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Abstract

Many proteins have one or more surface-exposed patches of non-polar residues; our observations 

here suggest that PEGylation near such locations might be a useful strategy for increasing protein 

conformational stability. Specifically, we show that conjugating a PEG-azide to a 

propargyloxyphenylalanine via the copper (I)-catalyzed azide-alkyne cycloaddition can increase 

the conformational stability of the WW domain due to a favorable synergistic effect that depends 

on the hydrophobicity of a nearby patch of non-polar surface residues.

Graphical Abstract

Modification of protein side chains with polyethylene glycol (PEG) has been used for more 

than thirty years to enhance the stability and pharmacokinetic properties of protein drugs.1–8 

Early efforts employed non-specific conjugation strategies that resulted in a heterogeneous 

mixture of PEGylated protein isoforms, which differed in the number and location of 

PEGylation sites; such strategies were easy to use, but frequently resulted in diminished 

stability and biological activity.5 Powerful chemoselective side-chain modification chemistry 

now allows researchers to avoid PEGylation near enzyme active sites and protein binding 
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interfaces,9–16 but beyond this, there are few structure- or sequence-based guidelines for 

selecting PEGylation sites that optimally balance stability, pharmacokinetic benefits, and 

biological activity. We previously showed that the ability of a small PEGylated model 

protein to evade degradation by a cocktail of proteases depends strongly on the location of 

the PEGylation site, with the best sites characterized by the ability of PEG to increase 

protein conformational stability. Motivated by this observation, we seek to understand the 

molecular basis for PEG-based protein stabilization and to develop structure-based 

predictive guidelines for identifying optimal PEGylation sites.

The desolvation and burial of non-polar residues in the interior of protein tertiary and 

quaternary structures provides a major driving force for protein folding, via enthalpic and 

entropic contributions known collectively as the hydrophobic effect.17–21 This process 

allows the ordered water molecules that surrounded the non-polar residues in the unfolded 

conformation to be released to bulk solvent upon folding; it also maximizes the contact 

surface area between non-polar side chains in the folded conformation. Previous 

observations suggest that side-chain PEGylation similarly releases surface bound water 

molecules in the immediate vicinity of the PEGylation site, thereby increasing protein 

conformational stability via an entropic effect.22,23 We recently found that the strength of a 

salt bridge between Glu12 and Arg14 in the WW domain (hereafter called WW) increases 

when a propargyloxyphenylalanine residue at position 23 (PrF23) is modified with a PEG-

azide via the copper-catalyzed azide-alkyne cycloaddition (compare ER vs pER in Table 1; 

Figure 1).23 Presumably the resulting PEGylated PrF residue (PrFp23) strengthens the 

Glu12-Arg14 salt bridge by shielding it from interfering water molecules. Based on this 

observation, we wondered whether PrFp23 might be similarly able to shield or partially 

desolvate non-polar residues at positions 12 and 14, thereby increasing WW 

conformationally stability via the hydrophobic effect.

To test this hypothesis, we prepared WW variants LL and pLL, in which Leu occupies 

positions 12 and 14, with either PrF or PrFp, respectively at position 23 (one letter code: Z 

for PrF, Z for PrFp). Variable temperature circular dichroism (CD) experiments reveal that 

pLL is −0.89 ± 0.04 kcal/mol more stable than non-PEGylated LL (Table 1). We used triple 

mutant box analysis23–31 to explore the origins of this stabilizing effect by replacing Leu12 

and/or Leu14 with Ala to generate variants LA, AL, and AA, along with their PEGylated 

counterparts pLA, pAL, and pAA. Comparing the folding free energies of these variants 

reveals that Leu12 and Leu14 engage in a favorable interaction in pLL (ΔΔΔGf = −0.44 ± 

0.04 kcal/mol, Table 2), but not in non-PEGylated LL (ΔΔΔGf = −0.06 ± 0.05 kcal/mol, 

Table 2). PEGylation enhances the Leu12-Leu14 interaction by −0.38 ± 0.06 kcal/mol 

(ΔΔΔΔΔGf in Table 2), a synergistic effect that represents a substantial fraction of the overall 

difference in stability between pLL and LL (see above). Based on this result, we wondered 

whether PEGylation of PrF23 would be similarly stabilizing for WW variants with other 

non-polar residues at positions 12 and 14, with more non-polar WW variants experiencing 

greater PEG-based stabilization.

To explore this possibility, we prepared and characterized additional derivatives of LL and 

pLL, in which Leu12 and/or Leu14 were replaced by Phe, Ala, or cyclohexylalanine (Cha; 

one-letter abbreviation is X) to give variants FF, FA, AF, XX, XA, AX, XL, LX, FL, and 
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LF, along with their PEGylated counterparts pFF, pFA, pAF, pXX, pXA, pAX, pXL, 

pLX, pFL, and pLF. We estimated the hydrophobicity of each side chain by calculating the 

logarithm of the water-octanol partition coefficient (c log P) of the corresponding N-acetyl 

amino acid N-methyl amide in ChemDraw; we calculated the overall hydrophobicity of 

residues 12 and 14 by averaging their individual c log P values. A plot of the impact of 

PEGylation on the folding free energy of each variant (ΔΔGf) vs. this composite c log P 

value is shown in Figure 2A. The data in these plots fit reasonably to a linear equation with a 

slope of −0.37 ± 0.07 kcal/mol per log unit (R2 = 0.70), indicating that PEGylation at 

position 23 is more stabilizing when the residues that occupy positions 12 and 14 are more 

hydrophobic.

Next, we wondered whether these observations depended similarly on PEG-based 

strengthening of favorable synergistic interactions between residues at positions 12 and 14 

as we observed above for pLL. Triple mutant box analysis of variant pXX (Table 2) reveals 

that PEGylation shifts the Cha12-Cha14 interaction from unfavorable (ΔΔΔGf = 0.56 ± 0.03 

kcal/mol) to favorable (ΔΔΔGf = −0.41 ± 0.04 kcal/mol), a synergistic effect worth ΔΔΔΔGf 

= −0.97 ± 0.05 kcal/mol. Similarly, PEG increases the strength of already favorable 

interactions between Cha12 and Leu14 in pXL and between Phe12 and Leu14 in pFL 
(ΔΔΔΔGf = −0.39 ± 0.06 and −0.11 ± 0.05 kcal/mol, respectively). In contrast, PEGylation 

makes an unfavorable interaction in pLF between Leu12 and Phe14 less unfavorable 

(ΔΔΔΔGf = −0.20 ± 0.04 kcal/mol) and has a destabilizing effect on the interaction between 

Phe12 and Phe14 in pFF (ΔΔΔΔGf = 0.19 ± 0.04 kcal/mol). The variability among these 

ΔΔΔΔGf values correlates inversely with the composite c log P values for residues 12 and 14 

(R2 = 0.77; slope = −0.67 ± 0.18 kcal/mol per log unit), indicating such that PEGylation 

better enhances the interaction between more hydrophobic residues (Figure 2B).

Many proteins have one or more surface-exposed patches of non-polar residues;32 our 

observations here suggest that PEGylation near such locations might be a useful strategy for 

increasing protein conformational stability. Moreover, it is interesting that variants pLL, 

pXX and pXL (Tm = 61.9, 63.2, and 60.8 °C, respectively) are each more stable than the 

parent WW domain from which they were derived (Tm = 58.0 °C), highlighting the 

possibility of simultaneously engineering a PEGylation site and a nearby surface-exposed 

hydrophobic patch in place of native residues to achieve superior conformational stability 

relative to the native sequence.

Experimental Section

Peptide Synthesis.

WW variants AA and pAA were synthesized previously.23 WW variants AL, LA, LL, AF, 

FA, FF, XA, AX, XX, XL, FL, and LF were prepared as the C-terminal acids via Fmoc-

based solid-phase peptide synthesis on Fmoc-Gly-Wang resin (EMD Biosciences) as 

described previously.22,23,33 Fmoc-protected amino acids with acid-labile side-chain 

protecting groups were purchased from Advanced ChemTech and used without further 

purification; we also used previously synthesized N-[(9H-Fluoren-9-ylmethoxy)-O-2-

propyn-1yl-L-tyrosine.33,34 Coupling reactions were carried out using 5 eq of the 

appropriate Fmoc-protected amino acid, 5 eq of 2-(1H-benzotriazole-1-yl)-1,1,3,3-
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tetramethyluronium hexafluorophosphate (HBTU), 5 eq of N-hydroxybenzotriazole hydrate 

(HOBt), and 10 eq of N,N-diisopropylethylamine in N-methyl-2-pyrrolidinone (NMP). 

Fmoc deprotection reactions were carried out using 20% piperidine in N,N-

dimethylformamide (DMF). Following the final deprotection step, WW variants pAL, pLA, 

pLL, pAF, pFA, pFF, pXA, pAX, pXX, pXL, pFL, and pLF were prepared from AL, LA, 

LL, AF, FA, FF, XA, AX, XX, XL, FL, and LF via on-resin copper (I) catalyzed azide-

alkyne cycloaddition using previously synthesized PEG-azide 13-azido-2,5,8,11-

tetraoxatridecane.33,34

WW variants were cleaved from resin and side-chain protecting groups were globally 

removed by stirring the resin for 2–4 hr in a solution of phenol (0.0625 g), water (62.5 μL), 

thioanisole (62.5 μL), ethanedithiol (31 μL) and triisopropylsilane (12.5 μL) in 

trifluoroacetic acid (TFA, 1 mL). The TFA solution was drained from the resin and proteins 

were precipitated by addition of diethyl ether (~40 mL). Following centrifugation, the ether 

was decanted and the pellet was dissolved in ~40 mL 1:1 water/acetonitrile, then was flash 

frozen over dry ice in acetone and lyophilized to remove volatile impurities. The resulting 

powder was stored at −20°C until purification.

Proteins were purified by preparative reverse-phase high performance liquid 

chromatography (HPLC) on a C18 column using a linear gradient of acetonitrile in water 

with 0.1% v/v TFA. Fractions containing the desired protein product were pooled, frozen, 

and lyophilized. Proteins were identified by electrospray ionization time of flight mass 

spectrometry (ESI-TOF); expected and observed exact masses appear below. Protein purity 

was assessed by analytical HPLC on a C18 column using a 10–60% gradient of acetonitrile 

in water with 0.1% v/v TFA over 50 min at a flow rate of 1 mL/min. Mass spectra and 

HPLC chromatograms for all peptides are available in the Supporting Information.

Variant LL. Molecular formula C181H273N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

991.2633; observed [M+4H+]/4 = 991.2594. Retention time on analytical HPLC: 31.7 min.

Variant LA. Molecular formula C178H267N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

980.7516; observed [M+4H+]/4 = 980.7500. Retention time on analytical HPLC: 36.2 min.

Variant AL. Molecular formula C178H267N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

980.7516; observed [M+4H+]/4 = 980.7511. Retention time on analytical HPLC: 36.3 min.

Variant pLL. Molecular formula C190H292N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1049.5477; observed [M+4H+]/4 = 1049.5450. Retention time on analytical HPLC: 28.2 

min.

Variant pLA. Molecular formula C187H286N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1039.0360; observed [M+4H+]/4 = 1039.0326. Retention time on analytical HPLC: 35.7 

min.

Variant pAL. Molecular formula C187H286N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1039.0360; observed [M+4H+]/4 = 1039.0357. Retention time on analytical HPLC: 35.5 

min.
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Variant FF. Molecular formula C187H269N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

1008.2555; observed [M+4H+]/4 = 1008.2572. Retention time on analytical HPLC: 46.0 

min.

Variant FA. Molecular formula C181H265N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

989.2476; observed [M+4H+]/4 = 989.2472. Retention time on analytical HPLC: 40.3 min.

Variant AF. Molecular formula C181H265N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

989.2476; observed [M+4H+]/4 = 989.2480. Retention time on analytical HPLC: 42.3 min.

Variant pFF. Molecular formula C196H288N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1066.5399; observed [M+4H+]/4 = 1066.5338. Retention time on analytical HPLC: 30.4 

min.

Variant pFA. Molecular formula C190H284N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1047.5321; observed [M+4H+]/4 = 1047.5375. Retention time on analytical HPLC: 33.2 

min.

Variant pAF. Molecular formula C190H284N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1047.5321; observed [M+4H+]/4 = 1047.5337. Retention time on analytical HPLC: 24.4 

min.

Variant XX. Molecular formula C187H281N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

1011.2790; observed [M+4H+]/4 = 1011.2825. Retention time on analytical HPLC: 36.2 

min.

Variant XA. Molecular formula C181H271N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

990.7594; observed [M+4H+]/4 = 990.7580. Retention time on analytical HPLC: 37.7 min.

Variant AX. Molecular formula C181H271N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

990.7594; observed [M+4H+]/4 = 990.7629. Retention time on analytical HPLC: 37.7 min.

Variant pXX. Molecular formula C196H300N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1069.5634; observed [M+4H+]/4 = 1069.5557. Retention time on analytical HPLC: 32.8 

min.

Variant pXA. Molecular formula C190H290N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1049.0438; observed [M+4H+]/4 = 1049.0425. Retention time on analytical HPLC: 36.8 

min.

Variant pAX. Molecular formula C190H290N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1049.0438; observed [M+4H+]/4 = 1049.0381. Retention time on analytical HPLC: 37.4 

min.

Variant XL. Molecular formula C184H277N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

1001.2711; observed [M+4H+]/4 = 1001.2705. Retention time on analytical HPLC: 38.9 

min.
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Variant FL. Molecular formula C184H271N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

999.7594; observed [M+4H+]/4 = 999.7586. Retention time on analytical HPLC: 37.7 min.

Variant LF. Molecular formula C184H271N51O48S; ESI-TOF MS: expected [M+4H+]/4 = 

999.7594; observed [M+4H+]/4 = 999.7577. Retention time on analytical HPLC: 37.9 min.

Variant pXL. Molecular formula C193H296N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1059.5555; observed [M+4H+]/4 = 1059.5534. Retention time on analytical HPLC: 38.3 

min.

Variant pFL. Molecular formula C193H290N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1058.0438; observed [M+4H+]/4 = 1058.0419. Retention time on analytical HPLC: 36.5 

min.

Variant pLF. Molecular formula C193H290N54O52S; ESI-TOF MS: expected [M+4H+]/4 = 

1058.0438; observed [M+4H+]/4 = 1058.0412. Retention time on analytical HPLC: 37.1 

min.

CD Measurements.

Measurements were made with an Aviv 420 Circular Dichroism Spectropolarimeter, using 

quartz cuvettes with a path length of 0.1 cm. Solutions of each WW variant were prepared in 

20 mM sodium phosphate buffer, pH 7; solution concentrations were determined 

spectroscopically based on tyrosine and tryptophan absorbance at 280 nm in 6 M guanidine 

hydrochloride + 20 mM sodium phosphate (εTrp = 5690 M−1cm−1, εTyr = 1280 M−1cm−1).35 

CD spectra of 50 μM solutions were obtained from 260 to 200 nm at 25°C.

Variable temperature CD data were obtained at least in triplicate (one sample was made and 

then aliquoted into three different cuvettes) by monitoring the molar ellipticity [θ] at 227 nm 

of 50 μM solutions of each WW variant in 20 mM sodium phosphate (pH 7) from 1 to 95 

°C, at 2 °C intervals, with 120 s equilibration time between data points and 30 s averaging 

time. Triplicate variable temperature CD data for each peptide were fit globally to a two-

state model for thermally induced unfolding. We used nonlinear least-squares regression to 

fit the three data sets globally to equations derived from the two-state folding model of 

folding for each variant to obtain a melting temperature Tm and temperature-dependent 

folding free energy ΔGf for each variant, as described in detail in the Supporting 

Information, which also contains statistics for the fits, including R2 and sum of the square 

residuals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ribbon diagram of the parent WW domain (PDB ID: 1PIN) from which the variants 

described here were derived. The orange outlined box shows the non-polar residues that we 

incorporated at positions 12 and 14, which are highlighted in orange space-filling spheres. 

Shown in parentheses are the c log P values for the corresponding N-acetyl N-methyl amino 

acid amide. The black outlined box shows the PrF and PrFp residues that we incorporated at 

position 23, which is highlighted in black space-filling spheres.
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Figure 2. 
(A) Plot of the impact of PrF-PEGylation at position 23 the conformational stability of WW 

variants pAA, pLA, pAL, pLL, pFA, pAF, pFF, pXA, pAX, pXX, pXL, pFL, and pLF 
relative to their non-PEGylated counterparts (ΔΔGf) vs. the composite c log P for residues at 

positions 12 and 14. Dotted line is a fit of the data to a linear equation with the indicated R2 

value. (B) Plot of the impact of PrF-PEGylation on the synergistic interaction between 

residues 12 and 14 (ΔΔΔΔGf) in variants pLL, pFF, pXX, pXL, pFL, and pLF vs. the 

composite c log P values for residues at these positions. Dotted line is a fit of the date to a 

linear equation with the indicated R2 value.
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Table 1.

Sequences, melting temperatures and folding free energy changes of PEGylated WW variants relative to their 

non-PEGylated counterparts.
a
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a
X = cyclohexylalanine (Cha), Z = propargyloxyphenylalanine (PrF); Z = PrFPEG. ΔΔGf value for each PEGylated variant is given ± standard 

error relative to its non-PEGylated counterpart in kcal/mol at 50 μM protein concentration, in 20 mM sodium phosphate buffer (pH 7), at the 
melting temperature of the non-PEGylated protein. Data for WW are from reference 22. Data for variants ER and pER are from reference 23.
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Table 2.

Triple mutant box analysis of the impact of PEGylation the interaction between residues 12 and 14 within 

variants pLL, pFF, pXX, pXL, pFL and pLF.
a

Peptide ΔGf (kcal/mol) ΔΔΔGf
b
 (kcal/mol) ΔΔΔΔGf

c
(kcal/mol)

AA 0.60 ± 0.02

LA −0.12 ± 0.02

AL 0.61 ± 0.04

LL −0.17 ± 0.02 −0.06 ± 0.05

pAA 0.30 ± 0.01

pLA −0.46 ± 0.01

pAL 0.15 ± 0.02

pLL −1.05 ± 0.02 −0.44 ± 0.03 −0.38 ± 0.06

AA 0.53 ± 0.02

FA 0.44 ± 0.02

AF −0.16 ± 0.01

FF −0.19 ± 0.02 0.06 ± 0.03

pAA 0.22 ± 0.01

pFA 0.05 ±0.01

pAF −0.53 ±0.01

pFF −0.46 ±0.01 0.25 ± 0.02 0.19 ± 0.04

AA 0.63 ± 0.02

XA 0.42 ±0.01

AX −0.16 ±0.02

XX 0.19 ±0.02 0.56 ± 0.03

pAA 0.33 ± 0.01

pXA 0.23 ± 0.03

pAX −0.67 ± 0.02

pXX −1.18 ± 0.01 −0.41 ± 0.04 −0.97 ± 0.05

AA 0.40 ± 0.02

XA 0.26 ± 0.01

AL 0.43 ± 0.03

XL −0.24 ±0.01 −0.53 ± 0.04

pAA 0.10 ± 0.01

pXA −0.01 ±0.03

pAL −0.07 ± 0.02

pXL −1.09 ±0.02 −0.91 ± 0.04 −0.39 ± 0.06

AA 0.33 ±0.02

FA 0.25 ± 0.02

AL 0.43 ± 0.03

FL −0.01 ±0.02 −0.28 ± 0.04

pAA 0.02 ± 0.01
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Peptide ΔGf (kcal/mol) ΔΔΔGf
b
 (kcal/mol) ΔΔΔΔGf

c
(kcal/mol)

pFA −0.13 ± 0.01

pAL −0.14 ± 0.02

pFL −0.69 ± 0.01 −0.39 ± 0.03 −0.11 ± 0.05

AA 0.66 ± 0.02

LA −0.06 ± 0.02

AF −0.03 ± 0.02

LF 0.23 ± 0.01 0.99 ± 0.03

pAA 0.36 ± 0.01

pLA −0.39 ± 0.01

pAF −0.40 ± 0.01

pLF −0.36 ± 0.01 0.79 ± 0.03 −0.20 ± 0.04

a
ΔGf, ΔΔΔGf, and ΔΔΔΔGf values are given ± standard error. ΔGf values for each of the eight peptides within the same triple mutant box were 

calculated at their average melting temperature: 323.3 K for pLL and its derivatives; 322.3 K for pFF and its derivatives; 323.5 K for pXX and its 
derivatives; 320.8 K for pXL and its derivatives; 320.0 K for pFL and its derivatives; 324.0 K for pLF and its derivatives. Because variants AA, 
AL, LA, AF, FA, and XA and their PEGylated counterparts appear in more than one triple mutant box, their ΔGf values are necessarily presented 

at more than one temperature.

b
Strength of interaction between residues 12 and 14.

c
Impact of PEGylation on the strength of the interaction between residues 12 and 14.
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