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Abstract

PEGylation is an important strategy for enhancing the pharmacokinetic properties of protein
therapeutics. The development of chemoselective side-chain modification reactions has enabled
researchers to PEGylate proteins with high selectivity at defined locations. However, aside from
avoiding active sites and binding interfaces, there are few guidelines for the selection of optimal
PEGylation sites. Because conformational stability is intimately related to the ability of a protein
to avoid proteolysis, aggregation, and immune responses, it is possible that PEGylating a protein at
sites where PEG enhances conformational stability will result in PEG-protein conjugates with
enhanced pharmacokinetic properties. However, the impact of PEGylation on protein
conformational stability is incompletely understood. This review describes recent advances toward
understanding the impact of PEGylation on protein conformational stability, along with the
development of structure-based guidelines for selecting stabilizing PEGylation sites.

Introduction

Peptides and proteins are attractive targets for treatment of many human diseases [1,2].
However, their benefits are limited because of fast degradation by proteases, filtration
through the kidneys, aggregation, and recognition/neutralization by antibodies [3,4]. In the
late 1970s, Davis and Abuchowsky [5,6] demonstrated that non-specific covalent
modification of a protein with a polyethylene glycol (PEG) electrophile resulted in a less
immunogenic PEG-protein conjugate with extended serum half-life. Subsequently,
PEGylation was found to reduce protein aggregation and proteolysis, and to increase protein
shelf-life [4,7-9]. Accordingly, PEGylation is now a widely used strategy for enhancing the
pharmacokinetic properties of therapeutically relevant proteins, and several PEGylated
proteins are now clinically available, including bovine adenosine deaminase, L-asparaginase,
interferon-a., granulocyte colony stimulating factor, growth hormone receptor antagonist,
urate oxidase, and the Fab fragment of a monoclonal antibody against tumor necrosis factor-
a [10].

The extended serum half-life of PEGylated proteins is thought to derive from the large
hydrodynamic radius of PEG, which decreases renal clearance by preventing large PEG-
protein conjugates from being filtered through the pores of the glomerular wall. The large
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PEG is also thought to shield the protein from proteases and antibodies via simple steric
occlusion. In many cases, a therapeutic PEG-protein conjugate is less active than its non-
PEGylated counterpart in /n7 vitro biochemical assays, presumably because the attached PEG
also limits the access of substrates or binding partners to the protein surface/active site.
However, in many cases, the extended serum half-life of the PEG-protein conjugate
compensates for this modest loss of activity, resulting in a therapeutic protein that can be
administered less frequently and with fewer side effects than its non-PEGylated counterpart.

Site-specific PEGylation

Initial efforts to generate PEG-protein conjugates depended on reactions with limited
chemoselectivity: protein surface nucleophiles (i.e. cysteines, lysines, etc.) were non-
specifically modified with various PEG electrophiles, including chlorotriazines [6],
succinimides [11], maleimides [12], and aldehydes [13], generally resulting in a
heterogeneous mixture of PEG-protein conjugates that differed in the number, location, and
occupancy of PEGylation sites. However, the discovery of new bioorthogonal reactions in
parallel with the development of strategies for incorporating correspondingly functionalized
unnatural amino acids into proteins now allows relatively good control of the site and degree
of PEGylation.

For example (see figure 1), under mildly acidic conditions, a PEG aldehyde can be appended
selectively to the N-terminal a-amino group of a protein via reductive alkylation, owing to
pKa differences between the N-terminal 7agr;-ammonium and Lys e-ammonium groups
[14]. Cys residues can be targeted selectively via a number of approaches owing to the high
nucleophilicity of the Cys thiol: these include conjugate addition to PEG maleimides and
PEG vinyl sulfones; disulfide formation with PEG ortho-pyridyl disulfides; and nucleophilic
substitution with PEG iodoacetamides [15]. Alternatively, bisalkylation of the Cys side-
chain thiol, followed by spontaneous elimination gives dehydroalanine, which can be
subsequently modified via conjugate addition with a PEG thiol, following the elegant
approach of Davis and coworkers [16]. One potential complication of the conjugate addition
approaches is that the products are generally diastereomeric mixtures that differ in the
stereochemistry at one of the atoms of the original Michael acceptor; however the
significance of this stereochemical hetereogeneity has not been explored experimentally.

In addition, unnatural amino acids bearing orthogonally reactive functional groups (i.e.
azides, alkynes, ketones, and alkenes) can be incorporated into expressed proteins as
methionine surrogates in auxotrophic bacterial strains (e.g. azidohomoalanine,
homopropargylglycine, etc.) [17-19] or via amber suppression (e.g. p-azidophenylalanine,
p-propargyloxyphenylalanine, p-acetylphenylalanine, etc.) [20-26]. These unnatural side
chains can then be selectively modified with an appropriate PEG reagent to give a PEG-
protein conjugate with PEGs installed at defined positions. For example (see figure 1), an
azide or alkyne-functionalized side-chain can be modified with an alkyne- or azide-PEG,
respectively, via the copper-catalyzed azide/alkyne cycloaddition to give a triazole-linked
PEG-protein conjugate [27]. Alternatively, a ketone-functionalized side-chain can be
modified with a PEG alkoxyamine to give an oxime-linked PEG-protein conjugate [24].
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Alternatively, efforts to incorporate PEGylated unnatural amino acids directly into proteins
have experienced some recent success. Shozen and Zang [28,29] recently incorporated
PEGylated p-aminophenylalanine (PEGnAF) and lysine (PEGnLys) derivatives having 4, 8,
and 12 PEG units into streptavidin using a frameshift suppression method based on a four-
base codon-anticodon pair. A longer 24-unit PEG could also be incorporated, but at
significantly reduced yields. These early results are encouraging, but if this method is to be
used more broadly, it will need to provide access to the larger PEGs (~20-40 kDa) that are
more typically used in therapeutic contexts.

Identifying Optimal PEGylation Sites

With access to many methods for site-specific PEGylation, researchers now face the
prospect of deciding which of the many possible PEGylation sites is likely to provide
optimal pharmacokinetic benefits. Aside from avoiding enzyme active sites or protein-
protein binding interfaces, the current empirical approach involves scanning through the
many possible PEGylation sites and picking the one that best balances enhanced
pharmacokinetic properties with protein function. However, many of the pharmacokinetic
challenges encountered by proteins are related to protein conformational stability: a protein
aggregates [30], elicits immune responses [31], and is proteolyzed more readily [32] if its
folding energy landscape allows a significant population of unfolded, misfolded, or partially
folded conformations. Therefore, it is possible that PEGylation at locations where the PEG
enhances protein conformational stability will provide the resulting PEG-protein conjugate
with enhanced protection from aggregation, proteolysis, and immunogenicity. If such sites
could be selected rationally using structure-based criteria, it might be possible to eliminate a
substantial amount of time-consuming trial and error from the development of PEGylated
protein therapeutics.

How PEG Enhances Protein Conformational Stability

Previous observations indicate that PEGylation can increase [33-40], decrease [41,42], or
have no effect on conformational stability [33,43,44]; and in some cases, conflicting reports
indicate different outcomes for the same protein [45-48]. The molecular basis for these
differences is unclear. However, recent experiments and computational simulations have
begun to shed light on how and in what structural context PEGylation can lead to substantial
increases in protein conformational stability.

Yang et al [49] used molecular dynamics simulations to investigate the impact of PEGylation
on the conformational stability of insulin. In these simulations, PEGs of various sizes (i.e.,
10, 50, 100, and 200 ethylene oxide units) were appended to insulin via an amide bond with
the e-amino group of LysB29 (see figure 2). PEG did not substantially change the secondary
structure of the simulated PEG-insulin conjugate relative to unmodified insulin, but did
substantially reduce the solvent accessible surface area (SASA) of insulin. Analysis of the
radial distribution function of water around PEGylated vs. non-PEGylated insulin indicated
that PEG excludes water from the surface of insulin, due to PEG-protein interactions,
including hydrogen bonds and hydrophobic interactions. These effects were dependent on
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PEG length to a point, but increasing PEG molecular weight beyond 4000 Da did not result
in any additional changes.

Xu and coworkers [50] functionalized the trimeric a-helical coiled coil LCW with a 2 kDa
PEG maleimide at a solvent exposed Cys located midway between the N- and C-termini of
1CW(see figure 2). CD experiments demonstrated that PEGylation enhances the helicity of
1CW and does not disrupt its ability to form a coiled coil. Small-angle X-ray scattering
studies revealed that the PEG within PEGylated 1CW is more compact than would be
expected for a corresponding free PEG [39,51]. Molecular dynamics simulations provided
evidence for stabilizing interactions of the PEG oxygen atoms with solvent exposed Lys
residues on 1CW, along with interactions between PEG and hydrophobic residues on the
coiled-coil surface, with accompanying decreases in SASA [37,52]. However, careful
analysis of variable temperature CD data for 1CW and its PEGylated counterpart by Pandey
et al [53] found that PEGylation actually destabilizes the 1CW coiled coil by a small but
measurable amount. Alanine mutagenesis experiments confirmed the presence of favorable
interactions between the Cys-linked PEG and Lys residues at positions 15 and 21 of 1CW,
though such interactions are not favorable enough to overcome the intrinsically destabilizing
impact of PEGylation on 1CW [53]. However, installing additional Lys residues closer to
the PEGylation site (i.e., at the /43 and /4 positions relative to the PEGylated Cys) results
in a 1CW variant that is stabilized by PEGylation (AAGs = —0.28 kcal/mol) owing to a
favorable three-way interaction between the two Lys residues and the PEGylated Cys.
Interestingly, this interaction can occur even when Cys is modified with a maleimide
derivative that lacks PEG, indicating that the three-way interaction involves the maleimide
group and not PEG [53].

Meng et al [54] used stopped-flow and equilibrium denaturation experiments to study the
stability of two PEGylated SH3 variants relative to their non-PEGylated counterpart. A
mono-PEGylated SH3 variant was generated selectively via reductive alkylation of the N-
terminal a-amine with a PEG-aldehyde. A tri-PEGylated SH3 variant was prepared under
non-selective reductive alkylation conditions with the same PEG-aldehyde, which modified
the N-terminal a.-amine along with two Lys e-amines (see figure 2). PEGylation at the N-
terminus did not substantially change SH3 stability; in contrast, tri-PEGylated SH3 was
-0.93 kcal/mol more stable than its non-PEGylated counterpart. This increase in stability is
accompanied by a decrease in unfolding rate, along with a decrease in the SASA of the SH3
folded conformation, in agreement with previous studies that PEG excludes water from the
protein surface.

Rodriguez-Martinez et al [34,35] found that PEGylation leads to slower global hydrogen/
deuterium exchange within a-chymotrypsin, presumably due to PEG-based reductions in
structural dynamics. This effect could be consistent with PEG-based desolvation of the
protein surface (i.e., a decrease in SASA) resulting in a more compact and less dynamic
folded conformation.

It is interesting to consider whether any specific sequence or structural patterns result in
these stabilizing PEG-based decreases in SASA. Previous simulations suggested that PEG
can engage in both hydrophobic and hydrogen-bonding interactions with groups on the
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protein surface, though the limited number of atomic-resolution structures of PEGylated
proteins make it difficult to know whether these interactions have significant structural or
thermodynamic consequences. For example, a small angle x-ray scattering study reported by
Svergun et al.[55] suggests that PEG partially covers the surface of PEGylated hemolglobin,
and is presumably involved in interactions with surface residues. In contrast, the NMR and
crystallography studies of Cattni et al[56] on PEGylated plastocyanin suggest that the PEG
and the protein behave as independent domains without structural evidence for strong
interactions.

We recently showed that attaching a short PEG (comprising four ethylene oxide units) to a
single Asn side chain at position 19 in the WW domain of the human protein Pin 1 increases
WW conformational stability by —0.70 % 0.04 kcal mol~ due to accelerated folding and
slowed unfolding [57] (see figure 2). Shorter PEG chains impart less stability to WW than
the four-unit PEG, whereas longer PEG chains provide similar stability. PEG-based
stabilization depends highly on the orientation of the side chain at position 19: D-Asn is well
tolerated in place of L-Asn at this position, but PEGylation of the D-residue has no effect on
WW conformational stability. In principle, such an orientation dependent result could
indicate the presence of key PEG-protein interactions that are accessible to PEGylated L-
Asn, but not to PEGylated D-Asn. Mutagenesis experiments point to OH groups within
nearby Ser, Thr, and Tyr residues as important mediators of PEG-based stabilization, though
the experimental results are difficult to rationalize in terms of direct PEG-OH interactions,
which are also largely absent from atomistic simulations of PEGylated WW variants.

Asn-PEGylation stabilizes WW at some locations and is destabilizing at others. No specific
secondary structural motif appears to be generally amenable to PEG-based stabilization:
stabilizing and destabilizing positions occur within the reverse turns of WW along with its
B-strands. However, the observed stabilizing positions do have a few things in common.
First variable temperature CD experiments reveal that PEG-based stabilization of WW is
entropic in origin. Assessments of the radial density function of water near stabilizing
PEGylation sites of simulated PEG-WW conjugates suggest that PEGylation lowers the
density and increases the disorder of water around side-chains that are near the PEGylation
site, resulting in partial side-chain desolvation accompanied by the entropically favorable
release of water to bulk solvent. Solvent isotope experiments are also consistent with
localized disruption of solvent-shell structure by PEG.

A second common feature of stabilizing PEGylation sites within WW is that the wild-type
side chains of such stabilizing positions in the crystal structure of the WW tend to be more
closely oriented toward nearby OH groups than are side chains at non-stabilizing positions.
To quantify this observation, we defined an angle 6, which describes how directly a side
chain at a prospective PEGylation site points toward the nearest neighboring OH group. We
found that Asn-PEG-based stabilization is more substantial at positions that have smaller
values of ©. It is possible that PEG-based surface desolvation is more extensive in the
presence of nearby water-binding OH groups, resulting in more entropically favorable
release of water to bulk solvent, leading to the observed correlation between 6 and PEG-
based stabilization.
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We next used 6 to identify a prospective stabilizing site within the chicken Src SH3 domain.
The side chain at position 20 is oriented toward nearby OH-containing Thr22 with © = 77°.
Positions in WW with 6 values in this range frequently experienced PEG-based
stabilization; therefore, we predicted that Asn-PEGylation at position 20 would enhance
SH3 conformational stability. In agreement with this prediction, variable temperature CD
experiments demonstrated that the SH3 variant with a four-unit Asn-PEG at position 20 is
-1.2 + 0.1 kcal mol~! more stable than its non-PEGylated counterpart.

We also found that PEG-based protection from proteolysis is greater for WW variants where
PEG strongly increases conformational stability. This relationship holds even for variants
modified with the 45-unit PEG, indicating that the conformational stability can play an
important role, even for proteins modified with larger PEG oligomers. Because the angle 6
is correlated to PEG-based stabilization, which is in turn associated with enhanced resistance
to proteolysis, we anticipate that 6 will be useful for identifying Asn-PEGylation sites that
provide optimal proteolytic protection to B-sheet proteins and protein drugs. However, Asn-
PEG is not genetically encodable: Asn-PEGylated peptides and proteins can be prepared via
solid-phase peptide synthesis [58] and/or native chemical ligation [59], but not via biological
expression. It will be interesting to see whether the correlation between PEG-based
stabilization and side-chain orientation relative to OH groups holds for PEGs incorporated
site-specifically [60] via chemoselective reactions [61] with genetically encodable amino
acids whose structures differ substantially from that of Asn.

Conclusions

Diverse studies agree that PEG-based changes to protein surface solvation play a key role in
whether or not PEGylation results in substantial increases to protein conformational
stability. Because such increases are associated with enhanced resistance to proteolysis,
structure-based mastery of these effects remains an important goal. Early work along these
lines is promising and provides hope that such a goal is reasonably attainable. However, it is
still unclear whether the predictable trends observed for Asn-PEGylation will hold for
PEGylation of genetically encodable side chains that can be functionalized
chemoselectively. It will also be interesting to see whether PEG-based increases in
conformational stability can provide measurable extensions of serum half-life in vivo, along
with decreased immunogenicity.
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Highlights

. Chemoselective reactions enable site-specific PEGylation

. PEG-based conformational stabilization provides enhanced proteolytic
resistance

. PEG-based protein stabilization associated with local protein surface
desolvation

. Structure-based criteria identify stabilizing PEGylation sites in certain
contexts
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Figure 1.

Examples of natural and unnatural amino acids used in protein-PEG conjugation.
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Insulin

Figure 2.

Src SH3
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Examples of PEGylated proteins. PEGylated insulin at postion LysB29. The tri-PEGylated
SH3 at positions Lys19, Lys20, and N-terminus. PEGylated 1CW at position Cys14. Ribbion
diagram of the WW with side-chains shown as sticks. Positions where we incorporated Asn
vs AsnPEG, are highlighted with color, according to the impact of PEGylation on
conformational stability.
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