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Abstract

Hydration shells surrounding proteins are crucial for biological functions because
they influence the structure, dynamics and interactions of proteins. To under-
stand these hydration shells, we combined molecular dynamics (MD) simulations
with models of light and heavy water and small angle X-ray and neutron scattering
(SAXS/SANS) experiments. Modified heavy water pair potentials — SPC/E-HW,
TIP3P-HW, TIP4P/2005-HW — reproduce important physicochemical differences
to light water, enabling accurate prediction of biophysical experiments with heavy
water. Contrast analysis from experiments and simulations across different force
fields reveals that the properties of hydration shells depend on the protein shape,
charge and (surface) amino acid composition. Overall several tested force fields in
MD simulations reproduce the hydration shell contrasts in remarkable agreement
with experiments. Simulations also show that acidic and polar residues enhance the
hydration contrast, while apolar residues cause water depletion. Intrinsically disor-
dered proteins (IDPs) exhibit weaker, conformation-dependent hydration compared
to folded domains. Temperature-ramp SAXS experiments show that the hydration
shells weaken with increasing temperature due to increased disorder and displace-
ment of surface-bound water. These findings emphasize the structural specificity
of hydration shells and their detectability through SAXS/SANS and MD simula-
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Zusammenfassung

Hydrationshiillen um Proteine beeinflussen deren Struktur, Dynamik und Wech-
selwirkungen mafigeblich. Um Hydrationsschalen zu verstehen, kombinieren wir
Molekulardynamik (MD)-Simulationen mit leichten und schweren Wassermodellen
sowie Kleinwinkel-Rontgen- und -Neutronenstreuexperimenten (SAXS/SANS). Mod-
ifizierte Paarpotenziale fiir schweres Wasser reproduzieren wichtige physikochemis-
che Unterschiede zu leichtem Wasser und erméglichen so eine genaue Vorhersage von
biophysikalischen Experimenten mit schwerem Wasser. Kontrastanalysen von Ex-
perimenten und Simulationen mit verschiedenen Kraftfeldern zeigen, dass die Eigen-
schaften der Hydrationsschalen von der Form, Ladung und (Oberflichen-)Amino-
saurezusammensetzung der Proteine abhangen. Die meisten getesteten Kraftfelder
in Simulationen reproduzieren die Hydrationsschalenkontraste in bemerkenswerter
Ubereinstimmung mit Experimenten. Simulationen zeigen zudem, dass saure und
polare Aminosaurereste den Hydrationskontrast verstarken, wiahrend apolare Reste
Wasserverarmung verursachen. Intrinsisch ungeordnete Proteine weisen eine schwa-
chere, konformationsabhéngige Hydration auf als gefaltete Proteine. Temperatur-
rampen-SAXS-Experimente zeigen, dass Hydrationsschalen mit steigender Temper-
atur aufgrund erhohter Unordnung und Verdrangung von oberflichengebundenem
Wasser schwacher werden. Diese Ergebnisse unterstreichen die strukturelle Beson-
derheit der Hydrationsschalen und ihre Nachweisbarkeit durch SAXS/SANS und

MD-Simulationen.
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Chapter 1

Introduction

Water is life’s matter and matriz, mother and medium. There is
no life without water.

— Albert Szent-Gyorgyi

%er is one of the most important molecules that make life possible. Moreover,
water is the only substance that is more present in all three phases — liquid, ice
and gas — in nature than any other substance, which further emphasizes its unique
properties and importance.

The importance of water extends to the functioning of biological macromolecules,
like proteins and nucleic acids, mainly due to the fact that most of these biological
macromolecules need to be in an aqueous environment in order to fold correctly and
perform their tasks efficiently. Already James D. Watson and Francis H. C. Crick
have stated in the second half of the 20th century that water molecules are important
for the structure of nucleic acids [1]. Even dry enzymes need a few water molecules
to survive and keep functioning [2]. In an aqueous environment, water molecules are
surrounding the surface of the biological macromolecules, filling the gaps between
amino acids or nucleic acids within the structure of the biomolecule, and interacting
with the biomolecule itself [3, 4]. Consequently, biomolecules affect water molecules,
and vice versa, the water influences the behavior of the biomolecules [5].

Biological macromolecules, including proteins, perform important tasks in our cells
and thereby make life possible. Proteins comprising of amino acids are the main
components of living cells. The various specialized functions that proteins perform in
cells range from contributing to cellular stability and structure to regulating crucial
cellular processes such as the biochemical metabolism. Consequently, proteins play
a key role in most processes of life.

Water molecules in close proximity to the biological macromolecules interact with
the amino or nucleic acids on its surface, mainly with polar and charged groups. The
water molecules in this area are interacting with the biological molecule through
hydrogen bonds, electrostatic interactions and van der Waals forces. As a result,

these water molecules in close proximity to the biological macromolecule form a



shell, the so-called hydration shell, around the biological macromolecule. The water
molecules in this hydration shell have significantly different properties compared
to the water molecules in the bulk water, which are not directly influenced by the
biological macromolecule.

The interactions between water and biological macromolecules are signif-
icant for many chemical and biochemical reactions, as they can play an essential
role the stability, dynamics and functions of biological macromolecules [6]. Water
molecules in close proximity to the protein can (i) assure correct protein-protein,
protein-RNA and protein-DNA recognition, (ii) act as a reagent in biochemical pro-
cesses, (iii) assist in proton and electron transfer, (iv) increase the flexibility of
proteins by breaking internal H-bonds, (v) ensure proper substrate binding at ac-
tive sites, and (vi) prevent the protein from becoming trapped in misfolded states
[3, 7-10], to name just a few examples. Consequently, water molecules plays a cru-
cial role in the function of biological macromolecules and the hydration shell can be
considered as an integral part of the biological macromolecules.

Because proteins are involved in so many life-essential functions, it is important to
understand proteins and protein-water interactions at the molecular level in order to
understand the complex processes that take place in living organisms. Understand-
ing these complex, life-essential processes on a molecular level provides important
information about the mechanisms of diseases, which is are crucial to fight against
diseases and to develop new or more effective drugs and treatments [11-14]. Since
almost all proteins in the human body reside in an aqueous environment and thus
water plays a non-negligible role in protein function, the explicit consideration of
water in studies and applications of protein function holds the potential to improve
processes like drug discovery and docking [8].

Experimental structural biology techniques can be used to obtain informa-
tion on protein structures that is necessary to study proteins and protein-water
interactions on a molecular level [15-17]. Four widely used experimental techniques
in structural biology are nucleic magnetic resonance (NMR) spectroscopy, cryo-
electron microscopy (Cryo-EM), X-ray crystallography and small angle scattering
(SAS) scattering. Each of these methods can be used on its own or in combination
with one or several others. These four techniques - NMR, Cryo-EM, X-ray crystal-
lography and SAS — differ in several points, like the sample size that can be studied,
the amount of sample that is needed to perform the experiment, and the spatial
resolution limit that can be reached with the technique (see also Table 1.1). In the

following, four experimental techniques are described in more detail:



Chapter 1. Introduction

1. X-ray crystallography is a technique to determine the three dimensional
atomic structure of a crystalline substance with atomic resolution [15]. The
crystal, which could consists of proteins, is irradiated with X-rays that scatter
on all atoms and thereby produce a diffraction pattern. By analyzing the
diffraction pattern it is possible to determine the arrangement of atoms in the
crystal under investigation.

2. Cryo-EM is an imaging technique that enables the investigation of the atomic
structure of ordered regions in biological macromolecules in high resolution,
but cannot detect disordered regions [16]. The sample is initially rapidly frozen
(shock-frozen) to preserve the (flexible) biomolecules in their near-native states
without damaging them, e.g. through the formation of ice crystals, in order
to then, in a subsequent step, examine the shock-frozen sample with electron
beams. The resulting images can be used to built three-dimensional models
of a biomolecule.

3. NMR is a spectroscopy technique to obtain information about the structure
and dynamics of biomolecules in solution. The samples can be examined
in NMR under almost native conditions, but isotopically labeled biological
macromolecules are often required, as this technique utilizes the magnetic
properties of certain atomic nuclei. All nuclei that contain an even number of
protons and neutrons have a nuclear spin of zero and are therefore not magnetic
and not NMR-active. Consequently, all nuclei with a non-zero nuclear spin
are magnetic and therefore NMR-active. Furthermore, this technique can
currently only be used for smaller molecules, as otherwise the superposition
of signals can lead to problems in interpretation. By analyzing the couplings
between the nuclear spins, it is thus possible to obtain detailed information
about the structure and dynamics of biomolecules. Thus, an NMR experiment
provides information about distances, angles and orientations averaged over
all biomolecules in the sample. The totality of biomolecules in the sample is
also referred to as the entire molecular ensemble. Moreover, disordered regions
can also be observed in NMR, but often these disordered regions cannot be
assigned [18, 19]. Overall, NMR is an indirect method for determining the
high-resolution atomic structure of biological macromolecules, as it derives
the molecular structure and dynamics from the magnetic properties of the
nuclei rather than providing direct images of the molecular arrangements.

4. Small-angle X-ray scattering (SAXS) and small-angle neutron scat-
tering (SANS) are two different diffraction techniques used to study the



shape and size of biomolecules in solution. In SAS (Small angle scattering)
methods, such as SAXS and SANS experiments, samples that have sizes from
10 A (small molecules) to 10° A (viruses) can be analyzed [20, 21]. In both
methods, the sample is exposed to a monochromatic beam, X-rays in the case
of SAXS and neutrons in the case of SANS experiments. The information
obtained with the two experimental techniques SAXS and SANS is different,
because X-rays scatter at the electrons and neutrons scatter at the atomic nu-
clei. Therefore, these two techniques complement each other very well and are
often used in tandem. Both techniques provide a one-dimensional scattering
curve as a result of measuring the intensity of the scattered radiation at small
scattering angles. Because each molecule in the ensemble of biomolecules in
solution has a different orientation, a one-dimensional scattering curve from
a SAS experiment only provides information with low-resolution about the
overall shape and dynamics of biological macromolecules and its hydration
shell in solution [22-24]. For the interpretation of experimental SAS curves,
mathematical and physical models are commonly used, such as rigid-body
models, dummy-atom models, and all-atom MD simulations. These models
often require fitting parameters — for example, the maximum diameter of the
biomolecule, the radius of gyration, or the density and thickness of the hydra-
tion shell — in order to account for solution-specific effects and to reproduce the
experimental scattering data accurately [25-28]. Because SAS curves contain
relatively limited structural information, it is particularly important to avoid
overfitting when applying models and fitting parameters. This can be achieved
by incorporating additional physico-chemical data to improve the robustness
and accuracy of the interpretation. Furthermore, systematic errors resulting
from solute-solute interference, buffer subtraction uncertainties, minor radi-
ation damage, and contributions from excluded solvent and hydration shell
must also be considered. Therefore, the interpretation of SAS data is still a
key challenge [29]. In the last years the method has evolved significantly. For
example, size-exclusion-chromatography SAXS (SEC-SAXS) can be used to
examine inhomogeneous solutions and ensure sample integrity by separating
molecules in the solution according to their size [30, 31]. In case of SANS
the concentration of deuterium oxide (D20) in the buffer can be adjusted,
which enables the investigation of structures in heterogeneous samples. Due
to the continuous development and improvements, SAS methods have become

increasingly popular in recent years. However, if information about the ar-
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Technique . Size (Sample state Resolution Limits Amounts Notes
(PDB deposits)
Requires isotopically
© labeled recombinant
I(\BI()RQ()) z B ot éiﬁ?nl;]i; 3-4 A pmoles/milligrams  protein, disordered
s ; regions can be observed
b but may not be assigned
Mutant constructs
= necessary for many
X-ray ﬁ membrane proteins
Crystallography % Limited by crystal quality <1-3 A pmoles/milligrams . I B ?
& o . .
(176296) P disordered regions
g invisible. Gold standard
for structural water
lution ¢ .
Cryo-EM: ResioruAtlon anAd size
. . >100 kDa . limits improving, best
Single particle . . Mostly >3 A nanomoles/pgrams
(16009) (vitrified ice) samples have symmetry,
disordered regions invisible
. ) Native material can usually
SAXS >10 kDa (solution) >20 A nanomoles/pgrams

be used

Table 1.1: Comparison of experimental methods that are used in structural biology
to study the structure and dynamics of biological macromolecules (Tab. adopted from
Ref. 32). The numbers of PDB deposits were updated based on current data from
RCSB PDB data bank website (rcsb.org) [33].

rangement of the atoms are of interest, it is possible to study the wide angles

using the wide-angle X-ray scattering (WAXS) method.
The methods cryo-EM, NMR and X-ray crystallography provide detailed structural
information at high resolution. In contrast, SAS methods are providing structural
information only with low resolution. Regarding the elucidation of molecular struc-
tures, cryo-EM and X-ray crystallography are direct methods, whereas NMR and
SAS are indirect methods (Fig. 1.1). X-ray crystallography, cryo-EM and NMR
spectroscopy need special sample preparation, such as crystallized (X-ray crystallog-
raphy), shock-frozen (cryo-EM) or labeled (NMR). Therefore, the sample is seldom
observed in its native environment.
To address this limitation, these high-resolution methods are often combined with
other experimental such as small-angle scattering techniques (SAXS/SANS) or com-
putational techniques such as molecular dynamics (MD) simulations. Unlike X-ray
crystallography, cryo-EM or NMR, these methods do not require freezing, crystal-
lization or labeling of samples and the samples can be studied under near-native
conditions.
Molecular dynamics simulations as a computational method play a crucial role
in gaining atomistic insights into biomolecular structures and ensembles in solution.

MD simulations therefore can complement other experimental techniques in struc-



tural biology, e.g. to refine structures of proteins in solution from NMR data or
several structures of a biological ensemble, as it is often only possible to obtain with
high-resolution experimental techniques a single structure of the biomolecule in one
of its local energy minima. MD simulations, initially developed in the 1950s, are
a computational method that uses Newton’s equation of motion to calculate the
motions of water, ions, and biological macromolecules or more complex biological
systems [34]. In order to describe the potential energy surface and thus determine
the forces acting on individual particles, so-called force fields are used in MD simu-
lations.

One of the very fist steps was done by Bernie J. Alder and Thomas E. Wainwright
back in 1957, who pioneered the simulation of liquid behavior using MD, focus-
ing on the interaction of hard spheres [35]. A few years later, in 1974, Frank H.
Stillinger and Aneesur Rahman performed the first MD simulation of water [36].
Two pivotal milestones contributed significantly to the progress of MD in the realm
of protein research. Firstly, the publication of the first three-dimensional protein
structure obtained through X-ray crystallography in 1958 by John C. Kendrew et al.
[37]. This breakthrough paved the way for further exploration of protein dynamics.
Secondly, in 1977, J. Andrew McCammon, Bruce R. Gelin, and Martin Karplus

X-ray/
Neutron
Crystal-
lography

Created with PYMOL

Figure 1.1: Techniques used in structural biology to study the structures of biological
macromolecules and their dynamics, compared according to the spatial resolutions and
subdivided into high and low resolution techniques.
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accomplished the pioneering simulation of folded protein dynamics [38]. Their work
marked a crucial advancement in understanding protein behavior through compu-
tational means.

Since then, the scope of MD has expanded beyond liquids and nowadays encompasses
the study of larger molecules like biomolecules and proteins and it is nowadays an
integral tool in structural biology. Overall, MD is particularly valuable for calculat-
ing structural and dynamic properties such as the position and motion of each atom
in a at any given time that can be challenging to measure experimentally. This
allows to study interactions on a molecular level. Since MD simulations can track
the the motion of individual atoms over time, MD simulations are often referred to
as a computational microscope [39, 40]. By simulating the motion of atoms and ex-
plicitly modeling the interactions with water molecules, researchers can observe the
dynamic behavior of proteins and gain insights into the underlying mechanisms driv-
ing biomolecular processes such as protein folding, conformational changes or ligand
binding [5, 6, 8, 41-43]. MD simulations thus make it possible to investigate phe-
nomena that are difficult to study experimentally, such as folding, unfolding and
conformational transitions of proteins. Hence, MD simulations provides intricate
details about the three-dimensional structures and dynamics of biomolecules. Such
insights have proven instrumental in the development of therapeutic agents for dis-
eases resulting from protein misfolding, including Alzheimer’s [44] and Parkinson’s
disease [45].

However, it is important to note that MD simulations have limitations. The accuracy
of the force fields, which describe the interactions between atoms, and the choice
of simulation parameters can influence the reliability of the results. Additionally,
the timescales accessible to MD simulations are often limited by the availability of
computational resources, making it challenging to capture rare events or processes
that occur on longer timescales. However, many of these limitations can be partly
overcome using enhanced sampling techniques such as umbrella sampling [46], meta-
dynamics [47] or transition path sampling [48-51].

The combination of multiple techniques, can help researchers to overcome the
limitations of individual methods, avoid over-fitting of the data [52], and obtain
a more complete understanding of biomolecular structures and dynamics [53, 54].
In many cases, one single method alone cannot reveal all aspects of a biomolecule’s
structure, dynamics, and interactions, making it necessary to combine multiple tech-
niques for a complete understanding [55-58|. Therefore, the integration of experi-

mental data, bio-informatics, biomolecular modeling, and simulations is necessary



to obtain comprehensive information about the structure, dynamics, and other prop-
erties of biological macromolecules. The combination of multiple techniques thus
enables researchers to study biomolecular systems under near-native conditions, pro-
viding valuable insights into their behavior in physiological environments.

For example, MD is often used to refine crystal structures and the combination
of NMR with MD is described as a powerful tool to gain atomic insights into the
structure and dynamics of biological macromolecules [59].

Especially the low-resolution SAS method needs additional physio-chemical data to
avoid over-fitting and to interpret the data. In order to obtain atomistic interpre-
tations of experimental SAS curves, MD simulations are a common approach. In
this thesis for the calculation of SAS curves from MD trajectories a modified, freely
available version of the simulation software GROMACS [28, 60] is used to avoid
additional solvent related fitting parameters that can lead to inaccuracies. Thus
it is possible to make accurate predictions of SAS patterns from MD simulations
with explicit solvent. Furthermore, with this code, it is also possible to couple the
MD simulation to experimental data to guide the simulation into regions of ex-
perimentally observed structures and thereby to overcome force field inaccuracies
[61].

One of the key advantages of MD simulations is also the ability to observe protein-
water interactions at a level of detail that is difficult to obtain experimentally. Sim-
ulations can provide atomistic insights into the hydration patterns around proteins,
the dynamics of water molecules within the protein’s vicinity, and the energetics of
protein-water interactions. Additionally, MD simulations can capture the behavior
of water molecules in confined environments such as protein binding sites or ac-
tive sites, shedding light on the role of water in ligand recognition and enzymatic
catalysis.

In conclusion, MD simulations provide a powerful approach to study the interac-
tions between water and proteins. They offer atomistic insights into the dynamic
behavior and structural changes of proteins in solution, as well as the role of water
in protein stability, folding, and function. By combining computational simulations
with experimental techniques, researchers can gain a comprehensive understand-
ing of the complex interplay between water and proteins, ultimately advancing our
knowledge of biological systems.

Hydration shells biomolecules have been probed by a complementary
set of experimental techniques that access structure and dynamics on different

length- and time-scales. Ultrafast vibrational spectroscopy (fs-ps IR and 2D-IR) re-
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solves hydrogen-bond rearrangements and spectral diffusion of the OH/OD stretch
on sub-ps to ps timescales and has been used extensively to report local reorientation
and heterogeneity of hydration water near side chains and backbone groups [62-71].
Surface-sensitive variants probe interfacial hydration at membranes and air-water
interfaces [72-76]. Quasi-elastic neutron scattering and incoherent neutron scatter-
ing quantify translational and rotational mobility and residence times of hydration
waters on ps-ns scales and A length scales [77]. Terahertz (THz) spectroscopy and
broadband dielectric relaxation (GHz-THz) probe collective, low-frequency inter-
molecular modes and have been used to infer effective hydration-layer thicknesses
and collective slowdowns [78-81]. Complementary structural constraints come from
X-ray and neutron scattering, often combined with modeling to extract radial dis-
tribution functions and coordination numbers [82, 83]. NMR and site-selective IR
probes add local residence-time and orientation information [84-86]. Collectively
these experiments demonstrate slowed, heterogeneous hydration in the first shell
while differing in how far and how strongly perturbations extend beyond it [42,
87].

Molecular simulations have evolved alongside experiment to provide atomistic in-
sight into hydration structure and dynamics [42, 87, 88]. Classical MD using fixed-
charge force fields remains the foundation for modeling aqueous systems, successfully
reproducing key qualitative features such as enhanced local density, hydrogen-bond
ordering, and slowed dynamics in the first hydration shell [89-91]. However, such
models can misrepresent dielectric properties or ion-specific effects, for example, due
to limitations in the representation of intermolecular interactions and polarization
[92-96]. The continuous development of classical force fields and water models —
such as SPC/E, TIP4P /2005, and their recent versions — as well as more advanced
sampling techniques have progressively improved the predictive power of simulations
and their agreement with experiments [89, 97, 98]. Simulations thus play a central
role in connecting macroscopic observables to microscopic structure and dynamics,
with accuracy governed by the balance between model complexity, parameterization,
and computational tractability.

From experiments and simulations we now have robust, convergent findings: (i)
water in the first hydration shell of proteins and polar biomolecular groups shows
clear structural perturbations (altered O-O/O-H distributions and orientation) and
slower rotational and translational dynamics. It was commonly reported to be about
~2—4x slower reorientation relative to bulk for many protein surfaces, with much

larger slowdowns near strongly charged or tightly coordinated sites [62, 67, 68,



74-76, 99, 100]; (ii) the majority of structural perturbation decays rapidly, typi-
cally within ~0.5—1.0nm (~1—3 water layers) for small solutes and many protein
patches, although the magnitude and range depend on surface chemistry, curva-
ture, and local charge density [101-103]; (iii) collective dielectric and THz responses
sometimes indicate a larger "effective” hydration footprint because they integrate
weaker, longer-range dynamical correlations [100, 104]. Reconciling these collective
measures with localized structural probes is an ongoing task.

Nevertheless several open questions persist. The precise spatial extent of altered
dynamics —i.e., whether proteins have a thin (~1 layer) or a thicker (~1nm or larger)
dynamical hydration shell — remains debated because different probes weight distinct
modes and because data analysis models influence inferred thicknesses [87, 101].
Other remaining gaps include quantifying the spatial and temporal heterogeneity
of hydration dynamics, linking specific hydration patterns to biomolecular function,
and reconciling discrepancies between structural and dynamical probes [100, 105,
106]. Methodological challenges also still arise from limited spatial resolution in
scattering, spectral overlap and assignment ambiguities in IR/THz data, and model-
dependence in simulations, particularly in capturing polarization, proton transfer,
and rare water-exchange events [87, 96, 106]. Continued integrated experimental-
computational studies that target the same observables and adopt common metrics
for residence times, shell definitions, and dynamical heterogeneity will be critical to

closing the remaining gaps.
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The Aim of this thesis is to contribute to a better understanding of the water-
protein interactions on a molecular level and the spacial structure of protein hydra-
tion shells. Some experimental techniques that provide insights into protein-water
interactions are carried out with both light and heavy water (D,0O). To interpret
such experiments involving heavy water with the help of MD simulations, we pa-
rameterized accurate pair potentials for heavy water by reparameterizing existing
three- and four-site water models (see Chapter 5). By reparameterizing the pair
potentials, we attempted to reproduce the most important structural, thermody-
namic, and dynamic properties of D50, so that these models provide a reliable basis
for the simulation and interpretation of experiments conducted with heavy water.
In a subsequent step, in Chapter 6, we tested to what extent the overall structure of
the hydration shell is reproduced in MD simulations. We performed MD simulations
of five globular proteins to calculate scattering profiles that explicitly account for
the contributions of the hydration shell. A comparison of these profiles with the
consensus SAS curves from high-precision SAS experiments revealed an excellent
agreement between the simulations and the experiments with respect to the hydra-
tion shell contrast, as indicated by the SAS-derived radius of gyration (R,) values.
This allowed us to demonstrate that MD simulations not only reproduce the scatter-
ing properties of proteins in solution but also provide an accurate representation of
the overall structure of their hydration shells. After demonstrating that the hydra-
tion shell is fairly accurately represented in MD simulations, we next investigated
how different surface amino acids influence the structure of the hydration shell. To
this end, we introduced targeted mutations of selected surface residues in both a
small globular protein and an intrinsically disordered protein (IDP) and analyzed
how the different amino acid types influence the properties of the hydration shell.
The results of these comparisons are presented in Chapter 7. Our simulations re-
veal that around acidic residues the most pronounced hydration shells are formed,
followed by basic, polar, and apolar residues, whereby apolar residues tend to cause
local water depletion. Because proteins do not all exist and function only at room
temperature, but also at extreme temperatures, we looked in Chapter 8 at the in-
fluence of the temperature on the protein hydration shell. The results of this study
show that an increase in temperature leads to a depletion of the hydration shell,
which is a consequence of an increased dynamic disorder within the hydration shell

and a partial displacement of surface-coordinated water molecules.
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Three- and four-site models for heavy water.

Heavy water, also called deuterium oxide (D,0), is water with heavy hydrogen iso-
topes, deuterium (D), in place of the light hydrogen atoms (protium, H) that are
present in light water (HyO). The distinct physical and chemical properties of heavy
water [107] make it a powerful tool for biophysical experiments, enabling more de-
tailed studies of biomolecular dynamics. For example, D50 is often used as a solvent
in SANS experiments because it offers the possibility of contrast variation, which
can be useful for studying (heterogeneous) biomolecular structures [108-110]. Ac-
curate modeling of D50 is helpful not only for SANS experiments, but also for
other techniques such as NMR spectroscopy and Fourier transform infrared (FTIR)
spectroscopy, where D50 is also frequently used to measure and determine various
properties of biomolecules [111, 112]. To be able to interpret biophysical experiments
with DyO precisely, reliable models for heavy water are therefore essential. Because
we were not able to reproduce the properties of an already existing model for heavy
water [113], we have parameterized new force fields for heavy water based on three
widely applied three- and four-sided water models for light water, namely SPC/E
[89], TIP3P [90], and TIP4P /2005 [97]. Both our three-sided models SPC/E-HW
and TIP3P-HW reproduce the differences of heavy water relative to light water at
room temperature. Our four-sided model TIP4P2005-HW captures the differences
over a wide temperature range. These models ensure in MD simulations that the
unique properties of D,O are correctly represented and thus experiments with DoO
as a solvent can be accurately modeled. The pair potentials for heavy water de-
veloped in this study enable a precise interpretation of experiments performed with

heavy water with the help of MD simulations.

Scrutinizing the protein hydration shell.

It has been known for quite some time that the protein and the water molecules in its
vicinity influence each other, affecting protein functions such as folding, molecular
recognition and enzymatic activity [7, 114, 115]. These interactions also lead to the
formation of water layers around the protein with higher and lower densities com-
pared to the bulk water, the so-called hydration shell. The dynamics of the water
molecules in the hydration shell of proteins have already been extensively studied
with the help of spectroscopic experiments. However, their overall structure and
contrast with respect to the bulk water remained unclear due to a lack of precise
experimental data. SAS signals are sensitive to the protein hydration shell, as the al-

tered density in the protein hydration shell contributes to the contrast measured by
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SAS [42, 101, 116-123]. Therefore, by using SAS experiments with X-rays (SAXS)
or neutrons (SANS), it was shown that the hydration shell of many globular pro-
teins has an increased density compared to the bulk water. One studied structural
parameter that can be calculated from SAS curves and captures the changes in the
hydration shell is the radius of gyration (R,). The R, is a measurement of the com-
pactness of a protein and provides information about the mass distribution within a
protein. The increased hydration shell density compared to bulk water leads to an
increased or decreased radius of gyration in SAXS or SANS in D,O experiments, re-
spectively. We were able to reproduce these altered R, values with calculated SAXS
and SANS curves from MD simulations with explicit solvent. By combining explicit
solvent SAS calculations from MD simulations and high-quality SAS experiments
[124], we have validated 18 different protein force field/water model combinations
with respect to the protein hydration shell and investigated the overall structure
and contrasts of protein hydration shells of five globular proteins, namely lysozyme,
RNaseA, xylanase, urate oxidase and glucose isomerase. Overall, we were able to
show that the hydration shell contrasts from MD simulations are in remarkable
agreement with those from high-precision SAS experiments for most, but not all
tested force fields. Thus, MD simulations reproduce the overall structure of the

protein hydration shell relatively accurately.

Hydration shells of globular and disordered proteins: Effects of surface
amino acids.

Despite the importance of the hydration shell on the dynamics and structures of
proteins, a detailed molecular understanding of how the hydration shell is shaped
by the surface chemistry of proteins is still limited, mainly because direct exper-
imental studies of the hydration shell structure are limited. To assess how the
20 proteinogenic amino acids affect the hydration shell structure, we use atom-
istic MD simulations combined with explicit-solvent SAXS predictions to quantify
their impact on the radius of gyration and overall solute-solvent contrast. To iso-
late the effects of surface chemistry, we introduced systematic surface mutations in
two model systems: the GB3 domain, a small globular protein, and XAO, a short
intrinsically disordered peptide (IDP). From MD simulations, we derived amino-
acid-specific contrast scores for both R, values and the hydration shell contrasts.
Our results show that acidic amino acids produce the strongest hydration shell con-
trast, followed by basic, polar, and finally apolar residues, which generated local

water depletion layers. These trends are consistent across different water models
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and conformation-dependent — particularly in XAO, where hydration was generally
weaker due to poor water-peptide packing at the IDP surface. These findings are
in qualitative agreement with experimental hydration effects [125-138] and reveal
a hierarchy of hydration behavior that reflects underlying chemical interactions.
Together, these findings are highlighting the complex interplay between sequence,
structure, and hydration, providing a detailed, quantitative framework for how the

amino acid surface composition shapes the hydration shell.

Depletion of the protein hydration shell with increasing temperature.

The dynamic properties of the hydration shells of proteins have been extensively
studied using experimental techniques, but how the hydration shell structure re-
sponds to temperature changes is less well understood. In particular, the extent
to which the hydration shell is disrupted or depleted by an increase in tempera-
ture is not fully understood, although this is important for fundamental processes
such as protein folding, cold denaturation and biomolecular phase behavior [139—
143]. To address this problem, we have combined temperature-ramp small angle
X-ray scattering (T-ramp SAXS) with atomistic MD simulations to investigate how
temperature modulates hydration shell structure in two folded proteins: the GB3 do-
main and the villin headpiece (HP35). Using a customized setup, our collaborators,
Hyun Sun Cho, Friedrich Schotte and Philip A. Anfinrud, collected SAXS data at
the BioCARS (Advanced Photon Source) beamline over a broad temperature range
(260 K-345 K) that included both supercooled conditions and partial de-convolution.
Complementary all-atom MD simulations with SAXS calculations using explicit sol-
vents then allowed us to interpret the experimental data at atomic resolution. Our
results show that increasing the temperature leads to a consistent decrease in both
the protein contrast and the radius of gyration, reflecting the depletion of the hydra-
tion shell. This depletion results not only from an increased dynamic disorder within
the hydration shell, but also from the partial displacement of surface-coordinated
water molecules. These results demonstrate the strong temperature sensitivity of the
hydration shells in folded proteins and provide a structural basis for temperature-
dependent phenomena such as cold denaturation, thermophoresis, and biomolecular

phase separation.
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Chapter 2

Biochemical basics

Proteins play key roles in several processes of live and are one of the main con-
stituents of cells. The proteins are comprised of building blocks called amino acids.
The chemical characteristics of amino acids determine the properties and functions
of the proteins they form. The bonds between amino acids can be both covalent
and non-covalent and are critical for the structure and function of proteins. In the
subsequent sections of this chapter covalent and non-covalent bonds, amino acids

and proteins are described in detail.

2.1 Covalent and non-covalent bonds

Covalent and non-covalent bonds together determine the structure, stability, and
function of biological macromolecules.

Covalent bonds are strong, directional chemical bonds formed by the sharing of
electrons between atoms [144]. In proteins, covalent peptide bonds link amino acids
into stable chains (Fig. 2.1), preserving permanent backbone of the molecule — the
primary structure. Outside of chemical reactions, these bonds remain stable under
physiological conditions and define the permanent framework of the molecule.
Non-covalent interactions are weaker but essential for the three-dimensional archi-
tecture and dynamic behavior of biomolecules [146]. They act within and between
biomolecules and include ion pairs (electrostatic attractions between oppositely
charged groups), hydrogen bonds (specific interactions between a hydrogen atom
and an electron pair donor), and van der Waals forces (vdW) (attractions between
permanent, induced, and/or instantaneous dipoles, including London dispersion,
Keesom, and Debye forces). Non-covalent forces stabilize secondary and tertiary
structures, mediate conformational flexibility, and enable transient molecular recog-
nition events such as ligand binding or protein-protein interactions. While covalent
bonds define the fundamental framework of a biomolecule, non-covalent interac-
tions provide flexibility and enable reversible processes such as folding, structural

rearrangements, ligand binding, and protein—protein interactions.
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Figure 2.1: Formation of a peptide bond between two amino acids, by condensation
of an amino and a carboxyl group with release of a water molecule. (Fig. adapted
from Ref. 145.)

The interplay between covalent and non-covalent bonding enables biomolecules to

adopt complex shapes and perform diverse biological functions.

2.2 Amino acids

Amino acids occur in living cells, are the building blocks for proteins and play
essential roles in many biological processes. Over 400 different amino acids exist
[147], but in the universal genetic code of living organisms are only 20 amino acids
encoded, the proteinogenic amino acids. These 20 proteinogenic amino acids are
the main building blocks of proteins, consisting of a central carbon atom, an amino
group, a carboxyl group and an organic group, unique to each amino acid (Fig. 2.2).
The (unique) organic group is bound to the central a-carbon atom. Therefore, the
20 proteinogenic amino acids belong to the class of the a-amino acids.

All proteinogenic amino acids in nature are also chiral, except glycine. Chirality
in case of amino acids means that depending on the arrangement of the molecular
groups around the a-carbon atom, amino acids can occur in two forms that cannot be
converted into each other by rotation. If the Fischer projection is used to describe
the chirality, the amino group is located to the right of the a-carbon atom in a
D-amino acid (lat. Dextro), but to the left in an L-amino acid (lat. Levo). In
proteins the amino group is almost always on the left hand side of the a-carbon,
L-a-amino acids, while in rare cases it can also be on the right hand side, D-a-amino

acids [146]. Hence the 20 proteinogenic amino acids are all L-a-amino acids except
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glycine. Glycine is the smallest and simplest proteinogenic amino acid and, due to
its chemical structure, it is also the only proteinogenic amino acid that does not
have a chiral center, resulting in the absence of L- and D-forms.

Often the proteinogenic amino acids are classified into four different groups based on

the organic groups: polar, non-polar, basic and acidic amino acids (Fig. 2.3).

Carboxyl
Group

Organic Group

(a) (b)

Figure 2.2: (a) 2D and (b) 3D representation of the basic L-a-amino acid structure.
The amino group (light blue), carboxyl group (red), organic group (yellow) and the
additional hydrogen atom (dark blue), are bound to the a-carboxyl (black). (Fig.
adopted from Ref. 145.)
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2.3 Proteins
The term protein (gr. proteion = of the most) was first used in 1938 by the Swedish

chemist Jons Jacob Berzelius in a letter to the Dutch chemist Gerardus Mulder, who
shortly thereafter introduced the term protein for the very first time in a publication
(146, 149, 150]. Proteins are three-dimensional structures and one of the main and
most diverse function carriers in cells that are biologically active only in (one of)
their native conformation(s). Many proteins spontaneously fold into their native
conformation, driven by non-covalent (intramolecular) interactions that guide the
polypeptide chain toward a low free energy state. However, some proteins require
molecular chaperones to assist in proper folding and prevent misfolding. The native
structure of a protein usually corresponds to a local free energy minimum that
is both stable and functional under physiological conditions, although it does not
always represent the absolute global minimum. Although many proteins are folding
into stable and specific three-dimensional structures, there are proteins or parts of
proteins that exhibit high flexibility and do not adopt a single defined structures
under physiological conditions. Therefore, these intrinsically disordered proteins
(IDPs) or intrinsically disordered regions (IDRs) exist as dynamic ensembles of
conformations. This variety of conformations enables them to interact with diverse
binding partners, such as other proteins, nucleic acids and small molecules, and
thereby the IDPs and IDRs can adopt a stable, three-dimensional structure.

The main building blocks of proteins are the 20 proteinogenic amino acids as de-
scribed in the previous section 2.2. With these 20 proteinogenic amino acids it is
possible to synthesize 20° = 800 tripeptides. For a small protein with 100 amino
acid residues there exist 219 = 1.27 - 10!3Y possibilities for its amino acid sequence;
compared to the estimated number of atoms (10™) in the universe this is a huge
amount [146]. In a polypeptide chain two amino acids are connected through peptide
bonds, illustrated in Fig. 2.1. The sequence of the amino acids along a polypeptide
chain is determined by the nucleotide sequence in the deoxyribonucleic acid (DNA).
Many proteins that are occurring in living cells are not encoded directly in the DNA
and formed by chemical, post-translational modifications of the proteinogenic amino
acids.

Proteins themselves are colorless in the visible spectrum, but some proteins, have a
non-protein component, e.g. metal ions or low-molecular-weight organic compounds,
for their biological activity that is tightly bound to the protein by a covalent or non-

covalent bond and which could give the protein complex a color. Examples of colored
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Figure 2.4: The four levels of protein structure: primary, secondary, tertiary and
quaternary structure (Fig. adapted from Ref. 160).

proteins with a non-protein component are (i) hemoglobin, which has bound low-
molecular organic compounds which in turn has bound metal ions, namely iron ions,
and appears red when interacting with oxygen [151-153], (ii) bacteriorhodopsin,
which has bound a low-molecular organic compound, a retinal, and thus appears
purple when activated by visible light [154-157], and (iii) the green fluorescent pro-
tein, which has also bound a low-molecular organic compound, the photoprotein
aequorin, and appears green when optically activated [158, 159].

The structure of proteins, with the exception of IDPs, can be divided into four levels:
(i) primary, (ii) secondary, (iii) tertiary and (iv) quaternary structure, illustrated in
Fig. 2.4. (i) The amino acid sequence of a polypeptide chain, the primary structure of
a protein, determines the folding of a protein and therefore, its spatial arrangement.
This results in, on the one hand, (ii) the secondary structure of a protein, comprised
of periodically folded a-helices and [-sheets stabilized through hydrogen bonds,
and, on the other hand, (iii) the tertiary structure, comprised of aperiodic spatial
arrangements of the entire polypeptide chain stabilized through disulfide (especially
in extracellular proteins), ionic and hydrogen bonds, as well as vdW interactions.
(iv) Since the molecular mass of many proteins is between 10 and 1000 kDa, and the
molecular mass of a single polypeptide chain consisting of several hundred amino
acid residues is between 10 and 100 kDa, it can be concluded, that many proteins
consist of multiple polypeptide chains (subunits) stabilized by non-covalent bonds
(e.g. hydrophobic effects of apolar groups, hydrogen bonds, and van der Waals
forces), electrostatic interactions between charged groups, and intramolecular bonds.
The three dimensional structure of the protein with all its subunits is called the

quaternary structure.
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Chapter 3

Molecular dynamics simulations

Molecular dynamics (MD) simulations are used in
many areas of science and technology, including
chemistry, physics, materials science, and biology.
MD simulations can provide insights into the struc-
ture, behavior and properties of complex systems,

such as proteins, DNA, ribonucleic acid (RNA),

and materials. Furthermore, MD simulations can ‘

also be used to study phase transitions and the be-

havior of materials under extreme conditions. By Figure 3.1: Schematic illus-
tration of the motion of a par-
ticle over time. The particle is
shown in red at its current posi-
(ii) structural properties (e.g. bond lengths and an- tion, and the gray, swirly line is
the trajectory up to the current
position.

means of MD simulations, for example (i) thermo-

dynamic properties (e.g. temperature and pressure),

gles) and (iii) dynamical properties (e.g. diffusion co-
efficients and reaction rates) can be studied. Overall,
MD simulation is a computational method for studying the behavior of complex sys-
tems by simulating interactions and motions of the system on a molecular/atomistic

level over time (Fig. 3.1).

3.1 Approximations in MD simulations

To simulate the motion of atoms over time according to their interactions with each
other at speeds much lower than light and under the influence of external fields, one
has to solve the time-dependent Schrodinger equation for the Hamilton operator H

for the whole system [161-163], given by

L0 ~

where ¢ is the wave function and h the reduced Planck constant. Due to the com-
puting power available nowadays, quantum mechanical calculations based on the

Schrodinger equation are only feasible for (very) small systems and short time scales.
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Therefore, approximations must be used to make simulations computationally fea-
sible, while still providing useful insights into complex molecular systems.

The Born-Oppenheimer approximation allows the motion of atomic nuclei to be
treated independently of the motion of electrons. This approximation is based on
the fact that electrons have a much lower mass than the nuclei and can therefore
be treated as if they react instantaneously to changes in the positions of the nuclei
[164]. Therefore, based on the Born—-Oppenheimer approximation, electrons are
not treated explicitly in the simulations; instead, partial charges representing the
electronic distribution are assigned to the atomic nuclei.

Additionally, the motion of the nuclei can be treated classically according to the
Ehrenfest theorem [165], because the extent of their wave packets is small compared
to the scale over which the potential changes, and their wave packets remain local-
ized due to very short decoherence times [166]. Therefore, the classical Newtonian
equations of motion can be used to calculate the nuclei’s trajectories, while atoms
are modeled as spheres to simplify their interactions. The Newton’s equation of
motion for the j-th atom is given by

PX: o .
I = F(X1, . Xn) | (3.2)

BEANETE
where m; is the mass, X the position and F’] the force acting on the j-th atom. The
forces acting on the j-th atom are given by the negative derivative of the potential

energy surface V' with respect to it position:

V(X Xn) =, o -
- ya — Fi(Xy,.., Xy) . (3.3)

The potential energy surface, which determines the forces acting on each individual
particle, is used to simulate the motions of the atoms in a system. To define the
potential energy surface a further approximation, so called force fields are used.
A force field, described in more detail in Sec. 3.2, consists of a set of empirically
validated (simple) mathematical functions that together with their (corresponding)
parameters describe the potential energy of a system as a function of the positions
of the atoms.

Since most of the systems to be studied by MD simulations have hundred to hun-
dred thousands of atoms, an analytical solution of Newton’s equation of motion is
not possible, hence numerical methods - usually algorithms from the Verlet family,

described in more detail in Sec. 3.4 - are used when performing simulations.
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Chapter 3. Molecular dynamics simulations

In MD simulations, the systems are small compared to macroscopic systems, so
the computational effort and simulation time become feasible. For this reason, the
periodic boundary conditions (PBC) described in section 3.7 are used in the MD
to minimize or avoid boundary and surface effects. With PBCs, the small system
under consideration is effectively surrounded by infinite periodic copies of itself,
approximating an infinitely large system and the particles thus experience forces as
in a large system, thereby avoiding surface effects.

All the approximations described here are necessary to make simulations computa-
tionally feasible and at the same time to gain useful insights into complex molecular

systems.

3.2 Force Fields

The description of the potential energy V' of the system under investigation by means
of simple mathematical terms is referred to as a force field. Thus, a force field pro-
vides an easy-to-calculate description of the potential energy V. Usually, empirical
force fields, based on experimental data, exact quantum mechanical (QM) calcu-
lations or ab initio methods, are used. They are built on the approximation, that
atoms are rigid bodies and take into account effects like bonding, repulsion and elec-
trostatic interactions. Nowadays, several different molecular dynamics force fields
are available. Many all-atom force fields share a broadly similar functional form,

describing the potential energy surface of the system as the sum of bonded terms

Bonded interactions Non-bonded interactions

Improper angles

Bonds Angles

dx/“f@))

Charge interactions VdW interactions

wag\. ,.\.
B

Dihedral angles
w

Figure 3.2: Illustration of the bonded and non-bonded terms used for calculating
the potential energy V and the resulting force F' in MD simulations. The equations
of the single contributions is described in Eq. (3.4).
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Figure 3.3: The Lennard-Jones Potential V' (blue) plotted against the distance r
between two particles. For short distances a strong repulsive force, the Pauli repulsion,
and for longer distances attractive forces, the London dispersion (also called attractive
van der Waals forces), are acting on the particles. The potential has its root at r = o
(orange) and its minimum at 79 = v/20 (red) with V(rg) = —e (green). (Fig. adopted
from Ref. 145.)

(bonds, angles, dihedrals) and non-bonded terms (vdW and electrostatic interac-
tions), with differences primarily in parameter values and certain functional details.
Other force fields, however, may include additional interaction terms, polarizability,
coarse-grained representations, or implicit solvent models, which alter the functional
form.

The potential energy V and the resulting force F' are usually composed of (i) bonded
and (ii) non-bonded terms, as illustrated in Fig. 3.2. (i) The bonded terms are
composed of all intramolecular interactions that depend on the bond conformation
of the molecules, including bond stretches, bond angles, and torsion angles. (ii)
The non-bonded terms are composed of the Coulomb potential, the Van der Waals
attraction and the Pauli repulsion. The latter two are often combined into the
Lennard-Jones potential, shown in Fig. 3.3. The Coulomb and LJ-potentials are
explicitly calculated up to a cut-off radius r. for all atom pairs 7.

Since the Coulomb potential decays only with % and is very long-ranged, it requires
most of the computational time. These long-range interactions are therefore supple-
mented with a sum in reciprocal space, the Particle-mesh Ewald summation (PME)

[167-169], for longer distances and the periodic images. The PME method can in
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Chapter 3. Molecular dynamics simulations

GROMACS also be used for the LJ-potentials [170], but often a simple and effi-
cient approximation — the plain cut-off — is used, since most of the force fields were
parameterized with a plain cut-off.

The potential energy of the system can thus be formulated as the sum of the energies
of the individual contributions, which in turn are determined by force fields based

on the ball-spring model

V= %onded interactions + Vnonfbonded interactions (34)
= Vi)onded + ‘/angle + Vdihedral + ‘/improper + VLJ + vCoulomb (35>
1
=) Shr(r = 70) (3.6)
bonds
1 2
+ Y 51{?9(9 — ) (3.7)
angles
+ Z ktor (1 + cos(nw — 7)) (3.8)
dlhedral
1 2
+ 2 SR =) (3.9)
improper
o 12 o 6
4 — — | - 3.10
22() - ()] 519

giq
+ZZ4MO;% . (3.11)

Here k,, kg, kior and k,;, denote the binding, bending, torsional and improper stiffness,
respectively. r is the current distance between to atoms — the bond length — and
0, w, ¢ are the current atomic, dihedral and improper angles between the atoms,
respectively. rq is the equilibrium length, and 6y and g are the equilibrium angles.
In addition to the force constant k.., a multiplicity n and a phase shift angle ~
are required to describe the periodic term that is needed for the bonded dihedral
interactions. e refers to the depth of the Lennard-Jones well and ¢ is the distance at
which the interaction energy between two particles, as described by the Lennard-
Jones potential, is zero. ¢; and g; are the charges of the respective atoms. And ¢
denotes the electric constant (vacuum permittivity), and e, the dielectric constant
(relative permittivity).

The set of parameters of a force field is selected to best describe experimental data or
ab initio methods like exact QM calculations, that are used for the parameterization.

The parameterization of empirical force fields is often costly and typically tailored
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to a limited class of systems, such as proteins and biomolecules. Moreover, because
these force fields are fitted to reproduce quantities at specific conditions — like a
certain temperature — their accuracy tends to decrease outside that range, meaning
they usually provide reliable results only within a (narrow) temperature range due to
their empirical nature. Therefore, different or modified force fields are often needed
in practice and in fact that is why, the testing and further development of force
fields is a continuous ongoing challenge [171-174].

The two most common force fields that are nowadays used in MD simulations of
biological systems are:

1. AMBER (Assisted Model Building with Energy Refinement): The original
force field, which was designed to simulate peptides and nucleic acids, was
published in 1984 by Peter Kollmann and his group [175]. The Amber force
field has been updated and refined, that is why nowadays multiple versions
are available, including Amber99SB [176], Amber03 [177, 178] and Amber14SB
[179] and others [171, 172, 174, 180]. Thus, it is nowadays used for a wide
range of simulations, including biomolecules, such as proteins, nucleic acids,
and carbohydrates.

2. CHARMM (Chemistry at Harvard Molecular mechanics): The force field was
developed by Professor Martin Karplus and his co-workers in the Department
of Chemistry at the Harvard University and was published in 1983 [181]. In
MD simulations CHARMM force fields are extensively used for nucleic acids,
lipids, carbohydrates, proteins and other biomolecules. Over the years, several
versions of the CHARMM force field, like ¢22* [182, 183] and ¢36 [184], have
been developed, each containing (slightly) different parameter sets optimized

for specific types of molecules or systems.

All atom versus united atoms
In MD simulations one commonly chooses the level of resolution for the modeled
system: all-atom, united-atom, or coarse-grained.

o In all-atom simulations every atom is represented explicitly, including hy-
drogens, allowing for highly detailed modeling of molecular interactions and
structural dynamics. The force center of each atom is localized at or near
the position of its nucleus. This approach provides the most accurate depic-
tion of physical behavior but comes at a high computational cost, limiting
system size and simulation timescales. Typical all-atom force fields include

CHARMM [181, 184], AMBER [173, 175, 177] and OPLS-AA [185].
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e In united-atom simulations, non-polar hydrogen atoms are combined with
their bonded heavy atoms (e.g. CH, CH, and CHj) and treated as a single
interaction site. This reduce the number of particles, simplify the force cal-
culations and speed up simulations while retaining an essentially atomistic
description of the molecule. This approach improves computational efficiency
while retaining much of the chemical accuracy, making it useful for systems
like lipids and hydrocarbons.

o In coarse-grained simulations several atoms are combined into a single bead.
Often several heavy atoms and their hydrogens are mapped into one interac-
tion site. The resulting model has far fewer degrees of freedom and uses effec-
tive interaction potentials tuned to reproduce larger-scale behavior. Coarse-
grained models permit much longer time- and length-scale simulations but

sacrifice atomic detail and chemical specificity. A popular example of a coarse
grained force field is MARTINI [186, 187].
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3.3 Water models

In MD simulation, water models are used to simulate the behavior of water molecules
in different phases and environments, such as solutions, clusters, or in gas. In sim-
ulation systems, proteins are often present in water or aqueous solutions, that most
closely resembles the environment in which they occur in biological systems. Sim-
ulation systems therefore usually contain a large number of water molecules, and
it is thus of paramount importance to have reasonably good models that reproduce
the experimental behavior of water as closely as possible. Important properties of
water to reproduce include its density, diffusion coefficient, isothermal compress-
ibility, average number of hydrogen bonds per molecule, potential energy, and heat
of vaporization. Nowadays there exist rigid, flexible and polarizable water models
that try to reproduce the properties of water as good as possible. Many of these
water models are rigid water models, meaning that the positions of the hydrogen
and oxygen atoms in relation to each other are fixed to match the known geometry
of water. Thus, the bonded interactions are treated with constraints and the rigid
water models are therefore (mainly) based on the internal geometry and on the
intermolecular, non-bonded interactions with the atoms of other molecules calcu-
lated using a combination of Lennard-Jones (LJ) and Coulomb potentials (see also
Sec. 3.2). Since the time-step size in MD simulations is determined by the fastest
bond oscillations, particularly those of hydrogen bonds, rigid water models are often
used in MD simulations in order to be able to use larger time steps (described in
more detail in Sec. 3.2).

The most commonly used water models are currently three-site and four-site rigid
water models. In the three-site water models, such as SPC/E [89] and TIP3P [90],

/My ﬁu
wgHoH X

£ HOH
(a) (b)

Figure 3.4: Schematic representation of three- and four-site classical rigid water
models.
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each atom has a point charge and the oxygen atom has additional LJ parameters
(Fig. 3.4(a)). In the four-site water models, like TIP4P [90], TIP4P /2005 [97] and
OPC [188], the negative charge of oxygen is located at a virtual atom instead of at the
position of the oxygen atom (Fig. 3.4(b)). This improves the electrostatic properties
of the model, such as reproducing the dielectric constant of water more faithfully.
These classical water models never reproduce all experimental properties correctly,
but most water models reproduce many of the desired properties with fairly decent
accuracy (even though usually only in a limited range of temperatures). Therefore
it is very important to choose the right water model depending on the simulation
(system).

The choice of the right water model depends on several factors, such as the type of
system to be simulated, the desired properties of the water and the force field that is
used, as the force fields have been optimized against one or multiple selected water
models. The validation required to ensure the reliability of simulation results and

the development of new water models is a continuous ongoing challenge.

3.4 Integration schemes
In MD simulations, a N-body problem must be solved for which there is in general
no analytical solution for the equation of motion. Therefore, it must be solved

numerically in small time increments At:

Ty (t;) with t; =i - At for i = 0,1, ..., Nggeps - (3.12)
For the calculation of the atomic posi- Calculate new positions and velocities from forces
. . F
tions at any time-step, the knowledge | x - x +vdt, v v+ —dt l
F,

of the potential energy surface of a sys- - “
tem, which is defined by the interac- 6/. ./.
tions between the particles, is a prereq-

uisite, since the forces acting on the par- ”ﬁ Fe ' .

ticles can be derived from this potential

dv (x)
energy surface by partial differentiation 1 ="

ﬁ = V- (7:') The forces ﬁ acting on Calculate new forces from positions
= V().
Figure 3.5: In each simulation step the

L ) ) new positions of the particles are calculated.
ation @ of the particles and their mass Adapted from Ref. 189.

m by Newton’s law (F = md). If the

the particles are related to the acceler-
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initial positions and velocities are known and no forces/accelerations act on the
particles, the trajectory of each particle could be calculated analytically. However,
it must be taken into account that a change in the position of the particles also
affects the potential energy and thus the forces acting on the particles. Because
the many-body nature of typical MD systems prevents analytical integration, the
trajectory is propagated numerically in small time increments At. Thus, the ‘new’
position and velocity of a particle are calculated from its ‘old’ position, velocity and
the corresponding forces acting on the particle (Fig. 3.5). However, this approach
introduces (small) errors due to the finite size of At and the finite precision of the
calculations.

The algorithms most commonly used in MD are the Verlet, Velocity-Verlet, and
Leapfrog algorithms. All three algorithms belong to the Verlet family of algorithms
and can be derived by a third-order Taylor expansion of the time-dependent position
of the particle. They all meet the general requirements for a numerical algorithm,
such as efficiency of the computation, accuracy of the computed parameters and
low memory usage. For the three algorithms mentioned here, the total truncation
error is O(A#?) ' [191, 192] for both, the positions and velocities. Additionally the
memory requirements are approximately the same for all three algorithms. More
importantly, the Verlet-family algorithms are symplectic integrators, which means
that the volume in phase-space is preserved. They are also time-reversible like
Newton’s equations, meaning that a simulation that is run with a negative time-
step from the end of any trajectory will retrace that trajectory until it reaches
its initial conditions. Thus, the most important criteria of an algorithm for MD
simulations are met, namely time reversibility (proven by Tuckerman, Berne and
Martyna in 1992 using the the Liouville formalism [193]), calculation of velocity,
and approximate conservation of energy, angular momentum, and total momentum.
The order of operations to calculate positions, velocities and forces from each other
varies for each variant of the Verlet algorithms and is depicted in Fig. 3.6.

For the speed of the simulations the size of the time-step is a limiting factor. It
has to be chosen much smaller than the fastest motion in the system to describe it

meaningfully

At < trastest - (3.13)

'In 1892 the O notation was established by Paul Bachmann to express the growth rate or the
magnitude of complex functions by a simple function [190].
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In atomistic simulations the fastest atomic motions in a biomolecule are the hydro-
gen bond stretching vibrations, which are in the order of 107's = 10fs [194]. To
meaningfully describe these fastest motions of a system, the size of the time-step
must be set an order of magnitude smaller. Thus, for atomistic simulations, the
time-step should be 1fs. With such a small time-step of 1fs many time increments
are needed to reach the desired simulation timescales, resulting in enormous com-
putational costs. Therefore, in practice to avoid the fastest bond oscillations, those
of the hydrogen bonds, hydrogen bond lengths are often constrained using LINCS
(LINear Constraint Solver) [195, 196]. As a consequence, the freezing of the fast
degrees of freedom with LINCS allows the use of larger time-steps, making the sim-
ulation more stable and much faster. The use of constrained hydrogen bond lengths
thus makes it possible to use a time-step of 2 fs instead of 1fs, making the simulation
twice as fast.

One can increase the time-step even further by removing the hydrogens completely
by converting the hydrogens into virtual sites. This means that the hydrogens are
not treated as independent particles. Instead, their positions are recalculated at each
time-step using fixed geometric rules based on the positions of nearby heavy atoms.
Since these hydrogens are not longer directly involved in the force integration, their
high-frequency vibrations are effectively removed, allowing the use of a larger time-
step of 4fs without compromising the stability of the simulation. This makes it

feasible to achieve longer simulation times with less computational costs.

Verlet-algorithm

The Verlet algorithm, which can be derived from a Taylor expansion of the position
of the particle x(t), is an iterative two-step procedure that calculates the position of
the next time-step x(t + At) using the value of the current time-step z(¢) and the

value of the previous time-step x(t — At)

ot + At) = 2z(t) — 2(t — At) + ﬁ(j“;ft)) At? +0(AtY (3.14)

where the force F' can be calculated from the (known) potential energy as

F(z(t)) = —% . (3.15)

Since the parameter z(t — At) in Eq. (3.14) is usually not given or not known for the
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Figure 3.6: Schematic representation of the algorithms from the Verlet-family used
in MD simulations: (a) Verlet-algorithm, (b) Velocity-verlet-algorithm, (c) Leapfrog-
algorithm. The blue fields are indicating the stored parameters at each time-step.
Arrows indicate that a variable is required to calculate the field the arrow points to
(Fig. adapted from Ref. 197).

initial time-step at ¢ = 0, this first time-step has to be calculated separately, e.g. it

is possible to calculate this step by performing one step using Euler’s method

z(t + At) = z(t) + v(t)At . (3.16)

The calculation of the velocity v, which is not needed to perform the integration
but necessary to determine the kinetic and total energies, has to be done separately

and over two time-steps:

ot) = SLE Atg;tx(t —AY L o(ar?) . (3.17)

The numerical properties of the Verlet-algorithm are not quite optimal, since on the
one hand a subtraction is used and on the other hand the At? term becomes very
small for small At values, which can lead to inaccuracy’s. Furthermore, note that
the velocities of the particles are not calculated directly, which are often needed, to

monitor the total or kinetic energy of the system or to control the temperature.
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Velocity-Verlet-algorithm

A modified version of the Verlet-algorithm is the Velocity-Verlet-algorithm, in which
the velocity is explicitly calculated and thus the total energy can easily be calculated
for every time-step. This modified variant is using the velocities instead of z(t — At).
Thus, the value of z(t + At) is calculated from the current value and the current

instantaneous velocity and acceleration:

w(t+ At) = 2(t) + v(t)At + %a(t)AtQ | (3.18)

The acceleration is calculated from the force:

oty = FEW) 1 OV(alt) (3.19)

m m  Ox

Half of the velocity-update for the next time-step is calculated from the current

acceleration and half from the acceleration for the next time-step:

1 1
o(t + At) = v(t) + sa(t)At +5alt + AAL . (3.20)
v(t:%)

Compared to the Verlet-algorithm, the Velocity-Verlet-algorithm is self-starting,
since no value from a previous step is used. The numerical properties are slightly
better than those of the Verlet-algorithm since the subtraction no longer occurs,
making it less prone to rounding errors, but still potentially very small At? terms

are added to the positions.

Leapfrog-algorithm

In 1970 the leapfrog-algorithm was developed by R. W. Hockney 1970 [198] and
is another equivalent formulation of the Verlet-algorithm [199]. The positions and
accelerations are calculated at full time-steps, whereas the velocities on half time-
steps. The algorithm takes its name from the children’s game "Leapfrog”, in which
one has to jump over the other (the connection becomes clear if the procedure of

the algorithm is recorded as in Fig. 3.7).
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ot + At) = z(t) + v (t + %) - At (3.21)
v(t%—%) :v(t—%)%—a(t)-At. (3.22)

For the calculation of the total energy of a system, the kinetic energy and the poten-
tial energy must be available at the same time-step (¢) and thus, the velocity has to
be available at full time-steps x (). The full time-step velocity can be approximated

as

v(t) = v (t - %) + %a(t) At . (3.23)

Note that the next half time-step velocity is related to the full time-step velocity

as

v (t + %) — () + %a(t) At (3.24)

The Leapfrog algorithm is self-starting, which means no special treatment of the
first time-step is required and it reduces the effect of rounding errors, since no

subtractions or At? terms are used.

I

L 1 1 »
I 1 | I | I |
t_% t t+% t + At t+3TAt t + 2At t+%

Figure 3.7: Schematic representation of the leapfrog-algorithm. The positions are
calculated at full time-steps (blue) and the velocities at half time-steps (red). (Fig.
adopted from Ref. 145.)
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3.5 Statistical ensembles

Experiments in the laboratory are usually performed at known thermodynamic
states defined by particle number N, pressure P, volume V, temperature T and
energy E. Therefore, it is important to represent these thermodynamic states as
accurately as possible in the simulations. A statistical description of a system in
which certain thermodynamic variables — such as temperature, pressure, or volume
— are kept constant is referred to as a thermodynamic ensemble. Fig. 3.8 visualize
the three most used ensembles in MD:

e NVE - microcanonical ensemble: Describes an isolated system enclosed in a
fully isolated container. The system does not exchange heat or pressure with
its surroundings.

e« NVT - canonical ensemble: Describes a system that is in contact with a heat
bath. It allows energy exchange in the form of heat.

o« NPT - isothermal-isobaric ensemble: Describes a system that is in contact
with a heat bath and a pressure bath. It allows energy exchange in the form

of heat and by adapting the volume.

Isolation Heat bath

Microcanonical Canonical Isothermal-isobaric

Figure 3.8: Visualization of the three most common statistical ensembles used MD:
(i) Micro-canonical ensemble, with constant number of particles (red dots), volume and
energy (isolation in blue); (ii) Canonical ensemble, with constant number of particles
(red dots), volume and temperature (isothermal bath in red); (iii) Isobaric-isothermal
ensemble, with constant number of particles (red dots), pressure (piston with a weight)
and temperature (isothermal bath in red). (Fig. adopted from Ref. 145.)
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3.6 Temperature and pressure coupling

The conservation of energy in MD simulations is only approximately given, due
to the numerical algorithms used, in which drifts in the kinetic energy and thus
in the internal energy can occur due to numerical approximations and errors in
the integration of the equations of motion. Since the simulations are to be carried
out at a specific thermodynamic ensemble, as mentioned in Sec. 3.5, it is neces-
sary to counteract this energy drift. This is achieved by using thermostats, which
act as external heat baths to control temperature and maintain energy stability,
while barostats serve as pressure baths to regulate pressure and ensure the correct
ensemble conditions.

For the temperature, the velocity-rescaling thermostat [200] is often used nowadays,
which is basically the Berendsen thermostat [201], but with an additional stochastic
term that allows for temperature fluctuations and thus reproduces a correct ther-
modynamic ensemble.

To reach the target pressure, the Berendsen barostat [201] is often used during the
equilibration of the simulation system, because it rapidly adjusts the pressure of
the system toward the desired target value through smooth, exponential scaling.
This rapid response helps to stabilize the system efficiently at the beginning of the
simulation. However, the Berendsen method does not reproduce the correct physical
pressure fluctuations, meaning it only approximates the target ensemble which can
lead to inaccurate thermodynamic sampling.

For this reason, the Parrinello-Rahman barostat [202] is often used during the sub-
sequent MD production runs. Unlike Berendsen, it allows both volume and shape
fluctuations of the simulation box, enabling the system to accurately sample the
NPT ensemble. This results in physically realistic pressure fluctuations and more
reliable thermodynamic properties. Although Parrinello-Rahman takes longer to
stabilize the system, its accurate statistical sampling makes it essential for produc-

tion runs where precise ensemble behavior is required.

3.7 Periodic boundary conditions

Because the computational effort of performing an MD simulation scales with the
number of atoms, typical simulation systems are much smaller than typical ex-
periments. In most cases, the calculation is performed with a single copy of the
biomolecule that is surrounded by just enough water to prevent artifacts from inter-

molecular interactions. To avoid surface effects, which would have a large effect on
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Figure 3.9: Particles in a two-dimensional square-shaped simulation box (gray) are
surrounded by eight neighbor boxes, that are copies of the central box translated in
all spatial directions. The dashed circle marks the cut-off, which is used to protect
particles from interacting with copies of themselves or with other particles and simul-
taneously with their copies. For a cubic box the cut-off must be smaller than half
the box lengths to avoid self-interactions. When a particle leaves the box to one side,
the particle enters the box on the opposite side with the same velocity (circles with
arrows) (Fig. adopted from Ref. 203).

the biomolecule because the surface would be very close, one typically employs pe-
riodic boundary conditions. Under periodic boundary conditions (PBCs), the small
system under consideration is located in an infinitely large system, which consists
of copies of the small system shifted in all spatial directions. The use of PBC thus
allows to perform simulations with a relatively small number of particles, while the
particles experience forces as in an infinite system. If an atom moves out of the
simulation box, it moves to the neighboring box and on the opposite side a peri-
odic image of the particle enters the box. This treatment also has the side-effect
of keeping the particle number in the system constant. Using the minimum image
convention, the forces on a particle are calculated by using the closest image of each
particle. Therefore, box size must be larger than twice the cut-off, because otherwise
the particle will interact with itself. In Fig. 3.9, the concept of PBCs is illustrated

using square boxes in two dimensions.
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3.8 Neighbor lists

Neighbor lists are used in MD to efficiently compute pairwise interactions between
particles in a system. The use of neighbor lists reduces the number of calculations
and speeds up the runtime of MD simulations. A neighbor list is a list containing
all neighboring particles for each simulation particle. When calculating the interac-
tions between particles, the neighbor list is used to check which particles are within
the boundary distance. Only the interactions between particles that are listed as
neighbors need to be calculated, because the interactions between distant particles
are set to zero if they are outside of the cut-off distance and can be neglected. Thus,
the number of pairwise interactions to be calculated can be considerably reduced,
which in turn reduces the computational costs and makes it possible to simulate
larger and more complex systems. The neighbor list can be constructed using vari-
ous algorithms, such as the Verlet list or the cell list method (see Fig. 3.10). When
using the Verlet list method, first a shell is constructed around each particle in the
simulation system with a radius r, that is slightly larger than the largest non-bonded
cutoff r¢ of the particle of interest. Subsequently, neighborhood lists has to be cre-
ated and saved for each particle in the system, storing all particles within the shell
of the particle under consideration. The cell list method is often used for larger sim-
ulation systems. In this method, the simulation space is divided into boxes of equal
size with an edge length of ro, which corresponds to the largest non-bound cutoffs
of the particles in the system. Using this technique, a particle can only interact with
particles in the same box or in adjacent boxes. The neighbor lists are then updated
at regular intervals to account for changes in the positions of the particles. In case
of the Verlet list only the positions of particles that have moved beyond a certain
distance since the last update need to be checked. A schematic representation of
the Verlet list and the cell list methods are shown in Fig. 3.10.
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Figure 3.10: (a) Visualization of the Verlet-list in two dimensions. At the starting
point (leftmost panel) the Verlet list is set. The atoms are shown as spheres, where
the atoms inside the cutoff-range r¢ (solid line) are shown in white; the atoms in the
outer skin cut-off range r, (dashed line represents) are shown in gray; and all atoms
further away from the central atom than r, are shown in black. The positions of the
moving particles after a certain time are shown in the middle box and the right box is
depicting the positions even later. The Verlet lists are to be updated when a particle
travels a distance greater than r¢ — r,; this means that the lists must be updated
before the black atoms move in the solid circle and thus before the situation in the
left image occurs (Fig. adopted from Ref. 203).

(b) Visualization of the cell-list technique in two dimensions. This technique is usually
used for larger simulation systems. In it the simulation space is divided into boxes
of equal size with edge length r¢ (cut-off range of the particles). This list technique
exploits the fact that a particle (white) can interact only with particles in the same
box or with particles in the immediate neighboring boxes (boxes with which the white
particle interacts are colored gray) (Fig. adopted from Ref. 203).
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3.9 Steps to run MD simulations
To perform a MD simulation five main steps that are shown in Fig. 3.11 are required
and these steps are described in more detail below.

1. Set up the system: Create the molecular system of interest, including the types
and initial positions of atoms or molecules, and any required boundary con-
ditions or constraints. In most cases, the initial structure of the biomolecule
under investigation has been obtained by an experimental method such as
crystallography, cryo-EM or NMR. If the structure of the biomolecule has al-
ready been published, it can be found in the protein data bank (PDB) [33,
204, 205], otherwise it is also possible to receive it directly from the experi-
mentalists. Since several years, 3D structures of proteins can also be predicted
directly from the amino acid sequence using Al systems such as alpha fold [206,
207] or RoseTTA fold [208]. However, the predictions of the Al systems should
be checked critically because these systems still have problems predicting e.g.
membrane proteins or asymmetric protein complexes [209-211]. Regardless of
which method was used to determine the protein structure, usually only a sin-
gle structure is obtained, in most cases the native structure, which is located
at a (deep) minimum of the potential surface. In this step an appropriate
force field has to be selected that best describes the interactions between the
atoms in the system. The force field consists of mathematical functions that
determine the potential energy and forces acting on the particles as described
in section 3.2.

2. Energy minimization: Perform a number of steps of gradient descent along
the negative gradient of the energy to optimize the initial configuration of the
system and reduce unrealistic atomic overlaps or deformed geometries.

3. Equilibration: Allow the different degrees of freedom of the system to equi-
librate by applying a series of simulation steps, such as a short molecular
dynamics simulation at constant temperature and/or pressure.

4. Production run: Run a longer MD simulation at the desired conditions (e.g.,
specific temperature, pressure, or external fields) to generate meaningful data
and observe the dynamics of the system over time. During the simulation,
Newton’s equation of motion is solved numerically over small time-steps, de-
scribing how the positions and velocities change over time. This implies that
at each time-step, positions and velocities are updated based on the forces

acting on them, determined from the interactions between the particles.
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Chapter 3. Combining experiments with MD simulations

5. Data Analysis and Interpretation: Analyze the output trajectory of the MD
simulation, this includes extracting thermodynamic properties, calculating
atomic or molecular motions, and studying structural changes or interactions
in the system. Interpret the simulation results in the context of the research
questions or objectives. Compare the simulated data with experimental ob-
servations or other theoretical models to validate the accuracy and reliability

of the simulation.

‘ Prepare the system

4

Energy minimization

4

Equilibration run

4

Production run

Analysis

Figure 3.11: Schematic visualization of the steps required for a MD simulation.
(Fig. adopted from Ref. 145.)
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Chapter 4

Combining experiments with MD

simulations

The combination of experimental techniques such as SAXS, SANS, and NMR with
MD simulations can provide a powerful and insightful tool for the study of biomolec-
ular structures and dynamics, since no single method alone can provide all the
necessary information in this multidisciplinary field. By combining experimental
techniques with MD simulations, researchers can validate and refine experimental
structural models with MD simulations and similarly, experimental results can guide
and improve the accuracy of MD simulations. The synergy between experimental
data and computational models can help to overcome the limitations of each tech-
nique leading to a more accurate and comprehensive understanding of biomolecular

systems.

4.1 Small-angle scattering
Small-angle scattering (SAS) is an exper-
imental diffraction technique that can be
used to study biological macromolecules in
solution. The main part of this section is

based on Ref. 212 & 213. The sample, typi- Figure 4.1: Coherent, elastic scattering

cally a protein or a macromolecular complex of a X-ray at the electrons. The incom-
ing X-ray beam (dark orange) is scat-
tered at the electron (blue) without los-
ing energy, which means that the scat-
length or a narrow band of wavelengths — of tered X-ray has the same energy as the

X-rays (SAXS) or neutrons (SANS). As the incident X-ray beam.

waves penetrate matter they will interact with individual atoms (Fig. 4.1), producing

in solution, is exposed to a highly collimated

monochromatic beam — often a single wave-

secondary waves that can interfere constructively or destructively. X-rays scatter
at electrons while neutrons scatter at nuclei. The coherent, elastically scattered

radiation is then detected by a two-dimensional detector, while the direct beam
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Figure 4.2: (A) Schematic representation of the experimental setup of SAS measure-
ments. The sample is exposed to a highly collimated beam (dark yellow) of X-rays
or neutrons. The scattered radiation (dark red) is recorded on a detector. The radi-
ation passing through the sample unscattered (orange), the direct beam, is absorbed
by a beam stop (black point). (B) One dimensional scattering curve calculated by
circular averaging from the detector data. The scattering intensity is plotted against
wave vector ¢g. Data for xylanase (PDB ID: 2DFC, SASBDB [214] entry: SASDP35)
are taken form Ref. 212. (C) Schematic representation of the meaning of subtracting
the intensity of the solvent from that of the biomolecule in the solvent. As a result,
the scattering intensity of the biomolecule and the hydration shell is obtained, which
provides information about both.

is absorbed by a beam stop. In small-angle scattering experiments, small angles
are often between 0.1° and 10° measured, leading to a resolution in the nanometer
range. A schematic representation of the experimental setup of SAS measurements
is shown in Fig. 4.2A.

The collected scattering patterns on the detectors are circular, because the scattering
objects, e.g. biomolecules, should be randomly oriented in the solution. Therefore,
by using circular averaging, the 2D scattering pattern detected by the detector can
be reduced to a 1D scattering curve by plotting the measured scattering intensity
against the momentum transfer ¢ as shown in Fig. 4.2B. The momentum transfer ¢
is given by

47

4= sin(6) , (4.1)

where X is the wavelength of the incoming radiation and 6 is half the angle between
the incoming and scattered radiation [212]. Since A is fixed during an experiment

and € is small, the 1D scattering plot I(q) — I versus ¢ — is basically the scattering
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Chapter 4. Combining experiments with MD simulations

intensity I as a function of the scattering angle 26 [213]. Thus, due to the fact
that 6 is independent of the wavelength of the incident radiation, unlike ¢, it is
also possible to compare scattering curves from SAS experiments performed with
different wavelengths \.

In a scattering experiment, all atoms in the sample are contributing to the observed
scattering intensity. Thus, the solvent has also a significant contribution to the total
scattering intensity. To obtain information about the biomolecule without the bulk
solvent the scattering intensity of the biomolecule diluted in the solvent and that of
the pure solvent are measured separately. Subsequently, the intensity of the solvent
is subtracted from that of the biomolecule in the solvent to obtain the scattering
intensity of the biomolecule and the hydration shell as shown in Fig. 4.2C, because
both the density of the protein and the density of the hydration shell differ from
those of the pure solvent. As a result, scattering information are obtained from the
biomolecule under investigation as well as from its hydration shell.

In SAS experiments, the information content is limited by the rotational averaging
of the molecules rather than by the experimental resolution [213], which is why the
method is often described as low resolution method. Nevertheless, SAS experiments
can provide highly precise measurements of parameters such as the radius of gyration
(R;) and the overall shape of the scattering particle(s).

The sample under investigation has to contain monodisperse, identical biomolecules
in order to obtain high-quality scattering data, from which precise structural pa-
rameters — such as an accurate radius of gyration (Ry) — can be calculated.

From the scattering geometry, the momentum transfer is given by

q= 4771-8111 0) ,
where A\ is the wavelength and 26 the scattering angle. Small real-space distances
between scattering centers correspond to large values of ¢ (high scattering angles),
while large distances — such as the overall size and shape of a biomolecule — are

probed at small ¢ (low scattering angles) (Fig. 4.3) [213].

Pair distance distribution function (PDDF)

The structure of a biomolecule in solution determines the shape of the scattering
profile 1(q), which, however, cannot be interpreted intuitively due to its complex
form. In order to analyze the structure of the biomolecule anyway, it is recommended

to Fourier-transform 7(q) to obtain the pair distance distribution function (PDDF) —
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Figure 4.3: A scattering plot of a GB3 domain (PDB code: 20ED [215]) is shown,
where the scattering intensity I is plotted against ¢q. In the low ¢ range, between 0 and
0.2 A~1, information about the shape, density and size of the protein can be obtained;
information about the spatial arrangement and the overall fold of the protein can
be obtained in the range between 0.2 A~ and 1 A~!; and in the range above 1 A~!
information about the atomistic structure can be determined.
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also called the radial Patterson function p(r) — describing the probability distribution
of the interatomic vector lengths 7 within the biomolecule [212]. In SAS experiments,
the ¢ values can not be measured up to infinity — as required for a Fourier-transform
on I(q) — and therefore, an indirect Fourier-transform has to be applied instead as
initially published by O. Glatter in 1977 [216]. Since the indirect Fourier-transform
on I(q) requires an estimated value of the maximum particle dimension D,,,, and
the assumption that PDDF is zero at » = 0, the thus PDDF is depending on
the accuracy of these assumptions. The PDDF profiles calculated in this way are
sensitive to symmetry and domain structure within proteins and thus can provide
valuable information about the shape and volume of the biomolecule. Since the
PDDF function is the probability distribution of the distance between any two points
within the biomolecule, it provides information about the size, shape and internal

structure of the biomolecule.

Radius of gyration and zero-scattering intensity

The intensity of the beam scattered at zero angle (20 = 0°), the forward scattering
(or zero-angle) intensity I(0), is the difference between the number of scattering
particles in the solute including the protein hydration shell Ngute,prs, and pure

solvent Ngvent Squared inside a volume of the same size:

[<0) = {Nsolute,PHS - Nsolvent]2 . (42)

By describing the number of scattering particles in terms of volumes V' and densities
p, 1(0) can be described by

[(O) = [‘/solute : (,Osolute - psolvent) + VPHS : (PPHS - psolvent)]2 ; (43>

where Nsolute = Vsolute * (psolute - psolvent) and NPHS = VPHS : (PPHS - psolvent) are the

number of scattering particles relative to the pure buffer in the biomolecule and in
the hydration shell, respectively. Overall, 1(0) is equal to the square of the total
number of scattering particles in the scattered volume and can therefore be used to
estimate the molecular mass of the solute.

In SAS experiments /(0) cannot be measured (directly) because the scattered ra-
diation cannot be distinguished from the direct beam — the radiation that passed
through the sample unscattered. Therefore, 1(0) can only be determined by extrap-
olation from experimental SAS data.

Ré is defined as the average scattering density weighted squared distance of all scat-
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terers to the center of mass. It measures the compactness of a protein structure and
provides information about the mass distribution within a biomolecule. Therefore,
R, is sensitive to the shape and compactness of biomolecule and thus, two different
biomolecules with the same volume, but different (three-dimensional) shapes may
have different R, values.

There are two methods to determine the R, and /(0), namely via the Guinier ap-
proximation or the PDDF. In the Guinier approximation, only the ¢ and I(q) val-
ues in the very small g-region — the Guinier region — are considered, since this
small g-region of the scattering curve is characteristic for the overall dimension of
the biomolecule. Therefore, the the I(g) values in the small g-region must be of
high accuracy in order to obtain high quality R, values with the Guinier method.
The Guinier approximation was derived in 1939 by André Guinier and is given by

217]:

I(q) = I(0)exp (@) : (4.4)

Thus, R, and I(0) can be determined by a linear fit of In[Z(g)] versus ¢*, the slope
of the straight line can be used to compute R, and the y-axis intercept represents
the zero-scattering intensity /(0). The Guinier approximation is particularly useful
for globular particles where the relationship between the scattering intensity and
the scattering vector holds in the Guinier region, the very small angular range. This
relationship is valid for globular proteins only as long as ¢R, < 1.3 [212, 218, 219].
For elongated proteins and peptides, this upper limit is lower. Since the Guinier fit
must be linear, especially for globular proteins, it can also be used to quickly and
efficiently determine sample quality [212]. Deviations from linearity usually indicate
strong intermolecular effects, such as aggregation or repulsion, polydispersity of the
samples, or improper background subtraction.

Unlike the Guinier method, the PDDF method uses the entire scattering profile,
which makes the PDDF method less sensitive to intermolecular interactions. The
PDDF method can be used for particles with small Guinier regions and for noisier
data. To obtain accurate results with the PDDF method, the data in the high ¢
range must be of high quality, and there must still be reasonably good low ¢ data.
Then, especially for experimental data, this method provides more accurate values
of R, and I(0) compared to the Guinier fit. By using the PDDF, the R, can be
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calculated by

Dll]ﬂx
re_ o r2p(r)dr

& 2f0 = p(r)dr

where R, is the second moment of the p(r) function [212].

, (4.5)

1(0) is the zero moment of the PDDF function, which corresponds to the area under
the curve [212]:

1(0) = 4n /0 " p(r)dr . (4.6)

The relatively uncomplicated determination of R, and I(0) by means of scattering
measurements allows structural information to be obtained rapidly. The possibility
to calculate R, and I(0) with different mathematical models, such as the Guinier
approximation or the PDDF, allows a validation of the parameters and an assessment
of the internal consistency and robustness of the experimental small angle scattering
data.

SAXS and SANS - Two complementary methods

Small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS) are
two techniques for investigating the structural properties of biomolecules in solution
at the nanoscale that can complement each other very well. Due to the use of X-rays
in SAXS and neutrons in SANS, the two techniques SAXS and SANS show some
distinct differences that result in both advantages and disadvantages.

In SAXS experiments X-rays are used to examine the sample. The X-rays are scat-
tering mostly at the electrons in the sample, resulting in electron density contrast.
The scattering factors for X-rays are positive and increase with the atomic number,
which means that no difference can be detected between hydrogens and deuteri-
ums.

In SANS experiments neutrons are used for probing that interact mostly with the
atomic nuclei. Neutrons are thus not dependent on electron density and therefore
provide a different type of contrast, namely the neutron scattering length-density
contrast. The coherent scattering lengths of atoms can be positive and negative and
are irregular. For example, the coherent scattering length of hydrogen is slightly
negative (—0.3741 10~ '2cm? [220]) and the coherent scattering length of deuterium
is highly positive (0.6671 107'2cm? [220]), resulting in a large difference between

the coherent scattering lengths of hydrogen and deuterium. Therefore, it is possible
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to utilize deuterium substitution to influence contrast in so-called contrast variation
studies, described in the next section, making it a powerful tool for studying complex
biological macromolecules.

Nowadays, SAXS experiments can be performed at synchrotrons or free-electron
lasers or at in-house instruments, whereas SANS experiments can only be performed
at neutron facilities, as a neutron source is required. Therefore, the access to the
experimental SAXS instruments is much easier than to SANS instruments. An-
other advantage of SAXS over SANS experiments is that generally smaller sample
quantities are required in SAXS experiments compared to SANS experiments. Fur-
thermore, in contrast to neutrons, X-rays have a lower incoherent scattering back-
ground. Therefore, data analysis in SANS experiments can be more complicated
than in SAXS experiments, since the background subtraction in SANS experiments
has to be done very carefully.

Both experimental techniques, SAXS and SANS, can be carried out in batch mode
or with size exclusion chromatography (SEC) [221, 222]. By using the batch mode,
the sample is added directly to the sample cell, whereas by using the SEC mode, the
sample first pass through a separation column, in which the molecules in solution
can be separated according to their size or molecular weight. One advantage of
using the SEC mode is that the buffer scattering is measured in-line during the
separation, reducing errors from preparing and measuring a separate buffer sample
and improving the accuracy of buffer subtraction, while also allowing separation of
aggregates, dimers, and monomers. However, the SEC mode requires larger sample
quantities than the batch mode.

Overall, both experimental techniques, SAXS and SANS, have their advantages and

disadvantages, but can complement each other very well.

Contrast variation in SANS

In SANS experiments, it is possible to vary the scattering length density of the
buffer as well as of parts of the biomolecules [213]. This is an advantage over other
scattering techniques, like SAXS. In contrast variation experiments, hydrogens are
replaced by heavy hydrogens, so-called deuteriums. This allows certain parts of the
protein to be made “invisible’ and thus the other parts can be observed individu-
ally. In SAS experiments with contrast variation, solvents with concentrations of
0%, 40%, and 100% D,O are often used. At 0% D,O, hydrogenated biomolecules
generally exhibit strong positive contrasts and are fully visible. At approximately

40% D50, the solvent scattering length density can match that of hydrogenated pro-
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tein, making those parts effectively invisible while deuterated regions remain visible,
as shown in Fig. 4.4. At 100% D50, the solvent scattering length density is close
to that of a fully deuterated protein, so that the deuterated regions may become
invisible, while hydrogenated regions usually remain visible with negative contrast.
However, the exact match points depend on the type of biomolecule (e.g. protein,
RNA or DNA) and its deuteration level. Therefore, scattering data obtained with
different DO concentrations in the solvent can provide valuable insights into the
shapes and orientations of deuterated and non-deuterated parts of biomolecules or

biomolecular complexes.

4.1.1 Calculating SAS curves from explicit solvent MD

simulations
The method used in this work to calculate SAS data from explicit solvent MD
simulations was proposed by Po-chia Chen and Jochen S. Hub in 2014 [28] and is
based on the methodology of Park et al. from 2009 [224]. The detailed procedure of
the method is described in Ref. 28. In this method, I(g) is calculated in the same
way as in SAS experiments, namely derived from the difference between the solute

and the solvent:

I(Q) = solute(q) - ]solvent(Q) . (47)

Therefore, similar to experiments, two systems are needed in simulations: (i) one
that contains the solute in solvent and (ii) another that contains only the solvent.
The simulation box containing the protein must be large enough to avoid interactions
with itself over the periodic boundary. Thus the simulation box corresponds to a
monodisperse solution as also used and needed in SAS experiments.

To calculate the SAS curves from explicit solvent MD simulation trajectories, an
envelope is first constructed around the protein, which includes both the solute and
all solvent molecules that belong to the hydration shell. All solvent molecules outside
of the envelope are thus bulk solvent-like. By subtracting the intensity of the pure
solvent envelope from the intensity of the envelope containing the system with the
protein, a SAS curve is obtained which can be compared with an experimental SAS
curve. That is sufficient to use only the envelope instead of the whole simulation
system to calculate the SAS curve of the solute and the hydration shell was shown
in Ref. 28. Thus, by using the envelopes for the calculation of the SAS curves,

all atoms inside the envelope contribute to the calculation of the SAS curves and
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Figure 4.4: ) The scattering length densities for different biological substances
are shown as a functlon of D30, in different colors: water (black), hydrogenated
protein (dark orange), protein with 50% of the non-exchangeable protons replaced
by deuterium (green), protein with 100% of the non-exchangeable protons replaced
by deuterium (blue), DNA with an equal distribution of base pairs (cyan) and a
lipid dimyristoyl phosphatidylcholine (violet). (Fig. adapted from Ref. 223.) At
the points where the biomolecules and the water have the same scattering density —
the intersections between the colored lines and the black line — the biomolecules are
invisible in SAS experiments. (B) For a protein which has a hydrogenated part (light
grey) and a deuterated part (almost black), this means that the deuterated part and
the hydrogenated part are differently visible in different DO concentrations in the
solution; the hydrogenated protein part is invisible in a solution containing around
40% D20 and the 100% deuterated protein part is invisible in a solution containing
100% D20O. (Fig. adopted from Ref. 213.)
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all atoms outside the envelope that are bulk-solvent like do not contribute to the
calculation of the SAS curve. Overall, the use of envelopes not only saves a lot of
computational time, but also reduces statistical noise.

Since there are no free parameters when calculating the SAS curve with the explicit-
solvent method, the experimental curve is fitted to the simulated curve when com-
paring with experiments, using an absolute scale f that accounts for the usually
unknown absolute intensity of the experimental SAS curve and an absolute offset ¢
that accounts for both buffer uncertainties as well as uncertainties due to incoherent

scattering in SANS experiments:

Ini(q) = [+ Iexp(q) + C . (4.8)

In this method, explicit solvent molecules are used in the simulations, which is the
reason that no free parameters for the hydration shell or the excluded solvent are
needed during the calculation of the SAS curves. Therefore, the calculated values
for Iy and R, are not adjusted by using fitting parameters.

Other software programs such as Crysol[225, 226], Cryson[227], PepsiSAXS[228],
Soft WAXS[229], FoXS[230, 231] or AquaSAXS[232] that are used to evaluate ex-
perimental SAS data are applying methods such as a shell with a certain thickness,
grid elements, the use of water dummy beads, density maps or voxelization to ad-
just the hydration shell and excluded solvent using one or several parameters. Since
the structure and shape of the hydration shells is very complicated and can vary
between different proteins significantly, the use of fitting parameters for the hydra-
tion shell and the excluded solvent can lead to inaccurate results. Therefore, the
non-use of fitting parameters for the hydration shell and the excluded solvent in the
explicit-solvent method is a significant advantage in contrast to many other software

programs used to evaluate experimental SAS data.

Restraining MD simulations with experimental SAS data

If the experimental and simulated small- and wide-angle X-ray scattering (SWAXS)
curves from unconstrained simulations do not match, possible reasons include exper-
imental inaccuracies, limitations of the force fields or water models, insufficient sam-
pling, or structural differences between the simulated and experimental sturcture,
such as variations between solution and crystal structures or the presence of differ-
ent conformational states (e.g. ground vs. excited state). To search the structural

ensemble that represents the experimental data best, if the assumption is that there
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are inaccuracies in the simulation, is to couple the MD simulation to a target curve
obtained from an experimental SAS curve. In the SWAXS-driven MD method de-
veloped by Po-chia Chen and Jochen S. Hub in 2015 [61] the coupling of an exper-
imental target curve to one MD simulation is done by adding a biasing potential
energy term Vsas_pias to the force field potential energy term Vi derived for the
conformation of the biomolecule, if the simulated SAS curve does not match with

the experimental one:

Vvexp—biased ff — ‘/ff + ‘/SAS—bias- (49)

Only in the case if the simulated SWAXS curve and the one from the experiment
matches, the biasing potential Vgas_pias is 0 resulting in an unchanged energy land-
scape. In all other cases, the energy landscape in the simulation is changed by
adding this biasing potential; in other words, the simulation is carried out with
an experiment-biased force field. With this method it is thus possible to over-
come sampling issues and force field inaccuracies as shown in Ref. 61. And in the
case where the biomolecule under investigation has mostly one conformation, the
SWAXS-driven MD method with a single replica is often sufficient.

However, if the biomolecule is intrinsically disordered or has intrinsically disordered
regions, the experimental data represent an ensemble from a rather heterogeneous
ensemble. By coupling the experimental data of such (partly) flexible biomolecules
to only one single replica, it might still be possible that the simulated SAXS curve
will match the experimental one. If the experimental SAXS curve matches with the
simulated one by performing a single-replica SWAXS-driven MD simulation for a
(partly) flexible biomolecule, the agreement may still be misleading. This is because
the experimental data often represent a heterogeneous ensemble of conformations,
whereas a single replica can converge to a narrow set of structures that fit the data
but fail to capture the true structural diversity. To correctly interpret the data, the
target SWAXS curve is coupled to multiple replicas in parallel, allowing each replica
to explore different regions of conformational space while collectively matching the
experimental ensemble. In this multi-replica approach developed by Markus R.
Hermann and Jochen S. Hub in 2019 [233], the potential energies in equation (4.9)

are now dependent not just on one, but on several (n) replicas Xy, .., X,:
Vexp—biased (X1, -, Xpn) = Vip(X1, .oy X0n) + Voas—pias( X1, ooy Xn)- (4.10)

Therefore, also the biasing potential energy term Vsas_pias(X1, ..., X;) is now cal-
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culated from the ensemble of the multi-replicas, and is thus an replica-averaged
restraint. In multi-replica SAXS-driven MD simulations, the experimental curve is
matched to the ensemble-averaged scattering curve over all replicas, rather than to
only one single trajectory. If the number of replicas is sufficiently large and the
simulations are long enough, the system requires only the smallest possible biasing
potential to reproduce the experimental data [233]. This minimal-bias approach
follows Jaynes’ maximum entropy principle [233, 234], yielding the most unbiased

probability distribution that still satisfies the experimental constraints.
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Chapter D

Three- and four-site models for
heavy water: SPC/E-HW,
TIP3P-HW, and TTP4P /2005-HW

Reprinted from Journal of Chemical Physics, Volume 154, Issue 19, 194501 (2021)
(Ref. 235), with the permission of AIP Publishing. We thank the journal for per-

mission to reprint it.
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ABSTRACT

Heavy water or deuterium oxide, D, O, is used as a solvent in various biophysical and chemical experiments. To model such experiments
with molecular dynamics simulations, effective pair potentials for heavy water are required, which reproduce the well-known physicochem-
ical differences relative to light water. We present three effective pair potentials for heavy water, denoted SPC/E-HW, TIP3P-HW, and
TIP4P/2005-HW. The models were parameterized by modifying the widely used three- and four-site models for light water, with the aim
of maintaining the specific characteristics of the light water models. At room temperature, SPC/E-HW and TIP3P-HW capture the modula-
tions relative to light water of the mass and electron densities, heat of vaporization, diffusion coefficient, and water structure. TIP4P/2005-HW
captures, in addition, the density of heavy water over a wide temperature range.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0050841

I. INTRODUCTION

Water with the chemical formula D,O is called heavy water or
deuterium oxide. In heavy water, the common light hydrogen atoms
(protium, 'H) are replaced with heavy hydrogen atoms (deuterium,
D or *H, a hydrogen isotope with a nucleus composed of one proton
and one neutron). Despite nearly identical equilibrium structures
of H,O and D,O molecules, heavy water and light water exhibit
different physical properties." Hydrogen bonds in heavy water are
stronger than those in light water,” which causes enhanced cluster
building and thereby an increased structural order at low temper-
atures in D,0.” At higher temperatures, the viscosity and the heat
capacity of D,O are increased relative to H,O. D,0O has an increased
melting temperature compared to H,O. The maximum density of
D,0 is reached at an increased temperature of 11.2 °C instead
of4°C.!

Heavy water is used in various biophysical experiments. For
instance, D,O is used as a solvent for biomolecules in small-
angle neutron scattering (SANS) experiments.” ’ Because deuterium
exhibits a largely increased neutron scattering length as compared
to protium, changing the relative H,O/D,O concentration mod-
ulates the contrast between the biomolecule and the buffer in
SANS experiments. This property may render certain biomolecu-
lar subunits invisible during the so-called contrast variation experi-
ments. Likewise, D2O has been used for nuclear magnetic resonance

(NMR) spectroscopy” and Fourier transform infrared spectroscopy
(FTIR).” To allow accurate modeling of such experiments by molec-
ular dynamics (MD) simulations, reliable effective pair potentials of
heavy water are required.

Models for light water have been developed since a few decades.
The simple point charge (SPC) model proposed by Berendsen et al.
in 1981 was among the first models but remains widely used.””
The popular TIP3P and TIP4P models by Jorgensen et al. fol-
lowed in 1983.'" The TIP3P model is a three-site water model,
like SPC, but it uses the experimentally observed HOH angle of
104.52° instead of the ideal tetrahedral angle of 109.47° adopted
by SPC. TIP4P is a four-site model. In 1987, Berendsen et al. pro-
posed the extended simple point charge model (SPC/E), a reparam-
eterization of the SPC model with polarization corrections, thereby
taking the different water dipoles in solution and in vacuum into
account when comparing simulations with the experimental heat
of vaporization.'” A modified version of TIP3P for the Chemistry
at Harvard Macromolecular Mechanics (CHARMM) force field has
further been implemented, which has Lennard-Jones (L]) interac-
tions also assigned to the hydrogen atoms, in contrast to the original
TIP3P model."” All these models were optimized to reproduce prop-
erties such as the density, potential energy, and heat of vaporization
purely for liquid water at 25 °C and atmospheric pressure. In 2005,
Abascal and Vega proposed an optimized version of TIP4P, denoted
TIP4P/2005, by taking the polarization corrections into account and
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by fitting against experimental data from a wide temperature and
pressure range.'* The excellent agreement with experimental data
over a wide temperature range came with the price of slightly worse
agreement with the experimental heat of vaporization at room tem-
perature as compared to SPC/E. Until today, the development of
models for light water remains an active field, for instance, with
the aim of including electronic polarization'” or modeling surface
effects.'®

Fewer studies focused on models for heavy water. As the sim-
plest approach, merely the mass of the hydrogen atoms has been
doubled to investigate the vibrational spectra of heavy water'” or
to simulate heavy water permeation across aquaporins.'* However,
this approach cannot account for the modified properties of D,O as
compared to H,O. Therefore, a model for heavy water on the basis
of the SPC/E model has been suggested, denoted SPC/HW."” To
model the larger dipole of heavy water, SPC/HW uses an increased
negative partial charge of g, = —0.87e for the oxygen atom as com-
pared to —0.8476e used by SPC/E while leaving all other parame-
ters except for the hydrogen mass unchanged. The SPC/HW model
has been employed to study the effect of heavy water on lipid
membrane properties,”’ the membrane-water interface,”’ the struc-
ture and dynamics of anions,”” and the structure and stability of
nanocrystals.” However, with several versions of the Gromacs sim-
ulation software’* (3.05 and newer), we could not reproduce the
diffusion coefficient, heat of vaporization, or density reported in
Ref. 19, irrespective of the chosen cutoffs for Lennard-Jones (LJ)
interactions, the Coulomb method [particle-mesh Ewald (PME) or
plain cutoff], scheme for neighbor lists, corrections for missing dis-
persion interactions behind the L] cutoff, or the temperature cou-
pling scheme. We did not test the Gromacs version prior to version
3.05, which has been published in 2001. The properties of SPC/HW
obtained with a current Gromacs version are presented below.
This discrepancy prompted us to develop new models for heavy
water.

We present three effective pair potentials for liquid heavy water
developed on the basis of highly used three- and four-site water
models for light water: SPC/E, TIP3P, and TIP4P/2005.'"'*!* Our
strategy was not to parameterize new models from scratch but
instead to modify these H,O models as little as possible, only to the
extend needed to reproduce experimental properties of D,O. This
way, we aimed to maintain the specific characteristics of these pop-
ular H,O models, and we aimed to improve the transferability of
the new DO models to applications beyond pure-water systems, in
particular toward biomolecular systems. We denote the new models
SPC/E-HW, TIP3P-HW, and TIP4P/2005-HW.

Il. METHODS

A. Simulation systems and parameters

MD simulations were carried out with the Gromacs software,**

versions 2019.6 and 2020.3. Cubic boxes with a box length of 3
nm were created and subsequently filled with water molecules.
For SPC/E,"” SPC/HW," SPC/E-HW, TIP3P,'! and TIP3P-HW,
the box contained 884 water molecules. For TIP4P/2005'* and
TIP4P/2005-HW, the box contained 909 molecules. The energy of
each simulation system was minimized within 500 steps with the
steepest decent algorithm. Subsequently, the systems were equili-
brated for 100 ps. The simulations were carried out at temperatures

ARTICLE scitation.org/journalljcp

276.95,283.15,288.15,293.15, 298.15, 303.15, 308.15, 313.15, 318.15,
323.15, 333.15, 343.15, 353.15, 363.15, and 373.15 K. The tempera-
ture was controlled using velocity rescaling (7 = 0.1 ps).”” The pres-
sure was controlled with the Berendsen barostat (7 = 1 ps)’® and with
the Parrinello-Rahman barostat (7 = 5ps)’’ during equilibration
and production simulations, respectively. Whereas the experimental
data used here for validation were partly reported for 1 bar and partly
for 1 atm, we simulated with 1bar throughout this study for sim-
plicity. The geometry of water molecules was constrained with the
SETTLE algorithm.”® Dispersive interactions and short-range repul-
sion were described by a Lennard-Jones potential with parameters &
and o as follows:

Viy(r) = 4¢[ (o/r)"* = (a/r)°], 1)

which was cut off at a distance of r = 1 nm. The pressure and energy
were corrected for missing dispersion interactions beyond the cutoff.
We found that, owing to the applied dispersion corrections, using a
longer LJ cutoff had only a small effect on the computed water prop-
erties. Neighbor lists were updated with the Verlet scheme. Coulomb
interactions between point charges g, and g,,

1
Veou(r) = F&)quz, (2)

were computed with the smooth particle-mesh Ewald (PME)
method.””*" Here, & denotes the vacuum permittivity. We used
a Fourier spacing of ~0.12 nm, which was optimized by the Gro-
macs mdrun module at the beginning of each simulation. Systems
at 298.15 K, for which the compressibility was computed, were sim-
ulated for 150 ns with a 0.5 fs integration time step. All other systems
were simulated for 20 ns with a 1 fs time step. Simulations were car-
ried out in single precision on Intel Xeon E-2136 processors, while
all nonbonded interactions including PME were offloaded to an
Nvidia GTX 1070Ti graphics card.

Statistical errors were computed for simulations at 298.15K by
binning the trajectory into 15 ns time blocks. The physical properties
were computed for each block. The values reported below represent
the average and standard error over the blocks.

TIP4P/2005-HW was optimized with the ForceBalance soft-
ware.”*? Simulations submitted within the ForceBalance frame-
work were carried out with Gromacs, version 2019.6. MD param-
eters were chosen as described above, except that simulations were
carried out for 20 ns for all temperatures listed in the reference data
in Table I. During the optimization steps, ForceBalance used a vari-
ant of the Newton-Raphson algorithm with a trust radius between
0.025 and 0.25. An additional penalty, which corresponds to ridge
regression, was applied to prevent large steps in parameter space.
The maximum number of iterations was set to 10 000.

B. Calculation of physical properties
Following previous work,”* we approximated the heat of vapor-
ization with
AHyap ~ —Epot + RT, ®3)
where Ejq is the average potential energy per water molecule, R is

the gas constant, and T is the temperature. This approximation is
valid at atmospheric pressures. For SPC/E, SPC/E-HW, TIP4P/2005,
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TABLE I. Experimental parameters of liquid heavy water used for the ForceBalance optimization of the TIP4P/2005-HW model.

Temperature ~ Pressure  Density’ AHyop™ Thermal expansion Isothermal compressibility” Isobaric heat
(K) (atm) (kg/m3) (k] mol ™) coefficient’® (107 K1) (10 atm™) capacity’® (cal/mol/K)
278.15 1.0 1105.5 45.942 51.49

283.15 1.0 1105.7 45.746 -0.27 49.74 20.252 50
288.15 1.0 1105.6 45.546 48.38

293.15 1.0 1105.0 45.343 1.21 47.37 20.305 20
298.15 1.0 1104.4 45.138 46.52

303.15 1.0 1103.4 44.926 2.42 45.88 20.295 60
308.15 1.0 1101.9 44.712 45.37

313.15 1.0 1100.1 44.495 3.43 45.1 20.257 30
318.15 1.0 1097.9 44.275 44.97

323.15 1.0 1095.7 44.051 4.28 44.91 20.199 85
328.15 1.0 1093.1 43.823 44.98

333.15 1.0 1090.5 43.591 5.02 45.16 20.137 60
338.15 1.0 1087.5 43.356 45.51

and TIP4P/2005-HW, the potential energy averaged over the simu-
lations was corrected by adding the polarization energy'”

AEpo = (4~ o)’ /20, )

with the dipole moment of the model y, the dipole moment of an
isolated water molecule y; = 1.85 D, and the isotropic scalar polar-
izability'>** a = 1.608 10~* F m. For TIP3P or TIP3P-HW, no cor-
rection owing to the polarization energy was applied, following the
original parameterization scheme.''

The self-diffusion coefficients were computed from the slope
of the mean-square displacement of water molecules using a least-
squares fit to the interval between 5 and 50 ps. The number of hydro-
gen bonds (H-bonds) was obtained with the Gromacs module gmx
hbond. A cutoff of 30° was used for the hydrogen-donor-acceptor
angle and of 0.35 nm for the donor-acceptor distance.

The isothermal compressibility was calculated via'*

(v2) - (vy?

(V) ®
where V is the simulation box volume, k is the Boltzmann con-
stant, and (-) denotes the average over the simulation frames. The
compressibilities computed here for light water models agree with
the literature.!**

Electron densities were computed from the mass densities
using the molar mass.

C. Parameterization strategy for SPC/E-HW
and TIP3P-HW

The SPC/E and TIP3P models were adjusted with the aim
of matching the physical properties of heavy water molecules and
the properties of liquid heavy water as follows: The mass of the
deuterium atoms was adjusted to set the DO mass to 20.0275
g/mol.” The O-H bond length and H-O-H angles were taken
from the respective HO models. The partial charges of oxygen and
deuterium were adjusted to match the experimental ratio between
the dipole moments y of light water and heavy water, which was

reported as pp,0/un,0 = 1.01 both in a benzene solution and in the
gas phase.”

Next, to refine the Lennard-Jones (L]) parameters, we ran 20 ns
MD simulations and systematically varied the o and & parameters of
the oxygen atom close to the L] parameters of the respective light
water model. Finally, o and ¢ were selected to (i) closely match the
experimental density, (ii) closely match the change in the Hyap, value
of heavy water relative to light water, (iii) to reasonably match the
diffusion coefficient, and (iv) to remain close to the parameters of
the light water in order to preserve the characteristics of the light
water model.

D. Parameterization strategy for TIP4P/2005-HW

The mass of the deuterium atoms was again chosen to match
the DO mass of 20.0275 g/mol.”” The H-O-H angle and O-H dis-
tance were taken from TIP4P/2005. All other parameters were opti-
mized with the ForceBalance software,’’** with the aim of matching
experimental data over a wide temperature range between 287.15
and 338.15K. We adapted the charge of the dummy atom g, the
distance between the oxygen and the dummy atom roum, and the
Lennard-Jones parameters o and ¢ of the oxygen atom. More restric-
tive optimization protocols, for instance, with fixed partial charges,
did not yield acceptable water densities over a wide temperature
range. The reference data used by ForceBalance are listed in Table I.
We carried out several ForceBalance runs with slightly different
weights for the target data, trust radius, and convergence criteria,
which converged to different parameter sets. We selected a param-
eter set that well reproduced the experimental density and, simulta-
neously, reasonably well reproduced the heat of vaporization, diffu-
sion coefficient, dipole moment, and radial oxygen-oxygen distance
distribution.

Ill. RESULTS

As a reference, we first recomputed the physical properties
of the widely used H,O models SPC/E, TIP3P, and TIP4P/2005
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at room temperature (Table II).!"'"!* The computed results agree
with the literature'>'**>** to the extent expected when using slightly
different simulation parameters. The results demonstrate the previ-
ously documented strengths and weaknesses of these models. For
instance, the diffusion coefficient and compressibility of TIP3P are
too large as compared to the experiment (cf. Table II, last col-
umn), whereas the density of TIP3P is too low. The properties of
SPC/E and TIP4P/2005 reveal better agreement with the experiment,
although deviations are still evident. Specifically, the heat of vapor-
ization of TIP4P/2005 is 2 kJ/mol larger than expected from the
experiment.

Table III presents the newly derived force field parame-
ters for SPC/E-HW, TIP3P-HW, and TIP4P/2005-HW, as well
as, for reference, the parameters of the respective HO models
and the previously proposed SPC/HW model."” Simulation topol-
ogy files of the D,O models in Gromacs format are provided
in the supplementary material. The properties of DO obtained
with the new models are listed in Table IV and discussed in the
following.

ARTICLE scitation.org/journalljcp

A. Dipole moment

The experimental dipole of a D,O molecule is ~1% larger as
compared to an H,O molecule.”" For SPC/E-HW and TIP3P-
HW, this relative increase was adopted by adjusting the partial
charges. For TIP4P/2005-HW, in contrast, the dipole was not opti-
mized but was an outcome of the ForceBalance protocol. Accord-
ingly, the dipole of TIP4P/2005-HW is only 0.5% larger relative to
TIP4P/2005, which is a smaller increase than expected from the
experiment.”*

B. Mass and electron density

The mass densities of liquid D,O obtained with SPC/E-HW
and TIP4P/2005-HW at 1bar and 298.15K agree with the experi-
mental value within less than 0.2% (Table IV). In contrast, the den-
sity obtained with TIP3P-HW is 1.2% below the experimental value,
in line with the too low density of TIP3P by 1.1% (see Table I1).

Figure 1 (left) presents the mass densities of all water models
considered in this study over a wide temperature range. Evidently,

TABLE |I. Calculated and experimental properties of H,O at 298.15K. Calculated properties correspond to 1bar and
experimental properties to 1 atm: mass density, average potential energy during MD simulations, polarization correction,
polarization-corrected potential energy, heat of vaporization, diffusion coefficient, isothermal compressibility, and average

number of hydrogen bonds per molecule.

SPC/E TIP4P/2005 TIP3P Expt.

Density kg/m? 998.810(5) 997.090(5) 985.929(5) 997.0480""

~Epot kJ/mol 46.819(2) 47.829(2) 40.100(2)

AEpo kJ/mol 5.22125 4.32095

—Epot kJ/mol 41.597(2) 43.508(2) 40.100(2) 415"

AHyp kJ/mol 44.076(2) 45.987(2) 42.579(2) 43.990"¢

D 1075 em?/s 2.522(2) 2.104(2) 5.478(4) 2.2999%¢

K7 107 bar™! 46.3(2) 46.5(3) 58.3(2) 45225

(#H-bonds) 3.6025 3.66229 3.35226 3.62 + 0.1

“Reference 4.

l’Reportecl for 1 atm.

Reference 11

4dPressure not reported.

“Reference 41.

fReference 42.

8Reported for 1 bar.

D Reference 43.
TABLE lII. Parameters of SPC/E, SPC/E-HW, SPC/HW,'® TIP3P, TIP3P-HW, TIP4P/2005, and TIP4P/2005-HW.

Mass H qy 4 HOH
Mass O Mass D qm q0 qp o £ £DpoOD TOM
(g/mol) (g/mol) (e) (e) (e) (nm) (kJ mol™) ©) (A)

SPC/E 15.9994 1.008 000 —-0.8476 0.4238 0.316 557 0.650 194 109.47
SPC/E-HW 15.9994 2.014 054 —-0.8564 0.4282 0.318776 0.573 885 109.47
SPC/HW " 15.9994 2.014 054 —-0.8700 0.4350 0.316 557 0.650 194 109.47
TIP3P 15.9994 1.008 000 -0.8340 0.4170 0.315057 0.636 390 104.52
TIP3P-HW 15.9994 2.014 054 —0.8424 0.4212 0.317 156 0.565 396 104.52
TIP4P/2005 16.0000 1.008 000 -1.1128 0.0000 0.5564 0.315890 0.774 898 104.52 0.154 648 5
TIP4P/2005-HW 16.0000 2.013754 -1.1220 0.0000 0.5610 0.316 590 0.749730 104.52 0.1563497
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TABLE IV. Experimental and calculated parameters of liquid D,0 at 298.15K and 1 bar: mass density, average potential energy during MD simulations, polarization correction,
polarization-corrected potential energy, heat of vaporization, diffusion coefficient, compressibility, and average number of hydrogen bonds per molecule.

SPC/HW" SPC/E-HW TIP4P/2005-HW TIP3P-HW Expt.
Density kg/m® 1125.307(5) 1106.169(5) 1103.998(5) 1092.168(6) 1104.4*°
~Epet kJ/mol 51.283(2) 48.486(2) 48.660(2) 41.215(2)
Epol kJ/mol 6.59701 5.742 64 4.510 86
—Epot kJ/mol 44.686(2) 42.744(2) 44.149(2) 41.215(2)
AHyp kJ/mol 47.165(2) 45.223(2) 46.629(2) 43.694(2) 45,1387
Diffusion coefficient 107° cm?/s 1.370(2) 1.691(2) 1.613(2) 4.246(4) 1.87-1.9"
Compressibility 107 bar™! 41.6(1) 44.2(2) 47.0(2) 57.7(3) 46.5"¢
(# H-bonds) 3.7013 3.656 17 3.686 84 3.403227 3.76 + 0.14"
“Reference 4.
PReported for 1 bar.
Reference 36.

4dPressure not reported.
References 45-48.
fRepoxted for 1 atm.
8Reference 37.

B Reference 43.

both TIP3P and TIP3P-HW underestimate the densities at room densities over the whole temperature range between 276.95 and
temperature, and the computed densities decay too rapidly with 373.15K.

increasing temperature. In contrast, SPC/E and SPC/E-HW favor- The difference of the mass densities of H,O and D,O is dom-
ably match the experimental densities at room temperature; the tem- inated by the increased mass of deuterium relative to protium. A
perature dependence of the densities is more realistic as compared more sensitive comparison between H,O and D0 is given by the
to the TIP3P variants yet still enhanced relative to the experiment. electron density since H,O and D, O carry the same number of elec-

TIP4P/2005 and TIP4P/2005-HW favorably match the experimental trons. As shown in Fig. 1 (right), the experimental electron density
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FIG. 1. Mass densities (left) and electron densities (right) of liquid H,O and D, 0 as a function of temperature at 1 bar. The right ordinate in the right panel shows the number
density of water molecules. Experimental data* are shown as circles and dashed lines and calculated data as solid lines. Experimental data of H,O and D, 0 correspond to
pressures of 1 atm and 1 bar, respectively. See the legend for the color code.
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is slightly decreased for D, O relative to H,O, and this difference is
closely reproduced by the TIP4P/2005-HW and TIP4P/2005 models.
The SPC/E and TIP3P variants qualitatively reproduce the decreased
electron density of heavy water. TIP4P/2005 and TIP4P/2005-HW
capture the electron densities of light water and heavy water over
the whole temperature range, respectively.

C. Heat of vaporization

The experimental AHy,, value of heavy water is increased by
2.6% relative to light water (Tables 1T and 1V)."*® This increase
is, by design of our parameterization strategy, well captured by
SPC/E-HW relative to SPC/E (2.60%) and by TIP3P-HW relative to
TIP3P (2.61%). For TIP4P/2005-HW relative to TIP4P/2005, AHyap
is increased by only 1.4% since (i) we focused on reproducing the
density and AHy,p over a wide temperature range rather than the
relative increase in the AHy,, value of heavy water and (ii) the
AHy,p value of TIP4P/2005 is already too large at room temperature
(Tables 11 and 1V).'* Hence, for future studies, using SPC/E-HW or
TIP3P-HW may be more suitable than using TIP4P/2005-HW to
study differences of thermodynamic properties between light water
and heavy water.

Critically, AHyap reported in Tables II and IV includes the
polarization corrections for the SPC/E and TIP4P/2005 variants but
not for the TIP3P variants, following the original force field deriva-
tions. Hence, the AHy,p value of both TIP3P and TIP3P-HW is in
fact too low compared to experimental conditions.

ARTICLE scitation.org/journalljcp

D. Self-diffusion

The self-diffusion coefficient of liquid D,O at 1 atm and
298.15 K was reported as 1.87 x10™° cm*/s  or 1.90 x107° cm?*/s.*0
In addition, Wilbur et al. reported the values of 1.22 x107° cm?/s
at 283.15K and 2.00 x10™° cm?/s at 303.15 K, which is compatible
with a value of ~1.8 x10™> cm?/s at 298.15K assuming an approx-
imately linear temperature dependence over this range. The self-
diffusion coefficients obtained with our D,O models are listed in
Table I'V. All heavy water models qualitatively reproduce the exper-
imentally observed reduced self-diffusion coefficient of heavy water
relative to light water. However, because it was difficult to match
both AHy,p and density on the one hand and the self-diffusion coef-
ficient on the other hand, we accepted larger discrepancies for the
self-diffusion coefficient. Specifically, SPC/E-HW and TIP4P/2005-
HW yield slightly too low diffusion coefficients compared to the
experiment. In contrast, TIP3P-HW reveals a greatly increased dif-
fusion coefficient, in line with the increased diffusion by the TIP3P
model.

E. Isothermal compressibility

The isothermal compressibility k7 of liquid D,O is 46.5 x10™°
atm™! at 298.15K and 1 atm, slightly increased relative to H,O.”
The calculated x7 values of SPC/E-HW and TIP4P/2005-HW rea-
sonably agree with the experimental value, in line with the respec-
tive H,O models. In contrast, the compressibilities of both TIP3P
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FIG. 2. 0-O (first row), O-H (second row), and H-H (third row) radial distribution functions (RDFs) for SPC/E, SPC/HW,? SPC/E-HW, TIP3P, TIP3P-HW, TIP4P/2005, and
TIP4P/2005-HW models at 1 bar and 25 °C. For reference, RDFs refined against experimental data (left column) were digitalized from Ref. 43.
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FIG. 3. Probability histograms for the number of hydrogen bonds per molecule in SPC/E, SPC/HW, ' SPC/E-HW, TIP3P, TIP3P-HW, TIP4P/2005, and TIP4P/2005-HW at

1barand 25°C.

and TIP3P-HW are strongly increased by ~25% relative to the
experiment.

F. Water structure: Radial distribution function
and number of hydrogen bonds per molecule

Using a combination of X-ray and neutron diffraction, Soper
and Benmore showed that liquid D,O is more structured than lig-
uid H,O, as quantified by more pronounced maxima and minima in
atomic radial distribution functions (RDFs)." To probe the struc-
ture of our liquid D,O models, we computed RDFs between oxygen
atoms [g,(r)], oxygen and hydrogen atoms [gq,(7), gop (7)1, and
hydrogen/deuterium atoms [gy;(7), gpp ()], as presented in Fig. 2.
Notably, the RDFs of D,O models (Fig. 2, red lines) yield more pro-
nounced maxima and minima relative to the respective H,O model
(Fig. 2, black dashed line). Hence, the liquid DO models exhibit the
increased structure, in qualitative agreement with the experimental
findings.

As a second measure for the degree of water structure, we com-
puted the average number of hydrogen bonds (H-bonds) per water
molecule. As expected from the increased water structure according
to the RDFs, we find that all D,O models yield an increased aver-
age number of H-bonds (Tables I and V). These findings agree
qualitatively with the diffraction data by Soper and Benmore (Fig. 2,
left column).” Histograms over the average number of H-bonds
per water molecule show that this shift is realized by an increased
number of water molecules with four H-bonds at the cost of water
molecules with only two or three H-bonds, consistently among the
three D,0 models (Fig. 3).

IV. DISCUSSION

We presented three models for liquid heavy water, SPC/E-HW,
TIP3P-HW, and TIP4P/2005-HW. We parameterized SPC/E-HW
and TIP3P-HW with the aim of (i) reproducing the relative dif-
ferences between light water and heavy water, while (ii) changing
the original water models as little as possible, thereby maintaining
the characteristics of the original light water model. Consequently,
SPC/E-HW and TIP3P-HW inherit the strengths and weaknesses of

the SPC/E and TIP3P models. Specifically, both TIP3P and TIP3P-
HW neglect the polarization contribution to the heat of vaporiza-
tion, and they exhibit too low mass densities, too large diffusion
coefficients, and too large isothermal compressibilities. In addition,
liquid water modeled with TIP3P and TIP3P-HW lacks the inter-
nal water structure as revealed by the absence of a second solvation
shell in the O-O RDFs and by the reduced number of H-bonds.
Nevertheless, since the TIP3P model is widely used in biomolecular
simulations, we expect TIP3P-HW to be useful for comparative sim-
ulation studies. SPC/E and SPC/E-HW exhibit an overall favorable
agreement with experimental data.

TIP4P/2005-HW was parameterized with the aim of reproduc-
ing D,O properties over a wide temperature range. Specifically, we
aimed to reproduce the temperature-dependent density since the
density plays a critical role in neutron scattering contrast variation
experiments. The favorable agreement with experimental data at
various temperatures limited the possibilities to reproduce the rel-
ative differences between D,O and H,O at room temperature. In
consequence, the increase in the heat of vaporization of liquid D,O
relative to H,O is not as precisely captured by TIP4P/2005-HW as
compared to SPC/E-HW or TIP3P-HW.

This study was motivated by our inability to reproduce the
reported properties of the SPC/HW model'” with the Gromacs sim-
ulation software, irrespective of the Gromacs version and the choice
of various simulation parameters. For instance, compared to Ref.
19, we obtained with the SPC/HW model an increased density
(Fig. 1), more negative potential energies, and thereby a larger heat
of vaporization, as well as smaller diffusion coefficients (Table IV).
Therefore, we do not recommend SPC/HW'? for simulations with
Gromacs.

The most appropriate choice for a heavy water model in future
studies will depend on the application. For studies that focus on
room temperature and involve fine balances of thermodynamic
properties such as solvation free energies, we anticipate that compar-
ative simulations with SPC/E and SPC/E-HW may be most insight-
ful because SPC/E and SPC/E-HW (i) favorably agree with a wide
range of experimental data at room temperatures and (ii) accurately
capture the increased AHy,p, value of liquid D, O relative to H,O. For
biomolecular simulations, simulations with TIP3P and TIP3P-HW
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will provide a useful alternative because several biomolecular force
fields were parameterized in conjunction with TIP3P. For studies
involving D,O and H,O in wider temperature ranges, TIP4P/2005
and TIP4P/2005-HW are recommended. Taken together, the D,O
models presented here will be useful for gaining atomic and ener-
getic insight into phenomena and experiments involving heavy
water.

SUPPLEMENTARY MATERIAL

See the supplementary material for topologies, simulation sys-
tems, and simulation parameters in Gromacs format.
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small-angle scattering data
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Biological macromolecules in solution are surrounded by a hydration shell, whose structure
differs from the structure of bulk solvent. While the importance of the hydration shell for
numerous biological functions is widely acknowledged, it remains unknown how the hydra-
tion shell is regulated by macromolecular shape and surface composition, mainly because a
quantitative probe of the hydration shell structure has been missing. We show that small-
angle scattering in solution using X-rays (SAXS) or neutrons (SANS) provide a protein-
specific probe of the protein hydration shell that enables quantitative comparison with
molecular simulations. Using explicit-solvent SAXS/SANS predictions, we derived the effect
of the hydration shell on the radii of gyration Ry of five proteins using 18 combinations of
protein force field and water model. By comparing computed R; values from SAXS relative to
SANS in D,0 with consensus SAXS/SANS data from a recent worldwide community effort,
we found that several but not all force fields yield a hydration shell contrast in remarkable
agreement with experiments. The hydration shell contrast captured by R; values depends
strongly on protein charge and geometric shape, thus providing a protein-specific footprint of
protein-water interactions and a novel observable for scrutinizing atomistic hydration shell
models against experimental data.
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ater molecules play key roles in protein functions such

as folding, molecular recognition, enzymatic activity,

and proton transfer!~3. During such functions, water
interacts with the geometrically rough and chemically hetero-
geneous protein surface by the formation of hydrogen bonds with
polar and ionic groups as well as by long-ranged Coulomb and
Van-der-Waals forces. Protein-water interactions together with
water-internal interactions lead to the formation of a water layer
with different structural and dynamic properties as compared to
bulk water, termed protein hydration shell. The modified water
dynamics in the hydration shell have been studied by NMR and
Terahertz spectroscopy, time-dependent fluorescence Stokes shift,
inelastic neutron scattering, molecular dynamics (MD) simula-
tions, and several other techniques*~13. These data revealed that
geometric constraints and the hydrogen bond network lead to a
mild slowdown of water dynamics by factors of 3-5 and to an
increased water ordering as compared to bulk water!4. The
importance of protein-water interactions is further augmented in
crowded cellular environments, where macromolecules typically
adopt 25-40% of the volume!®. In such environments, up to 70%
of the water is part of a biomolecular hydration shell?, demon-
strating that biology largely involves non-bulk-like water!®.

Whereas the dynamics of the protein hydration shell has been
investigated in great quantitative detail by spectroscopy, the overall
structure and contrast of the hydration shell is far less understood.
Small-angle scattering (SAS) with X-rays (SAXS) or neutrons
(SANS) revealed that the hydration shell of many proteins exhibit
an increased density compared to the bulk!?, which imposes an
increased or a decreased radius of gyration R, as detected by SAXS
or by SANS in D,O, respectively. MD simulations with explicit
solvent reproduced the modified R, values and attributed this effect
to an excess density of ~6%!31%. A recent combined SAXS/SANS
study on ultra-charged proteins suggested that anionic surface
amino acids (Asp/Glu) enhance the hydration shell density more as
compared to cationic amino acids (Arg/Lys)?’. Because data from
SAS or spectroscopy provide information on the hydration shell
with only low spatial resolution or low information content, atomic
insight into protein hydration mostly relies on MD
simulations!®1821-23 However, whether current protein force
fields and water models accurately capture the structure of the
protein hydration shell is not known.

Apart from the pioneering study by Svergun et all7, SAS data
has been hardly used as a probe for protein hydration, mostly
because undesired scattering contributions from protein aggre-
gation, radiation damage, or poor buffer matching are hard to
quantify with sufficient accuracy from a single SAS experiment,
despite progress in quality standards for SAS experiments and
analysis?#2>. Thus, to obtain high-precision SAS data for
benchmarking and to test the reproducibility of SAS data, a recent
worldwide round-robin study collected SAS data for five globular
proteins at 12 SAXS and four SANS instruments, leading to a
total of 247 SAS curves?®. The five proteins considered in the
round-robin study were selected to be relatively rigid to avoid
complications owing to pronounced flexibility. Whereas SAS data
for lysozyme and urate oxidase were subject to increased uncer-
tainties (Supplementary Discussion), SAS data for ribonuclease A
(RNaseA), xylanase, and glucose isomerase were reproducible at
many beamlines, thus providing consensus SAS data with
unprecedented accuracy.

Here, we tested whether all-atom MD simulations reproduce
the increased density of the protein hydration shell. To this end,
we carried out simulations using 18 different combinations of
protein force field and water model (Table S1), computed SAS
curves taking explicit solvent into account!827-30, and compared
the derived R, values to consensus SAS data from the round-
robin study (Table S2)26. We included widely used variants of the

CHARMM?! and AMBER force fields families>3> and ten dif-
ferent water models, including several recently proposed force
field combinations with increased protein-water dispersion
interactions3>-38. Overall, we find nearly quantitative agreement
between simulation and experiments for many force field com-
binations; however, the calculations furthermore reveal deviations
relative to experiments for certain protein force fields or water
models. Thus, the quantitative comparison involving high-
precision SAS data and explicit-solvent SAS calculations pro-
vides a novel route for scrutinizing the structure of the protein
hydration shell.

Results

Explicit-solvent SAS calculations reveal the hydration shell
effect on R, The three-dimensional solvent density around
xylanase is illustrated in Fig. 1b and in Supplementary Movie 1,
computed from a simulation carried out with the ff99SBws pro-
tein force field and the TIP4P/2005s water model (Fig. S1)36-39.
The density reveals the first hydration layer, which is structured
by the formation of favorable interactions between the solvent
molecules and the protein surface (red/orange mesh), as well as
the second hydration layer (blue mesh), which is more dispersed.
By averaging the solvent density over the protein surface, the
solvent density is obtained as a function of the distance from the
Van-der-Waals surface of xylanase, revealing, in addition to the
pronounced first and second hydration layer a shallow third layer
at a distance of ~7 A (Fig. ¢, solid magenta line), as reported by
many previous MD studies (Ref. 19 and references therein). To
test whether solvent density modulations owing to water—protein
interactions differ from density modulation owing to the internal
structure of bulk water, we carried out a simulation of bulk
TIP4P/2005s water, in which water molecules within a volume
similar to the volume of xylanase were restrained (Supplementary
Methods). Density modulations around such restrained bulk
water are by far smaller as compared to the density modulations
at the protein surface (Fig. 1c, compare dashed dark green with
solid magenta line), in line with previous reports!8. Thus, explicit-
solvent MD simulations yield the structure of the hydration shell
that differs from the structure of bulk solvent and, thereby,
manifests as a modified radius of gyration R, detected by SAS
experiments!’.

Using explicit-solvent SAS calculations?40, we computed from
MD simulations SAXS curves, SANS curves in H,O, and SANS
curves in D,0O as function of momentum transfer g, where q =
47 sin(6)/A with the scattering angle 26 and the wavelength A of
the X-ray beam (Fig. 1d). Two approaches may be used to extract
R, from the SAS intensity curves I(q): (i) via the the Guinier fit
In[I(q)/1,] = 7(ng)2 /3 to the small-q region, where I, is the
forward scattering intensity (Fig. 1d, inset); or (ii) via the the pair
distance distribution function (PDDEF), also referred to as P(r)
function, which is obtained from the SAS curve via a regularized
inverse Fourier transform#142, providing the radius of gyration
via R} = [ r*P(r)dr/ [2 J P(r)dr]. From the simulations, we
report R, obtained with the Guinier fit, yet we validated the
agreement with the R, obtained from the PDDF. Both, R; and I
are influenced by the contrast of the hydration shell relative to the
bulk solvent. However, because the experimental uncertainties of
R, are by far smaller as compared to uncertainties of I, we
validated MD simulations against experimental R, values in this
study.

Because our SAXS and SANS calculations take explicit water
molecules in the hydration shell into account, the Ry and also I
values are fully controlled by the water and protein force fields
(together with MD parameters such as cutoffs). We quantified the
effect of the hydration shell on the Ry by computing the difference
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Fig. 1 Explicit-solvent MD reveals the hydration shell structure and modified R, values from SAXS and SANS. a Simulation of xylanase obtained with
ff99SBws and TIP4P/2005s water. Water molecules within the envelope (blue surface) contribute to SAS calculations. Water outside of the envelope is
not shown for clarity. The protein is shown in green cartoon, water as red/white sticks. b Electron density of solvent inside the envelope in shades from
light gray (bulk water) to blue to orange to red, revealing the first (orange and red) and the second (mostly blue) hydration layers. ¢ Solvent density versus
distance R from the Van-der-Waals surface of the protein, averaged over the protein surface (magenta solid line), revealing two pronounced and a third
weak hydration shell. The solvent density around a volume of restrained bulk water (dark green dashed line) reveals by far smaller modulations,
demonstrating that water-protein interactions lead to a more structured and more dense hydration shell compared to bulk water. The experimental bulk
density of 0.334 e/A3 is shown by a gray dashed line. d Calculated intensity curves for SAXS (purple), SANS in H,O (orange), and SANS in DO (blue)
obtained from MD simulations. Curves are shown in absolute units of e2 for SAXS and squared neutron scattering lengths (nsl2) for SANS. Inset: Guinier
plots of SAS curves (colored lines) and linear fits (dotted black lines) used to obtain the SAS-derived radii of gyration R,. e Difference between SAS-derived
Rg values and the Ry values of the pure protein (RZ“") for SAXS, SANS/H,0, and SANS/D,0 (color code as in panel d). Ry differences were computed from
simulations with restrained heavy atoms (left), restrained backbone (middle), or from unrestrained MD (right). f Differences between Ry from SAXS and
SANS/H,0 (pink), as well as from SAXS and SANS/D,0 (gray). All R, differences are a footprint of the protein hydration shell. Statistical errors denote 1
SE.

AR, = RZAS - Rgpmt between the R, from the SAS curve, RzAs, and the nuclei, SAXS curves report on the electron density contrast,
whereas SANS curves report on the contrast of the neutron
scattering length density. Many globular proteins exhibit a
hydration shell with an increased electron density relative to the
bulk solvent!”-18:2, For such proteins, both, the protein and the
hydration shell exhibit a positive electron density contrast relative
to the bulk (Fig. S3a), leading in a SAXS experiment to an
increased Ry (AR, >0, Fig. le, purple bars). For SANS in D0, the
Differences in R, values obtained from SAXS relative to SANS/ protein exhibits a negative contrast of the neutron scattering
D,0 enables quantitative comparison between MD simulations  1ength density whereas the hydration shell exhibits a positive
and SAS experiments. The effect of the hydration shell on Ry is ~ contrast relative to bulk, resulting typically in a decreased Ry
different in SAXS as compared to SANS experiments (Fig. S3). (ARg <0, Fig. S3b, Fig. le, bh.lej bars). For SANS in H,O, the
Because X-rays scatter at the electrons whereas neutrons scatter at ~ Ontrast of the protein is positive whereas the contrast of the

R, calculated from the atomic positions of protein atoms, RE™".

The ARy values calculated from simulations of xylanase with
restraints on heavy atoms or on backbone atoms or from
unrestrained MD simulations are shown in Fig. 1e, demonstrating
that the hydration shell modulates R, of xylanase by up to 0.9 A.
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hydration shell is close to zero, leading to a small influence by the
hydration shell on R, (AR, = 0, Fig. S3c, Fig. 1e, orange bars).
Because the solution structure of proteins may differ from
their crystal structure, Rgm‘ present in SAS experiments is not
accurately known. Hence, we focused here on the difference
AR;AS = REAXS — R3ANS between the R, values from SAXS (REAXS)

and SANS (R$ANS). For the xylanase simulations discussed above,
AR;As takes values up to 1.7 A or 0.9 A for SANS in D,0 or H,0,

respectively (Fig. 1f, gray or pink bars, respectively). In contrast to
AR, values, AR;AS values do not depend on Rgmt, thus enabling
direct comparison between simulation and experiment.

The hydration shell effect on R; increases upon solvent
relaxation on a flexible protein surface. We first evaluated the
effect of atomic fluctuations on the hydration shell and, thereby,
on AR, and AR;AS . To this end, a series of simulations of xylanase
was carried out with increasing flexibility by using restraints on
heavy atoms, on backbone atoms, or by running an unrestrained
MD simulation. Figure le, f demonstrates that the fewer atoms of
a protein were restrained, the larger is the influence of the
hydration shell on ARy, indicating a hydration shell with
increasing contrast. To shed more light on the effect of protein
flexibility on AR;AS, we carried out additional simulations of
restrained xylanase after unrestrained equilibration. Notably, after
such unrestrained equilibration, applying restraints to the protein
had on average no effect on AR;AS (Fig. S4b, c). Thus, protein
flexibility takes effect on AR, and AR;As during the equilibration
phase, enabling more favorable relaxation of water onto the
protein surface as compared to simulations with restraints. With
increasing conformational flexibility, the water molecules may
favorably pack on the protein surface and penetrate cavities
between side chains, which leads to an increasingly dense
hydration shell. Below, we use results from unrestrained MD
simulations for force field validations against experimental data.

Comparison of the hydration shell from 18 force field combi-
nations with consensus SAS data. Next, we studied the effect of 18
different combinations of force fields for protein and water on the
hydration shell, as quantified by AR, and AR;AS values. We con-
sidered widely used force field combinations such as
CHARMM36m-TIP3P3143 as well as uncommon combinations
such as CHARMM36m-SPC/E3144 (Table S1). Such uncommon
combinations are generally not recommended because protein force
fields have been parametrized with respect to specific water models;
in this study, however, we considered such uncommon combina-
tions with the aim to dissect effects of the protein force field and of
the water model on the hydration shell. Figure 2a—c presents AR,
values from unrestrained MD simulations, i.e., the difference of R,
values from the Guinier analysis relative to Rgm‘ values. Absolute Ry

values are shown in Fig. S5 and all computed Ry values are listed in
Tables S3-S7. Among all force fields, AR, values were positive, near-
zero, and negative for SAXS, SANS/H,0, and SANS/D,0, respec-
tively, in line with results in Fig. le. However, AR, values vary
considerably among different force fields by up to 0.5 A, indicating
different contrasts in the hydration shell. For instance,
ff99SBws-TTP4P/2005s, which implements increased water—protein
dispersion with the aim to obtain realistic ensembles of intrinsically
disordered proteins®®3%, yields by far larger modulations of Ry (black
bars) as compared to CHARMM36m with the CHARMM-modified
TIP3P water model (cTIP3P, blue bars) or with the OPC water
model314345, These differences propagate into differences of AR;AS,

which we compare with consensus experimental SAS data in the
following.

Figure 3b, d, f presents AR values obtained from SAXS
relative to SANS/D,O for the proteins RNaseA, xylanase, and
glucose isomerase, computed with 18 different combinations of
force fields for protein and water and using unrestrained
simulations. For many force fields, excellent agreement is found
between simulation and experiment (Fig. 3, horizontal lines),
suggesting that many force fields yield a correct overall hydration
shell contrast. Such agreement is remarkable considering that
protein—water interaction potentials have not been refined against
solution scattering data but rather against thermodynamic data
such as hydration free energies®®. However, Fig. 3b, d, f
furthermore reveals considerable differences among protein force
fields and water models. These AR;AS differences reveal similar
trends if derived from backbone-restrained instead of from
unrestrained simulations (Fig. S6), demonstrating that AR;AS
variations among force fields are mostly not a consequence of
different protein conformations but instead a consequence of
different packing of water on the protein surface.

To test whether ARSAS variations among force fields are
explained by variations of the hydration shell densities, we
computed solvent density profiles as function of distance R from
the Van-der-Waals surface of xylanase using the force field
combinations CHARMM36m-cTIP3P, ff15fb-TIP3P-FB, or
ff99SBws-TIP4P/2005s (Fig. S7), which led to small, medium,
or large AREAS values, respectively (Fig. 3d, blue, green, and black
bar, respectively). In addition, density profiles around xylanase
were compared with density profiles around volumes of
restrained bulk water modeled with c¢TIP3P, TIP3P-FB, or
TIP4P/2005s (Fig. S8), thereby comparing the hydration shell
structures with the structure of bulk water!'S. We find that the
height and width of the first solvent density peak at R~0.85A
correlate with ARSAS values, both if taken from the total solvent

density profiles (Fig. S7, S8) or if taken from the density profile
relative to the bulk water structure (Fig. S8b, d). This analysis
suggests that modulations of the hydration shell structure among
different force fields indeed manifest in variations of ARZAS.

Force field effects on the hydration shell are different for
anionic compared to near-neutral proteins. Focusing first on
the weakly charged proteins RNaseA and xylanase, AR;AS values

obtained with CHARMM36m are systematically lower relative to
the experiment, irrespective of the applied water model SPC/E,
TIP3P, or OPC3 (Fig. 3b, d). An exception is given by the
RNaseA simulation with OPC, for which CHARMM36m led to a
larger AR;AS as compared to ff99SBws. However, this difference is
inverted in simulations with backbone restraints (Fig. S6a, b),
suggesting that the simulation with CHARMM36m-OPC adop-
ted an unusual conformation, as confirmed by visual inspection
of the trajectory (Fig. S9). Thus, in conformationally stable
simulations, CHARMM36m imposed a less dense hydration shell
as compared to the tested AMBER force field variants. Among all
tested force fields, CHARMMS36m-cTIP3P yields the lowest
ARSAS values, indicating a hydration shell with too low contrast.
The AMBER force field variants ff14SB and ff99SB-ildn show
good agreement with the experiment with any of the water
models SPC/E, TIP3P, OPC3, TIP4P-D, or TIP4P/2005. Hence,
surprisingly, among the tested force field combinations, the
protein force field has a larger effect on the hydration shell
contrast as compared to the water model.

Several older force fields are not suitable for simulating
intrinsically disordered proteins (IDPs) as they impose overly
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Fig. 2 SAS-derived R, values of xylanase relative to R, of the bare
protein. Modulations AR, of the SAS-derived R values relative to Ry of the
bare protein from unrestrained simulations of xylanase, obtained with 18
different combinations of protein force field (labels along the abscissa) and
water model (color code, see legend). a AR, from SAXS, b from SANS in
H,0, and ¢ from SANS in D,0. Statistical errors (1 SE) were obtained from
block averaging. For force field abbreviations, see Table S1.

collapsed IDP ensembles, which has been attributed to a lack of
protein—water dispersion interactions3%47. Thus, several modifi-
cations of the AMBER force field family have been developed
with refined protein-water dispersion interactions, leading to
more expanded IDP ensembles. We considered the protein force
fields DES-amber3>37, DES-amber without scaled charges DES-
amberSF1.0, a99SBdisp38, and ff99SBws®, each simulated in
conjunction with the recommended water model TIP4P-D,
a99SBdisp, or TIP4P/2005s (Table S1). For RNaseA and xylanase,
the ARZAs values of DES-amber and a99SBdisp are in good
agreement with the experimental values, although smaller
variations are visible (Fig. 3b, d). The combination of ff99SBws
with TIP4P/2005s leads to large AR?,’AS values, exceeding the

experimental values. This may indicate that ff99SBws-TIP4P/
2005s overestimates protein-water interactions, leading to overly
dense hydration shells of RNaseA and xylanase (Fig. 3b, d,
black bar).

Glucose isomerase is a globular protein decorated with a high
density of acidic amino acids, leading to a large negative charge of
—60 e. Glucose isomerase exhibits large AR;As values of SAXS
relative to SANS/D,0, indicative of an exceptionally pronounced
hydration shell (Figs. 3f and S6f). These findings agree
qualitatively with Kim et al. who reported a pronounced
hydration shell around a highly anionic variant of green
fluorescent protein (GFP) but not around the wild-type or
around a highly cationic variant of GFP20. All 18 force field
combinations captured the increased ARG® values of glucose

isomerase relative to RNaseA or xylanase. Many force field

combinations yield excellent agreement with the experimental
value, however, several combinations even seem to overestimate
AR;AS, indicative of a slightly exaggerated hydration shell

contrast. Interestingly, variations among different force fields do
not follow the same trend for glucose isomerase as observed for
the near-neutral proteins RNaseA or xylanase; for instance,
CHARMM36m simulations yield similar (with TIP3P) or even
larger (with SPC/E or OPC3) AREAS values as compared to the

simulations with the AMBER force fields ff14SB or ff99SB-ildn.
Thus, force field effects on the hydration shell depend on the
physicochemical characteristics of the protein surface, suggesting
that comparisons based on several proteins are mandatory to
scrutinize force field effects on the protein hydration shell.
SANS collected in H,O is subject to poorer signal-to-noise
ratio as compared to SANS in D,O owing to the greatly increased
incoherent scattering cross section of hydrogen relative to
deuterium, leading to a pronounced scattering background.
These challenges may lead to an inaccurate buffer subtraction
and are reflected by largely increased uncertainties of the AREAS

values obtained from consensus SAXS and SANS/H,O curves
(Fig. 3a, ¢, e, horizontal orange lines, Table 52)2¢. Thus, current
SANS/H,0 data are not suitable for quantitative validation of the
hydration shell from MD simulations. Instead, we suggest that
MD simulations, after having validated the hydration shell against
SAXS and SANS/D,O data as done here (Fig. 3b, d, f), may be
used in future studies to improve the accuracy of the buffer
subtraction of SANS/H,O experiments, thereby enabling a more
quantitative analysis of SANS/H,O curves.

Protein size and shape furthermore influence AR;AS values.
Apart from SAS data of RNaseA, xylanase, and glucose isomerase,
the round-robin SAS benchmark study collected SAS data for
lysozyme and urate oxidase?®. However, because the R, values of
lysozyme and urate oxidase were subject to increased spread owing
to problems with radiation damage and aggregation (SI Discussion),
these data have not been used for validating MD simulations in this
study. Instead, SAS calculations for lysozyme and urate oxidate
provide additional insight on the effect of protein size and shape on
AR values. MD simulations with 18 different force field combi-
nations show by far larger AR;AS values for lysozyme as compared to
urate oxidase (Fig. S10b, d). We explain the large effect of the
hydration shell on Ry of lysozyme with the small size of protein
(14.3 kDa), leading to a relatively large contribution of the hydration
shell to the overall contrast of the solute. Urate oxidase (i) is larger
(136.3 kDa) than lysozyme, leading to a smaller contribution by the
hydration shell to the overall contrast and (ii) exhibits a solvent-filled
cavity; because the hydration shell in the cavity adds contrast close to
the center of mass of urate oxidase, part of the hydration shell may
even decrease the Ry, Thus, AR;AS values are not only controlled by
the surface properties of the protein as emphasized by the case of
glucose isomerase, but also strongly influenced by the size and
geometric shape of the protein?s.

Figure 4 summarizes ARy and ARS*S values for five proteins,
obtained as a consensus average over six combinations of protein
force field and water model (Methods), which exhibited good
agreement with experimental data according to Fig. 3b, d, f. As
discussed above, Fig. 4 highlights that AR; and AR;‘AS values
strongly depends on the protein and are rationalized by varying
surface composition, protein size, and protein shape. Thus, AR;AS
values report a footprint of the hydration shell that reflects
protein-specific protein-water interactions and enable quantita-
tive comparison with the experiment.
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values and uncertainties from P(r) analysis are shown as horizontal lines and shaded areas, respectively. Statistical errors denote 1 SE.

Discussion

MD simulations have been widely used to study the structure and
dynamics of the protein hydration shell or to study proteins in
crowded environments, where only a minor fraction of the sol-
vent is bulk-like!®4°->1. Whether the solvent structure in the
hydration shell and in crowded environments matches with
experimental conditions remains unclear. We showed that con-
sensus SAS data combined with explicit-solvent SAS calculations
provide a novel means to validate the hydration shell from MD
simulations. To this end, we focused on the difference ARSAS
between the R, values obtained with SAXS and SANS in D,0,
which (i) provides a measure for the contrast of the hydration
shell relative to bulk solvent while it (ii) does not require accurate
knowledge of the R, of the bare protein.

Overall, we found remarkable agreement between ARSAS from
MD simulations and experiments for many combinations of
protein force field and water model for the proteins RNaseA,
xylanase, and glucose isomerase. These results demonstrate that
the hydration shell contrast and, thereby, the packing of solvent

on the protein surface is accurately captured by many modern
force fields. However, we furthermore observed systematic dif-
ferences among force field families. For the electrically nearly
neutral proteins xylanase and RNaseA, simulations with
CHARMM36m typically underestimated AR;AS as compared to
experimental values, in particular together with the widely used
TIP3P or cTIP3P water models, indicative of underestimated
hydration shell contrasts. Simulations with several AMBER var-
iants revealed reasonable or even excellent agreement with
experimental values. The AR;AS values obtained with
AMBER99SBws-TIP4P/2005s were larger compared to most
other force fields and exceeded experimental values for several
proteins, indicating that this force field yield a hydration shell
with high contrast.

For the highly anionic glucose isomerase, and in contrast to
simulations with near-neutral proteins, simulations with
CHARMM36m revealed larger AR;AS values as compared to most
simulations with AMBER variants. These findings may suggest
that CHARMM36m imposes tighter water packing on acidic
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Fig. 4 Computational consensus AR values and AR;“s values for five

proteins. a Computational consensus AR values and b ARS*® values for

five proteins (see labels) obtained as average over six combinations of
protein force field and water model that showed close agreement with
experimental data according to Fig. 3. Color code is chosen following
Fig. e, f.

residues as compared to AMBER force fields. However, we fur-
thermore found that different coordination of ions®? on acidic
residues may contribute to variations of AR;AS of glucose iso-
merase (Fig. S16).

Remarkably, the systematically different ARSAS values with
CHARMM36m relative to several AMBER variants were found
irrespective of the applied water model, despite greatly different
bulk properties of water models®>-5°. For instance, accurate bulk
properties of a water model (such as OPC*) do not imply an
accurate hydration shell contrast (if used together with
CHARMM36m). Inversely, a water model with poor agreement
with several bulk properties (such as TIP3P4’) may yield an
accurate hydration shell contrast (if used with ff14SB or ff99SB-
ildn). Thus, ARSS yields structural information independent of
the bulk properties that have been used to parametrize the water
models. Protein-water interactions in MD simulations have fre-
quently been validated using hydration free energies AGyyq of
amino acid analogues. However, AGyyq values agree reasonably
between CHARMM36m and recent AMBER variants®0, suggest-
ing that ARSAS provides a measure for protein-water interactions
independent of AGpyq. In addition, protein-water interactions
have been discussed in the context of IDP simulations. Simula-
tions with AMBER-TIP3P yield overly compact IDP ensembles,
which has been attributed to a lack of protein-water dispersion
interactions®®3747 whereas CHARMM36m-TIP3P3! or AMBER
variants with increased dispersion interactions’” yields IDP
ensembles in better agreement with experiments. Thus, there
exists no simple correlation between ARgAs and the spatial extent
of IDP ensembles. Together, these observations suggest that
ARSAS values represent a footprint of protein-water interactions
that is independent of previously considered observables, thus

providing an additional observable for validating and further
improving protein-water interactions in MD simulations.

Irrespective of the applied force field, AR values differed
considerably between different proteins, in agreement with the
data of the round-robin SAS study?S. The highly anionic glucose
isomerase exhibited the largest ARAS values among the five
proteins considered in this study, indicative of a tightly packed
hydration shell. These findings are in line with a SAS study of a
highly anionic GFP variant?’ and demonstrate that the anionic
aspartate and glutamate residues impose a densely packed
hydration shell. Among the four proteins with zero or with a
small net charge, lysozyme exhibited larger ARSAS values as
compared to urate oxidase, xylanase, and RNaseA (Fig. 4b). Urate
oxidase exhibits the shape of a hollow cylinder with a large
solvent-filled cavity, which may explain the low ARSS values
(Fig. 4b) as well as a nearly vanishing AR, for SANS/D,0, in
contrast to all other proteins (Fig. 4a). Thus, variations of ARSAs
are experimentally accessible footprints of protein—speaﬁc
hydration shells reflecting specific geometric shapes or distribu-
tions of charged and polar moieties on the protein surface.

Because the AR;AS values are in the range of only 1-2.5 A, the
comparisons presented here require highly accurate SAS data.
Considering that SAS data may be subject to minor systematic
errors, which may be difficult to detect, SAS data obtained at a single
instrument may not yield the required accuracy, even if data col-
lection and analysis follows established quality controls?4?%. Instead,
the use of consensus data collected at different SAS instruments, if
possible, by independent researchers?0, is a rigorous means for
obtaining data with unprecedented accuracy and, thereby, enables
quantitative validation of the hydration layer as shown here. To
validate the hydration shell of other biomolecules such as RNA or
protein/RNA complexes, future benchmark studies similar to the
round-robin study designed by Trewhella, Vachette, and coworkers
would be of utmost value?®.

To enable quantitative comparison with the experiments, the
MD simulations should match the experimental conditions and
require control calculations. We carefully evaluated the effects of
(i) protein flexibility (Figs. le, f and S4), (ii) use of salt as com-
pared to use of only counter ions (Figs. S12-S15), (iii) refined
sodium-carboxylate interaction parameters (Fig. S16) and (iv)
Lennard-Jones cutoff settings (Fig. S17, see Supglementary
Results). We found that these factors modulate ARSA only by a
small fraction of an Angstrom. Nevertheless, because such effects
are clearly detectable in explicit-solvent SAS predictions of AR;AS
they require consideration upon comparison with experiments.

Conclusions

We showed that the hydration shell contrast, as reported by SAS-
derived Ry values, strongly depends on the geometric shape and
surface composition of proteins, thus providing a probe of protein-
specific protein-solvent interactions. As readout of the hydration
shell structure, we focused on the difference in R, values from SAXS
relative to SANS experiments in D,O (AR;AS) whlch we computed
from MD simulations with explicit-solvent SAS calculations to
enable quantitative comparison with experimental SAS data. For
many force fields, ARSS values from MD simulations revealed
excellent agreement with consensus SAS data from a recent world-
wide round-robin study?®, suggesting that simulations accurately
capture the hydration shell contrast relative to the bulk. Because we
furthermore observed differences among force fields, our calcula-
tions provide the basis for further improving the accuracy of
protein-water interactions in molecular simulations. This study
establishes the combination of high-precision SAS experiments with
explicit-solvent calculations as a tool for scrutinizing atomistic
models of the protein hydration shell.
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Methods
Simulation setup and parameters. Initial structures of lysozyme,
RNaseA, xylanase, glucose isomerase, and urate oxidase were
taken from the protein data bank (PDB codes: 2VB1°7, 7RSA%S,
2DFC®%, IMNZ® and 3L8W?°], respectively). Crystal waters were
kept in the structures of lysozyme, RNaseA, and xylanase,
whereas organic molecules of the crystallization buffer were
removed. Missing amino acids of glucose isomerase and urate
oxidase were added, such that the sequences were identical to the
samples used in Ref. 26. Specifically, one methionine was added to
the N-terminus of glucose isomerase, and six amino acids
(sequence (SLKSKL)) to the C-terminus of urate oxidase.
Hydrogen atoms were added with the GROMACS module
pdb2gmx. The starting structures were placed in a dodecahedral
box, where the distance between the protein and the box edges
was at least 2.0 nm, and the box was filled with explicit solvent.
For the highly charged glucose isomerase (—60 ¢), sodium and
chloride ions were added by replacing the appropriate number of
water molecules with ions to obtain a salt concentration of 100
mM NaCl. For all other proteins, the system was neutralized by
adding sodium or chloride counter ions, if not stated otherwise.
Each protein was simulated using 18 combinations of protein
force field and water model (Table S1). Interactions of the
proteins were described with one of the following force fields:

AMBERI4SB  (ff14SB)32, AMBER99SB-ildn (ff99SB-ildn)3,
AMBER99SBws  (ff99SBws)3°,  AMBER99sb  (ff99SB)62,
AMBERI5/force-balance  (ff15fb)*4, DES-amber35, DES-

amberSF1.035, AMBER99SBdisp (a99SBdisp)38, or
CHARMM36m (c36)3! (version July 2020). Water was described
with one of the following models: SPC/E44, CHARMM-modified
TIP3P involving hydrogen atoms with Lennard-Jones interactions
(cTIP3P)*3, TIP3P%3, TIP3P-FB4, OPC3%>, OPC*, TIP4P-D¥,
a99SBdisp-water$, TIP4P/2005%, or TIP4P/2005s3°.

All MD simulations were carried out with the GROMACS
software, version 2020.3%7, After 400 steps of minimization with
the steepest decent algorithm, the systems were equilibrated for
100 ps with harmonic position restraints applied to the heavy
atoms of the proteins (force constant 1000 KJ mol~'nm—2).
Subsequently, the production runs were started without restraints
on the atoms or with restraints applied to the heavy atoms (force
constant 2000 KJ mol~!nm~2) or applied to the backbone atoms
(force constant 2000 KJ mol-!nm~2) of the protein. The
equations of motion were integrated using a leap-frog
algorithm®. The temperature was controlled at 298.15 K, using
velocity rescaling (7= 1ps)®?. The pressure was controlled at 1
bar with the Berendsen thermostat (7= 1ps)70 and with the
Parrinello-Rahman thermostat (=5 ps)’! during equilibration
and production simulation, respectively. The geometry of the
water molecules was constrained with the SETTLE algorithm”?
and LINCS”? was used to constrain all other bond length. A time
step of 2 fs was used. Dispersive interactions and short-range
repulsion were described by a Lennard-Jones potential. For
simulations with AMBER variants, L] interactions were cut off at
1 nm. For simulations with CHARMM36m, L] forces were
gradually switched off between 1 nm and 1.2 nm, if not stated
otherwise. In simulations with AMBER variants, the pressure and
energy were corrected of missing dispersion corrections beyond
the cut-off. Neighbor lists were updated with the Verlet scheme.
Coulomb interactions were computed with the smooth particle-
mesh Ewald method’47>. We used a Fourier spacing of ~0.12 nm,
which was optimized by the GROMACS mdrun module at the
beginning of each simulation. Systems with restraints on heavy
atoms or on the backbone were simulated for 50 ns, which is
sufficient to sample fluctuations of water molecules or amino acid
side chains (if present). Unrestrained simulations were carried out
for 230 ns. Because the five proteins considered in the round-

robin SAS study are relatively rigid, 230 ns were likely sufficient
to sample the most relevant conformation space used to compute
the increase of Ry owing to the hydration shell.

The 3D solvent density shown in Fig. 1b was computed with
the rerun functionality of GROMACS-SWAXS using the
environment variable GMX_WAXS_GRID_DENSITY=1 and
GMX_WAXS_GRID_DENSITY_MODE=27%. The solvent den-
sity written in CUBE format was visualized with PyMol7”.

Explicit-solvent SAS calculations. The SAXS and SANS calcu-
lations were performed with GROMACS-SWAXS (version
2021.5), a modified version of the GROMACS simulation soft-
ware that implements explicit-solvent SAXS?® and SANS
calculations’8. GROMACS-SWAXS is furthermore used by the
web server WAXSIS for automated explicit-solvent SAXS
predictions®® and is freely available at GitLab (https://gitlab.com/
cbjh/gromacs-swaxs). For more details on the rationale behind
explicit-solvent SAS calculations including differences relative to
implicit-solvent SAS calculations, we refer to previous
reviews’®7%. A spatial envelope (Fig. 1a) was constructed at a
distance of 9 A from all protein atoms. Solvent atoms (water and
ions) inside the envelope contributed to the calculated SAXS/
SANS curves, thereby taking the hydration shell into account. The
buffer subtraction was carried out using 2251 simulations frames
of pure solvent simulation box, which was simulated for 50 ns
and large enough to enclose the envelope. The orientational
average was carried out using 200 g-vectors for each absolute
value of g, and the solvent electron density was corrected to the
experimental water density of 334 e/nm3, as described
previously?®. In this study, a small number of only 200 g-vectors
per absolute value of g was sufficient because we computed the
SAS curves only up to small angles to carry out the Guinier
analysis. The density correction is required to ensure accurate
buffer matching of bulk solvent between the protein and the pure-
water simulations, and to correct for the density of certain water
models that differs from the experimental density. No fitting
parameters owing to the hydration layer or excluded solvent were
used, implying that the radius of gyration Ry was not adjusted by
the fitting parameters but fully imposed by the force field (toge-
ther with other MD parameters such as cutoffs, temperature, etc.).

SAXS and SANS curves were computed from 2251 simulation
frames taken from the time interval between 5 ns and 50 ns or
between 30 ns and 230 ns for restrained and unrestrained
simulations, respectively. Thus, computed SAS curves and R,
values represent averages over protein and solvent fluctuations
within the simulated time scales. Statistical errors of calculated
SAS curves were obtained by binning the trajectories into 10 time
blocks of 4.5 ns or 20 ns for simulations with or without
restraints, respectively. Here, for restrained simulations, shorter
simulations and time blocks used because restrained simulations
exhibit shorter autocorrelation times as compared to unrestrained
simulations. Likewise, the pure-solvent simulations were binned
into independent blocks of 4.5 ns. Then the SAS curves were
computed from independent pairs of solute and pure-solvent
trajectories. Critically, the use of independent pure-solvent
trajectory blocks is mandatory to exclude correlations between
the SAS curves computed from time blocks. Reported error bars
denote one standard error (1 SE).

SAXS data reported by the round-robin benchmark revealed
only a marginal effect (if any) upon replacing H,O with D,0O in
SAXS experiments?®. Thus, for the prediction of SANS/D,0
curves, we did not use force fields for heavy water8? or force fields
that would account for the deuteration of amino acids. Instead,
we assigned the neutron scattering length of deuterium to water
hydrogen atoms and to polar protein atoms. Hydrogen atoms of
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Supplementary Discussion
Choice of SAS data used for quantitative comparison with MD simulations

Trewhella, Vachette, et al. recently reported a worldwide round-robin benchmark on the re-
producibility of SAXS and SANS experiments, involving experiments at 12 SAXS and four
SANS instruments and leading to a total of 171 SAXS and 76 SANS curves on the follow-
ing five proteins (Fig. S2): ribonuclease A (RNaseA, 13.690kDa), hen egg white lysozyme
(14.313kDa), xylanase (20.844kDa), urate oxidase (136.303kDa), and glucose isomerase
(172.910kDa, also referred to as xylose isomerase).! Both, SAXS and SANS data were col-
lected in batch mode or coupled to size-exclusion chromatography (SEC-SAXS, SEC-SANS).
The R, values were evaluated using Guinier analysis and based on the P(r) function. Gen-
erally, good agreement was found between the experimental SAS curves and explicit-solvent
SAXS predictions in the round-robin study.!

However, the quality and reproducibility of the SAS data differed among the five proteins.
Specifically, R, values for lysozyme varied substantially between different data sets, even if
experiments were carried out in SEC mode. These variations have been attributed to an
increased sensitivity of lysozyme to radiation damage® and are in line with variations of the
lysozyme R, in earlier reports.??

Urate oxidase exhibits increased propensity for aggregation and, thus, had to be shipped
on ice and with a reduced concentration of only 5mgml~'.! In consequence, SAS data of
urate oxidate was subject to poorer statistics as compared to the data of the other four
proteins, in particular at wider scattering angles. Because the SAS curve over the whole
g-range is used when computing R, via the P(r) function, such problems may lead to in-
creased uncertainties of the R, estimate. Furthermore, SANS in H,0O exhibited exceptionally
high background, and yielded unrealistic R, values from Guinier analysis. Owing to these
problems with lysozyme and urate oxidase, we did not include these proteins in the quanti-

tative comparison of ARSAS values in Fig. 3. For the sake of completeness, the RSAS values
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for lysozyme and urate oxidase, together with the experimental R, estimates from Guinier

analysis and P(r), are shown in Fig. S10.

Validation with R, from P(r) vs. Guinier analysis

In this study, we used the experimental R, values obtained from the P(r) function and
not from the Guinier analysis for comparison with MD simulations. In contrast to the
Guinier analysis that uses only the small-angle region of the SAS curve, the P(r) function
makes use of the entire SAS curve. Thus, R, values from the P(r) reported in the round-
robin SAS benchmark study were less sensitive to remaining undetected protein—protein
aggregation and subject to smaller statistical uncertainties as compared to R, estimates
from the Guinier analysis (Table S2).! Nevertheless, the ARS*S values from simulations

reveal reasonable agreement also with R, from Guinier analysis (Fig. S11).

Supplementary Results: additional control SAS calculations
Counter ion cloud contributions outside the envelope are negligible

For the highly anionic glucose isomerase (GI), the counter ion cloud adds to the contrast of
the hydration layer. According to Debye-Hiickel theory, the counter ion cloud decays with
the Debye length Ap into the bulk solvent, which equals Ap = 9.7A for a 100mM NaCl
solution. Hence, since only solvent atoms within the envelope at a distance of 9 A from the
protein (Fig. la, blue surface) contributed to our explicit-solvent SAS calculations, counter
ion cloud effects were likewise only taken into account up to a distance of 9A from the protein
surface, whereas counter ion cloud contributions beyond 9A were neglected.

To exclude that this approximation affects the computed SAS curves, we estimated the
effect of the counter ion cloud at distances beyond 9 A on R,. Following Ref. 4, we mod-
eled GI as a sphere with contrast, volume, and R, taken from GI, and we used linearized
Poisson—Boltzmann calculations to obtain the number densities of sodium and chloride as

function of distance R from the sphere surface. By computing R, including the counter ion
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cloud up to R =9A or up to a large distance, we found that R, was modified by the cutoff
at R = 9A by only 0.033A, —0.062A and —0.03 A for SAXS, SANS in H,0, and SANS
in D2O. Since these errors are within the statistical errors, these effects were neglected for

further analysis.

Effect of salt relative to using only counter ions

Since GI carries a large negative charge (—60 e), GI is surrounded by a counter ion cloud. The
ion densities in the counter ion cloud decay into the bulk solvent with the Debye length Ap,
which is inversely proportional to the square root of the ion concentration in bulk solvent.?
Thus, upon simulating with a smaller ion concentration relative to experimental conditions,
the spatial extend of the counter ion cloud in simulation would exceed the experimental con-
ditions; consequently, the counter ion cloud in simulations would, relative to the experiment,
impose an electron density contrast at larger distances from the protein, which may lead
to an overestimated R,. We tested the effect of the ion concentration for GI by computing
Ry, ARg, and ARZ* values from simulations with only counter ions, 100 mM NaCl salt, or
150 mM NaCl salt (Fig. S14). We find that, with increasing salt concentration, ARS*S val-
ues decrease, as expected from a deceasing Debye length and, thereby, from a spatially more
compact counter ion cloud. For instance, in simulations with CHARMM36m—-TIP3P, upon
replacing counter ions with 150 mM NaCl salt, the R, from SAXS relative to SANS/D,0
decreases by ~0.2A. This trend is confirmed by GI simulations with all 18 force field combi-
nations using purely counter ions (compare Fig. S15 with Fig. 3e/f). Thus, for quantitative
comparison of ARSAS values between simulation and experiment, an at least approximate
match of the buffer conditions is mandatory, as used for our study.

In addition, we tested the effect of adding additional 150 mM NaCl to simulation of
xylanase and RNaseA instead of using only counter ions (Figs. S12 and S13). For these
near-neutral proteins, ARSAS values agreed within error bars between simulations with salt

and simulations with counter ions, as expected form the absence of a pronounced counter

ot
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ion cloud.

Effect of cutoff settings for Lennard-Jones interactions

Neglect of Lennard-Jones (LJ) interactions beyond the cutoff could in principle modify the
density of the hydration shell. Thus, we tested the effects of LJ cutoffs for xylanase simulated
with the CHARMMS36m—TIP3P force field combination. The CHARMM36m force field has
been parameterized with a gradual switch of LJ forces between 1 and 1.2nm. We carried
out xylanase simulations either (i) following the CHARMM recommendations (force-switch)
or (ii) using a plain cutoff at 1nm. For each cutoff setting, simulations were carried out
with restraints on heavy atoms, restraints on the backbone, or using a unrestrained MD
simulation (Fig. S17). For simulations with restraints on the backbone or for unrestrained
MD simulations, we obtained larger ARSAS values with the force-switch settings as compared
to using a plain cutoff (Fig. S17, orange vs. yellow and lightblue vs. darkblue bars). Hence,
upon validating force fields against AR5 values from experiments, it is critical to follow
the cutoff settings that have been used during force field parametrization.

Notably, for simulations with restraints on heavy atoms, no such effect was visible
(Fig. S17, pink vs. red bars). Thus, additional LJ interactions between 1 nm and 1.2 nm lead
to larger ARSAS only in the presence of amino acid side chain fluctuations. These findings
demonstrate that the additional LJ interactions between 1nm and 1.2nm with force-switch
settings lead to increased AREAS values not because of tighter packing of water on a given
protein surface; instead, the additional interactions lead to more favorable protein—water

conformations, which manifest in a larger density contrast of the hydration shell.

Effect of refined Lennard-Jones parameters to avoid Nat—carboxylate overbind-

ing in AMBER simulations (CUFIX)

Certain older models of monovalent cations such as Nat tend to overbind to carboxylate

moieties, as present in aspartate and glutamate residues.®” We found previously that such
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overbinding of monovalent ions to anionic proteins may influence the R, values obtained from
explicit-solvent SAS calculations.® Whereas refined LJ parameters have been incorporated
into the default CHARMM36m force field to avoid overbinding (denoted NBFIX or CUFIX),
refined LJ parameters for AMBER force fields have become available only recently.”

As discussed in the Results, ARgAS values for GI obtained with CHARMM36m were
systematically larger as compared to values obtained with AMBER force fields, irrespective
of the applied water model (Fig. 3e/f). We hypothesized that different binding properties
of Na™ ions in CHARMMS36m as compared to AMBER simulations may partly explain
such effect. To test this hypothesis, we carried out additional SAS calculations for GI
with the ff14SB force field with CUFIX and compared the AR:AS values with results from
standard ff14SB or CHARMM36m (Fig. S16).” Upon modifying the LJ interaction with
CUFIX in ff14SB simulations, (i) the density of Na™ at the protein surface decreased relative
to ff14SB and took lower densities as compared to ff99SB-ildn (Fig. S16g), (ii) ARS*S values
increased by ~0.2A or ~0.1A for SANS/D,0 or SANS/H,O (Fig. S16b/c, pink vs. orange
bars). However, the ARS*S values with ff14SB/CUFIX remained below the results from
CHARMMS36m. Thus, refined Nat—carboxylate Lennard-Jones interactions have only a
small effect on ARS*S values, and the increased ARSAS value with CHARMM36m relative
to several AMBER force fields is only partly explained by reduced binding of Na' ions to

the protein surface.

Density correction for accurate buffer matching is critical for R, predictions

Explicit-solvent SAS predictions implemented by GROMACS-SWAXS use a density correc-
tion for two reasons:** (i) Certain water models such as TIP3P underestimate the water
density, which would lead to an overestimation of the contrast of the protein relative to
bulk solvent and, thereby, to an overestimation of the forward scattering Ip. (ii) Since the
bulk solvent density in the protein simulation may marginally differ from the density in the

pure-solvent simulations, possibly owing to finite-size effects, spurious contrasts may emerge
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at larger distances from the protein, which would lead to artifacts in the R, estimate.

To avoid such artifacts, GROMACS-SWAXS corrects the solvent density both in the pure-
solvent and in the protein simulation system. In the pure-solvent system, a uniform density
is added to match a preselected bulk density p{ .., which may be taken as the experimental

density of pure water of 334enm™3.

In the protein simulation, the bulk density pMD is
obtained by averaging over simulation frames within the volume outside of the envelope. A
correction factor is obtained as the difference relative to p? . as f = pd ./pMD (see also
Fig. S7a versus b). Then the solvent density inside of the envelope (which contributes to the
calculated SAS curve) is corrected by the factor f.

Here, we tested the effect of the density correction on ARSAS values. To this end, we first
replaced the preselected bulk density of 334enm™ with the bulk density of the respective
water model. Thereby, the protein—bulk contrast may not match the experimental value,
however, accurate buffer matching between the protein and the pure-solvent simulations was
still active. As expected, this led to a considerable change of the forward scattering I, for
water models with inaccurate bulk densities such as TIP3P or ¢TIP3P; however, the ARSAS
revealed only a marginal change that was not visible in the bar plots.

Second, we fully disabled the density correction, thereby not ensuring accurate buffer
matching any more. In these calculations, we observed changes of ARFAS of SAXS relative
to SANS/D50O by up to 0.7 A. In addition, the results revealed poor agreement with ex-
periments. Thus, for accurate AR;AS and for comparison with experiments, corrections for

accurate buffer matching are mandatory, as used in the present study.

Supplementary Methods
Solvent density profiles around restrained bulk water

As described by Merzel and Smith,!! solvent density profiles around proteins reflect not
only effects from water—protein interactions, but furthermore effects owing to the internal

structure of water. In a similar spirit to the analysis by Merzel and Smith, we compared
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solvent density profiles around xylanase with density profiles around bulk water atoms tak-
ing the approximate shape of xylanase. To this end, we superimposed an envelope built at
the Van-der-Waals surface of xylanase with bulk water simulations, and selected all water
molecules within this envelope (GROMACS-SWAXS output file: excludedvolume 0.pdb).
These water molecules were restrained in the following by restraining the oxygen atoms with
harmonic potentials (force constant 1000 kJ/mol/nm?), henceforth referred to as restrained
water (Fig. S8f, blue/white spheres). Next, simulations were set up as described in the Meth-
ods section in the main text, however, using the restrained water instead of the protein, and
using the force field combinations ¢36—cTIP3P, ff15tb—TIP3P-FB, or ff99SBws-TIP4P /2005s.
The geometries of restrained water molecules were constrained by using LINCS. Each system
was simulated for 50 ns.

Density profiles (Fig. S8a) were computed from simulations of restrained water with the
gmx genenv module of GROMACS-SWAXS, by using envelopes with 81920 triangular faces
(option -nrec 6). The tool built a series of envelopes with increasing distances from the
Van-der-Waals surface of the restrained water and computed the electron densities between

pairs of adjacent envelopes. 2
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Figure S1: Simulation system of xylanase simulated with ff99SBws and TTP4P/2005s water
in dodecahedral box. The protein is shown in cartoon representation, ions as spheres, and
water as sticks. The box surfaces have a distance of at least 2nm from the protein atoms.
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(a) Hen egg white lysozyme (b) Ribonuclease A (RNaseA; (c) Xylanase (2DFC1%)
(PDB code 2VB113) TRSA )

A l?’ N0y
‘ y’*ﬁl‘ ‘;"'5& ‘

(d) Glucose isomerase. 1MNZ'6 after adding (e) Urate oxidase. 3L8W,!7 after adding
one methionine residue at the N- terminus. six missing residues (sequence SLKSKL) at
Ca?" and Mg?" ions inside the protein are the C-terminus. Xanthine ligands are shown
shown as blue and pink spheres, respectively. with blue sticks.

Figure S2: Cartoon representation of five proteins considered in this study (a) hen egg white
lysozyme, (b) ribonuclease A (RNaseA), (c) xylanase , (d) glucose isomerase, and (e) urate

oxidase.
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Figure S3: On the effect of the protein hydration shell on R, as detected by SAXS, SANS
in HyO, or SANS in Dy0O, illustrated with a hypothetical spherical protein with a (unit-
less) radius of 4 and a thickness of the hydration shell of 2. (a—c) Scattering contrast
relative to bulk as function of distance r from the sphere center detected by (a) SAXS, (b)
SANS/H,0, and (c) SANS /D0 experiments. (a) As detected by SAXS, both the protein and
the hydration shell exhibit a positive electron density contrast relative to the bulk, resulting
in an increased R, owing to the hydration shell (AR, > 0). (b) During SANS/H,0, the
protein exhibits a positive contrast of the neutron scattering length density, while the contrast
of the hydration shell is close to zero, leading to a small influence by the hydration shell on
Ry (AR; = 0). (c) During SANS/D,0, the protein exhibits a negative contrast whereas

the hydration shell exhibits a positive contrast relative to bulk, resulting in a decreased R,y
(AR, <0).
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Figure S4: Effects of protein flexibility and hydration shell relaxation on R, in simula-
tions of xylanase. (a) All-atom RMSD with ff99SBws—TIP4P/2005s (brown shades) or
CHARMM36m-—cTIP3P (blue shades) with increasing flexibility. Simulations were carried
out with restraints on heavy atoms (ha, see legend), with restraints on the backbone (bb),
or without restraints (unrestrained). (b) Difference ARS*S between R, values from SAXS
and SANS/D,0 for amber99SBws-TIP4P /2005s and (¢) CHARMM36m-cTIP3P. Left three
bars: ARSAS from simulations with restraints on heavy atoms, restraints on the backbone,
or from unrestrained simulations starting from the crystal structure (color code according
to panel a), revealing an increased ARZ*® with increasing protein flexibility. Right ten bars:
ARZAS values from MD simulations with restraints on all heavy atoms starting from different
times of the unrestrained simulation. Critically, the average ARSAS values from these ten
restrained simulations (dotted lines) agree with ARSAS from the initial unrestrained simu-
lation. Thus, not the protein flexibility per se, but instead the relaxation of protein—water
packing during the initial unrestrained MD leads on average to increased AR;AS values.
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Figure S5: Absolute R, values of (a/b) RNaseA, (c/d) xylanase, (e/f) glucose isomerase,
(g/h) lysozyme, and (i/j) urate oxidase obtained from MD simulations with backbone re-
straints (left column) and without restraints (right column) with 18 different combinations of
protein force fields (labels along the abscissa) and water models (color code, see legend). RSAS
values from unrestrained MD simulations for SAXS (diamonds), SANS/H,0 (triangles), and
SANS/D,0 (squares). R, of the pure protein (R}™") shown as circles. Experimental RS
values from P(r) analysis are shown has horizontal lines for SAXS (purple), SANS/H,0 (or-
ange), and SANS/D,O blue. Shaded areas indicated experimental uncertainties of consensus
SAS data.' Absolute R, values shown here are not suitable for validating the hydration shell
against experimental data because R, of the bare protein (Rgp“’t) is not accurately known in
the experiment.
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Figure S6: Same analysis as shown in Fig. 3, however based on simulations with backbone
restraints instead of based on unrestrained simulations. Large variations of AREAS among
different force field combinations are evident, even with identical backbone conformations.
Thus, differences in protein—water interactions among different force fields and not different
protein conformations in unrestrained simulations dominate the variations of ARSAS. As a
second finding, ARSAS values from backbone-restrained simulations (this figure) are mostly
smaller as compared to values from unrestrained simulations (Fig. 3), demonstrating that
the equilibration of protein—water interactions during unrestrained simulations leads to a
(slightly) increased packing of the hydration shell (see also Fig. S4).
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Figure S7: Typical solvent densities versus distance R from the Van-der-Waals surface and
averaged over the protein surface, here shown for the protein xylanase obtained from sim-
ulations with ¢36—cTIP3P (purple), ff15fb—-TIP3P-FB (orange), or ff99SBws—TIP4P /2005s
(blue). (a) Densities taken from MD simulations or (b) densities scaled by a constant factor
to correct the bulk density to 334e/nm~3 (dashed horizontal line). The peaks representing
the three hydration layers differ among the three combinations of protein force field and
water model. The combination ff99SBws-TIP4P /2005s leads to the most pronounced hy-
dration layer peaks, while ¢c36—cTIP3P to the least pronounced peaks, which correlates with
the effect of the hydration shells on R, (compare with AR, values in Fig. 2). Densities were
computed with the gmx genenv module of GROMACS-SWAXS.
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Figure S8: Solvent density modulations owing to water—protein interactions are by far larger
as compared to density modulations owing to the internal structure of bulk water: (a) Solid
lines: solvent density versus distance R from the Van-der-Waals surface of xylanase and
averaged over the protein surface for ¢36—cTIP3P (purple), ff15fb-TIP3P-FB (orange), or
f199SBws-TIP4P /2005s (blue). Dashed colored lines: solvent density versus distance R from
a volume of restrained bulk water atoms, taking approximately the shape of xylanase (see
panels e and f). Dashed grey line: experimental bulk solvent density of 0.334¢/A3. (b)
Density difference profiles of density around xylanase relative to density around bulk water,
computed as the difference between the solid and dashed lines of panel a. The marked
density difference manifests in an increased R, as detected by SAXS. (c¢/d) Same analyses
as in panels a/b, however, plotted as the relative difference of the density, similar to the
analysis presented by Merzel and Smith.!! (e) Electron density of solvent around xylanse
with restrained heavy atoms (green cartoon) and (f) around bulk water with restrained
oxygen atoms (blue/white spheres). Solvent densities are visualized in shades from light
grey (bulk water) to blue to orange (see color bar), highlighting a by far more pronounced
hydration shell around xylanase as compared to the solvent around bulk water. Simulations
of the restrained solvent molecules inside the protein volume were performed as described
in the Supplementary Methods. Densities were computed with the gmx genenv module of
GROMACS-SWAXS.
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Figure S9: Structures of RNaseA in simulations with CHARMM36m—-OPC after equilibra-
tion (turquoise) and at ~100ns of unrestrained MD simulation (red). The N-terminal helix
partly unfolded in the unrestrained simulation. In simulation with other force field combi-
nations, the N-terminal helix exhibited some flexibility as well, however, the helix re-folded
during the simulations. The conformational instability of RNaseA in CHARMM36m—-OPC
simulations may explain the the large ARSAS value in unrestrained simulations of RNAseA
(Fig. 3b, light turquoise bar labeled with ¢36), in contrast to all other unrestrained simula-
tions with CHARMM36m (see Fig. 3) or all restrained simulations CHARMM36m (including
CHARMM36m-OPC, see Fig. S6).
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Figure 510: ARSAS values of (a/b) lysozyme and (c/d) urate oxidase for SAXS relative to
SANS/H50 (left column) and SAXS relative to SANS/DyO (right column). Experimental
consensus data (horizontal lines) and reported uncertainties (shaded areas) from Guinier
analysis (dark brown, dark blue) and from P(r) analysis (light brown, light blue) are shown
for reference. Experimental values for lysozyme and urate oxidase are subject to increased
uncertainty, owing to problems with radiation damage and aggregation (see Supplementary

Discussion).
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Figure S11: ARS*S for (a/b) RNaseA, (c/d) xylanase, and (e/f) glucose isomerase, following
the same labeling and color code as in Fig. 3. Experimental values obtained form Guinier
analysis are shown as horizontal lines with uncertainties as shaded areas,® in contrast to
experimental values from the P(r) function in Fig. 3. The larger experimental errors as
compared to the results from P(r) analysis and the slightly poorer agreement between simu-
lations and experiment (compared to Fig. 3) are rationalized by the fact that Guinier analysis
is more sensitive to small amounts of undetected protein—protein aggregation.! Left column:
ARS"S from SAXS relative to SANS /H,O revealing poor agreement between simulation and
experiment, likely caused by poorer signal-to-noise ratio during SANS/H,O experiments ow-
ing to increased incoherent scattering in HoO as compared to D,O and lower contrast.
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Figure S12: On the effect of 150 mM NaCl on SAS-derived R, values of xylanase as compared
to simulations with purely counter ions. Simulations were carried out with Charmm36m
combined with three different water models using purely counter ions (SPC/E, TIP3P, or
cTIP3P, see legend for color code) or with 150 mM NaCl (denoted SPC/E-ions, TIP3P-
ions, ¢TIP3P-ions, see legend). (a) SAS-derived R$*S computed from unrestrained MD
simulations for SAXS (diamonds), SANS/H,O (triangles), and SANS/D,O (squares). R,
of the pure protein (R}™") shown as circles. Experimental R3S values from P(r) analysis
are shown has horizontal lines for SAXS (purple), SANS/H,O (orange), and SANS,/D,0O
(blue). (b) Difference between R, values from SAXS and SANS/H,0 as well as (c) between
SAXS and SANS/D,0. (d) Difference between SAS-derived R, values from explicit-solvent
MD and Ry™" values for SAXS, (e) for SANS/H,0, and (f) for SANS/D,0. Statistical errors
(1SE) were obtained from block averaging. Horizontal lines and shaded areas indicated
experimental consensus values and uncertainties.! Adding 150 mM NaCl to the buffer has
only a small effect on the AR, values of the only slightly charged xylanase.
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Figure S13: On the effect of 150mM NaCl on SAS-derived R, values of RNaseA. Same
analysis and as shown for xylanase in Fig. S12.
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Figure S14: On the effect of 100 mM NaCl (pink) or 150 mM NaCl (orange) on SAS-derived
R, values of the highly anionic glucose isomerase (—60¢), as compared to using only counter
ions (yellow). Same analysis as shown for xylanase and RNaseA in Figs. S12 and S13,
however restricted to TIP3P water.The lower the ion concentration in the buffer, the larger
the Debye length and thus the effect of the hydration shell on the R,.
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Chapter 6. Scrutinizing the protein hydration shell from molecular dynamics
simulations against consensus small-angle scattering data
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Figure S15: On the importance of salt for accurate R, predictions of highly anionic glucose
isomerase. (a) ARSA values from SAXS relative to SANS/H,0 and (b) of SAXS relative to
SANS/D50 from unrestrained simulations of glucose isomerase with only counter ions (60
Na') but no additional salt. Experimental consensus values and uncertainties from P(r)
analysis are shown as horizontal lines and shaded areas, respectively. By comparison with
Fig. 3e/f, the lack of salt increases ARS*S systematically, caused by an overly extended
counter ion cloud. In turn, in presence of salt, the Debye length decreases, thus leading to a

spatially more compact counter ion cloud and slightly smaller ARSAS values (compare with
Fig. 3).

24

103



o Protein v SANSH:0 Experiment SANS/H,0

D0 i
o SAXS o SANS Experiment SANS/D>0 === TIP3P mEE TIP3P mmm TIP3P  EEE TIP3P
2.0
E ] * * ° d 15 —~
* <
10
=3 . 8
oL v v v 05 &o
= . <
o ° ° e A S — - - I Loo |
£ 32 . o
[] L] = 2
-0.5 %U\
31 -10 X
-15
3.0 2.0
< 25 b e 15 L
o ™
> 5
I 20 I
2 05 %
Sl |
o< 0.0 O~
| 10 S
) -0.5 (£
2
.. <
3a0° ~1.0%0
« 0.0+ «
: -15
3.0 2.0
< L5 15 <<
o o
2 5
g 2.0 1.0 o
E 05 ¥
E,15 |
o 0.0 ON
| 10 )
-059
@
3 05 z
Vo -1l.0v o
< 0.0 «
X =15

o

IS

Density (e/A3)

N

o

0 2 4 6
R (R)

Figure S16: On the effect of non-bonded fix parameters (CUFIX, also called NBFIX) with
the Amber14SB protein force field. CUFIX implements modified Lennard-Jones interactions
between Na™ ions and carboxylate oxygen atoms of aspartate and glutamate residues with
the aim to avoid Nat-COO~ overbinding.” CHARMMS36m implements CUFIX by default
in the version of July 2020 as used here. (a) Ry, (b/c) ARI*S, and (d-f) AR, values are
reported for the highly anionic glucose isomerase (GI, —60¢e). Unrestrained simulations of
GI were carried out with CHARMM36m (yellow bar), ff14SB with CUFIX (pink), as well as
ff14SB or f199SB-ildn without CUFIX (grey and blue, respectively). Experimental consensus
values and uncertainties from P(r) analysis are shown as horizontal lines and shaded areas,
respectively. Statistical errors (1SE) were obtained from block averaging. Upon refining
Nat—carboxylate interactions by ff14SB with CUFIX, ARSAS increased by only ~0.2 A and
~0.1A for SANS in D,O and H,O, respectively. (g) Density of Na*t as function of distance
from the protein surface for four different force fields (color code according to panels a-f).
CUFIX greatly reduces Na*t overbinding in ff14SB simulations.
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Chapter 6. Scrutinizing the protein hydration shell from molecular dynamics
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TIP3P
o Protein v SANSH© Experiment SANS/H;0  mmm heavy atom backbone  EEE unrestrained MD
o SAXS o SANSP:© Experiment SANS/D20 heavy atom backbone W unrestrained MD
16.5 0.8
a * d 06

Ry (A)
— -
& o
« =)
o< o
m e o
- e«
H
H
H
o o o
o N &
— RProt
RE (R)

S
S
SAXS

g

R

(A)
-
o

SANS/H,0

9

-R
°
o
RgSANS/HZO _ Rgprot (R)

SAXS
Rg
o o o
o N U
o o o
H
H
"
o
o o
>N

(&)
0
-

(A)

1)

S
Prot
g

RSAXS _ RSANS/D,0
g g
o o o o
S N @ w9
S & & &

W
H
—
H
H
H
i
i
| ] o o
S o o M
N
SANS/D,0 _ R
g

(‘& Q& Q\é\ (\& 0@ (‘é\ (‘& (‘é\ (‘@ (\& (‘é\ (‘@
~ Vv » Vv > Vv » v ~ v > Vv
& » S SR VN
X 2 F 64 F N X N X %2 F 4
i~ & o <& o & o & i~ <& i~ <&
N X .
& e,;* O 0(,;“ & z,e@ & zcﬁ & e"$ & e‘9$

C C C 9 C C

‘\0& (\é s\é s\é ‘\0& (\é

© ©* (N ©
& & o 1% % %

Figure S17: On the role of force field-specific Lennard-Jones (LJ) cutoff settings: (a) Ry,
(b/c) ARSAS, and (d-f) AR, values for xylanase using the CHARMM36m-TIP3P force field
combination. Simulations were carried out either using a plain LJ cutoff at 1.0nm or by
switching off the LJ forces between 1 nm and 1.2 nm, as recommended for the CHARMM36m
force field (force-switch 1-1.2nm). Results are shown for simulations with restrained heavy
atoms (red, pink), restrained backbone (yellow, orange) or for unrestrained MD (dark and
light blue). In simulations with flexible side chains (unrestrained or backbone-restrained
MD), cutoff settings following CHARMM standards leads to larger ARSAS values as com-
pared to using a plain 1 nm cutoff (panels b/c, orange vs. yellow, light blue vs. dark blue). In
simulations with restrained heavy atoms, using a different cutoff stetting has only a marginal
effect (pink vs. red). Thus, the additional LJ interactions between 1nm and 1.2nm lead to
increased ARSAS values owing to more densely packed water structures around flexible pro-
tein side chains, and not owing to stronger attraction of water onto a (fixed) protein surface.
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Table S1: Eighteen combinations of protein force field and water model used in this study.
CHARMM36m was taken from version of July 2020.

Protein force field Abbreviation Water model Refs.
CHARMM36m c36 cTIP3P 18, 19
TIP3P 20
SPC/E 21
OPC3 22
OPC 23
Amberl4SB ff14SB SPC/E 24,21
TIP3P 20
Amber99SB-ildn ff995B-ildn SPC/E 25, 21
TIP3P 20
Amberl5 /force-balance fF15th TIP3P-FB 26
Amber99SBws ff99SBws TIP4P /2005s 27, 28
TIP4P /2005 29
TIP4P-D 30
OPC3 22
OPC 23
DES-amber DES-amber TIP4P-D 31, 30
DES-amber without scaled charges DES-amberSF1.0 TIP4P-D 31, 30
Amberr99SBdisp a99SBdisp a99SBdisp-water 32
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Chapter 6. Scrutinizing the protein hydration shell from molecular dynamics
simulations against consensus small-angle scattering data

Table S2: Experimental consensus R, values for SAXS, SANS/H,0, and SANS/D,O from
Trewhella et al.! R, are shown as obtained from Guinier or P(r) analysis. Two right columns:
ARZAS values from SAXS relative to SANS/H,0 and SAXS relative to SANS/D,0, respec-
tively.

Protein Type of Rg R:AXS R:ANS/H;O RSANS/’DzO R;Axs _ R;ANS/’Hzo R;AXS _ R;ANS/DZO
(A) (A) (A) (4) (A)
RNaseA Guinier 15.13 £ 0.02 14.74 £ 0.17 13.67 £ 0.08 0.39 £ 0.17 1.46 £+ 0.08
P(r) 15.04 £ 0.01 14.50 £ 0.13 13.72 £ 0.05 0.54 £ 0.13 1.32 £ 0.05
Xylanase Guinier 16.05 £ 0.01 16.03 £ 0.30 14.87 £ 0.19 0.02 £ 0.3 1.18 £ 0.19
P(r) 15.85 £ 0.01 15.02 £ 0.19 14.43 £ 0.05 0.83 £ 0.19 1.42 £+ 0.05
Glucose isomerase Guinier 33.11 £ 0.05 32.61 £ 0.38 30.72 £ 0.17 0.5 + 0.38 2.39 + 0.17
P(r) 32.93 £ 0.01 32.30 £0.18 30.88 +0.08 0.63 + 0.18 2.05 £ 0.08
Lysozyme Guinier 14.64 £ 0.05 14.28 £0.12 12.44 £ 0.52 0.36 £ 0.11 2.2 +0.52
P(r) 14.46 £ 0.01 14.66 £ 0.12 12.23 +£ 0.10 -0.2 + 0.12 2.23 £ 0.1
Urate Oxidase Guinier 32.30 £ 0.06 31.57 £0.42 31.18 +£0.12 0.73 £ 0.42 1.02 £+ 0.13
P(r) 31.63 + 0.01 31.67 + 0.23 30.84 £ 0.04 -0.4 £ 0.23 0.79 + 0.04
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Description of additional supplementary

information

Johanna-Barbara Linse and Jochen S. Hub*

Theoretical Physics and Center for Biophysics, Saarland University, Saarbriicken, 66123,

Germany

E-mail: jochen.hub®uni-saarland.de

Supplementary Movie 1: Illustration of the hydration layers around the protein
xylanase.

Three-dimensional solvent electron density taken from a simulation of xylanase obtained
with ff99SBws and TIP4P/2005s water using position restraints on all heavy atoms. Ounly
density inside the envelope is shown in shades from light grey (bulk water) to blue to orange,
revealing the first (orange) and the second (mostly blue) hydration layers. For the color

code, see the color bar in Fig. 1B.
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ABSTRACT The protein hydration shell is a key mediator of processes such as molecular recognition, protein folding, and pro-
ton transfer. How solvent-exposed amino acids shape the hydration shell structure is not well understood. We combine molec-
ular dynamics simulations with explicit-solvent predictions of small-angle x-ray scattering (SAXS) curves to quantify the
contributions of all 20 proteinogenic amino acids to the hydration shell of the globular GB3 domain and the intrinsically disor-
dered protein (IDP) XAO. We focus on two quantities encoded by SAXS curves: the hydration shell effect on the radius of gy-
ration and the electron density contrast between protein and solvent. We derive an amino acid-specific contrast score, revealing
that acidic residues generate the strongest contrast with 1-1.5 excess water molecules relative to alanine, followed by cationic
and polar residues. In contrast, apolar residues generate a water depletion layer. These trends are consistent across simulations
with different water models. Around the XAO peptide, the hydration shell is generally far weaker compared with the globular GB3
domain, indicating unfavorable water-peptide packing at the IDP surface. The hydration shell effect on the radius of gyration of
the IDP is strongly conformation-dependent. Together, the calculations show that the composition and spatial arrangement of
solvent-exposed amino acids govern the hydration shell structure, with implications for a wide range of biological functions and
for hydration-sensitive experimental techniques such as solution scattering.

SIGNIFICANCE Hydration shells of biomolecules constitute a large fraction of the water in crowded cellular
environments and play key roles in biological functions such as enzymatic reactions and conformational transitions. Small-
angle x-ray scattering (SAXS) has shown that hydration shells differ in density from bulk water, yet how solvent-exposed
amino acids and protein surface geometry shape the hydration shell is not well understood. We combined molecular
dynamics simulations with explicit-solvent SAXS predictions to quantify how solvent-exposed chemical moieties and
protein geometry drive variations in hydration shell density. Notably, the hydration shell of a globular protein differs
markedly from that of an intrinsically disordered protein. Our study offers a comprehensive characterization of protein
hydration and informs the interpretation of hydration-sensitive experimental techniques.

INTRODUCTION

Proteins in solution are enveloped by a hydration shell,
formed through electrostatic and dispersive interactions be-
tween water molecules and solvent-exposed protein moi-
eties. The hydration shell actively participates in various
biological functions, such as protein folding, molecular
recognition, enzyme catalysis, proton transfer, or avoidance
of unspecific aggregation, and is thus considered an integral
part of proteins (1-5). The structure and dynamics of the hy-

dration shell differ from those of bulk water, as revealed by
nuclear magnetic resonance, terahertz spectroscopy, time-
dependent fluorescence Stokes shift, inelastic neutron scat-
tering, molecular dynamics (MD) simulations, and several
other techniques (6—16). Consequently, the vibrational, rota-
tional, and translational dynamics of water molecules in the
hydration shell are slowed down by approximately two- to
fivefold. Scattering experiments have revealed that the water
density in the hydration shell of many proteins is increased
relative to the density of bulk water, with the magnitude of
this density increase likely being protein dependent (17-20).

Submitted June 16, 2025, and accepted for publication November 24, 2025.
*Correspondence: jochen.hub@uni-saarland.de

Editor: Frank Gabel.

https://doi.org/10.1016/j.bpj.2025.11.2683

In the crowded cytoplasm of biological cells, up to 70% of
water belongs to a hydration shell, indicating that water
involved in life is predominantly non-bulk-like (3,21,22).

© 2025 The Author(s). Published by Elsevier Inc. on behalf of Biophysical Society.
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How the composition and relative arrangement of sol-
vent-exposed amino acids control the properties of the pro-
tein hydration shell is not well understood. Small-angle
scattering with x-rays and neutrons (SAXS/SANS) of highly
charged proteins suggested that solvent-exposed anionic
aspartate or glutamate residues increase the hydration shell
density more than cationic lysine or arginine residues
(20,23), which aligns with the large number of structured
water molecules located at anionic residues in protein crys-
tals (24). Furthermore, spectroscopic techniques revealed
that the polarity of surfaces influences the properties of wa-
ter at interfaces. At polar surfaces, water exhibits decreased
internal water order and fewer internal hydrogen bonds. At
apolar surfaces, in contrast, water exhibits increased internal
order and more internal hydrogen bonds, and it may form
low-density clathrate structures (25-35). Additionally, wa-
ter has been shown to form a depletion layer with reduced
density at hydrophobic surfaces (36-38). However, the
quantitative influence of solvent-exposed amino acids or
of specific chemical moieties on the hydration shell archi-
tecture remains largely unexplored.

Upon modifying solvent-exposed moieties of proteins by
mutagenesis, the hydration shell may change via two
distinct effects: first, due to altered residue-water interaction
energies at fixed protein conformations (see previous para-
graph). Second, mutations may shift the conformational
ensemble of the protein, thereby replacing protein-water
contacts with protein-protein contacts or vice versa. Such ef-
fects are especially pronounced in intrinsically disordered
proteins (IDPs), as their shallow free energy landscapes
are sensitive to mutations (39,40). Nevertheless, surface mu-
tations may also alter the conformation of globular proteins,
for example by triggering unfolding or a transition to a
molten globule (41,42). By simulating proteins at prese-
lected, fixed conformations, this study focuses on the first
effect while noting that, under experimental conditions,
both effects often play a role.

We recently validated the protein hydration shell from
MD simulations by comparing results from explicit-solvent
SAXS/SANS predictions (43-45) with consensus experi-
mental data obtained from a worldwide community effort
(20,46). SAXS and SANS data reflect the contrast of the,
respectively, electron density or neutron scattering length
density of the protein relative to bulk solvent, thereby
including contributions of the hydration shell. We observed
that many but not all combinations of protein force fields
and water models accurately reproduce the hydration shell
effect on the radius of gyration R,. We furthermore found
that the hydration shell effect on R, depends on protein
size, geometry, and surface composition, suggesting that
the effect represents a protein-specific footprint of the hy-
dration shell. In this study, we use MD simulations to quan-
tify the influence of all proteinogenic amino acids on the
hydration shell of a globular and an intrinsically disordered
protein on two parameters that are encoded by SAXS
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curves, namely on the R, and on the overall contrast be-
tween solute and solvent. We derive an amino acid-specific
contrast score for solvent-exposed proteinogenic residues
and show that the hydration shell structure and its effect
on SAXS data depends not only on chemical composition
but also on peptide conformation and water models. We
rationalize the amino acid-specific effects on SAXS curves
by analyzing three-dimensional solvent densities as well as
radial distribution functions around solvent-exposed amino
acid side chains.

MATERIALS AND METHODS

Simulation setup and parameters for the GB3
domain

The initial structure of the GB3 domain was taken from the protein data
bank (PDB (47): 11GD (48)). Ten amino acids on the surface of the GB3
domain were selected and mutated to one of the 21 proteinogenic amino
acid, involving two protonation states of histidine, with the software
Chimera (49), namely residues 15, 18, 20, 22, 24, 27, 33, 37, 47, and 51
(Fig. 1 A). Hydrogen atoms were added with pdb2gmx. MD simulations
of GB3 were carried out with GROMACS, version 2020.3 (50). Interactions
of the proteins were described with the following variants of the AMBERO3
force field (51): ff03* (52), ff03w (53), and ff03ws (54). The starting struc-
tures were placed in a dodecahedral box, where the distance between the
protein and the box edges was at least 2.0 nm, and solvated in TIP3P
(55), TIP4P/2005 (56), or TIP4P/2005s (54) water. The simulation systems
were neutralized by adding Na™ or C1™ ions. After 400 steps of minimiza-
tion with the steepest decent algorithm, the systems were equilibrated for
100 ps with harmonic position restraints applied to the heavy atoms of
the proteins (force constant 1000 kJ mol~' nm~2). Subsequently, produc-
tion runs were started for 50 ns with harmonic position restraints applied
to the backbone atoms of the proteins (force constant 2000 kJ mol '
nm~2). The equations of motion were integrated using the leapfrog algo-
rithm (57). The temperature was controlled at 298.15 K, using velocity re-
scaling (z = 1 ps) (58). The pressure was controlled at 1 bar with the
Berendsen barostat (z = 1 ps) (59) and with the Parrinello-Rahman barostat
(tr = 5 ps) (60) during equilibration and production simulations, respec-
tively. The geometry of the water molecules was constrained with the
SETTLE algorithm (61), and LINCS (62) was used to constrain all other
bond length. A time-step of 2 fs was used. Dispersive interactions and
short-range repulsion were described by a Lennard-Jones potential with a
cutoff at 1 nm. The pressure and the energy were corrected for missing
dispersion corrections beyond the cut-off. Neighbor lists were updated
with the Verlet scheme. Coulomb interactions were computed with the
smooth particle-mesh Ewald (PME) method (63,64). We used a Fourier
spacing of approx. 0.12 nm, which was optimized by the GROMACS
mdrun module at the beginning of each simulation.

Simulation setup and parameters for the XAO
peptide

To obtain an ensemble of XAO, we carried out maximum-entropy ensemble
refinement (65) of XAO against experimental SAXS data. To this end, four
parallel replicas of XAO simulations were coupled to SAXS data as
described in the supporting material. From the ensemble, we obtained 20
frames that reasonably represent the confrontational space adopted by
XAO, thus including compact and extended conformations. The simulation
systems for the XAO conformations and mutants were set up as described
above for the GB3 domain, except that the MD simulations were carried
out with the GROMACS 2021.7 (50). Side chains of ornithin (Orn) and
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FIGURE 1 Structures and hydration shells of the GB3 domain and XAO
peptide. (A) Cartoon representation of the GB3 domain. Ten surface amino
acids shown in purple ball-and-stick representation were mutated into each
of the 20 proteinogenic amino acids. (B) Three-dimensional density of the
hydration shell around the wild-type GB3 domain (for colors, see colorbar).
The first and second hydration layers appear as orange and blue densities,
respectively. Red densities indicate a well-defined water position at the pro-
tein surface. (C) XAO peptide with four unnatural amino acids at the
termini: two 2,4-diaminobutyric acid (Dab) and two ornithin (Orn) shown
in pink and white, respectively. (D) Three-dimensional solvent density
around the wild-type XAO peptide.

2,4-diaminobutyric acid (Dab) were modeled based on the parameters for
lysine by removing either one or two CH2 groups from the lysine topology,
respectively. Four residues of the XAO, the two Orn and the two Dab res-
idues, were mutated to one of the 21 proteinogenic amino acids with the
software Chimera (49).

Explicit-solvent SAXS calculations

2251 simulation frames from the time interval between 5 and 50 ns from
MD simulations of the GB3 domain and 2501 simulation frames from

Protein hydration shell

the time interval between 0 and 50 ns from simulations of the XAO peptide
were used for SAXS calculations. The SAXS calculations were performed
with  GROMACS-SWAXS, an in-house modification of GROMACS
2021.7, as also implemented by the web server WAXSiS (43,44,66). The
code and tutorials are available at https://cbjh.gitlab.io/gromacs-swaxs-
docs/. For more background on explicit-solvent SAXS calculations, we
refer to recent reviews (45,67). Explicit-solvent SAXS calculations have
previously been successfully compared with experimental data from diverse
solutes including proteins (43,68), IDPs (69), protein-detergent complexes
(70), or detergent micelles (71,72), suggesting that the predictions are
robust and accurate. A spatial envelope was built around all solute frames
from the proteins. Solvent atoms inside the envelope contributed to the
calculated SAXS curves. The distance between the protein and the envelope
surface was at least 9 ;\, such that all water atoms of the hydration shell
were included. The buffer subtraction was carried out using 2251 simula-
tions frames of a pure-water simulation box, which was simulated for
50 ns and large enough to enclose the envelope. The orientational average
was carried out using 200 g-vectors for the GB3 domain and 50 q-vectors
for the XAO peptide for each absolute value of q, and the solvent electron
density was corrected to the experimental value of 334 e/nm® as described
previously (43).

Statistical errors were computed for simulations with the GB3 domain by
binning the trajectory into 10 time blocks of 4.5 ns and computing the stan-
dard error. In the case of the XAO peptide, statistical errors were calculated
from simulations of 20 independent conformations.

Calculation of the hydration shell contrast

The forward scattering intensity /) = AN? of a SAXS curve is given by the
square of the contrast AN? between solute (including the hydration shell)
and the solvent in number of electrons. Thus, /, follows by

Iy = [ANP® 4+ AN™]? )

= [N = V™ + ANDT, @)

e

where NP™ is the number of electrons of the protein, V""" the protein vol-
ume, AN:‘S the contrast imposed by the hydration shell, and pj,, the solvent
electron density taken as 334 e/nm’. Thus, we have

ANP = £ VI = (N = pg V™). O

Here, the plus and minus signs correspond to the cases where
ANP™ + AN™ is positive or negative, respectively. In our implementation,
NP is taken from atomic form factor at zero scattering angle as defined via
the Cromer-Mann parameters of the atoms (73). The volume of the solute
VP was defined as the cavity volume calculated with the 3V volume calcu-
lator (74) with a grid spacing of 0.16 Aanda probe radius of 1.4 A corre-
sponding to the van der Waals radius of a water molecule. Volumes were
computed as an average over 20 simulations frames, which were randomly
rotated before running the 3V software. Statistical uncertainties of volume
calculations correspond to 1 SE obtained from the 20 frames. Volumes of
GB3 and XAO variants are shown in Fig. S13. The influence of the probe
radius and the grid spacing on the volume calculation is analyzed in
Fig. S14.

RESULTS

To quantify the effects of amino acid composition on the hy-
dration shell of proteins, we simulated the GB3 domain as a
representative for globular proteins (Fig. 1 A and B) and the
XAO peptide (75,76) as representative for IDPs (Fig. | C
and D). The three-dimensional electron densities of solvent

Biophysical Journal 125, 255-269, January 6, 2026 257

122



Chapter 7. How protein hydration depends on amino acid composition, peptide

conformation, and force fields

Linse et al.

around the GB3 domain or around XAO are shown in Fig. |
B and D, here computed from simulations with position re-
straints on all heavy atoms leading to spatially well-defined
densities from surface-bound water molecules. The den-
sities reveal highly localized water molecules (red den-
sities), the first hydration shell (orange/red densities), as
well as the second hydration shell (dark blue densities). A
highly shallow third shell is hardly visible in the three-
dimensional density representation (Fig. | D, cyan density
layer). The structure of the hydration shell involving a pro-
nounced first shell, a shallow second, and a highly shallow
third shell agrees with many previous MD studies
(Ref. (77) and references therein).

The hydration shell of the globular GB3 domain
strongly depends on the surface amino acid
composition

SAXS experiments of proteins probe the electron density
contrast between the protein and the bulk solvent, including
the density contrast contributed by the hydration shell. To
quantify the effects of different amino acids to the hydration
shell, and to relate variations among different amino acids to
putative solution scattering experiments, we computed SAXS
curves of the wild-type and of 21 mutants of the globular
GB3 domain. We used explicit-solvent SAXS calculations
(43), as also implemented by the WAXSiS web server (66),
thereby accounting for all non-bulk-like solvent molecules
of the hydration shell and using an explicit representation
of the excluded solvent. In contrast to implicit-solvent
SAXS predictions, the method does not require any sol-
vent-related fitting parameters or a choice for a thickness
for the hydration shell (45). We selected 10 solvent-exposed
residues (Fig. 1 A, pink ball-and-stick representation) and
mutated these residues to each of the 20 proteinogenic amino
acids while including histidine in the neutral form (5-nitrogen
protonated, His®) and in the cationic form (5- and e-nitrogen
protonated, His™), resulting in 22 GB3 variants (wild-type
and 21 mutants). We performed explicit-solvent MD simula-
tions with restraints on the backbone atoms to maintain all
GB3 variants in identical backbone conformation and to pre-
vent unfolding of putatively unstable GB3 mutants such as
mutants with many hydrophobic solvent-exposed residues.
SAXS curves I(g) computed for the 22 GB3 variants differ
(Fig. 2). Since we computed the SAXS curves taking the sol-
vent explicitly into account (43,45,66), the variations among
the SAXS curves include effects owing to variations of the
hydration shell contrast.

In this study, we used two quantities that provide a foot-
print for the hydration shell while being encoded by the
SAXS curves: 1) the forward scattering intensity I, =
I(g = 0), which is related to the contrast between protein
and solvent; and 2) the radius of gyration R,, which quan-
tifies the spatial extent of the protein. Focusing first on the
former quantity, the forward scattering is given by the
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FIGURE 2 SAXS curves of the GB3 domain from explicit-solvent SAXS
calculations with the TIP4P/2005 water model in combination with the
ff03w protein force field (A) for GB3 wild-type or (B—F) for 21 GB3 vari-
ants with 10 mutated solvent-exposed amino acids each (for color code and
line style, see legends). For clarity, SAXS curves are grouped by the amino
acid property (glycine, polar, apolar, cationic, anionic) in (B)—(F). Guinier
plots of these curves are shown in Fig. S2.

square of the total contrast AN, in number of electrons be-
tween protein and solvent, i.e., [y = ANf. We decomposed
the total contrast into contributions from the contrast of the
bare protein ANP™" and the contrast of the hydration shell
ANPS, via AN, = ANP™ 4 AN (see Materials and
Methods). Fig. 3 A (yellow bars) presents the contrast of
the hydration shell for 22 GB3 variants, here computed
with the AMBER force field ff03w in conjunction with
the TIP4P/2005 water model (53,56), which revealed excel-
lent agreement with experimental SAXS/SANS data in our
previous study and may, therefore, be taken as reference
force field (20). The contrast is plotted in number of water
molecules as N'/10 given that each water molecule con-
tains 10 electrons. Evidently, the contrast of the hydration
shell differs greatly among GB3 variants with different sol-
vent-exposed amino acid types. The hydration shell of wild-
type GB3 exhibits a positive contrast of 4.1 water molecules
implying the presence of additional 4.1 water molecules in
the hydration shell relative to an equivalent volume of
bulk water, in line with the well-known densely packed
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FIGURE 3 Analysis of hydration shell contrasts. (A) Contrast of the hydration shell in number of water molecules of GB3 wild-type and 21 GB3 mutants;

see labels at abscissa colored by the property of the amino acid: Gly (gray),

polar (pink), apolar (green), cationic (orange), and anionic (blue) residues.

Contrast values are shown for three combinations of protein force field and water model: ff03w—-TIP4P/2005 (yellow), ff03ws—TIP4P/2005s (blue),
ff03*~TIP3P (red). (B) Contrast per amino acid for GB3 domain relative to alanine. (C and D) Same analysis as in (A) and (B) for the XAO peptide. Error

bars denote 1 SE.

hydration shell documented by SAXS experiments of
several proteins (17,18,20). Among the mutated GB3 vari-
ants, the variants with additional anionic residues (Asp/
Glu) reveal the largest contrast, followed in decreasing order
by GB3 variants with cationic (Lys/Arg/His") and polar
charge-neutral amino acids (Fig. 3, pink labels at the ab-
scissa). The marked hydration shell imposed by the anionic
residues Glu/Asp aligns with previous SAXS/SANS exper-
iments of super-charged variants of green fluorescent pro-
tein (78) and of the highly anionic glucose isomerase
(20,46). In contrast, GB3 variants with many apolar sol-
vent-exposed residues reveal a negative hydration shell
contrast, indicating a water depletion layer in the vicinity
of hydrophobic amino acids, in line with reports for other
types of hydrophobic surfaces (36-38). An exception to
the order anionic—cationic—polar—apolar is given by tyro-
sine, which displays a more negative contrast compared
with all other polar amino acids, rationalized by the pres-
ence of the apolar six-membered aromatic ring.

To quantify the hydration shell contrast imposed by indi-
vidual amino acids, Fig. 3 B presents the contrast per amino

acid and relative to alanine as reference. Accordingly, the
hydration shells of anionic residues exhibit approximately
1.5 additional water molecules relative to alanine, with
glutamate standing out as the amino acid whose hydration
shell imposes the largest contrast, indicative for a particu-
larly densely packed hydration shell. The hydration shells
of cationic residues contain roughly one additional water
molecule relative to alanine, whereas the hydration shells
of polar residues contain approximately 0.2-0.5 additional
water molecules relative to alanine. Bulky apolar amino
acids such as leucine or phenylalanine may contain up to
0.3 fewer water molecules relative to alanine. Tyrosine
with its polar hydroxyl group and apolar aromatic ring rep-
resents an intermediate case between polar and apolar resi-
dues. These values provide an amino acid-resolved
hydration layer contrast score for a common globular pro-
tein such as GB3, thus quantifying how chemical specific-
ities of proteinogenic amino acids control the density of
the protein hydration shell. Below, we further analyze these
data to dissect how individual chemical moieties control the
hydration shell.
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Critically, the overall contrast AN, for a given MD simu-
lation is determined unambiguously from the forward scat-
tering calculated using explicit-solvent SAXS calculations.
In contrast, the decomposition of AN, into contributions
from the bare protein ANP™" and the hydration shell ANL‘S
depends on how the protein volume is defined. Assigning
a larger volume to the protein leads to a decrease in
ANP™ and a corresponding increase in ANS. This effect
is illustrated in Fig. S4 A and C, where protein volumes
were computed using three different probe radii: 1.3 A,
1.4 A, or 1.5 A. However, the contrast per amino acid rela-
tive to alanine depends only marginally on the volume defi-
nition (Fig. S4 B and D), suggesting that ambiguities in our
volume calculations cancel out upon comparing different
amino acids. Consequently, although the choice of volume
definition (see Materials and Methods) affects the absolute
contrasts shown in Fig. 3 A and C, it has only a marginal
impact on the relative contrasts in Fig. 3 B and D.

Among different water models, effects of amino
acid properties on the hydration layer contrast
agree qualitatively but differ quantitatively

To test the influence of water models, and to exclude that
our key findings are not biased by the choice of the water
model, we calculated the contrasts for three different water
models, namely TIP3P (55), TIP4P/2005 (56), and TIP4P/
2005s (54), in combination with their corresponding
AMBERO3 force field (51) variant. Among these water
models, TIP3P is the most widely used model since the
popular CHARMM and AMBER protein force fields
have originally been parameterized in conjunction with
TIP3P. However, TIP3P shows poor agreement with exper-
imental data as it yields a too low density, a too high diffu-
sion coefficient, and a too high isothermal compressibility
(79). TIP4P/2005 reproduces water properties more accu-
rately compared with TIP3P, and it furthermore captures
the water density over a wide temperature range (560).
TIP4P/2005s takes water-water interactions from TIP4P/
2005; however, it implements increased water-protein
dispersion interactions with the aim to balance water-water
against water-protein interactions in protein simulations
with AMBER force fields (54).

Fig. 3 A compares the total hydration shell contrast of 22
GB3 variants for simulations with these three water models
(yellow, blue, red bars, see legend). Irrespective of the water
model, the contrasts follow the order anionic—cationic—po-
lar—apolar, suggesting that the effects of amino acid classes
on the hydration shell contrast agree qualitatively among the
water models. This finding is confirmed by comparing the
contrast per amino acid relative to alanine (Fig. 3 B). How-
ever, the total contrasts shown in Fig. 3 A furthermore reveal
considerable quantitative differences among water models.
TIP3P yields the lowest contrast for all GB3 variants with
approximately four water molecules fewer within the over-
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all GB3 hydration shell compared with TIP4P/2005 (Fig. 3
A, red vs. yellow bars). In contrast, TIP4P/2005s yields an
increased contrast for most GB3 variants with typically
zero to three additional water molecules in the hydration
shell compared with TIP4P/2005 (blue vs. yellow bars),
rationalized by the increased protein-water dispersion inter-
actions implemented by TIP4P/2005s (54). More specif-
ically, TIP4P/2005s yields a similar contrast compared
with TIP4P/2005 for the GB3 wild-type and for the Ser,
His’, His™, Asp, Glu and an increased contrast for all the
other variants. Thereby, the hydration shell contrast by
TIP4P/2005s largely exceeds the contrast by TIP3P, in
particular for the apolar variants, with up to 7.5 additional
water molecules in the hydration shell for the Trp variant.

Hydration shell contrasts controlled by amino
acid type and force field impose experimentally
accessible variations of the radius of gyration

Analysis of the hydration shell based on [, and hydration
shell contrasts involve two caveats. First, experimental [,
values—or, equivalently, total electron density contrasts—
are subject to relatively high uncertainty because obtaining
I from an experimental SAXS curve would require precise
knowledge of the solute concentration. Because the solute
concentration is typically only approximately known, quan-
titative comparisons of I, between MD simulations and ex-
periments is difficult. In contrast, the radius of gyration R,
obtained by SAXS coupled to size exclusion chromatog-
reaphy (SEC-SAXS) enables R, measurements with sub-
Angstrom accuracy (46), thereby enabling quantitative
validation of MD simulations against experiments (20). Sec-
ond, whereas the overall solute contrast is unambiguously
defined in explicit-solvent SAXS calculations via (10)1/ 2
its decomposition into contrast contributions from the pro-
tein and hydration shell depends on the definition of the pro-
tein volume or, equivalently, on the definition of the dividing
surface at the protein-water interface (77). In contrast,
computing the hydration shell effect on R, does not require
a definition of the dividing surface.

Thus, as a second indicator for the hydration shell, we
analyzed hydration shell effects on the R, values of 22
GB3 variants. We computed the change of R, owing to the
hydration shell, as given by AR, = R3*XS — RE™', where
RSAXS denotes the R, value obtained by Guinier analysis
of the SAXS curve, thereby taking the hydration shell into
account, and RP™' denotes the R, value of the bare proteins
computed from the atomic coordinates of protein atoms.
Fig. 4 A presents AR, values for the 22 GB3 variants,
whereas Fig. 4 B shows the AR, values relative to alanine
per mutated amino acid. In line with the contrasts discussed
above, the presence of anionic residues (Asp/Glu) imposes
by far the largest increase of AR, values by ~1.5 A arld
an increase per amino acid relative to alanine by ~0.1 A.
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These results confirm that anionic residues impose a tightly
packed hydration shell (20,24,78). In contrast, bulky hydro-
phobic residues such as Val, Ile, Leu, Phe, or Trp lead to
small AR, values and a decrease per amino acid relative
to alanine by up to ~0.05 A, in line with a water depletion
layer at the hydrophobic surface. Cationic and many polar
residues lead to intermediate and similar AR, values, which
may be surprising considering that hydration shell contrasts
imposed by cationic residues clearly exceed the contrasts
imposed by polar residues (see Fig. 3 A and B). The findings
might reflect that AR, is sensitive to the spatial distributions
of contrasts, which may lead to different amino acid-specific
effects on AR, compared with effects on the total contrast
derived from /.

Comparing the AR, values between simulations with
TIP3, TIP4P/2005, and TIP4P/2005s reveals specific prop-
erties of water models, although the relative differences
among AR, values are overall smaller compared with the
differences among the contrasts (compare Fig. 4 A and B
with Fig. 3 A and B). Whereas the AR, values of GB3
wild-type are in excellent agreement among the three water
models (Fig. 4 A, left column), TIP3 yields lower AR, for

many GB3 mutants such as mutants with anionic residues
(Asp/Glu), several apolar residues, as well as for several
apolar residues such as Thr or Tyr. The largest variations
of AR, values among water models is found for the bulky
apolar residues, where in particular TIP4P/2005s, but also
TIP4P/2005, yields by far larger AR, values compared
with TIP3P. Thus, the increased protein-water dispersion in-
teractions implemented by TIP4P/2005s lead to a partial
loss of the water depletion layer at hydrophobic surfaces,
with a footprint on the radii of gyration.

Hydration shell of the intrinsically disordered
protein XAO exhibits a negative amino acid-
dependent contrast

Compared with globular proteins, IDPs exhibit a larger sur-
face/volume ratio, suggesting that—at a given protein den-
sity—IDPs exhibit more protein-water contacts and perturb
a larger volume of water, rationalizing the tight coupling be-
tween IDP and water dynamics (80). Many IDPs carry out
their function by partial folding on the surface of other pro-
teins, thereby involving large rearrangements of protein-water
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and water-water interaction networks. Nevertheless, the hy-
dration shell of IDPs has attracted less attention compared
with the hydration shell of globular proteins (81,82). A previ-
ous MD study suggested that accurate representation of the hy-
dration shell density by explicit-solvent models is critical for
predicting SAXS curves of IDPs since even small variations
of the hydration shell density may strongly influence predicted
SAXS curves (19,65). MD simulations using TIP4P/2005 or
TIP4P/2005s revealed that the water structure in the hydration
shell of an IDP is perturbed relative to the bulk as indicated by
a loss of tetrahedrality; however, this perturbation has been
weaker as compared with the hydration shell of a folded pro-
tein (83). How the amino acid composition of an IDP controls
the density of its hydration shell has not been systematically
addressed.

As amodel IDP, we here consider the XAO peptide with the
sequence Ace-(diaminobutyric acid),-(Ala);-(ornithine),-
NH,, whose conformational ensemble has been studied by
SAXS as well as by NMR and circular dichroism spectroscopy
(75,76). We used maximum-entropy ensemble refinement
against SAXS data taken from Ref. (75) to obtain the hetero-
geneous ensemble of XAO. We randomly selected 20 frames
from the ensemble, thereby representing the heterogeneous
ensemble, involving compact and expanded XAO conforma-
tions (see Materials and Methods and Fig. S1). In follow-up
simulations of XAO and its mutants, these conformations
were maintained using backbone restraints.

To reveal how the amino acid composition influences the
hydration shell of an IDP, we mutated the four terminal
XAO residues to 20 proteinogenic amino acids, again
including histidine in the neutral and cationic form (21 mu-
tants). For each XAO variant, we carried out 20 MD simu-
lations with backbone restraints to the 20 conformations
taken from the XAO ensemble (see above) and computed
the SAXS curve using explicit-solvent SAXS calculations
(Figs. S3 and S5). Following the analysis described above
for the GB3 domain, we obtained the contrast of the hydra-
tion shell of the XAO wild-type and 21 mutants (22 vari-
ants), using the three water models TIP4P/2005, TIP4P/
2005s, and TIP3P. We computed the overall contrast of
the hydration shell relative to an equivalent volume of
bulk water (Fig. 3 C) as well as the contrast per amino
acid relative to alanine (Fig. 3 D).

At variance with the analysis for GB3, we found a nega-
tive hydration shell contrast for all 22 XAO variants,
implying that the hydration shell of XAO contains fewer wa-
ter molecules compared with bulk water. Whereas XAO
wild-type and anionic mutants reveal a contrast of up to
approximately —2 water molecules, apolar variants may
reveal contrast of up to —7 water molecules or even fewer
(Fig. 3 C). We rationalize the negative contrasts with the
high flexibility of XAO, leading to more loosely packed
conformations compared with the structure of the globular
GB3. Thereby, small voids between the XAO backbone
and side chains may exclude water molecules or enable
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only incomplete packing of water around XAO moieties,
leading to a lower water density around XAO compared
with GB3.

The effects of amino acid classes on the hydration shells
are consistent with the findings for GB3; namely the con-
trasts follow roughly the order anionic—cationic—polar—apo-
lar (Fig. 3 D). However, contrasts per amino acid differ
quantitatively for XAO compared with our results for
GB3. For instance, arginine residues imposed smaller con-
trasts in XAO compared with arginine in GB3 (compare
Fig. 3 B with Fig. 3 D), possibly because the hydrophobic
Cy, C,, and C; atoms of arginine near the XAO termini
are more solvent-exposed compared with arginines at the
GB3 surface.

The hydration shell of an IDP may reduce the
radius of gyration detected by SAXS

In sharp contrast to the findings for GB3 variants, for which
AR, values were mostly positive in the range of approxi-
mately 0-1.5 A, AR, values for XAO variants with different
force fields are mostly negative and may take large absolute
values (Fig. 4 C). The radius of gyration detected by SAXS
is given by

Ry = (/Aﬂ(l‘) dl‘>7l /rzAp(r) dr, @)

where Ap(r) denotes the electron density contrast, and r is the
distance from the (contrast-weighted) center of mass. The
large negative AR, values up to —4 A may be rationalized
by 1) the overall small contrast of XAO (small value in
brackets in Eq. (4)), leading to a large impact of the hydration
shell contrast on Rg, and 2) hydration shell contributions to
the contrast close to the center of mass (at small r), as occur-
ring for extended conformations for which moieties near the
center of mass are solvent-exposed. Positive AR, values are
found only for the anionic mutants for which Asp/Glu resi-
dues may impose large contrast near the endpoints of XAO,
but also for the XAO wild-type and few polar variants, mostly
with the TIP4P/2005 water model (Fig. 4 C, yellow bars).
Thus, whereas the hydration shell of globular proteins often
leads to an increased R, detected by SAXS (17,23,43), the
hydration shell of IDPs may also lower the R, value.

Three-dimensional densities around XAO reveal
amino acid- and force field-specific hydration
shell structures

To rationalize the variations of contrast and R, values in
structural terms, we computed the three-dimensional sol-
vent densities with the TIP4P/2005 water model around
extended conformations of four XAO variants, in which
the four terminal residues were mutated to serine, leucine,
lysine, or glutamate, providing one representative each for

127



a polar, apolar, cationic, or anionic variant (Fig. 5 E-H). In
line with the findings from the XAO ensemble (Figs. 3 C and
D and 4 C and D), these mutations lead to large variations
of the forward scattering I, (Fig. 5 A), contrast of the hydra-
tion shell between approximately —1 and —6 water
molecules (Fig. 5 B), R, values obtained from SAXS be-
tween ~7.5 A and ~11.5 A (Fig. 5 C, blue squares), and
AR, values between —3 A and +1 A (Fig. 5 D). These
values align qualitatively with the variations of solvent den-
sities near the endpoints of XAO. For instance, the solvent
structure around the anionic glutamate residues reveals
several tightly bound water molecules (Fig. 5 H, red spots)
and a pronounced second hydration shell. In contrast, the
hydration shell around the apolar leucine lacks any struc-
tured water molecules, whereas the second hydration shell
is blurred out (Fig. 5 F). The serine and lysine variants yield
intermediate cases (Fig. 5 E and G). Thus, the variations of
contrast and R, values quantified above are footprints of
amino acid-specific hydration shell structures revealed by
three-dimensional solvent densities.
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The varying solvent structures around different amino
acid types are also evident from radial distribution functions
(RDFs) of water oxygen atoms with respect to heavy atoms
of the side chains of the mutated amino acids. The RDFs for
anionic residues reveal a pronounced peak at 2.65 A, which
is not present for any other residue, illustrating their excep-
tionally tightly bound hydration shell (Figs. 6, blue; S6 D;
S7 D). The first peak in the RDFs of cationic residues is
much smaller than that of anionic residues and is located
at a larger distance (Figs. 6, orange; S6 D; S7 D), rational-
izing the weaker hydration shell contrast (Fig. 3). RDFs of
polar residues depend strongly on the amino acid species,
reflecting the relative abundances of polar and hydrophobic
moieties; for instance, water oxygen atoms around serine,
and to a lesser degree around threonine, glutamine, or aspar-
agine, show considerable density at 2.8 A, whereas water is
on average located at larger distances from cysteine or tyro-
sine (Figs. 6, black; S6 A/B; S7 A/B). The water depletion
layer at apolar residues is illustrated by RDFs that are nearly
zero below 3 A (Figs. 6, green curve; S6 C; S7 C).
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FIGURE 5 Comparison of hydration shells of XAO mutants with different types of mutated residues: Ser (polar), Leu (apolar), Lys (cationic), Glu
(anionic). (A) Forward scattering /o, (B) hydration shell contrast in number of water molecules, (C) radius of gyration Rg’“‘ from the bare peptide (black
dots) and R;AXS from Guinier analysis (blue squares), and (D) AR, = R:AXS - Rg’“‘. Values were calculated from simulations with the TIP4P/2005 water
model in combination with the ff03w protein force field. (E-H) Shaded colors show the three-dimensional solvent density maps from 50 ns simulations
around the mutants analyzed in (A)—(D) with color code taken from Fig. 1 B and D. MD simulations used to compute density maps were carried out
with restraints on all heavy atoms, thereby yielding spatially well-defined hydration shells. The density is overlayed with one MD frame, showing the
XAO in ball-and-stick representation and water molecules within the envelope as red/white lines. Color code according to Fig. | B and D. Example
PyMOL scripts for visualizing the densities are provided in the supporting material.
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FIGURE 6 Radial distributions functions (RDFs) of water oxygens with
respect to side chain heavy atoms of serine, leucine, lysine, or glutamate
(see legend). RDFs were computed from simulations of XAO with
TIP4P/2005, averaged over 20 XAO conformation. RDFs for other amino
acids or computed from simulations of GB3 are shown in Figs. S6 and S7.

Moreover, the RDFs show that the hydration shell depends
on the protonation state, as evident from more tightly bound
water at doubly protonated histidine compared with singly
protonated histidine (Fig. S8). Together, the RDFs demon-
strate the highly distinct hydration shell structures around
different amino acid types, and they align with the varying
contrasts discussed above.

The solvent densities around the extended XAO peptide
depend not only on amino acid composition but furthermore
on the water model, as evident, for instance, from more
pronounced solvent structures modeled by TIP4P/2005s
compared with TIP3P (Fig. S9). Such force-field-dependent
solvent densities rationalize variations of hydration shell
contrasts by the ensembles of 22 XAO variants presented
in Fig. 3 C and D, which qualitatively align with the findings
for GB3 (Fig. 3 A and B). Specifically, TIP3P yields smaller
(more negative) hydration shell contrasts relative to TIP4P/
2005, whereas the increased protein-water dispersion inter-
actions implemented by TIP4P/2005s yield larger (less
negative) contrasts (Fig. 3 C and D, yellow, blue, or red
bars). Notably, owing to the small contrast f Ap(r) dr of
the overall XAO, AR, values are highly sensitive with
respect to water model-imposed variations of the hydration
shell, leading to large AR, variations by up to 2 A and even
more (Fig. 4 C and D, yellow, blue, and red bars; cf. Eq. (4)).

Hydration shell effect on Ry strongly depends on
IDP conformation

To test how the peptide conformation influences the hydra-
tion shell of XAO, we computed hydration shell contrasts
and AR, values for 20 representative conformations of the
aspartate mutant of XAO (Fig. S10) and analyzed two
example conformations—one compact and one extended
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conformation—in detail in Fig. 7. We found that peptide
conformations have only a small effect on the contrast
(Fig. 7 A and B) but may impose large variations of AR,
by up to ~0.8 A (Figs. 7 C and D and S10). Notably, AR,
values neither correlate significantly with R, values nor
with I, suggesting that subtle details of the peptide and hy-
dration shell geometries determine the AR, value.

How solvent-exposed chemical moieties
determine the hydration shell contrast

The hydration shell contrasts computed for all proteinogenic
amino acids (Fig. 3) enabled us to quantify how chemical
modifications of solvent-exposed moieties alter the hydra-
tion shell contrast. Table 1 lists 12 chemical modifications,
together with the accompanying changes of contrasts
AANL1S in number of electrons, as taken from the GB3 or
XAO simulations with TIP4P/2005. Since one water mole-
cule contains 10 electrons, the AAN},15 values may be trans-
lated to number of water molecules by dividing by 10. The
values are qualitatively consistent among the analysis from
GB3 and XAO. However, values differ quantitatively, likely
reflecting that the degree to which these moieties are sol-
vent-exposed differs between GB3 and XAO.

The analysis enables the following conclusions: 1) replac-
ing a hydrogen (H) with a methyl group (CHs3) decreases the
contrast by about one electron (Table 1, row 2). 2) Replacing
a methyl (CH3) with a hydroxyl group (OH) increases the
contrast by about three electrons (rows 1, 2, 10). 3) Replac-
ing carbamoyl group (CONH,) as present in Asn or Gln with
a carboxyl group (COO ™) as present in Asp or Glu leads a
marked increase of the contrast between 5 and 14 electrons
(rows 7, 8). 4) Extending a side chain by the addition of a
CH, group increases the contrast for a polar side chain
(e.g., Asp — Glu, row 5) and decreases the contrast for apo-
lar side chains (row 4), rationalized by the fact that longer
side chains are more solvent-exposed. In other words, chem-
ical modifications at the tip of longer side chains have a
larger effect on the hydration shell contrast compared with
modifications at shorter side chains. Together, these values
quantify how solvent-exposed chemical moieties modulate
the electron density of the hydration shell of globular pro-
teins or IDPs.

DISCUSSION

We quantified the effect of the 20 proteinogenic amino acids
on the protein hydration shell density of the GB3 domain
and the XAO peptide as representatives for the classes of glob-
ular or intrinsically disorderd proteins with focus on two quan-
tities encoded by SAXS curves: 1) the forward scattering
intensity I, which reports on the overall contrast between
the protein—including its hydration shell—relative to the
buffer; and 2) the radius of gyration R,, which is modified
by the hydration shell relative to the R, of the bare protein.

129



N
©
N

1o (€2) x 100

291

o
o

-0.5

Contrast
water molecules)
N
o

-15
%20
C 12

- o Ry

11 R

Protein hydration shell

FIGURE 7 Effects of peptide conformation on the hydration shell. (A) Forward scattering Iy, (B) hydration shell contrast, (C) R,, and (D) AR, values of one
extended and one compact conformation of the aspartate mutant of XAO obtained with TIP4P/2005 and ff03w. (E and F) Shaded colors show the three-
dimensional solvent density maps from 50 ns MD simulations around the XAO mutant analyzed in (A)—(D) with color code taken from Fig. | B and D.
The density is overlayed with one MD frame, showing the XAO as balls/sticks and water molecules within the envelope as red/white lines. MD simulations
used to compute density maps were carried out with restraints on all heavy atoms, thereby yielding spatially well-defined hydration shells. (G) Extended
(blue/white) and compact conformation (pink/white) of XAO with four terminal residues mutated to aspartate (white).

Across both proteins and three different water models,
we observed a consistent trend in hydration shell density at sol-
vent-exposed amino acids: anionic > cationic > polar > apolar
residues. Substituting alanine with an anionic residue at the
GB3 surface, the hydration shell density increased consider-
ably and contained approximately 1-1.5 additional water mol-
ecules relative to the bulk density. Given that 1) water is nearly
incompressible and 2) amino acids are in contact with only a
few water molecules, these values demonstrate a highly
condensed packing of water at anionic amino acids and ratio-
nalize the presence of a marked hydration shell around anionic
proteins (20,78). In contrast, replacing alanine with bulkier hy-
drophobic residues led to a decreased hydration shell density,
which supports the presence of a water depletion layer previ-
ously reported for hydrophobic surfaces (36-38).

Although the amino acid-specific effects on the hydration
shell are qualitatively consistent between the GB3 domain
and the XAO peptide, we also observed distinct differences
in their hydration shells and their effects on SAXS curves.
The hydration shell contrast was positive for the GB3 wild
type and for most polar or charged GB3 mutants (Fig. 3
A), indicating tightly packed water on the protein surface.
In contrast, the hydration shell of most XAO variants re-

vealed a negative contrast, indicating the presence of water
depletion layers at the XAO surface (Fig. 3 C). Thus, hydra-
tion shells of IDPs may differ substantially from hydration
shells of globular proteins.

Furthermore, our calculations revealed that the effect of
the hydration shell on R, strongly depends on the conforma-
tion of XAO. This finding can be rationalized by the fact that
the R, of XAO is sensitive to the spatial distribution of hy-
dration shell contrast: contrasts located farther from the
XAO center of mass have greater effect on R, compared
with contrasts closer the center of mass. Thus, the structure
of the hydration shell and its effects on SAXS curves is
controlled by an interplay between amino acid composition
and peptide conformation.

Computing the hydration shell contrast from I, values re-
quires a definition of the protein volume or, equivalently, of
the protein-water dividing surface. Indeed, different conven-
tions for the dividing surface, for instance based on different
Voronoi tessellation schemes, have led to slightly different
protein volumes and different estimates for the hydration
shell density (77,84-87). Accordingly, we observed that
different choices for computing the dividing surface influ-
ence the absolute hydration shell contrasts; however, the
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TABLE 1 Change of Hydration Shell Contrast in Number of
Electrons upon Various Chemical Modifications of Solvent-
Exposed Amino Acids

Chemical Modification GB3 XAO
From To AAN™S AANMS
1 R—1 R—OH 1.8 05 22+03
2 R— R—C ~13 £ 04 0.8 £ 0.2
3 R—SH R—OH 3703 3602
4 C C —22+ 04 —29 02
R
R*< ﬁ/
C C
5 0 0 48 £+ 04 28 02
R -
R% :
0 0
6 0 NH, 0.8 + 04 —-0.1 =02
R_( R/w‘/
NH (0}
7 0 0 102 = 04 53 +02
R—{ R{
NH 0

choices have only a marginal effect on the contrasts relative
to alanine found in this study (Figs. S4 and S14). We spec-
ulate that different volume definitions might explain why a
previous study found similar water volumes at anionic,
cationic, and polar moieties (77), whereas our analysis sug-
gested by far larger contrasts imposed by the anionic Asp/
Glu residues. Critically, the pronounced hydration shells
by Asp/Glu are confirmed by our AR, calculation, which
do not require assumptions on the dividing surface. In addi-
tion, they align with previous experimental SAXS/SANS
studies of super-charged GFP variants and with large AR,
values found for the highly anionic glucose isom-
erase (46,68).

We previously found that MD simulations with certain but
not all force fields accurately reproduce the difference in R,
between SAXS relative to SANS in D,O, suggesting that they
capture the hydration shell contrast of several globular pro-
teins (20). To experimentally test our amino acid-specific
contrast values reported here, future SAXS/SANS studies
of proteins and their mutants would be desirable. Designed
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Table 1. Continued
Chemical Modification GB3 XAO
From AANDS AANDS
142 =04 81 +02

23 +04 2202

H 33+£04 2302

8 NH
R/\’(
0
9 C
R/\r
C
10 C
R‘<
C

—22 + 04 2.1 = 0.1

Errors denote 1 SE.

ultrastable proteins may be particularly suitable for such
studies, as their conformations are relatively insensitive to
surface substitutions (88). For IDPs, whose ensembles are
strongly amino acid dependent, careful SAXS/SANS mea-
surements in both H,O and D,O could provide a means to
isolate amino acid-specific effects on the hydration shell.

We anticipate that the residue-resolved hydration shell
contrast scores derived for all 20 proteinogenic amino acids
will be useful for several future developments. Contrast
scores may be used to parameterize computationally effi-
cient SAXS curve predictions that account for residue-spe-
cific hydration while avoiding the need for explicit-solvent
MD simulations for each protein conformation. Thereby,
our calculations may bridge the gap between accurate yet
computationally expensive explicit-solvent SAXS calcula-
tions (43,66,71,89-92) and simplified implicit-solvent
methods that require fitting of the hydration shell against
experimental data (93,94). In addition, quantifying resi-
due-specific hydration will be key to understanding how tar-
geted modulation of the water structure by protein-water
interactions promotes biomolecular function, for instance
in contexts of antifreeze proteins, molecular recognition,
or biomolecular phase separation (95-97).
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DATA AND CODE AVAILABILITY

A modified GROMACS version that implements the explicit-solvent SAXS
calculations is available at https:/gitlab.com/cbjh/gromacs-swaxs.

ACKNOWLEDGMENTS

‘We thank Jan Lipfert for stimulating discussions and for sharing SAXS data
of XAO. This study was supported by the Deutsche Forschungsgemein-
schaft (DFG, German Research Foundation) via grants HU 1971/3-1 and
INST 256/539-1.

AUTHOR CONTRIBUTIONS

J.-B.L. and T.M.E. performed research and analyzed data. J.S.H. designed
research and contributed software. J.-B.L. and J.S.H. wrote the paper.

DECLARATION OF INTERESTS

The authors declare no competing interests.

DECLARATION OF GENERATIVE Al AND
AI-ASSISTED TECHNOLOGIES IN THE WRITING
PROCESS

J.B.L. and J.S.H. acknowledge the assistance of ChatGPT-4 for providing
proofreading support during the writing process.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/1.bpj.
2025.11.2683.

REFERENCES

1. Bellissent-Funel, M.-C., A. Hassanali, ..., A. E. Garcia. 2016. Water
Determines the Structure and Dynamics of Proteins. Chem. Rev.
116:7673-7697.

2. Levy, Y., and J. N. Onuchic. 2006. Water mediation in protein folding
and molecular recognition. Annu. Rev. Biophys. Biomol. Struct.
35:389-415.

3. Ball, P. 2008. Water as an Active Constituent in Cell Biology. Chem.
Rev. 108:74-108.

4. Daidone, L., M. B. Ulmschneider, ..., J. C. Smith. 2007. Dehydration-
driven solvent exposure of hydrophobic surfaces as a driving force in
peptide folding. Proc. Natl. Acad. Sci. USA. 104:15230-15235.

5. Fogarty, A. C., and D. Laage. 2014. Water Dynamics in Protein Hydra-
tion Shells: The Molecular Origins of the Dynamical Perturbation.
J. Phys. Chem. B. 118:7715-7729.

6. Mondal, S., S. Mukherjee, and B. Bagchi. 2017. Protein Hydration Dy-
namics: Much Ado about Nothing? J. Phys. Chem. Lett. 8:4878-4882.

7. Fogarty, A. C., E. Duboué-Dijon, ..., D. Laage. 2013. Biomolecular hy-
dration dynamics: a jump model perspective. Chem. Soc. Rev.
42:5672-5683.

8. Bagchi, B. 2005. Water Dynamics in the Hydration Layer around Pro-
teins and Micelles. Chem. Rev. 105:3197-3219.

9. Wiithrich, K., M. Billeter, ..., G. Wider. 1996. NMR studies of the hy-
dration of biological macromolecules. Faraday Discuss. 103:245-253.

10. Crilly, C. J., J. E. Eicher, ..., G. J. Pielak. 2021. Water’s Variable Role
in Protein Stability Uncovered by Liquid-Observed Vapor Exchange
NMR. Biochemist. 60:3041-3045.

11.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

132

Protein hydration shell

Laage, D., T. Elsaesser, and J. T. Hynes. 2017. Water Dynamics in the
Hydration Shells of Biomolecules. Chem. Rev. 117:10694-10725.

. Pal, S. K., J. Peon, ..., A. H. Zewail. 2002. Biological Water: Femto-

second Dynamics of Macromolecular Hydration. J. Phys. Chem. B.
106:12376-12395.

Ebbinghaus, S., S. J. Kim, ..., M. Havenith. 2007. An extended dynam-
ical hydration shell around proteins. Proc. Natl. Acad. Sci. USA.
104:20749-20752.

Born, B., S. J. Kim, ..., M. Havenith. 2009. The terahertz dance of wa-
ter with the proteins: the effect of protein flexibility on the dynamical
hydration shell of ubiquitin. Faraday Discuss. 141:161-207.

Sushko, O., R. Dubrovka, and R. S. Donnan. 2015. Sub-terahertz spec-
troscopy reveals that proteins influence the properties of water at
greater distances than previously detected. J. Chem. Phys. 142:055101.

Li, T., A. A. Hassanali, ..., S. J. Singer. 2007. Hydration Dynamics and
Time Scales of Coupled Water-Protein Fluctuations. J. Am. Chem. Soc.
129:3376-3382.

Svergun, D. L., S. Richard, ..., G. Zaccai. 1998. Protein hydration in so-
lution: Experimental observation by x-ray and neutron scattering. Proc.
Natl. Acad. Sci. USA. 95:2267-2272.

Merzel, F., and J. C. Smith. 2002. Is the first hydration shell of lyso-
zyme of higher density than bulk water? Proc. Natl. Acad. Sci. USA.
99:5378-5383.

. Henriques, J., L. Arleth, ..., M. Skepd. 2018. On the Calculation of

SAXS Profiles of Folded and Intrinsically Disordered Proteins from
Computer Simulations. J. Mol. Biol. 430:2521-2539.

Linse, J.-B., and J. S. Hub. 2023. Scrutinizing the protein hydration
shell from molecular dynamics simulations against consensus small-
angle scattering data. Commun. Chem. 6:272.
Zimmerman, S. B., and S. O. Trach. 1991. Estimation of Macromole-
cule Concentrations and Excluded Volume Effects for the Cytoplasm of
Escherichia Coli. J. Mol. Biol. 222:599-620.

Harada, R., Y. Sugita, and M. Feig. 2012. Protein Crowding Affects
Hydration Structure and Dynamics. J. Am. Chem. Soc. 134:4842-4849.

Kim, H. S., and F. Gabel. 2015. Uniqueness of models from small-
angle scattering data: the impact of a hydration shell and complemen-
tary NMR restraints. Acta Crystallogr. D. 71:57-66.

Biedermannova, L., and B. Schneider. 2015. Structure of the Ordered

Hydration of Amino Acids in Proteins: Analysis of Crystal Structures.
Acta Crystallogr. D. 71:2192-2202.

Hecht, D., L. Tadesse, and L. Walters. 1993. Correlating Hydration
Shell Structure with Amino Acid Hydrophobicity. J. Am. Chem. Soc.
115:3336-3337.

Ide, M., Y. Maeda, and H. Kitano. 1997. Effect of Hydrophobicity of
Amino Acids on the Structure of Water. J. Phys. Chem. B.
101:7022-7026.

Djikaev, Y. S., and E. Ruckenstein. 2011. The variation of the number
of hydrogen bonds per water molecule in the vicinity of a hydrophobic
surface and its effect on hydrophobic interactions. Curr. Opin. Colloid
Interface Sci. 16:272-284.

Meral, D., S. Toal, ..., B. Urbanc. 2015. Water-Centered Interpretation
of Intrinsic pPII Propensities of Amino Acid Residues: In Vitro-Driven
Molecular Dynamics Study. J. Phys. Chem. B. 119:13237-13251.
Lanza, G., and M. A. Chiacchio. 2020. The water molecule arrange-
ment over the side chain of some aliphatic amino acids: A quantum

chemical and bottom-up investigation. Int. J. Quant. Chem.
120:e26161.

Robinson, G. W., and C. H. Cho. 1999. Role of Hydration Water in Pro-
tein Unfolding. Biophys. J. 77:3311-3318.

Collins, K. D., and M. W. Washabaugh. 1985. The Hofmeister effect
and the behaviour of water at interfaces. Q. Rev. Biophys. 18:323-422.

Walrafen, G. E., and Y.-C. Chu. 2000. Nature of collagen—water hydra-
tion forces: a problem in water structure. Chem. Phys. 258:427-446.

Biophysical Journal 125, 255-269, January 6, 2026 267



Chapter 7. How protein hydration depends on amino acid composition, peptide

conformation, and force fields

Linse et al.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

Esser, A., H. Forbert, ..., D. Marx. 2018. Hydrophilic Solvation Dom-
inates the Terahertz Fingerprint of Amino Acids in Water. J. Phys.
Chem. B. 122:1453-1459.

Pertsemlidis, A., A. M. Saxena, ..., R. M. Glaeser. 1996. Direct evi-
dence for modified solvent structure within the hydration shell of a hy-
drophobic amino acid. Proc. Natl. Acad. Sci. USA. 93:10769-10774.
Grdadolnik, J., F. Merzel, and F. Avbelj. 2017. Origin of hydrophobic-
ity and enhanced water hydrogen bond strength near purely hydropho-
bic solutes. Proc. Natl. Acad. Sci. USA. 114:322-327.

Doshi, D. A., E. B. Watkins, ..., J. Majewski. 2005. Reduced Water
Density at Hydrophobic Surfaces: Effect of Dissolved Gases. Proc.
Natl. Acad. Sci. USA. 102:9458-9462.

Poynor, A, L. Hong, ..., P. A. Fenter. 2006. How Water Meets a Hy-
drophobic Surface. Phys. Rev. Lett. 97:266101.

Janecek, J., and R. R. Netz. 2007. Interfacial Water at Hydrophobic and
Hydrophilic ~ Surfaces: Depletion versus Adsorption. Langmuir.
23:8417-8429.

Schrag, L. G., X. Liu, ..., J. Chen. 2021. Cancer-Associated Mutations
Perturb the Disordered Ensemble and Interactions of the Intrinsically
Disordered P53 Transactivation Domain. J. Mol. Biol. 433:167048.
Flores, E., N. Acharya, ..., S. Sukenik. 2025. Single-Point Mutations in
Disordered Proteins: Linking Sequence, Ensemble, and Function. Curr.
Opin. Struct. Biol. 91:102987.

Gu, H., N. Doshi, ..., D. Baker. 1999. Robustness of Protein Folding
Kinetics to Surface Hydrophobic Substitutions. Protein  Sci.
8:2734-2741.

Hill, R. B., and W. E. DeGrado. 2000. A Polar, Solvent-Exposed Res-
idue Can Be Essential for Native Protein Structure. Structure.
8:471-479.

Chen, P-c., and J. S. Hub. 2014. Validating Solution Ensembles from
Molecular Dynamics Simulation by Wide-Angle X-ray Scattering
Data. Biophys. J. 107:435-447.

Chen, P.-C., R. Shevchuk, ..., J. S. Hub. 2019. Combined Small-Angle
X-ray and Neutron Scattering Restraints in Molecular Dynamics Sim-
ulations. J. Chem. Theor. Comput. 15:4687-4698.

Chatzimagas, L., and J. S. Hub. 2022. Predicting solution scattering
patterns with explicit-solvent molecular simulations. Methods Enzy-
mol. 677:433-456.

Trewhella, J., P. Vachette, and X. Zuo. 2022. A Round-Robin Approach
Provides a Detailed Assessment of Biomolecular Small-Angle Scat-
tering Data Reproducibility and Yields Consensus Curves for Bench-
marking. Acta Crystallogr. D. 78:1315-1336.

Berman, H. M., J. Westbrook, ..., P. E. Bourne. 2000. The Protein Data
Bank. Nucleic Acids Res. 28:235-242.

Derrick, J. P., and D. B. Wigley. 1994. The Third IgG-Binding Domain
from Streptococcal Protein G: An Analysis by X-ray Crystallography
of the Structure Alone and in a Complex with Fab. J. Mol. Biol.
243:906-918.

Pettersen, E. F., T. D. Goddard, ..., T. E. Ferrin. 2004. UCSF
Chimera—A visualization system for exploratory research and anal-
ysis. J. Comput. Chem. 25:1605-1612.

Abraham, M. J., T. Murtola, ..., E. Lindahl. 2015. GROMACS: High
performance molecular simulations through multi-level parallelism
from laptops to supercomputers. SoftwareX. 1-2:19-25.

Duan, Y., C. Wu, ..., P. Kollman. 2003. A point-charge force field for
molecular mechanics simulations of proteins based on condensed-
phase quantum mechanical calculations. J. Comput. Chem.
24:1999-2012.

Best, R. B., and G. Hummer. 2009. Optimized Molecular Dynamics
Force Fields Applied to the Helix-Coil Transition of Polypeptides.
J. Phys. Chem. B. 113:9004-9015.

Best, R. B., and J. Mittal. 2010. Balance between a and f Structures in
Ab Initio Protein Folding. J. Phys. Chem. B. 114:8790-8798.

Best, R. B., W. Zheng, and J. Mittal. 2014. Balanced Protein—Water In-
teractions Improve Properties of Disordered Proteins and Non-Specific
Protein Association. J. Chem. Theor. Comput. 10:5113-5124.

268 Biophysical Journal 125, 255-269, January 6, 2026

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

133

Jorgensen, W. L., J. Chandrasekhar, ..., M. L. Klein. 1983. Comparison
of Simple Potential Functions for Simulating Liquid Water. J. Chem.
Phys. 79:926-935.

Abascal, J. L. F.,, and C. Vega. 2005. A general purpose model for the
condensed phases of water: TIP4P/2005. J. Chem. Phys. 123:234505.

Hockney, R. W., S. P. Goel, and J. W. Eastwood. 1974. Quiet high-res-
olution computer models of a plasma. J. Comput. Phys. 14:148-158.

Bussi, G., D. Donadio, and M. Parrinello. 2007. Canonical sampling
through velocity rescaling. J. Chem. Phys. 126:014101.

Berendsen, H. J. C., J. P. M. Postma, ..., J. R. Haak. 1984. Molecular
dynamics with coupling to an external bath. J. Chem. Phys.
81:3684-3690.

Parrinello, M., and A. Rahman. 1981. Polymorphic transitions in single
crystals: A new molecular dynamics method. J. Appl. Phys.
52:7182-7190.

Miyamoto, S., and P. A. Kollman. 1992. Settle: An analytical version of
the SHAKE and RATTLE algorithm for rigid water models. J. Comput.
Chem. 13:952-962.

Hess, B. 2008. A Parallel Linear Constraint Solver for Molecular Simu-
lation. J. Chem. Theor. Comput. 4:116-122.

Darden, T., D. York, and L. Pedersen. 1993. Particle mesh Ewald: An N
log(N) method for Ewald sums in large systems. J. Chem. Phys.
98:10089-10092.

Essmann, U., L. Perera, ..., L. G. Pedersen. 1995. A smooth particle
mesh Ewald method. J. Chem. Phys. 103:8577-8593.

Hermann, M. R., and J. S. Hub. 2019. SAXS-Restrained Ensemble
Simulations of Intrinsically Disordered Proteins with Commitment to
the Principle of Maximum Entropy. J. Chem. Theor. Comput.
15:5103-5115.

Knight, C. J., and J. S. Hub. 2015. WAXSiS: A Web Server for the
Calculation of SAXS/WAXS Curves Based on Explicit-Solvent Molec-
ular Dynamics. Nucleic Acids Res. 43:W225-W230.

Chatzimagas, L., and J. S. Hub. 2023. Structure and ensemble refine-
ment against SAXS data: Combining MD simulations with Bayesian
inference or with the maximum entropy principle. Methods Enzymol.
678:23-54.

Linse, J.-B., and J. S. Hub. 2023. Scrutinizing the Protein Hydration
Shell from Molecular Dynamics Simulations against Consensus
Small-Angle Scattering Data. Commun. Chem. 6:272.

Cordeiro, T. N., P.-c. Chen, ..., P. Bernado. 2017. Disentangling Poly-
dispersity in the PCNA-p15PAF Complex, a Disordered, Transient and
Multivalent Macromolecular  Assembly.  Nucleic Acids Res.
45:1501-1515.

Chen, P-c., and J. S. Hub. 2015. Structural Properties of Protein-
Detergent Complexes from SAXS and MD Simulations. J. Phys.
Chem. Lett. 6:5116-5121.

Ivanovi¢, M. T., M. R. Hermann, ..., J. S. Hub. 2020. Small-Angle
X-ray Scattering Curves of Detergent Micelles: Effects of Asymmetry,
Shape Fluctuations, Disorder, and Atomic Details. J. Phys. Chem. Lett.
11:945-951.

Ivanovi¢, M. T., L. K. Bruetzel, ..., J. S. Hub. 2018. Temperature-
Dependent Atomic Models of Detergent Micelles Refined against
Small-Angle X-ray Scattering Data. Angew. Chem. Int. Ed.
57:5635-5639.

Cromer, D. T., and J. B. Mann. 1968. X-ray scattering factors computed
from numerical Hartree-Fock wave functions. Acta Crystallogr. A.
24:321-324.

Voss, N. R., and M. Gerstein. 2010. 3V: cavity, channel and cleft vol-
ume calculator and extractor. Nucleic Acids Res. 38:W555-W562.

Zagrovic, B., J. Lipfert, ..., V. S. Pande. 2005. Unusual Compactness of
a Polyproline Type II Structure. Proc. Natl. Acad. Sci. USA.
102:11698-11703.

Makowska, J., S. Rodziewicz-Motowidlo, ..., H. A. Scheraga. 2006.
Polyproline II Conformation Is One of Many Local Conformational
States and Is Not an Overall Conformation of Unfolded Peptides and
Proteins. Proc. Natl. Acad. Sci. USA. 103:1744-1749.



71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Persson, ., P. Soderhjelm, and B. Halle. 2018. The Geometry of Pro-
tein Hydration. J. Chem. Phys. 148:215101.

Kim, H. S., A. Martel, ..., F. Gabel. 2016. SAXS/SANS on Super-
charged Proteins Reveals Residue-Specific Modifications of the Hydra-
tion Shell. Biophys. J. 110:2185-2194.

Linse, J.-B., and J. S. Hub. 2021. Three- and Four-Site Models for
Heavy Water: SPC/E-HW, TIP3P-HW, and TIP4P/2005-HW.
J. Chem. Phys. 154:194501.

Gallat, F.-X., A. Laganowsky, ..., M. Weik. 2012. Dynamical Coupling
of Intrinsically Disordered Proteins and Their Hydration Water: Com-
parison with Folded Soluble and Membrane Proteins. Biophys. J.
103:129-136.

Taricska, N., M. Bokor, ..., A. Perczel. 2019. Hydration Shell Differ-
entiates Folded and Disordered States of a Trp-cage Miniprotein, Al-
lowing Characterization of Structural Heterogeneity by Wide-Line
NMR Measurements. Sci. Rep. 9:2947.

Waszkiewicz, R., A. Michas, ..., A. Niedzwiecka. 2024. Hydrody-
namic Radii of Intrinsically Disordered Proteins: Fast Prediction by
Minimum Dissipation Approximation and Experimental Validation.
J. Phys. Chem. Lett. 15:5024-5033.

Vural, D., U. R. Shrestha, ..., J. C. Smith. 2023. Water Molecule
Ordering on the Surface of an Intrinsically Disordered Protein.
Biophys. J. 122:4326-4335.

Merzel, F., and J. C. Smith. 2002. Is the First Hydration Shell of Lyso-

zyme of Higher Density than Bulk Water? Proc. Natl. Acad. Sci. USA.
99:5378-5383.

Neumayr, G., T. Rudas, and O. Steinhauser. 2010. Global and Local
Voronoi Analysis of Solvation Shells of Proteins. J. Chem. Phys.
133:084108.

Voloshin, V. P., N. N. Medvedey, ..., A. Geiger. 201 1. Volumetric Prop-
erties of Hydrated Peptides: Voronoi—Delaunay Analysis of Molecular
Simulation Runs. J. Phys. Chem. B. 115:14217-14228.

87.

88.

89.

90.

91

92.

93.

94.

95.

96.

97.

134

Protein hydration shell

Smolin, N., and R. Winter. 2004. Molecular Dynamics Simulations of
Staphylococcal Nuclease: Properties of Water at the Protein Surface.
J. Phys. Chem. B. 108:15928-15937.

Kuhlman, B., G. Dantas, ..., D. Baker. 2003. Design of a Novel Glob-
ular Protein Fold with Atomic-Level Accuracy. Science.
302:1364-1368.

Merzel, E., and J. C. Smith. 2002. SASSIM: A Method for Calculating
Small-Angle X-ray and Neutron Scattering and the Associated Molec-
ular Envelope from Explicit-Atom Models of Solvated Proteins. Acta
Crystallogr. D. 58:242-249.

Oroguchi, T., and M. Ikeguchi. 2012. MD-SAXS Method with
Nonspherical Boundaries. Chem. Phys. Lett. 541:117-121.

Park, S., J. P. Bardhan, ..., L. Makowski. 2009. Simulated X-Ray Scat-
tering of Protein Solutions Using Explicit-Solvent Models. J. Chem.
Phys. 130:134114.

Kofinger, J., and G. Hummer. 2013. Atomic-Resolution Structural In-
formation from Scattering Experiments on Macromolecules in Solu-
tion. Phys. Rev. E. 87:052712.

Svergun, D., C. Barberato, and M. H. J. Koch. 1995. CRYSOL — a Pro-
gram to Evaluate X-ray Solution Scattering of Biological Macromole-
cules from Atomic Coordinates. J. Appl. Crystallogr. 28:768-773.
Schneidman-Duhovny, D., M. Hammel, and A. Sali. 2010. A Web
Server for Rapid Computation and Fitting of SAXS Profiles. Nucleic
Acids Res. 38:W540-W544.

Xu, Y., A. Baumer, ..., M. Havenith. 2016. Protein—Water Dynamics in
Antifreeze Protein IIT Activity. Chem. Phys. Lett. 647:1-6.

Ribeiro, S. S., N. Samanta, ..., J. C. Marcos. 2019. The Synergic Effect
of Water and Biomolecules in Intracellular Phase Separation. Nat. Rev.
Chem. 3:552-561.

Maurer, M., and C. Oostenbrink. 2019. Water in Protein Hydration and
Ligand Recognition. J. Mol. Recogn. 32:¢2810.

Biophysical Journal 125, 255-269, January 6, 2026 269



Chapter 7. How protein hydration depends on amino acid composition, peptide
conformation, and force fields

Biophysical Journal, Volume 7125

Supplemental information

How protein hydration depends on amino acid composition, peptide

conformation, and force fields

Johanna-Barbara Linse, Tobias M. Fischbach, and Jochen S. Hub

135



Supporting Information for:
How protein hydration depends on amino acid

composition, peptide conformation, and force

fields

Johanna-Barbara Linse, Tobias M. Fischbach, and Jochen S. Hub*

Theoretical Physics and Center for Biophysics, Saarland University, 66123 Saarbriicken,

Germany

E-mail: jochen.hub@uni-saarland.de

Supporting Information Methods

Maximum-entropy refinement with the XAQO peptide ensemble against SAXS

data

To obtain a set of 20 XAO conformations that are representative for the XAO solution
ensemble, we carried out SAXS-restrained ensemble simulations with commitment to the
maximum entropy principle.! Four parallel XAO simulation replicas were coupled on-the-fly
to the SAXS curve taken from Ref. 2. Simulations we carried out with GROMACS-SWAXS,
version 2021.5, as freely available at https://gitlab.com/cbjh/gromacs-swaxs. Documenta-
tion for GROMACS-SWAXS is available at https://cbjh.gitlab.io/gromacs-swaxs-docs.
Four starting structures for the SAXS-restrained simulations were taken from the XAO

ensemble refined against NMR. data by Makowska et al.® and set up for simulations as
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described in the Methods. To couple the simulations to the SAXS data, SAXS curves were
computed from the simulations on-the-fly using explicit-solvent SAXS calculations, thereby
taking scattering contributions from the hydration shell into account.*® SAXS curves were
averaged on-the-fly using a memory kernel that decays exponentially into to the past using
a memory time of 100ps [molecular dynamics parameter (mdp) option waxs-tau]. A ¢
range from 0.065 A1 to 0.58 A~ with 30 equally-spaced ¢-point was used (mdp options
waxs-startq, waxs-endq, waxs-nq). The SAXS curve was updated every 125ps (mdp
options waxs-nstcalc together with dt). A force constant of unity was applied, and the
restraints were turned on gradually over 10ns (mdp options waxs-fc, waxs-t-target).
During the simulations, and prior to computing SAXS-derived forces, the experimental SAXS
curve was fitted to the calculated curve via Ieyp it(q) = f - lewp + ¢, by minimizing x* with
respect to the calculated curve. Here the factor f accounts for the overall scale, and the
offset ¢ accounts for a putative uncertainty from the buffer subtraction. No fitting parameters
owing to the hydration layer or excluded solvent were used, implying that also the radius
of gyration was not adjusted by the fitting parameters. The agreement of the SAXS curve
obtained from the refined XAO ensemble with the experimental data is shown in Fig. S1.

SAXS-restrained simulations were carried out for 150ns. The spatial envelope was built
at a distance of 12A from all XAO atoms during free simulation that started from four
different structures. Solvent atoms within the envelope contributed to the calculated SAXS
curve as described previously.® The temperature was controlled at 298.15 K using a stochas-
tic dynamics integrator.” All other simulation parameters were chosen as described in the
Methods.

From the four trajectories collected from the four parallel replicas, five configurations
each were taken from the simulation times 30ns, 60ns, 90ns, 120ns and 150ns, thereby
providing 20 independent conformations. These conformations were mutated as described in
the main text and used for follow-up SAXS calculations. During follow-up simulations, these

20 conformations were maintained by applying positions restraints either to the backbone or
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to heavy atoms, as described above.

On the calculation of the radius of gyration Rgp“’t of the bare protein

In this study, the radius of gyration Rngc was computed from the coordinates of the atoms

r;, weighted by the number of electrons of the atoms n;:
(Rgrot)Q _ N—l Z ni(ri - rcom)z’

where reom = N1 >, n;r; is the respective electron-weighted center of mass and N =Y, n;
the total number of electrons. The sum runs over all protein atoms. This value differs

marginally from the R, that would be obtained from the protein electron density,

(Rgrot?p)2 — N71 /p(r)(r — rcom)2 dr’

because the electrons are spatially distributed around the nuclei. The difference between
these two values may be estimated with a simple model: (a) Let a set of electrons be
positioned at Ry = (Rp,0,0), implying that the radius of gyration R, with respect to
the origin is Ry. (b) Alternatively, let the electrons be distributed as a three-dimensional
Gaussian of width ¢ centered at Ry, where 0 < Ry. Then, the radius of gyration is given
via

1 2 2
ro\2 2 —(r—R0)?/202 13 _ p2 2
(Rem)” = )05 /r e d’r = Rj + 30

and the difference in radius of gyration between cases (a) and (b) is R} ,, — Rgm ~ 30°/(2Ry).
Thus, upon smearing out electrons around the position Ry, the R, value is slightly increased.

As a numerical example, let Ry = 11 A, corresponding approximately to the R, value
of the GB3 domain, and ¢ = 0.4 A, modeling an electron density distribution that, very
approximately, resembles the electron density distribution of carbon. Then, R, ,, — Rgm =

0.024 A. (A more precise calculation using electron densities from Slater-type orbitals yields

138



Chapter 7. How protein hydration depends on amino acid composition, peptide
conformation, and force fields

similar values.) To test these estimates, we computed Rg“’t”’ from a simulation of GB3,
obtained with a Guinier analysis of a SAXS curve computed after setting the form factors
of all solvent atoms to zero. We obtained Rgmt*p = 11.032 A, whereas the value from the
atomic coordinates was Rg")t = 11.002 A. The difference is in reasonable agreement with the
simple model, suggesting that the model provides a reasonable order-of-magnitude estimate
for the increase of Ry™ relative to Ry™".

Together, this analysis suggests that Rngt provides a good approximation to Rgmt’ﬁ.
Thus, in this study, for the sake of simplicity, we used Rgp“’t to quantify the R, value of the

protein.

139



Supporting Information Figures
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Figure S1: Experimental SAXS data by Zagrovic et al.? (black dots) and SAXS curve of XAO
ensemble obtained by maximum-entropy ensemble refinement (red curve).! From the refined
XAO ensemble, 20 frames were selected as representative conformations of the heterogeneous
XAO ensemble and used subsequently for computing SAXS curves of XAO mutant. The
experimental SAXS curve represents the extrapolation to infinite dilution from a set of
experiments in 100 mM acetate buffer at 15, 10, 5, 2.5, and 1.25 mg/ml. SAXS data kindly
provided by Jan Lipfert.?
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Figure S2: Guinier plots of SAXS curves of the GB3 domain from explicit-solvent SAXS
calculations with the TTP4P /2005 water model in combination with the ffl03w protein force
field. Same SAXS curves as shown in Fig. 2A-F, however plotted as In(I(g)) vs. ¢°.
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Figure S3: SAXS curves of the heterogeneous ensemble of the XAO peptide from explicit-
solvent SAXS calculations with the TIP4P /2005 water model in combination with the ff03w
protein force field. Backbone positions were restrained in simulations for all XAO mutants
to the backbone positions of the XAO wild type ensemble refined against experimental
SAXS data (see Fig. S1), suggesting that variations among the computed SAXS curves are
purely caused by presence of four different amino acids (at fixed backbone positions) and
by variations of the hydration shell. SAXS curves are shown (A) for the XAO wild type
and (B-F) for for 21 mutants with four mutated surface-exposed amino acids each (for color
code and line style, see legends). For clarity, SAXS curves are grouped by the amino acid
property (glycine, polar, apolar, cationic, anionic) in panels B-F.
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Figure S4: On the effect of using different probe radii for computing the protein volume
on computed hydration shell contrasts. (A) Contrast of the hydration shell in number of
water molecules of GB3 wild type and 21 GB3 mutants, see labels at abscissa colored by
the property of the amino acid: Gly (grey), polar (pink), apolar (green), cationic (orange),
anionic (blue) residues. Contrast values were obtained using three different probe radii for
computing the protein volume with the 3V volume calculator:® 1.3 A (yellow), 1.4 A (blue),
or 1.5A (red). A grid spacing of 0.16A was used. (B) Contrast per amino acid for GB3
domain relative to alanine. (C/D) Same analysis as in panels (A/B) for the XAO peptide.
From a given MD simulation, the total contrast is unambiguously obtained via the forward
scattering I(0). However, using larger probe radii lead to larger computed protein volumes,
thereby to smaller density contrasts assigned to the bare protein, and, consequently, larger
contrasts assigned to the hydration shell as shown in panels (A/C). In contrasts relative to
alanine hardly depend on the choice of the probe radius, as shown in panels (B/D).
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Figure S5: Guinier plots of SAXS curves of the heterogeneous ensemble of the XAO peptide
from explicit-solvent SAXS calculations with the TIP4P /2005 water model in combination
with the ff03w protein force field. Same SAXS curves as shown in Fig. S3A-F, however
plotted as In(I(q)) vs. ¢*.
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For color code, see legends. RDFs were obtained from simulations with TIP4P /2005 and
averaged over 20 XAO conformations. Results from different amino acids are grouped by
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Figure S9: Three-dimensional densities of the hydration shell around the XAO mutants with
four leucine, serine, lysine, or glutamate residues at the termini (see labels). The densities
were calculated from simulations using ff03" in conjunction with TIP3P (left column) or
using ff03ws in conjunction with TIP4P/2005s (right column). Color code is taken from
Fig. 1B/D. The solvent densities depend on amino acid type and on the force field.
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Figure S11: Forward scattering intensity Iy from SAXS curves for wild type and 21 mutants
(see labels on abscissa) of (A) GB3 domain and (B) XAO peptide from simulations with three
different combinations of protein force field and water model (for color code, see legend).
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Figure S12: Number electrons (# e7) of the solute for WT and 21 mutants of (A) GB3
domaind and (B) XAO peptide from simulations with three different combinations of protein
force field and water model (for color code, see legend).
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protein volume. GB3 volumes were computed with the 3V volume calculator® using different
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Error bars denote 1 SE obtained from the average of 20 MD simulation frames. The choices
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alanine depend only marginally on the choice of the volume definition (see Fig. S4).
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ABSTRACT: The hydration shell is an integral part of proteins
since it plays key roles in conformational transitions, molecular
recognition, and enzymatic activity. While the dynamics of the
hydration shell have been described by spectroscopic techniques,
the structure of the hydration shell remains less understood due to
the lack of hydration shell-sensitive structural probes with high
spatial resolution. We combined temperature-ramp small-angle X-
ray scattering (T-ramp SAXS) from 255 to 335 K with molecular
simulations to demonstrate that the hydration shells of the IgG-
binding domain of Protein G (GB3) and the villin headpiece are
remarkably temperature-sensitive. For proteins in the folded state,
T-ramp SAXS data and explicit-solvent SAXS predictions
consistently demonstrate decays of protein contrasts and radii of
gyration with increasing temperature, which are shown to reflect predominantly temperature-sensitive, depleting hydration shells.
The depletion is caused not merely by enhanced disorder within the hydration shells but also by partial displacements of surface-
coordinated water molecules. Together, T-ramp SAXS and explicit-solvent SAXS calculations provide a novel structural view of the
protein hydration shell, which underlies temperature-dependent processes such as cold denaturation, thermophoresis, or
biomolecular phase separation.

H INTRODUCTION resolution. Accordingly, SAXS/SANS has shown that many
proteins exhibit hydration shells with an overall increased
density relative to the bulk, which manifests in an increased
radius of gyration (Rg) relative to the R; of the bare protein.*"*
Molecular dynamics (MD) simulations with explicit water
corroborated these findings and explained the modified
values by an increase in hydration shell density of ~6%.”>>
However, the influence of protein geometry, surface composi-
tion, pH, and temperature on the hydration shell remains poorly
characterized, largely due to the paucity of experimental
methods capable of probing the hydration-shell structure at
atomic resolution.

The hydration shell is an integral part of biomolecules since it
mediates a wide range of biological functions. Water in the
hydration shell of enzymes actively participates in hydrolytic
enzymatic reactions, acid—base reactions, or proton transfer via
the Grotthus mechanism.' > The hydration shell also
orchestrates protein folding, ligand binding, or protein—protein
recognition because such processes involve extensive rearrange-
ments of protein—water and water—water interaction networks.
Hydration-shell water exhibits different properties compared to
bulk water. Techniques such as NMR, terahertz, sum-frequency

generation, or inela‘stic r}eutron scat‘tering spectroscopy .have Solvation of biomolecules is governed by a delicate balance of
shown that the vibrational, rotational, and translational

. . significant enthalpic and entropic contributions, which often
dynamics of hydration shell water are slowed down approx- . : )
. . Pt mostly compensate to yield moderate solvation free energies.
imately two- to fivefold relative to those of bulk water. . - .

’ . . Because entropic effects are amplified at high temperatures,

While the dynamics of the hydration shell have been S A

. 7 . . solvation is inherently temperature-dependent, with implica-

extensively studied, its structural properties remain less well

understood. X-ray and neutron crystallography provide insight
into highly localized water molecules that coordinate with
biomolecular surface residues;'”*° however, these techniques
are largely blind to more dynamic water or to water in the second
and third hydration layers. Small-angle scattering with X-rays or
neutrons (SAXS/SANS) is sensitive to the hydration shell, but it
yields data with low information content and low spatial
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Figure 1. (A) Illustration of temperature-ramp SAXS experiments. Upper row: three-dimensional electron density around the GB3 domain at 250,
300, and 350 K from MD simulations with restrained heavy atoms. The protein is shown as sticks, and the solvent electron density is represented in
colors ranging from cyan to purple, as indicated by the color bar, revealing the depletion of the hydration shell structure with increasing temperature.
Scattering intensity difference relative to 300 K, AI(q), of the GB3 domain at temperatures spanning ~260 to ~305 K (see the legend) (B) from
experiments or (C) from simulations. AI(q) for the villin headpiece (D) from experiments or (E) from simulations. Absolute SAXS curves are shown in

Figures S1 and S2.

tions for biomolecules and soft-matter systems. For instance, the
hydrophobic effect, which drives protein folding and micelle and
lipid membrane assembly, is temperature-dependent and
entropy-driven at 22 °C yet enthalpy-driven at 113 °C.>"*
Temperature-dependent solvation drives the unfolding of
proteins at low temperatures (cold denaturation)*”*" as well
as the collapse of intrinsically disordered proteins®” or liquid—
liquid phase separation at high temperatures.®® Such effects
would be at odds with the naive expectation that high
temperatures would generally favor polymer disorder, thus
highlighting the importance of hydration shell effects. The drift
of molecules or beads along temperature gradients, an effect
known as thermophoresis, thermodiffusion, or the Soret effect, is
driven by the temperature dependence of the solvation
entropy.””** The mechanisms by which such effects contribute
to the response of biological systems to changing temperatures,
for instance, during thermosensing by membrane channels or
thermotaxis by bacteria, are not known. Additionally, the size
and shape of detergent or polymer micelles are temperature-
sensitive, which has likewise been associated with temperature-
dependent solvation.***” Thus, structural insight into temper-
ature-dependent solvation is essential to rationalizing a plethora
of biological or soft-matter phenomena.

We combine temperature-ramp (T-ramp) SAXS experiments
and MD simulations to reveal how temperature controls the
hydration shell structure of two proteins in their folded state, the
third IgG-binding domain of Protein G (GB3) and chicken villin
headpiece (also termed HP3S), which have been used
extensively as model proteins for biophysical studies. We
developed infrastructure on the BioCARS beamline at the
Advanced Photon Source for acquiring SAXS data over a broad
temperature range, spanning 257—393 K, which covers
supercooled conditions up to unfolded proteins. To rationalize
the temperature effects on our SAXS data by atomic means, we
use all-atom MD simulations combined with explicit-solvent
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SAXS calculations.”>** Our strategy is supported by recent
findings that the overall hydration shell density obtained by MD
simulations with many protein and water force fields aligns
accurately with consensus SAXS/SANS data.*”*® Our T-ramp
SAXS data and MD simulations are quantitatively consistent and
demonstrate that, in the folded state, the protein hydration shell
is remarkably temperature-sensitive, as shown by partial
displacements of surface-coordinated water molecules.

B RESULTS

Figure 1A (upper row) presents the three-dimensional electron
density of the solvent around the GB3 domain, computed from
an MD simulation with the TIP4P /2005 water model, which has
been parametrized to reproduce water properties across a broad
temperature range.*' By using position restraints on all heavy
atoms, conformational fluctuations of solvent-exposed protein
atoms were excluded, thereby yielding a spatially well-defined
hydration shell with a first and a second hydration layer (orange
and blue densities, respectively). The density maps reveal that
increasing the temperature from 250 to 350 K leads to a partial
loss of the hydration shell structure, as evidenced by the
decreased densities of the first and second hydration layers.
These simulations provide the atomistic rationale for interpret-
ing the temperature-dependent scattering intensities observed in
SAXS experiments.

SAXS data for the GB3 domain and villin headpiece were
acquired on the BioCARS beamline at the Advanced Photon
Source using a T-ramp protocol that generates scattering images
while repeatedly ramping the sample temperature between 257
K and up to 393 K. The SAXS curves of both proteins exhibited
clear temperature dependence (Figures S1A and S2A). Thanks
in part to the small volume of protein solution in the HF-etched,
temperature-controlled capillary, the solution could be repeat-
ably supercooled to 257 K without freezing. The temperature
dependence of the SAXS curves is highlighted by the difference

https://doi.org/10.1021/jacs.5c13497
J. Am. Chem. Soc. 2025, 147, 4711747125
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Figure 2. Forward scattering I, and decomposition of the solute—solvent contrast into contributions from the bare protein and the hydration shell for
the (A—C) GB3 domain and (D—F) villin headpiece. (A, D) I, versus temperature from experiments (black) and backbone-restrained MD simulations
with explicit-solvent SAXS calculations (orange). The experimental curves were scaled by a constant factor of the simulation data in the temperature
range below 303 K. (B, E) Density contrast of the backbone-restrained bare protein from MD simulations, reflecting the temperature dependence of
the solvent density. (C, F) Contrast of the hydration shell in the number of water molecules relative to 300 K. In all panels, colored dots indicate
simulation results from four independent simulations per temperature. The analysis of panels (A—F) visualized as contrasts in the number of electrons

is shown in Figure SS.

intensities AI(q) relative to the experimental reference temper-
ature of 300.15 K (Figure 1B,D). In this study, we focus on two
key parameters that are frequently obtained from the small-angle
regime: (i) the forward scattering intensity, I, = I(q = 0), which
is given by the square of the contrast between the solute and the
solvent (in number of electrons), scaled in the experiment by a
concentration-dependent factor; and (ii) the radius of gyration,
R, These parameters were obtained via Guinier analysis:
In(I(q)/I,) ~ q2R§/3, where I(q) is the SAXS curve and g is the
momentum transfer. Specifically, Guinier analysis was carried
out after extrapolating a series of concentration-dependent
intensities to the infinite dilution limit, thereby removing
modest effects from the structure factor at low g (Figure S3).
Our SAXS experiments revealed that the forward scattering I,
decreased by more than 20% for both the GB3 domain and the
villin headpiece across the measured temperature range,
demonstrating a decreasing electron density contrast that
plateaued at ~320 K for the GB3 domain and at ~335 K for
the villin headpiece (Figure 2A,D, black dots). The R, values
decreased by 0.4 A for the GB3 domain and by 0.3 A for the villin
headpiece between 257.1S and ~300 K (Figure 3A,C, black
dots). This trend is followed by a slight increase in R, up to ~330
K, likely indicating enhanced conformational fluctuations,
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followed by sharp increases in R,, indicating protein unfolding.
The temperatures of the sharp R, increase are compatible with
previously reported melting temperatures of the GB3 domain
and villin headpiece.**~**

We hypothesized that the decreases in I; and R, between 257
and 300 K, where the proteins remain folded, reflect gradual
depletions of the protein hydration shells. To test this, we carried
out MD simulations of the GB3 domain and villin headpiece
(Figure S4) over a temperature range of 250—375 K in steps of
2.5 K. SAXS curves were computed from MD simulations
according to the WAXSiS method, thereby taking the explicit
solvent into account.”>* To isolate the effect of the solvent and
to prevent unfolding, the simulations were carried out with
position restraints on backbone atoms; thus, variations in the
computed SAXS curve were purely caused by temperature-
dependent variations in the hydration shell and excluded solvent
densities.

In line with our SAXS experiments, the computed SAXS
curves were temperature-dependent, as indicated by the
absolute scattering curves (Figures S1B and S2B) and by the
difference curves relative to 300 K (Figure 1C,E). The I, and Ry
values taken from the calculated curves via Guinier analysis are
in good agreement with the experimental values in the <300 K

https://doi.org/10.1021/jacs.5¢13497
J. Am. Chem. Soc. 2025, 147, 4711747125



Chapter 8. Depletion of the protein hydration shell with increasing temperature
observed by small-angle X-ray scattering and molecular simulations

Journal of the American Chemical Society pubs.acs.org/JACS
13.0 GB3 115 Villin
Experiment Experiment .
12.5 Simulation N 11.0 Simulation N
< ; < .
12,01 ik, = 1051 e, r;
= g ﬂUnfolding < ﬁ"“u«ﬂnfolding
11.5 10.0
A C
11.0 9.5
1.44 1.2 &
__ 1.0
5 0.8
b
0.6 [T
"['l D -t 'l: l!'”.!i;;iﬂi'
0.4 .

240 260 280 300 320 340 360 380

Temperature (K)

240 260 280 300 320 340 360 380
Temperature (K)
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independent simulations per temperature.

regime, where the proteins remain fully folded (Figures 2A,D
and 3A,C, yellow dots). The agreement is remarkable
considering that, in our explicit-solvent SAXS calculations,
neither the hydration shell nor the excluded solvent density was
fitted to the experimental data. The agreement implies that (i)
thermal expansion of the protein, which is excluded in our MD
simulations with backbone restraints, has only a small effect on I,
and R, in this temperature range; and (ii) the MD simulations
with the TIP4P/200S water model provide a realistic
representation of the hydration shell structure across a broad
temperature range.

To isolate the effect of temperature on the hydration shell, we
decomposed the total contrast AN, (in the number of electrons)
into contributions from the protein and the hydration shell. The
forward scattering follows I, = AN, and the total contrast is

AN, = ANP™ + AN

where AN is the contrast imposed by the hydration shell and
ANE™* = NE©C — p . VP is the contrast of the bare protein with
the temperature-dependent solvent density py, V™' is the
protein volume, and NE™ is the number of electrons in the
protein. Figure 2B,E shows the electron density contrast of the
bare proteins, ANE™"/VP™, reflecting purely the temperature
dependence of the water density as the protein volumes are
nearly fixed. Here, the convex shapes of the density contrast
curves reflect the well-known maximum of the water density at
4 °C, with the density decreasing at both lower and higher
temperatures. Critically, the contrast between the hydration
shell and bulk water AN™ greatly decreases with increasing
temperature, demonstrating a depleting hydration shell
structure (Figure 2C,F). Specifically, relative to 300 K, the
hydration shell of both the GB3 domain and the villin headpiece
contains approximately ten additional water molecules at 250 K
and five fewer water molecules at 360 K (Figure 2C,F). Over the
entire temperature range simulated here, the hydration shells of
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the GB3 domain and villin headpiece lose 19 and 17 water
molecules, respectively. We note that the quantitative
decomposition of the AN, into contributions from protein
and hydration shell depends on the definition of the protein
volume; thus, a different definition may lead to a constant shift
between ANE™ and AN}E‘S,26 which would, however, not alter the
trends as a function of temperature. Together, this analysis
supports our hypothesis that the experimentally and computa-
tionally observed decay of I reflects temperature-sensitive
depletion of the hydration shell.

As a second indicator of the hydration shell, we computed
from the simulations the increase of the radius of gyration due to
the hydration shell, AR, = R, — R¥™, defined as the R, from
Guinier analysis relative to the RE™" of the bare protein (Figure
3B,D). Recently, we found excellent agreement for AR, values at
room temperature obtained from consensus SAXS/SANS data
and MD simulations using various protein force fields and water
models, including the TIP4P/2005 water model employed
here.*”*" According to the simulations, AR, decays with
increasing temperature by ~0.6 A, reflecting the diminishing
hydration shell in line with the decreasing I, discussed above.
Considering that (i) Rgmt was fixed in simulations due to
backbone restraints and (ii) R, values from simulations agreed
with experimental values in the T < 300 K regime where the
proteins remain folded (Figure 3A,C), this analysis suggests that
the R, decays in experiments up to 300 K are likewise signatures
of depleting hydration shells with increasing temperature.

The results described above were obtained from simulations
with restrained backbone atoms, thereby avoiding conforma-
tional transitions and isolating the effect of the hydration shell on
the contrast and R,. To exclude the possibility that backbone
fluctuations might influence our key findings, we carried out an
additional series of simulations without restraints for the GB3
domain (Figure S9, red triangles). Whereas the results reveal
slightly increased variability among different temperatures, as
expected from enhanced protein fluctuations, GB3 remained

https://doi.org/10.1021/jacs.5c13497
J. Am. Chem. Soc. 2025, 147, 4711747125
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Figure 4. Electron density difference of the solvent relative to 300 K for the GB3 domain (upper row) and villin headpiece (lower row) for
temperatures of (from left to right) 250, 280, 310, or 340 K. Densities were computed from MD simulations with restraints on all heavy protein atoms.
Increased and decreased densities relative to 300 K are represented by red and blue densities, respectively (see the color bar), revealing the depletion of
surface-bound densities with increasing temperature. The localized density (black arrow) refers to a randomly placed water molecule within a GB3
cavity, which is not exchanged with the bulk within the simulation time. Proteins are shown as sticks.

folded within the simulation time, even at high temperatures,
and the trends are conserved across the entire temperature
range.

Having established that the temperature-dependent hydration
shell contrast agrees between simulations and experiments, we
used the simulations to gain structural and energetic insights
into the hydration shell and its interaction with the protein.
Visual inspection of the hydration shell densities confirms that
the hydration shells are gradually depleted as the temperature
increases (Movies S1 and S2 and Figure 1A). To resolve
contributions from individual surface-bound water molecules,
we computed the density differences relative to 300 K from an
additional series of simulations with restraints on all heavy
atoms, thereby suppressing side-chain fluctuations and leading
to a spatially well-resolved hydration shell structure (Figure 4
and Movies S3 and S4). In addition to the overall depletion of
the first and second hydration layers, these density difference
maps reveal the loss of numerous localized solvent densities.
Visual inspection showed that most of these localized density
differences originate from molecules that are coordinated via
hydrogen bonds with the protein, whereas a few density
differences arise from water molecules trapped in small
hydrophobic pockets (Figure 4, red and blue spots). Critically,
localized densities from surface-bound water at low temper-
atures are not merely smeared out at higher temperatures but are
partially lost. This finding is supported by the hydration shell
densities as a function of distance from the van der Waals surface
of the proteins, which reveal a partial loss of the first and second
hydration shell density peaks (Figures S6A and S7A). These
structural changes are accompanied by a ~13% decrease in both
protein—water interaction energies and the number of hydrogen
bonds over the simulated temperature range (Figures S6B,C and
S7B,C). Nevertheless, even at 350 K, the overall hydration shell
structure with its pronounced first and shallow second peaks
remains intact (Figures S6A and S7A), suggesting that the
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decrease of I and R, reflects a partial but not complete loss of the
protein—water coordination with increasing temperature.

In addition to analyzing the protein—water coordination
discussed above, we investigated how temperature affects the
internal structure of the hydration shell. To this end, we
computed the number of water—water hydrogen bonds within a
distance of 9 A from the protein surfaces of the GB3 domain and
villin headpiece (Figures S6D and S7D), revealing a ~20%
decrease over the simulated temperature range. This trend,
together with an increasingly smeared-out water—water radial
distribution function within the hydration shell (Figure S8),
demonstrates a considerable loss of internal water structure
within the hydration shell, consistent with previous computa-
tional and spectroscopic studies.**™* At high temperatures, the
decrease in the number of hydrogen bonds is more pronounced
in the hydration shell compared to the bulk solvent, suggesting
that the hydration shell is more temperature-sensitive than bulk
water (Figures S6D and S7D). Together, these analyses suggest
that increasing temperature leads not only to a loss of
coordinated water densities at the protein surface but also to a
generally less structured hydration shell, as demonstrated by
fewer water—protein and water—water hydrogen bonds, more
dispersed protein—water and water—water correlations, and
reduced enthalpic protein—water interactions. These findings
provide the structural rationale for the decreasing contrast and
AR, values observed by our SAXS experiments and explicit-
solvent SAXS calculations.

In summary, using a novel T-ramp SAXS setup at BioCARS,
we investigated the GB3 domain and villin headpiece across a
broad temperature range, spanning supercooled conditions to
protein unfolding. When warming from cold temperatures, the
SAXS data revealed a systematic decrease in the protein’s
electron density contrasts and radii of gyration. MD simulations
combined with explicit-solvent SAXS calculations showed
excellent agreement with the experimental data, attributing

https://doi.org/10.1021/jacs.5¢13497
J. Am. Chem. Soc. 2025, 147, 4711747125
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these trends primarily to the temperature-dependent depletion
of the hydration shell. The depletion is not solely caused by
increased water disorder, as expected at increasing temperatures,
but involves the partial displacement of surface-coordinated
water molecules. Together, our SAXS experiments and
simulations provide detailed structural insight into the protein
hydration shell, highlighting its remarkable sensitivity to
temperature and its potential influence on biological processes,
such as cold denaturation, thermophoresis, and biomolecular
phase separation.

B METHODS

T-ramp SAXS Experiments. The 35-residue villin headpiece
subdomain (LSDED FKAVF GMTRS AFANL PLWKQ QHLKK
EKGLF) was obtained from California Peptide Research Inc. The
peptide was dialyzed against 20 mM acetate buffer (pH 4.9) with 150
mM NaCl. The GB3 domain (MQYKL VINGK TLKGE TTTKA
VDAET AEKAF KQYAN DNGVD GVWTY DDATK TFTVTE) was
expressed and purified as described previously™ and dissolved in 40
mM acetate buffer with 150 mM NaCl, 0.05% NaN3, and SmM DTT at
pHS.S.

Temperature-dependent small- and wide-angle X-ray scattering
(SAXS-WAXS) data were acquired on the BioCARS 14IDB beamline at
the Advanced Photon Source.”' ~* Briefly, a peristaltic pump circulates
in a closed-loop sample solution through a 560 mm long capillary
(Polymicro TSP250350) that is supported on a home-built high-speed
XYZ stage. To minimize scattering from the capillary walls, the region
where X-rays pass through was HF-etched to a wall thickness of
approximately 15—20 ym. X-rays passing through the capillary are
scattered and detected by a large-area Rayonix MS340-HS detector
positioned 186 mm downstream from the capillary. Thanks to the
small, 0.51 mm diameter beamstop located near the midpoint between
the sample and detector, the range of g accessible with 12 keV photons
spans from 0.2 to the far-WAXS regime of 52 nm™, albeit this study
focused on the small-angle regime up to 3 nm™" (Figure 1). The high-
speed stage translates the sample capillary at a constant velocity over a
~20 mm range, during which 40 X-ray shots are transmitted through
the sample at ~40 Hz with a separation of 0.5 mm along the capillary,
thereby distributing the X-ray dosage over a large volume of the sample.
During the return stroke, the X-ray scattering image is saved, and a fresh
aliquot of solution is drawn from a ~120 uL sample reservoir and
pushed into the capillary. A homemade temperature controller ramped
the sample temperature up and down between —16 and 120 °C at a rate
of nearly 1 °C/s, repeating the ramp three times for each data set.
Scattering data were acquired at each of three different concentrations
(22, 6.9, 20 mg/mL for the villin headpiece and 2.7, 8.4, 24.7 mg/mL
for GB3). To prevent boiling when ramping the capillary temperature
to 120 °C, the sample reservoir was pressured with helium at 3 atm.
Since we focused in this study on the hydration shell of folded proteins,
we restricted further analysis to temperatures below 63 °C. They were
averaged, extrapolated to the infinite dilution limit, and analyzed using
the Guinier method to generate temperature-dependent I, and Ry
curves.

Simulation Setup and Explicit-Solvent SAXS Calculations.
Structures of the villin headpiece and the GB3 domain were taken from
the protein data bank (PDB; codes lyrf>> and 20ed,*” respectively).
Crystal water was kept in the structures, and hydrogen atoms were
added using pdb2gmx software.”® MD simulations were carried out
using the GROMACS software, version 2021.7.°° Interactions of the
proteins were described with the amber99SB-ildn force field (ff99SB-
ildn).”” The starting structures were placed in a dodecahedral box,
where the distance between the protein and box edges was at least 2.0
nm, and solvated in TIP4P/ 2005*" water. The charges of the proteins
were neutralized by adding Na* counterions. Additional salt was not
added because (i) effects of NaCl on SAXS curves were small* and (ii)
force fields for ion—protein interactions were not well validated for wide
temperature ranges and would, therefore, add uncertainty. After 400
steps of minimization with the steepest descent algorithm, the systems
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were equilibrated for 100 ps with harmonic position restraints applied
to the heavy atoms of the proteins (force constant, 2000 k] mol™"
nm™2). Subsequently, the production runs were carried out for 50 ns
with harmonic position restraints applied to backbone atoms (force
constant 2000 kJ mol™' nm™?) at temperatures between 250 and 375 K
in steps of 2.5 K. For each protein and temperature, four independent
simulations were carried out. The equations of motion were integrated
using the leapfrog algorlthm % The temperature was controlled using
velocity rescaling (7 =1 ps).’ ** The pressure was controlled at 1 bar with
the Berendsen barostat (z = 1 ps)  and the Parrinello—Rahman
barostat (7 = § ps)°' during equilibration and production simulations,
respectively. Since the experiments were carried out at 3 atm, we
performed an additional series of simulations at the same pressure and
found that the increased pressure had only a small effect on the results
(Figure $9). The geometry of the water molecules was constrained with
the SETTLE algorithm, 2 and LINCS®® was used to constrain all other
bond lengths. A time step of 2 fs was used. Dispersive interactions and
short-range repulsion were described by a Lennard—Jones potential,
which had a cutoff at 1 nm. The pressure and energy were corrected for
missing dispersion corrections beyond the cutoff. Neighbor lists were
updated with the Verlet scheme. Coulomb interactions were computed
with the smooth particle-mesh Ewald method.®*** We used a Fourier
spacing of approximately 0.12 nm, which was optimized by the
GROMACS mdrun module at the beginning of each simulation.

To compute the SAXS curves, 2500 simulation frames were used
from the time interval between 0 and 50 ns. The SAXS calculations were
performed using GROMACS-SWAXS, as also implemented by our web
server WAXSiS.>>*%® The implementation, documentation, and
tutorials are available at https://gitlab.com/cbjh/gromacs-swaxs. A
spatial envelope was built around the protein atoms in all frames. The
distance between the protein and the envelope surface was at least 12 A,
such that all water atoms of the hydration shell were within the
envelope. One envelope was generated for GB3, and one envelope was
generated for villin; each was used throughout this study. Solvent atoms
inside the envelope contributed to the calculated SAXS curves.
Critically, the size of the envelope is not a fitting parameter, as it is
not adjusted to match experimental data. Instead, the envelope is
chosen to be large enough such that correlations between solvent
densities inside and outside the envelope are due to bulk water.”>” The
buffer subtraction was carried out using 2498 simulation frames of a
pure-water simulation box, which was simulated for 50 ns at the same
temperature, as the protein simulation, and large enough to enclose the
envelope. The orientational average was calculated by using 150 g-
vectors for each absolute value of q. The solvent electron density was
corrected to the temperature-dependent experimental value at the
respective temperature such as 334 e/nm’ for 298.15 K, as described
previously,*® using the empmcal equation for water density as a
function of temperature by Kell.*® In simulations at a pressure of 3 atm,
the solvent density was, in addition to the equation by Kell, corrected by
the isothermal compressibility of ambient water. No fitting parameters
due to the hydration layer or excluded solvent were used, implying that
the R; values were not adjusted by fitting parameters. Nevertheless, the
SAXS curves for GB3 and villin revealed reasonable agreement with the
experimental curves, also over a wide g range (Figure S10). I, and R,
values obtained via Guinier analysis from four independent replicas per
temperature showed excellent agreement, as reflected by low standard
errors relative to the corresponding mean values (Iy: GB3 0.27%, villin
0.26%; Ry: GB3 0.11%, villin 0.13%), as visualized by the good
agreement from simulation results from individual simulations (Figures
2 and 3, colored dots).

Three-dimensional solvent densities around the GB3 domain and
villin headpiece (Figures 1A and 4 and Movies S1—S4) were computed
with the mdrun module of GROMACS-SWAXS using the environment
variable GMX_WAXS_GRID_DENSITY and visualized with PyMOL
(see Supporting Methods and Supporting ZIP folder).”” One-
dimensional solvent densities around the protein (Figures S6A and
S7A) were computed with the gmx genenv module of GROMACS-
SWAXS. Here, three- and one-dimensional densities were computed
from 12,500 frames extracted from a 25 ns simulation with restrained
heavy atoms, which prevents the smearing of solvent densities near the
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protein surface due to side-chain fluctuations. The total number of
excess electrons implied by the density profiles aligns with the literature
(see Supporting Results). Protein—water interaction energies (Figures
S6B and S7B) were computed as the sum of protein—water Lennard—
Jones and short-range Coulomb interactions. Hydrogen bonds were
computed with the gmx hbond module using standard settings.

RDFs between water oxygen atoms within the hydration shell were
computed using an in-house modification of gmx genenv by using
simulations with restraints on all backbone atoms. To this end,
envelopes were constructed at distances of 0, 3, S, or 7 A from the van
der Waals surface of the protein. For each MD frame of the production
simulations, water oxygen atoms between (i) the envelope at 0 A
distance and (ii) the envelope at x A distance were selected, where x €
{3, S, 7}. Thereby, oxygen atoms within a distance of x A from the
protein were selected.

To decompose the total contrast into the contrast of the bare protein
and the hydration shell, we defined the protein volume Vi, as the
cavity volume calculated using the 3V volume calculator’® with a grid
size of 0.16 A and a probe radius of 1.4 A, as used previously.”"”> Each
volume was computed from 20 independent MD frames. The number
of solute electrons NE™" was taken from the atomic form factors at zero
scattering angle, as defined by the Cromer—Mann parameters of the
respective atoms.

B ASSOCIATED CONTENT

Data Availability Statement

A Gromacs variant GROMACS-SWAXS that implements
explicit-solvent SAXS calculations is freely available at https://
gitlab.com/cbjh/gromacs-swaxs. Documentation and tutorials
are available at https://cbjh.gitlab.io/gromacs-swaxs-docs/.

® Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.5¢13497.

Absolute SAXS curves, Guinier analysis, simulation
systems, analysis of solvent density correlations, hydrogen
bonds, interaction energies, control simulations, and
SAXS curve comparison to wider angles (Figures S1—
$10) (PDF)

Three-dimensional electron density maps for all temper-
atures (Movie S1) (MP4)

Three-dimensional electron density maps for all temper-
atures (Movie S2) (MP4)

Three-dimensional electron density maps for all temper-
atures (Movie S3) (MP4)

Three-dimensional electron density maps for all temper-
atures (Movie S4) (MP4)

Electron densities and visualization scripts (ZIP)
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Supporting Results
Solvent density profiles as function of distance from the protein surface

To illustrate the solvent structure within the hydration layer, we computed the solvent
density as a function of the distance from the van der Waals surface of the protein, taken
from simulations with restrained heavy atoms (Fig. S6A, STA). Here, the restraints on heavy
atoms were used to exclude spatial fluctuations of protein side chains, which would lead to a
smearing of the water density and, thereby, to a smearing of the density peaks in Figs. S6A
and STA. The density profiles were computed with the GROMACS-SWAXS module gmx
genenv with option -od (Fig. S6A, STA). To this end, gmx genenv constructs a series of
spatial envelopes around the protein surface at distances up to 12A in steps of 0.1A and
counts the number of solvent electrons within the 0.1A thick concentric volume elements, as
averaged over 12,500 simulation frames taken from a 25ns simulation for each temperature.

Critically, since such removal of side chain fluctuations likely influences the packing of wa-
ter on the protein surface, the density profiles obtained from such simulations with restrained
heavy atoms are not suitable for obtaining the overall excess number of water molecules for
comparison with our SAXS experiments. Nevertheless, to test whether the density profiles
align qualitatively with excess densities reported in the literature, we computed the excess

number of electrons implied by the profiles via
AN, = Z(P(Rz) — Poulk) AV,

where R; is the binned distance from the van der Waals surface of the protein, p(R;) the
density, ppuxk the bulk solvent density defined as the average of p(R;) in the R; > 9 A region,
and AV; denotes volume elements between concentric pairs of envelopes constructed around
the protein by gmx genenv, as also used to compute the densities. Taking the profile for
GB3 at 300K as an example (Fig. S6A, orange curve), this leads to AN, = 401 + 4 excess

electrons in the hydration shell, or, taking the approximate surface area of the GB3 domain
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of 3800 A2 obtained with the gmx sasa module,’ an excess of 0.105 4 0.1 e per A2 of protein
surface.

Assuming that these excess electrons would be uniformly distributed in a layer of a
thickness of 3A, the excess of 0.105 e/ A? would correspond to uniform excess density of
0.035¢/A3 or ~10% of the bulk density of 0.334¢/A3. This value aligns with common
assumptions made by implicit-solvent SAXS predictors that model the hydration shell as a

uniform 3A layer with an excess density of 10-15% of the bulk density.?2

Supporting Methods
Solvent density calculations

Three-dimensional (3D) solvent densities were computed with the rerun functionality of the
GROMACS-SWAXS mdrun module (gmx mdrun -rerun), as activated with the environment
variable GMX WAXS GRID DENSITY. See https://cbjh.gitlab.io/gromacs-swaxs-docs/
for documentation. In brief, mdrun places a cubic grid with a 1A spacing across the volume
of the envelope. Then, electron densities are assigned to the grid based on the number of
electrons of atoms, here taken from the Cromer-Mann parameters. Densities are assigned
based on nuclei position. Densities are averaged over MD frames. With the environment
variable GMX_ WAXS GRID_ DENSITY MODE=2, only solvent densities (but not solute
densities) are computed, as used here. The mdrun module writes the resulting density to a

CUBE file to allow visualization with PyMOL.™

165



Simulation

Experiment

I(q) (e?)

25 3.0 0.0 05 1.0 15 2.0 25 3.0

0.0 05 1.0 15 2.0
g (hm™1)

g (nm™1)

Figure S1: SAXS curves of the GB3 domain from (A) experiment, extrapolated to infinite
dilution, and (B) MD simulation over the temperature range shown in the figure legend.
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Figure S2: SAXS curves of villin head headpiece from (A) experiment, extrapolated to
infinite dilution, and (B) MD simulation over the temperature range shown in the figure

legend.
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Figure S3: Guinier analysis of GB3 and Villin SAXS scattering. Guinier analysis of GB3 and
Villin SAXS scattering. (A) Concentration-dependent SAXS scattering of GB3 at 295 K.
The concentration-dependent, buffer-subtracted scattering amplitudes I; were divided by
their relative concentration rc; to put them on the same scale, i.e., r¢; is approximately [1
(red), 1/3 (green), 1/9 (blue)]. Differences between the normalized scattering curves arise
from the concentration-dependent packing structure factor, whose effects can be mitigated
by extrapolating the experimental curves to the limit of infinite dilution (open circles). This
extrapolated curve corresponds to the infinite dilution limit of a statistically-weighted linear
fit of (I;/rc;) as a function of concentration at each value of g. The solid line is a Guinier
fit of the infinite dilution limit. (B) Radius of gyration R, from Guinier fits of the infinite
dilution limit calculated from concentration-dependent scattering data acquired in 1 deg
steps from 257-335K. (C) Iy from corresponding Guinier fits. (D-F) Same as (A-C) but
for villin headpiece. Due to attractive interparticle interactions, the scattering intensities of
Villin headpiece exhibit opposite concentration behavior compared to GB3. The decrease
of R, and Iy with increasing temperature (while folded) in both GB3 and Villin headpiece
correlates with depletion of waters in their hydration shell.
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Figure S4: Simulation systems of (A) the GB3 domain and (B) villin headpiece in dodecaheral
simulation boxes. Proteins are shown in green cartoon representation, water as red/white
sticks, and counter ions as blue spheres.
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Figure S5: Forward scattering I, and analysis of contrast in number of electrons versus tem-
perature for (A—C) the GB3 domain and (D-F) villin headpiece. Same data as presented
in Fig. 2, however presented to directly illustrate our analysis. (A/D) I from experiment
(black) and backbone-restrained MD simulations (orange) versus temperature. The experi-
mental data was scaled by a constant factor to the simulation data in the temperature range
below 303 K. (B/E) Total contrast in number of electrons computed as IS/ * from MD simu-
lation (blue) and contrast ANP™® due to the solute (pink). (C/F) Contrast of the hydration
shell AN given as the difference between the total contrast (B/E, blue) and solute contrast
(B/E, pink). Colored dots in panels (A-F) indicate simulation results from four independent
simulation replicates per temperature.
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Figure S6: Analysis of the hydration shell of the GB3 domain. (A) Solvent density versus
distance from the Van-der-Waals surface of the protein as averaged over the protein surface
at three temperatures (see legend), computed from simulations with restrained heavy atoms.
(B) Protein-water interaction energy versus temperature computed as sum of Lennard-Jones
and short-range Coulomb energies. (C) Number of protein—water hydrogen bonds, plotted
either as total number of hydrogen bonds (right ordinate) or as change of number of hydrogen
bonds relative to 300 K (left ordinate). (D) Number of water—water hydrogen bonds in the
hydration shell (blue dots), defined as water within a distance of 9 A from the protein surface.
Plotted as number of hydrogen bonds (right ordinate) and relative to 300 K (left ordinate).
For reference, the relative change of the number of water—water hydrogen bonds is shown
for bulk water (black crosses, left black ordinate). Dots in panels B/C indicate simulation
results from four independent simulation replicates per temperature.
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Figure S7: Analysis of the hydration shell of villin. (A) Solvent density versus distance
from the Van-der-Waals surface of the protein as averaged over the protein surface at three
temperatures (see legend), computed from simulations with restrained heavy atoms. (B)
Protein—water interaction energy versus temperature computed as sum of Lennard-Jones
and short-range Coulomb energies. (C) Number of protein-water hydrogen bonds, plotted
either as total number of hydrogen bonds (right ordinate) or as change of number of hydrogen
bonds relative to 300K (left ordinate). (D) Number of water—water hydrogen bonds in the
hydration shell (blue dots), defined as water within a distance of 9 A from the protein surface.
Plotted as number of hydrogen bonds (right ordinate) and relative to 300 K (left ordinate).
For reference, the relative change of the number of water—water hydrogen bonds is shown
for bulk water (black crosses, left black ordinate). Dots in panels B/C indicate simulation
results from four independent simulation replicates per temperature.
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Figure S8: Analysis of the internal water structure within the hydration shell. (A) Non-
normalized radial distribution functions (RDFs) between pairs of water oxygen atoms (0O-0)
for (A-C) the GB3 domain or (D-F) villin headpiece. RDFs are shown for temperatures of
250K (black), 300K (orange), and 350K (blue). RDFs were computed for O—O pairs within
distances of (A/D) 0.3nm, (B/E) 0.5nm, or (C/F) 0.7nm from the protein surface. Peaks
of the RDFs decay with increasing temperature, indicating a loss of water structure within

the hydration shell.
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Figure S89: Control simulations with the GB3 domain of 25ns each for testing the effects of
simulating at an increased pressure of 3atm (black squares) or simulating without positions
restraints (red triangles down) instead of simulating with ambient pressure and with position
restraints on backbone atoms (yellow, purple, or green circles). (A) Forward scattering I,
from MD simulations versus temperature, (B) density contrast of the bare protein, and
(C) contrast of the hydration shell, according to the analysis in Fig. 2A-C. (D) Radius
of gyration R, from MD simulations and (E) difference AR, between R, from Guinier
analysis (including hydration shell contributions) and R, of the bare protein, according to the
analysis in Fig. 3A/B. Simulating at 3atm instead of 1atm or simulating without position
restraints has only a small effect on the results. Notably, in unrestrained simulations, the
GB3 domain did not unfold at temperatures within simulation time of 25 ns, rationalizing
the good agreement with the restrained simulations across the entire temperature range.
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Figure S10: Comparison of SAXS curves from experiment (color gradient) with an example
curve from simulations at 275 K (red dashed) for (A) the GB3 domain and (B) villin headpiece
to wider angles up to ¢ = 10nm~!. The legend shows the color for a few representative
temperatures. Reasonable agreement is found, despite the fact that the hydration shell and,
thereby, the radius of gyration is not fitted against the data. Instead, for this figure only,
the calculated curve was fitted to the experimental curve at the closest temperature via
Isttea(q) = flexp(q) + ¢ by adjusting the absolute scale f and a constant offset ¢. While the
absolute scale was likewise adjusted for comparison of Iy in Figs. 2A /D and S9A, a constant
offset was not adjusted for other analyses of this study.
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Chapter 9

Conclusion and Outlook

"What are the biological
implications of your research?” -

"Well, I simulate water.”

Petter Johansson
The present thesis provides a comprehensive and detailed analysis of the hydration

shells of proteins. By combining state-of-the-art MD simulations with experimental
SAS techniques the four studies of this thesis addresses a continuing challenge in
structural biology and computational biophysics: the complex nature of the hydra-
tion shell. Hence, the four studies address fundamental questions concerning how
proteins interact with their solvent surroundings and how precisely these interac-
tions can be modeled computationally. The four studies also explore how various
physical and chemical parameters influence the behavior of protein hydration shells.
This conclusion summarizes the main results of these four studies. More detailed

results of the individual projects are provided in the respective chapters.

Development of new refined heavy water pair potentials. In our first study,
we addressed a methodological gap by developing customized models for heavy water
(D20), a solvent commonly used in different biophysical experiments, e.g. neutron
scattering experiments. Traditional water models developed primarily for H,O often
fail to capture the peculiarities introduced by the isotopic substitution, including
changes in hydrogen bonds, viscosity, and diffusion behavior. By carefully param-
eterizing and validating three- and four-sided models for D,O, we introduced three
heavy-water models — SPC/E-HW, TIP3P-HW, and TIP4P /2005-HW —, developed
on the basis of widely used HoO models to ensure compatibility with established
simulation frameworks. These models have been validated against experimental
data — including density, radial distribution functions and diffusion coefficients —
demonstrating that these models successfully reproduce the key experimental differ-
ences between HyO and D50O. This ensures their applicability in biologically relevant

situations. Therefore, new models provide a powerful set of tools for simulations
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that require accurate modeling of solvent conditions. This methodological advance
is crucial for simulations that aim to bridge the gap between theoretical predic-
tions and experimental observations. Accurate models for heavy water increase the
reliability of various biomolecular simulations, such as protein folding, conforma-
tional changes and interactions in DyO-rich environments. The models developed
in this study provide the basis for a broader application in computational studies

that require high accuracy in solvent behavior.

Validation of the hydration shell from molecular dynamics against ex-
perimental SAXS/SANS data. The overall structure of the hydration shell,
including the density contrast relative to bulk solvent, how many layers, how the
shell depends on protein shape and charge, was poorly understood because appro-
priate high-precision experimental observables were lacking. It was also unclear how
well current protein force fields and water models reproduce the hydration shell con-
trast in quantitative agreement with experiment. Therefore, in the second study of
this thesis, a detailed and critical assessment is made of how well MD simulations
reproduce the hydration shell of proteins that is also observed in SAXS and SANS
experiments.

We performed explicit-solvent MD simulations for five globular proteins, namely
RNaseA, lysozyme, xylanase, urate oxidase and glucose isomerase. Overall, we
considered 18 different protein force field and water model combinations, includ-
ing variants from the AMBER and CHARMM families. For each explicit-solvent
MD simulation we computed simulated SAS intensity curves. From each of these
SAS curves we extracted the radius of gyration R, of the solute and the hydration
shell, and compared them to the R, of the "bare” protein. The difference radius
of gyration, AR, = REAS — Rgpr"t, is sensitive to the hydration shell contrast. This
means that the hydration shell modulates the measured radius of gyration in SAS.
With SAXS an increase in R, is observed, because the hydration shell has a positive
electron-density contrast relative to the bulk solvent. While with SANS in D,O a
decrease in R, is observed, because the neutron scattering contrast of the protein is
negative and the one of the hydration shell is positive. We also found that the solvent
density around the protein surface in simulations shows distinct hydration layers:
a first — quite dense — layer, a second weaker, and a third very weak. Finally, we
compared the simulation results to high-precision consensus experimental SAS data
obtained from a worldwide round-robin study for all five proteins [124]. By com-

paring the simulation results with the experimental data, discrepancies are revealed
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and the force fields are tested for their ability to reproduce the thickness, density
and spacial structure of the hydration shells. Among the 18 force-field /water-model
combinations we tested, many—but not all—produced hydration-shell contrasts in
remarkable agreement with experiments. For near-neutral proteins — e.g., RnaseA
and xylanase —, simulations using the CHARMM36m force field often underesti-
mated the hydration shell contrast compared to the experiment, especially when
used with the standard TIP3P water. For the highly anionic protein glucose iso-
merase, with a net charge of roughly —60e, the hydration shell contrast was large in
comparison to the near-neutral proteins, while some of the charms now overestimate
hydration shell contrasts.

Overall, we were able to show that the effect of the hydration shell on R, is pro-
tein-specific: dependent on charge, surface composition and size and shape of the
protein, so one cannot assume a “one-size-fits-all” hydration shell. The study em-
phasizes the need to compare computational models with reliable empirical data to
ensure the reliability of simulation-based conclusions. By integrating all-atom MD
simulations with simulated and experimental SAS data, this work offers a new way
to overcome the long-standing difficulty of accurately characterizing the structure of
the protein hydration shell and provide a quantitative observable of the hydration
shell: namely AR, (or the difference in R, between SAXS vs SANS) that is sensitive

to how the hydration shell packs onto the protein surface.

Influence of surface amino acids on the protein hydration shell. The hy-
dration shell significantly influences protein folding, binding, and proton transfer,
but it has remained unclear to what extent individual amino acid types and protein
conformation quantitatively and generally influence this hydration shell. Therefore,
in our third study, we investigated how specific protein properties, such as surface
amino acids and protein conformations, influence the hydration behavior.

We performed all-atom explicit-solvent MD simulations of two model systems: a
globular GB3 domain and an intrinsically disordered peptide, the XAO peptide. In
a next step, we computed SAXS curves from the computed explicit solvent trajec-
tories and used SAXS-sensitive quantities — the hydration-induced change in radius
of gyration, and the electron-density contrast — to probe the hydration-shell effects.
From these data, we derived amino-acid-specific contrast scores describing the in-
fluence of each residue type on local water density, either increasing or decreasing
it, relative to alanine as a reference. Acidic residues produce the largest positive

contrasts. Cationic and polar residues follow; apolar residues often create a deple-
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tion layer, which results in a negative contrast. We tested several water models and
force-field combinations to check robustness and we found that the amino-acid rank-
ing of the contrasts and AR, values are consistent across the tested water model and
protein force field combinations [anionic > cationic (>) polar > apolar], indicating
that the relative hydration preferences of amino acids — describing which residues
attract or repel water — are a stable conclusion for all simulated configurations
tested. In contrast to globular proteins, IDPs, which are characterized by the lack
of a fixed tertiary structure, exhibit hydration patterns that are more heterogeneous
and sensitive to the sequence composition and conformation. These differences are
further modulated by the amino acid composition and the conformational ensemble
captured during the simulation. For the disordered XAO peptide, the hydration-
shell effect on SAXS-derived R, is strongly conformation-dependent. And also the
comparative analysis between globular proteins and IDPs underlines the fundamen-
tal finding that the hydration behaviour is highly context-dependent and cannot be
generalized for all protein types. This showed again, that the hydration structure
is not universal. It depends on residue chemistry and on the local conformation of
the peptide or protein. Despite that the AR, and contrast values are consistent
across all tested combinations of water model and protein force field, the study also
highlights the sensitivity of hydration properties to force-field selection and demon-
strates that methodological choices in MD simulations can (substantially) influence
the conclusions drawn.

The amino-acid contrast score — introduced in this paper — links local chemistry to
an experimentally accessible, SAXS-sensitive quantity, namely the hydration effect
on R, and on the electron-density contrast, enabling direct comparison between
simulation and experiment. The functional roles of IDPs are inseparably linked to
their interaction with the solvent. Therefore, understanding hydration layers is not
only a scientific question, but a step towards elucidating mechanisms of molecular
recognition, phase separation and signal transduction. This has also far-reaching im-
plications not only for fundamental biophysical understanding, but also for the inter-
pretation of hydration-sensitive experimental techniques, the design of biomolecular

simulations and the development of new proteins and drugs.

Temperature-dependent behavior of protein hydration shells. It has been
elusive how temperature affects the density, thickness, and packing of water near
the protein surface because of the lack of high-resolution structural probes of the

hydration shell in solution. Therefore, the most recent study investigates how tem-
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perature changes affect the protein-solvent interface. Temperature is a critical factor
affecting protein conformations, flexibility and solubility, and this study shows how
the temperature also modulates the protein hydration shells.

Our collaborators performed T-ramp SAXS experiments spanning from around 255 K
up to 335K on two folded model proteins: the GB3 and the villin headpiece. We
performed all-atom MD simulations with explicit solvent across a wide temperature
range (250K up to 375K) for the same proteins, using backbone-restrained sim-
ulations to keep the proteins folded and computing explicit-solvent SAXS profiles
from the trajectories. In a following step we calculated key observables from both
experiment and simulation: (i) the forward scattering intensity 7(0) (which is pro-
portional to contrast), (ii) the radius of gyration R, of the solute and hydration
shell, and (iii) a decomposition of the contrast into contributions from the “bare”
protein and from the hydration shell in number of electrons or equivalent water-
molecule count. We used the simulation data to map changes of the water density
inside the hydration shell, water-protein hydrogen bonds, as well as water-water hy-
drogen bonds within the shell, and visualized solvent density maps near the protein
surface at increasing temperatures. The experimental data reveal, that the forward
scattering intensity decreased by more than 20% for both the GB3 domain and
the villin headpiece across the measured temperature range, indicating a decreasing
solute-solvent contrast. The data also revealed an decrease of the experimentally
determined R, values by approximately 0.4 A for GB3 domain and around 0.3 A for
the villin headpiece between 257 K and 300 K, before increasing at higher temper-
ature likely due to unfolding of the proteins. The explicit-solvent SAXS profiles
calculated from the MD simulations reproduced the temperature trends in both
1(0) and R, below unfolding. The measurable global observables from SAXS — I(0)
and R, — can reflect subtle changes in the hydration shell. In combination with
explicit-solvent MD simulations, these changes can be decomposed into a reduction
of the hydration shell and other factors such as protein expansion and changes in
solvent density. From the decomposition of the simulated data, we were able to
show that the hydration shell lost roughly 15 water molecules at 360 K relative to
250 K for both proteins. We could also show that the loss of hydration shell contrast
arises not only from increased disorder of the shell — water—water H-bonds decrease
by approximately 20% — but also by partially displacing water molecules on the pro-
tein surface—these water molecules are more strongly bound at lower temperatures
and are lost from the shell at higher temperatures. Solvent-density maps show the

first and second hydration layers are decreasing with increasing temperature.
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Overall, the hydration shell of folded proteins is remarkably temperature-sensitive:
as temperature increases (within the folded regime), the hydration shell is gradually
depleted — fewer water molecules remain tightly associated and the shell density
drops. A depletion of the hydration layer around proteins, characterized by a de-
crease in hydration layer density and thickness, can in turn can have profound effects
on the protein dynamics and functions. For example, a less structured hydration
layer at high(er) temperatures could influence the stability of temporary protein
conformations or promote local unfolding processes. These findings are particularly
important for understanding thermal denaturation, enzyme catalysis under changing
conditions and the behavior of extremophilic proteins.

The study supports the idea that hydration is not a static feature, but a dynamic,
temperature-dependent property that needs to be interpreted context-dependent.
Furthermore, the agreement between experiment and simulation allows us to use
these data to (i) validate temperature-dependent changes in the hydration shell by
assessing both the overall contrast and the internal structure, and to (ii) assess
whether current water models accurately reproduce these temperature-dependent
effects. This study is therefore another example of the synergistic power of combining

MD simulations and experiments.

Conclusions and future implications Taken together, these studies provide a
multidimensional understanding of protein hydration shells, including methodologi-
cal development, theoretical validation and biological relevance. Several key aspects
emerge from this integrated perspective:

o Model accuracy and parametrization: Fitting solvent models, especially for
D50, increases the applicability of simulations to experimental conditions and
improves the interpretation of scattering data.

o Ezperimental and computational symbiosis: Integrating experimental SAS
data with MD simulations proves to be a powerful strategy for refining models
and validating hypotheses about hydration behavior.

o Protein-specific behavior: The hydration shell is not uniform across protein
classes; IDPs and globular proteins show different hydration patterns reflecting
their structural and functional differences.

o Dynamic nature of hydration: Temperature and protein conformations jointly
influence the hydration shell, highlighting the need for contextual modeling
approaches.

From a broader scientific point of view, this work enriches the conceptual and prac-
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tical toolkit for studying protein-solvent interactions. It provides information for
the development of more accurate simulation protocols, assists in the interpretation
of experimental data, and forms the basis for future studies of how hydration af-
fects the behavior of biomolecules in health and disease. The work thus represents

a significant advance in the field of computational and structural biophysics.

Outlook: Challenges and future directions in biomolecular simulations.
Current MD methods often rely on classical, non-polarizable force fields that treat
atomic charges as fixed quantities. This simplification neglects the dynamic nature
of electronic distributions [239], as found in heterogeneous and polar environments
such as the hydration shells of proteins. As a result, the simulations may mis-
represent the subtle electrostatic interactions between water molecules and protein
surfaces, especially in charged or highly flexible regions. Future studies should in-
vestigate the implementation of polarizable force fields such as AMOEBA [240-242]
or Drude-based [243-245] models that provide a more accurate representation of
solvent polarization effects. These models, while computationally more demanding,
could provide a more realistic representation of protein-solvent interactions and are
expected to improve the quantitative accuracy of hydration shell features.
Although polarizable force fields represent a promising advance, they are not with-
out significant problems. Their implementation is computationally intensive and
often requires an order of magnitude more resources than fixed charge models [246,
247]). This limits their routine application to small systems and short simulation
periods [239, 248]. Furthermore, the parametrization of polarizable models is com-
plex and still under development, especially for proteins with different side-chain
chemistries and dynamic conformations [249]. There are also concerns about trans-
ferability, stability of simulations and compatibility with long-established tools and
workflows.

Moreover, the refinement and comparison of force fields remains an ongoing chal-
lenge, especially for IDPs [250]. As this thesis demonstrates, IDPs exhibit fundamen-
tally different hydration behaviors compared to globular proteins, often requiring
specialized force fields that can adequately represent their extended conformational
ensembles. The continued development of IDP-specific force fields supported by
experimental data such as SAXS and NMR will be crucial for further progress in
this field.

Additionally, the application of ensemble refinement approaches - where experimen-

tal data guide the simulation of structural ensembles - provides a powerful method
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for overcoming the ensemble and sampling problems inherent in MD [251]. Such
approaches are particularly relevant for systems characterized by high flexibility
and dynamic disorder, where simulations with a single trajectory are not sufficient.
Looking further ahead, advances in computational power and the advent of exas-
cale computing will enable the routinized simulation of increasingly complex and
large biomolecular systems such as a whole cell, ribosomes or membrane protein
complexes over biologically meaningful time periods [252, 253]. Combined with im-
proved (polarizable) force fields and refined sampling algorithms, these simulations
will provide unprecedented insight into the dynamic behavior of macromolecular
hydration in realistic cellular environments [254].

In conclusion, the future of MD simulations in the field of protein hydration stud-
ies lies in overcoming current limitations through more accurate physical modeling,
better integration with experimental data, and the use of next generation compu-
tational tools. This thesis sets the stage for these developments by providing a
rigorous and detailed framework for characterizing hydration phenomena with the-

oretical accuracy and experimental precision.
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