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Abstract

The intrinsic stabilization of therapeutic proteins by N-glycosylation can endow them with
increased shelf and serum half-lives owing to lower populations of misfolded and unfolded states,
which are susceptible to aggregation and proteolysis. Conjugation of polyethylene glycol (PEG)
oligomers to nucleophilic groups on the surfaces of folded proteins (i.e., PEGylation) is a chemical
alternative to N-glycosylation, in that it can also enhance the pharmacologic attributes of
therapeutic proteins. However, the energetic consequences PEGylation are currently not
predictable. We find that PEGylation of an Asn residue in reverse turn 1 of the Pin WW domain is
intrinsically stabilizing in several sequence contexts, unlike N-glycosylation, which is only
stabilizing in a particular sequence context. Our thermodynamic data are consistent with the
hypothesis that PEGylation destabilizes the protein denatured state ensemble via an excluded
volume effect, whereas N-glycosylation-associated stabilization results primarily from native state
interactions between the N-glycan and the protein.

Chemical conjugation of polyethylene glycol (PEG) oligomers to nucleophilic groups on the
surfaces of folded proteins (i.e., PEGylation) (1) is a widely used strategy for enhancing
shelf and serum half-life and decreasing immunogenicity in a number of FDA-approved
biotherapeutics (2, 3). However, the energetic consequences of PEGylation are difficult to
predict: PEGylation can increase (4-8), decrease (9, 10), or have no effect (11-13) on
protein thermodynamic stability, depending on the protein, the number and locations of the
conjugation sites, and the molecular weight of the PEG oligomer utilized. Creating
engineering guidelines for achieving reliable PEG-associated increases in thermodynamic
stability (accompanied by decreases in the populations of aggregation-prone misfolded
states and proteolytically-susceptible unfolded states) would be highly desirable for research
and therapeutic applications.

N-glycosylation can also intrinsically stabilize proteins, endowing therapeutics with
enhanced storage and pharmacokinetic properties (14, 15). N-glycosylation occurs
cotranslationally, as the nascent polypeptide chain is inserted into the endoplasmic
reticulum. The oligosaccharyl transferase enzyme attaches the GlcgMangGIcNAC,
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oligosaccharide (where Glc is glucose, Man is mannose, and GIcNAc is N-
acetylglucosamine) to the Asn side-chain amide nitrogen within the canonical Asn-Xxx-Ser/
Thr sequon (16). N-glycosylation is reported to promote secondary structure formation (17—
21), accelerate protein folding (22), and increase protein stability (22—24). Moreover, we
recently showed that placing a Phe residue prior to an N-glycosylated Asn-Xxx-Thr sequon
within specific reverse turn contexts consistently results in stabilizing native-state
interactions between the Phe side chain, the N-glycan, and the Thr side chain, in so-called
enhanced aromatic sequons (25, 26). We wondered whether similar engineering guidelines
might also allow PEGylation to reliably stabilize proteins, although we recognize PEG
oligomers differ significantly from N-glycans in terms of their size, flexibility, and structure

3).

With the goal of generating such guidelines, we herein replace the N-glycan of a previously
characterized N-glycosylated enhanced aromatic sequon (25, 26) with a short PEG chain, in
the host context of the WW domain of the human protein Pin 1 (hereafter called WW). The
small size of the WW domain facilitates the preparation of pure, defined N-glycosylated and
PEGylated variants via chemical synthesis. Here we show that PEGylation of an Asn residue
in reverse turn 1 of the Pin WW domain is intrinsically stabilizing in several sequence
contexts, unlike N-glycosylation, which is only stabilizing in a particular sequence context.
Our thermodynamic data are consistent with the hypothesis that PEGylation stabilizes the
native states of proteins by denatured state destabilization, whereas N-GIcNAcylation-
associated stabilization results primarily from native state interactions between N-GICNAc
and the protein, although larger glycans might destabilize the denatured state as well.

The WW domain is an extensively-characterized (27, 28) glycosylation-naive protein in
which three antiparallel B-strands are connected by two reverse turns (Figure 1, panel a)
(29). The first of these reverse turns adopts an unusual “turn-within-a-turn” conformation,
featuring a type Il B-turn within a six-residue hydrogen-bonded loop (Figure 1, panel b).
This turn-within-a-turn projects the side chains at the i, i+3, and i+5 positions (positions 16,
19, and 21 of WW) onto the same side of the loop (29). We previously installed the
enhanced aromatic sequon in this turn context by placing Phe, Asn, and Thr at positions 16,
19, and 21, respectively, affording protein 6-F,T (6 for six-residue turn, F for Phe at position
16, and T for Thr at position 21) (25, 26). We showed that chemical N-glycosylation of 6-
F, T with a single GIcNAc residue at Asn19 generated glycoprotein 6g-F, T (Figure 1, panel
b; g for GIcNAcylated), which is —0.7 kcal mol~! more stable than 6-F,T at 65 °C (25, 26).
N-GlcNAcylation at Asn19 is dramatically less stabilizing when Phel6 is replaced with Ser,
or when Thr21 is replaced with Arg (Ser and Arg occupy positions 16 and 21, respectively,
in the parent WW sequence), indicating that Phe16, Asn19-GIcNAc, and Thr21 engage in a
favorable tripartite interaction that stabilizes 6g-F,T relative to 6-F, T, a conclusion
supported by a published thermodynamic cycle analysis (25, 26).

We wondered whether similar interactions might allow N-PEGylation to stabilize WW. To
test this hypothesis, we replaced GIcNAc in 6g-F, T with a short linear PEG chain
comprising four ethylene oxide units (Figure 1, panel b). As with GIcNAc in 6g-F,T, the
PEG chain was attached to the side-chain amide nitrogen of Asn19, affording 6PEG-F,T
(Figure 1, panel b and Figure 2, panel a; Supplementary Figures S1-S8 and Supplementary
Tables S1-S2 provide analytical data for the Fmoc-protected Asn-linked PEG derivative
used to synthesize 6PEG-F,T; Supplementary Table S3 summarizes the mass spectrometry
characterization data for 6PEG-F,T and its derivatives). The PEG chain shown in Figure 1,
panel b has a similar number of carbons and heteroatoms as GIcNAc, but its flexible, weakly
amphipathic structure differs substantially from the ring-constrained GIcNAc, which has a
distinct hydrophobic a-face. We wondered whether these differences would impact the
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energetic influence of PEGylating an enhanced aromatic sequon in the six-residue “turn-
within-a-turn” context.

We used variable temperature far-UV circular dichroism spectropolarimetry (CD) to analyze
the thermodynamic stability of 6PEG-F,T (Figure 2, panel b). The melting temperature of
6PEG-F,T is 8.5 + 0.6 °C higher than that of the unmodified 6-F, T, corresponding to a
difference in folding free energy AAGs of —0.81 % 0.10 kcal mol™1 at 65 °C (Table 1).
Surprisingly, 6PEG-F,T is approximately as stable as GIcNAc-containing 6g-F,T (AAGs
relative to 6-F, T is —0.70 + 0.10 kcal mol~1 at 65 °C) (25, 26), suggesting that N-
PEGylation of the enhanced aromatic sequon stabilizes WW as effectively as does N-
GIcNAcylation (Figure 2, panel b, Table 1).

We previously used triple mutant cycle analysis to probe the sequence dependence of the
energetic effect of N-GIcNAcylating the enhanced aromatic sequon (25, 26). Here, we used
a similar strategy to ask whether the stabilizing effect of N-PEGylating an enhanced
aromatic sequon in the context of the six-residue “turn-within-a-turn” described above
depends on stabilizing interactions with Phe and Thr (25, 26). We prepared three variants of
6PEG-F,T (Figure 2, panel a) in which we replaced Phel6 and Thr21 with Serl16 and
Arg21, respectively, in every possible combination (mass spectrometry and analytical HPLC
data for 6PEG-F, T and its derivatives appear in Supplementary Figures S9-16, and are
summarized in Supplementary Table S3). As we have done previously (25, 26), we chose
Ser and Arg because these residues occupy positions 16 and 21, respectively, in the parent
WW protein from which 6PEG-F,T is derived. Ser occupies position 16 in proteins 6PEG
and 6PEG-T, whereas Phe occupies position 16 in 6PEG-F. Arg occupies position 21 in
PEGylated proteins 6PEG and 6PEG-F whereas Thr occupies position 21 in 6PEG-T.

We compared the thermodynamic stabilities of proteins 6PEG, 6PEG-F and 6PEG-T with
the thermodynamic stabilities of the corresponding unmodified proteins 6, 6-F, and 6-T,
which we prepared and characterized previously (25, 26) (Table 1, Supplementary Figures
S17-S20 show complete variable temperature CD data for 6PEG-F,T and its derivatives).
The stabilizing effect of N-PEGylation at Asn19 (compare 6PEG-F,T with 6-F, T: AAG¢ =
—0.81 £ 0.10 kcal mol~1 at 65 °C) is still substantial when Phe16 is replaced by Ser16
(compare 6PEG-T with 6-T: AAG¢ = —0.55 # 0.6 kcal mol™1 at 65 °C), when Thr21 is
replaced by Arg21 (compare 6PEG-F with 6-F: AAGs = —1.13 + 0.07 kcal mol~1 at 65 °C),
or when both modifications are made (compare 6PEG with 6: AAGs = —0.86 £ 0.05 kcal
mol~1 at 65 °C). In contrast, as reported previously (25, 26), the stabilizing effect of N-
GlcNAcylation at Asn19 (compare 6g-F, T with 6-F,T; AAG¢ = —0.70 + 0.10 kcal mol~1 at
65 °C) decreases substantially when Phel6 is replaced by Ser16 (compare 6g-T and 6-T;
AAGs = —0.04 £ 0.07 kcal mol~1 at 65 °C), when Thr21 is replaced by Arg21 (compare 6g-
F and 6-F; AAG¢ = —0.17 + 0.08 kcal mol™1 at 65 °C), or when both modifications are made
(compare 6g and 6; AAGs = 0.21 + 0.06 kcal mol~1 at 65 °C). Thus, the stabilizing influence
of N-PEGylation is much less dependent on the identity of nearby residues than N-
GlcNAcylation.(25, 26)

WW proteins 6, 6-F, 6-T, and 6-F, T, and N-PEGylated proteins 6PEG, 6PEG-F, 6PEG-T,
and 6PEG-F,T enable a triple mutant cycle analysis (Figure 2, panel ¢), which reveals
information about the two- and three-way interactions between Phel6, Asn19-PEG, and
Thr21 in 6PEG-F,T. As we have done previously (25, 26), we used least-squares regression
of the thermodynamic data for each variant to extract this information, according to the
following equation:
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(1)

In equation (1), AGs is the folding free energy of a given variant of 6; AG¢° is the average
folding free energy of 6; Cs_,r, Cn_,n, and Cr_,1 describe the intrinsic energetic
consequences of the Ser16 to Phel6, Asn19 to Asn19-PEG, and Arg21 to Thr21 mutations,
respectively; Cr N, Cg 1, and Cy T describe the two-way interaction energies between Phel6
and Asn19-PEG, between Phel6 and Thr21, and between Asn19-PEG and Thr21,
respectively; Cg y T describes the three-way interaction energy between Phel6, Asn19-PEG,
and Thr21; W is 0 when position 16 is Ser or 1 when it is Phe; Wy = 0 when position 19 is
Asn or 1 when it is Asn-PEG; Wt = 0 when position 21 is Arg or 1 when it is Thr. Equation
1 assumes that the Ser16 side chain does not interact with the side chains at positions 19 and
21, and that the Arg21 side chain does not interact with the side chains at positions 19 and
21, assumptions which are consistent to a first approximation with the available structural
data (26, 29). The results of this analysis are summarized in Figure 3 and in Supplementary
Table S4.

The parameters obtained via regression of equation 1 provide insights into why PEGylation
stabilizes 6PEG-F,T relative to 6-F,T. According to equation 1, AAGs = AG{(6PEG-F,T) —
AG(6-F, T) = CnyoN + Cen + Cn,7 + Cg 1. Thus, the differences in how N-glycosylation
and N-PEGylation stabilize WW (Figure 3) are depicted by the differences between the
values of Cn_,n, Cg N, Cn,1, and Cg 1 for N-PEGylation and for N-GIcNAcylation of 6-
F, T, which were measured previously (26).

As reported previously, the stabilizing effect of N-GIcNAcylation on 6g-F, T (Figure 3)
comes predominantly from the favorable three-way interaction between Phel6, Asn19-
GIcNAc, and Thr21 (Cg .1 = —0.36 % 0.11 kcal mol~1) and the favorable two-way
interaction between Phel6 and Asn19- GIcNAc (Cgn = —0.38 + 0.08 kcal mol~1), offset by
the intrinsically unfavorable effect of changing Asn19 to Asn19-GIcNAc (Cn_,y = 0.21
0.06 kcal mol™1). In contrast, the stabilizing effect of N-PEGylation on 6PEG-F, T (Figure
3) depends strongly on the intrinsically favorable effect of changing Asn19 to Asn19-PEG
(Cn—N = —0.86 + 0.08 keal mol~1) and to a lesser extent on a favorable two-way interaction
between Phe16 and Asn19-PEG (Cg y = —0.27 + 0.10 kcal mol 1), offset by an unfavorable
two-way interaction between Asn19-PEG and Thr21 (Cy 1 = 0.31 + 0.10 kcal mol ™).
Notably, there is no significant three-way interaction between Phel6, Asn19-PEG, and
Thr21 (Cg N7, See Figure 3).

These results imply fundamental differences in the mechanisms by which N-glycosylation
and N-PEGylation stabilize proteins. N-GIcNAcylation of the enhanced aromatic sequon in
the six-residue reverse turn of WW is stabilizing due to favorable native-state tripartite
interactions between GIcNAc and the nearby Phe and Thr side chains; without these side
chains N-GIcNAcylation of Asn19 destabilizes WW (25, 26). In contrast, N-PEGylation of
Asnl9 in the six-residue reverse turn context of WW is strongly intrinsically stabilizing and
not as dependent on the identities of side chains at positions 16 and 21 as is N-
GlcNAcylation. Indeed, N-PEGylating an isolated Asn residue (compare 6PEG and 6; AAGs
=—0.86 + 0.05 kcal mol™1 at 65 °C, Table 1) is approximately as favorable as N-PEGylating
an Asn residue within an enhanced aromatic sequon context (compare 6PEG-F, T with 6-
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F,T: AAGs=— 0.81 £ 0.10 kcal mol~1 at 65 °C, Table 1). It remains to be seen whether N-
PEGylation of reverse turns provides more stabilization than N-PEGylation of other
secondary structures and whether the turn type and exact position of PEGylation within the
reverse turn are important.

The intrinsic PEG-associated stabilization of WW in a variety of sequence contexts is
consistent with the hypothesis that PEG acts as an excluded-volume conjugate that
destabilizes the WW denatured state ensemble by restricting its conformational entropy (24).
In a recently-described native topology model of WW glycosylation (30), Asn-linked
GIcNAc was modeled as an excluded-volume conjugate. This model incorrectly predicted
that N-GIcNAcylation of Asn19 within the six-residue turn of WW (without any other
sequence modifications) would be stabilizing. In fact, N-GIcNAcylation of Asn19 is
destabilizing (AAG; = +0.21 + 0.06 kcal mol~1 at 65 °C) (25, 26, 30), whereas N-
PEGylation of Asn19 is stabilizing (AAGs = —0.86 + 0.05 kcal mol~1 at 65 °C), perhaps
indicating that PEG more closely resembles an excluded-volume conjugate than does
GIcNACc (24, 30). It is possible that N-glycan-based excluded volume effects become
important only for the larger N-glycans present in secreted glycoproteins.

In addition, our results show that PEG can interact favorably with nearby side chains,
though the energetic impact of these interactions is smaller than the large intrinsic energetic
impact of PEGylation. PEG, like GIcNAc, interacts favorably with Phel6 (Cpn = —0.27 +
0.10 kcal mol™1 for PEG, —0.38 + 0.08 kcal mol™1 for GIcNAc), which is consistent with
displacement of ordered water molecules from the Phe side-chain surface by PEG (8). In
contrast, PEG and Thr21 do not interact favorably (Cy 1 = 0.31 + 0.10 kcal mol™1), whereas
GIcNAc and Thr21 do (Cy 1= —0.17 £ 0.08 keal mol™1), possibly because of favorable
hydrogen bonding between the side chains of Asn19-GIcNAc and Thr21, but not between
Asn19-PEG and Thr21. Alternatively, PEG may interact more favorably with Arg21 than
with Thr21, though the nature of this potential interaction is unclear. In any case, our results
indicate that favorable interactions with nearby side-chains can add to the already large and
sequence-context-independent stabilization of WW by PEGylation. Other side chains
besides Ser and Phe at position 16 and Arg and Thr at position 21 may be able to interact
more favorably with PEG, a hypothesis we are currently investigating.

PEGylation has been used for more than three decades to safely improve the shelf-life and
pharmacokinetic properties of proteins (1-3). PEGylation can increase protein
thermodyamic stability (4-8), but the molecular basis for this effect is poorly understood,
due, in part, to PEGylation methodologies that generate mixtures of protein-PEG conjugates
that differ in the number of attached PEGs and/or the location(s) of the PEGylation site(s).
Herein, chemical synthesis of uniformly N-PEGylated WW variants facilitates a quantitative
assessment of N-PEGylation as a function of sequence context. Unlike N-GIcNAcylation,
N-PEGylation of the six-residue reverse turn within WW is intrinsically stabilizing—possibly
due to denatured state destabilization via an excluded volume effect. Future Kinetic studies
on the folding and unfolding on 6PEG and its analogs, on variants thereof where the MW of
the PEG is altered, and on WW variants where the location of N-PEGylation is varied will
allow us to further scrutinize this mechanistic hypothesis. Previous energetic results
emerging from N-GIcNAcylation of the enhanced aromatic sequon in the WW domain have
translated readily to N-glycosylation in more complex proteins (25). We expect the same to
be true for applying energetic principles obtained from N-PEGylating the WW domain.
Because N-PEGylation of Asn residues and N-glycosylation of enhanced aromatic sequons
in certain reverse turn contexts appear to increase protein stability by distinct mechanisms, it
should also be possible to use both approaches additively or synergistically to stabilize a
protein of interest.
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Methods

Protein Synthesis

WW domain variants were synthesized via solid phase peptide synthesis, using the standard
Fmoc protecting group strategy as described previously (30), and in the supporting
information. The synthesis of Fmoc-Asn(PEG)-OH (N2-fluorenylmethyoxycarbonyl-N4-
{11-methoxy- 3,6,9-trioxaundecyl}-L-asparagine) is also described in the supporting
information (characterization data appear in Supplementary Tables S1-S2 and
Supplementary Figures S1-S8). Following cleavage from resin, WW variants were purified
by reverse-phase HPLC on a C18 column using a linear gradient of water in acetonitrile with
0.2% v/v TFA. The identity of each WW domain was confirmed by matrix-assisted laser
desorption/ionization time-of-flight spectrometry (MALDI-TOF, see Supplementary Table
S3 and Supplementary Figures S9-S12), and purity was evaluated by analytical HPLC (see
Supplementary Figures S13—-S16).

CD Measurements

CD spectra and variable temperature CD data were collected using an Aviv 62A DS
spectropolarimeter. We fit the variable temperature CD data to obtain T, and AG¢ values for
each protein, as described previously (30), and in the supporting information. CD data for
6PEG-F,T and its derivatives are shown in Supplementary Figures S17-S20.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Ribbon diagram of the WW domain from the human protein Pin 1 (PDB: 1PIN, ref 45).
B-strands are shown in blue, reverse turns in gray. (b) Stick representation of reverse turn 1
in the WW domain, main-chain hydrogen bonds represented by black dashes; positions
where we previously incorporated components of the enhanced aromatic sequon are
highlighted in red. Protein 6-F, T, glycoprotein 6g-F, T (refs. 25, 26) and N-PEGylated
protein 6PEG-F, T differ in the group attached to the side-chain amide nitrogen of Asn19 as
indicated (see Figure 2, panel a for the complete sequence of 6PEG-F,T). All structures
were rendered in Pymol.
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a

Protein Sequence

6PEG-F,T H2N-KLPPGWEKRMFRS§GTVYYFNHI TNASQFERPSG-COOH
6PEG-F H2N-KLPPGWEKRMFRSgGRVYYFNHITNASQFERPSG-COOH
6PEG-T H,N-KLPPGWEKRMSRSNGTVYYFNHITNASQFERPSG-COOH
6PEG H,N-KLPPGWEKRMSRSNGRVYYFNHITNASQFERPSG-COOH
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Figure 2.

(a) Amino acid sequences of N-PEGylated protein 6PEG-F, T and its derivatives. N = Asn-
PEG (see Figure 1, panel b for PEG structure). (b) Variable temperature CD data for protein

6-F, T, glycoprotein 6g-F, T (ref. 26), and N-PEGylated protein 6PEG-F, T at a protein

concentration of 10 pM in 20 mM sodium phosphate buffer (pH 7). Data are shown for each

of three replicate experiments on each protein. (c) Triple mutant cycle cube formed by

proteins 6-F, T, and 6PEG-F, T, and their derivatives.
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Figure 3.

The increase in stability of 6-F, T upon N-PEGylation (AAGg tota1, Yellow bars) is the sum of
the energetic effects of (1) changing Asn19 to Asn19-PEG (Cn_,n, blue bars); (2) the two-
way interaction between Phe16 and Asn19-PEG (Cg \, red bars); (3) the two-way
interaction between Asn19-PEG and Thr21 (Cy 1, green bars); and (4) the three-way
interaction between Phel6, Asn19- PEG, and Thr21, (Cg n 1, purple bars). Error bars
represent parameter standard errors. Analogous data for N-glycosylation (ref. 26) are shown
for comparison.
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Melting temperatures and folding free energies of N-PEGylated WW variants and their corresponding non-
PEGylated counterparts.2

Protein Tm (°C)

AT, (°C)

AG¢ (kcal/mol)

AAGs (kcal/mol)

6-F,Tb 474+04

6PEG-F, T 55.9+0.3
G-Fb 51.0+0.3

6PEG-F 61.9+0.3
G-Tb 525+0.3

6PEG-T  57.8+0.2
&b 56.2+0.3

6PEG 64.3+0.2

85+0.6

10.9+0.4

53+04

8.0+0.4

1.72+£0.09

0.91+0.05
1.45+0.06

0.32+0.03
1.22+0.05

0.68 +0.03
0.95+0.04

0.09 £0.03

—0.81 £ 0.10

-1.13 £ 0.07

—0.55 £ 0.06

—0.86 + 0.05

aTalbula\ted data are given as mean =+ standard error at 65 °C for 10 uM solutions of WW variants in 20 mM sodium phosphate buffer (pH 7). CD
spectra and variable temperature CD data from which these parameters were derived appear in Figures S17-S20 of the supporting information.

bData for these proteins are from ref. 26.
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