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ABSTRACT: Ultrafast two-dimensional infrared (2D-IR)
spectroscopy reveals picosecond protein and hydration
dynamics of crowded hen egg white lysozyme (HEWL)
labeled with a metal−carbonyl vibrational probe covalently
attached to a solvent accessible His residue. HEWL is
systematically crowded alternatively with polyethylene glycol
(PEG) or excess lysozyme in order to distinguish the
chemically inert polymer from the complex electrostatic profile
of the protein crowder. The results are threefold: (1) A sharp
dynamical jamming-like transition is observed in the pico-
second protein and hydration dynamics that is attributed to an
independent-to-collective hydration transition induced by
macromolecular crowding that slows the hydration dynamics
up to an order of magnitude relative to bulk water. (2) The interprotein distance at which the transition occurs suggests
collective hydration of proteins over distances of 30−40 Å. (3) Comparing the crowding effects of PEG400 to our previously
reported experiments using glycerol exposes fundamental differences between small and macromolecular crowding agents.

■ INTRODUCTION

The hydrophobic effect is a powerful driving force crucial in
biological systems,1 playing a key role in protein folding2−4 and
membrane formation,5 as well as directing surface association
processes.6,7 It has been predicted8,9 and experimentally
observed10,11 that the energetic balance of hydrophobic
hydration depends on the size of the hydrated molecule. For
small solutes, the cost of hydration is largely entropic as the
water enhances its local structure to minimize hydrogen bond
losses, while the cost of hydrating larger molecules is largely
borne by enthalpic contributions as the solute forces the
disruption of water’s hydrogen bonding network.9 The
corresponding dynamics of the surrounding water has been
more difficult to access, though experiments and simulations
are converging on a view where small hydrophobes exert
negligible influence over the dynamics of the surrounding water
molecules when in dilute concentrations,12−14 while large
hydrophobic solutes can constrain and hinder the surrounding
water by limiting the ability of hydrogen bond exchange.13−15

The crossover occurs on the nanometer length scale, which is
characteristic of proteins, lipids, and other biomolecules.
The perturbation of water by hydrophobic structures can

have significant implications in cellular environments, where
the structural and dynamic correlation lengths may extend
beyond the space available from interstitial water. Crowding
effects are generally considered in terms of energetics focusing
on protein stability and refolding kinetics,16−23 where entropic
forces arising from hard-core repulsions between macro-
molecules compete with enthalpic forces arising from weak

attractions. Due to the challenging nature of experiments,
dynamic aspects of crowding are more elusive, though progress
in new methods of spectroscopy, including time-resolved
fluorescence,24 terahertz absorption,25,26 NMR,27,28 and 2D-
IR,14 have allowed for the interfacial region of hydrated
proteins to be studied directly. In particular, studies using THz
absorption spectroscopy, coupled with molecular dynamics
(MD) simulations, have found evidence of a dynamic hydration
shell surrounding proteins ranging from 10 to 30 Å, depending
on the protein.25,26 As a striking example, antifreeze proteins
were found to have a hydration environment that can extend
upward of 30 Å.26 Additionally, photon echo experiments of
hemoglobin in erythrocytes29 and optical Kerr effect (OKE)
spectroscopy,30,31 which measures the low-frequency Raman
response, have been used to observe a general slowing of the
system dynamics with increasing concentrations, though no
dynamic transition was apparent from the data.
Within the context of crowding, there is a dichotomy

between what can broadly be classified as “chemical” and
“physical” effects. For instance, studies comparing monomeric
and polymeric sucrose (Ficoll 70) arrive at different
conclusions. Pielak et al.19 observe no difference in protein
stability (chymotrypsin inhibitor 2), whereas Gruebele et al.20

find pronounced differences in folding kinetics (phosphogly-
cerate). Our work focuses on dynamics using a similar
comparison. If the differences in chemical interactions are
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minimal, is there a fundamental difference between macro-
molecular and small molecule crowding? In order to make
progress, we have discovered that it is essential to perform
experiments over a wide range of additive concentrations, as
will be detailed below.
Questions remain regarding the relevant length and time

scales associated with crowding. While ultrafast spectroscopic
studies have uncovered the strong coupling between hydration
water and protein flexibility, it is still unclear over what
distances this coupling can persist, and whether the disruption
of water upon crowding has a structural component or if it is a
purely dynamic phenomenon. If there is a crowding depend-
ence to the hydration structure, basic statistical mechanics tells
us that there will be an energetic contribution due to the altered
water−water and water−protein pair correlation functions. In
the absence of a structural change, however, only dynamical
measurements will be able to discern a detailed microscopic
picture, as is the case, for example, with studies on the glass
transition. In addition, measurements of diffusion in cellular
environments show a general decrease in diffusion constants
upon crowding,23,32 but it is difficult to directly relate
macroscopic diffusion constants to microscopic properties of
the solvent, namely local solvent friction.
To address these issues, we use ultrafast two-dimensional

infrared (2D-IR) to study the picosecond dynamics of HEWL
labeled with a transition metal carbonyl vibrational probe
covalently attached to the surface exposed His15 residue (the
labeled protein is referred to as HEWL-RC).33 Metal carbonyls
offer ideal vibrational probes for biological molecules due to the
inherent strength of the transition and the frequency of the
vibrational modes, giving strong signal in a region of the IR
spectrum that is free from the protein and water back-
ground.13,14 Additionally, lysozymes are robust proteins that
maintain structural integrity in crowded solutions.34 The X-ray
crystal structure of HEWL-RC is shown in Figure 1, as well as a
linear FTIR spectrum of the CO modes of the vibrational
probe. We study the dynamics of the system through the
frequency−frequency correlation function (FFCF), a powerful
observable unique to 2D-IR that reports on the equilibrium
structural fluctuations that modulate the transition frequency of
a probe molecule. The surface location of the vibrational probe
used here allows us to study both the hydration dynamics and
the protein dynamics simultaneously. The FFCFs exhibit rapid
initial picosecond decays due to motion of the hydration water,
followed by a significant static offset arising from fluctuations
that are too slow to be fully sampled within the experimental
window.13 We attribute the static offset of the correlation
function to slow protein fluctuations, though other work
looking at similar correlation functions have suggested that the
slow dynamics could arise from very slow exchange between
surface water and bulk water.24 While these contributions are
difficult to distinguish experimentally, we believe that the
spectral signatures between surface and bulk water are not as
significant as the inhomogeneity arising from protein
fluctuations. Since the region of the protein we probe
experimentally is not located on the cleft region, but rather
on an open, flat region of the protein, we do not expect
idiosyncratically slow exchange of hydration water with the
bulk. Simulations by Laage et al.15 have used site-specific
analysis around a protein surface and have found that the
majority of the water molecules experience only a mild
slowdown due to the protein surface, while a handful of
water molecules located in cleft regions of the protein or in the

interior, experience significant slowdown upward of 100 ps.
Thus, distinct populations of hydration water can lead to mean
residence times that are significantly longer than what the
majority of the water experiences. Recent work on biomolecule
hydration has highlighted the importance of considering
metrics other than averages in describing interfacial water
structure and thermodynamics.35 In addition, slow translational
motion of water from the surface to the bulk is more apparent
through techniques such as NMR27,28 and Overhauser dynamic
nuclear polarization (ODNP),36 whereas experiments that
measure ultrafast correlation functions tend to be predom-
inantly sensitive to local dynamics.
Though the vibrational relaxation of the probe precludes

time resolving the protein motion, the magnitude of the static
offset can be used as a proxy for the protein dynamics. Hence, a
single probe’s FFCF is sensitive to both the hydration and
protein dynamics separately, offering a perspective that is
generally not available from THz or OKE spectroscopy, where
the two contributions are mixed. We measure the protein-
hydration dynamics of HEWL-RC in aqueous (D2O) solutions
of PEG400 (8−9mer) ranging from 0 to 80% PEG400 by
volume, and compare these results to previously reported
experiments using glycerol.13 In addition, we carry out a parallel
experiment of HEWL-RC in varying concentrations of excess
lysozyme ranging from 20 to 160 mg/mL, which acts to self-
crowd the labeled protein with a complex electrostatic surface,
which contrasts starkly with that presented by the uncharged
polymer crowder.
We present a comprehensive picture of the picosecond

protein and hydration dynamics under crowding conditions.
We find an abrupt dynamical transition of the protein and
hydration dynamics induced by crowding, which is unique from
the temperature dependent transition that is observed in
hydrated proteins.37,38 The results suggest a dynamic hydration

Figure 1. Crystal structure of HEWL-RC, linear and 2D-IR spectra,
example FFCF. (a) Structure of the metal−carbonyl vibrational probe
and the crystal structure of the His 15 labeled HEWL carbonyl
complex (probe site highlighted in yellow). (b) Linear FTIR spectrum
and (c) 2D-IR spectrum shown for the metal−carbonyl CO region.
(d) Example of a typical frequency−frequency correlation function,
showing an initial decay on the order of a few picoseconds
corresponding to the hydration dynamics, followed by a static offset
due to protein inhomogeneity that is not sampled within the
experimental window.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja407858c | J. Am. Chem. Soc. 2014, 136, 188−194189



shell around the protein extending 15−20 Å, resulting in
collective hydration for interprotein separations of 30−40 Å.
We also find that the collective water dynamics can be up to an
order of magnitude slower than that for bulk water. In addition,
we find that the presence of this transition seems to be due to
the macromolecular nature of the crowding agent since it is
absent in the case of solvation by glycerol/water solutions. The
existence of two distinct regimes, each of which is largely
dynamically decoupled from the fine details of the surrounding
solvent fluctuations, suggests the partitioning of biomacromo-
lecules into “undercrowded” and “overcrowded” conditions.
Based on our measurements, many cellular environments can
be classified as being “overcrowded.”

■ RESULTS
Polymer Crowding. There is experimental evidence that

PEG400 adopts a compact structure when in dilute aqueous
solution.39,40 For example, small angle neutron scattering
results show that the radius of gyration of PEG400 measured
at 1% (v/v) in D2O is 2 nm,39,40 which is similar in size to a
typical protein. The structure of PEG400 at high concen-
trations, however, remains unclear, though it has been proposed
that the short polymer adopts an entangled structure.
Nevertheless, the effect of PEG on protein and hydration
dynamics should be largely due to the volume it excludes and
the associated perturbation of its hydration environment, where
the protein and hydration water reside largely in the pores of
the entangled polymer solution.
The protein and hydration dynamics were studied in D2O/

PEG400 solvent mixtures of 0, 20, 40, 60, and 80% PEG400 v/
v. Figure 2 shows the FFCFs for each solution and the
experimental fits, consisting of a single exponential decay (due
to hydration water) and a static offset (due to slow protein
dynamics). In pure D2O, the hydration dynamics occur with a
2.7 ps time constant, which is slower than that of bulk D2O by a
factor of 2. This observation has previously been reported13 and
is in quantitative agreement with MD simulations of Laage and
co-workers that specifically investigated the influence of the
protein on extended hydrogen bond jumps of the hydration
water.15 At high PEG400 (80% v/v) concentration, the
hydration dynamics slow by nearly a factor of 4, and the
protein contribution increases by about 75% relative to pure
D2O. Surprisingly, a dynamic transition is observed around 50%
D2O where there is a significant, abrupt slowing of the protein-
hydration dynamics. On either side of this transition, the
protein and hydration dynamics are only weakly coupled to the
polymer concentration, though the protein dynamics and the

hydration dynamics stay strongly coupled to each other at all
solvent compositions (evident from the correlation between
τhydration and C(t = ∞) in Figure 2b). To ensure the protein is
not dehydrated by PEG, at least in the local region of the probe
molecule, we use the vibrational lifetime, which we have shown
to be a unique observable capable of reporting on local
hydration levels.14 The lifetimes shown in Figure 4c exhibit
decay times consistent with water-assisted relaxation at all
PEG400 concentrations, ensuring that the local area of the
probe remains fully hydrated.
These results are fundamentally different from previous

observations made on HEWL-RC in D2O/glycerol solutions.
13

In those experiments, we observed a gradual, uniform
slowdown of the protein-hydration dynamics as a function of
glycerol concentration, with no clear signs of a dynamical
transition. Additionally, the slowdown in hydration dynamics
was significantly more mild than what would be expected for
the viscosity increase, demonstrating a weak coupling between
interfacial water and the bulk solution. It is noteworthy that
similar nonlinear scaling of interfacial water around liposomes
has recently been observed using an NMR-based technique,
Ovehauser dynamic nuclear polarization, which measures
hydration water through the incorporation of a free-radical
probe.36 For our current and previous results, a comparison of
the interfacial water dynamics is shown in Figure 3. The
influence of either glycerol or PEG400 on the hydration
dynamics has similarities and differences. While the magnitude
of the slowdown induced by high concentrations of either
cosolvent is similar, and thus the coupling between the

Figure 2. Interfacial water and protein dynamics of HEWL-RC in D2O/PEG mixtures. (a) FFCFs for HEWL-RC in D2O/PEG mixtures, ranging
from pure D2O to 80% PEG by volume. (b) Hydration time scale, obtained by the initial decay of the correlation function, and the protein dynamics,
estimated by the static offset of the correlation function, plotted as a function of solvent composition. A strong coupling is clear from the data, with
both the hydration and protein dynamics slowing down as glycerol is added to the system. There is also a sharp dynamic transition occurring at
roughly 60% PEG. We suggest this transition results from the extended protein hydration environment overlapping with the PEG hydration
environment. (c) The vibrational relaxation, estimated from the rephasing signal amplitude, lacks any PEG400 dependence suggesting that the
protein remains fully hydrated in the region around the probe.

Figure 3. Comparison of interfacial water dynamics of HEWL-RC in
solutions of glycerol and PEG400. While the magnitude of the
hydration dynamics slowdown induced by each cosolvent is similar at
high concentrations, the dynamic transition is observed only in the
presence of the macromolecular crowding agent.
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interfacial water and bulk solvent remains weak,13,36 the
presence of a dynamic transition is observed only with the
macromolecular crowding agent.
Self-Crowding. The presence of surface charges, site-

specific interactions, and an intricate surface topology makes
proteins a more complex and biologically relevant crowding
agent than a simple polymer. Additionally, proteins have well-
defined structures that are often not significantly perturbed by
concentration, which is not necessarily the case for PEG400.
Here, we use unlabeled lysozyme to serve as the crowding
agent to determine if the presence of a critical crowding level
could exist in cell-like environments. In addition to providing a
more realistic crowding agent, the well-defined shape and
structure of lysozyme allows for the protein−protein distances
to be estimated for a given concentration of protein.
A starting solution of HEWL-RC was prepared at 20 mg/mL,

then excess lysozyme was added to concentrations up to 160
mg/mL. As before, we use the vibrational lifetime (Figure 4c)
to ensure that no protein−protein contacts alter the hydration
of the protein surface. Similar to the PEG400 data, the
vibrational lifetimes exhibit negligible lysozyme concentration
dependence, suggesting that the protein remains fully hydrated.
The FFCFs and fit parameters are shown in Figure 4. As with

PEG400, there is a clear dynamic transition. The transition
occurs at a higher water composition (∼70%) than with the
PEG400 crowding agent, which is attributed to the more
significant constraining effect of HEWL on the surrounding
waters. This view is supported by the fact that lysozyme is a
highly charged (pI = 11) protein at neutral pH, and the
dynamical constraints placed on the hydration water reduces
the local dielectric, effectively extending the electrostatic
footprint of the protein.41 Assuming a homogeneous mixture42

and a spherical approximation to the volume (computed using
the van der Waals surface) to approximate the size of lysozyme,
we estimated the typical protein−protein distances (surface-to-
surface) at each crowding concentration. This distance is only
an idealized estimate assuming homogeneous protein solution,
and should be viewed as an estimated upper limit (see the
Supporting Information, SI, for details). Plotting the protein-
hydration dynamics in terms of our estimated protein−protein
distance (Figure 5) reveals that this transition occurs at
distances around 30−40 Å, suggesting a dynamical influence of
the hydration water extending upward of 15−20 Å extending
from each surface.

Molecular Dynamics Simulations. The experimental
results motivated efforts to simulate hydration dynamics of
proteins under crowding conditions. In one case, two proteins
are separated by a variable distance, and in the other case four
proteins are arranged tetrahedrally, with surfaces separated by a
variable distance (Figure 6a,b). Each configuration (two- and
four-protein geometries) was replicated in six individual
simulations with average surface-to-surface distances ranging
from 5 to 30 Å (see the SI for more details). The water
between the protein structures was selected for analysis of both
the average hydrogen bond number (Figure 6c) as well as the
hydrogen bond correlation time (Figure 6d). The hydrogen
bond correlation time is reported as the 1/e time, alleviating
complications of fitting a nonexponential relaxation. For the
hydrogen bond number, there is a slight decrease at small
interprotein distances reflecting the proportional increase in
interfacial water, which exhibits reduced hydrogen bonding
relative to bulk water. There is no observed threshold behavior
in the extent of hydrogen bonding, suggesting a lack of
significant structural changes of the water upon crowding. The

Figure 4. Interfacial water and protein dynamics of HEWL-RC in the presence of excess lysozyme. (a) FFCFs for HEWL-RC in self-crowding
conditions, ranging from 20 to 160 mg/mL. (b) Hydration time scale, obtained by the initial decay of the correlation function, and the protein
dynamics, estimated by the static offset of the correlation function, plotted as a function of solvent composition. A strong coupling is clear from the
data, with both the hydration and protein dynamics slowing down as excess lysozyme is added to the system. Similar to the PEG400 crowding, a
dynamical transition is observed at sufficient crowding, though this transition occurs at lower concentrations of HEWL because of the more
significant constraining effect that HEWL has on surrounding waters. (c) Vibrational lifetimes estimated through the signal amplitude of the
rephasing spectrum again show a consistently short lifetime, consistent with a lack of protein−protein interactions that would result in surface
dehydration and increased lifetimes.14

Figure 5. Hydration and protein dynamics of HEWL-RC in crowding
conditions plotted as a function of protein−protein distance. (a) The
protein−protein distance is defined as the average surface-to-surface
distance between proteins using a spherical approximation, which can
be estimated for each concentration. (b) Assuming a homogeneous
mixture, the average surface-to-surface distance between proteins can
be estimated, revealing that the transition occurs at a protein−protein
distance of 30−40 Å.
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dynamics of the water, however, show a very strong
dependence on the crowding, including a dynamic transition
that occurs at a critical protein−protein separation. In the two-
protein simulation, this critical distance was found to be 10−15
Å, whereas in the four-protein simulation we observed this
transition at 20−25 Å. This distance is consistent with what was
observed experimentally (30−40 Å), though there is a clear
dependence of the dynamic transition on the configuration and
geometry of crowding. The decoupling of the dynamics from
crowding above and below the dynamic transition observed
experimentally is also evident in the simulations.
Surprisingly, the dynamic transition is accompanied by no

significant net structural changes, as seen in the average
hydrogen bonding number of the interfacial water remaining
constant (Figure 6c). The lack of any clear structural signature
accompanying the dynamical transition is similar to glassy43 and
jammed systems.44 Our observations are the first examples of a
purely dynamical transition induced by macromolecular
crowding. The lack of a significant change in the degree of
hydrogen bonding differs qualitatively from previous studies
based largely on inelastic neutron scattering experiments. At
hydration levels over an order of magnitude lower than what we
consider here, there is clear evidence for a pronounced change
in water structure.45−47 Using comparisons with simulation,
several workers have identified percolation transitions, where at
a threshold hydration level, there is a significant increase in the
size of the largest hydrogen bonded cluster solvating the
protein.45 Such abrupt structural changes leading to hydrogen
bonding networks that span large areas of the protein−water
interface have been interpreted in terms of percolation theory.

The new dynamical transition that we have identified here is
distinct from these previous observations of hydrogen bond
percolation.32 Most importantly, our highest protein concen-
tration is 160 mg/mL, which corresponds to a hydration level
(h = mass of D2O/mass of lysozyme) of h = 6. Neutron
scattering experiments and accompanying simulations are
carried out at hydration levels less than h = 1. These studies
on hydrated protein powders represent an extreme case of
crowding, while here the studies were performed on more
dilute aqueous solutions. The dynamical transition that we
observe occurs at comparably much larger values of protein
hydration, highlighting the subtle nature of the collective
hydration leading to a transition of the hydration water
dynamics without significantly distorting its structure.

■ DISCUSSION

Water is capable of forming extensive hydrogen bonding
networks that reorganize in a collective manner through an
angular jump mechanism.48,49 Furthermore, the barrier to
hydrogen bond jumps is dominated by entropic contributions
arising from the availability of hydrogen bonding accepting
partners.50 Hydrogen bond exchange dynamics can be stifled by
limiting the configuration space available for accepting waters,
and thus larger hydrophobic molecules are capable of hindering
hydrogen bond dynamics while small hydrophobes have a
negligible effect.12 The collective nature of hydrogen bond
motion can lead to spatially extended dynamic perturbations,
inducing long-range coupling effects in crowded environ-
ments.25 Extended collective motion of water over distances of
30−40 Å has been observed not only in crowded protein
solutions,26 but also in water pools confined within reverse
micelles.51 In each case, the transition to collective water
motion is found to be abrupt.
The measured retardation factors of crowded water are

roughly 5 and 10 for PEG400 and lysozyme, respectively,
relative to bulk D2O. Given that the expected concentrations of
macromolecules inside of cells is on the order of 300 mg/mL,52

the experimental results suggest that the majority of water
within cells is involved in slow, collective hydration, with only
trace amounts of “bulklike” water present, despite 50−70%
water content by volume. The long-range disruption of water
dynamics around macromolecules is likely to be a general
property of compact proteins, and particular proteins, such as
antifreeze proteins,26 may leverage the perturbation to carry out
a function.
Since this study primarily investigates dynamics as sensed on

the picosecond time scale, there is no straightforward link to
biological function, which spans a vast range of time scales.53

However, recent work has suggested fast fluctuations of
proteins have significant implications on longer time scale
dynamics, such as conformational sampling54 and possibly
enzyme activity.53 Due to the strong coupling between the low-
frequency fluctuations of proteins and the hydration
water,13,55−57 the observed jamming-like transition of the
water is accompanied by a transition in the fast protein
dynamics. In crowded environments, these low-frequency
modes are significantly slowed from what they would be in
solutions with excess water (Figures 2b and 4b). The collective
hydration environment in crowded conditions effectively
increases the viscosity felt by the protein, and thus, the protein
undergoes pronounced slowing at a critical crowding
concentration. Based on our estimated macromolecular

Figure 6. Example of the simulation analysis where (a) two proteins
are separated by a set distance d and the bridging water is selected for
analysis and (b) four proteins are arranged tetrahedrally, all of which
are separated by the same variable distance. The water that was
selected for analysis is shown. (c) Hydrogen bond number of the
crowded water as a function of protein−protein distance. In each case,
there is no clear transition in the average hydrogen bonds per water
molecule, suggesting no significant change in structure. A slight
downward trend is observed as the interprotein distance is reduced,
though this is the result of a higher relative contribution from the
interfacial water, which has fewer hydrogen bonds than bulk water. (d)
Hydrogen bond correlation times of the crowded water as a function
of protein−protein distance. The occurrence of a dynamic transition is
found between 10 and 15 Å for two proteins and 20−25 Å for the four
protein simulation. In each case, only a weak coupling is observed
before and after the dynamic transition. The results not only
demonstrate a percolation-like transition of water dynamics upon
crowding, but also show that the distance of this transition is a
function of the degree and geometry of crowding.
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crowder concentration threshold, it would appear that most, if
not all, regions of the cell are “overcrowded.”

■ CONCLUSIONS

We carried out two parallel experiments measuring the protein-
hydration dynamics of HEWL-RC in both solutions of D2O/
PEG400 and solutions of excess lysozyme to act as crowding
agents. From the experimental results we draw three
conclusions. (1) Both PEG and protein crowders induce a
dynamical transition, where the coupled protein-hydration
dynamics exhibit a sharp slowdown above a critical degree of
crowding indicative of an independent-to-collective hydration
transition. It is observed that water in sufficiently crowded
environments is roughly an order of magnitude slower than
bulk water. (2) Using the results from self-crowding, we
estimate that the distance between protein surfaces at which
this transition occurs is 30−40 Å, which is a striking
manifestation of the collective and coordinated behavior of
strongly hydrogen bonding environments. (3) The macro-
molecular nature of the crowder is essential as demonstrated
through comparisons between PEG400 crowding and pre-
viously reported glycerol/water solutions. While similar degrees
of slowing are found at high concentrations of both, the
presence of a dynamical transition is observed only in the
PEG400 experiments. Simulation results confirm the exper-
imental findings, while introducing an additional observation.
In contrast to previous studies of protein hydration, where
hydrogen bonding in the hydrating water is perturbed by the
protein, our simulations indicate no significant changes in
hydrogen bonding. Rather, the observed and simulated abrupt
transition is purely dynamical in nature, and reflects the long-
range influence of protein surface-induced constraints on
water’s orientational flexibility.
These results suggest that little to no “bulklike” water is

present within cellular environments. Instead, biological
macromolecules are hydrated by significantly constrained
water that that in turn can strongly modulate the flexibility
and dynamics of the biomolecules. Future work will be
dedicated to studying the connection between the picosecond
dynamics of the hydration water, which we suggest to be the
origin of dynamical crowding effects, on much longer processes,
such as protein folding and catalytic activity. The partitioning of
hydration dynamics into two apparent regimes suggests that
large scale implicit solvent simulations of biomolecules may be
able to produce realistic dynamics by adopting distance-
dependent frictional damping. Based on our observations of
distinct under- and overcrowded regimes, perhaps as few as two
macromolecule-specific friction values are needed to capture
the essential dynamical contrast between isolated and crowded
macromolecules. Macromolecule-modified hydration dynamics
has also been related to a change in the local dielectric
constant,41,58 a quantity which enters both the generalized Born
model of solvation59 as well as the accurate estimates of
donor−acceptor distances in Förster resonant energy transfer
experiments.60 In both cases, the distance dependent solvation
dynamics may produce qualitative deviations from conventional
models based on a homogeneous dielectric continuum. With
new methods such as site-specific 2D-IR and other techniques,
it is becoming clear that the complexity of biomolecule
hydration can be addressed experimentally and linked directly
to simulation, likely providing insight into the active nature of
water in mediating biological processes.

■ METHODS
Protein Labeling. Hen egg white lysozyme (HEWL) was

purchased from Sigma Aldirich (bioultra, >98%). No further
purification steps were taken. HEWL (approximately 2 mg/mL) was
then combined in a 1:1 ratio with tricarbonylchloro(glycinato)-
ruthenium(II) in D2O (Sigma) and stirred at room temperature for 1
h. The resulting labeled protein we refer to as HEWL-RC. The
resulting product was purified in a desalting column (GE Healthcare,
PD-10 Disposable Desalting Column), which removes unreacted
tricarbonylchloro(glycinato)ruthenium(II). The reaction was carried
out on the morning of the experiments, and no HEWL-RC was stored
to be used at a later date.33

2D-IR Spectroscopy. Mid-IR pulses are generated through two
home-built dual stage optical parametric amplifiers (OPAs) coupled
with difference frequency generation (DFGs) which are pumped with
a regeneratively amplified Ti:Sapphire laser. The mid-IR pulses are
then split into fields E1, E2, E3, and ELO with respective wavevectors k1,
k2, k3, and kLO (75 fs, 150 cm−1 bandwidth, 400 nJ/pulse), where the
first three pulses are focused onto the sample in a box geometry to
generate a third-order nonlinear signal, and the final pulse is used for
heterodyne detection. We implement an upconversion detection
technique that mixes a highly chirped pulse centered at 800 nm and
fwhm = 160 ps with the mid-IR signal and local oscillator in a sum-
frequency crystal (MgO doped LiNbO3) to allow for detection in the
visible with a silicon CCD camera. The detection frequency of the 2D-
IR spectrum is provided by the spectrometer. The excitation frequency
is measured by scanning the time delay between the first two pulses
and then Fourier transforming over the generated coherence period. A
series of 2D spectra are then acquired as a function of waiting time
between the excitation pulse pair and the detection pulse, which is
stepped from 0 to 12 ps.

Molecular Dynamics Simulations. Full details of the molecular
dynamics simulations can be found in the Supporting Information.
Protein crowding was simulated by analyzing the interstitial water of
two protein configurations: two proteins near each other, and four
proteins in a packed tetrahedral configuration. Six replicas of each
configuration were made by varying the average separation between
protein surfaces into a gradient of distances: 5, 10, 15, 20, 25, and 30
Å.

Hydrogen-bond (HB) autocorrelation functions and the average
number of HB partners per water were calculated for interstitial water.
Cutoffs for HB partners were defined as acceptor−donor distances of
less than 3.5 Å (O−O distance), and acceptor−donor-hydrogen angles
of less than 30° as outlined by Skinner et al.61 The center of each
protein was calculated as the mean position of all protein atoms. For
each protein in each replica, spheres of water each with a radius of 10
Å were selected around the protein atom closest to the overall center.
Hydrogen-bond autocorrelation functions were calculated at 15 ps
intervals using the g_hbond utility from GROMACS. These functions
were averaged to obtain the mean 1/e time. The average number of
hydrogen bonds per water were calculated for each saved frame using
in-house MATLAB code and the cutoff criteria detailed previously.

■ ASSOCIATED CONTENT
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Details of the estimation of protein−protein distance and
molecular dynamics simulations. This material is available free
of charge via the Internet at http://pubs.acs.org.
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