longer lifetimes are
typically associated with residues closer to the interior and
shorter lifetimes with residues closer to the surface. Other
approaches may more naturally distinguish whether the residue
hydrogen bonding with water is closer to the surface or interior
and may thereby yield a metric that correlates with hydrogen
bond lifetime over its full range of values. The confinement
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index, which quantifies the number of protein atoms near a
water molecule that could be taken to be hydrogen bonded to
the protein, introduced by Persson, Soderhjelm, and Halle,*°
could serve as such a metric and will be investigated in future
work.

4. CONCLUSIONS

We have examined the dynamics of hydrogen bonds between
water molecules and two proteins, SUMO-1 and UBC9. The
dynamics of water around IDPs has been reported to be more
restricted than around structured proteins,”’ "' which has
been attributed to the larger proportion of residues with
charged groups. Both SUMO-1 and UBC9 contain structured
regions as well as IDRs, and the influence of each on the
dynamics of hydrogen bonds between protein and water was
examined. The dynamics of the hydrogen bonds are largely
affected by two factors, one the nature of the residue to which
water hydrogen bonds, specifically if the side chain is anionic,
cationic, polar, or nonpolar. The other is the time-averaged
relative solvent-accessible surface area (RSA), which affects
access of water molecules to form new hydrogen bonds. In
addition to these two properties, the density of charged groups
contributes to the lifetime of hydrogen bonds between water
and residues that are either charged or neutral.

While the lifetimes of hydrogen bonds between protein and
water are typically longest for those between water and anionic
groups for a given RSA value, we have seen in some cases that
they can be even longer for other kinds of interactions, such as
water molecules interacting with residues with polar side
chains. That can occur if there is a relatively high density of
nearby charged residues, particularly anionic. In this case, there
are fewer water molecules to serve as new hydrogen bond
donors as their motion is hindered by relatively strong
interactions with the anionic residues. This gives rise to
apparent collective effects, whereby hydrogen bonds between
water and polar or nonpolar residues are relatively long lived
compared to the case when there are fewer nearby charged
residues. This effect was observed in a previous study of water
dynamics near IDPs and structured proteins of similar size,"”
where it was found that water dynamics near all groups,
charged and neutral, of a protein appeared more restricted
around IDPs, due to the relatively high density of charged
groups. We note that a recent computational study of
hydrogen bond rearrangement in water reveals collective
reorientation dynamics during hydrogen bond rearrange-
ment.”” It would be of interest in future work to examine if
similar collective dynamics of water occurs during hydrogen
bond rearrangement at the surface of proteins. Studies of other
members of the SUMO family (SUMO-2, SUMO-3, and
SUMO-4), rich in both IDRs and structured regions, would
also be useful to provide additional data for comparing
hydrogen bond dynamics between protein and water near
structured and disordered regions.

The results presented provide a picture of hydrogen bond
dynamics at the surface of proteins with IDRs and structured
regions for dilute systems. Liquid—liquid phase separation*®*’
associated with regions of high densities of IDPs and dilute
IDPs could yield different kinds of hydrogen bond dynamics in
different phases and a wider range of dynamics than those seen
here.
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