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ABSTRACT: PEGylation is essential for the effective function of
biologics, shielding them from rapid degradation and clearance in
the complex environment of the human body. Despite its
significance, a mechanistic understanding of PEGylation’s role in
enhancing protein stability is incomplete, limiting the ability to
design PEGylated proteins with predictable properties. Solvation, a
well-known driving force in protein folding and stability, is
hypothesized to play a central role in protein stabilization via
PEGylation, but molecular mechanisms underlying solvent-driven
stabilization are not well understood. Here, we investigated solvent
dynamics and the interactions of the solvent with the PEGylated
carbohydrate recognition domain of human Galectin-3 (Gal3C) in
aqueous solutions. Two-dimensional infrared (2D IR) spectroscopy, which captures subpicosecond molecular ensembles, revealed
polymer length-dependent differences in protein dynamics and solvent dynamics for PEGylated Gal3C. Slower solvent dynamics
correlated with increased conjugate thermal stability. Complementing these data, multidimensional nuclear magnetic resonance
(NMR) spectroscopy provided evidence that Gal3C conjugated to longer PEG forms a noncovalent interaction “shroud”, which
correlated with changes in dynamics of the solvent and protein backbone. Molecular dynamics (MD) simulations supported an
interpretation of the experimental results that PEGylation did not reduce the protein’s solvent-accessible surface area. The
integration of these data challenges the idea that PEGylation stabilizes conjugated proteins by dehydrating a protein’s surface.
Instead, these data support a mechanism where PEGylation improves protein stability by stabilizing the protein’s solvation shell.
These insights offer guidance for optimizing polymer length to achieve the desired thermal stability in biologics.
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■ INTRODUCTION
Biologics are one of the fastest-growing sectors in the
pharmaceutical industry,1,2 accounting for over 40% of all
FDA-approved oncology drugs from 2000 to 2022 and have
predominant roles in the development of biomarkers and many
other disease treatments.3 However, the molecular complexity
driving their target specificity also makes biologics more
vulnerable and less robust than small molecules. One of the
most promising approaches to improving the stability of
biologics is chemical conjugation with polymers, particularly
poly(ethylene glycol) (PEG), to form protein−polymer
conjugates.4,5 While PEGylation has been shown to improve
pharmacokinetic properties and prolong therapeutic efficacy of
biologics,6−11 its effects on protein stability and activity have
been unpredictable, with studies reporting both an improve-
ment and reduction in stability.12−15

The goal of obtaining mechanistic insight into how
PEGylation alters protein properties has motivated extensive
biophysical investigations of PEG-protein conjugates, with
much of this work focused on defining the conformations of

the protein and polymer within the conjugated system.
Structural studies of crystallized PEGylated plastocyanin,
together with nuclear magnetic resonance (NMR) character-
ization of its solution conformation, concluded that the
polymer and protein behave largely as independent molecular
entities, with limited direct interactions.16 Solid-state NMR
investigations of PEGylated proteins in sedimented solids
similarly reported that the structures of PEGylated soluble
proteins closely resemble those of microcrystalline prepara-
tions of the corresponding unmodified proteins.17 Scattering-
based approaches have also been applied to probe the global
conformations of PEG and protein within conjugates, although
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these studies have yielded differing conclusions regarding the
extent of protein−polymer interactions.18−21

Here, we combine two-dimensional infrared (2D IR)
spectroscopy, multidimensional NMR spectroscopy and
NMR-based diffusion measurement, and molecular dynamics
(MD) simulations to investigate the molecular mechanisms of
protein−polymer interactions. Our work focuses on the role of
the solvent and on how PEGylation modifies solvent−protein
interactions and, in turn, macromolecular properties of
PEGylated proteins. The application of 2D IR to protein−
polymer conjugates complements prior approaches by enabling
direct access to ultrafast molecular processes, allowing
interrogation of protein−solvent interactions, solvent exposure,
and the dynamics and organization of solvation networks
surrounding proteins.22 Experimental measurements on the
picosecond to nanosecond time scales are especially valuable
because they can be directly compared with MD simulations
performed on comparable time scales, providing critical
benchmarks for validating and extending computational
models to additional systems of interest.9−13,23 Solvent
interactions with proteins are well-known to be among the
most important driving forces in protein folding and
unfolding.24−28 In line with this view, growing evidence
suggests that PEGylation enhances the thermal stability of
conjugated proteins by modifying the solvation network
surrounding the protein and altering its solvent-accessible
surface area (SASA).29 Computational simulations with
PEGylated polypeptides and small proteins observed that a
PEGylation-driven increase in protein stability correlated with
a reduction in SASA.30,31 For example, a combined
experimental and computational study of a PEGylated small
protein Pin1 indicated that PEGylation increased the disorder
of water molecules in the protein solvation shell.32 Coupled to
this is the related question of the extent of interaction between
the protein and polymer and how the two are spatially
organized. In general, two models are frequently invoked to
describe PEG-protein interactions: the “dumbbell model” and
the “shroud model.” These models differ in the extent of
interaction between the protein and conjugated polymer. In
the dumbbell model, PEG acts as a flexible polymer covalentely
attached to the protein, while the majority of the chain remains
extended and dynamic in solution. In this model, the protein
and the PEG chain behave like two connected but distinct
units, resembling the ends of a dumbbell (Figure 1). It is
expected that the PEG primarily contributes steric bulk and
excluded volume, modulating intermolecular interactions and
crowding without strong interactions with the protein
surface.18−21 In contrast, the shroud model describes PEG as

forming a more compact, surface-associated layer around the
protein. In this case, the polymer samples conformations that
keep it in close proximity to the protein surface, with the
possibility of effectively creating a dynamic, hydrated
protective layer. Overall, the “shroud” shields the protein
from its environment, altering solvent access, intermolecular
contacts, and surface interactions.23,33,34 Real PEG-protein
conjugates are expected to exhibit features of both, with the
balance depending on chain length, grafting density, protein
fold and surface polarity, and solvent conditions.
We hypothesize that the more extensive protein−polymer

interactions in the shroud model have a greater impact on the
protein’s solvation network, thereby conferring greater stability
to the conjugated protein. To test this hypothesis, we studied
the dynamics and solvent interactions of the PEGylated
carbohydrate recognition domain of human Galectin-3
(Gal3C), a human β-galactoside-binding lectin that plays a
significant role in cell adhesion35 and potentially in cancer
biology.36,37 Gal3C adopts a β-sandwhich structural motif, a
widely observed motif found across different proteins. Based
on databases that catalogue the frequency of all folds observed
in experimentally determined protein structures,38−40 it is
estimated that approximately 10% to 20% of experimentally
determined structures contained in the Protein Data Bank
(PDB: 4R9C) exist as a β-sandwhich motif or contain domains
formed by a β-sandwhich motif. As there are currently
approximately 250,000 experimentally determined structures
in the PDB, a conservative estimate would thus be
approximately 25,000 of these contain β-sandwhich motifs.
Further, proteins containing this fold are also highly significant
in biology and medicine, including immunoglobulin and
immunoglobulin-like domains found in antibodies, cell-surface
coreceptors, receptor tyrosine kinases, growth factor receptors,
and other medically relevant proteins, supporting the use of
Gal3C as a representative model system.
Our investigation compared Gal3C conjugated with PEG

molecules of two different molecular weights, 550 Da and 5
kDa, to investigate the relationship between the conjugated
polymer and properties of the conjugated protein. Combining
data from 2D IR spectroscopy, NMR spectroscopy, and
molecular dynamics (MD) simulations, we compared the
impact of the different-sized PEG molecules on the properties
of conjugated Gal3C to test their effects on solvent
accessibility and conjugate thermal stabilization.22 We used
2D IR spectroscopy to investigate how PEGylation altered the
backbone of conjugated Gal3C and investigate the impact of
PEGylation on protein−solvent interactions and solvent
exposure. NMR spectroscopy provided complementary in-
sights into the influence of conjugated PEG on the protein
backbone at slower time scales and was also used to quantify
the diffusion properties of PEGylated Gal3C. These measure-
ments enabled us to correlate changes in solvation networks
with the dumbbell and shroud models of protein-PEG
interactions. MD simulations further complemented our
experimental data by visualizing the conjugated polymer and
providing a global characterization of solvation environments
and backbone flexibility.41−43 Together, these integrated
approaches enabled us to correlate polymer length with
changes in the solvation network of the conjugated protein and
its stability, providing mechanistic insights into the intentional
design of protein−polymer conjugates with predictable
properties.

Figure 1. In the dumbbell model, the PEG chain is attached at a
specific site on the protein but extends outward into solution, so the
protein and the mobile polymer behave like two connected yet
distinct units. In the shroud model, the PEG chain remains closely
associated with the protein surface.
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■ RESULTS

Conjugation of Gal3C with PEG

To examine the impact of PEG on the conformational
dynamics and solvent organization of conjugated Gal3C, we
compared unconjugated Gal3C with two Gal3C conjugates,
each linked to poly(ethylene glycol) (PEG) of molecular
weight of either 550 Da or 5 kDa, referred to here as Gal3C-
PEG 550 Da or Gal3C-PEG 5 kDa, respectively. Gal3C
PEGylation was performed using maleimide-functionalized
PEG, which reacted specifically with a single extrinsic cysteine
at position 243 in Gal3C[T243C]. We refer to this modified
protein as Gal3C throughout the text. Gal3C-PEG 5 kDa was
prepared according to previously reported protocols,23 while
Gal3C-PEG 550 Da was prepared using a similar protocol,
substituting maleimide-PEG 5 k with a functionalized
maleimide-PEG starting material of 550 Da (Section S1).
Previous studies demonstrated that the N-methylmaleimide
linker used to covalently attach PEG to Gal3C had no impact
on the thermal stability of the protein and resulted in only
subtle changes to the protein surface limited to a local region
near the conjugation site.23

Due to the inability to resolve unconjugated Gal3C and
Gal3C-PEG 550 Da via gel filtration chromatography,
PEGylation efficiency of Gal3C-PEG 550 Da was measured
using fluorescence spectroscopy with the thiol-reactive
fluorescent dye N-[4-(7-diethylamino-4-methyl-3-coumarinyl)-
phenyl]maleimide (CPM). By measuring the fluorescence
spectra of Gal3C-PEG 550 Da in the presence of CPM, we
determined that >85% of Gal3C was successfully conjugated
following the reaction protocol described in Section S1 (Figure
S1). To test the activity of Gal3C-PEG 550 Da we recorded
tryptophan fluorescence spectra to quantify the binding affinity
of lactose to Gal3C-PEG 550 Da and compared this value to
the binding affinity of lactose to Gal3C and Gal3C-PEG 5 kDa
(Figure S2). The observed Kd values for lactose to Gal3C,
Gal3C-PEG 550 Da and Gal3C-PEG 5 kDa were essentially
identical, confirming that Gal3C-PEG 550 Da retained native
activity (Figure S2).
To assess the impact of PEG 550 Da conjugation on the

thermal stability of Gal3C, we recorded circular dichroism
(CD) spectra from 200 to 280 nm (Figure S3). CD spectra of
Gal3C-PEG 550 Da at 30 °C were consistent with a well-
folded protein containing mostly β-sheet secondary structure
and were at most only marginally different from CD spectra of
Gal3C and Gal3C-PEG 5 kDa recorded at the same
temperature (Figure S3). Temperature-dependent CD spectra
recorded with Gal3C-PEG 550 Da showed a single cooperative
unfolding transition with an apparent Tm of ∼58 °C with a λmin
of 225 nm. The thermal unfolding behavior of Gal3C-PEG 550
Da was highly similar to that of Gal3C but contrasted starkly to
the thermal unfolding behavior of Gal3C-PEG 5 kDa.
Consistent with earlier findings,23 thermal unfolding of
Gal3C-PEG 5 kDa showed two separate unfolding transitions
and the formation of an intermediate conformation, as
evidenced by a shift in λmin from 225 to 215 nm (Figure
S3). This stark contrast in the thermal unfolding behavior
between Gal3C-PEG 550 Da and Gal3C-PEG 5 kDa
motivated a deeper investigation into the molecular mecha-
nisms underlying these distinct unfolding pathways.

“Shroud-like” Protein−Polymer Conformation is Observed
for Gal3C PEGylated with PEG 5 kDa but Not with PEG 550
Da
The extent of interaction between the protein and polymer
affects the diffusion behavior of the protein−polymer
conjugate. For the dumbbell model, minimal interaction allows
the protein and polymer to behave as independent molecules,
and we would predict that the diffusion behavior of such a
system would be nearly identical to the unconjugated protein.
In contrast, for the shroud model, more extensive protein−
polymer interactions would decrease the rate of diffusion of the
system relative to the unconjugated protein. Thus, by
measuring the diffusion properties of the conjugated protein,
it is possible to distinguish between the two proposed models.
NMR spectroscopy can be used to quantify the diffusion
properties of conjugates by measuring the rotational
correlation time (τc) of the conjugated protein. We determined
τc values by measuring the 15N longitudinal (T1) and
transverse (T2) relaxation times of the backbone. This
approach has been used to quantitatively determine rotational
correlation times for globular proteins up to ∼25 kDa.44,45

Previously, we determined the τc values for Gal3C and
Gal3C−PEG 5 kDa (Section S3) and showed that PEGylation
increased the rotational correlation time of Gal3C from 10.6
(±0.7) ns to 12.0 (±0.8) ns. This was consistent with observed
increased line broadening in 15N-edited 1H NMR spectra of
Gal3C−PEG 5 kDa and an increased transverse relaxation
time. The increased τc value for Gal3C−PEG 5 kDa was
interpreted as supporting a shroud-like conformation of the
polymer within the protein−polymer conjugate. Here, we
tested whether the shorter chain PEG in conjugated Gal3C-
PEG 550 Da also formed a shroud-like conformation by
measuring the τc value for Gal3C-PEG 550 Da. Unlike Gal3C−
PEG 5 kDa, we determined a τc value for Gal3C-PEG 550 Da
to be 10.6 (±1.0) ns, which is similar to the τc value measured
for Gal3C and significantly shorter than the τc value measured
for Gal3C−PEG 5 kDa (Figure 2 and Section S3). The similar
τc values for Gal3C and Gal3C-PEG 550 Da are consistent
with similar line widths observed in their respective 15N-edited
1H NMR spectra (Figure S4). Together, these data support a
shroud-like model for Gal3C−PEG 5 kDa and a more
dumbbell-like model for Gal3C-PEG 550 Da.
As shown in previous NMR studies of PEGylated proteins,

2D [15N,1H]-heteronuclear single quantum correlation
(HSQC) spectra can reveal the impact of PEGylation on the
protein backbone conformation and dynamics, as manifested
by changes in chemical shifts or line broadening upon
PEGylation. To observe the extent to which PEGylation with
the shorter, 550 Da polymer impacted conjugated Gal3C
structure and dynamics, we recorded 2D [15N,1H]-HSQC
spectra of Gal3C−PEG 550 Da at 30 °C (Figure S4).
[15N,1H]-HSQC spectra of Gal3C−PEG 550 Da were well
dispersed, consistent with a well-folded protein as expected
from the CD measurements. Comparison of the [15N,1H]-
HSQC spectra of [u-15N] Gal3C−PEG 550 Da with [u-15N]
Gal3C and [u-15N] Gal3C−PEG 5 kDa showed that the
spectra largely overlapped, indicating that conjugation with
PEG 550 Da did not change the overall folding of Gal3C
(Figure S4). We also compared these data with HSQC spectra
of [u-15N] Gal3C- PEG 550 Da to Gal3C conjugated with N-
methylmaleimide without PEG, [u-15N] Gal3C-NMM. These
spectra were also largely overlapped. The high resolution and
dispersion of the HSQC spectra facilitated a more detailed
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comparison of the chemical shifts and line widths among
[u-15N] Gal3C, [u-15N] Gal3C−PEG 550 Da and [u-15N]
Gal3C−PEG 5 kDa. By comparing chemical shift perturbations
between Gal3C and Gal3C−PEG 550 Da, we observed that
conjugation with PEG 550 Da resulted in minor perturbations,
primarily localized to the conjugation site, indicating that
conjugation with PEG 550 Da resulted in only minor
perturbations to the Gal3C backbone (Figure 3). Except for
one residue near position 220, we observed at most only
minimal line broadening, typically less than 20 Hz, across all
residues in spectra of Gal3C−PEG 550 Da.
In contrast to these observations, more pronounced

differences were observed when comparing HSQC spectra of
Gal3C and Gal3C−PEG 5 kDa. Conjugation of Gal3C with
PEG 5 kDa resulted in larger chemical shift perturbations,
particularly between residues 134−140, 193−200, 219, and
249. Additionally, Gal3C−PEG 5 kDa exhibited more
extensive line broadening, with most residues showing
increased line broadening of ≥20 Hz, and residues near the
conjugation site showing greater line broadening of ≥40 Hz.
Together, the HSQC data and rotational diffusion measure-
ments for Gal3C−PEG 550 Da and Gal3C−PEG 5 kDa
suggest that the longer PEG chain interacts more extensively
with Gal3C, influencing both residue-level conformation and
dynamics, as well as macromolecular diffusion properties.
These findings support a model in which Gal3C−PEG 5 kDa
adopts a shroud-like conformation, whereas Gal3C−PEG 550
Da assumes a more dumbbell-like structure.
2D IR Indicates that PEGylation Influences Protein
Conformation and Its Local Environment on Ultrafast
Time Scales
We investigated the impact of PEGylation on the conformation
and environment around the Gal3C backbone on ultrafast time
scales by recording 2D IR spectra of Gal3C, Gal3C−PEG 550
Da and Gal3C−PEG 5 kDa from 150 to 3000 fs. Examples of
correlation maps are shown in Figure 4. The amide I band,

corresponding to the backbone amide I stretching mode,
provides insights into changes to the global protein structure
and environment. Here we used amide I as a marker band to
determine the impact of PEGylation in the Gal3. The 2D
spectra of unconjugated Gal3C, Gal3C−PEG 550 Da and
Gal3C−PEG 5 kDa show one pair of major peaks along the
diagonal, where the red and blue colors represent positive or
negative peaks, corresponding to transitions from ground to
first excited, or first-to-second excited states, respectively.

22,46

In all spectra, an elongated peak shape across the amide I
stretching region is observed with two main peak centers near
1630 and 1680 cm−1, corresponding to the antiparallel and
parallel β-sheet vibrations, respectively22 (Figure 5). Notably,
the positive peak elongation is more pronounced for Gal3C−
PEG 550 Da compared to unconjugated Gal3C, and this
elongation is further enhanced for Gal3C−PEG 5 kDa, this
trend is observed over the waiting times. The peak elongation
is assigned to the introduction of PEGylation and could be
related to main factors: 1. the increase of structural
heterogeneity and/or the solvent exposure, 2. energy transfer
among the amide I modes. The pronounced elongation
observed in the positive peak for Gal3C−PEG 5 kDa is an
indication that the long PEG chain would induce more
significant conformational disorder and/or solvent interaction
compared to the small PEG chain. Additionally, at short
waiting time (t2) such as 150 fs (Figure 4, left), the peak is
diagonally elongated, that can be interpretated as a strong
correlation between excitation and detection frequencies. At
longer t2, the initial diagonal correlation diminishes as
structural heterogeneity, solvent interactions, and vibrational
energy transfer randomize frequencies (Figure 4, right, and
Figures S5−S7).
Amide I absorption spectra report on backbone structure,

thus we computed the pump slice amplitude (PSA) from the
2D IR spectra at 150 fs to extract features comparable to FTIR
spectra. In brief, PSA analysis projects a 1D spectrum at each
excitation frequency and computes the difference between the
maxima and the minima of a series of pump−probe slices.47

We selected a waiting time of 150 fs to avoid pulse-overlap
artifacts while ensuring that peak shapes remained unaffected
by energy dissipation, which occurs at longer waiting times.
The PSAs of Gal3C and Gal3C−PEG 550 Da exhibit a
maximum around 1630 cm−1 (Figure 5A). Relative to Gal3C
and Gal3C−PEG 550 Da, the maximum of Gal3C−PEG 5
kDa shows a 5 cm−1 redshift, likely indicating an increase in
antiparallel β-sheet structures or changes in the backbone
dihedral angles that lower the vibrational frequency. Both
Gal3C−PEG 550 Da and Gal3C−PEG 5 kDa exhibit broader
lineshapes between 1650 and 1680 cm−1 compared to Gal3C,
with the effect being more pronounced for Gal3C−PEG 5
kDa. These findings suggest that PEGylation, particularly with
the long PEG chain (5 kDa), would increase the structural
heterogeneity, likely due to increased flexibility and solvent
exposure in β-turn/loop regions of the backbone.48

Conjugation with Longer PEG Likely Alters the Solvation
Network at the Gal3C Surface

To clarify the influence of PEGylation on Gal3C, we analyzed
the 2D IR line shape evolution for the three systems under
investigation using center line slope (CLS) analysis (Figure
5B,C). The CLS is obtained by identifying the detection
frequencies (vertical axis) with the ridge of maximum intensity
along the excitation axis (horizontal axis) and then fitting a

Figure 2. Rotational diffusion rates of Gal3C, Gal3C-PEG 5 kDa, and
Gal3C-PEG 550 Da. (A) Rotational correlation times (τc) of Gal3C
(blue), Gal3C-PEG 550 Da (green) and Gal3C-PEG 5 kDa (pink) at
30 °C determined from 15N relaxation. (B) Global 15N longitudinal
relaxation times (T1) of amide groups in the structured core of Gal3C,
Gal3C-PEG 550 Da and Gal3C-PEG 5 kDa. (C) Global 15N
transverse relaxation times (T2) of amide groups in the structured
core of Gal3C, Gal3C-PEG 550 Da and Gal3C-PEG 5 kDa. Solid
circles represent normalized integral values obtained for each
relaxation delay, and the solid lines are the nonlinear regression
used to quantify T1 and T2. Dotted lines indicate 95% confidence
intervals from the regression procedure. The T1 and T2 values are
computed and presented in Table S1.
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linear slope through these points (Section S4).49,50 The CLS
decays fit well to a monoexponential function (Figure 5C),
serving as an experimental measure of the frequency−
frequency correlation function (FFCF). More specifically,
FFCF reflects the decorrelation between excitation and
detection frequencies with waiting time, capturing the
environmental fluctuations along the backbone.49,51 The CLS
analyses indicate similar decay time constants for Gal3C and
Gal3C−PEG 550 Da, but Gal3C−PEG 5 kDa shows a decay
almost twice as slow as that of the other two systems. These
results suggest that the long PEG chain significantly slows the
local dynamics, while the short PEG chain has minor influence
on dynamics.
Picosecond frequency fluctuations extracted from 2D IR

spectra provide insight into the hydrogen-bond dynamics
between amide groups and surrounding water molecules.52−54

The origins of the effects observed on the dynamics of the
PEGylated proteins could be due to multiple reasons, including
more restricted fluctuations of the residues upon polymer
contact, backbone dehydration, and less mobile water around
the backbone. The distinct outcomes observed for the short
and long PEG chains suggest that they may adopt different
configurational models. The longer PEG chain could plausibly

assume a “shroud-like” arrangement, in which contacts
between the polymer and certain protein residues influence
local hydrogen-bond rearrangements. In such a scenario, the
reorientation of water molecules required for hydrogen-bond
exchange might be partially hindered by the presence of the
PEG chain. This effect could, in turn, extend the lifetime of
C�O-water hydrogen bonds and contribute to slower
reorganization within the solvation shell. That said, based on
the experimental data alone, it remains difficult to clearly
identify or visualize the dominant factor responsible for the
slower dynamics observed in Gal3C−PEG 5 kDa. Therefore,
we complemented the experiments with molecular dynamics
(MD) simulations to gain a deeper understanding of the
system.
MD Simulations Elucidate and Visualize the Structure and
Environment of Gal3C and PEGylated Gal3C
To evaluate the proposed shroud model in the context of
changes to the local environment along the protein backbone,
MD simulations were performed for three systems: Gal3C,
Gal3C−PEG 600 Da and Gal3C−PEG 5 kDa. For the MD
simulations, we used PEG600, which contains 13 repeating
units, whereas the PEG550 used in the experiments has an
average of 12.5 repeating units. The 600 Da chain length was

Figure 3. Histogram of the chemical shift perturbations (green and pink bars) and line broadening (purple bars) observed for (A) Gal3C relative to
Gal3C−PEG 550 Da, (B) Gal3C relative to Gal3C−PEG 5 kDa as a function of the residue position. (C) Superposition of [15N,1H]-HSQC spectra
of [u-15N]-Gal3C (blue), [u-15N]-Gal3C−PEG 5 kDa (red) and [u-15N]-Gal3C−PEG 550 Da (green) measured at 30 °C. (D) Expanded view
from the dashed box shown in panel (C).
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chosen because each monomer contributes a fixed molecular
weight, allowing us to match the experimental system as closely
as possible. Importantly, no significant differences in the
computational results are expected between PEG550 and
PEG600. Further details of the simulation setup and
parameters are provided in Section S5. For PEG conjugation,
a covalent bond was introduced between the first carbon atom
of the PEG chain and the sulfur atom of cysteine residue 243
of Gal3C (see Section S5). This approach was used instead of
the experimentally employed maleimide linkage, because
corresponding parameters are not currently available in the

CHARMM force field for such a linkage. We expect that this
substitution would not affect the simulation results, as previous
experimental characterization indicated that the maleimide
linkage has minimal or no impact on the biophysical or
functional properties of the conjugated protein (see above and
previously published studies).23,55

The root mean squared displacement (RMSD) of protein
residues was computed to assess the equilibrium of the
simulated proteins, which shows that all systems reached a
stable state after 100 ns trajectory (Figure S8). Accordingly, all
structural analyses were conducted using the trajectory after
100 ns. To visualize the effects of the conjugated short and
long PEG chains, the modeled structures of PEGylated Gal3C
are shown in Figure 6A, with additional orientations shown in
Figure S9. For Gal3C conjugated with the short PEG chain,
only a small region near the conjugation site at residue 243 is
covered, resembling the protein wearing a “hat”. In contrast,
the flexible and extended long PEG (5 kDa) chain covers a
substantial portion of the protein surface, particularly the back
and sides, giving the appearance of a “backpack”. This larger
PEG chain thus produced more pronounced “shrouding”
effects, with potential global impacts on the protein backbone
such as increased dehydration, protection, and shielding from
the surrounding environment.
To gain further insights into the interactions between the

protein and PEG chains, the minimum distance between the
PEG chain and each protein residue was computed. A cutoff
distance of 0.35 nm was used to define direct contacts. A
residue was considered in contact with PEG when the
interatomic distance fell below this threshold. The contact
probability for each residue was then calculated as the fraction
of simulation frames in which such contact occurred over the
total number of frames (Figure 6B). This analysis revealed that
atoms in the long PEG chain engage in more sustained
interactions with protein residues compared to those with the
short PEG chain. These differences are evident for the residues
between 131 and 141, 191−202, 214−216 and 241−250
(Figure 6B), this is in alignment with the chemical shift
perturbations measured by NMR, where the strongest
perturbations were expected around residues 134−140, 193−
200, 219, and 249 (Figure 3). In addition, the long PEG chain
tends to remain in contact with the protein more frequently
and for longer periods compared to the short PEG chain
(Figure S10). Notably, the contacts between the long PEG
chain and protein are especially prolonged for residues 131−
141 and 191−202 (Figure S10).
To examine the effects of PEGylation on protein dynamics,

the root mean squared fluctuations (RMSF) of the protein
residues was computed and compared between unmodified
Gal3C and the PEGylated (Figure S11). In both Gal3C−PEG
600 Da and Gal3C−PEG 5 kDa, most residues exhibited
reduced fluctuations, indicating that PEGylation imposed a
global conformational constraint across the entire protein.
Visualization of these effects using color-coded models (Figure
S12) showed that the front (sugar-binding surface) and back of
the protein are minimally affected, whereas portions of the side
β-sheets and several random coils exhibit restricted mobility in
the presence of PEG. Although PEG 5 kDa shows more
pronounced restriction effects than PEG 600 Da, the affected
residues are largely overlapping between the two structures.
Therefore, the difference between short and long PEG in the
results of NMR and 2D IR is unlikely due to the mobility
restrictions imposed by PEGylation.

Figure 4. 2D IR spectra of Gal3C, Gal3C−PEG 550 Da and Gal3C−
PEG 5 kDa at two selected waiting times, t2 = 150 and t2 = 1400 fs, as
indicated in the panels.

Figure 5. 2D IR spectral analysis for protein structure and dynamics.
(A) PSA at waiting time of 150 fs for Gal3C, Gal3C−PEG 550 Da
and Gal3C−PEG 5 kDa. (B) Relaxation time constants extracted
from the exponential fits of CLS analysis. Fitting parameters were
evaluated through a bootstrapping technique to estimate the standard
error of the fits. The error bars are the standard errors of the time
constants estimated from the standard deviation of the fitted curves.
(C) CLS decay as a function of the waiting time. The CLS curves fit
to a monoexponential function (dashed lines). See Section S4 for
details of CLS analysis.
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Conjugation with Longer PEG Does Not Dehydrate the
Protein Surface but Alters Solvent Dynamics and the
Lifetimes of Protein−Solvent Interactions
To test the impact of PEGylation on solvent exposure of the
Gal3C backbone, we computed the solvent accessible surface
area (SASA) for the three systems (Figure S13). The SASA
values were calculated for the entire protein (backbone and
side chains), although backbone exposure is emphasized here
to enable direct comparison with 2D IR measurements.
Overall, the effects of PEGylation on protein hydration are
quite diverse, depending on the position of the residues. In
agreement with NMR data,23 the protein sugar-binding pocket
surface was minimally affected by the PEG chain. Though the
changes in residue hydration are more prominent in PEG 5
kDa, the altered residues largely overlap between the two
PEGylated proteins. We quantified the total number of
hydrogen bonds between water and the protein backbone.
Interestingly, the hydrogen-bond number for Gal3C, Gal3C−
PEG 600 Da and Gal3C−PEG 5 kDa were all similar at 77.1,
76.5, and 76.4, respectively. This indicates that conjugation
with a longer PEG does not dehydrate the protein surface and
supports the notion that the differences observed in the
behavior of Gal3C−PEG 5 kDa, compared to Gal3C-PEG 600
Da and unconjugated Gal3C in 2D IR and NMR experiments,
are not attributable to replacement of water molecules.39,40

The hydrogen-bond lifetime, averaged among all the
hydrogen bonds formed between protein amide groups and
the nearby molecules (Figure 6C), quantifies effects of
PEGylation on hydrogen-bond dynamics around the protein
backbone. The hydrogen-bond autocorrelation exhibits a decay
constant on the picosecond scale, which is associated with the
process of hydrogen bond formation and dissociation.56,57

Gal3C conjugated with the short PEG chain shows no
discernible change in the lifetime, while the long PEG chain
leads to a ∼50% slowdown, as compared to unconjugated
Gal3C (Table S3). The time scales of computed hydrogen-
bond lifetimes are comparable to the relaxation time extracted

from CLS analysis of 2D IR, where the slowdown in hydrogen-
bond lifetime qualitatively agrees with the slower dynamics
observed in the 2D IR experiments for Gal3C−PEG 5 kDa
(Figure 5B).
In the dynamics analysis of the 2D IR data, the frequency

fluctuations in the amide I vibrational range can be interpreted
as related to the rapid hydrogen-bond fluctuations between
protein amide groups and nearby water molecules.52−54 To
evaluate this interpretation with the MD simulations, we
conducted a population analysis of hydrogen bonds (Figure
S14), finding that those formed between amide groups and
water (intermolecular) account for approximately 50% of the
total, whereas amide−amide hydrogen bonds represent about
45% (intramolecular). Based on that amide−water interactions
would be slightly more prevalent than amide−amide
interactions. The fluctuations in hydrogen-bond number
further distinguish these two populations, the standard
deviation in the number of amide−water hydrogen bonds is
higher than that of amide−amide bonds, indicating greater
dynamic variability. This trend is consistent with the larger
amplitude observed in the autocorrelation function of the
amide−water hydrogen-bond number.
In terms of hydrogen-bond lifetime (Figures S15 and S16

and Tables S4 and S5), amide−amide hydrogen bonds persist
longer than those formed with water. Additionally, the lifetime
of intermolecular hydrogen bonds is similar for Gal3C and
Gal3C−PEG 600 but becomes noticeably longer for Gal3C−
PEG 5k, in line with the slowdown in solvent dynamics
inferred from the spectroscopic data (Figure 5B). The lifetime
of intramolecular hydrogen bonds, however, shows a different
trend, where it slows down from Gal3C, to Gal3C−PEG 600
and then to Gal3C−PEG 5k. When these observations are
considered together with the 2D IR measurements, we can
provide a more coherent picture of the system. Our MD results
suggest that both intra- and intermolecular hydrogen bonds
contribute to the slower dynamics observed in Gal3C−PEG5
kDa. However, the contribution to the FFCF appears to be

Figure 6. Summary of important results from MD analysis. (A) Snapshots from the MD trajectories every 10 ns for both Gal3C−PEG 600 Da and
Gal3C−PEG 5 kDa were superimposed. PEG chains are shown in the pink surface representation, while the yellow, purple and green colors
represent the β-sheet, random coil/turn and α-helical secondary structure of Gal3C, respectively (ribbon representation). (B) Contact probability
(%) between PEG and each Gal3C residue was computed with a cutoff distance of 0.35 nm. (C) HB lifetime analysis and associated fittings for the
correlation functions of hydrogen-bond number. The error bars for the fitting parameters were calculated as the standard deviation of the
parameters obtained from 10 independent production runs. Details of the MD analysis are described in Section S5.
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higher for intermolecular hydrogen bonds, as intramolecular
hydrogen bonds fluctuate with relatively low amplitude.
Putting this together with the experimental time scale (0−3
ps), we can suggest that the lifetimes of amide−water
hydrogen bonds are expected to exert a stronger influence
on the measured dynamics than amide−amide interactions.
Thus, the MD analysis of intra- and intermolecular hydrogen
bonding supports the interpretation that water dynamics are
likely the primary drivers of the effects observed by 2D IR.

■ DISCUSSION
The 2D IR measurements and MD simulations support a
model in which PEGylation stabilizes Gal3C by reorganizing
solvent dynamics within the surrounding protein solvent shell
without any measurable changes to the protein secondary
structure. Neither 2D IR nor MD simulations detected
evidence for PEGylation-driven desolvation of the protein
surface or significant differences in the SASA among Gal3C,
Gal3C−PEG 550 and Gal3C−PEG 5k. While the SASA was
investigated in the present study at picosecond to nanosecond
time scales, our findings align with earlier observations from
NMR spectroscopic studies that showed PEGylation did not
alter the SASA of Gal3C over longer time scales.23 Instead, we
observed that PEGylation slows solvent dynamics surrounding
the surface of Gal3C, with the magnitude of this effect
correlating with the length of the conjugated polymer.
PEGylation-driven slowing of solvent dynamics correlated
with the formation of a shroud-like protein-PEG conformation
and with the increased thermal stability and redirection of the
Gal3C unfolding pathway. These observations are of interest in
the context of related studies of protein−polymer conjugates
and investigations into mechanisms of stabilization of proteins
via PEGylation.
Our investigation focused on polymer length within

conjugates containing a single site available for chemical
modification. Overall, the present results are consistent with
prior experimental and computational studies indicating that a
minimum polymer length is required to increase the melting
temperature of the conjugated protein, a trend that also
extends to nonlinear or branched polymers. In contrast, earlier
studies employing multiple PEGylation sites have revealed
different trends. For chymotrypsin PEGylated simultaneously
at multiple lysines, once a sufficient number of residues were
modified, thermal stability was observed to depend more
strongly on the degree of modification than on polymer
length.58 Together, these observations support a “coverage”
model in which a minimum extent of protein−polymer
interaction is required to produce significant stabilization.
For single-site conjugates, this threshold is achieved by
increasing PEG molecular weight, whereas for multisite
conjugates it is reached by PEGylating a sufficient number of
residues.
Specific properties of proteins may also influence the

characteristics of PEGylated conjugates. A comparison of
Gal3C with chymotrypsin from prior studies indicates that the
two proteins have broadly similar distributions of hydrophobic
and hydrophilic surface regions. However, the corresponding
PEGylated systems differ in both conjugation chemistry and
extent of modification.58 Gal3C is modified at a single cysteine,
whereas chymotrypsin was PEGylated at multiple lysines, with
up to 9 of its 14 lysines reported to be modified.58 The specific
lysines involved were not identified, limiting more detailed
surface-level comparisons between the two conjugates. These

differences may, at least in part, underlie the contrasting
conclusions regarding solvent-accessible surface area, namely a
reported decrease for PEGylated chymotrypsin versus the
residue-dependent SASA changes observed here for PEGylated
Gal3C, which do not show a clear global trend (Figure S13).58

Comparisons with human insulin further highlight the
importance of relative protein size. In simulations, PEG200
effectively enveloped the much smaller insulin,43 whereas even
the largest PEG used here did not fully cover Gal3C. This
distinction may have contributed to the differing conclusions
that PEGylation reduces the SASA of insulin, particularly for
the largest PEG studied.
It is also of interest to consider whether the conjugation site

may influence the properties of PEGylated proteins. Prior
studies of Pin1 indicated that local sequence context can
influence stabilization.32 Conjugation sites adjacent to residues
containing hydroxyl groups tended to lead to PEGylated
proteins with increased thermal stability. However, computa-
tional analyses suggested these effects arose through indirect
interactions among PEG, the protein, and surrounding solvent
rather than directly through protein-PEG interactions.32 Prior
computational work on bovine serum albumin (BSA)
proposed that interactions between lysine side chains and
PEG were a major contributing factor to PEG localization and
conjugate properties.41 However, our earlier experimental
biophysical studies showed that while lysines influenced the
localization of PEG, lysine−PEG interactions alone did not
account for the enhanced stability of PEGylated Gal3C.23

Collectively, these findings support a more nuanced mecha-
nism in which multiple types of protein−polymer and
protein−solvent interactions determine the properties of
PEGylated protein conjugates.

■ CONCLUSIONS
A key strength of 2D IR spectroscopy is its ability to directly
probe molecular processes on picosecond to nanosecond time
scales, which we exploited here to examine both the protein
and its surrounding solvent in a PEGylated conjugate. By
integrating 2D IR measurements with site-specific structural
information from NMR and with diffusion data for PEGylated
Gal3C, we link features of protein solvation, which occur on
relatively faster molecular time scales, to conformational and
diffusion processes, which occur on relatively slower molecular
time scales. Although extending this approach to a broad set of
PEGylated proteins, particularly those with distinct secondary
structures, could offer additional insights, achieving compara-
ble depth across many systems would be resource-intensive
and arguably not practical. In this context, the combination of
the present experimental results with computational simu-
lations provides a benchmark for scaling studies of protein−
polymer conjugates in a more efficient and generalizable
manner via entirely computational approaches in future
studies.
Given the multifaceted nature of protein−polymer inter-

actions, a reasonable hypothesis is that multiple mechanisms
likely exist that rationalize protein stabilization via PEGylation.
The impact of PEG on the stability of conjugates will likely
depend on protein-specific surface properties and intrinsic
dynamics of both the protein and conjugated polymer.
Moreover, for systems where the PEG chain does not fully
cover the surface of the protein, the location of the conjugation
site is likely to influence polymer conformational behavior and
its impact on local hydration and dynamics. Site-directed

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c01692
JACS Au 2026, 6, 1801−1811

1808

https://pubs.acs.org/doi/suppl/10.1021/jacsau.5c01692/suppl_file/au5c01692_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


PEGylation, as used here, provides a controlled framework to
dissect these effects, and the agreement between experiment
and simulation suggests that molecular modeling can be a
valuable tool for predicting how protein type and attachment
geometry shape PEG-protein interactions.
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F.; Senn, H.; Hoffmann-La, F. Structural and Biophysical Character-
ization of the 40 KDa PEG-Interferon-α2a and Its Individual
Positional Isomers. Bioconjugate Chem. 2005, 16, 504.
(35) Farhadi, S. A.; Bracho-Sanchez, E.; Fettis, M. M.; Seroski, D. T.;
Freeman, S. L.; Restuccia, A.; Keselowsky, B. G.; Hudalla, G. A.

Locally Anchoring Enzymes to Tissues via Extracellular Glycan
Recognition. Nat. Commun. 2018, 9 (1), 4943.
(36) John, C. M.; Leffler, H.; Kahl-Knutsson, B.; Svensson, I.; Jarvis,
G. A. Truncated Galectin-3 Inhibits Tumor Growth and Metastasis in
Orthotopic Nude Mouse Model of Human Breast Cancer. Clin.
Cancer Res. 2003, 9 (6), 2374.
(37) Mirandola, L.; Yu, Y.; Chui, K.; Jenkins, M. R.; Cobos, E.; John,
C. M.; Chiriva-Internati, M. Galectin-3C Inhibits Tumor Growth and
Increases the Anticancer Activity of Bortezomib in a Murine Model of
Human Multiple Myeloma. PLoS One 2011, 6 (7), No. e21811.
(38) Orengo, C. A.; Michie, A. D.; Jones, S.; Jones, D. T.; Swindells,
M. B.; Thornton, J. M. CATH - A Hierarchic Classification of Protein
Domain Structures. Structure 1997, 5 (8), 1093.
(39) Fox, N. K.; Brenner, S. E.; Chandonia, J. M. SCOPe: Structural
Classification of Proteins - Extended, Integrating SCOP and ASTRAL
Data and Classification of New Structures. Nucleic Acids Res. 2014, 42
(D1), D304.
(40) Sillitoe, I.; Bordin, N.; Dawson, N.; Waman, V. P.; Ashford, P.;
Scholes, H. M.; Pang, C. S. M.; Woodridge, L.; Rauer, C.; Sen, N.;
Abbasian, M.; Le Cornu, S.; Lam, S. D.; Berka, K.; Varekova, I. H.;
Svobodova, R.; Lees, J.; Orengo, C. A. CATH: Increased Structural
Coverage of Functional Space. Nucleic Acids Res. 2021, 49 (D1),
D266.
(41) Munasinghe, A.; Mathavan, A.; Mathavan, A.; Lin, P.; Colina,
C. M. Molecular Insight into the ProteinPolymer Interactions in N-
Terminal PEGylated Bovine Serum Albumin. J. Phys. Chem. B 2019,
123 (25), 5196−5205.
(42) Munasinghe, A.; Mathavan, A.; Mathavan, A.; Lin, P.; Colina,
C. M. PEGylation within a Confined Hydrophobic Cavity of a
Protein. Phys. Chem. Chem. Phys. 2019, 21 (46), 25584−25596.
(43) Yang, C.; Lu, D.; Liu, Z. How PEGylation Enhances the
Stability and Potency of Insulin: A Molecular Dynamics Simulation.
Biochemistry 2011, 50 (13), 2585−2593.
(44) Aramini, J. M.; Tubbs, J. L.; Kanugula, S.; Rossi, P.; Ertekin, A.;
Maglaqui, M.; Hamilton, K.; Ciccosanti, C. T.; Jiang, M.; Xiao, R.;
Soong, T. T.; Rost, B.; Acton, T. B.; Everett, J. K.; Pegg, A. E.; Tainer,
J. A.; Montelione, G. T. Structural Basis of O6-Alkylguanine
Recognition by a Bacterial Alkyltransferase-like DNA Repair Protein.
J. Biol. Chem. 2010, 285 (18), 13736−13741.
(45) Rossi, P.; Swapna, G. V. T.; Huang, Y. J.; Aramini, J. M.;
Anklin, C.; Conover, K.; Hamilton, K.; Xiao, R.; Acton, T. B.; Ertekin,
A.; Everett, J. K.; Montelione, G. T. A Microscale Protein NMR
Sample Screening Pipeline. Journal of Biomolecular NMR 2010, 46,
11−22.
(46) Ghosh, A.; Ostrander, J. S.; Zanni, M. T. Watching Proteins
Wiggle: Mapping Structures with Two-Dimensional Infrared Spec-
troscopy. Chem. Rev. 2017, 117 (16), 10726.
(47) Valentine, M. L.; Al-Mualem, Z. A.; Baiz, C. R. Pump Slice
Amplitudes: A Simple and Robust Method for Connecting Two-
Dimensional Infrared and Fourier Transform Infrared Spectra. J. Phys.
Chem. A 2021, 125 (29), 6498−6504.
(48) Chen, X.; Roeters, S. J.; Cavanna, F.; Alvarado, J.; Baiz, C. R.
Crowding Alters F-Actin Secondary Structure and Hydration.
Commun. Biol. 2023, 6 (1), 900.
(49) Kwak, K.; Rosenfeld, D. E.; Fayer, M. D. Taking Apart the
Two-Dimensional Infrared Vibrational Echo Spectra: More Informa-
tion and Elimination of Distortions. J. Chem. Phys. 2008, 128 (20),
204505.
(50) Fayer, M. D. Dynamics of Liquids, Molecules, and Proteins
Measured with Ultrafast 2D IR Vibrational Echo Chemical Exchange
Spectroscopy. Annu. Rev. Phys. Chem. 2009, 60, 21−38.
(51) Park, S.; Kwak, K.; Fayer, M. D. Ultrafast 2D-IR Vibrational
Echo Spectroscopy: A Probe of Molecular Dynamics. Laser Phys. Lett.
2007, 4 (10), 704−718.
(52) la Cour Jansen, T.; Dijkstra, A. G.; Watson, T. M.; Hirst, J. D.;
Knoester, J. Modeling the Amide I Bands of Small Peptides. J. Chem.
Phys. 2006, 125 (4), No. 044312.
(53) Hamm, P.; Woutersen, S. Coupling of the Amide Modes of the
Glycine Dipeptide Coupling of the Amide Modes; 2002; Vol. 75.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c01692
JACS Au 2026, 6, 1801−1811

1810

https://doi.org/10.1002/chem.201804488
https://doi.org/10.1002/chem.201804488
https://doi.org/10.1021/acs.langmuir.5b01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.5b01121?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc2003583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc2003583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc2003583?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100999a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100999a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm100999a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm300561y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm300561y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c2an16031e
https://doi.org/10.1039/c2an16031e
https://doi.org/10.1002/anie.202203784
https://doi.org/10.1002/anie.202203784
https://doi.org/10.1002/anie.202203784
https://doi.org/10.1073/pnas.022387699
https://doi.org/10.1073/pnas.022387699
https://doi.org/10.1073/pnas.022387699
https://doi.org/10.1038/319199a0
https://doi.org/10.1038/319199a0
https://doi.org/10.1016/S0959-440X(97)80004-8
https://doi.org/10.1016/S0959-440X(97)80004-8
https://doi.org/10.1073/pnas.0307898101
https://doi.org/10.1073/pnas.0307898101
https://doi.org/10.1073/pnas.0304180101
https://doi.org/10.1073/pnas.0304180101
https://doi.org/10.1073/pnas.0304180101
https://doi.org/10.1016/j.cbpa.2016.08.006
https://doi.org/10.1016/j.cbpa.2016.08.006
https://doi.org/10.1021/bm401164t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm401164t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm401164t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/la303466w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5095183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5095183?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b03097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b03097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.6b03097?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc049781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc049781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bc049781?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-07129-6
https://doi.org/10.1038/s41467-018-07129-6
https://doi.org/10.1371/journal.pone.0021811
https://doi.org/10.1371/journal.pone.0021811
https://doi.org/10.1371/journal.pone.0021811
https://doi.org/10.1016/S0969-2126(97)00260-8
https://doi.org/10.1016/S0969-2126(97)00260-8
https://doi.org/10.1093/nar/gkt1240
https://doi.org/10.1093/nar/gkt1240
https://doi.org/10.1093/nar/gkt1240
https://doi.org/10.1093/nar/gkaa1079
https://doi.org/10.1093/nar/gkaa1079
https://doi.org/10.1021/acs.jpcb.8b12268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.8b12268?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CP04387J
https://doi.org/10.1039/C9CP04387J
https://doi.org/10.1021/bi101926u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi101926u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1074/jbc.M109.093591
https://doi.org/10.1074/jbc.M109.093591
https://doi.org/10.1007/s10858-009-9386-z
https://doi.org/10.1007/s10858-009-9386-z
https://doi.org/10.1021/acs.chemrev.6b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.6b00582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c04558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c04558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.1c04558?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42003-023-05274-3
https://doi.org/10.1063/1.2927906
https://doi.org/10.1063/1.2927906
https://doi.org/10.1063/1.2927906
https://doi.org/10.1146/annurev-physchem-073108-112712
https://doi.org/10.1146/annurev-physchem-073108-112712
https://doi.org/10.1146/annurev-physchem-073108-112712
https://doi.org/10.1002/lapl.200710046
https://doi.org/10.1002/lapl.200710046
https://doi.org/10.1063/1.2218516
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(54) Schmidt, J. R.; Corcelli, S. A.; Skinner, J. L. Ultrafast Vibrational
Spectroscopy of Water and Aqueous N-Methylacetamide: Compar-
ison of Different Electronic Structure/Molecular Dynamics Ap-
proaches. J. Chem. Phys. 2004, 121 (18), 8887−8896.
(55) Pritzlaff, A.; Ferré, G.; Dargassies, E.; Williams, C. O.;
Gonzalez, D. D.; Eddy, M. T. Conserved Protein-Polymer
Interactions across Structurally Diverse Polymers Underlie Alterations
to Protein Thermal Unfolding. ACS Cent. Sci. 2023, 9 (4), 685.
(56) Eaves, J. D.; Tokmakoff, A.; Geissler, P. L. Electric Field
Fluctuations Drive Vibrational Dephasing in Water. J. Phys. Chem. A
2005, 109 (42), 9424−9436.
(57) Stevenson, P.; Tokmakoff, A. Ultrafast Fluctuations of High
Amplitude Electric Fields in Lipid Membranes. J. Am. Chem. Soc.
2017, 139 (13), 4743−4752.
(58) Rodríguez-Martínez, J. A.; Solá, R. J.; Castillo, B.; Cintrón-
Colón, H. R.; Rivera-Rivera, I.; Barletta, G.; Griebenow, K.
Stabilization of α-Chymotrypsin upon PEGylation Correlates with
Reduced Structural Dynamics. Biotechnol. Bioeng. 2008, 101 (6),
1142.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.5c01692
JACS Au 2026, 6, 1801−1811

1811

https://doi.org/10.1063/1.1791632
https://doi.org/10.1063/1.1791632
https://doi.org/10.1063/1.1791632
https://doi.org/10.1063/1.1791632
https://doi.org/10.1021/acscentsci.2c01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.2c01522?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp051364m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp051364m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b12412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bit.22014
https://doi.org/10.1002/bit.22014
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c01692?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

