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Abstract

Conjugation of polyethylene glycol (PEGylation) is a well-known strategy for extending the serum
half-life of protein drugs and for increasing their resistance to proteolysis and aggregation. We
previously showed that PEGylation can increase protein conformational stability; the extent of
PEG-based stabilization depends on the PEGylation site, the structure of the PEG-protein linker,
and the ability of PEG to release water molecules from the surrounding protein surface to bulk
solvent. The strength of a non-covalent interaction within a protein depends highly on its
microenvironment, with salt-bridge and hydrogen-bond strength increasing in non-polar vs.
aqueous environments. Accordingly, we wondered whether partial desolvation by PEG of the
surrounding protein surface might result in measurable increases in the strength of a salt bridge
near a PEGylation site. Here we explore this possibility using triple mutant box analysis to assess
the impact of PEGylation on the strength of nearby salt bridges at specific locations within three
peptide model systems. The results indicate that PEG can increase nearby salt bridge strength,
though this effect is not universal, and its precise structural prerequisites are not a simple function
of secondary structural context, of orientation and distance between PEGylation site and salt
bridge, or of salt-bridge residue identity. We obtained high-resolution x-ray diffraction data for a
PEGylated peptide in which PEG enhances the strength of a nearby salt bridge. Comparing the
electron density map of this PEGylated peptide vs. that of its non-PEGylated counterpart provide
evidences for localized protein surface desolvation as a mechanism for the PEG-based salt-bridge
stabilization.

Graphical Abstract



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao et al.

Page 2

Conjugation of polyethylene glycol (PEGylation) to proteins is a well-known strategy for
enhancing the pharmacokinetic properties of protein pharmaceuticals.1 The large
hydrodynamic radius of the PEG conjugate shields the protein from proteases, neutralizes
antibodies and decreases its clearance from serum via renal filtration.> 6 First-generation
PEG-protein conjugates were prepared by reacting a non-selective PEG-electrophile with
surface nucleophiles, resulting in a heterogeneous mixture of PEGylated proteins differing in
both number and location of the attached PEGs.3: 4 The resulting population of non-
specifically PEGylated protein isoforms often exhibits decreased in vitro activity,
presumably because PEG also interferes with the binding events that are essential for
protein-protein interactions and/or catalysis.

Advances in chemoselective biorthogonal reactions now allow chemists to install PEG site-
specifically at any arbitrary position within a proteins.’”~1° Using these reactions, chemists
can now choose surface PEGylation sites that are far from enzyme active sites and from
substrate binding interfaces. The resulting second-generation PEG-protein conjugates often
retain more in vitro activity than did their first-generation counterparts, relative to the non-
PEGylated protein. However, aside from these simple and intuitive guidelines, finding a
PEGylation site that provides an optimal balance between increased proteolytic stability,
lengthened serum half-life, and retained biological activity is often an empirical matter of
trial and error.

We have previously hypothesized that such optimal PEGylation sites will be characterized
by the increased conformational stability of the PEG-protein conjugate relative to its non-
PEGylated counterpart.20: 21 The rationale for this hypothesis is that proteolysis,
aggregation, and recognition by neutralizing antibodies are generally more severe for
unfolded proteins than folded proteins.22 Consequently, we have explored the impact of
PEGylation on the conformational stability of peptide and protein model systems in search
of structure- or sequence-based criteria for identifying conformationally stabilizing
PEGylation sites. We found that PEG can increase conformational stability, but the extent of
stabilization depends strongly the location of the PEGylation site?! and the chemistry used
to connect PEG and protein.23 24 Detailed thermodynamic analyses and computational
simulations suggest that the stabilizing impact of PEGylation derives from an entropic
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effect, likely because PEG allows some first-shell water molecules to be released to bulk
solvent.2! We wondered whether such localized desolvation might increase the strength of
non-covalent interactions in the immediate vicinity of the PEGylation site; this possibility
seemed reasonable in light of several recent reports linking the strength of a salt bridge or of
a hydrogen bond to the polarity of its immediate microenvironment and its exposure to
solvent,25-29

Results and Discussion

We explored this possibility in the context of dimeric helix-bundle peptide GCN4-p1 (Figure
1A).39 As with other helix bundles, the primary sequence of GCN4-p1 is characterized by a
seven-residue repeating pattern in which non-polar residues occupy positions aand ¢ of an
abcdefg heptad, with polar and/or charged residues predominantly occupying the other
positions. Such an arrangement aligns the non-polar & and d-position along the same side of
the peptide in the a-helical conformation; burial of these residues at the interface between
the two helices provides the driving force for helix-bundle formation.3! In contrast, residues
at the other five positions are solvent-exposed and are therefore ideal locations for probing
the impact of PEG-based desolvation on the strength of non-covalent interactions at the
protein surface. Accordingly, we prepared GCN4-p1 variants p2a.l, p2a.3, p2a4, p2a.6,
p2a7, p2a10, p2a.14, p2a.18, p2a.21, p2a.25, and p2a.28, in which we incorporated an
asparagine-linked monomethoxy-PEG (i.e., AsnPEG, comprised of four ethylene oxide
units; Figure 1B) at solvent exposed positions 1, 3, 4, 6, 7, 10, 14, 18, 21, 25, and 28,
respectively (Figure 1, Table 1). We also prepared their Asn-containing sequence-matched
non-PEGylated counterparts 2a.1, 2a3, 2a4, 2a.6, 2a7, 2a.10, 2a14, 2a.18, 2a.21, 2a.25,
and 2a.28. We used variable temperature CD experiments to obtain the apparent melting
temperatures (T,) and folding free energies (AGs) of each variant listed in Table 1, along
with the impact of PEGylation on the conformational stability of each PEGylated variant
relative to its non-PEGylated counterpart (AAGy).

Asn-PEGylation has a minimal effect at positions 1, 3, 14 within GCN4-p1; is destabilizing
at positions 4, 6, 7, 10, 21, and 25; and is slightly stabilizing at positions 18 and 28 (Table
1). We examined the structural context of each of these PEGylation sites to explore whether
their proximity to any nearby non-covalent interactions was related to the overall impact of
PEGylation on the helix bundle. Interestingly, positions 4 and 18 share a similar structural
context: they each occupy the ~4 position relative to an 7to /A3 salt bridge: Lys8-Glull in
p2a4 (Figure 1C) and Glu22—-Arg25 in p2a.18 (Figure 1D). However, PEGylation has
opposite effects at these positions: p2a4 is less stable than 2a.4, whereas p2a.18 is more
stable than 2a.18. We wondered whether these differences might be reflected in the impact
of PEG on the strength of the Lys8-Glull salt bridge in p2a4 vs. the Glu22—-Arg25 salt
bridge in p2a.18.

We explored this possibility using triple mutant cycle analysis as we have done previously.13
We prepared six additional variants of 2a.4 and p2a4 in which we replaced Lys8 and Glull
with Ala, individually (2a4-KA, 2a4-AE, p2a4-KA, p2a.4-AE) and in combination (2a.4-
AA, p2a.4-AA). For the non-PEGylated variants, comparing the impact of the Ala8 to Lys8
mutation in the presence of Alall (2a4-K A vs. 2a4-AA, AAG¢ = 0.03 + 0.02 kcal/mol) vs.
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Glull (2a4 vs. 2a4-AE, AAGt = —0.03 £ 0.02 kcal/mol) reveals that the Lys8-Glull salt
bridge does not contribute substantially to the stability of 2a4 (AAAGs = —0.06 £ 0.02 kcal/
mol). For the PEGylated variants, comparing analogous variants (p2a4-K A vs. p2a.4-AA,
AAGt = 0.36 + 0.01 kcal/mol; 2a4 vs. 2a.4-AE, AAGs = 0.41 + 0.01 kcal/mol) reveals that
the Lys8-Glul1l salt bridge has a similarly small impact on the stability of p2a.4 (AAAGt =
0.05 + 0.02 kcal/mol), indicating that PEG has a minimal impact on the strength of the
Lys8-Glull salt bridge (AAAAGt = 0.11 + 0.03 kcal/mol).

We performed analogous experiments with 2a.18 and p2a.18 and their six sequence mutants
(2a18-EA, 2a.18-AR, 2a18-AA, p2a.18-EA, p2a.18-AR, p2a18-AA). When Asn occupies
position 18, the Glu22—-Arg25 salt bridge contributes —0.45 + 0.02 kcal/mol to the stability
of 2a.18; when AsnPEG occupies position 18, the Glu22—-Arg25 salt bridge contributes
-1.14 + 0.03 kcal/mol to the stability of p2a.18, indicating that PEG stabilizes the Glu22-
Arg25 salt bridge by —0.69 £ 0.03 kcal/mol. We wondered whether other stabilizing
PEGylation sites might be similarly characterized by their ability to increase the strength of
nearby salt bridges. To test this hypothesis, we explored PEGylation sites near salt bridges
within a second a-helical model system (i.e the trimeric helix bundle 1CW)32-34 and within
a p-sheet model protein (the WW domain of the human protein Pin1).3% 36 The variants and
positions we explored are summarized in Figure 1E—H and in Table 2.

Position 1 within 1CW is oriented toward a nearby i to i+4 salt bridge comprised of Glu3
and Lys7 on an adjacent helix within the trimer (Figure 1E). We generated variant 3a.1 and
its PEGylated counterpart p3a.l by incorporating GIn vs. GINPEG (Figure 1B) at position 1
within 1CW (Table 2). We chose to use Gln vs. GINPEG because they more closely resemble
the residue that occupies position 1 (i.e. Glu) within the parent 1CW peptide from which
these variants were derived. GInPEGylation slightly destabilizes p3a.1 and relative to 3a.1.
Comparing AGs values for p3a.1 and 3a.1 with those of their sequence variants (3a1-EA,
3al-AK, 3a1l-AA, p3al-EA, p3al- AK, and p3a1-AA) reveals that PEGylation at GInl
does not substantially change the strength of the Glu3-Lys7 salt bridge (AAAAGt = -0.05 +
0.02 kcal/mol), which contributes favorably to helix bundle stability whether or not PEG is
present (Table 2).

Position 6 within 1CW is oriented toward a salt bridge between Lys8 on an adjacent helix
and Glu13 within the same helix (Figure 1F). Accordingly, we prepared 1CW variant 3a.6
and its PEGylated counterpart p3a.6, in which we incorporated Gin vs. GInPEG,
respectively at position 6 (as with position 1 above, the residue that occupies this position in
the parent 1CW is Glu). GInPEGylation destabilizes p3a.6 by 0.32 + 0.01 kcal/mol relative
to 3a.6 (Table 2). Triple mutant cycle analysis of p3a.6, 3a6, and their sequence variants at
positions 8 and 13 (p3a.6-KA, p3a6-AE, p3a6-AA, 3a6-KA, 3a6-AE, and 3a.6-AA)
indicates that the Lys8-Glu13 salt bridge contributes strongly to helix bundle
conformational stability (AAAGs = —0.99 £ 0.01 kcal/mol) with PEGylation of GIn6 only
slightly increasing salt bridge strength (AAAAGs = —0.11 £ 0.02 kcal/mol).

Position 18 within WW (normally occupied by Asp) occupies the same reverse turn as
nearby positions 16 and 21, which are normally occupied by Ser and Arg, respectively
(Figure 1G). Side chains at these three positions occupy the same face of the reverse turn.
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We envisioned that incorporating AsnPEG vs. Asn at position 18 and Asp at position 16
might allow PEG to stabilize a salt bridge between Asp16 and Arg21. Accordingly, we
prepared WW variants p18 and pp18, with Asp at position 16, Asn vs. ASnPEG at position
18, respectively, and Arg at position 21. PEGylation modestly stabilizes pp18 relative to p18
(AAGs = —0.25 £ 0.02 kcal/mol). Triple mutant cycle analysis of pp18, B18, and their
sequence variants (pp18-DA, pp18-SR, pp18-SA, B18-DA, p18-SR, and B18-SA) indicates
that the Asp16-Arg21 salt bridge is stabilizing (AAAGt = —0.50 + 0.03 kcal/mol), but
PEGylation at position 18 does not affect its (AAAAGs = —0.03 £ 0.04 kcal/mol).

Finally, we recently found that conjugating an azido-functionalized four-unit PEG to a
propargyloxyphenylalanine residue (PrF, Figure 1B) at position 23 within WW increases the
conformational stability of the PEGylated protein (pp23) relative to its non-PEGylated
counterpart 323 (Table 2; AAGs = —0.28 + 0.03 kcal/mol). Position 23 within WW (normally
occupied by Tyr) is oriented toward a salt bridge between Glul2 and Arg14 on an adjacent
B-strand (Figure 1H), and we wondered whether PEG-based stabilization of the Glul2—
Argl4 salt bridge might partially account for the increased stability of pp23 relative to f23.
Triple mutant cycle analysis of pp23 and 323 and their sequence variants pp23-EA, pp23-
AR, pp23-AA, B23-EA, B23-AR, and B23-AA indicates that the Glu12—-Arg14 salt bridge
contributes —0.35 £ 0.03 kcal/mol to WW conformational stability, with PEGylation
increasing the strength of the salt bridge by an additional —0.43 + 0.04 kcal/mol.

These results are summarized in Figure 2, which plots salt bridge strength (AAAG¢) within
non-PEGylated variants 2a4, 2a.18, 3a.1, 3a.6, f18, and 23 (x-axis) vs. salt bridge strength
(AAAGy) within PEGylated variants p2a.4, p2a.18, p3al, p3a6, pp18, and pp23 (y-axis).
PEGylation data points for 2a.4, 3a.1, 3a.6, and 18 fit readily to a line with slope = 1.2 +
0.01 (p = 0.001), indicating that PEG has no substantial impact on salt bridge strength for
these variants. In contrast, data points for 2a18 and 23 are exceptions to this trend: the salt
bridges we investigated are stronger within PEGylated p2a.18 and pp23 than in non-
PEGylated 2a.18 and p23. We wondered whether p2a.18 and pp23 had any common
features that might explain this observation. We noticed that both p2a.18 and pp23
contained a Glu—Arg salt bridge; whereas, p2a.4, p3a.l, p3a6 contain a Glu-Lys salt bridge
and pB18 contains an Asp—Arg salt bridge. To explore whether Glu—Arg salt bridges are
uniquely subject to PEG-based stabilization, we prepared 1CW variants 3a.1-ER, 3a.1-AR,
p3al-ER, p3al-AR, in which Arg occupies position 7 rather than Lys. Comparing folding
free energies of these variants (see supporting information) vs. those of previously
characterized 3a1-EA, 3a.1-AA, p3al-EA, and p3a.1-AA reveals that PEGylation does not
substantially change the strength of the Glu3-Arg7 salt bridge (although the Glu3-Arg7 salt
bridge in 3a1-ER is stronger than the corresponding Glu3-Lys7 salt bridge in 3a.1). It
appears from this observation that salt-bridge residue identity alone is not a sufficient
predictor of the impact of PEGylation on salt bridge strength.

To gain structural insight into how PEG affects the Glu22—-Arg25 salt bridge in 2a18 vs
p2a.18, we crystallized these variants, obtained x-ray diffraction data, and solved their
structures via molecular replacement (Figure 3A-B, respectively). The structures for 2a.18
(PDB ID: 602E) and p2a.18 (PDB ID: 602F) are extremely similar overall (rmsd = 0.113
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A) with identical distances between Glu22 and Arg25, indicating that the increased strength
of the Glu22-Arg25 salt bridge in the presence of PEG does not come from increased
proximity of these charged groups. However, differences in the crystallographic data become
more apparent upon close inspection of the electron density maps of 2a.18 vs. p2a.18: the
area immediately surrounding Asn18, Glu22 and Arg25 in PEGylated p2a.18 contains
substantially more electron density than the corresponding area in non-PEGylated 2a.18
(Figure 3A-B). Indeed, electron density for the Asn18 side chain in p2a.18 continues to
extent outward from the side-chain amide nitrogen, which is consistent with the presence of
AsSNnPEG at position 18 within p2a.18 (as confirmed by mass spectrometry; see supporting
information). Including an explicit Asn-linked PEG at position 18 in our crystallographic
model for p2a.18 allowed us to account for some of this extra electron density and led to
modest improvements in the statistical quality of the model. However, no single
conformation of PEG accounted for all of the observed extra electron density; similar
improvements in the statistical quality of the model resulted from including explicit
crystallographic water molecules in the place of PEG. Based on these observations, we
speculate that the Asn-linked PEG at position 18 in the crystalline state of p2a.18 is
disordered but likely occupies the space between Asn18, Glu22 and Arg25. Though these
observations apply specifically to the crystalline state, it is tempting to extrapolate them to
the solution behavior of p2a.18; it is possible that PEG occupies space in the immediate
vicinity of the Glu22—Arg25 salt bridge and partially desolvates it, thereby increasing its
strength.

Here we have shown that a short PEG oligomer can increase protein conformational stability
by increasing the strength of a nearby salt bridge in two distinct secondary structural
contexts, including an 7/to A4 Glu-Arg salt bridge within an a-helix and an intra-strand 7to 7
+2 Glu-Arg salt bridge within a p-sheet. High-resolution crystallography data supports the
possibility that PEG adopts a disordered conformation near the Glu22—-Arg25 salt bridge
within GCN4 variant p2a.18, occupying space that would normally be occupied by water. It
is possible that this effect is partially responsible for the PEG-based stabilization of the
Glu22-Arg25 salt bridge. However, the structural prerequisites for this effect are not a
simple function of secondary structural context, orientation and distance of the PEGylation
site with respect to the salt bridge, or of salt-bridge residue identity; PEGylation did not
increase the strength of some salt-bridges, for reasons that remain unclear. Previous work
showed that the structure of the PEG-protein linkage is a major determinant of PEG-based
stabilization at a given PEGylation site.23: 24 Moreover, a short PEG oligomer comprised of
three ethylene oxide units can almost entirely recapitulate the PEG-based stabilization
associated with a longer 45-unit PEG.20: 21 These observations suggest that the impact of
PEG-based protein stabilization derives primarily from the PEG-protein linker and the first
few atoms of the attached PEG, which perturb the microenvironment in the immediate
vicinity of the PEGylation site, including nearby side-chain and backbone groups, along
with water molecules in the first solvent shell). If so, the minimal impact of PEG on the
stability of nearby salt bridges within p2a.4, p3a.1, p3a.6, and pp18 could reflect our choice
of suboptimal linkers at these positions (AsnPEG, GInPEG, GINPEG, and AsnPEG,
respectively) vs. serendipitously optimal linkers at corresponding positions within p2a.18
and pp23 (AsnPEG and PrFPEG, respectively). More broadly, our results also highlight the
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importance of considering the extent to which side-chain functionalization (e.g. with a
fluorophore, an affinity tag, a post-translational modification, etc.) perturbs interactions with
and among water molecules and side-chain or backbone groups in the localized
microenvironment and hydration sphere of the conjugation site.

Peptide Synthesis

Peptides were synthesized via solid phase synthesis using a standard Fmoc strategy,
described in detail in the Supporting Information. Fmoc-protected and PEGylated
derivatives of L-asparagine and L -glutamine were synthesized as reported previously.2l: 23
Fmoc-protected propargyloxyphenylalanine (PrF) was synthesized as reported previously.3’
A previously described PEG-azide was conjugated to PrF via copper(l)-catalyzed azide-
alkyne cycloaddition as we described recently.?}: 23 Following cleaving from resin, peptides
were purified by HPLC with a reverse phase C18 column and a linear gradient of water and
acetonitrile with 0.1% v/v TFA. The mass of each peptide was confirmed by matrix-assisted
laser desorption/ionization time-of-flight spectrometry, and purity was evaluated by
analytical HPLC. Mass spectra and analytical HPLC chromatograms for all peptides are
available in the supporting information.

CD Measurements

CD spectra and variable temperature CD data were collected using an Aviv 420
spectropolarimeter. We used non-linear regression to fit the variable temperature CD data to
equations derived from a two-state folding model for each variant to obtain T, and AG¢
values for each peptide, as described in detail the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Asn vs.
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R>A E>A pqnpEG

3a6 vs. p3ab |

-0.11 £ 0.02 kcal/mol

B23 vs. pp23

-0.43 + 0.04 kcal/mol

(A) Ribbon diagram of dimeric helix bundle formed by peptide GCN4-p1 (PDB ID: 2ZTA)
with side chains shown as sticks. Positions where we incorporated Asn vs. ASnPEG are
numbered and highlighted in gray. (B) Structures of Asn vs. AsnPEG; GIn vs. GInPEG; and
PrF vs. PrFPEG. (C)—(H) Summary of triple mutant box analysis of PEGylation sites and
nearby salt bridges (highlighted in orange and gray, respectively) within peptides based on
a-helical coiled-coil dimer GCN4 (PDB ID: 2ZTA): (C) 2a4 vs. p2a4 and (D) 2a.18 vs.
p2a.18; a-helical coiled-coil trimer 1CW (PDB ID: 1COIl): (E) 3a.1 vs p3a.land (F) 3a6
vs. p3a6; and two closely related variants of B-sheet protein WW (PDB IDs: 2F21 and
1PIN): (G) p18 vs. pp18 and (H) P23 vs. pp23. Impact of PEGylation on salt bridge
strength (AAAAGy) is indicated below each figure + standard error in kcal/mol.
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salt-bridge with PEG

N
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AAAG; (kcal/mol)
salt-bridge without PEG

Plot of salt-bridge strength (AAAGs) within PEGylated variants p2a.4, p2a.18, p3a.1, p3a.1-
ER, p3a.6, pp18, and pp23 vs. salt-bridge strength (AAAG¢) within the corresponding non-
PEGylated variants 2a4, 2a.18, 3a.1, p3al-ER, 3a6, p18, and B23. Data for p2a.18 vs.
2a.18 and pp23 vs. B23 are highlighted in orange; at these positions salt bridges are stronger
in the presence of PEG than without PEG. Dotted line represents linear regression of the
data for p2a.4 vs. 2a4, p3a.lvs. 3al, p3al-ER vs. 3al-ER, p3a6 vs. 3a.6, and pp18 vs.
B18 (points highlighted in blue), in which PEGylation does not substantially change the salt-
bridge strength.
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Figure 3.
(A)—(B) Ribbon diagram of a-helical coiled-coil dimers formed by GCN4-p1 variant 2a18

(PDB ID: 602E) and its PEGylated counterpart p2a.18 (PDB ID: 602F), respectively, with
side chains shown as sticks. Asn18 is highlighted in gray, with the Glu22-Arg25 salt bridge
highlighted in orange. Also shown are close up views of Asn18, Glu22, and Arg25 within a
single helix (yellow) within the crystalline lattices formed by variants 2a18 and p2a.18,
respectively. Gray mesh represents electron density contoured at 0.5 o.
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Sequences, melting temperatures and folding free energies of GCN4-pl variants 2a.1, 2a.3, 2a.4, 2a.6, 2a.7,

Table 1.

2a.10, 2a14, 2a.18, 2a.21, 2a.25, 2a.28 and their PEGylated counterparts.a

Page 13

Sequence

Peptide ey W R Tm (°C)  AGt (keal/mol) AAGt® (kcal/mol)
2al NMMKOQLEDKVEELLSKNYHLENEVARLKKLVG 48.8 -7.08 £0.02

p2a1 E0.000000000..000.0000.00000000 47‘? '6.92i0-02 0.08i0'02
2a3 eel[sesoesessecssssecssssssssssss 39.0 -5.83+0.02

p2a3 0.5.0....00.0000.000...00..000. 37.1 '5.6010-03 0.12t0.02
204 seslfesesesssssssssssssssssssses 43.8 -6.39+0.02

p2c(4 OOCEOOOOQQOOOCOOOOC0....0.....0 37‘1 _5'70i0.02 0-35t0.02
206 esesolescscscssscscsssscssscsosse 36.4 -5.60 + 0.01

pzaﬁ 00000§0000000000000000000000000 32_8 _514i0.03 0.23t001
2a7 seessslesrsesssssssesescsssesses 48.1 -7.00 £ 0.02

p2c(7 o..OOOEOO0...00...00....0..0... 43.0 _627i0_02 03610.01
2&10 sessssssslevssscsrsssrrssssssssnse 55'4 '8.0610.02

pzalo .!0....!.E...C....C6....60!006' 46'4 _6.7210.02 0.67t0.02
2014 eeessscesscssNosssssoscscoscrne 51.9 -7.65 + 0.02

pZala 0000000000000500000000.0000.000 52'1 _7'72i0.02 _0.07i0'03
2&18 sesssssesssrssssssl[esesscs s 45.8 -6'6710.01

p2al8 seseccssescrssseeNosecssrossens 473 -6.90+0.01 -0.11+0.01
2&21 te s sssssssrrsscsrsssslecsecsseene 52'6 '7.7510.02

p2a21 ooooooooooooooooooooEooooooo.oo 49.? '?.2?i0-02 0.24t0.01
2025 esssscccsssssseccsssssccslescesone 47.8 -6.97 +0.02

p2a25 R R R TR SRR 45.6 -6.62 +0.02 0.17 +0.01
2&28 L N N RS LN 45'0 _6'5310.01

p2a28 sesecsssesetsssecssreccsrocNere 46.6 -6.79 +0.02 -0.13 + 0.01

aFoIding free energies are given + standard error in kcal/mol at 30 pM protein concentration in 20 mM sodium phosphate buffer (pH 7) at the

average melting temperature of variants 2al, 2a.3, 2a4, 2a6, 2a7, 2a10, 2a14, 2a18, 2a.21, 2a.25, 2a.28 and their PEGylated counterparts (318.5
K). AAGf values represent the energetic contribution of a single AsnPEGylation event to helix-bundle conformational stability.
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Table 2.

Page 14

Triple mutant box analysis of the impact of PEGylation on salt-bridge strength within peptides p2a.4, p2a.18,
p3al, p3a6, pp18and pp23.”

. - AGe AAGe® AAAGe® AAAAGy!
Foptide Sequerive I CO  (kealmol)  (keal/mol)  (kealmol) _ (kealmol)
204 RMKNLEDKVEELLSKNYHLENEVARLKKLVG  43.8  -6.80 +0.03 -0.06 +0.03
204-KA se s NILFK VFRAesssessssssssssssses 391 -623+0.02
204-AE c+ sNLEDAVEE+ssvsssscssssceseses 436 6744003
204-AA e s NLFE[AVEAs es s ssssssssssssssse 396 -6.29 +0.03
p2ad < NLEDKVEEs+sesvssssssesscasses 371  603£003 0384002 004+002 011+003
p2a4_KA . CHI.EDK\‘?EAC R T R A R 396 -627+002 -0.02+0.01
p2e4-AE s+ sNLEDAVEE®eseeseesssssssossss 443  -6.85+003 -0.06+0.02
p2e4-AA v+ NEEDAVER s siesisesivissasivessess 452  -7.00+0.02 -035+0.02
2018 RMKQLEDKVEELLSKNYNLENEVARLKKLVG 458  -7.74 + 0.02 -0.46 + 0.02
2018-EA  eecesecssccecsessNLENEVAResoose 421  -7.07+003
2018-AR~ s+eseessesscers s oNLENAVARs+oses 311  -5.590.02
29}8_AA ses e s .-“t“t‘ ’NLEN%}IPA. “ee _.__._““““3"3‘.7 -584+002 -
p2el8 siesivseisesvoees it e NLENBYAR wsivse 473 -793+002 -0.10+£0.01 -1.14+0.03 -0.69+0.03
p2a18-EA secccccsssscsec e sNIENEVAR®sssee 383  -651+004 028+0.02
p2ol8-AR  *++¢+ssssssscss s sNIENAVARs ¢+ o 287  -530+0.02 0.14+0.01
PROISAA  secescescccscs s sNLENAVAR sssss 350 6174002 -0.16%00]
3al QVEALEKKVEALESKVQKLEKKVEALEHGWDGR  77.4 -15.24 £ 0.02 -0.35+0.01
3ul-EA QVEALEA.-..ooo.......oooooooooooo 76.0 -1490+0.02
301-AK QVALIEKssssesssssssossssssssscnnns 732 -14.23+0.02
3'11‘AA Q\J‘MLEAQ.....-o...oooo.ooooooooou '?61 _l492i003
p3el QVEALEK¢esessscsscssssssccennssss 754 -1476:002 016+£001 -040+001 -0.05+0.02
DSGI'EA gVEALEAo'oooooooooooooooooooooooo 739 -14.40+002 0.17+001
[)30.1-AK QVAALEKOO00‘-...00000---000.00-.- ALz 1376001 0.15+£001
p3(!.I-AA QVAALEAOOaooooooooooooootoooooooo ?47 _1459:|:002 Olliool
Jab EVEALQKKVAALESKVQKLEKKVEALEHGWDGR 772 -15.71 £0.02 -0.99+0.01
3u6-KA ses s s QKKVART Ao ssssssssssssssnnns 67.4 -13.48+0.02
3'16_AE ooaaaQKA\me.tootooooo.oo.ooooou ?24 _1451*002
306-AA ra> 2 QUERVIALRS s s 2 0 s anmoneosarser o 418252 00
p3a6 ee SQKKVAALEssessesesssesanscsse 733 14732002 032+001 -110£001 -0.11+0.02
p3g6-KA  ++++ +QKKVAALAesssseccocessssssses 649 -1308+£0.01 0.13£0.01
p3o6-AE  ++**+QKAVAALEesssssssscesssssssss 707 -1410+£0.01 0.14£0.01
p&aﬁ_AA .oooigmvmoooooooooooooooooooo 777 _15'}61003 -0.17+0.01
p18 KLPPGWEKRMDANGRVYFNHITNASQFERPSG  77.7  -0.53+0.02 2050 +0.03
BIS_DA ssssssssssDANGRAs s+ s s sss sttt 68.7 0.37+0.01
BIS_SR sesssssses SN CResssssssssossss s 69.5 030+ 001
I}ls_SA tesseser s s e SINCAssesssssssssssses 65.7 0.70+ 0.01
ph18 S VUUUUIDANGR s evvsssessassses 804 078£002 -025+002 -054%0.02 -0.03%0.04
pBls__DA o.oo00.oooDA}_TGAooooooootttt.oooo ?13 009:&001 _028i001
pBIS"SR ooooo.ooooSAEGRooo.oooootaaooooo ?43 _02] :EOOI _0511001
pBls_SA sssssssses SN CResssssssnsssssssnsn 70.8 0.13+0.01 057+ 0.02
p23 KLPPGWEKRMSRSSGRVXFNHITNASQFERPSG 519 -0.35+£0.02 -0.35+0.03
B23_EA sees s s MEAMSESSGR Ve s sessssssssnnn 425 042:EOOI
I}zs_AR ses e s ALRMSESSERE Ve s s s s e s s ssssnne 48.0 004 +£0.01
B23_AA see e s s ALAMSREESGR Ve s svosssssvssnns 42.8 0.38+0.02
pb23 S ERRMSRESGRVRe e o e e e v e e v e e e TS5 064002 028003 -078+003 -043+0.04
pBB_EA 0000OOEWSRSSGRNZO0‘000000000000 434 031i001 _011:‘:002
p|323-AR see e ’AKRI“TSRSSGRVE. SresEE N IEEEE NS 48.6 0.09+002 -005+0.02
sz3-AA sees s s AAMSESSCR e s se s sssssnne 46.5 0.08+ 0.01 030+ 002

aﬂ = AsnPEG; X = propargyloxyphenylalanine (PrF); X = PrFPEG; Q = GInPEG. Variable temperature CD experiments were performed in 20 mM
phosphate buffer (pH 7) at 30 uM protein concentration except for the WW variants 18 and 23 and their derivatives, which were characterized at
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50 uM. AGf values are given + standard error. AGf values for each of the eight peptides within the same triple mutant cycle were calculated at their

average melting temperature: 314.7 K for 2a.4 and its derivatives; 311.0 K for 2a18 and its derivatives; 347.9 K for 3a.1 and its derivatives; 345.5
K for 3a.6 and its derivatives; 345.4 K for B18 and its derivatives; 320.6 K for 23 and its derivatives.

blmpact of PEGylation on peptide/protein conformational stability.
DStrength of salt-bridge interaction.

dlmpact of PEGylation on salt-bridge strength.
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