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Abstract: Hydrophobic hydration, the perturbation of the aqueous solvent near an apolar solute or interface,
is a fundamental ingredient in many chemical and biological processes. Both bulk water and aqueous
solutions of apolar solutes behave anomalously at low temperatures for reasons that are not fully understood.
Here, we use 2H NMR relaxation to characterize the rotational dynamics in hydrophobic hydration shells
over a wide temperature range, extending down to 243 K. We examine four partly hydrophobic solutes:
the peptides N-acetyl-glycine-N'-methylamide and N-acetyl-leucine-N'-methylamide, and the osmolytes
trimethylamine N-oxide and tetramethylurea. For all four solutes, we find that water rotates with lower
activation energy in the hydration shell than in bulk water below 255 + 2 K. At still lower temperatures,
water rotation is predicted to be faster in the shell than in bulk. We rationalize this behavior in terms of the
geometric constraints imposed by the solute. These findings reverse the classical “iceberg” view of
hydrophobic hydration by indicating that hydrophobic hydration water is less ice-like than bulk water. Our
results also challenge the “structural temperature” concept. The two investigated osmolytes have opposite
effects on protein stability but have virtually the same effect on water dynamics, suggesting that they do
not act indirectly via solvent perturbations. The NMR-derived picture of hydrophobic hydration dynamics
differs substantially from views emerging from recent quasielastic neutron scattering and pump—probe
infrared spectroscopy studies of the same solutes. We discuss the possible reasons for these discrepancies.

1. Introduction

As a result of the small size and multiple hydrogen-bonding
capacity of the water molecule, the cohesive energy density of
liquid water is an order of magnitude larger than that of most
organic liquids. When an apolar solute is inserted into water,
there is thus a strong tendency to maintain the dense hydrogen-
bond network in the surrounding solvent. On the other hand,
the high energy density of water also means that even small
structural perturbations in the hydration shell can have profound
thermodynamic consequences. The large negative hydration
entropy of apolar solutes and its strong temperature dependence
(associated with the anomalous solubility minimum) is generally
attributed to the constraints imposed by the apolar solute on
the orientations and positions of the adjacent, mutually hydrogen
bonded, water molecules.'™ But neutron diffraction®’ and
molecular simulations®™'® show that the structural perturbations
in the hydration shell are more subtle than suggested by a literal
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interpretation of the classical “iceberg” metaphor.'' To a first
approximation, the hydrogen-bonded water structure seems to
be the same in the hydrophobic hydration shell as in the bulk
solvent.

Whereas the subtle structural changes in the hydrophobic
hydration shell may escape experimental detection, the sizable
dynamical perturbations are readily characterized quantitatively.
Among the available dynamical observables, the single-molecule
rotational correlation time 7 is a particularly useful probe of
the hydration shell because of its strong dependence on the local
hydrogen-bond configuration. In bulk water, molecular rotation
occurs by a concerted mechanism where hydrogen bonds are
simultaneously broken and reformed.'? As a result, molecular
rotation in liquid water is 6 orders of magnitude faster than in
ice Ip,"? although still a factor ~20 slower than in the absence
of hydrogen bonds.'*'> Given the high cohesive energy density
of water, one expects solute-induced structural and dynamical
perturbations to be short-ranged, essentially confined to the first
hydration shell. This expectation has been amply confirmed by
experiment'®!” and simulation.®'®'® We can therefore use a
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two-state description of a dilute solution, where water molecules
are either perturbed (in the first hydration shell) or unperturbed
(bulk water beyond the first shell). Given this approximation,
the mean rotational correlation time [#y[for the water molecules
in the first hydration shell can be determined in a model-
independent way from the linear variation with solute concen-
tration of the water H or 'O NMR relaxation rate. This
approach has been applied to dilute aqueous solutions of a wide
range of solutes with apolar groups,'***=* usually at 298 K.

The correlation time [#yUobtained from such NMR experi-
ments is an average over all water molecules in the hydration
shell of the solute, which, for solubility reasons, usually has
polar as well as apolar parts. At 298 K, it is generally found
that [4nlkexceeds the bulk-water correlation time 7, but not by
more than a factor 2.'%2°33 From the variation of [Fg[within
a homologous series of solutes, it has been established that the
retardation of water rotation is produced mainly by apolar
groups, whereas amide groups have little or no effect. Thus,
for urea®*>'%333 and formamide,?* there is no significant dy-
namic perturbation. Molecular dynamics (MD) simulations®'**¢~%
agree qualitatively with these NMR results. Moreover, by
correlating water rotation with hydrogen-bond geometry and
energetics, simulations can provide mechanistic insights that
cannot be obtained from experiments. The slowing down of
water rotation in the hydration shell of apolar groups thus
appears to be due not to stronger water—water hydrogen bonds
but to interference with the cooperative rotation mechanism that
prevails in bulk water,®36-3%3

Few NMR studies have examined the temperature dependence
of hydrophobic hydration dynamics'*?*2"?=! and only one
at subzero temperatures.” (Variable-temperature NMR studies
of more concentrated solutions of alcohols***! and tetraalkyl-

(19) Paschek, D. . 2004, /20. 10605-10617.
(20) Fister, F.; Hertz, H. G. . 1967, 71, 1032—

1040.

(21) Goldammer, E. v.; Hertz, H. G. joiiinsislang 1970, 74, 3734-3755.

(22) Ishimura, M.; Uedaira, H. | RN 1990, 63, 1-5.

(23) Shimizu, A.; Taniguchi, Y. | R 1990, 63, 3255-
3259.

(24) Bagno, A.; Lovato, G.; Scorrano, G.; Wijnen, J. V. juuiiinisia.
1993, 97, 4601-4607.

(25) Nakahara, M.; Yoshimoto, Y. juiiissmisiess 1995, 99, 10698-10700.

(26) Haselmeier, R.; Holz, M.; Marbach, W.; Weingirtner, H. L Blus
Chew. 1995, 99, 2243-2246.

(27) Weingirtner, H.; Haselmeier, R.; Holz, M. juiiiumisiassg. 1996. /00,
1303-1308.

(28) Seto, T.; Mashimo, T.; Yoshiya, I.; Shimizu, A.; Fumino, K.;
Taniguchi, Y. duldabelig 1996, 70, 1-9.

(29) Ishihara, Y.; Okouchi, S.; Uedaira, H.
1997, 93, 3337-3342.

(30) Fumino, K.; Yukiyasu, K.; Shimizu, A.; Taniguchi, Y. jonddcimbis
1998, 75, 1-12.

(31) Yoshida, S.; Ibuki, K.; Ueno, M. junfsiessiiiams 1998, /08, 1360—
1367.

(32) Shimizu, A.; Fumino, K.; Yukiyasu, K.; Taniguchi, Y. jouldakmbig
2000, 85, 269-278.

(33) Okouch1 S.; Tsuchida, K.; Yoshida, S.; Ishihara, Y.; Ikeda, S.; Uedaira,

. 2005, 78, 424—429

(34) Fmer E. G.; Franks, F.; Talt M. . it 1972, 94, 4424—
4429.

(35) Modig, K.; Kurian, E.; Prendergast, F. G.; Halle, B. Bigigikatgi 2003,
12, 2768-2781.

(36) Zichi, D. A.; Rossky, P. J. juiseesiiims. 1986, 84, 2814-2822.

(37) Kalko, S. G.; Guardia, E.; Padro, J. A. jiimtisml 1999. /03,
3935-3941.

(38) Xu, H.; Berne, B. J. 2001, 705, 11929-11932.

(39) Sciortino, F.; Geiger, A.; Stanley, H. E. Nagge 1991, 354, 218-221.

(40) Ludwig, R. (el 1995, 795, 329-337.

(41) Yoshida, S.; Kitajo, A.; Yamaguchi, T. jildabebig 2006, /25, 158—
163.

10346 J. AM. CHEM. SOC. = VOL. 130, NO. 31, 2008

ammonium salts*>** have been reported, in the latter case
extending down to 180 K.) In general, it has been found that
hydrophobic hydration water rotates with a higher activation
energy than bulk water,'***3° and it has been suggested, on
the basis of MD simulations of a krypton-like solute’® and NMR
studies of benzene solutions,'* that hydrophobic hydration
dynamics corresponds to bulk-water dynamics at a temperature
reduced by 10—20 K. If this were the case, the dynamic
perturbation factor [#yldry would increase monotonically on
cooling. But if the rotation mechanism differs between hydration
shell and bulk, as seems to be the case, this corresponding states
picture may not hold over an extended temperature range.

The bulk-water rotational correlation time 7T, increases
dramatically in the supercooled regime.****> Although not fully
understood,*®™® the anomalous thermal behavior of supercooled
water is usually linked to subtle structural changes toward more
open configurations with higher tetrahedral order at lower
temperatures. In the constrained environment of the hydrophobic
hydration shell, such structural changes may not be possible. It
is conceivable, therefore, that the activation energy of hydro-
phobic hydration water crosses the bulk-water activation energy
at some temperature in the supercooled regime and that
hydration water actually rotates faster than bulk water at
sufficiently low temperatures.

To address these issues, we have used 2H NMR relaxation
to determine [#yUfor four partly hydrophobic solutes in DO
over a 65 K temperature interval extending down to 243 K.
These data fill a significant gap in the experimental characteriza-
tion of hydrophobic hydration dynamics. In addition, this study
was motivated by the need for small-molecule reference data
in studies of protein hydration at low temperatures.** For this
reason, two of our solutes are blocked amino acids, N-acetyl-
glycine-N'-methylamide (NAGMA) and N-acetyl-leucine-N'-
methylamide (NALMA), the hydration dynamics of which have
also been studied by quasielastic neutron scattering.’®>* In
addition, we have examined two predominantly hydrophobic
osmolytes, trimethylamine N-oxide (TMAO) and tetramethyl-
urea (TMU), both of which have also been investigated by
polarized pump—probe IR spectroscopy.>*>> A further objective
of the present study is to critically compare the results obtained
by these three techniques. The two osmolytes examined here
are not only excellent hydrophobic model solutes but also of
biological interest. TMU is one of the most potent protein
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denaturants,’® and TMAO is produced by marine organisms to
counteract the destabilizing effect of urea.’’

2. Materials and Methods

2.1. Sample Preparation. Trimethylamine N-oxide (TMAO,
Aldrich), tetramethylurea (TMU, Aldrich), N-acetyl-glycine-N'-
methylamide (NAGMA, Bachem), and N-acetyl-leucine-N'-methyl-
amide (NALMA, Bachem) were used as supplied (>98 or 99%
purity). The solutes were dissolved in D,O (99.9 atom % *H, low
paramagnetic content, CIL). All solutions also contained ~4 mM
NaN3, which has no significant effect on the 2H relaxation.

Relaxation measurements at temperatures below the equilibrium
freezing point of D,O were performed on emulsion samples,’®
prepared by mixing ~1 mL of D,O solution with an equal volume
of n-heptane (>99%, HPLC grade, Sigma) containing 3% (w/w)
of the nonionic emulsifier sorbitan tristearate (Sigma). A water-
in-oil emulsion with aqueous droplet diameters in the range 1—15
um was obtained by mixing the two solutions with the aid of two
5 mL syringes connected via a 0.56 mm i.d. nozzle (Hamilton)
and pressing the mixture through the nozzle ~40 times.

Solute concentrations were kept below 0.22 M to avoid self-
association, segregation, and hydration shell overlap. At higher
concentrations (0.5 or 1 M), R; was, for all four solutes, slightly
larger than expected from linear extrapolation of the low-concentra-
tion data, indicating that solute—solute interactions affect the
hydration dynamics. Solute concentrations, expressed as the water/
solute mole ratio Ny, were determined gravimetrically and by 'H
NMR spectroscopy, with excellent agreement (Supporting Informa-
tion S1). 'H NMR was also used to demonstrate that the solutes
partition exclusively in the aqueous phase of the emulsion samples
(Supporting Information S1).

The solution pH* (the pH-meter reading without isotope cor-
rection) was 4.5 for NAGMA, NALMA, and TMU. At pH* 4.5
and T < 308 K, the two labile deuteron atoms in NAGMA and
NALMA exchange with water deuterons on a time scale > 10 s,>°
but since their intrinsic *H relaxation times are <0.1 s, these labile
deuterons should not contribute significantly to the spin relaxation
of the observed water “H magnetization. This expectation was
confirmed by measuring the water “H and 'O (at natural
abundance) relaxation rates in the same sample and finding that
the relative relaxation enhancements agree within experimental error
(Table S2). Solution pH* was 6.8 for TMAO, well above its pK,
value of 4.66.°° TMAO is thus present in zwitterionic form.

2.2. Water 2H Relaxation Measurements. The relaxation rate,
Ry, of the water ?H longitudinal magnetization was measured at
55.5 MHz on a Varian Unity NMR spectrometer. Control experi-
ments were also performed at 76.8 MHz and on the '’O nuclide
(Supporting Information S2). R, was determined with 0.5—1.0%
accuracy from three-parameter fits to single-exponential inversion—
recovery curves with 30 delay times. The ice signal from the small
fraction of water droplets that freeze by heterogeneous nucleation
at temperatures below 277 K is broadened beyond detection and
does not affect the R, measurement. No freezing could be detected
during the R, measurements even at 243 K. At each temperature,
measurements of RY on pure D,O reference samples were alternated
with solution R; measurements. The samples were carefully
equilibrated at each temperature, which was regulated with a
precooled stream of dry air and determined before and after R,

(56) Herskovits, T. T.; Jaillet, H.; Gadegbeku, B. J. Biol. Chem. 1970, 1970,
4544-4550.
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11042.

measurements with a copper-constantan thermocouple in an NMR
tube containing a water—ethanol mixture.

2.3. Hydration Numbers. Five 1 ns MD simulations of ~35
mM solutions of the four investigated solutes were performed as
described in Supporting Information S3. The simulation trajectories
were used to compute the number vy of water molecules in the
first hydration shell of each solute (Table S3). Hydration numbers
for other solutes, previously studied by water '”O relaxation, were
computed from the solvent-accessible surface area in such a way
that they are consistent with the MD-derived vy values for the four
solutes examined here (Supporting Information S3 and Table S4).

3. Theoretical Background

The relaxation rate R; of the longitudinal water H magne-
tization probes the rotational dynamics of individual water
molecules via rotationally induced fluctuations of the nuclear
electric quadrupole coupling.®’ In the solutions studied here,
fast water diffusion averages over all solute-induced dynamical
heterogeneities on a time scale that is several orders of
magnitude shorter than the H spin relaxation time (20—500
ms). The observed R; is therefore an average over all water
molecules in the solution. Furthermore, even at the lowest
temperature investigated here (243 K), water rotation is fast
compared to the inverse resonance frequency (~3 ns). Therefore,
R, is independent of resonance frequency (Table S2), and it
can then be expressed as

R, = wg@0 (1)

where wq is the nuclear quadrupole frequency, defined as
(3/2)"2 7y (1 + 5*/3)""* with y the quadrupole coupling constant
and 7 the asymmetry parameter of the electric field gradient
tensor.®' Further, 7 is the rotational correlation time, defined as
the time integral of the rank-2 orientational time correlation
function.®!

In the limit of infinite dilution, R; must vary linearly with
solute concentration or with 1/Nw, where Ny is the water/solute
mole ratio. Typically, the linearity breaks down when Ny is of
the same order as the hydration number vy, defined here as the
number of water molecules in the first coordination shell around
the solute. This is also the case for the four solutes examined
here, for which we observe a significant deviation from linearity
at Nw ~ 50 (data not shown). This observation indicates that
the solute-induced perturbation of water dynamics is short-
ranged, being essentially confined to the first hydration shell.
This conclusion is supported by MD simulations of small solutes
in water®'®!? and by water NMR relaxation studies of extended
aqueous interfaces.'®'” In the present study, we only use data
from sufficiently dilute solutions (Nw > 250; Table S1) that
overlap or interference of hydration shells can be safely ignored.

Since variations in water dynamics within the hydration shell
cannot be resolved, water NMR relaxation data are usually
analyzed with a two-state model. The solution-average correla-
tion time is thus expressed as

Bo=(1- 2|+ 23,0 2
Ny )" Ny B @
where 7( is the bulk-water correlation time and [fyllis the
average correlation time in the hydration shell. Combination of
eqgs 1 and 2 yields for the relative relaxation enhancement

(61) Abragam, A. The Principles of Nuclear Magnetism; Clarendon Press:
Oxford, 1961.
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0
Rl B Rl _ den

(3)
R? Ny

where we have introduced the “dynamic hydration number”

(DHN)

Vg =(E— 1) @)

which involves the static (geometric) hydration number vy and
the dynamic perturbation factor (DPF)

0

To

3 )
The right-hand side of eq 3 is often expressed as B ms, where
ms is the solute molality.®® It follows that B = My Vayn, Where
My is the molar mass of water. We prefer v4y, over B because
it is dimensionless and (to first-order) the same for H,O and
D,O (allowing direct comparison of 'O and *H results).

The relationship between the DPF and the measured R
expressed by eqs 3—5 assumes that the quadrupole frequency
wq has the same (mean) value in the hydration shell as in bulk
water. This is a good approximation because the electric field
gradient at the position of the water deuterons is primarily
determined by the nuclear geometry and electron distribution
of the water molecule,**** which are not significantly perturbed
by the solute. Also the (smaller) intermolecular contribution to
the field gradient is insensitive to replacement of (some of the)
water—water interactions by water—solute interactions. Quantum-
mechanical field-gradient calculations on configurations from
MD simulations of aqueous DMSO solutions show that wq is
nearly invariant over the full composition range.®” For example,
in an equimolar mixture, wq deviates by less than 2% from the
bulk-water value.®® Similarly, in the solid clathrate hydrate of
tetrahydrofuran (THF*17D,0), wq is within 1% of the value
for ice 1,,.°° For bulk D,0, both experimental and theoretical
results indicate that wq is virtually independent of temperature
in the range 260—370 K.%* Given the small effect of the solute,
this should also be the case for hydration water, justifying our
neglect of any difference in wq between hydration shell and
bulk solvent at the investigated temperatures.

The DHN is an average over all water molecules in the
hydration shell and therefore does not reveal the perturbing
effect of the different chemical groups in a multifunctional
solute. However, the DHN can be dissected by systematic
variation of the solute structure. Whereas a strict group additivity
is neither expected nor observed, two striking results have
emerged from previous studies. First, the amide group has no
significant effect on hydration dynamics, with v4y, = O for
formamide®* and urea.”*>'¥23*3 Second, apolar groups are
more effective than polar groups in slowing down hydration
water dynamics.?>>*?% These regularities are illustrated in
Figure 1, where the DHN for 40 organic solutes (Table S4),
including the four studied here, is shown to correlate strongly
(r = 0.95) with the number of sp® carbon atoms (that is, not

(62) Bagno, A.; Rastrelli, F.; Saielli, G. [ NG
2005, 47, 41-93.

(63) Eggenberger, R.; Gerber, S.; Huber, H.; Searles, D.; Welker, M.
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Huber, H.; Searles, D. J. jniiiay 2004, /26, 4704-4710.

(66) Davidson, D. W.; Garg, S. K.; Ripmeester, J. A. jiniinsss 1978,
31, 399-410.
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Figure 1. Dynamic hydration number, vayn, at 298 K versus number of
sp” carbon atoms, nc, in 40 organic solutes, including 7 primary alcohols®
(@), 4 diols* (M), 4 amino alcohols® (red ), 11 alkyl amides®* (a), 5
alkyl ureas®? (O, %), TMAO (%), 5 amino acids** (@), and 3 dipeptides®
(@, x). The solutes studied here are labeled with red (NAGMA, NALMA)
or black (TMAO, TMU x). At the extremes are urea and formamide (nc =
0) and NALMA (nc = 8). To reduce overlap, some data symbols have
been placed slightly off the integral nc values. The line resulted from a fit
to the 40 data points and the yellow area is bounded by lines with a 30%
larger or smaller slope.

counting carbonyl carbons). The regression line is vay, =
(—0.066 £ 0.002) + (4.39 £ 0.04)nc. Similar correlations have
been noted previously for smaller sets of homologous solutes.*

Part of the correlation seen in Figure 1 is a trivial size effect
(via vg), but this is not the whole story. Whereas only a modest
correlation (r = 0.71) is found between v4y, and the total number
of non-hydrogen atoms, a more respectable correlation (r =
0.86) exists between £ — 1 and nc for these 40 solutes (Table
S4). The four solutes examined here have 3—8 sp’ carbons,
and we therefore expect that vgy, reports mainly on water
dynamics in the hydrophobic part of the hydration shell.

From the temperature dependence of the DHN, we can obtain
the activation energy for water rotation in the hydration shell.
Taking the static hydration number vy to be independent of
temperature, we obtain, from eqs 4 and 5,

dden _ vu&(T)
dr kBT2
where ER(T) is the apparent Arrhenius activation energy for
the hydration shell, defined through
d Inlz,;0
dr

and similarly for bulk water. In the few previous variable-
temperature studies,'**°*! the DHN was found to increase on
cooling, dvgy,/dT < 0, implying a larger activation energy in
the hydration shell than in bulk water. However, at the lower
temperatures accessed here, we find that the DHN exhibits a
maximum at a crossover temperature 7x, defined by

[EX(T) — EX(T)] (6)

EN(T) = —kyT* (7)

E\(Ty) = Ef(Ty) (8)

4. Results

For each of the four solutes, we have determined the DHN
at 10 temperatures in the range 243—308 K from the dependence
of the water 2H relaxation rate R; on solute concentration. At
the five lowest temperatures, the aqueous solution is in a
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Figure 2. Relative H spin relaxation enhancement versus TMU concentra-
tion, measured on solution (five highest temperatures) or emulsion (five
lowest temperatures) samples. At 288.1 K, results from emulsion (®) and
solution (O) samples are compared. The regression lines were forced to
pass through the origin.

metastable supercooled state below its equilibrium freezing
temperature. To access as low a temperature as possible, the
aqueous solution was dispersed as ~10 um droplets in a water-
in-oil emulsion (Materials and Methods). Several control
experiments were performed, demonstrating that the emulsion
has no significant effect on R;. To ensure that the water
molecules in the sample are dynamically perturbed by at most
one solute molecule at a time, the highest solute concentration
used was 0.22 M (Table S1). Even at such low concentrations,
the relative relaxation enhancement (R, — RY)/RY is an order of
magnitude larger than the relative experimental error in R;.

As predicted by eq 1, the relative relaxation enhancement
was found to be proportional to 1/Nw in the low-concentration
regime. This is illustrated for TMU in Figure 2. The DHN,
which is given by the slope of the fitted lines, is seen to exhibit
a maximum as a function of temperature. The temperature
dependence of the DHN obtained in this way is shown in Figure
3 for each of the four solutes. A DPF maximum is clearly
evident for NALMA and TMU.

The static hydration number vy, that is, the number of water
molecules in the first hydration shell, was determined from MD
simulations (Table 1, Supporting Information S3). Using eq 4,
we thus obtained the dynamic perturbation factor &. The bulk-
water correlation time 7y shown in Figure 3 was obtained from
eq 1, with the *H relaxation rate R{ measured on pure D,O
reference samples and the known *H quadrupole frequency wgq

= 1.02 x 10°s™'.%* By inserting 7o(7) and &(T) into eq 5, we
obtained the mean hydration-shell correlation time [Fy[lshown
in Figure 3. For all four solutes, it is evident that [#y[Thas a
weaker temperature dependence than 7y at the low-temperature
end of the investigated range. This means that the apparent
activation energy E is smaller than E and that Vayn decreases
on cooling at these low temperatures. Although a DHN
maximum is only evident in the measured vy, data for NALMA
and TMU, we can predict the behavior of vayn(7T) at the lowest
temperature (where accurate R; measurements for NAGMA and
TMU could not be obtained) by extrapolating the monotonic
and smooth temperature dependence of [#y[J As found previ-
ously,45 the temperature dependence of 7y is accurately described
by a power law: 7o(T) = A(T/Tc — 1)"7 (blue curves in Figure
3). The weaker temperature dependence of [#y[was represented
by a three-parameter rational fraction: [#y(T)U= (a + bT)/(1 +
cT) (red curves in Figure 3). The vq4y,(T) curves in Figure 3,
which all exhibit maxima, were obtained from eqs 4 and 5 and
these numerical representations of the temperature-dependent
70 and B’HD

Table 1 presents DHN and DPF values at 298 K and at the
crossover temperature 7x (where the DHN and DPF have
maxima) obtained from the fitted v4yn(7) curves in Figure 3.
As generally found for organic solutes (Table S4), the room-
temperature DPF is in the range 1—2 also for these four solutes
and, as expected from the general correlation with hydrophobic-
ity (Figure 1), the DPF is smallest for the least hydrophobic
solute NAGMA. At room temperature, water rotation in the
hydration shell is thus slowed down by less than a factor of 2
as compared to bulk water. Even at the maximum, the largest
DPF is only 2.4 (for NALMA). As seen from Figure 3, the
predicted zero-crossing of the DHN is at 237 £ 1 K for these
four solutes. At lower temperatures, we thus expect that £ < 1;
that is, water rotation would be faster in the hydration shell
than in the bulk liquid.

For all four solutes, the crossover temperature Tx, where Ejy
= E3, lies in the narrow range 253—257 K. At lower temper-
atures, the apparent activation energy for water rotation is
smaller in the hydration shell than in the bulk liquid. This
crossover phenomenon is illustrated in Figure 4, where we also
compare our data with the previously published temperature-
dependent water relaxation data for benzene® and primary
alcohols.”® At higher temperatures (>270 K), the activation
energy is larger in the hydration shell than in bulk water and it
is largest for the most hydrophobic solutes. For benzene, with
the highest activation energy, no DHN maximum was ob-
served'*?> (the lowest examined temperature was 255 K), but
the (extrapolated) crossover temperature is only slightly lower
(Tx = 251.4 K) than that for the four solutes examined here. It
should be noted that the benzene results were derived from
measurements at a single solute concentration (23 mM), the
solubility limit at 295 K.** The interpretation of the low-
temperature behavior thus relies on the assumption that the
solubility of benzene in D,O does not decrease on cooling.

5. Discussion

5.1. Interpretation of the Crossover Phenomenon. The present
study extends the existing rather comprehensive knowledge base
on the hydration dynamics of organic solutes at room temper-
ature (Table S4) by monitoring the hydration dynamics of four
biologically relevant solutes over a wide temperature range. Our
results reveal a hitherto unknown crossover phenomenon at a
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Figure 3. (Upper panels) Temperature dependence of the dynamic hydration number vy, for the four solutes depicted at the top. The curves were constructed
from fits to 7o and [#uL] (Lower panels) Arrhenius plots of the temperature dependence of the bulk water correlation time 7, (M) and the mean hydration-shell
correlation time [#»[(@®). The fitted curves were obtained as described in the text.

Table 1. DHN and DPF at 298 K and at Tx for Four Solutes

property NAGMA NALMA TMAO T™U
i 333426 426+£28 251420 320424
van(298 K) 125 29.7 15.6 19.0
£(298 K) 1.37 1.70 1.62 1.59
Tx (K) 256.6 256.0 256.9 252.8
Vagn(TX) 184 59.6 23.0 35.0
E(Tx) 1.55 2.40 1.92 2.09

“ Mean and standard deviation calculated from 1 ns MD trajectory.

temperature Tx = 255 £ 2 K, below which the apparent
activation energy for water rotation is smaller in the hydration
shell than in bulk water. At higher temperatures, the activation
energy is larger in the hydration shell, but on cooling, it increases
less strongly than it does in bulk water. In bulk water, the
apparent activation energy increases on cooling because the
liquid structure is gradually transformed toward more open
configurations with higher tetrahedral order. In the hydration
shell of a hydrophobic solute or residue, the solute’s inability
to participate in the aqueous H-bond network imposes orien-
tational constraints that limit the configurational freedom of the
adjacent water molecules. While the hydration structure becomes
more ordered on cooling, accounting for the increased activation
energy, the ice-like configurations that presumably are respon-
sible for the strong temperature-dependence in supercooled bulk
water cannot form in the hydration layer. The view that emerges
from this interpretation of the observed crossover phenomenon
reverses the classical “iceberg” view of hydrophobic hydration.
At least at low temperatures, the bulk solvent is more ice-like
than the hydration shell. (The term “ice-like” refers to structure;
even at 243 K the rotational dynamics in bulk water is 4 orders
of magnitude faster than that in ice I;.)

5.2. Comparison with Results Obtained by QENS. The
hydration dynamics of NAGMA and NALMA have previously
been studied by QENS and MD simulations.’*~? These studies
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were performed at or above the concentrations (1.0 M NAGMA
and 0.5 M NALMA) where we find that R; no longer depends
linearly on solute concentration. The QENS and MD results
may therefore differ from our results, which pertain to the
hydration shell of the “isolated” solute. For a 1.0 M NALMA
solution (where the total water content, Ny = 45.9, is similar
to the primary hydration number, vy = 42.6), QENS data
acquired in the temperature range 248—288 K gave rotational
correlation times in the range 1.8—3.2 ps,> up to a factor of 4
shorter than the correlation time 7, for bulk H,O.** For example,
the QENS data yield & = 0.24 at 248 K where we find £ = 2.2
(Figure 3). Furthermore, the QENS data yielded a temperature-
independent activation energy for water rotation of 8.7 kJ
mol~',>® whereas we find that EY increases (on cooling) from
27.8 to 41.0 kJ mol ' in this temperature interval (Figure 4).
At room temperature, the 1.0 ps rotational correlation obtained
from 1.0 M NAGMA and NALMA solutions was linked to
“large-amplitude librational motions”,> whereas an elastic
component of the incoherent structure factor was taken as
evidence for a large fraction (66% and 38%, respectively) of
rotationally “immobilized” water molecules, defined as water
molecules with rotational correlation times outside the QENS
window (>>13 ps). This implies that & > 5 for NAGMA,
whereas we find £ = 1.4 at 298 K (Table 1).

We attribute these order-of-magnitude discrepancies between
QENS and NMR results primarily to the strong model-
dependence in the interpretation of the QENS data®”®® and the
limited time-scale window (1—13 ps) accessed by the QENS
experiments and secondarily to the high solute concentration
used in the QENS study. That the concentration difference is
not the main reason for the discrepancies is suggested by the
fact that MD simulations of (concentrated) NAGMA and

(67) Bée, M. Quasielastic Neutron Scattering; Adam Hilger: Bristol, 1988.
(68) Murarka, R. K.; Head-Gordon, T. jaiiasssitiasg 2007, /26, 215101.
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Figure 4. (a) Temperature dependence of the apparent activation energy
for water rotation in bulk D,O (black solid curve) and in the hydration
shells of NAGMA (red solid), TMAO (green dashed), TMU (orange
dashed), NALMA (blue solid), and benzene (black dash-dotted),?” derived
from water “H relaxation data. (b) Temperature dependence of the apparent
activation energy for water rotation in bulk H>O (black solid curve) and in
the hydration shells of methanol (red solid), ethanol (green dashed),
n-propanol (orange dashed), and fert-butanol (blue solid), derived from water
170 relaxation data on emulsified H,O (J. Qvist, C. Mattea, B. Halle, to be
published) and on aqueous alcohol solutions.>”

NALMA solutions®® yield DPFs more in line with our results.
For ~1.0 M NAGMA (Nw = 55.0), the simulation gave [Z[}=
2.27 ps and 79 = 1.90 ps. Using eqs 2 and 5 with vy = 33.3
(Table 1), we find that this corresponds to § = 1.32, not far
from our (dilute solution) result & = 1.37 (Table 1). Similarly,
for ~0.5 M NALMA (Nw = 92.4), the simulation data yield &
= 1.46 while we find & = 1.70 (Table 1).

5.3. Comparison with Results Obtained by Pump—Probe
IR Spectroscopy. The other two solutes examined here, TMAO
and TMU, have recently been investigated by polarized
pump—probe IR spectroscopy.’*>> This technique shares two
of the limitations of QENS: the need for high solute concentra-
tions (for sensitivity reasons) and a restricted (<10 ps)
experimental time-scale window (because of vibrational relax-
ation). The principal conclusion of the IR study was that 6.0
(TMAO) or 7.4 (TMU) water molecules in the hydration shell
(that is, ~2 per methyl group) are “strongly immobilized”,
meaning that the rotational correlation time is well outside the
experimental window (>>10 ps) at room temperature, while the
remaining (~20) water molecules in the hydration shell are
essentially unperturbed.’*>> This result was taken to support a
literal interpretation of the “iceberg” metaphor.'' If this
interpretation is correct, the hydration-shell correlation time
determined by NMR can be expressed as

Gy= A = )ty £t )

where f; is the fraction of slow water molecules in the hydration

shell. For TMAO at 298 K, we find £ = 1.62, and with 7y =

2.5 ps from IR measurements on bulk water,®” eq 5 yields 0
= 4.05 ps. According to the IR results for TMAO, f; = 7.4/32

= 0.23 and tyr = 70 so eq 9 yields tys = 9.2 ps. This means

that 66% of the slow component of the anisotropy function has

decayed after 10 ps, whereas the author’s interpretation requires

the slow component to be static on this time scale (zys > 10

ps)-

To resolve this discrepancy, we propose a different interpreta-
tion of the IR data. The existence of “immobilized” water
molecules in the hydration shell is inferred from the observation
that the anisotropy function R(#) does not decay to zero in the
experimental 10 ps window but appears to level out at a constant
value. However, the plateau need not be associated with a subset
of slowly rotating water molecules. More likely, it reflects a
slow component in the orientational relaxation of all (or most)
water molecules in the hydration shell. In this interpretation,

R(1) = %{ (1 —p) exp(—1/7y) + p[(1 — $) exp(—1/Ty) +
S*exp(—t/Typ]}  (10)

where p = vy /Ny is the fraction of water in the hydration shell,
S is an orientational order parameter, and th and T are
correlation times describing the fast and slow orientational
relaxation steps. At low solute concentrations, S* << 1 so the
last term in eq 10 can be neglected. The quantity measured by
NMR is the time integral of the expression within curly brackets,
which then coincides with eq 2. From measurements on dilute
TMAO solutions at 298 K, we obtain & = tfi/7o = 1.62 (Table
1). Because f; is so close to 7o, the biexponentiality in R(f)
cannot be resolved. Indeed, the R(¢) data for 1 M TMAO (Nw
= 55.5) are well described by a single exponential with [#l=
2.86 £ 0.03 ps. This effective correlation time can be interpreted
according to eq 2, and with vy = 25 (Table 1) and 79 = 2.5
ps.%? we then find & = 1.32, slightly below the NMR result. At
high TMAO concentrations, water molecules are confined
between solute molecules and therefore experience an aniso-
tropic environment that relaxes on the longer time scale iy >
10 ps. For example, the R(7) data at 4 M TMAO (Nw = 13.9
and thus p = 1) are well described by eq 10 with oy = 2.5 +
0.2 ps and §* = 0.37 £ 0.05 (and tf; > 10 ps). This
interpretation obviates the need to explain why two of the ~10
water molecules that coordinate a methyl group should rotate
an order of magnitude slower than the others (and continue to
do so when Ny = 9).

The same technique was used to infer the existence of two
types of hydration water in urea solutions, with 0.6 water
molecules being “strongly immobilized” and the others exhibit-
ing bulk-like dynamics.” In contrast, five independent NMR
studies have found (at low solute concentrations) that urea has
a negligible effect on the rotation of water molecules in the
hydration shell.>*3'-32-3*35 The most accurate result for urea in
H,0 is & = 1.00 + 0.02.3> MD simulations also show that urea
has little or no effect on the structure and dynamics of its
hydration water.”'~”* In the IR study, the lowest urea concentra-

(69) Rezus, Y. L. A.; Bakker, H. J. 2006, /25, 144512.

(70) Rezus, Y. L. A.. Bakker. H. J. h 2006,
103, 18417-18420.

(71) Kuharski, R. A.; Rossky, P. J. juu . 1984. 106, 5786

5793.
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tion was 3.4 M, corresponding to Nw = 13.5, less than the
primary hydration shell, vqg = 20.6 (Table 1). Even so, the R(?)
data’ are well fitted by an exponential decay with 0= 2.83
4 0.03 ps, consistent with NMR results showing a considerable
nonlinearity at this concentration.®> At the very high concentra-
tion of 7.8 M (Nw = 4.6), the R(r) data are well described by
eq 10 with 7o = 7y = 2.6 & 0.1 ps and S* = 0.13 £ 0.02.
Despite the very high concentration, the orientational confine-
ment is less severe for urea (smaller S%), which can participate
in the H-bond network, than for TMAO, which cannot. Thus,
as in the case of the hydrophobic solutes, there is no need to
invoke “immobilized” hydration water. The R(¢) data can be
explained by a modest orientational bias of confined water
molecules, and the slow (>>10 ps) process can be identified with
the breakup of transient urea “cages”. Such transient confinement
effects should also affect QENS measurements at high solute
concentrations. Indeed, MD simulations of 2 M NALMA>® show
an orientational time correlation function with the same kind
of plateau as seen in the IR studies.

6. Concluding Remarks

A large number of NMR studies, including the present one,
have shown that, at room temperature, water rotation in the
hydration shell of an apolar solute or chemical group is slowed
down by a factor 1.5—2.0 relative to bulk water (Table S1, Table
S4). At lower temperatures, this dynamic perturbation factor
(DPF) increases since the apparent activation energy is higher
in the hydration shell than in bulk water. However, by examining
the hydration dynamics in deeply supercooled solutions, we find
that the DPF reaches a maximum value at the temperature 7x
where the activation energy is the same in the hydration shell
and in bulk water (Table 1). For the four solutes examined here,
the crossover occurs at Tx = 255 4+ 2 K. This finding shows
that hydrophobic hydration water does not simply behave as
bulk water at a lower temperature. In other words, the “structural
temperature” concept’* does not capture the solute-induced
perturbation.

The slower water rotation and higher activation energy is
often taken as evidence for an “enhanced structure” in the
hydrophobic hydration shell as compared to bulk water. Such
poetic explanations may be misleading unless they are ac-
companied by a precise definition of water structure. Indeed,
much of the confusion in the water literature stems from
indiscriminate use of the word “structure”. Furthermore, the
connection between water dynamics and structure is nontrivial.
Whereas removal of some of the adjacent potential hydrogen-
bonding partners slows down water rotation, as seen, for
example, in going from bulk water or the hydration shell of
urea to the hydration shell of TMU, the removal of a/l hydrogen
bonds greatly speeds up water rotation, as when water is
molecularly dispersed in an apolar solvent.'*'> Our finding that
below 255 K the activation energy for water rotation in the
hydrophobic hydration shell is smaller than that in bulk water
suggests that the hydration shell is less ice-like than bulk water,
thus contradicting the classical “iceberg” picture.''

To understand the effects of temperature and solutes on water
dynamics, it must be recognized that water rotation is a highly
cooperative process where large energy barriers are circum-

(72) Astrand, P.-O.; Wallqvist, A.; Karlstrom, G. J. Phys. Chem. 1994,
98, 8224-8233.

(73) Kokubo, H.; Pettitt, B. M. 2007, 111, 5233-5242.

(74) Bernal, J. D.; Fowler, R. H. J. Chem. Phys. 1933, 1, 515-548.
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vented by a concerted interchange of hydrogen-bonding part-
ners.'? In bulk water, the anomalously strong (super-Arrhenius)
slowing down of water rotation, particularly in the supercooled
regime, is caused by interference with the cooperative rotation
mechanism as the liquid structure becomes more open and
tetrahedrally ordered, that is, more ice-like. In the hydrophobic
hydration shell, the slowing down of water rotation, at any
temperature, can also be attributed to interference with the
cooperative rotation mechanism, but now the availability of new
hydrogen-bonding partners is reduced by the presence of the
apolar solute.®*° Because of the geometrical constraints imposed
by the solute, the structure of the hydrophobic hydration shell
changes less than the structure of bulk water as the temperature
is reduced. The apparent activation energy therefore increases
less in the hydration shell than in bulk water, and eventually
(below 255 K) it becomes smaller in the hydration shell. In
fact, our results indicate that hydrophobic hydration water rotates
faster than bulk water at temperatures below 237 K.

The solutes studied here include two potent osmolytes.
Despite considerable efforts, a universal molecular mechanism
by which osmolytes alter the conformational stability of proteins
has not been convincingly demonstrated.”®> The present
finding that TMU (a strong protein denaturant) and TMAO (a
strongly stabilizing osmolyte) perturb their hydration shells to
the same extent (Table 1) supports the view that these osmolytes
interact directly with the protein’>’®7%%2 rather than acting
indirectly via their effect on the solvent.”” Furthermore, since
these two osmolytes are equally hydrophobic (~90% of the
solvent-accessible surface area is apolar), their opposite effects
on protein stability can hardly be correlated with their polarity.”

The hydration dynamics of the solutes examined here have
also been investigated with QENS®*~>* and by pump—probe IR
spectroscopy.”*>> The resulting views of hydration dynamics
differ substantially from the picture emerging from our NMR
data. We identify two main reasons for this discrepancy. First,
to determine the effect of a solute on water dynamics and
structure, one should study the “free” hydration shell of an
“isolated” solute molecule. In other words, hydration effects
should be defined in terms of the rate of change induced by the
solute in the limit of zero solute concentration. For sensitivity
reasons, it may be challenging to work in the concentration
regime where the measured effect varies linearly with solute
concentration, as expected for a dilute solution with nonover-
lapping hydration shells. Second, no existing experimental
technique can directly measure the rate of water rotation in the
hydration shell; a model-dependent interpretation step is always
involved. The NMR relaxation method used here and else-
where'#?°73 is nonperturbing (e.g., there is no significant local
heating, as in pump—probe laser spectroscopy) and selective
(no other species than water molecules and no other motional
modes than rotation influence the measurements), and it has a
rigorous theoretical basis.®' The only significant model depen-
dence in the analysis of the NMR relaxation data presented here

(75) Robinson, D. R.; Jencks, W. P. i AN 1965, 87, 2462—
2470.

(76) Lin, T.-Y.; Timasheff, S. N. pinshssisaa 1994, 33, 12695-12701.

(77) Zou, Q.; Bennion, B. J.; Daggett, V.; Murphy, K. P. il
Soc. 2002, 124, 1192-1202.

(78) Batchelor, J. D.; Olteanu, A.; Tripathy, A.; Pielak, G. ] josissiiatin
Soc. 2004, 126, 1958-1961.

(79) Street, T. O.; Bolen, D. W.; Rose, G. D. || NEGTGEcIEGzINGI5
2006, 103, 13997-14002.

(80) Rosgen, J.; Pettitt, B. M.; Bolen, D. W. Bigigidatai. 2007, /6, 733—
743.

(81) Paul, S.; Patey, G. N. iy 2007, /29, 4476-4482.
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comes from the well-founded®'®~'® assumption that the solute-

induced perturbation is short-ranged, so that the measured
effects, to an excellent approximation, can be attributed to the
primary hydration shell.

The perturbation of water structure and dynamics by apolar
molecular fragments has profound biological implications. The
results presented here provide a “baseline” for studies of protein
hydration dynamics at low temperatures. In particular, the
peptides NAGMA and NALMA serve as models for unfolded

(82) O’Brien, E. P.; Dima, R. L.; Brooks, B.; Thirumalai, D. gl
Sac. 2007, 129, 7346-7353.

(83) Modig, K.; Liepinsh, E.; Otting, G.; Halle, B. jninniiiiag. 2004.
126, 102-114.

84) Hatle, 5. | N 2004. 359, 1207

1224.

proteins. For folded proteins, the intricate surface topography
features solvent-penetrated pockets with more substantial per-
turbations of water dynamics than at the convex parts of the
surface.®#*
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