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Cells contain high concentrations of biomolecules, including lipids, proteins, and
osmolytes, which shape the cytoplasm. Therefore, intracellular water is highly
confined. Confinement gives intracellular water unique properties that determine
the stability, structure, and dynamics of proteins within these environments.
However, the complex molecular effects of crowding are often overlooked. You
et al. quantitatively define crowded environments by studying the tetrahedral
structure and H-bond dynamics of water. They demonstrate that crowders impart
different short- and long-range order on water.
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Short- and long-range crowding effects

on water’'s hydrogen bond networks

Xiao You,"* Joseph C. Shirley,” Euihyun Lee," and Carlos R. Baiz"#*

SUMMARY

Intracellular water is highly confined with approximately 40% of the
cell volume occupied by biomolecules. Crowding alters water dy-
namics and interactions with biomolecules. In biochemical experi-
ments, artificial crowders are commonly used to mimic intracellular
environments, but their effects on biomolecules remain elusive.
Here, we investigate the crowding effects by directly accessing
the picosecond hydrogen-bond dynamics in crowded solutions us-
ing ultrafast two-dimensional infrared spectroscopy and all-atom
molecular dynamics simulations. We quantify the effects of different
crowding agents: small sugars; polysaccharides; and polyethylene
glycol (PEG). Our results show that crowders introduce disorder
within the first two solvation shells but stabilize ice-like order in
water >1 nm from the crowder. The results show that accounting
for crowder chemical structure, conformation, and crowder-solvent
interactions is a key step toward a complete description of crowded
solutions for in vitro for biomolecular studies.

INTRODUCTION

Water is an essential participant in all biochemical processes. Compared to pure wa-
ter, intercellular water is strongly confined by biomolecules, including proteins, nu-
cleic acids, osmolytes, ions, and sugars; these components constitute up to ~40% of
the cytoplasmic volume.?* Crowding modulates protein stability through direct in-
teractions with biomolecules or indirect modulation of the intracellular environ-
ment.*> Indeed, intracellular water generally exhibits slower H-bond dynamics
than bulk water.®

Water’s H-bond networks are arguably the most important determinant of biomol-
ecular structure, dynamics, stability, and function.”® Indeed, proteins are slaved
to the motions of the solvent.” However, confinement effects on H-bond network re-
structuring dynamics remain underexplored. Disrupted H-bond networks are gener-
ally associated with slower H-bond dynamics, as a result of an imbalance between
donors and acceptors.'”"" The influence of crowders on water likely depends not
only on its concentration but also on its chemical properties.’? The specific relation-
ship between crowder composition and water H-bond networks has not been fully
established. Characterizing these interdependent relations in crowded solutions is
therefore an important first step toward determining the ability of crowders to mimic
the cytosol.

Significant efforts have been focused on quantifying crowding effects on biomole-

cules, "¢

including protein stability and protein-protein interactions.*”-'"""” Tradi-
tionally, crowding has been defined as a balance of two types of interactions: (1)

hard-core repulsions and (2) weak intermolecular interactions. Hard-core repulsions,
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Figure 1. lllustration of the crowded aqueous environments

(A) Snapshots of the molecular dynamics simulation boxes for three different types of crowders:
mono- and disaccharides (glucose and sucrose), polysaccharides (dextran and Ficoll), and
polymers (PEG); see Experimental procedures section for details.

(B) Molecular structures of the crowding agents.

or excluded volume effects, are non-specific interactions that stabilize compact struc-
tures with low surface-area-to-volume ratios as a result of loss in configurational en-
tropy.” Excluded volume contributions depend on concentration and crowder size,
but not on its chemical properties. Recently, it has become evident that excluded vol-
ume alone is insufficient to describe crowding effects.'® Even within “inert” polymers,
backbone-water interactions perturb the H-bond networks beyond the first solvation
shell."? Enthalpy-driven, non-specific interactions can both stabilize or destabilize
native structures depending on the specific molecular makeup of the crowder and,

as such, are significantly more difficult to characterize.'®?%%?

Here, we characterize non-specific crowder interactions by exploring the water
H-bond network structure and dynamics using crowding agents, including sugars
and polyethylene glycol (PEG). Our combined experimental and simulation studies
explore short- and long-range crowder effects on the tetrahedral H-bond networks.
Interestingly, our findings indicate that crowders decrease the tetrahedral H-bond
ordering near the crowder interface while increasing tetrahedral ordering within
the solution for water distant from crowder interfaces.

RESULTS AND DISCUSSION

Complex H-bond network in crowded solutions

Intracellular biomolecule concentrations can reach 400 mg/mL or as much as 40% of
the cytosolic volume.? Saccharides and PEG are most commonly used as crowding
agents in biochemical studies due to their excellent solubility and biocompati-
bility.”® Here, we investigate three types of crowders: mono- and disaccharides,
linear and branched polysaccharides, as well as PEG with two different molecular
sizes (M,, = 600 and 1,500), which correspond to approximately 10 mer and 35
mer (Figure 1). Solute concentrations of 400 mg/mL of H,O (28% by mass) solvent
were used to explore the concentration range relevant to intracellular environments.
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Mono- and disaccharides support strong H-bond interactions with water as a result
of the large number of hydroxyl groups. These OH groups donate as well as accept
H-bonds, largely maintaining the donor-acceptor balance. The interactions between
polysaccharides and water, on the other hand, depend strongly on the size and
branching ratio of the polymer. For example, the flexible and linear polysaccharide
dextran and the highly branched Ficoll affect protein conformation differently. The
branched structure leads to more significant polymer self-interactions compared
to dextran.” The effects of crowder self-interactions and their role in reshaping the
solvent H-bond networks remain difficult to disentangle. PEG only accepts H-bonds
through its ether oxygens,”® but importantly, the PEG backbone is solvated by
ordered waters, due to the polarity of its oxygen atoms, explaining PEG's high sol-
ubility and biocompatibility.”*> Density, viscosity, and water activity in PEG solu-
tions are influenced by both the concentration and molecular mass of the poly-

mer,26'27

though ultrafast dynamics are largely independent of polymer length,
suggesting that “bulk” properties are not a useful measure of local H-bond rear-
rangements in these solutions.”> Considering the structural differences between
crowders, this work presents a direct comparison of the local and bulk H-bond struc-

ture and dynamics across crowders.

MD simulation shows heterogeneous H-bond network structure in crowded
solutions

The Experimental procedures section describes the MD simulation procedure. Each
trajectory was analyzed to quantify the H-bond network structure, which is described
through the tetrahedral order parameter, g. This parameter measures the projection
of a water molecule’s H-bond geometry onto a perfect tetrahedron.?®?? Quantita-

tively, g is defined as””*°

3 4 2
g=1 —g ; k;; (cos(\//jk) +%> , (Equation 1)
where y; represents the angle formed by the central water oxygen atom with each
pair of its nearest neighbors (illustration in Figure 2A). In hexagonal ice, all the angles
are 109.5°, giving the parameter a value of g = 1. In an ideal gas, random positions
and orientations result in a value of (g) = 0.”

Figure 2A shows the order parameter, g, distributions across crowders. The bimodal
distribution, showing a high-g peak around g = 0.8 and a low-q peak around g =
0.45, is interpreted as populations of predominantly structured or unstructured wa-
ter, respectively.”” The lower peak has a higher amplitude in the crowded solutions
compared to pure water. This low-q peak is interpreted as water with partially disrup-
ted H-bond networks. In comparison with pure water (red curve), crowders increase
the amplitude of the low-g peak, which means that crowding increases the fraction of
unstructured water. Among the selected crowders, glucose and sucrose exhibit
higher amplitudes of the disordered peak, suggesting that mono- and disaccharides
lead to larger “unstructured water” populations compared to Ficoll, dextran, or PEG.
However, considering that crowders exhibit different amounts of interfacial and bulk
water, itis important to further examine these contributions toward the order param-
eter distributions.

The sugar hydroxyl groups allow for direct H-bonding with water molecules, as
shown by the 0.2-nm peak in the water-to-crowder distance histograms (Figure 2B),
suggesting that the OH groups may perturb the local H-bond networks in these
crowders. Although PEG can also form direct H-bonds with water, there is a greater
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Figure 2. Tetrahedral order parameter and water-crowder distance

(A) Tetrahedral order parameter distributions (Equation 1) for the different crowders extracted from
MD simulations. The bimodal distributions exhibit two peaks centered around g =0.45and g =0.8
assigned to structured and unstructured water, respectively.

(B) Distribution of water-crowder distances. Sugars contain a higher proportion of interfacial water
as aresult of their higher surface area compared to polymer solutions, where a larger proportion of
water is located further away from the crowder. The distributions are calculated by computing the
distances from all water atoms, including hydrogens, to the nearest crowder atom.

number of water molecules at intermediate distances to PEG (~0.4 nm), indicating
that water has fewer direct interactions with the PEG backbone. This suggests that
PEG forms “crowder-rich” clusters, which may explain the fast water dynamics
observed in PEG, as will be discussed later in the article.

Analysis of the order parameter as a function of the distance between the central
water and the crowder provides insight into the short- and long-distance effects of
the crowders (Figure 3). Interfacial waters may have incomplete or disrupted solva-
tion shells (<0.35 nm from the crowder) and therefore exhibit a lower g value, as the
average O-O distance in pure water is approximately 0.3 nm.* Interestingly, the
first solvation shell waters in the glucose and sucrose solutions exhibit less disrupted
H-bond networks compared to polymers. The g values are higher for sucrose and
glucose compared to PEG, suggesting that the large number of hydroxyl groups
in sugars partially stabilizes “bulk-like” tetrahedral H-bond networks within the first
few solvation shells. This can be interpreted as follows: PEG adopts compact confor-

333% thus being characterized by a weaker tendency to form

mations in water,
H-bonds with water, and therefore, water adjacent to PEG also becomes less or-
dered compared to sucrose/glucose, which leads to lower g values for interfacial

water in PEG (Figure 3). The two polysaccharides, Ficoll, and dextran, behave
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similarly to PEG and sucrose or glucose, respectively (Figure 3). This observation can
be attributed to Ficoll supporting stronger solvent interactions compared to PEG as
a result of the larger number of hydroxyls but weaker interactions compared to
dextran. In contrast, dextran behaves similarly to glucose/sucrose as a result of
the larger number of hydroxyl groups compared to the more highly branched Ficoll.
The disorder imparted by the crowders is observed only within the first few solvation
shells. Indeed, at longer distances (>0.6 nm), H-bond networks become increasingly
tetrahedral for all crowded solutions, showing higher order than even pure water
(Figure 3). The increase in the tetrahedral ordering via long-range interactions is
most prevalent in PEG solutions. Given PEG's oxygen-oxygen distance (~2.88 A) be-
ing similar to that of pure water at 25 °C (~2.85 A), tetrahedral ordering is
enhanced.”®>3 In other words, water structure becomes more “ice-like” in PEG so-
lutions compared to pure water.

The observations derived from these structural analyses can be summarized as fol-
lows: (1) there are mainly two types of water structures, the more distorted interfacial
water and the more ordered water at longer distances from the crowders; here
referred to as "bulk water.” (2) Sucrose, glucose, and dextran form stronger H-bonds
with water, resulting in less disordered networks within the nearby waters. In
contrast, PEG disorders local water but stabilizes global tetrahedral structures
because of its geometry. (3) Surprisingly, all crowders tend to increase ordering
past the first few solvation shells, suggesting that bulk water in crowded solutions
adopts more ordered ice-like tetrahedral structures.

Vibrational probe

Nitrile-based vibrational probes are useful for measuring local H-bond dynamics, as
the C=N stretch is highly sensitive to the local electrostatic environment.*® Fre-
quency fluctuations report on the local H-bond dynamics, which can be related to
the restructuring of the tetrahedral H-bond networks around the probe.*® The pre-
sent studies use thiocyanates to form H-bonds with surrounding water molecules,
as depicted in Figure 4A. The C=N stretch undergoes frequency shifts with
H-bond distance and angle with respect to the molecular axis (Figure S1).%” Ultrafast
2D IR spectroscopy is used to measure the frequency fluctuation timescales of the
probes within the crowded ensembles, as described in the Experimental proced-
ures; further, the 2D IR measurements can be compared one to one with fre-
quency-frequency correlation functions computed from MD simulations.""

Although using a vibrational probe may appear to be an indirect method for access-
ing H-bond dynamics compared to measuring water OH stretch spectra, one
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Figure 4. Interactions of thiocyanate probes with crowded solutions

(A) Cartoon depictions of thiocyanate interactions with water in crowded environments. The C=N
stretching vibration reports on its local H-bond structure and dynamics. Crowder effects on the
H-bond dynamics are reflected in the C=N frequency fluctuations, which are measured using
ultrafast 2D IR spectroscopy.

(B) Distribution of SCN-crowder distances. The plots show that SCN™ dominantly samples the
crowder-rich region in the aqueous solution.

complication with the latter approach is that the interfacial water response cannot
easily be separated from the response of the molecules in the bulk. For instance, ac-
cording to the distance-dependent order parameter analysis (Figure 3), we expect
interfacial water to exhibit different dynamics compared to bulk water. Furthermore,
because all crowders exhibit similar order parameter values in the bulk, we expect
the dynamics of bulk water to be largely independent of the crowder. Therefore,
to measure the effect of crowders on dynamics, it is essential to selectively probe
the interfacial water. Fortunately, simulations indicate that thiocyanates are prefer-
entially partitioned to the crowder interface (Figure 4B), strongly suggesting that
the dynamics measured experimentally using thiocyanate as a probe primarily re-
ports on the interfacial dynamics.

Ultrafast 2D IR spectroscopy

The subpicosecond time resolution, combined with the bond-centered structural
sensitivity of ultrafast 2D IR spectroscopy, has provided an atomistic description
of solvation dynamics in a wide range of molecular environments.'%*%-%3 Briefly, a
sequence of femtosecond laser pulses is used to measure the frequency-frequency
time correlation function for the vibrational modes of interest by scanning the time
delays between the excitation and detection pulses. Because the frequency fluctua-
tions of thiocyanate are driven primarily by the dynamics of the surrounding water
molecules,** relaxation time constants extracted from 2D IR (Figures $2-S8) repre-
sent the frequency fluctuation arising from (SCN"HOH) H-bond dynamics and can
therefore be considered a probe of the local H-bond networks (Figure 5A). The
measured peak relaxation curves follow single-exponential kinetics (Figures S9
and 5B; Table S1).

Crowding effects on water dynamics

The measured relaxation time constant is the shortest in pure water (Figure 5B), indi-
cating that the thiocyanate experiences fast H-bond rearrangements within its first
solvation shell. Fast H-bond dynamics result from the relatively intact tetrahedral
structure in pure water. In all crowded environments, the dynamics are slower than
that of bulk water. Polymers such as PEG and Ficoll exhibit the slowest dynamics.
Despite having the same chemical composition, PEG 1500 has a longer relaxation
time than PEG 600 (Figure 5B). Glucose and sucrose slow the dynamics by approx-
imately 40% compared to pure water but remain faster than the polymers. The slow-
down can be attributed to strong H-bond interactions between water and sugars as a
result of the hydroxyl groups, which form strong H-bonds with water. Water-crowder
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Figure 5. H-bond dynamics in crowded environments

(A) Example 2D IR spectra of C=N stretching vibration mode in water, glucose, and PEG 1500
solutions at different waiting time delays (see Figures S2-S8 for complete dataset).

(B) Nodal-line slope decay constants obtained through the single-exponential fitting of
experimental nodal-line slopes as a function of waiting time (see Figure S9).

(C) Frequency-frequency correlation functions extracted from MD simulations (see Experimental
procedures and Figure S10). Error bars in (B) and (C) are the standard deviation of three
independent fits to the data.

(D) Scatterplot of tetrahedral order parameter q (Equation 1) against the average distance between
water oxygen to its nearest four water oxygens in the pure water simulation.

(E) Computed Stokes-Einstein viscosity of each crowder (Equation S4) for comparison with the
FFCF and NLS relaxation rates.

distance analysis (Figure 3) indicates that water in glucose and sucrose solutions
forms a more homogeneous network across different regimes. Although there is
an increased amount of “interfacial water” in these two solutions, the H-bond
network perturbation at the interface is less pronounced compared to polymers.

Computational results support 2D IR measured dynamics

Computed frequency-frequency correlation functions (FFCFs) extracted from MD simu-
lations (Figure 5C) allow for a one-to-one comparison with the dynamics extracted from
2D IR measurements. Simulations are in excellent semiquantitative agreement with
experimental 2D IR dynamics. The agreement indicates that (1) simulations accurately
capture the conformational environments sampled by the probe. (2) The slowdown of
water molecules imparted by the crowders is also captured by the simulations. Next,
we dissect the simulation results to understand the relative effects of different crowders
on the interfacial and bulk water dynamics. Heterogeneity in water dynamics can be
further explored through water mean squared displacement (MSD) computed from
MD trajectories (Figure S11). Viscosities, as represented by the Stokes-Einstein relation,
provide an intuitive way to visualize the changes in diffusion rates (Figure 5E). PEG so-
lutions demonstrate the slowest diffusion rates, coinciding with the experimentally
measured dynamics. Numerically, the computed Stokes-Einstein viscosities for PEG so-
lutions are approximately double that of pure water (Figure 5E), agreeing with the ~2x
slowdown of the SCN™ probe in experiments. Similarly, sugars exhibit slower dynamics
compared to pure water but faster compared to PEG. Thus, these analyses link the ul-
trafast H-bond dynamics and water diffusion rates, showing that experimental measure-
ments are representative of water dynamics. Next, we consider the differences in water
dynamics between the interfacial and bulk regions.

Water dynamics in the interfacial versus bulk regions

Combining the tetrahedral H-bond network analysis described in the previous sec-
tion and the crowder effects on dynamics described here, we seek to uncover the
effect of disrupted H-bond networks on local water dynamics imparted by the
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crowders. Figure 5D shows the tetrahedral order parameter, g, against the average
distance to the first solvation shell. The plot shows that more ordered water struc-
tures have lower oxygen-to-oxygen distances and, therefore, increased density. In
the crowders, bulk water exhibits more ordered structures compared to interfacial
water (Figure 3). Because disrupted H-bond networks are correlated with slower
H-bond dynamics, as there are fewer donors and acceptors,® interfacial water
should exhibit slower dynamics than the bulk. Next, we test these predictions by
computing the differences between interfacial and bulk water dynamics.

Water diffusion across different regimes is explored by separating the MSD analysis
for different water-crowder distance regimes (Figure S11). Although all crowders
slow down diffusion compared to bulk water in the interfacial region, interfacial
water dynamics across different crowders follow a similar trend as observed in the
experimental and computed frequency fluctuations, which also correlate with the
interfacial g values. These results reinforce the interpretation of increased structural
disorder correlating with slower dynamics (Table S3). Together, the translational
diffusion analyses indicate that (1) the SCN™ probe reports on dynamics at the
water-crowder interface. (2) Increased hydrogen bond disorder correlates with
slower dynamics, in bulk as well as at the interface. (3) Crowder-water H-bond inter-
actions drive dynamics within local environments.

Finally, it is important to understand the effect of crowders on dynamics in the bulk
region. Tables S2-S5 indicate that bulk water dynamics are similar to pure water with
only subtle differences observed across crowders. Small sugar molecules have a
smaller impact on the bulk water compared to polysaccharides or PEG. The above
results indicate that, at long water-crowder distances, the size and the rigidity of
the molecules, instead of the chemical structures, may become more dominant.
Most interestingly, although the differences in bulk water dynamics in solutions
compared to pure water appear subtle, they are not negligible, indicating that crow-
ders can perturb the structure and dynamics across the entire solution.

Crowding effects on protein energy landscapes have been a focus of numerous studies;
however, protein folding thermodynamics, particularly measured across different crow-
ders, result from a combination of excluded volume, electrostatic interactions, and H-
bonding, among others.'®*¢ Untangling the effects of individual interactions has re-
mained challenging.”” The work presented here described the hydration structure and
dynamics across crowders. Local dynamics are a result of disrupted H-bond networks.
Analyzing the influence of molecular crowding on water H-bond structure and dynamics
confirmed that crowding produces highly heterogeneous water environments.®"'" In
particular, our results are consistent with previous research indicating slow dynamics
at the interface.®?>*?*¢ |nterestingly, we have found that interfacial water dynamics
are crowder dependent, with PEG slowing water significantly more than sugars. The frac-
tion of interfacial water within intracellular environments can be as much as 30% of the
total volume. Sugars produce a larger fraction of interfacial water due to the large surface
area combined with the H-bonding interactions, producing slower overall dynamics.
Polymers, however, support more bulk-like environments, as the solution is more
spatially heterogeneous, exhibiting polymer-rich regions and water-rich regions.*?

The impact of these findings can be stated within the context of biomolecular stabil-
ity in crowded environments; these new findings show not only that crowders modu-
late the H-bond environment, but the effects produce heterogeneous H-bond
ensembles, creating long-range ordered tetrahedral H-bond networks that are
more ice-like than bulk water. Combined with the knowledge that protein stability
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is influenced by the solvent,®*7:>°

these findings present a unique opportunity to
put forward an exciting new hypothesis: crowders can influence protein structure,
stability, and dynamics at distances over a nanometer, through the ordering effect
on the water molecules. These effects can be largely tested through more extensive
molecular simulations as well as experiments to probe protein behavior within these

ordered water H-bond networks.

In summary, the results show that both bulk-like and interfacial water are impacted by
the crowder but through different interactions. Interfacial water exhibits slow dynamics
as a result of disrupted H-bond networks. Crowders produce more ordered tetrahedral
geometries compared to pure water at long distances. The insights provided by these
studies are the first step to guiding the development of crowding solutions that mimic
intracellular environments for in vitro experiments. The size and molecular makeup of
the artificial crowders is important for balancing the contributions between molecular
interactions and excluded volume effects. In addition, we demonstrate that the
combination of ultrafast 2D IR spectroscopy and MD simulations is a powerful tool
to quantitatively measure crowding effects on water structure and dynamics.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Carlos Baiz (cbaiz@cm.utexas.edu).

Materials availability
This study did not generate new materials.

Data and code availability
Raw and processed experimental 2D infrared spectra, anisotropy data, and molecular
dynamics simulations can be accessed via the Texas Data Repository at https://doi.
org/10.18738/T8/5BA9PU.

Sample preparation

Solutions were prepared by dissolving 400 mg crowding agents in 1 mL deionized
water. Crowding agents include glucose (D16-500; Fisher Scientific, NJ), sucrose
(D16-500; Fisher Scientific, NJ), dextran (31388-25G; Sigma-Aldrich, MO), PEG
600 (87333-250G-F; Sigma-Aldrich, MO), PEG 1500 (A1624130; Alfa Aesar, MA),
and Ficoll 70 (Bio Basics Canada, ON, Canada). NaSCN (251410; Sigma-Aldrich,
MO) was then mixed with the crowding solution to the concentration of 100 mM.

FTIR spectroscopy

Absorption spectra in the C= N stretching region were measured on a Bruker VERTEX70
Fourier transform infrared (FTIR) spectrometer. Each spectrum was the result of 32 scans
at1 cm~" resolution. The sample was held between a pair of CaF, windows with a 50-um
PTFE spacer. Measurements were carried out at 22 °C £+ 0.5 °C.

2D IR spectroscopy
Ultrafast 2D IR spectra were measured using a custom-built pulse-shaper-based

T with a

spectrometer.”’ Pump and probe pulses were centered at 2,000 cm™
FWHM of 300 cm™". Coherence times (t1) were scanned up to 3 ps in 20 fs steps.
Spectra were measured at a series of waiting times, t,, from 50 fs to 5,000 fs. The
probe pulse was dispersed into a 128 x 128-pixel MCT array to generate the detec-

tion axis (Figure S12). Nodal line slope (NLS) analysis52 was performed on all the
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spectra. The NLS was calculated by mapping the probe frequency, w3, at each pump
frequency, w1, corresponding to the node between the positive and negative peak.
The resulting scatterplots are fit to a line, and the slope is extracted from each fit.
Spectra were collected in the parallel and perpendicular polarization conditions.
The isotropic (iso) 2D IR spectra are computed from the parallel (para) and perpen-
dicular (perp) polarization spectra as Siso(t2) = (1/3) * (Spara(t2) + 2Sperp(t2))-

Molecular dynamics simulations

Molecular dynamics simulations were carried out using the GROMACS package® em-
ploying the CHARMM 36 general force-field.** Simulation boxes were created using
PACKMOL>® and contained 4,000 TIP4P-Ew water molecules, 8 Na*, 8 SCN~, and
approximately 30% by weight of crowder molecules to correspond with the experi-
mental conditions. The chemical formula of each crowder molecule is shown in Fig-
ure 1B. Each box was run through an initial, 5,000-step, steepest-descent energy mini-
mization with a Verlet cutoff scheme. The minimization was followed by 100 ps of NVT
equilibration and velocity rescaling temperature coupling at 303.15 K. Next, NPT equil-
ibration was performed for 10 ns at 303.15 K, Nose-Hoover temperature coupling, and
Parrinello-Rahman pressure coupling. All bonds were constrained with the LINCS algo-
rithm. The large polymers, such as PEG (n = 35) and dextran, went through double mini-
mization and NVT equilibration, as well as an additional NPT equilibration. Production
simulations (5 ns) were carried out using the same parameters as the NPT equilibration.
Trajectories were saved every 10 ps for order parameter and distance analyses (Figures
2, 3, 4B, and 5D). Each box was further run through ten 100-ps simulations sampled at
10-fs increments to extract dynamical information (Figures 5C and 5E).

Hydrogen bond network analysis

The percentage of bulk water, average participation ratio, network entropy, and
tetrahedral order parameters were defined by network analysis using an adjacency
matrix and relative geometries as described in the supporting information. Water-
crowder distance analyses included the nearest radial distance between the water
oxygen and any non-hydrogen crowder atom.

Frequency fluctuations

FFCFs were determined with the equation C(t) = (w(0)w(t)). To calculate the fre-
quency trajectories, the thiocyanate vibrational map developed by Cho was used.*’
Within each crowder system, ten 100-ps simulations with a 10-fs sampling rate were
run sequentially after the production run using the same MD simulation conditions. In
accordance with the frequency map, the potential was calculated on every thiocyanate
ion for every frame. Thiocyanate and sodium ions were excluded from the electrostatic
calculations. Furthermore, the charges on the water molecule were altered to the
ChelpG charges used by Cho and coworkers for parameterizing the map.*> The auto-
correlations (Figure S10) were fit to a biexponential decay with an offset. Only the pico-
second component is compared to experiment because shorter or longer timescale
components cannot be measured using our experimental setup.
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S1. INFRARED ABSORPTION SPECTROSCOPY
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Figure S1. A. Normalized FTIR spectra of thiocyanate anion in 30% crowded solutions; B. Peak positions
and error bars representing 99% confidence intervals obtained through Lorentzian fits to the spectra. Spectra
and frequencies are represented in the same colors in both panels.

Center frequencies and widths of the IR absorption band report the distribution of microenvironments. The
shift of C=N stretching vibration indicates that the local aqueous environment is only minorly altered by
the crowding agents. As shown in Figure S1B, when compared to H,O, the C=N stretch shifted to higher
frequencies. Since the vibrational frequency is influenced by many parameters such as polarity, H-bonding
strength, the distance and angle of the H-bond and number of H-bonds, many of which can produce band
shifts in opposite directions, the relationship between frequencies and local solvation environments is not
straightforward.!



S2. EXPERIMENTAL 2D IR SPECTRA
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Figure S2. Experimental 2D IR contour maps and nodal-line-slope (NLS) fitting of C=N stretching
vibration mode of thiocyanate in H>O solution at different waiting time delays (t,) in fs as indicated above
each plot. The horizontal axis represents the excitation frequency (cm™) and the vertical axis represents
the detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S3. Experimental 2D IR contour maps and NLS fitting of C=N stretching vibration mode of
thiocyanate in glucose H,O solution at different waiting time delays (t2) in fs as indicated above each plot.
The horizontal axis represents the excitation frequency (cm™) and the vertical axis represents the
detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S4. Experimental 2D IR contour maps and NLS fitting of C=N stretching vibration mode of
thiocyanate in sucrose H>O solution at different waiting time delays (t») in fs as indicated above each plot.
The horizontal axis represents the excitation frequency (¢cm™) and the vertical axis represents the
detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S5. Experimental 2D IR contour maps and NLS fitting of C=N stretching vibration mode of
thiocyanate in dextran H>O solution at different waiting time delays (t») in fs as indicated above each plot.
The horizontal axis represents the excitation frequency (¢cm™) and the vertical axis represents the
detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S6. Experimental 2D IR contour maps and NLS fitting of C=N stretching vibration mode of
thiocyanate in PEG 600 H>O solution at different waiting time delays (t) in fs as indicated above each
plot. The horizontal axis represents the excitation frequency (cm™) and the vertical axis represents the
detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S7. Experimental 2D IR contour maps and NLS fitting of C=N stretching vibration mode of
thiocyanate in PEG 1500 H»O solution at different waiting time delays (t») in fs as indicated above each
plot. The horizontal axis represents the excitation frequency (cm™) and the vertical axis represents the
detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S8. Experimental 2D IR contour maps and NLS fitting of C=N stretching vibration mode of
thiocyanate in Ficoll 70 H,O solution at different waiting time delays (t») in fs as indicated above each
plot. The horizontal axis represents the excitation frequency (cm™) and the vertical axis represents the
detection frequency (cm™) as illustrated in Figure S12. The fitted nodal-line is shown in red.
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Figure S9. NLS decay curves of each sample extracted from 2D IR Spectra (Figures S2-8). Decay constants
in Figure 5 are obtained through single-exponential fitting on NLS curves as indicated by the dashed line.
The curves are vertically offset for clarity.



Table S1

Timescales of : _ti
Crowders Amplitudes Amplitude of !ong time
H-bond dynamics dynamics
aj b (fs) c
Glucose 0.83 0.65 0.12
Sucrose 0.77 0.72 0.10
Dextran 0.79 0.76 0.10
PEG 600 0.80 0.96 0.11
PEG 1500 0.83 1.08 0.14
Ficoll70 0.75 0.80 0.14
Water 0.78 0.46 0.02
Table S1. Fitting results of NLS decay curves with bi-exponential fitting function:
f(t)=axet/’ +c. SIEq. 1

Where a represent the coefficient of the exponential terms; b is the decay constant in Figure 5. The static

inhomogeneity is encapsulated as the coefficient ¢ in the equation.

S3. ANALYSIS OF MOLECULAR DYNAMICS TRAJECTORIES

Figure S10. Normalized frequency-frequency correlation function (FFCF) and fitted curve (dotted line) of
each sample at various delay time. Decay constants in Figure 5C are obtained through bi-exponential fitting
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on NLS curves. See Table S1 for fitting parameters. The curves are vertically offset for clarity.

Table S2




Crowders Amplitudes Timescales of An!plitude of l.ong-
H-bond dynamics time dynamics
aj a b (fs) b (fs) c
Glucose 0.805 0.180 92 856 0.006
Sucrose 0.749 0.222 90 792 0.019
Dextran 0.793 0.179 92 893 0.014
PEG (n =10) 0.839 0.156 99 1623 0.008
PEG (n =35) 0.845 0.132 98 1607 0.012
Ficoll70 0.808 0.164 101 978 0.015
Water 0.860 0.124 94 678 0.010

Table S1. Fitting results of FFCF curves with bi-exponential fitting function:

f(t) = aje~t/P1 + a,e~t/b2 4 ¢, SIEq. 1

Where a, and a, represent the coefficient of the exponential terms; b; and b, represent a fast (<200 f5s)
decay (b,) and a picosecond H-bond decay (b,). The picosecond dynamics are compared with experiment
as described in the main text. The static inhomogeneity is encapsulated as the coefficient ¢ in the equation.
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Figure S11. Mean square displacement (MSD) calculated from molecular dynamic (MD) simulation for
each crowding solution with a 5 ps restart time and 10 fs interval time. MSD of pure water is included in
each graph for reference. The diffusion rate increases as waters move from interfacial to bulk. At the
interface, sucrose- and glucose-crowded water exhibit the fastest dynamics. In the intermediate and bulk
regions, the differences between diffusion rates became subtle.

Table S2 All water
Total a (nm?/s) b (nm) a std b std n (cP) nerr
water 2.81E-06 6.40E-03 6.32E-08 3.19E-04 0.563 0.013
glucose 2.03E-06 7.15E-03 8.98E-08 3.60E-04 0.779 0.035



sucrose 2.02E-06 7.18E-03 6.03E-08 3.91E-04 0.781 0.023

dextran 2.03E-06 7.24E-03 8.63E-08 5.19E-04 0.778 0.033
PEG (n=10) 1.54E-06 8.01E-03 2.81E-08 3.65E-04 1.029 0.019
PEG (n=35) 1.70E-06 7.88E-03 5.62E-08 3.59E-04 0.932 0.031
Ficoll 2.09E-06 7.12E-03 6.38E-08 4.66E-04 0.755 0.023

Table S3 Interfacial water

Interfacial  a (nm?¥s) b (nm) a std b std n (cP) nerr

water 2.81E-06 6.40E-03 6.32E-08 3.19E-04 0.563 0.013
glucose 1.65E-06 7.56E-03 6.00E-08 4.98E-04 0.955 0.035
sucrose 1.48E-06 7.87E-03 6.18E-08 2.88E-04 1.065 0.044
dextran 1.20E-06 7.16E-03 9.22E-08 7.25E-04 1.318 0.101
PEG (n=10) 1.18E-06 8.44E-03 1.62E-08 1.90E-04 1.344 0.019
PEG (n=35) 1.14E-06 8.54E-03 6.88E-08 4.60E-04 1.382 0.083
Ficoll 1.16E-06 7.88E-03 7.77E-08 9.21E-04 1.365 0.092

Table S4 Intermediate Water

Intermediate = a (nm?s) b (nm) a std b std ncP) | nerr

water 2.81E-06 6.40E-03 6.32E-08 3.19E-04 0.563 0.013
glucose 2.37E-06 6.65E-03 1.11E-07 8.79E-04 0.666 0.031
sucrose 2.35E-06 6.59E-03 7.43E-08 5.95E-04 0.672 0.021
dextran 2.28E-06 6.94E-03 1.31E-07 1.13E-03 0.692 0.040
PEG (n=10) 2.05E-06 7.22E-03 8.33E-08 4.69E-04 0.771 0.031
PEG (n=35) 2.20E-06 7.09E-03 6.38E-08 5.52E-04 0.718 0.021
Ficoll 2.22E-06 7.20E-03 1.53E-07 9.60E-04 0.711 0.049

Table S5 Bulk water

Bulk a (nm?/s) b (nm) a std b std n (cP) nerr
water 2.81E-06 6.40E-03 6.32E-08 3.19E-04 0.563 0.013
glucose 2.46E-06 7.07E-03 1.87E-07 3.04E-04 0.643 0.049
sucrose 2.54E-06 6.85E-03 1.90E-07 9.42E-04 0.622 0.046
dextran 2.60E-06 7.53E-03 9.85E-08 6.57E-04 0.607 0.023
PEG (n=10) 2.28E-06 7.92E-03 1.53E-07 3.36E-03 0.694 0.047
PEG (n=35) 2.44E-06 7.33E-03 1.28E-07 7.07E-04 0.647 0.034
Ficoll 2.64E-06 6.56E-03 1.11E-07 7.59E-04 0.598 0.025

Tables S2-5. Fitting results of MSD plots in Figure S11, with linear fitting function: y = ax + b, where
a represents displacement D in the unit of nm?/s. Viscosity calculated using the Stokes-Einstein Relation



where kg represents the Boltzmann constant, T the temperature, and r is the radius of a water molecule,
assumed to be 1.4 Angstroms. Note that the viscosity constants are only calculated for visualization
purposes. The diffusion constants, computed across crowders, contain the same information as the viscosity.
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S4. ILLUSTRATION OF EXPERIMENTAL SETUP

Probe (detection)

Pump (excitation)

Figure S12. A. Illustration of 2D IR experimental setup in the pump-probe geometry. B. Representative
2D IR spectrum. In our 2D IR setup, three laser pulses create a nonlinear polarization in the sample. Two
pump pulses are used to excite the sample. The time delay between these pulses (t1) is scanned to generate
the pump frequency axis by numerical Fourier Transformation. Following a waiting time t», a third pulse
(probe) interacts with the sample and is sent to a grating spectrometer. The spectrum of the probe is
measured directly on the frequency domain and is used to generate the vertical probe axis in the 2D IR
spectrum.
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