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ABSTRACT: PEGylation of protein side chains has been used for ~ SH3 domain
more than 30 years to enhance the pharmacokinetic properties of ()

protein drugs. However, there are no structure- or sequence-based
guidelines for selecting sites that provide optimal PEG-based
pharmacokinetic enhancement with minimal losses to biological
activity. We hypothesize that globally optimal PEGylation sites are
characterized by the ability of the PEG oligomer to increase protein
conformational stability; however, the current understanding of how
PEG influences the conformational stability of proteins is incomplete.
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Here we use the WW domain of the human protein Pin 1 (WW) as a

model system to probe the impact of PEG on protein conformational stability. Using a combination of experimental and
theoretical approaches, we develop a structure-based method for predicting which sites within WW are most likely to experience
PEG-based stabilization, and we show that this method correctly predicts the location of a stabilizing PEGylation site within the
chicken Src SH3 domain. PEG-based stabilization in WW is associated with enhanced resistance to proteolysis, is entropic in
origin, and likely involves disruption by PEG of the network of hydrogen-bound solvent molecules that surround the protein.
Our results highlight the possibility of using modern site-specific PEGylation techniques to install PEG oligomers at
predetermined locations where PEG will provide optimal increases in conformational and proteolytic stability.

B INTRODUCTION

PEGylation of protein side chains has been used for more than
30 years to enhance the pharmacokinetic properties of protein
drugs.'™ Indeed, PEGylated versions of several therapeutic
proteins are currently in clinical use.'®”>° Some PEGylated
protein drugs are actually heterogeneous mixtures of isoforms
that differ in the number and location of the attached PEG
oligomers.”" Others are PEGylated site-specifically at the N-
terminus®>** or at a surface Cys residue.”**> The enhanced
pharmacokinetic properties of these proteins are thought to
derive from the large hydrodynamic radius of the attached PEG
oligomer(s), which shield the protein surface from proteases
and antibodies and which inhibit aggregation and clearance of
the PEGylated protein through the kidneys.'™®

Nonspecific PEGylation can inadvertently place large PEGs
near enzyme active sites or protein—protein binding interfaces,
where steric hindrance results in decreased biological activity.
Site-specific side-chain modification strategies now routinely
allow researchers to avoid attaching PEG near such problematic
locations.* 33 However, it can be difficult to choose a suitable
PEGylation site from among the many candidate surface-
exposed residues that are sufficiently distant from active sites or
binding interfaces. Such choices can be important: recent
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studies reveal that not all candidate PEGylation sites are equally
optimal.®' Are there additional structure- or sequence-based
criteria for selecting sites that provide optimal PEG-based
pharmacokinetic enhancement with minimal losses to biological
activity? Given candidate PEGylation sites that are similarly
distant from active sites or binding interfaces, we hypothesize
that a distinguishing characteristic of optimal vs suboptimal
sites is the ability of PEG to enhance protein conformational
stability (i.e., the difference in free energy between the folded
and unfolded protein conformations).

Previous reports indicate that conformational stability®*
fundamentally related to protein aggregation propensity,® >’
resistance to proteoly'sis,38_43 and immunogenic poten-
tial>”**7>° (i.e,, exactly the kinds of pharmacokinetic problems
PEGylation is supposed to ameliorate). Therefore, it seems
reasonable to expect that PEG-based increases to conforma-
tional stability should be associated with enhanced protection
from aggregation, proteolysis, and immunogenicity. However,
the impact of PEGylation on protein conformational stability is
incompletely understood. Indeed, PEGylation can in-
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crease, decrease,””””” or have no effect on protein

conformational stability.>””*~* The molecular basis for these
differences is unclear. We seek to identify rational structure-
based guidelines for enhancing protein conformational and
pharmacokinetic stability via PEGylation.

Here we use a small protein, the WW domain of the human
protein Pin 1 (hereafter called WW) as a model system for
understanding how PEGylation generally impacts the con-
formational stability of f3-sheet proteins (Figure 1). The WW
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Figure 1. Sequence of the protein WW and ribbon diagram of WW
(PDB ID: 1PIN), 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. Stabilizing
positions are highlighted in green, neutral positions are highlighted in
yellow, and destabilizing positions are highlighted in red.

domain is an extensively characterized®*™'% f-sheet protein
that contains three antiparallel f-strands connected by two
reverse turns.'*® The folding free energy landscape of Pin WW
can be approximated as a simple two-state reaction-coordinate
diagram in which the unfolded ensemble proceeds through a
high-energy transition state to the folded conformation without
passing through discrete intermediates.*® The small size of WW
facilitates the direct chemical sgrnthesis of homogeneous site-
specifically PEGylated variants."*”'*® WW is much smaller than
many of the PEGylated proteins of pharmaceutical interest.
However, recent efforts to increase WW conformational
stability via glycosylation have been successfully applied in
two larger proteins,'™* suggesting that insights gained from
WW PEGylation will be applicable to larger therapeutically
relevant proteins.

We previously showed that PEGylating an Asn residue within
a reverse turn substantially increases WW conformational
stability by accelerating folding and slowing unfolding.'”'*®
This increase in conformational stability is associated with
protection from proteolysis, even though the PEG oligomer is
relatively short (four ethylene oxide units), suggesting a link
between conformational stability and optimal PEG-based
enhancement to protein pharmacokinetic properties.

Here we identify additional locations within WW where
PEGylation increases conformational stability and use a
combination of experimental and computational approaches
to probe the origins of PEG-based stabilization. We use the
resulting insights, along with structural information for WW, to
identify features that are common to stabilizing PEGylation
sites. We use these structural features to develop criteria for
predicting stabilizing PEGylation sites, and validate these
criteria by correctly predicting the location of a stabilizing

PEGylation site within the chicken Src SH3 domain. Finally, we
show that PEG-based increases to conformational stability
correlate with enhanced resistance to proteolysis. These results
highlight the possibility of using modern site-specific
PEGylation techniques to install PEG oligomers at locations
that lead to optimal increases in conformational and proteolytic

stability.

B METHODS

WW variants were prepared via microwave-assisted solid-phase peptide
synthesis, using a standard Fmoc Na protection strategy as described
previously (see the Supporting Information for details).'*'*%1%7
Fmoc-protected amino acids were obtained from Advanced Chem
Tech, except for PEGylated Asn derivatives Fmoc-AsnPEG,—OH and
Fmoc-AsnPEG,s—OH, which were synthesized as described pre-
viously,"”” and Fmoc-p-AsnPEG,~OH, which was synthesized as
described in the Supporting Information. Proteins were purified by
preparative reverse-phase high-performance liquid chromatography
(HPLC) on a Cl8 column using a linear gradient of water in
acetonitrile with 0.1% v/v trifluoroacetic acid (TFA). HPLC fractions
containing the desired protein product were pooled, frozen, and
Iyophilized. Protein identity was confirmed by electrospray ionization
time-of-flight mass spectrometry (ESI-TOF), and purity was assessed
by analytical HPLC.

Conformational stability and folding kinetics of PEGylated WW
variants and their non-PEGylated counterparts were assessed by
variable-temperature circular dichroism spectropolarimetry (CD) and
by fluorescence-based laser-induced temperature jump experiments,
respectively, as described previously'®® (see the Supporting
Information for details). Melting temperature, folding free energy,
and folding and unfolding rate parameters were derived from global
fits of the relevant data to equations based on a two-state folding
model (see the Supporting Information for details).

To study the effect of the PEG on WW, we modeled the PEG at
each of the experimentally studied sites on WW and the corresponding
variants with Asn at these sites. The modeling was done using Coot7
software.'”” The models of Asn and Asn-PEG variants of WW were
used to carry out atomistic molecular dynamics simulations. The
molecular dynamics (MD) simulations were performed using
GROMACS Version 4.5.4."'" We used the AMBER99SB-ILDN
force field,""" which was modified to incorporate the PEG. All the
modeled variants of WW were simulated for 300 ns each.

In addition, we studied the PEGylated WW proteins using a coarse-
grained (CG) model based on the native topology of the WW protein
(Go model). This model was used in the past for numerous folding
studies, in particular the folding of glycosylated WW proteins.'®> While
the atomistic simulations focus on the folded state, the CG model
focuses mostly on the unfolded state. All local, secondary, and tertiary
native contacts between amino acids are represented by the Lennard-
Jones potential without any discrimination between the various
chemical types of the interactions. In the model, the PEGylated and
non-PEGylated variants at each modified position include the same
number of native interactions within WW, which all have the same
strength. The simulated PEG can thus interact with the protein via
excluded volume interactions only. The Hamiltonian of the system and
its parameters can be found elsewhere.''” The simulations were
performed using the GROMACS software package. Multiple
trajectories were simulated using the Langevin equation with a friction
constant of 0.5 ps™".

B RESULTS AND DISCUSSION

Impact of PEGylation on WW Conformational
Stability. As described previously, PEGylation of an Asn
residue at position 19 increases WW conformational stability by
accelerating folding and slowing unfolding.108 We wondered
whether this effect was unique to position 19 or whether
PEGylation might similarly stabilize other positions. To address
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this question, we generated proteins 14, 16, 17, 18, 23, 27, 28,
29, and 32, in which wild-type residues at positions 14, 16, 17,
18, 23, 27, 28, 29, and 32, respectively, have been changed to
Asn (Asn already occupies positions 26 and 30 in the
unmodified protein WW; see Figure 1). We also prepared
PEGylated proteins 14p, 16p, 17p, 18p, 23p, 26p, 27p, 28p,
29p, 30p, and 32p, in which positions 14, 17, 18, 19, 23, 26, 30,
and 32, respectively, are occupied by AsnPEG,, a PEGylated
Asn derivative in which a four-unit PEG oligomer has been
attached to the Asn side-chain amide nitrogen (Figure 1).
These PEGylation sites sample the various secondary structural
environments present in WW, including reverse turns
(positions 16, 17, 18, 26, 27, 28, 29, and 30) and fS-strands
(positions 14, 23, and 32).

Circular dichroism (CD) spectra of these variants at 25 °C
(Figure 2) are generally very similar in shape and magnitude to
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Figure 2. CD spectra of wild-type protein WW; non-PEGylated
variants 14, 16, 17, 18, 19, 23, 27, 28, 29, 32; and PEGylated variants
14p, 16p, 17p, 18p, 19p, 23p, 26p, 27p, 28p, 29p, 30p, and 32p in 20
mM sodium phosphate buffer (pH 7) at 25 °C and at low temperature
(ie., at 2 °C, except for 16, 27, 27p, and 29p, which were analyzed at 1
°C; variable-temperature CD data for these compounds suggest that
each is fully folded at 1 and 2 °C, so these spectra are directly
comparable). Spectra were obtained at 100 M, except for 16, 16p, 27,
27p, 28, 28p, 29, and 29p, which were obtained at 50 M.

that of wild-type unmodified protein WW, suggesting that
changing wild-type residues to Asn generally does not
introduce dramatic alterations to the folded conformation of
the resulting Asn mutants relative to WW. The exceptions to
this trend are easily seen in the CD spectra of proteins 14 and
23, and their PEGylated counterparts 14p and 23p, which are
similar in shape to WW, though substantially smaller in
magnitude.

Variable-temperature CD data for 14, 14p, 23, and 23p (see
below) provide an explanation for this observation: 14, 14p, 23,
and 23p appear to be two-state folders like WW, but are much
less stable. Whereas WW is fully folded at 25 °C, 14, 14p, 23,
and 23p each exist as equilibrium mixtures of fully folded and
fully unfolded conformations at 25 °C. The CD spectrum of a
two-state folder under equilibrium conditions is the weighted
average of its fully folded and fully unfolded conformations.
Therefore, the CD spectra of 14, 14p, 23, and 23p at 25 °C

should be similar in shape but smaller in magnitude than the
CD spectrum of WW. This is in fact what we observe. In
contrast, variable-temperature CD data indicate that WW, 14,
14p, 23, and 23p should be each fully folded at 2 °C.
Consistent with this expectation, the CD spectra of these
variants at 2 °C (Figure 2) are much closer in magnitude to
that of WW, suggesting that their fully folded conformations are
likewise similar to that of WW. However, without high-
resolution structural data, we cannot eliminate the possibility of
substantial structural rearrangements in 14, 14p, 23, and 23p.
Therefore, in the discussion below, we avoid using data from
these compounds in our efforts to develop structure-based
guidelines for identifying optimal PEGylation sites.

We used variable-temperature CD experiments to assess the
conformational stability of PEGylated proteins 14p, 16p, 17p,
18p, 23p, 26p, 27p, 28p, 29p, 30p, and 32p relative to their
non-PEGylated counterparts 14, 16, 17, 18, 23, WW, 27, 28,
29, and 32 in 20 mM aqueous sodium phosphate (pH 7.0). We
also performed these same measurements on 100 M solutions
of 19p and 19, which were characterized previously at 10 and
50 uM."*'%® The results of this analysis appear in Figure 2 and
Table 1. Variable-temperature CD data indicate that each of
these variants is a two-state folder like the wild-type WW
protein. PEGylation substantially increases WW conformational
stability at positions 16, 19, 26, 29, and 32 and moderately
increases WW conformational stability at position 17. In
contrast, PEGylation has essentially no impact on WW
conformational stability at positions 14, 18, 28, and 30 and is
substantially destabilizing at positions 23 and 27. No specific
secondary structural motif appears to be generally amenable to
PEG-based stabilization: stabilizing and destabilizing positions
occur within both f-strands and reverse turns.

Van't Hoff analysis allows us to parse the impact of
PEGylation on WW conformational stability (AAG;) into
enthalpic (AAH;) and entropic terms (—TAAS;). At several
positions, large uncertainties in AAH;and in —TAAS; preclude
further analysis. However, an interesting trend emerges from
the data for stabilizing positions 16, 19, 26, and 29 (Table 1).
At each of these positions, —TAAS; is negative (i.e., favorable)
whereas AAH; is positive (i.e., unfavorable). This observation
suggests an entropic origin for the PEG-based increases to WW
conformational stability at these positions.

The PEG oligomers used in therapeutic proteins are typically
much longer than the four-unit oligomer we used in the
experiments described above. We previously showed that
attaching a 2000 Da PEG oligomer to an Asn at position 19
continues to increase WW conformational stability, even
though the 2000 Da oligomer is much longer (~45 ethylene
oxide units) than the four-unit oligomer. % We wondered
whether the energetic impact of the 4S-unit PEG at the
positions described above would mirror the results described in
Table 1 for the four-unit PEG. To test this hypothesis, we
prepared WW variants 16p45, 18p4S, 19p4S, 26p4S, 27p4S,
28p4S5, and 29p4S, in which we incorporated an Asn-linked 45-
unit PEG (AsnPEGy;) at positions 16, 18, 19, 26, 27, 28, and
29, respectively. We assessed the conformational stability of
these variants relative to their non-PEGylated counterparts
using variable-temperature CD experiments. The results of this
analysis are shown in Table 2.

Like the 4-unit PEG, the 45-unit PEG increases conforma-
tional stability at positions 16, 19, 26, and 29, and decreases
stability at position 27. Whereas the 4-unit PEG had no effect at
positions 18 and 28, the 45-unit PEG is destabilizing at these
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Table 1. Impact of the Four-Unit PEG Oligomer on WW Conformational Stability at Various Sites”

AAH; —TAAS;
protein sequence T, (°C) AT, (°C)  AAG; (kcal/mol) (kcal/mol) (kcal/mol)
14 KLPPGWEKNMSRSSGRVYYFNHITNASQFERPSG 340 +£ 0.8
—0.6 + 5.3 0.0 + 04 -0.1 + 34 0.1+33

14p KLPPGWEKNMSRSSGRVYYFNHITNASQFERPSG 334 £52

16 KLPPGWEKRMNRSSGRVYYFNHITNASQFERPSG 50.6 + 0.2
10.1 + 0.3 —0.90 + 0.03 3.8 + 14 —47 £ 1.3

16p KLPPGWEKRMNRSSGRVYYENHITNASQFERPSG 60.7 + 0.3

17 KLPPGWEKRMSNSSGRVYYFNHITNASQFERPSG 53.6 + 04
19 + 0.6 —0.18 + 0.05 -22 +08 20+ 0.8

17p KLPPGWEKRMSNSSGRVYYFNHITNASQFERPSG 555 £ 0.5

18 KLPPGWEKRMSRNSGRVYYFNHITNASQFERPSG 56.9 + 0.2
0.0 + 0.7 0.00 + 0.07 -3.7+ 09 3.7+ 09

18p KLPPGWEKRMSRNSGRVYYFNHITNASQFERPSG 57.0 +£ 0.7

19 KLPPGWEKRMSRSNGRVYYEFNHITNASQFERPSG 556 +£0.2
7.7 + 04 —0.70 + 0.04 3.6 + 14 —43+ 14

19p KLPPGWEKRMSRSNGRVYYFNHITNASQFERPSG 63.3 + 0.3

23 KLPPGWEKRMSRSSGRVNYENHITNASQFERPSG 285 + 09
=52+ 13 0.40 + 0.10 41+ 14 =37+ 13

23p KLPPGWEKRMSRSSGRVNYFNHITNASQFERPSG 233 £ 1.0

WW KLPPGWEKRMSRSSGRVYYEFNHITNASQFERPSG 58.0 £ 0.7
6.6 + 0.7 —0.58 + 0.06 34 +£09 —4.0 £ 0.9

26p KLPPGWEKRMSRSSGRVYYENHITNASQFERPSG 64.6 + 0.2

27 KLPPGWEKRMSRSSGRVYYENNITNASQFERPSG 55.0 £ 0.1
—4.0 £ 0.4 0.38 + 0.04 0.5+ 09 —-0.1 £ 09

27p KLPPGWEKRMSRSSGRVYYFNNITNASQFERPSG 51.0 + 0.4

28 KLPPGWEKRMSRSSGRVYYFNHNTNASQFERPSG 532 £ 0.5
0.0 + 0.7 0.00 + 0.07 0.6 + 0.8 —0.6 + 0.8

28p KLPPGWEKRMSRSSGRVYYFNHNTNASQFERPSG 532 £ 0.5

29 KLPPGWEKRMSRSSGRVYYFNHINNASQFERPSG 50.0 +£ 0.3
41 +04 —0.36 + 0.04 3.6+ 14 —43 + 14

29p KLPPGWEKRMSRSSGRVYYEFNHINNASQFERPSG 54.1 £ 0.3

WwWw KLPPGWEKRMSRSSGRVYYENHITNASQFERPSG 58.0 + 0.7
04 + 0.7 0.00 + 0.07 -0.5 £ 1.1 05+ 1.1

30p KLPPGWEKRMSRSSGRVYYFNHITNASQFERPSG 584 + 0.2

32 KLPPGWEKRMSRSSGRVYYFNHITNANQFERPSG 451 £ 0.2
53+03 —0.4S5 + 0.02 —0.1 £ 0.6 -03 £ 0.6

32p KLPPGWEKRMSRSSGRVYYFNHITNANQFERPSG 50.3 + 0.2

16 KLPPGWEKRMNRSSGRVYYFNHITNASQFERPSG 50.6 + 0.2
16.7 + 0.2 —1.38 £ 0.03 82+ 09 —9.6 + 0.9

16p/26p KLPPGWEKRMNRSSGRVYYENHITNASQFERPSG 67.3 + 0.1

19 KLPPGWEKRMSRSNGRVYYFNHITNASQFERPSG 55.6 £ 0.2
142 £ 0.2 —1.26 + 0.02 6.1+ 0.7 =73 £ 0.7

19p/26p KLPPGWEKRMSRSNGRVYYENHITNASQFERPSG 69.8 + 0.1

29 KLPPGWEKRMSRSSGRVYYFNHINNASQFERPSG 50.0 £ 0.3
6.7 + 04 —0.56 + 0.04 19 + 0.6 —-2.5 + 0.6

26p/29p KLPPGWEKRMSRSSGRVYYENHINNASQFERPSG 56.8 + 0.3

16/19 KLPPGWEKRMNRSNGRVYYFNHITNASQFERPSG 56.9 + 0.1
8.5+ 0.2 —0.80 + 0.02 12+ 0.5 —-2.0+ 05

16p/19p KLPPGWEKRMNRSNGRVYYFNHITNASQFERPSG 654 + 0.1

“Only a selected portion of the entire WW sequence (residues 14—32) is shown here, with amino acids abbreviated according to the standard one-
letter code. N represents AsnPEG,. Observed data are given =+ standard error at 100 #M protein concentration in 20 mM sodium phosphate buffer,
pH 7 (except for proteins 27, 27p, 28, 28p, 29, and 29p, which were characterized at S0 #M protein concentration). Observed values of AAG; were
derived from variable-temperature CD experiments at the melting temperature of the corresponding non-PEGylated protein.

Table 2. Impact of PEGylation with the 2000 Da (~45-unit) Oligomer on WW Conformational Stability at Various Sites”

protein T, (°C) AT, (°C) AAG; (kcal/mol) AAH; (kcal/mol) —TAAS; (kcal/mol)
16 549 + 0.1
47 £ 0.3 —0.39 + 0.03 S1+12 =55+ 12
16p4$ 59.6 + 03
18 553 £0.8
-03 £ 09 0.02 + 0.08 33+ 15 =33+ 15§
18p4S §5.1 + 04
19 559 £ 0.2
74 + 04 —0.67 + 0.05 1.7 £ 1.6 -24 + 15
19p45 633 + 04
WW 58.0 + 0.7
33+07 —0.27 + 0.06 5.1 +08 =53 +£08
26p45 613 + 0.1
27 55.0 £ 0.1
=7.0 + 0.3 0.65 + 0.04 —-04 + 1.0 1.1 +£1.0
27p4S 48.0 +£ 0.3
28 532 £ 0.5
—4.5 + 0.6 0.36 + 0.05 4.0 + 1.0 =37+ 1.0
28p4S 48.7 + 0.3
29 48.6 + 0.4
47 £ 0.5 —0.36 + 0.04 1.6 + 1.3 -20+ 13
29p4s 533 + 03

“Data are given + standard error at SO uM protein concentration in 20 mM sodium phosphate buffer, pH 7 (except for proteins WW and 26p45,
which were characterized at 100 M protein concentration) at the melting temperature of the corresponding non-PEGylated protein. Values of T,
AAG; AAH;, and —TAAS; were derived from variable-temperature CD experiments.

positions. Van’t Hoff analysis of these results indicates that unfavorable) at stabilizing positions 16, 19, 26, and 29,
—TAAS; is negative (i.e., favorable) and AAH; is positive (ie., suggesting that the 4S-unit oligomer likewise increases WW
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Table 3. Effect of Mutagenesis near Selected PEGylation Sites within WW*

AAG; AAH; —TAAS;
protein sequence T, (°C) AT, (°C) (kcal/mol) (kcal/mol) (kcal/mol)

19 KLPPGWEKRMSRSNGRVYYFNHITNASQFERPSG 55.6 £ 0.2
7.7 + 04 —0.70 + 0.04 3.6 + 14 —43 £ 14

19p KLPPGWEKRMSRSNGRVYYFNHITNASQFERPSG 63.3 + 0.3

Dp-19 KLPPGWEKRMSRSnGRVYYFNHITNASQFERPSG 554 + 0.3
—-0.2 + 04 0.01 + 0.04 0.7 £ 0.5 —-0.7 £ 0.5

D-19p KLPPGWEKRMSRSnGRVYYFNHITNASQFERPSG 552 +0.3

19-16A KLPPGWEKRMARSNGRVYYFNHITNASQFERPSG 51.0 +£ 0.2
58 +03 —0.51 + 0.02 25+0S5 3.0+ 0.5

19p-16A KLPPGWEKRMARSNGRVYYFNHITNASQFERPSG 56.8 + 0.1

19-23F KLPPGWEKRMSRSNGRVFYFNHITNASQFERPSG 514 £ 04
S0 +0S5 —0.43 + 0.03 1.8 + 0.6 —-22 + 0.6

19p-23F KLPPGWEKRMSRSNGRVFYFNHITNASQFERPSG 56.5 + 0.1

19-32A KLPPGWEKRMSRSNGRVYYFNHITNAAQFERPSG 545+ 03
84+ 03 —0.71 + 0.03 22 + 04 -29 + 04

19p-32A KLPPGWEKRMSRSNGRVYYFNHITNAAQFERPSG 62.8 + 0.1

19-16A,23F KLPPGWEKRMARSNGRVFYFNHITNASQFERPSG 45.8 £ 1.0
80 + 1.1 —0.72 + 0.08 —42 + 1.5 35+ 1.5

19p-16A,23F KLPPGWEKRMARSNGAVFYFNHITNASQFERPSG 537+ 03

16 KLPPGWEKRMNRSSGRVYYFNHITNASQFERPSG 50.6 + 0.2
10.1 + 0.3 —0.90 + 0.04 3.8+ 14 —47 £ 13

16p KLPPGWEKRMNRSSGRVFYFNHITNASQFERPSG 60.7 + 0.3

16-Y23F KLPPGWEKRMNRSSGRVFYFNHITNASQFERPSG 509 + 0.6
55 +0.7 —0.45 + 0.06 1.7 £ 1.5 -21+ 1S

16p-Y23F KLPPGWEKRMNRSSGRVFYFNHITNASQFERPSG 564 + 0.3

16-S32A KLPPGWEKRMNRSSGRVYYFNHITNAAQFERPSG 55.0 +£ 0.3
6.6 +0.3 —0.58 + 0.03 23 +0S5 -29 + 0.5

16p-S32A KLPPGWEKRMNRSSGRVYYFNHITNAAQFERPSG 61.6 + 0.1

WwWw KLPPGWEKRMSRSSGRVYYENHITNASQFERPSG 58.0 +£ 0.7
6.6 + 0.7 —0.58 + 0.06 34 +09 —4.0 + 0.9

26p KLPPGWEKRMSRSSGRVYYENHITNASQFERPSG 64.6 + 0.2

WW-T29A KLPPGWEKRMSRSSGRVYYEFNHIANASQFERPSG 404 £ 0.7
4.8 £ 0.8 —0.32 + 0.06 40+ 0.7 —44 £+ 0.7

26p-T29A KLPPGWEKRMSRSSGRVYYENHIANASQFERPSG 452 £ 02

29 KLPPGWEKRMSRSSGRVYYENHINNASQFERPSG 50.0 +£ 0.3
41+ 04 —0.36 + 0.04 03 + 0.5 —0.6 + 0.5

29p KLPPGWEKRMSRSSGRVYYFNHINNASQFERPSG 54.1 £ 0.3

29-S32A KLPPGWEKRMSRSSGRVYYFNHINNAAQFERPSG 404 £ 0.5
11.6 + 0.8 —0.88 + 0.06 —4.1 + 1.7 33+ 17

29p-S32A KLPPGWEKRMSRSSGRVYYFNHINNAAQFERPSG 52.0 £ 0.7

32 KLPPGWEKRMSRSSGRVYYEFNHITNANQFERPSG 45.1 £ 0.2
53+03 —0.4S5 £+ 0.02 —-0.1 + 0.6 —0.3 + 0.6

32p KLPPGWEKRMSRSSGRVYYENHITNANQFERPSG 503 £ 0.2

32-Y23F KLPPGWEKRMSRSSGRVFYFNHITNANQFERPSG 300 + 1.3
103 £ 1.5 —0.61 + 0.11 77 £29 —83 +29

32p-Y32F KLPPGWEKRMSRSSGRVFYFNHITNANQFERPSG 40.3 +£ 0.7

“Data are given + standard error at 100 M protein concentration in 20 mM sodium phosphate buffer (pH 7) at the melting temperature of the
corresponding non-PEGylated protein. N represents AsnPEG,. Values of T, AAG, AAH;, and —TAAS; were derived from variable-temperature

CD experiments.

stability via an entropic effect. The close correlation between
the position-dependent results for the 4-unit and 45-unit
oligomers in these experiments suggests that insights gained
from the 4-unit oligomer should be reasonably predictive for
longer oligomers that more closely resemble those currently
used in therapeutic proteins.

PEGylation at Two Stabilizing Sites. We next wondered
whether simultaneously PEGylating two of the identified
“stabilizing” positions would result in more substantial increases
to WW conformational stability. To address this question, we
prepared doubly PEGylated proteins 16p/26p, 19p/26p, 26p/
29p, and 16p/19p and compared them to their non-PEGylated
counterparts (16, 19, 16/19, and 29, respectively; see Table 1
for the sequences of these proteins). We assessed the
conformational stability of these variants using variable-
temperature CD experiments; results are shown in Table 1.
Doubly PEGylated compounds 16p/26p, 19p/26p, 26p/29p,
and 16p/19p are —1.38 + 0.03, —1.26 + 0.02, —0.56 + 0.04,
and —0.80 + 0.02 kcal mol™' more stable, respectively, than
their non-PEGylated counterparts.

Double-mutant cycle analysis of 19p/26p and its mono- and
non-PEGylated counterparts (see the Supporting Information
for details) indicates that the two PEG oligomers at positions
19 and 26 contribute independently and additively to WW
stability. In contrast, the two PEG oligomers in 16p/26p, 19p/

26p, 26p/29p, and 16p/19p do not contribute additively to
WW conformational stability: the overall impact of the two
PEG oligomers is smaller than what one would expect on the
basis of the impact of each PEG oligomer individually (see the
Supporting Information for details). These observations could
reflect steric clashes between the two PEG oligomers due to
their proximity to each other. For example, in 26p/29p, the
two PEG oligomers are close to each other in primary sequence
and are each part of the same reverse turn. The same is true in
16p/19p. Alternatively, it is possible that in these variants, the
two PEG oligomers have to compete with each other for the
same favorable interactions with nearby residues.
Mechanistic Origins of PEG-Based Stabilization. We
next used temperature-jump kinetic experiments to assess the
contribution of folding and unfolding kinetics to the PEG-based
changes in conformational stability described above, with the
goal of gaining insights into how PEG can stabilize proteins. At
stabilizing positions 19 and 26, and to a lesser extent at position
17, PEGylation accelerates folding and slows unfolding (see the
Supporting Information for details). In contrast, at neutral
positions 14, 18, and 30, PEGylation slows both folding and
unfolding by similar amounts, resulting in no overall change to
folding thermodynamics. Accelerated folding and slowed
unfolding could be consistent with simultaneous stabilization
of the native state and the transition state, with the native state

dx.doi.org/10.1021/ja5095183 | J. Am. Chem. Soc. 2014, 136, 17547—17560



Journal of the American Chemical Society

experiencing greater stabilization. Alternatively, these observa-
tions are also consistent with simultaneous destabilization of
the unfolded ensemble and transition state, with the unfolded
ensemble experiencing greater destabilization.

To help discern between these two mechanistic possibilities,
we studied PEGylated proteins 14p, 16p, 17p, 18p, 19p, 23p,
26p, and 30p and their non-PEGylated counterparts using a
coarse-grained native-topology-based (CG) model in which
only the heavy atoms of the protein and the PEG conjugate are
included. We have previously used similar models'"*~"'¢ to
study the impact of glycosylation, ubiquitination, and
myristoylation on protein folding. In this CG approach, the
PEG is modeled as an excluded-volume polymer, which is
exposed to the solvent and cannot form favorable interactions
with protein side-chain or backbone groups. Therefore, PEG-
based changes to WW conformational stability in this model are
assumed to come from changes in the free energy of (1) the
unfolded ensemble, which might not be as compact as the
native state and might therefore be more affected by an
excluded-volume PEG oligomer, or (2) the native state, due to
unfavorable steric interactions between the PEG oligomer and
the protein.

The CG model captures the observed destabilization of 23p
and 27p relative to 23 and 27, respectively (see the Supporting
Information for details). For the variants where PEGylation has
no substantial observed impact on conformational stability
(14p, 18p, 28p, 30p), the CG model simulations also predict a
minimal effect, with the exception of position 14, where the CG
model predicts strong destabilization. The small effect of PEG
on stability for these variants is also reflected by the kinetic
rates predicted from the CG simulations (see the Supporting
Information for details). A more substantial disagreement
between the CG model and experimental observations is seen
at stabilizing positions 16, 19, 26, and 29. The CG model
predicts that PEGylation will strongly destabilize 16p and 26p
relative to 16 and WW, respectively, and have a minimal effect
on 19p and 29p relative to 19 and 29, respectively. In contrast,
we observe strong stabilization at each of these positions. The
limited predictive power of the CG model suggests that the
observed PEG-based stabilization and acceleration of folding do
not come from an excluded volume effect.

An alternative to this mechanistic hypothesis is that PEG-
based increases to conformational stability come from
stabilization of the transition state and native state relative to
the unfolded ensemble. This scenario could potentially involve
favorable PEG—protein interactions in the transition state and
in the native state. In the crystal structure of the parent WW
domain, the side chain at position 19 appears to be oriented
toward several nearby OH-containing side chains, including
Serl6, Tyr23, and Ser32 (Figure 1). We wondered whether
interactions between PEG and nearby OH groups contribute to
the observed PEG-based stabilization. If so, the orientation of
the side chain at position 19 should also be an important factor.

To test this hypothesis, we prepared proteins p-19 and p-
19p, in which p-Asn or D-AsnPEG, occupy position 19,
respectively (D-AsnPEG, is the enantiomer of AsnPEG, shown
in Figure 1). Incorporating p-Asn or p-AsnPEG, should invert
the orientation of the side chain at this position. Previous work
by Kelly and co-workers indicates that WW can tolerate D-
amino acids within this reverse turn without substantial
disruption of secondary and tertiary structure.’’” The observed
similarity of the CD spectra of p-19 and p-19p to those of their
counterparts 19 and 19p (see the Supporting Information) is

consistent with this assertion, as are the nearly identical melting
temperatures of 19 and p-19 (55.6 + 0.3 and 55.4 + 0.3 °C,
respectively. Whereas PEGylation of Asn at position 19
increases WW conformational stability by —0.70 + 0.04 kcal/
mol, PEGylation of D-Asn at position 19 has no effect (AAG; =
0.01 + 0.04 kcal/mol), suggesting that side-chain orientation is
an important feature of stabilizing PEGylation sites.

We recently probed the extent to which the Asn-linked PEG-
oligomer at position 19 engages in favorable interactions with
nearby Ser16 and Tyr23 side chains.""” For convenience, these
previously reported data are also shown in Table 3. Removing
the OH group at position 16 by replacing Ser with Ala reduces
the stabilizing impact of PEGylation from —0.70 + 0.04 kcal
mol™" (compare 19p vs 19) to —0.51 + 0.02 kcal mol™
(compare 19p-16A vs 19-16A in Table 3). Similarly, replacing
Tyr23 with Phe reduces the stabilizing impact of PEGylation to
—0.43 + 0.03 (compare 19p-23F vs 19-23F in Table 3). In
contrast, we observed here that replacing Ser32 with Ala has no
significant effect (compare 19p-32A vs 19-32A in Table 3). In
principle, these results could be interpreted in terms of direct
favorable interactions between PEG at position 19 and the OH
groups at positions 16 and 23, but not at position 32,
presumably because of its distance from position 19.

However, direct PEG—OH interactions are absent from
previously reported MD simulations of 19p,""” suggesting that
such interactions are not a significant component of PEG-based
stabilization. Instead, the simulations show the PEG oligomer at
position 19 extending predominantly into the solvent, with a
high degree of conformational entropy. The flexible PEG
oligomer also appears to increase the conformational entropy of
amino acid residues within 19p relative to 19 (as measured by
root-mean-square deviations of the simulated structures for 19p
and 19 vs the crystal structure of the parent WW protein), but
without substantially disrupting the native-state interactions
present in the reverse turns and f-strands of 19p.""” These
simulations are consistent with our observations that PEG-
based stabilization at position 19 is associated with an
unfavorable increase in enthalpy, which is offset by a favorable
increase in entropy (Table 1). Moreover, the simulations imply
that the influence of nearby OH groups on PEG-based
stabilization at position 19 must occur via an indirect
mechanism rather than via direct PEG—OH contacts.

We wondered whether OH groups near other “stabilizing”
PEGylation sites might be similarly (though indirectly)
important to the observed PEG-based stabilization. To address
this question, we identified one or more OH-containing side
chains (Ser, Thr, or Tyr) near positions 16, 26, 29, and 32, and
replaced these residues individually with Ala or Phe. The results
of this analysis are shown in Table 3. Replacing Tyr23 or Ser32
with Phe or Ala, respectively, decreases the stabilizing impact of
PEGylation at position 16 (Table 3; compare 16p-23F vs 16-
23F, and 16p-32A vs 16-32A). Similarly, replacing Thr29 with
Ala decreases the stabilizing impact of PEGylation at position
26 (Table 3; compare 26p-29A vs 26-29A). In contrast, PEG-
based stabilization actually increases at positions 29 and 32
upon removal of OH groups at Ser32 and Tyr23, respectively
(Table 3; compare 29p-32A vs 29-324, and 32p-23F vs 32-
23F). Interpretation of these last two results is complicated by
the strong destabilizing impact of the Ser32Ala and Tyr23Phe
mutations in these variants. In any case, these mutagenesis
experiments are difficult to rationalize on the basis of direct
favorable PEG—OH interactions and hint at a more indirect
influence.
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Figure 3. Results of atomistic simulations of WW variants PEGylated at stabilizing positions 16, 19, 26, and 29. Large plots show the average
interaction energy between PEG and every other residue within WW. Insets show a histogram of this interface for each variant: a sharp peak near 0
kcal mol™ denotes a mostly solvent exposed PEG oligomer that does not engage extensively in PEG—protein interactions. A histogram with lower
energy peaks denotes the presence of more stable PEG—protein interactions. A broad histogram suggests a diverse, low-specificity PEG—protein
interaction interface. Snapshots from each simulation of each variant (green) are overlaid with the crystal structure of the unmodified protein WW
(gray). AsnPEG, is shown as red sticks. Side chains that appear to engage in interactions with the PEG are shown as green sticks. The simulated
PEG—protein interactions are sometimes relatively transient; therefore, snapshots are not necessarily representative of the entire simulation.

In agreement with this conclusion, fully atomistic simulations
of PEGylated proteins 16p, 19p, 26p, and 29p provide no
evidence for strong direct PEG—OH interactions. Figure 3
shows the results of these simulations. For each variant, we
calculated the average interaction energy between PEG and
every residue within WW (Figure 3, large graphs), along with
the total energy of PEG—protein interface during the
simulation (Figure 3, insets). Snapshots from the simulation
of each variant are also shown in Figure 3, though these do not
indicate the lifetime of individual interactions, which in some
cases are relatively transient.

For 16p, the simulations suggest the presence of strong
interactions between PEG and Argl7 and Arg21. Similarly, the
PEG in 26p appears to interact strongly with Trp11 and GIn33.
However, strong, tight PEG—protein interfaces also occur in
simulations of destabilized variants 23p and 27p (see the
Supporting Information), suggesting that favorable PEG—
protein interactions are not sufficient for increasing the overall
conformational stability of WW. Moreover, simulations of 19p
and 29p show that PEG-based stabilization can occur even in
the absence of strong PEG—protein interactions (Figure 3),
indicating that direct PEG—OH interactions are not responsible
for the observed impact of OH groups on PEG-based
stabilization. Other factors, including the conformational
entropy of PEG as well the solvation of WW surface residues,
must also make important contributions.

For example, the favorable PEG—protein interactions present
in the rigid interface between PEG and 23p or between PEG
and 27p may not be sufficient to compensate for the reduced
entropy of the PEG oligomer upon binding tightly to the
protein surface, resulting in net PEG-based destabilization. In
contrast, the broader, more flexible PEG—protein interfaces
present in 16p and 26p (indicated by the broad interface

energy distributions for these compounds; see Figure 3) may
not reduce the entropy of the PEG oligomer as much, allowing
for net PEG-based stabilization.

However, the ability of a highly flexible PEG to stabilize
some WW variants even in the absence of strong PEG—protein
interactions, together with the observed impact of nearby OH
groups described above, suggests the possibility that changes in
WW solvation may also play a role in PEG-based stabilization.
One possibility is that differential solvation of these nearby OH
groups in the presence or absence of PEG affects protein
conformational stability.

We investigated this possibility in the simulations of 16p and
26p by analyzing the organization of water near residues that
interact strongly with PEG. Figure 4 shows plots of the radial
distribution function of water about Tyr23 or Phe34 in 16p vs
16 and about Trpll or Thr29 in 26p vs 26. These radial
distribution function plots show the density of water molecules
as a function of the distance from the indicated residues in 16p
and 26p vs 16 and WW, respectively. For proteins 16p vs 16,
PEGylation results in lower water density (and therefore higher
water disorder) around Tyr23 and Phe34. Interestingly, this
change in water molecule organization is long-range and can
extend out to 10 A from the protein, indicating that PEG not
only affects the first hydration shell but also more distant shells.
We observe similar effects in the water around Trpll and
Thr29 in proteins 26p vs WW. The insets in each panel of
Figure 4 show histograms of the number of water molecules
observed in the simulations at a distance <3 A from the
indicated side chain (i.e., the first hydration shell). In 26p, PEG
results in a decrease in the number of water molecules (i.e.,
dehydration) in the first solvation shell around Trpll. A
smaller amount of dehydration occurs about Phe34 in 16p.
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Figure 4. Simulated radial distribution function of water about Tyr23 or Phe34 acids in 16 vs 16p (top panels) or about Trp11 or Thr29 in WW vs
26p (bottom panels). Insets show histograms of the number of water molecules at a distance of <3 A from the indicated side chains (i.e., the first

hydration shell).

We would expect this PEG-based dehydration (i.e., release of
water from the protein surface to bulk solvent) to be
entropically favorable, offset by a smaller increase in enthalpy
due to the loss of protein—water hydrogen bonds, an
expectation consistent with our earlier observations that PEG-
based stabilization is entropic in origin (Table 1; compare 19p
vs 19: AAH; = 3.6 + 1.4 kcal mol™, —TAAS; = —4.3 + 1.4 kcal
mol™). We speculate that this dehydration effect is more
pronounced near water-binding OH groups and is the origin of
the observed impact of OH groups on the PEG-based
stabilization of WW.

We explored this possibility experimentally by assessing the
impact of increasing amounts of heavy water (D,0O) on the
conformational stability of 19p vs 19. The results of this
analysis are shown in Figure SA. Non-PEGylated 19 is —0.47 +
0.05 kcal mol™" more stable in buffer containing 98% D,O than
in buffer containing no D,0. In contrast, a similar increase in
D,O only increases the stability of 19p by —0.25 + 0.04 kcal
mol ™. Previous studies indicate that D,O decreases the internal
flexibility and increases the conformational stability of proteins
and suggest that the origin of this effect lies in the increased
strength of the noncovalent O—D--X interaction (ie, a
deuterium bond) relative to the noncovalent O—H---X

17554

interaction (i.e, a hydrogen bond)."'"® This difference in
strength provides an energetic incentive for the oxygen atoms
within D,0O to engage in more solvent—solvent deuterium
bonds and fewer solvent—protein hydrogen bonds. This effect
increases the compactness of the folded protein and makes
unfolding less favorable. We hypothesize that increasing D,0O
concentration to 98% stabilizes non-PEGylated 19 more
profoundly than PEGylated 19p because 19p is less solvated
than 19, with fewer solvent—protein hydrogen bonds to replace
with stronger solvent—solvent deuterium bonds.

Increasing the D,0O concentration also affects the heat
capacity change due to folding (ACP) for 19 and 19p (Figure
4B). For 19, AC, increases from —0.66 + 0.07 kcal mol ™! K™
(no D,0) to 0.01 + 0.12 kcal mol™ K™ (98% D,O). In
contrast, the AC, for 19p (—0.74 + 0.05 kcal mol™ K™' in
H,0) is not substantially affected by increasing amounts of
D,0. In the context of protein folding, negative values of AC,
are associated with folding processes that decrease the amount
of solvent-accessible surface area by burying nonpolar side
chains (or, alternatively, with unfolding processes that increase
solvent-accessible surface area by exposing nonpolar side chains
to solvent).''” We hypothesize that increasing D,0O concen-
tration makes AC, of 19 less negative because the unfolded
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Figure S. Change in (A) conformational stability (AGy) or (B) heat
capacity (ACP) associated with folding of 19 (black solid line) or 19p
(red dashed line) in the presence of increasing amounts of D,O in 20
mM phosphate buffer (pH 7) at 25 °C and at a concentration of 100
UM.

conformation of 19 in D,0O is more compact, with less exposed
nonpolar surface area than the unfolded conformation of 19 in
H,O (i.e,, the stronger network deuterium bonds in D,0 more
effectively constrains the unfolded conformation of 19 than
does the weaker network hydrogen bonds in H,0). In contrast,
we hypothesize that the AC, of 19p is independent of D,0
concentration because PEG disrupts the strong network of
deuterium bonds surrounding the protein, thereby attenuating
the penalty for unfolding in D,O.

Structure-Based Selection of Stabilizing PEGylation
Sites. On the basis of these mechanistic insights, we wondered
whether (1) side chain orientation and (2) the presence of
nearby OH groups could be used as structure-based criteria to
identify positions most likely to experience substantial entropic
PEG-based stabilization. To this end, we analyzed each of the
PEGylation sites discussed above in the X-ray crystal structure
of the parent WW domain from which 16p, 17p, 18p, 19p,
26p, 27p, 28p, 29p, 30p, 32p and their non-PEGylated
counterparts were derived. We limited this analysis to these
variants because their CD spectra indicate close structural
similarity to the parent WW domain.

At each PEGylation site, we defined vectors a and b (Figure
6): vector a begins with the backbone « carbon and ends at the
side-chain center-of-mass (determined by averaging the x,y,z-
coordinates of each side-chain atom); vector b begins with the
side-chain center-of-mass and ends at side-chain oxygen atom
of the nearest Ser, Thr, or Tyr residue. We then measured the
angle O between vectors a and b at each position using the
following relationship: cos € = a-b/(lal-Ibl). Small values of &
indicate that a side chain is oriented toward the nearest Ser,
Thr, or Tyr residue, whereas large values of @ indicate
orientation away from the nearest Ser, Thr, or Tyr residue.
Values of @ for all the positions investigated are shown in Table
4.

Next, we examined the relationship between the angle 6 and
the PEG-based stabilization (AAG;) of 16p, 17p, 18p, 19p,

Figure 6. Angle 0 between vectors a and b at positions (A) 16, (B) 19,
(C) 26, (D) 29, and (E) 32. Alpha carbons (Ca), side-chain centers-
of-mass (COM), and oxygens of the nearest OH-containing side chain
are highlighted with blue-, orange-, and purple-filled circles,
respectively.

Table 4. Angle @ at Various PEGylation Sites within WW*
AAG; (kcal/mol) 0 (deg)

PEGylation site native residue

16 Ser —0.90 + 0.03 95
17 Arg —0.18 + 0.05 121
18 Ser 0.00 + 0.07 145
19 Ser —0.70 + 0.04 31
26 Asn —0.58 + 0.06 83
27 His 038 + 0.04 155
28 Tle 0.00 + 0.07 128
29 Thr —0.36 = 0.04 98
30 Asn 0.00 + 0.07 150
32 Ser —045 + 0.02 47

“AAG; values associated with PEGylation at each position are from
Table 1.

26p, 27p, 28p, 29p, 30p, and 32p, relative to their non-
PEGylated counterparts. Figure 7 indicates that PEGylation
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Figure 7. Relationship between the angle 6 and PEG-based
stabilization at a given site (AAGy).
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tends to be most stabilizing at positions with smaller values of
(i.e., at positions that are oriented toward nearby Ser, Thr, or
Tyr side chains). Most importantly, had we used the correlation
line shown in Figure 7 prospectively, we would have correctly
predicted that PEGylation at positions 16, 19, 26, 29, and 32
would result in substantial (<—0.30 kcal mol™) increases to
conformational stability.

We tested the utility of the angle 6 as a predictor of PEG-
based stabilization within other proteins by calculating @ for
each residue within the chicken Src SH3 domain (hereafter
called SH3, Figure 8A)."° Thr20 and Thr22 are within the
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Figure 8. (A) Ribbon diagram of chicken Src SH3 (PDB ID: 1SRL),
with Thr20 highlighted in green. The inset shows the angle € between
vectors a and b at position 20. Alpha carbons (Ca), side-chain centers-
of-mass (COM), and oxygens of the nearest OH-containing side chain
are highlighted with blue-, orange-, and purple-filled circles,
respectively. (B) Variable-temperature CD data for SH3 T20N and
SH3 T20NPEG at 50 uM in 20 mM sodium phosphate buffer (pH 7)
run in triplicate for each variant.

same loop near the N-terminus of SH3 and are only 3.7 A apart
from each other. More importantly, Thr20 is oriented toward
Thr22, with @ = 77° (Figure 8A). The correlation observed
between 0 and PEG-based stabilization in the context of WW
(Figure 7) led us to predict that PEGylation of an Asn residue
at position 20 of SH3 would enhance conformational stability.

To test this hypothesis, we used solid-phase peptide synthesis
to prepare SH3 T20N and SH3 T20NPEG, in which Thr20 has
been replaced by Asn or AsnPEG,, respectively. We assessed
the conformational stability of these variants using variable-
temperature CD experiments, run in triplicate for each variant
(Figure 8B). Data from these experiments are readily fit to
equations derived from a two-state folding—unfolding model
(see the Supporting Information). The melting temperature T,
of SH3 T20NPEG (74.0 + 0.8 °C) is 13.0 = 0.9 °C higher than
that of non-PEGylated SH3 T20N (T,, = 61.1 + 0.3 °C),
corresponding to an increase in stability of —1.2 + 0.1 kcal
mol™" at 61.1 °C. Atomistic simulations suggest that
PEGylation of SH3 T20NPEG is associated with lower water
density (and higher water disorder) around nearby polar side
chains, including Thr22, suggesting a similar origin for PEG-
based stabilization in SH3 and in WW (see Supporting
Information). It is remarkable that a 4-unit PEG oligomer can
have such a large effect on the stability of the 56-residue SH3
domain. This substantial increase in SH3 conformational
stability is consistent with the predictions derived from our
studies on WW, suggesting that the angle 8 (i.e., the orientation
of a side chain with respect to nearby OH groups) is a
reasonable predictor of PEG-based stabilization in $-sheet- and
reverse-turn-containing proteins.

Correlated Conformational and Proteolytic Stabiliza-
tion. Finally, we wondered whether the PEG-based stabiliza-
tion observed at selected positions in WW would be associated
with enhanced protection from proteolytic degradation. To
address this question, we assessed the resistance of the WW
variants described above to degradation by pronase and by
proteinase K.'*' We previously showed that PEGylation at
stabilizing position 19 protected WW from proteolysis.'*®
Recall that PEGylation at position 19 is stabilizing (AAG; =
—0.70 + 0.04 kcal mol™'). The half-life of PEGylated 19p in
pronase is 3.6 & 0.3 times longer than that of non-PEGylated
19; we observed a similar effect in proteinase K (Table S). At
neutral position 18 (where PEGylation does not change
conformational stability), the same four-unit PEG oligomer
provides much less protection against proteolysis: the half-lives
of 18p in pronase and proteinase K are only 1.23 + 0.06 and
1.7 & 0.3 longer, respectively, than those of non-PEGylated 18
(Table 5).

Proteolysis experiments with the other PEGylated WW
variants and their non-PEGylated counterparts described above
follow a similar trend (see Table S), with increased resistance to
proteolysis observed in cases where PEG is most strongly
stabilizing. For example, the half-lives of doubly PEGylated
19p/26p in pronase and proteinase K are 5.9 + 0.9 and 6.9 +
1.9 times longer, respectively, than those of non-PEGylated 19/
26. This trend is illustrated in Figure 9, which shows the ratio
of the half-lives of each matched pair of PEGylated vs non-
PEGylated WW variants plotted against the conformational
stability of each PEGylated variant relative to its non-
PEGylated counterpart. The plot suggests that beyond a
certain basal level, the proteolytic protection imparted by the
four-unit oligomer is substantially enhanced at positions where
PEG also increases WW conformational stability. These data
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Table 5. Impact of PEGylation with PEG4 at Various Sites
on Resistance of WW Variants to Proteolysis”

site AAGs (kcal/mol)  pronase t,,, ratio  proteinase K t,,, ratio

16 —0.90 + 0.03 20+ 02 23+£03
17 —0.18 + 0.0S 1.19 + 0.07
18 0.00 + 0.07 1.23 + 0.06 1.7 £ 03
19 —0.70 £ 0.04 36+03 34 £ 04
26 —0.58 + 0.06 1.7 £ 02 27 +03
27 0.38 + 0.04 0.86 + 0.0S 0.9 +£ 0.1
28 0.00 + 0.07 1.1+01 1.0 £ 0.1
29 —0.36 + 0.04 1.7 £02 20+ 03
16/26 —1.38 + 0.01 23 +£02 41+ 0.5
19/26 —1.26 + 0.02 59 £ 09 69 + 1.9
16/19 —0.80 + 0.01 3.1+03
26/29 —0.56 + 0.02 32+ 04

“Tabulated data are given + standard error. Values of AAG; are
presented as given in Table 1. The t,, ratio for a given site in pronase
or proteinase K is the ratio of the half-life of the PEGylated WW
variant to the halflife of the corresponding non-PEGylated WW
variant in the indicated protease. Proteolysis experiments were
performed at 50 pM protein concentration in 20 mM sodium

phosphate buffer (pH 7).
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Figure 9. Plot of PEG-based proteolytic stability (expressed as the
ratio of half-life of a given PEGylated WW variant to the half-life of its
sequence-matched non-PEGylated counterpart) in the presence of
pronase (blue circles) or proteinase K (orange squares) vs PEG-based
conformational stability (AAG;).

provide support for our hypothesis that globally optimal
PEGylation sites are characterized by the ability of the PEG
oligomer to increase protein conformational stability.
However, one could argue that this observed dependence of
proteolytic resistance on PEG-based conformational stabiliza-
tion (Table S, Figure 9) is a result of local effects that are
important for four-unit PEGs, but which are insignificant for
longer PEGs. Indeed, one might expect steric hindrance to be
the dominant contributor to the proteolytic resistance
associated with longer PEGs, independent of conformational
stabilization. To test this hypothesis, we assessed the ability of a
4S-unit PEG to protect WW variants 16p45, 19p4S, 26p45,
28p45, and 29p4S from proteolysis (Table 6). This 4S-unit
PEG is clearly much shorter than the 20—40 kDa PEGs
typically found in PEGylated protein drugs. However, WW is a
small protein (~4 kDa); the 45-unit PEG (~2 kDa) comprises
~33% of the total masses of these PEGylated WW variants, a

Table 6. Impact of PEGylation with PEG45 at Various Sites
on Resistance of WW Variants to Proteolysis”

proteins AAG; (kcal/mol) pronase t;/, ratio
16p4S vs 16 —0.39 + 0.03 23+ 0S5
19p4S vs 19 —0.67 + 0.05 5.6 +12
26p45 vs WW —-0.27 + 0.06 28 +0.5
28p45 vs 28 0.36 + 0.05 1.1 +03
29p4S vs 29 —0.59 + 0.08 28 +0.5

“Tabulated data are given + standard error. Values of AAG; are
presented as given in Table 2. The t, , ratio for a given site in pronase
is the ratio of the half-life of the PEGylated WW variant to the half-life
of the corresponding non-PEGylated WW variant. Proteolysis
experiments were performed at 50 M protein concentration in 20

mM sodium phosphate buffer (pH 7).

PEG/protein composition approaching that of many
PEGylated protein drugs (pegfilgrastim, for example, is 50%
PEG: a ~20 kDa PEG attached to a ~20 kDa protein).

If steric hindrance were the only significant contributor to
the proteolytic resistance associated with longer PEGs, one
would expect PEG-based changes in protein conformational
stabilization to matter less and less with increasing PEG/
protein ratios. For example, one would expect proteolytic
resistance in the 33:67 PEG/protein conjugates (e.g., the 45-
unit PEG WW variants) to be less dependent on conforma-
tional stability than in the 5:95 PEG/protein conjugates (e.g.,
the 4-unit PEG WW variants). Instead, we find that a PEG/
protein ratio of 33:67, PEG-based increases to proteolytic
resistance remain strongly correlated with the impact of the 45-
unit PEG on conformational stability. At “stabilizing” positions
16, 19, 26, and 29, the increases in conformational stability
associated with the 45-unit PEG oligomer are accompanied by
2.3-, 5.6-, 2.8-, and 2.8-fold increases in half-life, respectively, in
the presence of pronase. However, at “destabilizing” position 28
(AAG; = 0.36 + 0.05 kcal mol™"), the 45-unit PEG oligomer
has no substantial impact on proteolytic stability. These
observations are not consistent with the hypothesis that steric
hindrance is the only significant factor contributing to PEG-
based proteolytic resistance and suggest that PEG-based
changes to conformational stability also play an important
role for PEG/protein conjugates approaching the compositions
typical of PEGylated protein drugs.

Conclusion. Advances in protein chemistry now allow site-
specific PEGylation of any arbitrary position on the protein
surface. Why pursue predictive tools for identifying optimal
PEGylation sites when one can simply scan a PEGylated side
chain through a list of potential sites and pick the one(s) that
provide the best balance between enhanced pharmacokinetic
properties and biological function2*"'?* Such a trial-and-error
approach is unsatisfying from a scientific point of view, is both
time- and resource-intensive (site-specific side-chain modifica-
tion is much more challenging to carry out than alanine-
scanning mutagenesis, for example) and may therefore be
limited by practical considerations to a subset of potential
surface sites, and must be repeated for each new protein of
interest. In contrast, rational structure-based guidelines for
identifying optimal PEGylation sites have the potential to
circumvent this time-consuming step in PEGylated protein
drug development.

We have developed a structure-based method for predicting
which sites within the WW domain are most likely to
experience PEG-based stabilization and have shown that
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PEG-based stabilization is associated with enhanced resistance
to proteolysis. We developed this method on the basis of
mutagenesis experiments, which showed that side-chain
orientation and the presence of nearby OH groups can
modulate PEG-based stabilization at a given site. MD
simulations suggest that stabilization cannot always be
explained by favorable PEG—protein interactions because the
formation of a tight PEG—protein interface is coupled by an
entropic loss in many cases. While direct PEG—OH
interactions cannot explain the increased thermodynamic
stability, it is likely that nearby OH groups may instead exert
a more indirect influence, involving the network of hydrogen-
bound solvent molecules surrounding the protein. The
simulations indicate that PEG can increase the disorder of
water molecules around nearby residues. Solvent isotope
experiments are consistent with this possibility, as are our
observations that PEG-based stabilization is entropic in origin,
with beneficial increases in entropy compensating for
unfavorable increases in enthalpy.

We find that 45- and 4-unit PEGs have a similar impact on
WW conformational and proteolytic stability, suggesting that
the structure-based model developed using the 4-unit PEG will
apply in the context of the larger oligomers typically used in
therapeutically relevant proteins. Most importantly, we have
also shown that our structure-based method can correctly
predict a location within the Src SH3 domain (another fS-sheet
protein) where PEGylation enhances conformational stability.
We look forward to applying this method to larger therapeuti-
cally relevant proteins.
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