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The amphiphilic osmolyte trimethylamine-N-oxide (TMAQO) is commonly found in natural organisms,
where it counteracts biochemical stress associated with urea in aqueous environments. Despite the
important role of TMAO as osmoprotectant, the mechanism behind TMAO's action has remained elusive.
Here, we study the interaction between urea, TMAO, and water in solution using broadband (100 MHz-
1.6 THz) dielectric spectroscopy. We find that the previously reported tight hydrogen bonds between
3 water molecules and the hydrophilic amine oxide group of TMAO, remain intact at all investigated
concentrations of urea, showing that no significant hydrogen bonding occurs between the two
co-solutes. Despite the absence of direct TMAO-urea interactions, the solute reorientation times of urea
and TMAO show an anomalous nonlinear increase with concentration, for ternary mixtures containing
equal amounts of TMAO and urea. The nonlinear increase of the reorientation correlates with changes in
the viscosity, showing that the combination of TMAO and urea cooperatively enhances the hydrogen-
bond structure of the ternary solutions. This nonlinear increase is indicative of water mediated interaction
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1 Introduction

The biological function of proteins is intimately connected to
their hydrated structure' and can readily be manipulated using
specific co-solutes.> The study of the mechanisms by which
co-solutes affect the structure of proteins has constituted an
active field within the biochemical sciences over the last
decades (see e.g. ref. 3 for a recent overview). Particular atten-
tion has been paid to so-called compatible solutes, which tend
to stabilize the tertiary structure of biomolecules.* Besides
sugars, polyhydric alcohols and amino acids, which induce
folding of proteins, considerable attention has been paid to
methylamines, which have a remarkably strong stabilizing
effect on proteins. Amongst methylamines, trimethylamine-N-
oxide (TMAO) is the most commonly used stabilizing agent in
biotechnology.” In addition to its technological relevance,
TMAO is a ubiquitous, naturally occurring osmolyte (Fig. 1).
The most intensively studied biological function of TMAO is
its ability to counter the biochemical stress associated with urea
(Fig. 1), which is known to have a strong denaturing activity
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between the two solutes and is not observed if urea is combined with other amphiphilic solutes.
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Fig.1 Molecular structure of trimethylamine-N-oxide (left) and urea
(right).
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towards proteins.’> Most remarkably, under physiological condi-
tions the molar ratio between urea and methyl amine is found to
be close to 2:1 for many marine fish.® Stimulated by this
observation several research groups have studied the structure,
stability, and functioning of proteins in the presence of TMAO
and urea. For several enzymes it was found that TMAO can
compensate the urea-induced reduction in activity at a ratio of
2:1 (urea: TMAO).® For Ribonuclease A an appreciably higher
concentration of TMAO (1:1) is required to fully compensate
the activity decrease due to the presence of urea.” For other
biomolecules the ratio at which TMAO can balance the effect of
urea lies between 2:1 and 1:1.%°

The counteraction of urea by TMAO has stimulated many
physicochemical studies of solutions with both solutes present.
For instance, it has been found that the osmotic coefficient is
essentially independent of solute concentration at a molar ratio
of 2:1."° Neutron scattering experiments accompanied by mole-
cular dynamics simulation have indicated that the observed
molar ratios can be directly related to a nearly stoichiometric
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formation of TMAO: urea and TMAO: 2-urea complexes with the
NH groups of urea forming hydrogen bonds to the hydrophilic
group of TMAO."" However, this interaction has later been shown
to be rather weak'? or even insignificant'® and could be explained
from merely statistical contacts due to packing effects.'® Further-
more, near-infrared spectra’® and volumetric properties'® of
ternary solutions of TMAO and urea in water suggest that TMAO
and urea affect the macroscopic solution properties indepen-
dently and there seems to be no synergetic effect of both solutes.
This is in line with molecular dynamics (MD) simulations
performed by Bennion and Daggett,"” which indicate that
the distribution of urea around model peptides is not altered
by TMAO. Simulations based on the same force-fields found
evidence that TMAO strengthens the hydrogen-bonded structure
of the solution and enhances urea-water interactions.'>"®
However, this strengthening of the solution structure was not
reproduced by Paul and Patey'” in a subsequent MD study. In the
latter study it has been further suggested that TMAO reduces the
number of solvent molecules available to solvate the protein
which in turn enhances interactions between different groups
in proteins, thereby stabilizing its tertiary structure.'”

In agreement with such a stabilization mechanism, we found,
in an earlier combined dielectric relaxation and femtosecond-
infrared study, that TMAO strongly binds ~ 3 water molecules to
its hydrophilic N-O fragment with hydrogen-bond lifetimes
exceeding 50 ps.'® This remarkably strong interaction of TMAO
with water also provides a rationale for TMAO stabilizing
proteins by reducing the number of available water molecules."®
As for urea, there is growing evidence that its destabilizing
effects on proteins originates from direct urea—protein backbone
and urea-side-chain interactions.”> However, the molecular
details of how TMAO counteracts the destabilization due to urea
have remained elusive.’

In this contribution, we study aqueous solutions of TMAO
and urea using broadband dielectric relaxation spectroscopy
(DRS), which probes the frequency dependent polarization
response of a sample to an external electric field. Dielectric
spectra are sensitive to the rotational dynamics of all dipolar
molecules in solution, provided that a sufficiently large
frequency range can be covered. Thus, DRS is an excellent
tool to study the dynamics of the dipolar water, urea, and
TMAO molecules. Importantly, it is sensitive to TMAO-water
complexes, which have a large electrical dipole moment.
Furthermore, the strong hydration of TMAO leads to a marked
decrease of the number of water molecules, with rotation times
characteristic for bulk water. Thus, DRS is excellently suited to
detect potential TMAO-urea interactions. To study the inter-
action of TMAO with urea in solution, we have performed a DRS
study covering frequencies ranging from 100 MHz to 1.6 THz at
23 °C. We report on the dynamics of the binary system urea +
water and ternary mixtures containing water, TMAO and urea.
The present results are compared to the data from our earlier
study on solutions of TMAO in water.'® We supplement these
studies with viscometry of TMAO + urea mixtures and compare
these results to other amphiphilic molecules (tetramethylurea
or tert-butanol) co-solvated with urea.
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2 Experimental section
2.1 Dielectric measurements

In a broadband dielectric spectroscopy experiment we probe the
total polarization of a sample as a function of the electric field
frequency, v. In general, the sample polarization is expressed in
terms of the sample’s complex permittivity, &(v) = &¢'(v) — ie"(v),
which contains in-phase polarization components described by
¢'(v) and out-of-phase components given by &"(v).

For molecular liquids at ambient conditions the electrical
polarization at MHz to THz frequencies predominantly stems
from the rotation of permanent molecular dipoles. In the case
of a static field (v = 0) the molecular dipoles in a sample tend to
align along the externally applied field against the thermal
motion, which results in a polarization according to the static
permittivity & (=¢/(v — 0)) of the sample. With increasing
frequency an increasing number of molecular dipoles cannot
follow the external field and &'(v) decreases and eventually
decays to its high frequency limit ¢... As the average rotation
of the dipoles lags behind the oscillation of the external electric
field, a significant portion of the polarization is out-of-phase,
which can interfere destructively with the incident field, i.e. the
electromagnetic wave is absorbed. As result, molecular rotation
leads to a characteristic peak in the dielectric loss, ¢”(v) at the
characteristic rotation frequency of the molecules.

For simple (spherical) dipolar liquids, the step response of
the polarization due to an electrical field follows a single
exponential decay in the time domain, which corresponds in
the frequency domain to a dispersion in ¢'(v) and a peak in ¢”(v)
according to the Debye equation:*°

_ S
142wt

é(v) + e (1)
where 7 is the relaxation time and S is the relaxation strength
(amplitude). For a multi-component system multiple disper-
sions in ¢'(v) and peaks in ¢’(v) can be observed,** with each
dispersion and corresponding peak being characteristic for the
reorientation dynamics of the underlying dipolar species.

To cover the broad frequency range of the present study
(0.1 < v/GHz < 1600), several experimental approaches were
combined.>? At 0.4 < v/THz < 1.6 we use an optical setup based
on the propagation of single cycle THz pulses in the sample,
generated and detected in non-linear ZnTe crystals (terahertz
time-domain spectroscopy). The experimental details can be
found elsewhere.>*** At frequencies ranging from 25 GHz to
90 GHz we use two variable path length waveguide reflection
cells connected to a Vector Network Analyzer (Rhode & Schwarz
ZVA67 & ZVA-Z90E).*® To cover frequencies at (0.3 < v/GHz < 70)
we use a Vector Network Analyzer (Rhode & Schwarz ZVA67 &
Anritsu MS4647A) to measure the complex reflection coefficient
at an open-ended coaxial probe, which is in contact with the
sample.*® At frequencies ranging from 0.1 GHz to 2 GHz we
measure the permittivity spectra using a coaxial cut-off type
measurement cell connected to a Vector Network Analyzer
(Rhode & Schwarz ZVA67).%° All measurements were performed
in a temperature controlled environment at 23 £ 0.5 °C.
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2.2 Samples

Trimethylamine-N-oxide dihydrate (TMAO, Fluka, >99%) and urea
(Serva, Germany, molecular biology grade) were used without further
purification. All samples were prepared by weighing the appropriate
amount of TMAO and urea into volumetric flasks and mixing them
with Millipore Milli-Q water (18.2 MQ cm). For the experiments on
aqueous solutions of urea we used samples at molar concentrations
ranging from 1 to 4 mol L ™" at increments of 1 mol L™, For the
ternary systems we studied three different trajectories in the ternary
phase diagram of the three component system TMAO-urea-water.
In the first set of experiments we investigated samples with an
equimolar concentration of urea and TMAO at concentrations
ranging from 0.47 mol L™* to 3.53 mol L ". In a second set of
experiments, we kept the concentration of TMAO fixed at a value of
3.53 mol L™ and vary the urea concentration in the range 0.59 to
3.53 mol L. Finally, we performed experiments on the reversed
system with a fixed urea concentration (3.53 mol L™ ") and a variable
concentration of TMAO (0.59 to 3.53 mol L™ ).

For selected samples we determined the dynamic viscosities, 7,
of the solutions using a capillary Ubbelohde viscometer (Visco-
System AVS 370, Schott Instruments, Germany). We compare the
thus obtained viscosities of solutions of TMAO + urea to those of
aqueous solutions of other amphiphilic molecules co-solvated
with urea, namely equimolar mixtures of urea + tetramethylurea
(TMU, Sigma-Aldrich, Germany, >99%) and urea + tert-butanol
(Acros Organics, Belgium, for analysis) at concentrations ranging
from (0.5 to 3.5 mol L™Y).

2.3 Data analysis

For neat water at room temperature the intense relaxation mode
(bulk water mode) due to the rotation of the dipolar water
molecules is centered at 20 GHz, corresponding to a relaxation
1,0 Of ~8 ps (Fig. 2, blue component).”” At THz frequencies an
additional weak high-frequency mode (fast water mode) is
observed that has been assigned to interaction-induced compo-
nents in the water relaxation mechanism***° or to a small
angular rotation preceding a large angle jump.°

In the present study we investigate aqueous solutions of TMAO
and urea. As both solute molecules have a permanent electrical
dipole moment their rotation will contribute to the dielectric
spectra.'®*173* Therefore we fit the experimental spectra with a
superposition of three Debye-type relaxation modes

S fast
1 + 2nwvteg

SH,0
1 + 2nvty,0

_ Ssolute
1 + 210 Tgolte

é(v) +ex (2)
where Sgoiute and Tgoiute are the relaxation strength and relaxation
time related to the orientational dynamics of the solute mole-
cules. The second Debye mode (SHZO, TH20) accounts for the main
dipolar relaxation of water, while the third mode (Sgst, Tfast)
models the high frequency relaxation of water. The static permit-
tivity of the samples is given by the sum over all individual
contributions to the spectra (& = Ssolute + St,0 + Stast + £c0)-

The relaxation strength, S; of each relaxation process is
related to the magnitude of the dipole moment of the relaxing
species j in solution, wefj, and to their corresponding volume
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Fig. 2 Dielectric loss spectra for 3 mol L~ solutions of TMAQO in water (a),
urea in water (b), and an equimolar solution of TMAO + urea in water (c).
Symbols correspond to experimental data and the solid lines show the fits
of egn (2) to the spectra. Shaded areas indicate the contributions of the
solute (red), water (blue), and the fast water mode (orange) to the spectra.
Data for TMAO in water are taken from ref. 18.
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concentration, ¢; (in mol L™'). We use the Cavell equation,
which applies to multi-component mixtures, to relate the

observed relaxation strengths to the molecular properties:>'~**
2es + 1 NACJ' 3
-5 = * Hefr j 3)
Es kB TS()

where N, is Avogadro’s constant, &, the vacuum permittivity, kg
the Boltzmann constant, and 7 the thermodynamic temperature.

3 Results

In Fig. 2 we show dielectric loss spectra for 3 mol L™ " solutions
of TMAO, urea, and TMAO + urea in water. All spectra show a
rather intense relaxation mode (blue shaded area) at 2-20 GHz
and a weak relaxation at 100-400 GHz (orange shaded area).
These relaxation modes are reminiscent of those found for neat
water and we respectively assign them to the bulk-like and fast
water mode as for neat water.”’

For the binary solutions of TMAO or urea a separate relaxa-
tion mode due to the rotation of the dipolar solutes is expected.
Such solute relaxations are indeed observed at lower frequen-
cies in the binary mixtures as indicated by the red shaded areas
in Fig. 2a and b, with the rotation of urea centered at higher

This journal is © the Owner Societies 2015
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Fig. 3 Dielectric permittivity spectra, ¢'() (a), and dielectric loss spectra,
&"(v) (b) for equimolar solutions of TMAO and urea in water. Symbols show
experimental spectra, solid lines show the fits according to eqn (2). The
arrows indicate increasing concentration of TMAO and urea.
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frequencies (5-8 GHz, depending on concentration) compared
to TMAO (0.8-3 GHz), in line with previous studies.'®*'> Also
for the ternary samples the solute contribution can be excel-
lently modelled with a single Debye relaxation mode (red
shaded area in Fig. 2c), as the relaxation times of both solutes
are very similar for the ternary systems.*® The solute relaxation
mode (Ssolutes Tsolute) thus contains both the dipolar rotations of
urea and TMAO.

Fig. 3 shows the dielectric spectra of equimolar solutions of
TMAO and urea in water. Spectra associated with other paths
through the ternary phase diagram can be found in the ESL¥
We find the static permittivity to increase monotonously with
increasing concentration, for all measurement series. This
dielectric increment is, however, significantly higher upon
addition of TMAO than upon addition of urea (see ESIt). We
have shown previously'® that the large dielectric increment for
solutions of TMAO arises due to pronounced dipole-dipole
correlations in solution, which are indicative of the formation
of long-lived TMAO-3H,0 complexes.*”

The dielectric loss peak and the accompanying dispersion in
¢'(v) shift to lower frequencies as the solute concentration is
increased (Fig. 3, see also ESIY). This effect is found to be more
pronounced when TMAO is added than when the urea concen-
tration is increased. Such a red-shift points at a slow-down
of the rotational dynamics. For a quantitative analysis of the
contributions from water, TMAO, and urea, we model the
experimental data with the relaxation model given by eqn (2).

3.1 Binary solutions

3.1.1 Aqueous solutions of TMAO. In our previous study on
aqueous solution of TMAO,"® we concluded that TMAO rigidly
binds ~ 3 water molecules for TMAO solutions at high concen-
tration®” and that the TMAO-3H,O complex has a dipole of
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Hett,rMa03H,0 ~ 11.5 D, which is significantly larger than the
dipole moment of individual TMAO molecules (uetrtvao ~
6.8 D).

The formation of TMAO-3H,0 complex was confirmed by
the reduction of the water relaxation amplitude, corresponding
to ~3 water molecules per TMAO. We could show that the
water relaxation has two contributions, which are assigned to a
bulk-like relaxation centered at 8-20 GHz (depending on the
concentration of TMAO) and a second relaxation of water
molecules in the vicinity of the hydrophobic fragment of the
TMAO molecule. The latter are slowed down with respect to the
rotational dynamics of bulk water and their relaxation is
centered at 4-9 GHz. These two distinct water modes closely
overlap and could only be separated with the help of additional
input from time-resolved infrared experiments. In the present
study, we model the two water relaxations with a single relaxa-
tion mode and do not explicitly consider the contribution of the
slowed-down subsensemble of water molecules next to the
hydrophobic part of TMAO. Thus, the dynamics of both, bulk-
like water and water near hydrophobic groups are modeled by a
single relaxation mode (Fig. 2). As a consequence, this relaxa-
tion mode represents the weighted average of bulk-like water
and water molecules next to hydrophobic groups and an
increasing contribution of water close to hydrophobic groups
will result in an shift of the overall water amplitude to lower
frequencies (longer relaxation times).®

The fast water relaxation mode (orange shaded area at high
frequencies in Fig. 2a) did not vary significantly with TMAO
concentration, suggesting that the molecular mechanism
underlying this mode does not change.

3.1.2 Aqueous solutions of urea. For aqueous solutions of
urea, the orientational relaxation of urea is centered at higher
frequencies (5-8 GHz) and overlaps with the water relaxation
(13-20 GHz, see Fig. 2b). It has been shown previously,*"3>394
that addition of urea has a negligible effect on the water
dynamics. Accordingly, for urea solutions, we fix in eqn (2) the
amplitude of the water relaxation, Sy, to the value expected
from the analytical water concentration using eqn (3), assuming
the effective dipole moment of the water molecules to be the
same as in neat water.'® This approach allows a reliable separa-
tion of both solute and solvent contributions, as shown by others
previously.” As can be seen in both Fig. 2b and Fig. S1 (see ESI{),
the fits using this assumption are in excellent agreement with
the experimental spectra.

We find the relaxation strength of urea, Sgoute to increase
linearly with increasing concentration of urea (see Fig. S2a,
ESIT). From the relaxation strength, Sgote We extract an effec-
tive dipole moment of yefrurea = (8.2 = 1.0) D, which is constant
over the entire composition range (see below). It has been
shown by Kaatze et al.®" that this value can be readily related
to the gas-phase dipole moment of urea. As already indicated
above, the water relaxation time 1y o is becoming only margin-
ally longer as urea is added and at ¢y, = 4 mol L™ it is slowed
down by ~20% compared to bulk water (see Fig. S2, ESIT),
confirming previous reports®"***%*! that the urea-water inter-
action is remarkably similar to the water-water interaction.

Phys. Chem. Chem. Phys., 2015, 17, 298-306 | 301
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The amplitude and timescale of the fast water relaxation
increase somewhat with increasing urea concentration, reflecting
an increase of the amplitude and time scale of the inertial
component of the water reorientation, probably due to a distor-
tion of the hydrogen-bonded structure of water.*®

3.2 Ternary solutions

The spectra of all ternary solutions can be well described with
three Debye modes (Fig. 3; Fig. S4 and S6, ESIt) with the solute
relaxation centered at 0.6-6 GHz (depending on composition),
the contribution of the water relaxation centered at 7-20 GHz,
and the weak high frequency water relaxation at ~400 GHz.
The extracted fitting parameters are given in Fig. S3, S5 and S6
(see ESIt). For all measurement series, the relaxation strength
of the solute mode, Sgoute, increases linearly with solute (or
co-solute). For equimolar solutions of TMAO and urea the
relaxation time tpg and the amplitude Sg increase with
increasing solute concentration, similar to what we find for
solutions of urea only.

3.2.1 Water relaxation. The relaxation amplitude of the
water mode can be related to the apparent concentration of
water molecules, ¢app 1,0, that contribute to the observed bulk
water relaxation (eqn (3)).'® Note that the thus obtained value of
Capp,,0 corresponds to the subensemble of water molecules
that reorient with a rotational relaxation time ty. This
concentration may differ from the total (analytical) water
concentration cy o, if a fraction of water molecules is (tightly)
bound to a solute. In Fig. 4a we plot cy,0 — Capp,u,0 for the three
measurements series where the concentration of TMAO is
varied, while Fig. 4b displays the corresponding data upon
variation of the urea concentration. Clearly, the number of
bound water molecules increases nearly linearly with a slope of
~3 with the TMAO concentration irrespective of the urea

25 11— 25
.a B
mc =0
I ¢,.,=3.5mol L’ 128
I_I A Curea=cTMA0 1 '_I
© 15 —415 ©
£ |7 E
~ ~
§ 10 410 §
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= = I
O ()
1 5 - 5 1
ON ON
I & I
O (8}
0 -0

/ mol L™

-1
Crmao / mol L Coren

Fig. 4 Concentration of water molecules missing from the water relaxa-
tion mode centered at 6-20 GHz in the dielectric spectra. The missing
concentration corresponds to the difference between the analytical water
concentration, CH,O. and the apparent water concentration, Ch,0,appr
as detected in the bulk water relaxation of the dielectric spectra. Panels
a and b show results for measurement series where the concentration of
TMAO and urea were varied, respectively. Symbols are experimental data,
error bars were estimated assuming ASHZO = 2. Solid lines show linear fits.
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concentration. In contrast, the number of bound water mole-
cules is essentially constant when the urea concentration is
varied at a fixed concentration of TMAO (green triangles and
orange diamonds in Fig. 4b).

Hence, our present results strongly suggest that the hydra-
tion structure at the hydrophilic site of TMAO is not altered
by the presence of urea, and demonstrate that TMAO-3H,0
complexes remain intact upon co-solvation with urea. This also
indicates that urea molecules do not bind to a significant extent
to the TMAO hydrophilic group, as this would inevitably lead to
a release of water molecules from the TMAO-3H,0 complexes.
Therefore, our results confirm that the interaction between the
hydrophilic site of TMAO and urea is weak'®'* and that the
hydrogen-bond acceptor sites of TMAO are predominantly
occupied by water molecules.

A marked interaction between the solutes is also not apparent
from the water dynamics. In Fig. 5 we show the extracted
relaxation time ty,0 of the water molecules not bound in
TMAO-3H,0 structures. As can be seen in Fig. 5a, the water
relaxation time markedly increases with increasing concen-
tration of TMAO, while we observe only a very modest increase
when the urea concentration is increased (green triangles and
orange diamonds in Fig. 5b). As mentioned above, we do not
distinguish here between bulk-like water and water near hydro-
phobic groups; we describe both contributions by one effective
relaxation time. Hence, the increase of ty,0 with increasing
crmao can be explained from the increasing contribution of
water molecules in contact with the hydrophobic CH; groups
of the TMAO molecules. As in the case of solutions of urea only,
Th,o i8 virtually independent of cyreq for the ternary samples.
Clearly, also for the ternary samples urea does not significantly
affect the water dynamics.

3.2.2 Solute relaxation. The solute relaxation strength,
Ssolute; €an be related to its molecular dipole moment using
eqn (3). Here Sgouee contains contributions from both urea and
TMAO. In Fig. 6 we compare the experimentally obtained solute
relaxation amplitudes for the different solutions to what would

0r—"T"T T —T T T 40
a b
= curea =0 4 I A cTMAO = Curea
® ¢ _=35moll ®c0=0
- —— - -1 —
30 | A ¢ =cp, ¥ Cppppo=35mol L’ 430

/ mol L

-1
CTMAO / mOI L Curea

Fig. 5 Relaxation time of the water mode, TH,0 for samples with varying
concentration of TMAO (a) and urea (b), respectively. Symbols correspond to
values extracted from fits of egn (2) to the experimental spectra, lines show
linear fits. Error bars correspond to the typical reproducibility Aty,0 = 0.3 ps.
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Fig. 6 Solute relaxation amplitude, Ssoute (Symbols). The solid lines show
the value that would be expected if TMAO-3H,O (,ueﬁ,TMAogHzo =115D)
complexes and urea (tefrurea = 8.2 D) molecules contribute independently
to the solute relaxation mode. The dotted and dashed line correspond to
what would be expected for the formation of long-lived TMAO :urea
complexes for stoichiometric (1: 1) association and for an association constant
of K = 014 L mol™ (see ref. 12), respectively, assuMIiNg UegsTmaO urea = 131 D
(see text). The error bar represents the typical reproducibility ASoute = 2.

be expected for urea molecules (fiet yrea = 8.2 D) and TMAO-3H,0
complexes (fesrmaosmo = 11.5 D at crmao 2 3 mol L™1)™°
contributing independently to the solute relaxation mode. The
expected values for Sgopuee (S0lid lines in Fig. 6) are obtained from
the analytical concentrations of both solutes using eqn (3) and
show good agreement with the experimental values. We note
that ab initio calculations,*” analogously to our earlier study
on aqueous solutions of TMAO,'® indicate that TMAO-urea
complexes have an electric dipole moment of 12.9-13.3 D. Thus,
lower values for Ssoute Would have been expected for ternary
mixtures if long-lived TMAO:urea complexes were formed,
as the squared dipole moment of such complexes ((13.1 D)* ~
170 D?) is smaller than the sum of the squared dipoles of the
individual dipole moments of urea and TMAO-3H,0 ((8.2 D)* +
(11.5 D)*> ~ 200 D? see eqn (3)). In Fig. 6 we show that the
measured solute amplitudes are consistently higher than what
would be expected for the formation of long-lived TMAO: urea
complexes.

It is instructive to compare the relaxation time of the solute
mode, Tgoute to the bulk viscosity 1. As can be seen from Fig. 7a,
both 1og tso1ute and log 77 (Fig. 7b) increase linearly with increasing
concentration for aqueous solutions of urea only or TMAO only.
This observation indicates that the dipolar rotation is hydro-
dynamically controlled, as described by the Stokes-Einstein-
Debye relation.”® Remarkably, when both TMAO and urea are
present in solution, log tsute increases in a nonlinear manner
(Fig. 7a), which is also reflected in a non-linear increase in the
solution viscosities (Fig. 7b). Hence, the results indicate that the
solution experiences an enhanced structuring effect if TMAO and
urea are both present. While for equimolar solutions of TMAO
and urea the relative contribution of both solutes to the observed
solute relaxation mode are constant over the entire composition
range, this is not the case for our experiments with fixed TMAO or
urea concentration. Therefore, log toute Values for these systems
are intrinsically non-linear due the varying relative amplitude of
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Fig. 7 (a) Solute relaxation time, Tsoiute. for solutions of urea, TMAO and

equimolar TMAO + urea solutions obtained from fits of egn (2) to the
dielectric spectra (symbols). (b) Dynamic viscosities, #, of the corres-
ponding aqueous solutions (symbols). Viscosities for solutions of urea**
and TMAO?*® were taken from the literature. Lines are guides to the eye.

both solutes. We find also good correlation of the solute relaxa-
tion times with the sample viscosities for these ternary samples
(Fig. S8, see ESIt).

4 Discussion

Our present study shows that the measured solute amplitudes
do not provide evidence for the formation of TMAO:urea
hydrogen-bonds. Instead, the solute amplitudes can be well
explained from independent contributions of urea and TMAO-
3H,0 complexes to the solute relaxation mode. This contrasts
an earlier study'' using neutron scattering and molecular
dynamics simulations, which suggested that there is a nearly
stoichiometric formation of hydrogen-bonds between urea and
TMAO. However, the same authors showed in a subsequent
study'® that this interaction is weak with binding constants
of K = crmaosurea!(CureaCtmao) & 0.14 L mol ™', Here, we show
that the solute amplitudes are consistently higher than what
would be expected for stoichiometric and even for weak
(K = 0.14 L mol ")'? association (Fig. 6). At this point it should
be noted that the observation of TMAO: urea complexes in the
dielectric response requires the lifetime of TMAO:urea
hydrogen-bonds to be similar to the relaxation time (tgopute) Of
these complexes. Thus, the absence of any reduction of Sgojyte
shows that the hydrogen-bond lifetimes of TMAO-urea hydro-
gen bonds are, if present, short. More importantly, the H-bond
lifetimes are significantly shorter than those of TMAO-water
hydrogen-bonds.*®

To obtain further information on the formation of short-
lived TMAO : urea hydrogen-bonds we consider the hydration of
TMAO. We find that three water molecules are strongly bound
to the hydrophilic N-O group of TMAO, independent of the
urea concentrations (Fig. 4). This indicates that the TMAO-
3H,0 complexes formed in aqueous solutions of TMAO remain
intact even in the presence of a high concentration of urea.
This result shows that the hydrophilic N-O group of TMAO is
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preferentially solvated by water in solution. The reported binding
constants of K = 0.14 L mol " (ref. 12) imply that at the highest
concentration of our present study (cryao = Curea = 3.5 mol L)
approximately 20% of the TMAO molecules form one hydrogen-
bond to urea and that 7% of all TMAO molecules have two urea
molecules solvating the hydrophilic TMAO group. Hence, at this
concentration, the direct interaction of TMAO with urea would
lead to a release of ~0.35 water molecules per TMAO, which is
within our experimental accuracy. Based on our experimental
accuracy of the ¢u,0 — Cu,0,app values the equilibrium constant
K of the formation of TMAO-urea complexes has a value
<0.2 L mol'. We however find no indications for a reduction
of the number of water molecules bound to TMAO upon addi-
tion of urea (Fig. 4). Thus, direct binding of TMAO to urea is rare
and weak and therefore very likely not the reason for the
counteraction of biochemical stress due to urea by TMAO. This
is in line with a recent osmometric study that showed that
TMAO:urea complexes have a low binding energy and the
presence of these complexes can be explained by random contacts
between TMAO and urea.

While direct interactions are unlikely, the simultaneous
presence of TMAO and urea leads to an excess slow down of
the measured solute rotation time. This is also reflected in a
markedly non-linear increase in log;.*® This contrasts the situa-
tion for the binary solutions, where the logarithms of the solute
relaxation times and the viscosities increase linearly with
composition, as expected for an ideal, non-interacting mixture
(for TMAO, the TMAO-3H,0 is the non-interacting entity).*® To
gain insight into the counteraction mechanism of TMAO and
urea, we compare the viscosities of the equimolar solutions of
TMAO + urea to solutions of similar amphiphilic molecules
mixed with urea (tetramethylurea + urea; tert-butanol + urea).
Notably, only log#n(csolue) for TMAO + urea exhibits a pro-
nounced positive concavity (3> log(;)/dc> = 0.04 L> mol™>) while
all studied ternary and binary solutions have smaller or even
slightly negative second derivatives (<0.01 L” mol 2, Fig. S9, see
ESIt). Thus, we find for TMAO + urea solution an excess increase
in viscosity as the concentration of both solutes is increased,
indicative of enhanced intermolecular interactions.*°

In view of the absence of direct interactions between TMAO
and urea in aqueous solution, it seems more likely that the
excess enhancement in the presence of TMAO and urea is
mediated by water. The presence of the hydrophobic methyl
groups of TMAO slows down water dynamics significantly,"®
which is reflected in the slow down of 1y ¢ (Fig. 5). However,
also TBA and TMU have a similar number of methyl groups,
which lead to a slow-down of the rotation of the neighboring
water molecules.”” Thus, we can exclude that the excess slow-
down upon co-solvation of TMAO and urea stems from the
hydrophobic parts of the molecules. In fact, unlike the solute
relaxation times, the water reorientation time in equimolar
solutions of TMAO + urea is similar to 7y in solutions of
TMAO. This indicates that there is no significant local strength-
ening of the water hydrogen-bonds. The observed enhancement
of the solute rotation and of the sample viscosity must result
from a collective effect on longer length scales rather than a
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Fig. 8 Schematic illustration of the postulated water-mediated interaction
between hydrated TMAO-3H,0 and urea. The three hydrogen-bond acceptor
sites located at the oxygen atom of TMAQO are compensated by the excess of
hydrogen-bond donor sites of urea, mediated by O...n hydration shells of
water.

local strengthening, i.e. on average more intermolecular bonds
are formed in the ternary solutions. Such a long-range inter-
action may be rationalized by considering the differences in the
hydrogen-bonding properties of the two solutes. TMAO has
three hydrogen-bond acceptor sites at the hydrophilic N-O
fragment. Due to the excess of H-bond acceptor sites at the
hydrophilic fragment of TMAO (compared to the two acceptor
sites of H,0), geometrical defects are formed in the three-
dimensional hydrogen-bond network of water. Urea, having
four hydrogen bond donor sites, can counterbalance these
defects. The asymmetric nature of the excess of H-bond acceptors
of TMAO and the excess of hydrogen-bond donors of urea, could
thus allow for the compensation of their defects imposed on
the water structure, as schematically illustrated in Fig. 8. This
scenario is supported by earlier time-resolved infrared studies,
which probe the rotation of OH (or equivalent OD) groups of
water."®*® The femtosecond infrared study reported in ref. 48
showed that the defects in the hydrogen-bonded structure of
water due to TMAO lead to an enhanced rotational mobility of
part of the OH groups in aqueous solutions of TMAO. This
enhancement vanished when urea was added.*® This would be
in line with the proposition that TMAO and urea jointly decrease
the number of defects in the hydrogen-bonded structure of water.

5 Conclusions

We studied the dynamics of aqueous solutions of TMAO and
urea using broadband dielectric spectroscopy. The observed
amplitude of the solute mode excludes the presence of long-
lived TMAO:urea complexes. In addition, we observe stable
long-lived TMAO-3H,0 complexes at all studied TMAO and
urea concentrations. Accordingly, our results indicate that
there are no long-lived TMAO-urea hydrogen-bonds formed
and also short-lived interactions between the hydrophilic N-O
fragment of TMAO and the hydrogen-bond donor sites of
urea are rare. Thus, we conclude that it is highly unlikely that
the counteraction by TMAO of biochemical stress due to the
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presence of urea originates from direct binding of TMAO to
urea. The solute rotation times as well as the sample viscosities
of TMAO + urea solutions exhibit a remarkable non-linear
increase for TMAO + urea, which is not observed for other
amphiphilic molecules co-dissolved with urea in water. Thus,
our results show that the presence of both TMAO and urea
leads to an enhanced structuring of the solution hydrogen-
bond network. This is likely because the two solutes balance the
defects in the hydrogen-bonded structure of water introduced
by the individual solutes. Hence, the anisotropic distribution of
hydrogen-bond donor and acceptor sites at TMAO and urea,
together with the strong interaction of TMAO with water could
provide a mechanistic rationale for the functioning of TMAO as
osmoprotectant.
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