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DOI:00.0000/000000000x The hydration and hydrogen-bond topology of small water solvated molecules such as the naturally

occurring organic osmolytes trimethylamine N-oxide (TMAQ) and urea are under intense investiga-
tion. We aim at furthering the understanding of this complex hydration by combining experimental
oxygen K-edge excitation spectra with results from spectra calculated via the Bethe-Salpeter equa-
tion based on structures obtained from ab initio molecular dynamics simulations. Comparison of
experimental and calculated spectra allows us to extract detailed information about the immediate
surrounding of the solute molecules in the solvated state. We quantify and localize the influence of
the solute on the hydrogen bond network of the water solvent and find spectroscopic fingerprints
of a clear directional asymmetry around TMAO with strong and local kosmotropic influence around
TMAOQ's NO head group and slight chaotropic influence around the hydrophobic methyl groups. The
influence of urea on the local water network is qualitatively similar to that of TMAO but weaker in
magnitude. The strongest influence of both molecules on the shape of the oxygen K-edge spectra is
found in the first hydration shells.

1 Introduction teractions between protein stabilizing osmolytes such as TMAO

and macromolecules have been reported®314  This repulsive
force favors hydration of the protein surface possibly rendering
the stabilizing effect of TMAO indirect and water mediated 1518,

Trimethylamine N-oxide (TMAO) is a small organic osmolyte that
is found to stabilize proteins in deep sea fish against the high hy-
drostatic pressures present at great depthI™. Urea, on the con-
trary, is a strong denaturant at high concentrations and is found
as waste product in mammalian kidneys?. The molecular mech-
anisms of these effects have not been completely explained as of

More recent simulation studies, however, report on a more di-
rect interaction between TMAO and macromolecules1922, Here,
the osmolytes are found to be close to the macromolecules, in-

yet.

The protein stabilizing effect of TMAO against several pertur-
bations, such as high urea concentrations or high pressure con-
ditions, is well studied and documented@'@, however, the under-
lying mechanism is still not entirely understood. Due to its zwit-
terionic character and its strong dipole moment, TMAO strongly
and particularly interacts with the surrounding water molecules,
which is assumed to be essential for its stabilization effectC.
Whereas the direct interaction between chaotropes like urea and
the backbone of proteins have been observed 112/ repulsive in-
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teracting either directly or via a single layer of water molecules
with it. The latter mechanism indeed would result in a preferred
hydration??24. These findings are thus questioning an indirect
and long-range influence on the water structure on a bulk scale
and, therefore, the water-mediated nature of the protein stabiliz-
ing mechanism.

Based on a broad range of experimental and simulation stud-
ies, it is indeed well established that TMAO strongly affects the
water structure, which is distinct from the influence of
other cosolvents223334, The recent findings, however, raise the
question about the actual range of this effect on the water struc-
ture and its direction dependence with respect to the zwitterionic
structure. However, many used experimental probes are not ele-
ment sensitive, such as X-ray diffraction, or are semi-local, such as
IR- and vibrational spectroscopy. As shown recently, the oxygen K-
edge excitation spectrum is sensitive to the direct and immediate
surrounding of the excited atomic site®335%38| and, in particular,
in combination with molecular dynamics (MD) simulations and
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novel quantum mechanical calculations of the site-by-site excita-
tion spectra, insights into the local structure around the excited
atom can be extracted=?,

In this study, we explore the microscopic structural details of
the hydration of TMAO and its supposed biological adversary urea
in aqueous solutions by combining results from atomistic struc-
tural simulations based on ab initio molecular dynamics (AIMD)
and successive oxygen K-edge simulations. This approach allows
us to link these statistical simulations with the experimentally ac-
cessible oxygen K-edge spectrum of the statistical ensemble av-
erage, thus confirming that TMAO strongly binds three water
molecules via hydrogen bonding to its NO head group and a
chaotropic influence of the hydrophobic methyl groups that affect
water molecules in the first hydration shell. Urea shows similar
tendencies compared to TMAO but to a lesser degree. Signatures
of these atomistic details of the hydration process are clearly ex-
tractable from the experimental oxygen K-edge spectra, yielding
a unique access to the local structure in the direct vicinity of the
studied osmolytes.

2  Methods

2.1 Ab initio Molecular dynamics

We performed spectral calculations based on configurations from
previously reported AIMD simulations of pure water, water-TMAQO
solution, and water-urea solution“%#2, In short, the AIMD run of
pure water at ambient conditions consisted of 128 H,O molecules
in a periodic cubic simulation supercell of 15.6627 A box length.
The TMAO-water solution consisted of one TMAO molecule and
107 H,0 molecules in a periodic cubic simulation cell of 14.9382
A box length. For the urea-water solution, a cubic simulation box
of 14.9984 A box length contained 110 H,O molecules and one
urea molecule. The Born-Oppenheimer AIMD simulations were
run using the RPBE functional®® taking London dispersion inter-
actions into account via Grimme’s D3 method4#4>, All simula-
tions were run for several tens of picoseconds after initial equili-

bration within the canonical ensemble40742]

2.2 Spectrum calculations

Calculations of the non-resonant inelastic X-ray scattering spectra
at the oxygen K-edge were performed using the Bethe-Salpeter
Equation (BSE) method as implemented in the OCEAN (Obtain-
ing Core level Excitations using Ab initio methods and the NIST
BSE solver) code4®4Z, For the calculations, the ground state wave
functions and electron densities were computed using density
functional theory (DFT) with the Quantum ESPRESSO program
package“849, Since we use pseudopotentials for the computation
of the ground state electronic properties, projector augmented
wave (PAW) reconstructed all-electron wave functions were gen-
erated for the calculation of core to valence transition matrix el-
ements®Y. The use of pseudopotentials also results in spectra on
energy scales relative to the Fermi level of the respective simula-
tion box and thus the spectra from separate AIMD snapshots are
not necessarily on the same absolute energy scale. We therefore
shifted the average spectrum of each box such that the oxygen K-
edge pre-peak is at 535 €V as it was found in the experiment. This
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rigid shift was then applied to all individual spectra from the cor-
responding snapshot. We calculated K-edge spectra for all oxygen
atoms from five individual simulation snapshots of the neat wa-
ter AIMD run resulting in a total of 640 individual oxygen K-edge
spectra. For the aqueous TMAO solution, we sampled all oxygen
atoms from 50 snapshots of the AIMD trajectory yielding a total
of 5400 individual oxygen K-edge spectra, 50 of which stem from
TMAO’s oxygen atom of TMAO and 5350 spectra from the solvat-
ing H,O molecules. For the aqueous urea solution, we sampled all
K-edges from oxygen atoms in 54 individual snapshots, i.e. 54 out
of the 5994 K-edge spectra stem from urea’s oxygen of urea. For
comparison with earlier experimental results®>, the simulations
were performed at a finite momentum transfer of 6.8 A~! and all
spectra were convoluted with a Gaussian of 0.65 €V full width
at half maximum (FWHM) to account for the finite experimental
resolution. As demonstrated in Ref.2?, each oxygen spectrum cal-
culated in this way holds invaluable information about the local
atomic environment of the scattering oxygen site.

In addition to the simulations based on snapshots of the AIMD
trajectories, we performed oxygen K-edge simulations of hydrous
and anhydrous crystalline TMAQ>1>2/

2.3 Experimental spectra

All experimental spectra are taken from Ref.2>. Non-resonant in-
elastic X-ray scattering spectroscopy is also often called X-ray Ra-
man scattering (XRS) spectroscopy and yields information com-
parable to soft X-ray absorption spectroscopy, especially so at low
values of momentum transfer ¢23. However, since XRS is non-
resonant scattering with incident X-rays of much higher energy
than the probed excitation energy scales, the measured spectra
are practically free of saturation and self-absorption artifacts and
the use of hard X-rays offers advantages for the measurement
of liquids at well defined temperature and pressure conditions
as well as for samples contained in complicated sample environ-
ments2#>3 All spectra were measured with the large solid angle
spectrometer at ID20 of the ESRF=¢ using milli-q water for the
pure water spectra and stochiometric mixtures of milli-q water
(R > 18MQ) with TMAO and urea (both purchased from Sigma
Aldrich; TMAO: C3H9gNO - 2H,0, > 99.0% purity; urea: CH4N,O,
anion trace (C17) < 5 ppm). All solutions were measured using
a miniature liquid flow cell®Z. Spectra taken from Ref.2?l are nor-
malized to equal area between 526.0 to 550.0 eV.

2.4 Structure characterization

In order to explore the local geometric atomic environment of
the scattering oxygen atoms, we define a selection of structural
parameters as follows.

2.4.1 Hydrogen bonds

We consider a molecule to be hydrogen bonded subject to geo-
metric criteria as defined in Refs.”%22 and utilized also in Ref.22,
We consider hydrogen bonding via two oxygen atoms (either
from an H,O molecule or the O atom of TMAO or urea) if the
oxygen-oxygen separation is less than 3.5 A and the hydrogen-
donor-acceptor angle is less than or equal to 30°. Hydrogen



donor bonds via urea’s amino group are similarly considered if
the nitrogen-oxygen distance is less than 3.5 A and the hydrogen-
donor-acceptor angle is less than or equal to 30°. Beyond the
presented parameters, there have been other approaches used to
charactize the hydrogen-bonding between water and TMAQZ230,

2.4.2 Urea/TMAO solvation by H,O molecules

The zwitterionic TMAO molecule (see Fig.[1)) is composed of a hy-
drophilic N=0 unit and three hydrophobic CH3 (methyl) groups.
We separate the hydration water molecules of these two moi-
eties subject to geometric criteria. We consider a water molecule
to hydrate the NO-head-group (hydrophilic group) if its oxygen
atom is found within a cone of 120° opening centered around the
intra-TMAO-molecular N-O separation vector. Otherwise the H,O
molecule is considered to hydrate the CHj-groups (hydropho-
bic methyl groups). This separation is schematically depicted in
Fig.[1]b) (left).

For the direct comparison between the urea and TMAO solu-
tions, we use a similar classification scheme for both solutions.
Water molecules within a cone of 120° opening around the intra-
urea-molecular C-O separation vector are considered to hydrate
urea’s carbonyl group (CO), whereas water molecules that are
found outside of this cone are considered to hydrate the amino
groups (NH;).

2.4.3 Hydration shells

We define the number of molecules in the solvation shells around
the urea and TMAO molecules based on distance criteria. We
separate the solvent molecules into 2 groups: water molecules
hydrating the TMAO NO head group (CO head group for urea)
and water molecules hydrating the CH3-groups of TMAO (NH,
groups of urea) as described in the previous section.

We define the hydration shells of these two groups based on the
radial distribution functions (RDF) calculated separately for the
hydrophilic and hydrophobic part of TMAO. For the hydrophilic
side, we use the position of the weak minima of the Orpa0-Ow
RDF at 3.3, 5.4, 7.7 A, defining four shells, where the fourth
shell is defined by all water molecules that can be found beyond
7.7 A. The cut-off distances on the hydrophilic side of the TMAO
molecule are measured from the oxygen atom of TMAO. On the
hydrophobic side, we use the approximate position of weak min-
ima of the Cryao-Ow RDF at 4.7, 7.0 A, i.e. the limited extent
of the simulation box allows us to define three shells. Here, the
cut-off distances are measured from the carbon atom closest to
the respective water oxygen atom. The partial RDFs are shown
in Fig. |1| c). For the analysis of the aqueous urea simulations,
we use the same cut-offs as for TMAO, but we measure distances
with respect to the N atom of the amino groups (NH,) and with
respect to the oxygen atom of the CO head group. The principle
of separation into the two regional groups as well as the separa-
tion into the different hydration shells is illustrated in Fig. [1| b).
Here, cut-offs for the TMAO (urea) molecule on the carbonyl (ni-
troso) side are depicted as light blue dashed lines and those on the
methyl (amino) side as green (red) dashed lines. We have used
and tested other cut-off schemes and distance criteria, which all
yield results that are qualitatively comparable. The sizes of the

cubic simulation boxes armao = 14.9382 A and Ayrea = 14.9984
A imply that the fourth solvation shell may overlap slightly with
the fourth solvation shell of the respective solute’s mirror image
due to the periodic boundary conditions.

In addition to these two groups we define the set union of the
two regional groups for the first three hydration shells (denoted
as all H,0) in order to allow for discussions considering hydration
of the whole molecule in terms of shell structure and isotropic
distance from the respective molecule. A table summarizing the
number of molecules in these different shells averaged over all
simulation snapshots is shown in the table

3 Results

A side by side comparison of the experimental and simulation
results is shown in Fig. 2] where the previously published experi-
mental K-edge data of pure water and 2M solutions of TMAO and
urea are shown in part a) and the computed spectra are shown
in part b). Part ¢) and d) show the respective difference spectra
between pure water and the aqueous solutions. The three main
spectral features, pre-edge (I), main-edge (II), and post-edge (III)
are highlighted in grey. The overall accordance of theory and ex-
periment is remarkable as evident especially from a comparison
of the difference spectra for energy losses above 535 eV.

The computed spectra are compressed along the energy loss
axis compared to the experimental spectra, due to the failure of
density functional theory to accurately predict the band gaps of
insulators. This phenomenon is well known® and can in princi-
ple be corrected for, e.g. by using a GW-type correction. However,
the computational cost of such simulations for the used large sim-
ulation boxes is beyond current computational limits. Likewise,
at energy losses beyond 547 €V, the calculated spectrum of pure
water shows less spectral weight than the ones of the aqueous so-
lutions. This deficiency is due to the finite number of unoccupied
states used in the simulation of the large water box. We therefore
limit the performed analysis to the near edge structure below 547
ev.

In order to examine the influence of the osmolyte molecule on
the hydrating water molecules, we consider the oxygen K-edge of
water molecules found within the different coordination shells as
defined above. Averaged spectra from of the hydrohilic region of
the solutes (all shells only shown in the SI as discussed later) are
shown in comparison to the calculated spectrum of pure water
in Fig. [3| for TMAO in part a), and for urea in part b). By far
the strongest influence on the shape of the spectrum are found
for the water molecules immediately hydrating the NO- and CO-
groups of TMAO and urea, respectively. For TMAO a lack of the
characteristic water pre-edge, a prominent loss of intensity in the
main-edge region and an enhanced post-edge are observed. The
variations found in the according spectra from the shells hydrat-
ing the CO head group of urea are much smaller, but a small
decrease in main- and increase in post-edge is observable for the
spectrum of the first shell. The spectroscopic fingerprints from the
the two solvents are therefore qualitatively similar for the two so-
lutes, but weaker for urea.

The effects of hydration of TMAO’s methyl- and urea’s amino-
groups are much smaller (see SI Fig. [9). Here, the overall shape
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of the spectra are more or less unchanged with small alterations
in the relative weight of pre-, main-, and post-edge.

In summary, the spectral changes observed as a function of dis-
tance from the differently and partially charged groups of the
TMAO and urea molecules, apart from the signatures of the first
shell, are small as are the differences between the different exper-
imental spectra. We therefore will take a closer look at spectra ex-
tracted from a series of experimental data via a non-negative ma-
trix factorization (NNMF) approach2, The NNMF approach was
performed using three components and their respective weights
to best describe all spectra of the full concentration series: the
fixed experimental spectra of water, a polycrystalline powder
sample in the case of urea and a simulated spectrum of an an-
hydrous TMAO polycrystal, as well as a freely variable spectrum
(hereafter referred to as ’free component spectrum’ (FCS)), the
shape of which was optimized during the procedure. In case of
the hydrous TMAO powder sample, the oxygen contribution of
the H,O molecules complicates the NNMF analysis. Therefore,
we instead used a simulated spectrum based on the crystal struc-
ture of the anhydrous crystal for the analysis (see SI for a jus-
tification of this procedure). The FCS spectra were interpreted
as those spectra best representing the change of the measured
oxygen K-edges upon solvation of TMAO and urea, i.e. the FCS
spectra best describe the influence of the TMAO (urea) molecules
on the surrounding water molecules. The procedure of finding
the FCS bases on its optimization together with weights for all
three spectral components such that data from a series of concen-
trations is best described.

Fig. [4] shows the FCS spectra extracted from the experimental
data in comparison to the experimental spectrum of pure water in
part a) (top) for TMAO and in part b) (top) for urea. At the bot-
tom of the same panels we show the simulated spectrum of pure
water (black dashed lines, bottom) in direct comparison with the
spectra of the first shell around the NO-group in TMAO and the
CO-group of urea (solid turquoise and solid red line, bottom).
These first shell spectra starkly resemble those of the experimen-
tal FCS spectra with a depleted main- and increased post-edge.
As in the experiment, these changes are greater for TMAO than
for urea. Solely, the region of the pre-edge and the n*-peak of
urea’s and TMAO’s oxygen atom (energy losses < 536 €V) are not
represented by the spectrum of the first shell water molecules but
originate from the change in spectral shape of TMAQ’s and urea’s
oxygen atom upon hydration.

Finally, in Fig. [5| we summarize the total number of hydrogen
bonds per water molecule (part a)) and the mean hydrogen bond
angle (part b)) found in the TMAO AIMD trajectory and the ac-
cording trajectory of aqueous urea (part c¢) and d)). The param-
eters are compared to those found for the pure water trajectory
(dashed grey lines). Hydrogen bonds are well defined accord-
ing to the named geometrical criteria even in the vicinity of the
solute molecule, and their number was shown to correlate with
the shape of the oxygen K-edge spectrum of pure water=2, The
deviation from the values of pure water are largest in the first
shell but the effect has notable contributions from other shells
as well. The formation of strong hydrogen bonds between water
molecules and the NO-group of TMAO on the hydrophilic side
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(part a)) leads to an enhancement of the number of H-bonds
on that side, whereas the number of hydrogen bonds on the hy-
drophobic side is depleted in comparison to pure water. This is
unique to TMAO and we do not find a similar enhanced num-
ber of hydrogen bonds amongst water molecules hydrating urea’s
CO-group. The change in hydrogen bond angles as a function of
distance from the solvated molecule is similar around TMAO and
urea molecules with slightly more straightened bonds in the case
for TMAO. In both cases, the solvation of the molecules induces
higher bond directionality on the hydrophilic side than found in
the AIMD trajectory of pure water.

4 Discussion

4.1 X-ray spectroscopy at the oxygen K-edge

The K-edge excitation spectrum is a formidable probe of the local
electronic and structural environment of the absorbing oxygen
atom. Recent computational and experimental work showed that
structural properties such as the number of hydrogen bonds and
the deviation from tetrahedrality are correlated with the shape of
the excitation spectrum38:32061162 Ag sych, the pre-edge structure
around an excitation energy of 535 €V is prominent if the water-
water hydrogen bond network is highly disrupted©l. Likewise,
the main-edge centered around 539 eV is prominent in highly
disordered environments, while the post edge at around 541 eV
is prominent in a well ordered and strongly hydrogen bonded
environment, for example found in the low pressure crystalline
ice phases©3!e4 These observations must be viewed as structural
fingerprints of a statistical ensemble, because notable variation
(scatter) exists in the structural parameter — intensity relation 39,

In the present study, the situation is slightly more complicated
as the oxygen atoms of TMAO and urea add an additional com-
ponent to the measured K-edge spectrum. As was shown in the
earlier study, this oxygen atom is most evident by the increased
intensity at 534 eVi32, which is due to the presence of the double
bond (N=0 in TMAO and C=O in urea) resulting in a strong ls
to m* excitation feature just below the onset of the oxygen K-edge
of the water solvent (see SI Fig. @ However, at the probed low
osmolyte concentrations, the main- and post-edge contribution of
TMAO’s and urea’s oxygen atom to the ensemble average over all
excited oxygen sites as shown in Fig. |2|is relatively small and is
represented mostly by the intensity at 534 eV energy loss.

An influence of TMAO on the structure of water is well re-
ported, either as an influence on a larger or bulk scale based
on an observed red-shift of the OH vibration spectrum® and a
strengthening of the water-water hydrogen bond network®, or
as a strong local association of three water molecules by the hy-
drophilic NO-group. Latter was already reported for the used
AIMD simulationsY and is in line with with earlier classical force-
field simulations©”/©8 and experimental work 2610270,

Urea, despite the earliest referrals to as a water structure
breaker”t, is generally viewed as well fitting into the water net-
work”2, An influence on the second water-water neighbor shell
was reported on the basis of diffraction experimentsZ3, but most
recent MD simulation studies reveal that urea, like TMAO, slows
down the water dynamics and exhibits kosmotropic properties



similar to TMAO but to a lesser extent2, This is consistent with
recent findings of a preferential exclusion of urea from a poly-
mer surface at low urea concentrations in a classical MD simula-
tion. 74,

From the ensemble averaged spectra the discrimination be-
tween the local and itinerant effects of hydration of TMAO and
urea is impossible, because all oxygen atoms (from both the sol-
vent and the solute) contribute to the spectrum. However, the MD
simulations yield access to local structural information around
each excited oxygen site via the spectrum simulations. The analy-
sis shown in Fig.[3]demonstrates the strong influence of the imme-
diate surrounding of the hydrated solute molecules on the shape
of the oxygen K-edge. Moreover, this analysis allows us to observe
the differences between the molecules hydrating the two sides of
the polar osmolyte molecules.

On the hydrophilic side of TMAO, the strong hydrogen bonding
of three water molecules4? form a well defined shell with well
defined next-neighbor distances. It is reasonable to expect that
these well defined hydration shells result in strong spectral weight
in the post-edge region and a depleted main- and pre-edge (Fig.
a)), analogously to the case of pure water and ice, for which it was
shown that the formation of well defined nearest neighbor shells
results in well defined potential barriers for a shape resonance28.
This is reflected in the spectral differences with respect to the
average water spectrum on the hydrophilic side of TMAO. The
influence of TMAO’s methyl groups on the shape of the K-edge
spectrum (SI Fig. [9] a)) is much weaker and no strong spectral
variation can be observed.

The situation around the urea molecule is qualitatively simi-
lar, but to a much smaller extent. We observe a slightly depleted
main-edge and a slightly enhanced post-edge for the spectra of
the first shell molecules around the carbonyl group (Fig. |3| b)).
This observation is in clear contrast to the proposed concept of
urea as having an opposite effect on the water structure when
compared to TMAO'Y, The structural alterations of water when
compared to pure neat water are reflected in the structural pa-
rameters extracted from the AIMD simulations, which are shown
in Fig. |5 and which support the qualitative assessment based on
the shape of the K-edge spectra.

For TMAQO, the total number of hydrogen bonds is increased
on the hydrophilic side as TMAQ’s oxygen atom forms strong hy-
drogen bonds with the solvent molecules. The number of hydro-
gen bonds is decreased on the hydrophobic side of the TMAO
molecule since the methyl groups do not form hydrogen bonds
with any water molecules. The strong hydrogen bonding be-
tween the H,O solvent molecules and the hydrophilic head group
of the TMAO molecule is also evident by a stark decrease in the
mean hydrogen bond angle (see Fig. [5| b)), showing that these
bonds are more directional in line with the reported formation of
strong TMAO-(H,0)3 complexes that exhibit extraordinarily long
life times and induce slower water dynamics2022:30i32  1p the
vicinity of the hydrophobic methyl groups, the difference in mean
angle with respect to pure water is small. Distinctively slower dy-
namics for water molecules interacting with the hydrophobic part
of the TMAO molecule in comparison to those found in pure wa-
ter have also been reported2®>, However, we note that the ob-

servable oxygen K-edge spectra are not sensitive to the dynamics
in the electronic ground state, but only the statistical distribution
of configurations in the statistical ensemble. This is due to the
extremely short duration of an inelastic X-ray scattering event.

For urea, the number of hydrogen bonds in the vicinity of the
carbonyl head group are similar to the numbers found in pure
bulk water (Fig. |5/ c)), however, as found around TMAQO’s NO-
group the hydrogen bonds are more directional (smaller mean
H-bond angle, Fig. |5| d)). In the vicinity of the amine groups,
the number of hydrogen bonds is depleted and the bond angles
are comparable to those in bulk water. These results suggest that
a somewhat similar hydration scenario for urea and TMAO ex-
ists. Even though TMAO has a much stronger influence on the
hydration water molecules and consequently the oxygen K-edge
spectra, kosmotropic properties in aqueous solution should be at-
tributed to both osmolytes in accord with recent force-field MD
simulations®2, A drastic effect on the second water-water hy-
dration shell, as observed by neutron scatteringZ?, cannot be in-
ferred from the structural parameters extracted here and the over-
all shape of the oxygen K-edge.

As a function of distance from the osmolyte molecules, the
strongest effects both in terms of the structural parameters ex-
tracted directly from the AIMD simulation and in terms of the
shape of the oxygen K-edge spectra are found within the immedi-
ate vicinity of the NO- and CO-groups (Fig.s [7]and [§]in the SI).
On the opposite side (around the CH3z- and NH;-groups) we ob-
serve a small enhancement of the pre-edge for the 1st shell (see
SI Fig.[9), an indication of slightly enhanced numbers of broken
donated H-bonds of the water molecules.

A congruent picture emerges. A strong short-range interaction
on TMAOQ’s hydrophilic side with mostly three strong and direc-
tional hydrogen bonds induces local order in the direct vicinity
of the hydrophilic part of the osmolyte and a small reduction
of hydrogen bonds in the immediate vicinity of the hydropho-
bic side?®!75, Slight changes in the shape of the oxygen K-edge
spectra, however, seem to persist to well into the highest coordi-
nation shells probed within the small simulation cell. Therefore,
our spectra do not entirely rule out long-range interactions be-
yond the first few shells®. Similar kosmotropic interactions can
be attributed to urea, but their strength and extent is much re-
duced when compared to TMAO, explaining the referral to urea
as fitting well into the water networkZ2,

The oxygen K-edge excitation spectra are clearly sensitive to
these hydration effects and, most importantly, details of the very
local surroundings of the solutes can be extracted directly from
the experimental spectra via the NNMF of a series of measure-
ments of differently concentrated osmolyte solutions. The ex-
tracted FCSs seem to be directly comparable to the spectra calcu-
lated from snapshots of AIMD trajectories. In fact, the extracted
FCSs represent the most drastic changes in spectral shape induced
by the hydration of the osmolyte molecules.

4.2 Relations to the protein (de-)stabilization mechanisms

In the following, we are relating the presented results from com-
bined experimental XRS spectroscopy and density functional the-
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ory to the different proposed mechanisms for protein (de-) stabi-
lization reported in the recent literature.

Based on our results on the effect of the osmolyte on the lo-
cal water structure, a long-range and water-mediated interaction
seems unlikely for the stabilization through TMAO and the desta-
bilization by urea. TMAO affects the water structure strongly for a
few hydration layers. A clear directional dependence is confirmed
by the AIMD simulations that are in line with our comparison
between experimental findings and spectral calculations, which
solves recent contradictory findings1%7¢, This might further be
in accord with preferred-hydration-by-preferred-binding mecha-
nisms12-21123124177. TMAOQ strongly affects the water molecules
that immediately hydrate it and thus in the proximity to the pro-
tein surface. Therefore, the macromolecules are more hydrated
while at the same time the TMAO molecules are close to the pro-
tein’s surface. In this scenario, the interplay between proteins
and TMAQO is relatively short-ranged and water mediated. A sim-
ilar finding has been reported recently for a MD simulation of a
protein in aqueous TMAO solution/Z8,

Of course, the strong potential of TMAO to accept hydrogen
bonds might also contribute to alternative stabilization mechan-
sisms such as preferred exclusion or direct binding and a direct
correlation between the impact of the studied osmolytes on the
structure of water and the impact of the presence of these os-
molytes on the stability of macromolecules and proteins is not
indisputableZ?,

Longer-ranged interactions observable in some experiments
and simulations alter the water network in more distant coordina-
tion shells but this effect may not be congruent with the protein’s
hydration water and the presented findings.

We would like to note that such a short ranged water mediated
scenario is also in line with the observation that TMAO at low pH
values (pH 4) loses its ability to stabilize macromolecules®?. Even
a slightly different charge state of TMAO’s NO-group is likely to
change the strong interaction with water molecules in its prox-
imity. As a consequence, the hydration properties at the protein
surface will be different, possibly not any more favorable for a
water-moderated TMAO-protein interaction. Such a hydration-
water mediated stabilization mechanism is indeed observed for
model polymerst2-212324 I 3 somehow similar spirit, Liao et
al. considered TMAO as acting as a surfactant for the hetero-
geneous surface of proteins, resulting in its stabilizing proper-
ties??, This mechanism can also explain the increase of the at-
tractive character of the protein-protein interaction as has been
observed at high TMAO concentrations?3481, In the preferred-
hydration-by-preferred binding framework this interaction can be
understood as being mediated by water-TMAO bridges, result-
ing in an effective protein-water-TMAO-TMAO-water-protein ar-
rangement. Somehow similar as reported for polymer systems,
the basis for stabilization (preferred intramolecular interactions)
can also lead to aggregation/association (preferred intermolecu-
lar interactions).

As for the destabilizing influence of urea on proteins and
macro-molecules, the slight kosmotropic behavior that, in effect,
seems similar to that of TMAO but much smaller in magnitude
is in contrast with an indirect and water-mediated mechanism as

6 Journal Name, [year], [vol.], 1

suggested in early workZH82, A direct interaction with the pro-
teins’ backbone in accordance with more recent literature®83-8>
is more likely at high urea concentrations based on how urea in-
teracts with its immediate surrounding in the studied aqueous so-
lutions. Moreover, the (weak) kosmotropic effect of urea can be
related to the reported finding that for low concentrations even
urea can lead to a stabilizationZ#8%, The number of hydrogen
bonds per water molecule and the mean hydrogen bond angle
found in the AIMD simulations for both osmolytes reach similar
values already for the second shell. This points to the conclu-
sion that the opposite biological effect of the two osmolytes on
proteins (if due to osmolyte-water-protein interactions only) is
limited to a similar spatial extent. This restriction means direct
interaction, or interaction mediated only by a single water solvent
layer. This spatial restriction is consistent with a direct interaction
of osmolyte and macromolecule, or an interaction mediated only
by a single water solvent layer.

Further insight into the protein stabilization and destabiliza-
tion mechanisms requires deeper investigation of the TMAO-urea
interaction and their combined effect on the water network. Par-
tial radial distribution functions from neutron diffraction pointed
to a direct association of TMAO and urea molecules via hydrogen
bonding®79 however, newer combined AIMD and experimental
work suggests association between TMAO and urea via the hy-
drophobic moieties®Z,

Summarizing, in the context of the presented data and the re-
cent literature, the ability of TMAO to stabilize and of urea to
destabilize proteins and macromolecules seems to be based on
their respective ability to interact with their respective (effectively
low number of) hydrating water molecules: For low concentra-
tion both TMAO and urea locally interact with water molecules
in their close proximity.

With increasing concentration, i.e. decreasing number of bulk
water molecules per osmolyte molecule and the concomitant de-
crease in the number of water molecules available per protein,
urea may fail to maintain its well-hydrated state, leading to pos-
sible favorable interactions with the internal protein backbone
at high osmolyte concentrations that otherwise stabilizes the de-
natured state. Conversely, under such conditions, the strong
TMAO-water interaction leaves TMAO fully hydrated that could
manifest as preferred-hydration-by-preferred-binding toward the
folded protein surface resulting in a possible destabilisation of
the denatured state and the observed increase in stability and/or
a propensity toward self-association in solution. Upon weakening
the strong TMAO-water interaction, for example by changing the
pH of the solution®, TMAO loses it’s protein stabilizing abilities.
Such a scenario would lead to a systematic trend when correlating
the cosolvent-water interaction with the (de)stabilizing influence
on proteins and macromolecules. Obviously, entropic influences
such as excluded volume have to be taken into account.

5 Conclusions

We used oxygen K-edge spectrum calculations from structures of
ab initio molecular dynamics simulations%#2 of pure water and
aqueous solutions of TMAO and urea in comparison to experi-
mental data from non-resonant inelastic X-ray scattering in order



to study the microscopic details of the solute-solvent interactions
in these solutions. We observed a remarkable agreement between
the experiment and the simulations.

Simulated spectra of water molecules in the direct vicinity of
the solutes’ hydrophilic groups (NO in TMAO, CO in urea) closely
resemble spectra extracted from a series of measurements of dif-
ferently concentrated osmolyte solutions via a non-negative ma-
trix factorization approach. This reveals a direct access to the
hydration of TMAO, urea and possibly other small solutes via oxy-
gen K-edge spectroscopy and manifests the relative importance of
these first few hydration layers for the overall change in spectral
shape observed in the experimental spectra of the statistical en-
semble averages.

Further exploration of the structural simulations reveals that
both TMAO and urea have an overall kosmotropic effect on their
immediate surroundings, however, the influence of urea is much
smaller than that of TMAO.

For a water-mediated mechanism of the biologic effects of the
osmolytes on protein stability it is expected that the two os-
molytes should alter the water structure differently. In the AIMD
simulations, which are fully consistent with experimental XRS
data, as demonstrated here, these structural changes were ob-
served to stem mainly from the first solvation shell. The presented
results therefore support the conclusion that one water layer at
most is involved for such a mechanism. Furthermore, the findings
render a water-mediated protein destabilization by urea unlikely.
The very strong interaction between water and TMAQ’s amine-
oxide group allows for speculations that preferred-hydration-by-
preferred-binding may play a role in the mechanisms leading to
the stabilization of proteins and macromolecules by TMAO.

The combination of the experimentally accessible ensemble
averaged oxygen K-edge in combination with ab initio molecu-
lar dynamics simulations and site-by-site spectrum calculations
is extremely powerful to unravel the detailed and local effects
of hydration in aqueous solutions. Signatures found in the ex-
perimental data can thus be readily interpreted in terms of lo-
cal atomic structures. The interplay between multiple TMAO or
urea molecules as well as their mutual influence in ternary water-
TMAO-urea solutions is subject of recent experimental®8€ and
simulation®220-93 studies. Confrontation of these recent results
with spectroscopic oxygen K-edge data would certainly allow fur-
ther insights into these relevant solutions.
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Table 1 Number of HyO molecules in the different hydration shells for
TMAO (top) and urea (bottom). All numbers represent mean values over
all used structural snapshots. The errors represent standard deviations
from the mean.

shell (TMAO) total NO-group CHj-groups
all shells 107.0+£0.0 27.9+2.1 79.1+£2.1
shell 1 19.2 £ 1.5 3.0+0.2 16.2 £ 1.6
shell 2 40.2 +£ 2.8 724+1.1 33.0+ 27
shell 3 40.8+29 109420 299 +27
shell 4 69+138 6.9+ 1.8 0.0£0.0
shell (urea) total CO-group NH,-groups
all shells 110.0+ 0.0 27.9+2.6 82.1+26
shell 1 165+ 1.4 2.7+ 0.5 13.8+ 1.4
shell 2 39.3£25 6.7+ 1.3 327+ 2.7
shell 3 46.4+3.4 10.8+2.0 35.6 + 3.0
shell 4 7.8 £29 7.8 £29 0.0£0.0

Supporting information

In Fig.[6]a) we report oxygen K-edge spectra of a TMAO molecule
in vacuum (bare molecule) and of TMAO molecules hydrogen
bonded to two, three, and four water molecules, respectively. Lat-
ter spectra were calculated based on the different snapshots from
the AIMD simulation. In the vast majority of analyzed snapshots,
the TMAO molecule is found to hydrogen bond to three water
molecules.

Fig. [6] b) shows a similar analysis for urea, i.e. the oxygen K-
edge spectrum of a bare urea molecule and spectra of the oxygen
K-edge spectra of urea from the AIMD simulations. The distribu-
tion of number of hydrogen bonds is broader and almost equal
amounts of urea molecules are bound to two and three water
molecules via hydrogen bonding.

In addition to the total number of hydrogen bonds and the
mean hydrogen bond angle (Fig.|5) presented in the main text,
we quantified the tetrahedrality of the first hydration shell in
the pure water snapshots and the hydration water molecules of
the aqueous TMAO solutions using the deviation from the per-
fect (H,0)5 tetrahedra that can be found in the low pressure
cyrstalline ice phases. Both, the angular deviation and the dis-
tance deviation as defined in Ref.2? are considered. These values,
together with the oxygen-oxygen coordination numbers of the hy-
dration waters, are reported in Fig.|7|and Fig. (8} Obviously, these
values are biased do to the presence of the TMAO molecule that is
not accounted for in the evaluation of the respective parameters.

In table |1, we summarize the number of H,O molecules in the
different hydration shells for TMAO (top table) and Urea (bottom
table), respectively. The numbers are shown as averages over
the used trajectory snapshots and errors represent standard devi-
ations from the mean.

In Fig. [0} we compare the K-edge spectra of the hydrating wa-
ter molecules as a function of distance from the TMAO and urea
molecule.

TMAO is very hygroscopic and therefore we used a calculated
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reference instead of the experimental data from Ref.2>. Fig.
a) shows a comparison between simulated spectra of a hydrous
and anhydrous crystalline TMAO with that of the experimental
reference spectum from Ref.®>, Both calculated spectra were con-
voluted with a Gaussian of 2.5 eV full width at half maximum as
the spectrum of the hydrous simulation then compares best to the
measured spectrum. In part b) we show the results of a series of
non-negative matrix factorizations, each of which uses a differ-
ent reference for the pure TMAO spectrum as shown in part b).
The resulting free component spectra are very similar as the fac-
torization is based on a whole series of experimental spectra of
differently concentrated TMAO solutions and, even at the highest
studied concentrations, the spectral weight stemming from H,O
is much greater than that stemming from TMAQ’s oxygen atom.

Since urea is much less hygroscopic than TMAO, we used the
experimentally measured pure urea spectrum as reference.
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Fig. 1 a) Stick and ball representation of the TMAO (left) and urea
(right) molecule. b) Schematic demonstrating our definition separating
water molecules that hydrate NO- (CO-) and CH3z- (NH»-) groups of
the TMAO (urea) molecule, respectively, as well as our definition of
hydration shells for the NO- (CO-) group (concentric blue dashed circles
centered on TMAOQO's (urea’s) oxygen atom) and CHs- (NH,-) group
(concentric green (red) dashed circle centered on TMAOQ's carbon (urea's
nitrogen) atoms). c¢) Radial distribution functions from the ab initio
molecular dynamics simulations. The Ow-Ow RDF from pure water and
the osmolyte solutions are shown on the top. The Ormao-Ow and Ouyyea-
Ow RDFs as well as the Crvao-Ow and Nyea-Ow RDFs describing the
hydration of the two sides of the molecules are shown in the middle and
the bottom of part c).

10 | Journal Name, [year], [vol.],

13

0.125 0.125
— a)
£0.100 ! 0.100
z Il
>
4 0.075 = pure H,0 10.075
E aqu. TMAO
20.050 — aqu.Urea 10,050
O: ws pure H,0
5 0.025 oM TMAO 0.025
= 2M Urea
0.000 0.000
X 39 d) 3 %
3 3
= AN =
£ NS T v 0
S -3 -33
530 535 540 545 530 535 540 545 550

energy loss [eV] energy loss [eV]

Fig. 2 a) Comparison of experimental XRS spectra of the oxygen K-
edge of pure water and 2M solutions of TMAO and urea (data taken
from Ref.@). b) Average oxygen K-edge spectra from the current BSE
simulations of pure water and the aqueous TMAO and urea solutions.
The differences between the pure water spectrum and the spectra of the
solutions are shown for the experimental and simulation data in part c)
and d), respectively. The grey shaded areas indicate the main spectral
features of the oxygen K-edge of water and aqueous solutions: pre-edge
(1), main-edge (1), and post-edge (lII).
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Fig. 3 a) Oxygen K-edge spectra of water molecules hydrating the hy-
drophilic side of the TMAO molecule at different distances denoted as
1st shell, 2nd shell, 3rd shell, and 4th shell in comparison to the calcu-
lated spectrum of pure water. b) Same as in a) but for water molecules
hydrating the CO-goup of urea.
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Fig. 4 Measured spectra of water and the free component spectra (FCS)
extracted from experimental O K-edge spectra of concentration series
of aqueous TMAO (a) and urea solutions (b) (top) compared to the
calculated spectrum of pure water (dashed black lines) and the respective
spectra from the first hydration shell of the NO-group in TMAO (a)
and the CO-group in urea (b) (bottom). The similarity between the
experimental FCS and the calculated spectra of the first shell are startling.
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Fig. 5 Summary of selected structural parameters calculated for the

hydration water molecules. a) Total number hydrogen bonds formed
(both donated and accepted) for the different solvation shells in the
TMAO solution. b) The mean hydrogen bond angle for the different
solvation shells in the TMAO solution. c) Total number hydrogen bonds
formed (both donated and accepted) for the different solvation shells in
the urea solution. d) The mean hydrogen bond angle for the different
solvation shells in the urea solution. Errorbars represent the standard
deviation of the respective mean. lllustration of the geometric criteria
for the hydrogen bond between two water molecules, between a water
and a TMAO molecule, and between a water and an urea molecule are
depicted in the middle.
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Fig. 6 a) Oxygen K-edge spectra of the oxygen atom of TMAO for the
bare and hydrated molecule. b) K-edge spectra of the bare urea molecule
and differently hydrated molecule from the trajectory.
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Fig. 7 a) Deviation from tetrahedrality in terms of distance. b) Deviation
from perfect tetrahedrality in terms of angle. c) Coordination number
of water molecules around the TMAO molecule in comparison with neat
water (solid black line).
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Fig. 9 a) Oxygen K-edge spectra of water molecules hydrating the TMAO
molecule at different distances denoted as 1st shell, 2nd shell, and 3rd
shell in comparison to the spectrum of pure water. Here, the set union
of water molecules hydrating the hydrophilic and hydrophobic sides are
shown. b) Same as in a) but for water molecules hydrating the urea
molecule. c) Oxygen K-edge spectra of water molecules hydrating the
hydrophobic side of the TMAO molecule at different distances denoted
as 1st shell, 2nd shell, and 3rd shell in comparison with the spectrum of
pure water. d) Oxygen K-edge spectra of water molecules hydrating the
NH;-goups of urea.
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