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ABSTRACT: Cells are heterogeneous on every length and time scale; cytosol contains
thousands of proteins, lipids, nucleic acids, and small molecules, and molecular interactions
within this crowded environment determine the structure, dynamics, and stability of
biomolecules. For decades, the effects of crowding at the atomistic scale have been
overlooked in favor of more tractable models largely based on thermodynamics. Crowding
can affect the conformations and stability of biomolecules by modulating water structure
and dynamics within the cell, and these effects are nonlocal and environment dependent.
Thus, characterizing water’s hydrogen-bond (H-bond) networks is a critical step toward a
complete microscopic crowding model. This perspective provides an overview of molecular
crowding and describes recent time-resolved spectroscopy approaches investigating H-bond
networks and dynamics in crowded or otherwise complex aqueous environments. Ultrafast
spectroscopy combined with atomistic simulations has emerged as a powerful combination
for studying H-bond structure and dynamics in heterogeneous multicomponent systems.
We discuss the ongoing challenges toward developing a complete atomistic description of

macromolecular crowding from an experimental as well as a theoretical perspective.

I. CELLS ARE CROWDED

A large fraction of the cell interior is occupied by biomolecules
such as lipids, proteins, nucleic acids, and small organic
compounds.' This high concentration of biomolecules
produces a range of heterogeneous, complex, interfacial, and
crowded environments where molecular interactions take
place.”” This increasingly complex environment (Figure 1)
modulates the structure, stability, and dynamics of biomole-
cules inside cells.*® Indeed, substantial differences have been
observed in various biomolecular interactions in crowded
environments compared to the same biomolecules in dilute
solutions.’

Crowding is often interpreted as the combined outcome of
“excluded volume” effects together with “soft interactions”
(Figure 2). Excluded volume, often called “hardcore
repulsion”, is a simple size-dependent steric effect that results
from the inaccessibility of certain regions of space due to the
presence of neighboring macromolecules. This aspect of
crowding is relatively well-characterized and generally agreed
as favoring compact protein structures, increasing stability, and
producing size-dependent effects.”” '’ However, this simplified
model overlooks the significance of “soft interactions” in
crowded systems.'"'? “Soft interactions”, including hydro-
phobic solvation, hydrogen bonding, and electrostatics, have
been hypothesized to alter dynamics, modulate protein—
protein interactions, and serve to spatially organize biomole-
cules in the cell."”"* Since crowding is a collective effect of
thousands of biomolecules of all different sizes and
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composition, isolating the different contributions to the
observed “crowding” effects remains challenging. Indeed, this
understanding would be the first step toward developing
artificial systems that accurately mimic biological environ-
ments.

Artificial crowders, such as polyethylene glycol (PEG),
Ficoll, or dextran, are commonly used to mimic the cytosolic
environment for in vitro studies and have become standard in
biochemical experiments."> The impact of crowding on protein
folding, stability, enzymatic activity, protein—protein inter-
actions, and even membrane permeation has been of recent
interest. Biophysical tools including molecular dynamics (MD)
simulations,lé’17 nuclear magnetic resonance (NMR) spectros-
copy,"™"” and fluorescence-based techniques are commonly
used to investigate crowcling.20 Initially, PEG and poly-
saccharides were used, as crowders, as the chemical nature of
the crowder was not an important consideration. Recently,
protein stability has been found to depend on the nature of the
crowder, where more biologically relevant molecules may
interact more strongly with proteins compared to artificial
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Figure 1. Illustration of molecular crowding. (A) Schematic
representation of confinement effects on cytosolic water and the
disruption of the water H-bond networks. (B) Schematic illustration
of the complexity of standard solutions used in biochemical studies
compared to the cell interior. The cell cartoon is adapted from an
illustration by David S. Goodsell, The Scripps Research Institute.
DOI: 10.2210/rcsb_pdb/goodsell-gallery-011.

Figure 2. Crowding effects on proteins. (A) Crowding effects result in
protein structural changes in dilute solution versus crowded
environments. (B) Crowding effect is a sum of many interactions
such as “excluded volume” and “soft interactions”.

crowders.”' The nature of the crowder may thus be important
in modulating key biochemical interactions.

In-cell NMR studies have demonstrated that artificial
crowders cannot replicate the structural dynamics of proteins
in the cytosol.”” The nature of the cytosolic environment,
including H-bond networks, determines biomolecular inter-
actions and, ultimately, the thermodynamics of all processes in
the cytosol. Therefore, future studies should seek to arrive at a
molecular description of how different crowders affect the
solvent environment and, in turn, how these effects translate
into the measured changes in protein thermodynamics. This
requires a large repertoire of experimental and computational
techniques that can disentangle the individual effects on the
solvent environments and biomolecular interactions. Naturally,
the importance of properly describing the solvent environment
is well appreciated by the MD community, as different water
models not only alter the computed physical properties of the
liquid but also impact the structure and dynamics of
biomolecules.”* >

Until now, efforts have been primarily focused on
quantifying protein folding thermodynamics, and enzyme
kinetics. Less emphasis, however, has been put on under-
standing the structure and dynamics of water in crowded
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systems, primarily because of the following reasons: (1) Water
effects have been underestimated in favor of excluded-volume
effects and nonspecific protein interactions. (2). Probing water
dynamics in crowded environments remains challenging, and
there are only a few select experimental techniques that can
directly access dynamics within the relevant subpicosecond
time scales. From a biophysical perspective, quantifying the H-
bond ensembles and dynamics in biological environments is a
natural starting point for describing crowding effects on the
solvent.

In the remainder of this Perspective, we present an overview
of the current ultrafast spectroscopy studies on H-bond
structure and dynamics in various crowded environments
and provide an outlook focused on ongoing obstacles to
achieving a comprehensive, quantitative description of
molecular interactions in crowded environments.

Il. WATER IN CROWDED SYSTEMS

IlLA. Confinement Effects on Water. In the cell, soluble
proteins are primarily solvated by water, though nonspecific
contacts with other biomolecules are also prevalent. To
understand crowding beyond excluded volume effects, it is
essential to first understand how biomolecules modulate their
nearby environments. “Biological water” is a term frequently
used to describe water molecules within the first or second
solvation shell, and water directly bound to biomolecules is
considered “hydration water”. Biological water is hypothesized
to be an active component of the cell, modulating the
structure, dynamics, and interactions of biomolecules.*
Extensive work has been dedicated to understanding the
interplay between the dynamics of biomolecules and their local
environment.”””* Though “hydration water” is not immobile
like ice, its physical properties such as diffusion constants and
dielectric properties are markedly different from bulk water.”
Water molecules beyond the first two solvation shells are
considered “free water”. Compared to pure liquid water (bulk
water), intracellular “free water” remains confined to nano-
meter-length channels between biomolecules.*>*" Crowding
and confinement at the molecular level alter the H-bond
network structure and dynamics of water; in turn, the
disrupted H-bond networks determine the stability, function,
and dynamics of biomolecules within these environments.

In addition to crowding as an organizing principle, recent
emphasis has been placed on the role of liquid droplets
assembled by liquid—liquid phase separation (LLPS) as an
additional mechanism for intracellular compartmentalization.
The content of cells self-organizes into “biocondensates”;
dense compartments composed of specific proteins and nucleic
acids. These biocondensates result from a combination of
interactions including strong electrostatic forces among
charged moieties.”” These interactions are sufficiently strong
to assemble molecules, but not strong enough to freeze their
dynamics or crash them out of solution. Despite the obvious
role of water in mediating electrostatic interactions, confined
water environments have not been investigated in sufficient
detail within this context due to a number of challenges. For
example, biocondensate simulations are often carried out using
coarse-grained models in continuum solvent media to achieve
sufficient conformational sampling.”® However, it is clear that
biocondensates contain significant amounts of water and that
water is essential to mediating electrostatic interactions. For
these reasons, it is important to work toward achieving
molecular-level descriptions of interactions in these complex
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environments by studying the structure and dynamics of water
and its unique solvation properties.

I.B. Describing H-Bond Networks in Water. The sp’-
hybridized oxygen molecular orbital dictates the geometries of
water’s H-bond networks in the solid and liquid phases. Water
has an equal number of H-bond donors and acceptors, and
each water molecule is capable of coordinating four others in a
tetrahedral geometry (Figure 3A). In ice, each water molecule

Figure 3. Diagrams of H-bond configurations. (A) Tetrahedral
geometry of water H-bonds. (B) The extended H-bond network is the
hallmark of liquid water.

forms approximately equal-length H-bonds with its nearest
four neighbors at an angle of 109.5°, making a regular
tetrahedral arrangement. Though not perfectly tetrahedral like
ice, liquid water is characterized by a large fraction of the
tetrahedral H-bond networks, retaining partial “ice-like”
structures in the liquid. In essence, water can be viewed as a
rapidly fluctuating matrix where molecules interact dynam-
ically, forming a tetrahedral assembly but with short and long-
range distortions that give liquid water its unique properties.
Water forms a dynamic H-bond network that undergoes
continuous evolution as H-bond break, reform, and rearrange
within the thermodynamic ensemble.”* Describing the
geometry is not straightforward; indeed, several order
parameters have been suggested to quantitatively characterize
local water structures, which have been especially useful in the
context of molecular simulations. Laage and co-workers
reviewed and compared five order parameters and concluded
that angular distortions, in particular, significantly impact the
water reorientation dynamics.”> The geometric configurations
of water are commonly described by the orientational
tetrahedral order parameter (q) originally introduced by
Debenedetti and co-workers to describe supercooled water.*®
The parameter ¢ is calculated through the angles between a
central water molecule and its four nearest neighbors (Figure
3A). It has a value of one for the perfect tetrahedral ice
structure and zero for an ensemble of random configurations
(i.e., an ideal gas, Figure 4).*” The tetrahedral order parameter
q has emerged as an effective way to describe the ordering of
the H-bond network in aqueous systems, and quantify the
effects of cosolvents on the tetrahedral structure of water.****
The presence of biomolecules leads to electrostatic
interactions, and an imbalance of donors/acceptors, which all
contribute to disrupting the extended H-bond networks.’”~*
Though cytosolic systems are difficult to probe directly, studies
of cosolvent systems may offer some insights into the above-
mentioned interactions. MD simulations predict local
variations in the H-bond configurations in heterogeneous
aqueous solutions.*** These studies indicate that, on average,
high-concentration solutions contain much more disordered or
unstructured water configurations compared to pure liquid
water.”*® However, surprisingly, certain crowders such as
PEG induce long-range ordering, making the water outside of
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Figure 4. Schematic view of H-bond network ordering in selected
systems. The H-bond network in ideal gas and ice depicts two limiting
cases ice and an ideal gas. Interestingly, in crowded environments,
certain ensembles can be more ordered than pure water, though H-
bond networks remain significantly disordered at biological interfaces.
The tetrahedral order parameter (q) is commonly used for describing
the angular distortion in water, with a value of one for the perfect
tetrahedral ice structure and zero for an ensemble of random
configurations such as in an ideal gas.

the first two to three solvation shells (~1 nm) more ordered in
a crowded system compared to bulk water,”* the implications
of which remain to be fully understood.

I.C. Crowders Shape the H-Bond Network. Solvent-
exposed regions of biomolecules, such as soluble proteins,
lipids, or DNA, typically contain H-bond donors and
acceptors, and these molecules can thus participate in the
extended H-bond networks.”” Common functional groups that
participate in H-bonds include carbonyls, hydroxyls, phos-
phates, amines, and amides. As a consequence, the “soft
interactions”, which primarily consist of polar contacts and H-
bonding, depend strongly on the chemical structure of a given
biomolecule. For example, sugars containing large numbers of
hydroxyl groups can become readily embedded within the H-
bond network since the hydroxyl group can donate as well as
accept H-bonds. Using monosaccharides as crowders results in
more unstructured water in comparison to PEG (Figure SA),

Figure S. Crowding effect on orientational tetrahedral order
parameter (q). (A) Histogram of tetrahedral order parameters (q)
values for selected crowding agents. All crowders increase the
population of unstructured water (lower g value). (B) Distribution of
the order parameter as a function of distance to the lipid interface in a
bilayer. The bilayer disorders water within ~1 nm of the interface, but
the effects are not propagated beyond this distance.

which can only accept H-bonds through the ether oxygens."’
Phospholipids are another example of a biomolecule with
phosphate and other polar groups which strongly interact with
water. In membranes, the hydrophilic lipid headgroups disrupt
the interfacial water H-bond network to a distance of ~1 nm
from the interface (Figure SB), but surprisingly headgroup
dipole orientation does not affect the local environments.***’

Experimentally, several techniques can be used to directly
probe H-bond interactions.”®~>* However, since each measure-
ment provides a different description, it is important to define
a fundamental, microscopic measure of H-bond interactions.
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The stability of the H-bond network is dictated by the donor—
acceptor free energy landscape, which in turn is not only given
by the chemical nature of the donor and acceptor, but by
several factors including orientations and the delocalized
interactions that define the H-bond networks. The H-bond
switching process occurs along a reaction coordinate that
involves at least three molecules.” Quantifying the temper-
ature-dependent H-bond populations provides a direct way to
determine the enthalpy and entropy change associated with H-
bond rearrangements involving specific functional groups.”’ In
applying this method, the temperature-dependent population
changes reveal the donor—acceptor interaction energies,
provided that there is a properly defined standard state. For
example, the average observed rearrangement energy is 1.5
kcal/mol between the structured (“ice-like”) and distorted
(“broken-donor”) local H-bond conﬁgurations.53 Vibrational
spectroscopy is a useful technique for quantifying H-bond
populations and enthalpies since vibrational frequencies are
sensitive to the number of H-bonds associated with a given
functional group.ss’56

Fourier-transform infrared (FTIR) spectra can directly
measure H-bond populations for certain functional groups.
The experimentally measured enthalpy is usually an average
value of all the H-bonds involving a given functional group. In
crowded solutions containing several donors or acceptor
species, for example, —OH from waters, proteins, or sugars
or C=O0 from proteins or lipids, measurements often cannot
distinguish between the different H-bond donors or acceptors,
and thus, the results must be interpreted with care. Such bulk
quantities provide limited insight but are nonetheless useful
benchmarks for mocleling.57 Simulation, on the other hand, can
be used to disentangle the contributions from individual H-
bond donors or acceptors and provide atomistic descriptions of
local H-bond interactions.

lll. CROWDING EFFECTS ON H-BOND DYNAMICS

In liquid water, the dynamics span time scales from
subpicosecond in-place H-bond fluctuations to picosecond
H-bond lifetimes and nano/microsecond diffusion rates.”®
Indeed, water dynamics are considered “fractal” in character;
each time scale, no matter how short or how long, can be
associated with a corresponding ensemble motion. This is
particularly important in biomolecular systems, where the time
scales of biomolecules can similarly span multiple orders of
magnitude in time.”"*”% Several methods have been used to
measure dynamics in crowded aqueous systems: Kerr effect’’
and THz spectroscopy”” have been used to measure the low-
frequency intermolecular vibrations (Figure 6). Correlation
times associated with orientational and translational diffusion
of the intracellular water have been studied using NMR and
EPR spectroscopy.’”®*"®® Measuring the fast H-bond
dynamics requires ultrafast spectroscopy approaches.

lllLA. Femtosecond H-Bond Dynamics. Time-resolved
vibrational spectroscopy probes the ultrafast motions of water
molecules on a time scale of a few tens of femtoseconds to
several picoseconds (Figure 6).°°> For example, reorientation
dynamics, measured using IR pump—probe anisotropy, exhibit
two relaxation times with time constants of approximately 700
fs and 13 ps.°"® Beyond time scales, the specific H-bond
switching motions were elucidated using 2D IR anisotropy to
measure the joint angular reorientation and OH frequency
correlations, which has served as validation for the “jump
reorientation” model.””
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Figure 6. Multiscale dynamics of water and approximate time
windows of selected spectroscopic techniques. (A) Frequency—
frequency correlation function decay (orange curve), three-
component exponential curve fitting (blue dotted curve), and time
scales typically associated with specific water motions. (B) Common
time-resolved characterization techniques. NMR: nuclear magnetic
resonance. OKE: optical Kerr effect. THz: time-resolved terahertz
spectroscopy.

Bulk measurements can be limiting in the case of complex
systems, where either frequency alone is not sufficient to
distinguish between ensembles, or where an ensemble interest
encompasses a small fraction of the water molecules in the
liquid. Time-resolved sum-frequency generation (SFG) spec-
troscopy enables selective measurements on interfacial O—H
stretch modes at water—air or water—lipid membrane
interfaces, directly accessing spectral diffusion and population
relaxation rates of molecules at interfaces.”’””> 2D SFG
measurements showed strong frequency dependence of
vibrational relaxation at the air—water interface compared to
bulk water.”*”* In a crowded environment, it is yet an ongoing
challenge to selectively measure interfacial water around
biomolecules, although some recent experiments have been
able to reveal local structure, as well as the coupled dynamics
of biomolecules and waters.”*~"®

lll.B. Probing H-Bond Dynamics. Biological environ-
ments are characterized by molecular and spatial heterogeneity,
raising an important challenge in studying solvation dynamics:
it is difficult to isolate the response of water near biomolecules
from the response of the molecules in bulk.”” For instance, in
lipid vesicles, water molecules at the interface experience
different dynamics than water in a bulk environment.**”?~*!
Relying on the vibrational modes of water to probe
heterogeneous dynamics may result in a multicomponent
response that may be challenging to interpret, and in addition,
if the fraction of water in interfacial environments is small, the
majority of the contribution will arise from bulk water, making
the overall response appear “bulk-like” in character.>***

Specific modes in biomolecules can be used as intrinsic
vibrational probes. For example, in phospholipids, ester
carbonyls are precisely located in the ~1 nm interface between
the polar and nonpolar regions, and the carbonyl stretching
frequency is sensitive to the local H-bond environment (Figure
7). In the absence of intrinsic vibrations, probes can be
installed at precise locations to measure local dynamics.*"**
Nitriles, including azides and thiocyanates, are common since
the C=N stretching mode appears in an uncongested region
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Figure 7. Schematic depiction of intrinsic vibrational probes in lipid
interacting with interfacial water molecules. Zoomed in the structure
of a phospholipid showing the carbonyl groups, located at the water—
lipid interface, interacting with the water and sugar crowders through
H-bonding.

of the spectrum and is highly sensitive to the environ-
ment 46,8688

In the case of delocalized vibrations involving multiple
oscillators, such as the amide carbonyls of proteins, the
dynamics of the peaks can be affected by energy transfer, which
can complicate the interpretation of spectral lineshapes.
Isotope labeling techniques provide an effective way to reveal
site-specific information in complex protein systems.*””’ In
conclusion, the combination of time-resolved IR spectroscopy
and vibrational probes makes for a powerful approach to
directly access H-bond dynamics in complex heterogeneous
environments.

lll.C. Atomistic Interpretation. Spectroscopy alone can
only measure frequencies, amplitudes, and time scales;
modeling is thus often required to obtain insight into the
interactions that give rise to measured spectra. Molecular
dynamics (MD) simulations provide a complete molecular
description of a solvation system: the exact positions of all
atoms as a function of time. Rich molecular information can be
directly extracted from trajectories, including local properties
such as the H-bond populations, and H-bond dynamics at
selected positions, as well more global measures such as the
temporal evolution of the H-bond network.”" However, it is
important to properly benchmark simulations against experi-
ment to ensure that the models are sufficiently accurate to
reproduce the molecular ensembles and dynamical time scales
observed in experiments.”” Vibrational maps are useful since
they can be used to generate frequency trajectories for
vibrational groups of interest.”> The frequency—frequency
correlation function (FFCF) extracted from MD trajectories
can be directly compared to the FECF measured using ultrafast
vibrational spectroscopy.46 In brief, the combination of
ultrafast spectroscopy and MD simulation is ideal for
measuring H-bond dynamics in complex systems and directly
exploring the effects of crowding.'”***>%*

IV. CHALLENGES

Ultrafast spectroscopy has been pivotal in providing an
atomistic description of water dynamics in crowded solutions,
but fully understanding the effects of crowding in realistic
biological environments remains challenging.zg’9 -9 Multiple
constraints must be taken into consideration when designing
experiments around vibrational probes. A suitable vibrational
probe needs to minimally perturb the H-bond network while
being sensitive to the local environment. The vibrational
lifetime of the probe is another limiting factor, and significant
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efforts have been put toward synthesizing labels with long
vibrational lifetimes.”” In addition, the oscillator strength
becomes an important consideration since labeled molecules
must be dilute, particularly if a vibrational label is attached to a
large biomolecule, where the biomolecule itself can become
the crowder, but low probe concentrations result in weak
signals.

Atomistic descriptions are often drawn from a combination
of experiments and simulations as it is difficult to pinpoint the
origin of the observed dynamics from experiments alone.
Simulating large-scale systems at an atomistic level can quickly
become unaffordable and coarse-grained simulations do not
offer sufficient levels of detail given the local nature of H-bond
interactions.”®

V. SUMMARY AND OUTLOOK

Crowding effects in cell environments have drawn increasing
attention, particularly concernin§ the stability, and assembly of
biomolecules within living cells.”"”” Researchers are beginning
to explore crowding at the atomistic level. In this perspective,
we argue that H-bonding is an important aspect of crowding
which deserves significant attention. Over the past two
decades, ultrafast spectroscopy has become a powerful tool
to measure bond-specific picosecond dynamics, and spectro-
scopic methods can be further extended to probe crowded and
otherwise complex environments. One exciting area of
investigation is examining the role of water in biocondensates
induced by liquid—liquid phase separation; however, there are
many challenges ahead, primarily that biocondensates are
highly complex multicomponent structures that only exist in
the native environment of the cell’”'”* and that current model
systems, such as polypeptide coacervates and synthetic
polymers, may not recapitulate the environments present in
intracellular condensates.'®' ~'%® Nonetheless, there are excit-
ing avenues to pursue in this area, and ultrafast spectroscopy is
poised to make important contributions to this field.

We predict that future studies will explore the molecular
origin and impact of crowding in systems with increased
complexity that begins to mimic key aspects of the cytosol.
Intracellular compartments, cell lysates, intact plasma mem-
brane patches, or ultimately in-cell measurements would be
logical systems for future studies. Liquid—liquid phase
separation, as one of the important mechanisms for intra-
cellular compartmentalization, will keep garnering attention.
Site-specific labeling and incorporating vibrational probes
within biological environments remains a critical challenge.
There has been some excellent recent work dedicated to
developing probes with a longer vibrational lifetime, bri§hter
vibrational strength, and higher H-bonding sensitivity.'""~"%°
Ultimately, emerging technologies such as amber codon,
biorthogonal chemistry, or native chemical ligation could be
very beneficial for incorporating vibrational probes in fully
native environments and assessing the effects of crow-
ing.'””7'% Ultrafast spectroscopy, in combination with
techniques such as NMR, EPR, and leading-edge MD
simulations, will continue to advance our understanding of
how water interacts with biomolecules in highly complex
cellular environments.
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