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Abstract

The conjugation of polyethylene glycol (PEG) to proteins, known as PEGylation, has
increasingly been employed to expand the efficacy of therapeutic drugs. Recently,
research has emphasized the effect of the conjugation site on protein-polymer
interactions. In this study, we performed atomistic molecular dynamics (MD) simulations
of lysine 116 PEGylated bovine serum albumin (BSA) to illustrate how conjugation near
a hydrophobic pocket affects the conjugate’s dynamics and observed altered low mode
vibrations in the protein. MD simulations were performed for a total of 1.5 ps for each
PEG chain molecular mass from 2 to 20 kDa. Analysis of preferential PEG-BSA
interactions showed that polymer behavior was also affected as proximity to the attractive
protein surface patches promoted interactions in small (2 kDa) PEG chains, while the
confined environment of the conjugation site reduced the expected BSA surface coverage
when the polymer molecular mass increased to 10 kDa. This thorough analysis of PEG-
BSA interactions and polymer dynamics increases the molecular understanding of site-
specific PEGylation and enhances the use of protein-polymer conjugates as therapeutics.
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Introduction

The emergence of protein therapeutics has presented new opportunities in treating
diseases but intrinsic limitations such as immunogenicity, instability, and susceptibility to
renal clearance and proteolysis may still persist.’-3 This has prompted growing interest in
“‘polymer therapeutics”, where covalent linkage of polymers to proteins creates versatile
therapeutic agents that can be synthesized with a focus on any number of protective
effects.*-% One of the most effective strategies involves conjugation of polyethylene glycol
(PEG) to a protein, known as PEGylation.” The PEG polymer is biocompatible, soluble in
both organic and aqueous environments, and highly hydrated such that it can shield
proteins from clearance and immunoactivity.8-'2 Thus, PEGylation helps improve
pharmaceutical efficacy; however, its effectiveness is dependent on the tailored
architecture of the protein-polymer conjugate, including the length of the polymer, the site
of conjugation, and the number of attached polymers.

The importance of characterizing PEG chains arises from the fact that their configuration
remains a key factor in the utility of protein-polymer conjugates. Two prevailing models
used to designate polymer conformations are the shroud model, where the PEG chain
wraps around the protein and may generate a shielding effect, and the dumbbell model,
where the PEG chain exists as a random coil and dangles away from the protein.7.11.13.14
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Varying relationships between the size and shape of PEG polymers'®22 have been
proposed, including an observed transition in PEG shape from the dumbbell to the shroud
conformation as a function of increasing PEG chain molecular mass (MM) as well as
conflicting reports of observed shroud or dumbbell conformations in high MM (20 kDa)
PEG chains.?%-22 The complicated nature associated with elucidating PEG chain
conformations and their effects on conjugates has been recently stressed in work by
Vernet and co-workers.?3

Resolving PEG chain conformations within conjugates remains a difficult task as the large
and flexible nature of the polymer limits the use of protein crystallography for
determination of structure and light scattering methods can involve extensive parameter
fitting.2425 Cattani et al. crystallized a 5 kDa PEGylated plastocyanin protein and their
work showed the “dumbbell” model was favored while reporting that electron density was
not observed for PEG due to its disordered nature within the porous region.?5
Computational studies have been increasingly utilized to understand molecular
mechanisms involved in PEGylation and have shown predictive potential, both of which
are necessary for the manufacturing of new conjugate systems.26-32 |n a recent study, we
performed atomistic molecular dynamics (MD) simulations of N-terminal conjugated PEG-
BSA (bovine serum albumin) using 2, 5, 10, and 20 kDa PEG MMs.33 Human serum
albumin (HSA) is the most prevalent circulatory protein in humans, serving as a carrier
protein for fatty acids, thyroid hormones, and steroids, and thus is a target for PEGylated
therapeutics studies.?*3¢ BSA is structurally and functionally analogous to HSA,
consisting of three domains that form a “heart” shaped globular structure.3” Therefore,
the protein has been a model compound and subject of several experimental and
computational works examining the effects of PEGylation.”.1516:38 Due to the availability
of experimental and simulation data on PEGylated BSA, the protein was selected to
explore the effects of PEGylation in our previous work, and results not only showed a
similar increase in PEG’s affinity for the protein surface as a function of PEG MM, but
also revealed preferential PEG-BSA interactions. It was seen that the polymer formed
more contacts with domains | and Il of the BSA; furthermore, PEG tended to coordinate
more around lysine residues of the protein which were surrounded by hydrophobic
residues, highlighting how the underlying chemical nature of the environment affected the
PEG chain’s behavior.

While many works, both experimental and computational, have investigated PEG chain
behavior in regard to shape and polymer length, only few studies have also emphasized
the importance of the conjugation site and their effects toward the native dynamics of the
protein.1827.39-42 Recent work by Ramberg et al. on hexavalent lectin extensively explored
how the degree of conjugation affects resulting protein activity through experimental and
computational modelling. Their work proposed that reduced activity was related to the
PEG chain sterically hindering substrate accessibility.#*3 Mu et al.?” studied 5 and 20 kDa
PEGylated Staphylokinase (Sak) with site-specific conjugation at the N-terminus and C-
terminus. Results from sedimentation velocity analysis and solvent accessible surface
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area (SASA) calculations showed that PEGylation sites affected the hydrodynamic shape
of the conjugate, an important factor in retention time. Additionally, docking analyses on
Sak-micro-plg complexes, composed of PEGylated Sak and its receptor plasminogen
(represented by micro-plasminogen), revealed higher binding affinity with C-terminally
PEGylated Saks than N-terminally PEGylated Saks. Work by Kim et al.*° on Exendin-4
PEGylated at the N-terminus, C-terminus, and nonspecific lysine residues similarly
showed improved receptor binding and blood circulation half-life in C-terminally
PEGylated conjugates. Studies have shown that PEGylation of proteins near their
bioactive sites can lead to reduced activity of the conjugates whereas site-specific
PEGylation further from such regions reduces loss of efficacy.44*6 While this seems
sensible, one must also consider effects of and to the local environment of the conjugation
site, such as crowding, induced internal domain motions and the chemical composition of
the accessible protein surface. Domain motion can be directly related to protein function,
such as those in ligand-induced conformational changes. In serum albumins, such as
HSA, domain motions have been analyzed with regard to structural changes upon fatty
acid binding, where a study by Fujiwara et al.*” suggested an inherent link between
motions of domain | and Ill and the binding of myristates and the resulting increase in
radius of gyration of the protein. Biswas and coworkers*® investigated the behavior of
HSA in crowded milieu by considering variations in interdomain distances and observed
both correlated and anti-correlated domain motions, varying by crowding agent.

PEG has recently been employed as a macromolecular crowding agent in several
studies.*®50 Thus, it is reasonable to expect that the polymer may cause similar changes
to domain motions. A study by Ciepluch et al.?® investigating the effects of PEGylation on
phosphoglycerate kinase focused on domain dynamics related to closing of the protein
cleft. Evaluation of motional amplitudes showed that PEGylation did not significantly
influence internal domain motions; instead, the polymer was found to behave as an
entropic spring that pushes and pulls the entire protein as a separate, dumbbell-like
segment. However, coarse grained simulations of PEGylated glutamate dehydrogenase
by Zaghmi et al.5' investigated mechanisms of activity loss other than the often cited
coverage of the protein’s surface to instead show protein dynamics were directly affected.
The authors employed normal mode analyses, where normal modes were calculated and
ranked according to amplitudes of motion, to illustrate reduction of the lowest ranking
mode and dampened motions related to closure of the catalytic cleft upon PEGylation.
Furthermore, dampened large-scale motions were attributed to adherence or interactions
between the PEG polymer and the protein surface, although instances of dumbbell-like
PEG chains reducing motions through a “parachute effect”” were also seen. Clearly, the
exact mechanisms by which the site of PEGylation influences both protein-PEG
interactions and local changes in the protein remain unresolved and a greater molecular
understanding is necessary for utilizing PEGylated products in many applications, such
as acting as phase transfer agents.52-54
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In this work, atomistic MD simulations of lysine 116 (K116) conjugated PEG-BSA systems
were performed with 2, 5, 10, and 20 kDa linear PEG chains to exemplify the effects of
the conjugation site on PEG behavior across varying PEG chain lengths. Comparisons
with results from previous simulation work on N-terminal conjugated BSA systems were
performed as N-terminal conjugation is readily accessible experimentally and is often
modelled computationally. K116 is situated in a surface accessible loop structure between
domains | and Il of the BSA and can be readily conjugated to PEG via a linker.
Additionally, the conjugation site maintains close proximity to binding sites within BSA
(e.g., drug binding Sudlow sites®>56). Therefore, our work not only provides insight on
patterns of interaction between PEG and BSA at the atomistic scale across conjugation
sites, but also shows how the environment of a conjugation site turns PEG into a local
crowding agent around a prominent binding site (K116), which in turn can be used to
evaluate domain motions.

Methodology

Results for 6 us of total accumulated simulation time using the NAMD 2.13 software
package®’ are presented for K116 PEGylated BSA systems. The initial structure for the
BSA protein was generated from crystallographic information available in the RCSB
Protein Data Bank (entry 4F5S).58 The protonation state of each amino acid residue of
the BSA was assigned through the AmberTools16 Reduce code.5® Protonation of
residues, including histidine, was conducted at pH 7 to mimic biological conditions. PEG
polymers were assembled using 45, 113, 227, and 454 monomer units to achieve MMs
of 2, 5, 10, and 20 kDa, respectively. This assembly was implemented through the
PySimm software’s force field assisted linear self-avoiding random walk method.°
Because the polymer is not naturally reactive to covalent linkage to a protein by itself, a
carbamate linker was used to link PEG to K116 of the BSA (Figure S$1), as is done
experimentally.6' The protein, the PEG polymer, and the carbamate linker were modelled
using the CHARMM C36m force field, the CHARMM ether force field, and the CGenFF
force field, respectively.62-64 Moreover, atom typing and assignment of parameters and
charges by analogy for the linker were derived using the CGenFF web server developed
by Vanommeslaeghe and coworkers.6%66 The psfgen tool within the Visual Molecular
Dynamics (VMD) software®” was used to construct topology files of the protein-polymer
conjugate systems.

Due to the flexibility of the PEG chain, the conformational space probed by the polymer
is complex, particularly for high MM PEG chains. To obtain adequate sampling of the
BSA'’s surface by the PEG chain, ten different initial configurations of the grafted PEG
(PEG chain conjugated to the protein) were generated for each PEG chain by distributing
initial polymer orientations uniformly across the protein’s accessible surface (Figure S2).
Results of our MD simulations were compared against free (no PEGylation) BSA (500
ns), as well as for the ten N-terminal PEGylated BSA systems for each MM (150 ns each)
and free PEG polymers (300 ns each) studied in our previous works for comparison of
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protein-polymer dynamics.3368 While an oxime linker was used in the N-terminal
PEGylated BSA systems, both the oxime linker and the carbamate linker utilized in this
work are short, neutral molecules. The generated K116 PEGylated BSA structures were
solvated with explicit TIP3P®%70 water, as adapted in NAMD, in a cubical box with a
minimum buffering distance of 14 A from any edge of the conjugate to any edge of the
box. Since periodic boundary conditions were used, the minimum distance between
images was tracked to ensure no artifacts were present due to interactions between
images. Thus, a 14 A buffering distance was found to be adequate. Systems were
neutralized by adding Na* and CI- ions, simulating physiological concentrations of 0.15
M. Resulting simulation system sizes for each of the ten simulations, designated by “sim
ID”, for each PEG MM are reported in Table S1.

MD simulations were conducted using the NAMD program. First, energy minimization
was performed in two steps: 1) protein backbone atoms were restrained to initial
coordinates using a harmonic potential with a scaled force constant of 500.0 kCal/mol
and then 2) the entire system was relaxed with all restraints removed. Each step utilized
10,000 steps of the conjugate gradient method, with a 10 A switching distance and 12 A
cutoff for all nonbonded interactions. The Particle Mesh Ewald algorithm was used for
long range electrostatic interactions.”’ Each system was then heated from 0 to 300 K
while protein atoms were restrained with a harmonic potential with a scaled force constant
of 10.0 kCal/mol. Heating was conducted in 50 K increments and 20 ps intervals in the
NVT ensemble, followed by an additional 500 ps of simulation. Then, NPT simulations
were performed at 1 bar and 300 K, maintained using the Langevin thermostat and a
collision frequency of 1.0 ps'. The SETTLE algorithm was applied throughout all MD
simulations to place constraints on any bond lengths containing hydrogen atoms,
permitting a time step of 2 fs.”2 Thus, MD simulations were performed for a total of 1.5 us
(10 simulations of 150 ns) for each PEG chain MM. The resulting trajectories were
analyzed using the VMD software®’, the ProDy dynamics analysis package’374, and in-
house python and tcl scripts.

Results and discussion

Structure and Dynamics of Grafted PEG Chains

Resolving the specific conformation of PEG in bioconjugates remains a challenging but
important task as the polymer’s shape may directly impact pharmaceutical properties of
protein-polymer therapeutics. As mentioned earlier, two dominant models used to
characterize PEG shape include the shroud model and the dumbbell model.
Relationships between PEG size and shape have been proposed. Numerous studies
have indicated a transition from dumbbell-like to shroud-like conformation upon
increasing PEG MM but a correlation as a function of MM has not been elucidated.?%-
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22,31,32 This transition may be affected by the local environment of the PEG-protein grafting
site.

Figure 1. Visualization of a 2 kDa K116 PEGylated BSA conjugate. The BSA is partitioned into domain |
(gray), domain Il (green), and domain Il (blue). PEG oxygen and carbon atoms are shown as red and gray
van der Waals spheres, respectively. K116 and the carbamate linker (pink) are presented in licorice model
representations. Centers of mass of the PEG chain, carbamate linker, and BSA are shown on the right as

yellow van der Waals spheres (labeled A, B, and C, respectively). The angle between the centers of mass

(£ABC) is denoted 6. The distance between the centers of mass of protein and PEG (D52 ps4) is depicted

by the yellow arrow (distance between A and C).

PEG chains’ shapes have been experimentally estimated through comparison of
individual PEG and protein geometries to that of the conjugate??75. For instance, the
hydrodynamic diameters of free protein and free PEG can be compared to the total value
for the conjugate, and a rough equivalence implies a dumbbell-like conformation for the
PEG chain. In MD simulations of PEGylated systems, the conformation of PEG can be
approximated through measurement of several distances and radius of gyration (Ry)
values: comparison of the sum (referred to as R;) of the Ry of free protein, found to be
27.5+ 0.3 A for BSA, and Ry of free PEG to the distance between the centers of mass of
protein and PEG (referred to as D$2¥ 5ss) in the conjugate. Figure 1 illustrates the
D$2¥ 554 measurement (yellow arrow). When the R; is less than or equal to the D§ZY 554
the dumbbell-like conformation is predicted to be favorable, whereas the shroud-like
conformation is presumed to be favorable when Rgis greater than the D§2 55,. However,
results from applying the above geometrical analysis to K116 PEGylated systems may
be biased toward indicating shroud-like conformations as the conjugation site is located
within the volume defined by free BSA Rgy; therefore, a correction factor was calculated,
as discussed in Figure S3. Briefly, the distance between the center of mass of the BSA
and the Ca atom of K116 was measured and shown to be 24.0 + 1.6 A. A correction factor
(3.5 A) was defined as the difference between the Ry of free BSA and the previous value
and added to all final measured D§Z¥ s, averages. Additionally, direct comparison

between R, of free PEG to that of grafted PEG also provided insight into PEG shape. To
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characterize the shape of PEG in the K116 PEGylated BSA systems, the radii of gyration
and D52 ps4 were measured and are reported in Table 1. For each PEG MM, the last
150 ns of each trajectory for the ten systems was used to calculate average values for Ry
and D$ZY ps4» measurements. Additionally, the percentage of time during which the grafted
PEG chains maintained a shroud-like conformation was calculated from the aggregated
1.5 ps of data for each PEG MM (ten systems of 150 ns each).

Table 1. Radius of gyration for free PEG, grafted PEG, sum of free PEG and free protein (Rs), and distance
between centers of mass of PEG and BSA (D2 s4) in conjugates. Fraction of time in which PEG assumed
a shroud-like conformation (Rs > D$2¢554) in K116 and N-terminal PEGylated systems is also reported.
Values in radius of gyration and D52 zs4 columns represent averages across the ten simulations for each

case, with standard deviations reported between parentheses.

PMES average radius of gyration (A) o percs;éagsn?;rtrinn;?i :: ;Zgoud-
(kDa) free PEG grafted PEG Rs K116 N-terminal’
2 154 (3.1)  151(3.1)  429(3.1)  36.6(9.1) 76.1 12.2
5 216 (4.7) 257 (47) 491 (6.0) 389 (11.3) 82.7 59.3
10 28.6(5.0) 30.2(7.7)  56.1(6.3)  50.3(12.6) 65.9 81.8
20 49.7 (7.4)  442(67) 77.2(88) 292 (14.2) 100 95.7

"Data taken from previous simulation work on N-terminal PEGylated BSA3

According to calculated D§2¥ 55, values in Table 1, it was observed that PEG chains,

regardless of MM, consistently favored shroud-like conformations (Rs > D52 zs4). In 2, 5,
and 10 kDa K116 PEGylated BSA, average D$Z¥ps,values were smaller than
corresponding Rs values, suggesting partial coverage of the protein surface consistent
with a transition into a shroud-like conformation. In 20 kDa K116 PEGylated BSA, the
average D2 54 value of 29.2 A was significantly smaller than the corresponding R value

of 77.2 A, suggesting more extended coverage as the polymer wrapped around the
protein. The larger standard deviations for the bioconjugates are related with the broad
range of initial conformations studied, where the initial structures away from domain ll|
contributed the most (e.g. green, purple, cyan, and pink in the case of 10 kDa PEG MM -
Figure S2c.) The fraction of time during which the PEG chain assumed a shroud-like
conformation increased (76.1 to 82.7%) as the PEG chain MM increased from 2 to 5 kDa
yet notably decreased (82.7 to 65.9%) in 10 kDa PEG chains before increasing again in
20 kDa PEG chains (65.9 to 100%). These results contrast with findings in our previous
work on N-terminal PEGylated BSA systems, where the fraction of time during which the
grafted PEG chain assumed a shroud-like conformation consistently increased as a
function of PEG MM (Table 1 and Table S2). In other words, a transition from the
dumbbell-like to shroud-like conformation was observed in N-terminal PEGylated
systems. Not only was favorability for the dumbbell-like conformation not observed in

8
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K116 PEGylated systems, but the expected increase in affinity for the shroud-like
conformation as PEG chain MM increased was also absent, as seen in the 10 kDa
PEGylated system. Thus, major differences were observed in the pattern of favorability
for the shroud-like conformation within 2-10 kDa PEG MM conjugates when the
conjugation site was changed from the N-terminal to K116. For example, in 2 kDa K116
PEGylated BSA systems, a substantially increased percentage of time of stabilization for
the shroud-like conformation was seen when compared to N-terminal PEGylated
conjugates.

To explore the degree of localization of PEG with respect to the protein and the grafting
site, the PEGylated BSA was approximated to mimic a system in which a spring is
attached to a sphere. Hence, we measured the angle, denoted 6, between the centers of
mass of the PEG chain, carbamate linker, and BSA, as illustrated in Figure 1. If 6 tends
to remain below ~90°, it indicates that the PEG chain is likely wrapping onto or collapsing
toward the protein surface, promoting protein-PEG interactions. A distribution of 6
markedly higher than ~90°, however, suggests the PEG chain is dangling away from the
protein. The frequency distribution of 6 for 2, 5, 10, and 20 kDa PEGylated conjugates
with both K116 and N-terminal grafting sites was calculated and is shown in Figure S4.
The distribution of 6 in 2 kDa K116 PEGylated BSA conjugates was unexpectedly similar
to that of corresponding N-terminal conjugates — an interesting result as there was
considerable difference in favored conformations for the grafted 2 kDa PEG chains, with
N-terminal grafted chains assuming dumbbell-like shapes while K116 grafted polymers
adopted shroud-like shapes. Another noteworthy result lied in the distribution of 6 for the
10 kDa K116 PEGylated BSA system in which a more uniform 6 distribution was
observed, suggesting markedly different dynamics of the PEG chain when compared to
corresponding N-terminal PEGylated systems.

Further analysis of the K116 grafting site revealed that when the grafted PEG chain
interacts with the domain I-domain Il cleft, the grafted end of the polymer, rather than the
free end (end of polymer which is not grafted to the protein), was dominantly interacting
with the aforementioned region. For PEG repeating units near the grafted end to interact
with the cavity, K116 and the carbamate linker must adopt an inward orientation — an
outcome seen in all PEG MM conjugate systems (Figure S5). Moreover, the behavior of
2 kDa PEG polymers was seen to be more sensitive to the adopted inward orientation,
due to its short length, which resulted in high-angle conformations while DE%I(‘;{BSA values

remained low.

The observed changes in low MM grafted PEG chain dynamics were the result of the
conjugation sites’ locations as these sites determine the manner in which the PEG chain
can approach and form interactions with surface patches of the BSA (particularly in
domain lll). Therefore, the behavior of the PEG chain was evaluated with respect to the
type of interaction between the protein and the polymer, which not only provides insight
toward grafted PEG chain dynamics but also serves as an alternative, albeit less direct,
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method of estimating PEG chain conformations. Thus, protein-PEG interactions were
quantified by monitoring contacts between the BSA and the grafted PEG chain throughout
the simulation time, where a contact was defined as an instance in which atoms of the
BSA and the grafted polymer, excluding hydrogen atoms, were within 5 A of each other.
Specifically, we investigated how dynamics of the grafted PEG chain changed across
PEG MM by measuring how long each repeating unit of the PEG chain was in contact
with the protein surface for each simulation. Results are presented in Figure 2 and
colored according to the simulation’s ID, referred to as sim ID (blue, red, orange, yellow,
green, cyan, purple, pink, brown, and gray for sim IDs 1 through 10, respectively) — a
scheme that is consistent for all results presented in this work so as to facilitate the
extraction of any patterns between initial PEG conformations and consequent conjugate

dynamics.
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Figure 2. Contact time across repeating units of the grafted PEG polymer in 2 (a), 5 (b), 10 (c), and 20 (d)
kDa K116 PEGylated BSA trajectories, where index 1 designates the repeating unit bonded to the
carbamate linker. Contact time was measured for each of the ten simulations per PEG MM, referred to as
“Sim ID” and colored as follows: blue, red, orange, yellow, green, cyan, purple, pink, brown, and gray.
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According to Figure 2, high contact times were observed for the first 30-40 repeating
units near the grafted end of the polymer in K116 PEGylated BSA trajectories for all PEG
MM (note range changes for the “PEG repeating unit index” axes in Figure 2a-d), after
which the PEG chain remained in solution until it reached an attractive patch on the BSA’s
surface. As previously mentioned, both K116 and the carbamate linker tended to orient
toward the BSA’s hydrophobic cavity, allowing the grafted end of the PEG chain to interact
with the protein surface. The inward orientation of K116 and the carbamate linker and the
resulting arrangement of preferential interactions between the grafted end of the PEG
chain, which is restricted in its mobility, and the hydrophobic pocket is entropically
favorable when compared to the more flexible free end of the PEG chain interacting with
the pocket. An instance of this arrangement can be observed in Figure 1. Indeed, as PEG
chain repeating units near the grafted end of the polymer were observed to significantly
interact with the protein surface, the free end of the polymer, specifically in 10 kDa
systems, more often dangled freely above the surface, giving rise to a wide distribution of
6 values. Thus, PEG repeating units near the free end of the grafted PEG chain
maintained relatively lower contact times with any region of the BSA’s surface, particularly
in 5 and 10 kDa K116 PEGylated systems. This indicates that while 5 and 10 kDa PEG
polymers were long enough for the free end of the PEG chain to extend and interact with
the protein surface, such as with patches in domain Ill, such conformations of PEG chain
free end-BSA interaction were short lived. It is important to point out that due to the
differences in the MM, the dangling free component of the polymer in 10 kDa PEG is
considerably higher compared to 5 kDa PEG chains.

The nature of the observed dynamics is a consequence of the resulting entropic penalties.
In an instance where the free end of the PEG chain forms preferential interactions with
residue patches on the protein surface, the conformation of the PEG chain mimics a coill
in which both ends are clamped. Conversely, in cases where interactions are formed
predominantly by PEG repeating units near the grafting end, the resulting conformation
mimics a coil clamped at only one end, allowing the other end to be mobile (Figure S6).
In both instances, interactions may occur with the same regions of the accessible protein
surface and the enthalpic gain will be similar. However, the length of the polymer and
patches of the protein surface (in which the polymer is in contact with) governs which
conformation is favored. In this case, we observed 5 and 10 kDa polymers to mimic a coll
clamped at one end (the grafted end), leaving the free end to dangle. In this way, the
effective volume that the free end may explore is significantly higher. Also, when the PEG
chain behaves as a coil clamped at both ends, the excluded volume of the protein reduces
the number of available conformations for the polymer and incurs an entropic penalty that
cannot be avoided.

Furthermore, in the majority of trajectories for 2, 5, and 20 kDa K116 PEGylated BSA
systems, appreciable contact time was not only observed for repeating units near the
grafting end but in repeating units throughout the length of the polymer. In 10 kDa K116
PEGylated BSA systems, however, results from eight of the ten trajectories showed that

11
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contact time was only prominent in the first ~110 repeating units of the grafted PEG chain,
beyond which interactions were transient and minimal. Segments of high contact time in
10 kDa grafted PEG chains were approximately the length of a 5 kDa PEG polymer (113
repeating units). These findings not only support the discussed observations of 10 kDa
grafted PEG chain behavior (Figure S7), emphasizing how the chemical environment of
the conjugation site and the grafted PEG MM permits only a portion of the polymer to be
able to interact with the BSA'’s surface while the rest protrudes away, but also provide an
explanation for the presented distribution of 6 in 10 kDa K116 PEGylated systems.
Indeed, the dynamic portion of the polymer which was not in contact with the protein, but
instead protruding away, can significantly vary the distribution of the center of mass of
PEG relative to the centers of mass of the protein and linker, resulting in the observed
uniform distribution of 6.

When considering similar analyses for N-terminal PEGylated BSA systems (Figure S8),
notable differences were seen in results for 2 kDa PEGylated BSA trajectories where
contact time persisted for repeating units near the grafting site followed by a steep drop
along the length of the polymer. These results underline the significant deviation in 2 kDa
PEG chain conformations between grafting sites as 2 kDa K116 grafted PEG chains more
often assumed a shroud-like shape when compared to N-terminal grafted PEG chains.
Additionally, results for 10 kDa N-terminal PEGylated BSA trajectories showed that
contact times were broadly distributed throughout the entire length of the polymer when
compared to K116 PEGylated systems, indicating conjugation to the protein’s N-terminal
does not restrict interaction between the PEG chain and the BSA in the manner observed
due to the environment present near K116. Results from contact measurements, together
with findings from distance and angle analyses, indicate the behavior and dynamics of
lower MM PEG chains (2 to 10 kDa) are more sensitive to the effects of the grafting site.

When evaluating PEG chain conformations, the presumed behavior of the polymer as a
random coil in solution draws additional consideration. While experimental determination
of polymer conformation typically involves rotational averaging which yields a spherical
shape of Gaussian distribution’®7°, recent research has instead emphasized the
importance of the instantaneous shape of the polymer’880-84  which has been
demonstrated to be more aspherical and anisotropic. These studies have introduced a
measure of shape for flexible polymer chains that involves calculation of eigenvalues of
the radius of gyration tensor.85 The analysis leads to a visualization of the polymer as an
ellipsoid. Three calculated principal moments of inertia, denoted I, |,, and |, and ordered
such that I, > |, > I, represent major and minor axes of the ellipsoid. The ratio of the
lengths of the major and minor axes (l./ly and I,/l,), known as aspect ratios, are considered
in the characterization of polymer shape. Furthermore, the relative shape anisotropy
(RSA) can be calculated, which assumes a value between 0 and 1, where 0 indicates a
spherical shape for the polymer and 1 suggests an ellipsoidal shape.”” Aspect ratios and
RSA values for simulations of K116 PEGylated BSA conjugates, N-terminal PEGylated
BSA conjugates, and free polymers of 2, 5, 10, and 20 kDa were calculated and are

12
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reported in Table 2. Results show that RSA values for grafted polymers varied between
0.09-0.14, indicating slight deviation from a spherical conformation, and aspect ratio
calculations exhibited a consistent asymmetry in I,/ly and I,/l, values, underlining the
shape anisotropy of the PEG polymers. Specifically, I,/ aspect ratios were significantly
higher than corresponding I./l, aspect ratios in grafted 2, 5, 10 and 20 kDa PEG chains
in both N-terminal and K116 PEGylated systems. As mentioned before, the large
standard deviations are related with the broad range of initial conformations studied.

Table 2. Relative shape anisotropy (RSA) values and aspect ratios for K116 PEGylated BSA conjugates,
N-terminal PEGylated BSA conjugates, and free polymers of 2, 5, 10, and 20 MMs. Values in each column
represent averages across the ten simulations for each case, with standard deviations reported between
parentheses.

PEG relative shape anisotropy aspect ratio (I,/1y) aspect ratio (I,/1,)
MM free N- free N- free N-
(kDa) PEG terminal <116 PEG  terminal K110 PEG  terminal K116
5 0.113 0.106 0.124 5.178 4.683 5.862 1.148 1.165 1.154
(0.049) (0.047) (0.045) (3.214) (2.742) (3.931) (0.123) (0.133) (0.135)
5 0.092 0.137 0.110 4.012 5.893 4.502 1.155 1.135 1.112
(0.047) (0.028) (0.036) (2.369) (1.966) (1.801) (0.112) (0.070) (0.072)
10 0.093 0.143 0.096 3.870 6.446 3.769 1.148 1.114 1.211
(0.040) (0.029) (0.034) (1.894) (2.701) (1.224) (0.111) (0.069) (0.119)
20 0.125 0.097 0.088 5.610 3.886 3.438 1.150 1.278 1.192
(0.040) (0.036) (0.028) (3.060) (1.566) (0.917) (0.125) (0.185) (0.091)

Structure and Dynamics of PEGylated BSA

Upon investigation of the behavior of the grafted PEG chain, in this section we evaluate
the dynamics of the protein with respect to interactions with the polymer. In PEGylated
proteins, there may be favorable interactions between the polymer and specific patches
or domains of the protein. An understanding of these protein-PEG interactions is of great
importance, specifically when one considers the shielding effect that may be imparted by
the grafted PEG chain. Preferential interactions between PEG chains and key protein
residues can result in shielding of binding motifs and the consequent steric hindrance can
lower accessibility of substrates and reduce bioactivity. We evaluated the degree of such
interactions with respect to the BSA by measuring the number of contacts per residue of
the BSA over time for each K116 PEGylated BSA system. The resulting intensity map is
shown in Figure 3, where intensity indicates the number of atoms of each residue in
contact with the grafted PEG chain within 5 A.
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Figure 3. Intensity map for evolution of contacts in 2, 5, 10, and 20 kDa K116 PEGylated BSA trajectories,
where intensity indicates the number of atoms of the residue in contact (within 5 &) with the grafted PEG
chain. Each row presents results for simulations 1 to 10 (left to right) for each MM. Color bars to the left
designate the corresponding subdomain for each residue, partitioned as IA (purple), IB (red), lIA (green),
[IB (cyan), llIA (brown), and IlIB (gray). Residue K116 is identified with a cyan arrow on the left.

In the 2 kDa K116 PEGylated BSA systems (first row), significant interactions were seen
in three trajectories, particularly near residue patches in domain Il of the BSA; the
majority of remaining trajectories showed similarly sustained protein-PEG interactions
mainly localized near domain | and domain lll. In contrast, interactions in 2 kDa N-terminal
PEGylated BSA were limited and transient in residues not in proximity of the grafting
site.33 Interactions continued to be prevalent in 5 kDa K116 PEGylated BSA trajectories
(second row) and there was an increase in contacts between residue patches in domain
| of the BSA and the PEG chain. Contacts throughout 10 kDa K116 PEGylated BSA
trajectories (third row) were similarly localized to domain | and Il of the BSA. In 20 kDa
K116 PEGylated BSA systems (fourth row), the number of residues in contact with the
PEG chain expectedly increased significantly — all trajectories exhibited sustained protein-
PEG interactions. Additionally, low MM PEGylated systems did not show significant
interaction between domain Il of the BSA and PEG, while 20 kDa systems did exhibit
such contacts. It is important to highlight that each sim ID corresponds to a different initial
conformation. For example, within 10 kDa PEGylated systems, contact maps (panels 5
to 8 in Figure 3) correspond to initial conformations colored green (in the middle), cyan,
purple, and pink (to the right) in Figure S2c, where the initial structures of all four
conformations were away from domain Ill. While initial orientations of PEG chains induce
variance in resulting protein-PEG interactions, and must be considered in the
interpretation of results, contact analysis showed that, overall, interactions were
consistently more prominent in K116 PEGylated systems than in N-terminal PEGylated
systems across all PEG chain MM.
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Based on the identified preferential interactions between PEG and the BSA, conjugate
trajectories were further investigated to discern surface patches or regions of the BSA
with relatively high PEG occupancy. Scaled heatmaps of protein-PEG contact time per
residue of the BSA overlaid on the three-dimensional structure of the protein (Figure 4)
show increasing numbers of high-intensity patches as a function of PEG MM. Such
residue patches were most prominent in domains | and Ill of the BSA; consistency of
regions of high contact time between K116 and N-terminal PEGylated systems indicates
that “hotspots” of PEG-BSA interaction on the BSA’s surface persist across conjugation
sites and are a consequence of the protein’s geometry and surface amino acid
composition. Additionally, volumetric displays of grafted PEG densities around the BSA’s
surface (Figure 4) illustrate the most frequent three-dimensional arrangement of the
polymer and increasing levels of surface coverage, particularly on domain lll. These
results show that such dynamics of PEG-BSA interactions, and the resulting protein
surface coverage, can block accessibility of substrates to both fatty acid binding sites and
Sudlow sites (found at the interface of domain | and Il as well as in domain lIll) located
near the BSA’s observed hotspots.5%:%:58 Considering the geometry of the BSA and the
PEG chain MM required to preferentially interact with domain Il of the protein, we predict
that PEGylation of a polymer chain with MM between 5-10 kDa in a region away from
these hotspots (i.e., K261) could reduce the likelihood of the polymer obscuring these
domains, thus potentially retaining the bioactivity while increasing the blood circulation
time due to increased radius.
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Figure 4. (left) Scaled heatmap overlaid on three-dimensional structure of the BSA in 2 (a), 5 (b), 10 (c)
and 20 (d) kDa K116 PEGylated BSA conjugates. Intensity represents contact time, the time during which
atoms of PEG and the BSA are within 5 A of each other and is scaled to 0-1 as a white-red scheme where
white is 0 contact time and red is 100% contact time. Residue K116 is colored cyan and identified with a
cyan arrow. (right) Corresponding red transparent representations of areas in which PEG density is larger
than one-tenth of the highest density, where the BSA is partitioned into domain | (gray), domain Il (green),
and domain Ill (blue). Image pairs are 180° rotations of each other, showing representations of the front
view and the back view.

Specific protein residues involved in sustained PEG-BSA interactions were also identified.
The stability of such interactions was quantified through measurement of associated
residence times, defined as continuous time periods of PEG-BSA contacts. The resulting
unique residues of the BSA with the top twenty maximum residence times are reported in
Table S3. High residence time values of PEG near BSA residues were observed across
all PEG MM; notably, residence times of 2 kDa K116 PEGylated systems were
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comparable in magnitude to other PEG MM (~120 ns) whereas those for 2 kDa N-terminal
PEGylated systems were significantly lower (~30 ns). Moreover, residence times for
residues across all PEG MM systems increased for K116 PEGylated conjugates in
comparison to N-terminal PEGylated conjugates, particularly for hydrophobic residues.
While many residues with high maximum residence times were located within domain I
of the BSA, those with hydrophobic nature were more often localized to the binding pocket
of the grafting site. These observed increased residence times for hydrophobic
residues in domain Il and within the cavity is attributed to the surrounding chemical
environment. For instance, several residues near grafting site K116, such as L115, 1141,
1181, L189, and A193, collectively form a hydrophobic residue patch within the cavity.
Proximity of PEG to this hydrophobic patch results in favorable protein-PEG interactions
with higher enthalpic gain. Additionally, there was a high frequency of lysine residues
among residues with top maximum residence times, agreeing with our previous findings
showing that lysine residues promote stable interactions with PEG via the PEG chain
forming a looplike structure in which oxygen atoms of the polymer can form hydrogen
bonds with the residue.33

The patterns of protein-PEG interactions observed in this work directly relate to current
notions of the effect of PEGylation on protein function — the reduction of protein activity
upon PEGylation is often attributed to steric hindrance on the protein’s surface and
obstruction of active sites resulting from contacts between the protein and polymer.16.86.87
However, a polymer’s coverage of the protein surface may not be the only mechanism of
activity loss as such interactions may instead contribute to altered protein dynamics,
including modified domain motions, that can more directly affect protein function. To
evaluate changes and distortion to the BSA’s structure upon PEGylation, preliminary
analyses included calculation of root-mean-square-deviations (RMSDs) of the protein
backbone as well as of each domain of the BSA (Table S4 and Figure S9). Additionally,
evolution of the distance between the centers of mass of each pair of domains of the BSA
over time was computed and is presented in Figure S$10. Results show that several
trajectories experienced periods of higher variability in the distance between domains |
and Il when compared to average values calculated for the free BSA. Additionally,
contact information collected from Figure 2 and Figure 3 indicated that the perceived
domain I-domain Il distance fluctuations in conjugate systems were correlated with local
crowding of PEG and increased PEG-BSA interactions in domain | and lll. Variations in
both RMSD values and distances between centers of mass of domains were also more
apparent in low MM (2 to 10 kDa) PEGylated BSA systems.

Principle component analysis (PCA) was also performed on alpha carbons in the BSA for
each simulation using the ProDy python package.’?74 Specifically, eigenvectors were
extracted from the covariance matrix for Ca atoms of the BSA across all trajectories and
results are presented in a scree plot (Figure S11), ranked in descending order of
variance. An inspection of the scree plot reveals that the PEG chain had the capability to
affect domain motions and the degree of such effects depended on the adopted
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conformation of the grafted PEG chain. In general, it was observed that PEGylation
affected low mode domain motions in the BSA, increasing their magnitude, particularly
for conjugate systems in which grafted PEG chains heavily favored shroud-like
conformations, when compared to molecular vibrations in the free BSA. This effect was
clearly evident and more prominent in 20 kDa PEGylated systems, in which all simulations
exhibited increased low mode domain motions. Observed low modes were consistent
with experimentally speculated domain motions.*7:48.88

Utilization of multiple initial conformations of PEG polymers within PEG-BSA conjugates,
along with currently available experimental data, enabled us to effectively access a
microsecond time scale to gain a better understanding of the effect of PEGylation towards
the BSA’s domain motions. This simulation study will not only assist us in understanding
dynamics of PEG when grafted near a confined hydrophobic cavity, but also in designing
effective drug molecules. We also note that the time scale required to achieve adequate
sampling dramatically increases for high MM grafted PEG chains. To access the
dynamics of extended states, and effectively calculate the free energy landscape of the
vast conformational space for the protein-polymer conjugate, coarse-grained molecular
dynamics® and enhance sampling methodologies®® may be required.

Conclusion

In this study, atomistic molecular dynamics simulations of Lysine 116, K116, PEGylated
BSA systems with 2, 5, 10, and 20 kDa molecular masses were conducted. K116’s
location within a hydrophobic pocket between domains | and Ill of the BSA provided a
unique grafting environment to investigate local crowding effects. Center of mass
calculations revealed that grafted PEG chains in K116 PEGylated conjugates favored
shroud-like conformations, regardless of PEG molecular mass. Additionally, angle
analyses and polymer contact measurements showed that the confined environment of
the grafting site limited the ability of 10 kDa polymers to extend and sample the protein’s
surface. For 10 kDa polymers, the free polymer end dangled around the protein surface
while the grafted end dominantly interacted with the protein surface — mimicking dynamics
of a coil clamped in one end rather than a coil clamped in both ends.

Two reasons for increased favorability for the shroud-like conformation were identified:
proximity of the grafting site (K116) toward patches of residues in domain Il of the BSA
and increased PEG chain affinity toward the hydrophobic cleft between domain | and
domain lll in the BSA. Interactions within these two regions promoted protein-PEG affinity,
inducing wrapping of the polymer onto the protein surface. These results emphasized the
importance in considering the effect of the conjugation site, especially for low molecular
mass PEG chains, since these chains are generally observed to adopt dumbbell-like
shapes, instead of the shroud-like conformations.15:21
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Preferential interactions between the BSA and the grafted PEG chain were then explored.
Contact measurements revealed regions of high contact time (hotspots) in domains | and
Il of the BSA. Particularly, lysine residues were found to maintain sustained protein-PEG
interactions by promoting stable looplike conformations in the polymer. These
observations were consistent with previous work on N-terminal PEGylated BSA
conjugates, demonstrating how sustained PEG-BSA interactions were a consequence of
the geometry of the protein as well as the chemical nature of the protein surface, including
the relative amino acid composition. However, contact analysis revealed that 2 kDa PEG
grafted at K116 had higher residence time near residues compared to what was observed
when PEGylation was at the N-terminal. Considering the geometry of the BSA and the
PEG chain MM required to preferentially interact with domain Ill of the protein, we predict
that PEGylation of a polymer chain with MM between 5-10 kDa in a region away from
these hotspots (i.e., K261) could reduce the likelihood of the polymer obscuring these
domains, thus potentially retaining the bioactivity while increasing the blood circulation
time due to increased radius.

Supporting Information

Schematic of carbamate linker; initial structures of PEGylated BSA systems; correction
factor derivation for Ry and distance calculations, 6 angle calculations, snapshots of K116
and linker orientations, snapshots of polymer grafted end and free end interactions,
snapshots of 5 kDa and 10 kDa grafted polymer conformations, contact time for grafted
polymers in N-terminal PEGylated BSA systems, evolution of RMSD over time
calculations for the BSA protein backbone in PEGylated systems, evolution of distance
between centers of mass of domains | & Il, domains | & Ill, and domains Il & IIl of the
BSA in PEGylated systems, PCA analysis scree plot, visualization of first three low mode
vibrations of the BSA, simulation system sizes for all PEGylated conjugates, Ry and
distance calculations for N-terminal PEGylated BSA systems, top residence times for
residues of the BSA in PEGylated systems, average RMSD values for the protein
backbone and each domain of the BSA in PEGylated systems.
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