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A B S T R A C T   

A novel engineering strategy to improve autoantibody detection with peptide fragments derived from the parent 
antigen is presented. The model system studied was the binding of the putative p53 TAD peptide antigen (res
idues 46–55) to its cognate anti-p53 antibody, ab28. Each engineered peptide contained the full decapeptide 
epitope and differed only in the flanking regions. Since minimal structural information was available to guide the 
design, a simple epitope:paratope binding model was applied. The Hidden Symmetry Model, which we recently 
reported, was used to guide peptide design and estimate per-residue contributions to interaction free energy as a 
function of added C- and N-terminal flanking peptides. Twenty-four peptide constructs were designed, synthe
sized, and assessed for binding affinity to ab28 by surface plasmon resonance, and a subset of these peptides were 
evaluated in a simulated immunoassay for limit of detection. Many peptides exhibited over 200-fold enhance
ments in binding affinity and improved limits of detection. The epitope was reevaluated and is proposed to be the 
undecapeptide corresponding to residues 45–55. HSymM calculated binding free energy and experimental data 
were found to be in good agreement (R2 > 0.75).   

Here we report a novel engineering strategy to enhance the binding 
of a peptide to a protein. The model system we studied was the binding 
of the p53 transactivation domain (TAD) decapeptide antigen (Ag), 1, 
which corresponds to residues 46–55 of the full protein, to its specific 
monoclonal antibody (mAb), ab28 (Figure 1). The p53 protein appears 
to be the most commonly mutated protein in cancer.1 Many mutations 
compromise the important regulatory roles of p53 and lead to its over
expression, cellular accumulation, and autoimmune targeting.2 Detec
tion of anti-p53 autoantibodies (aAb) in the circulatory system is a 
potential marker of early disease onset. Recent clinical data show that 
detection anti-p53 and related autoantibodies in human patients rep
resents a modality of cancer detection that can precede other methods of 
diagnosis by well-over two years.3,4 Normally, an exact facsimile of an 
antigenic whole protein or protein segment is prepared and 
immobilized–as is–for antibody detection.5 In recent years the cancer 
aAb research landscape has expanded to include linear peptide antigens. 
Even though such antigens lack the ability to detect aAbs specific to non- 
contiguous epitopes, immunoassays based on peptides offer many ad
vantages, especially ease of synthesis, greater stability, and a high 

degree of customizability.3,6 Our interest in protein interactions, mo
lecular design, and aAb detection led us to consider the advantages of 
engineering peptides to have superior protein binding properties. Linear 
epitopes of the p53 protein, for example the TAD decamer (1) and others 
near the N- or C- termini, have been shown to be immunodominant 
tumor associated antigens useful for aAb detection and clinical evalua
tion.6,7 We reasoned that antigens with enhanced affinities to aAbs may 
be able to detect a greater proportion of the low and medium affinity 
polyclonal aAb response, thereby increasing immunoassay sensitivity. 
Guided by our method of estimating per-residue contributions to inter
action free energy, we designed and synthesized twenty-four peptide 
constructs, measured their binding affinity to ab28 by surface plasmon 
resonance (SPR), and evaluated a subset of these peptides in a simulated 
immunoassay limit of detection (LOD) study. Each engineered peptide 
contained the full decapeptide epitope and differed only in the flanking 
regions. Several peptides exhibited over 200-fold enhancements in 
binding affinity and up to 200-fold improvements in their LOD. The data 
led us to reevaluate the putative epitope and suggest that the correct 
epitope is the undecapeptide corresponding to residues 45–55 in the 
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protein. Comparison of our predicted binding free energy to the exper
imental data gave a good correlation (R2 > 0.75). 

We used the Hidden Symmetry model (HSymM) to guide our engi
neering effort. This model was recently described and used to rationalize 
mutational effects on protein thermal stability.8 Even though per- 
residue interaction energy predictions are expected to be approximate 
only, in our benchmark study HSymM provided good free energy esti
mates of a set of 28 T4 lysozyme mutants (R2 > 0.7) and suggested that 
this approximation method may be useful for many applications, 
including peptide-protein binding. The full equations and parameters 
are discussed in reference8 and are included in the Supplementary In
formation (SI). Briefly, the model assumes extensive, small dynamical 
fluctuations and describes the effective contribution to interaction en
ergy of each residue (μi) as a simple function of the intrinsic contribution 
to interaction energy (γi), sequence, and coarse residue conformation 
(σi). The γ-scale was reported in 20079 and appears to be the only 
demonstrably context-independent and scale-invariant amino acid 
descriptor set that reflects compaction forces and excluded volume ef
fects [see also reference9 and Table S1, SI]. The polypeptide confor
mation is indexed as one of four structural arrangements and is primarily 
dependent on whether the residue makes a contact with the first, second, 
third, or fourth residue in the sequence (σ = 1, 2, 3, or 4). The effective 
contribution (μ) is determined by normalizing the intrinsic contributions 
(γ) of the residue with a subset of residues nearby in the sequence 
depending on σ. In this way, residues nearby in the sequence may bear 
on the μ-values of other residues. γ-values range from about 0.250 to 
0.070, typical μ-values are near 0.145, and values near 0.200 are very 

high whereas values near 0.100 are very low. A scaling factor (λ = 12.5 
kcal/mol) allows the interaction energy between residues i and j to be 
approximated (G – λ μiμj). For example, two residues of μ = 0.200 would 
interact more strongly than two residues of μ = 0.100 by an estimated 
–0.375 kcal/mol. Conveniently, the model allows fast (<1 sec), single- 
state calculations of proteins and protein complexes with minimal 
computing ability, and the output can be viewed as a heat map, where 
midrange μ-values are depicted as white, above midrange values are 
shown as increasingly red (hot) and below midrange values are shown as 
increasingly blue (cold). 

As depicted in Figure 1, we aimed to improve the binding of 1 to 
ab28 without modifying the peptide epitope. Changing residues outside 
the binding interface, according to our model, would change one or 
more μ-values of the ligand epitope and thereby contribute to the 
binding equilibrium (1 + ab28 → 1:ab28). Since the binding epitope is 
constant, the sidechain and backbone entropy of the binding interface 
should be constant and can be ignored; the binding of ab28 to an 
engineered variant relative to 1 can be approximated as ΔΔG = – λ 
(ΣμkμAb –ΣμjμAb), where μj corresponds to epitope values calculated for 
1, μk corresponds to those of the engineered peptide, and μAb to the 
paratope residues of ab28. Accordingly, flanking sequences that were 
expected to increase the μ-values of the decapeptide epitope and in
crease binding affinity were added to either the C-, N-, or both termini of 
the epitope. 

We adopted a minimalist model for the 1:ab28 structure (Figure 2). 
Precise modeling of Ag:aAb binding is essentially impossible, because 
immunogenicity of autoantigens differs across individuals, as does an
tigenicity and affinity of the polyclonal antibody population. It is 
perhaps appropriately inconvenient then that no structural information 
is available for ab28 or for the 1:ab28 complex. A crystallographic 
structure of the p53 transactivation domain, however, has been reported 
(I, Figure 2, PDB ID: 2L14).10 In this structure, the residues corre
sponding to the peptide epitope are approximately α-helical (II). We 
used this structure to model peptide 1 with HSymM (depicted as III, σ =
4 for all residues 46–55). As shown in III and in helical wheel format V, 
the epitope in the context of the protein is relatively cool, but in the 
isolated decapeptide (IV and VI) the differences are more extreme. The 
warmer residues in V tend to be hotter in VI (S46, D49, I50, W53, F54) 
and the cooler residues colder (P47, D48, E51, Q52, T55). The epitope 
was assumed to be helical upon binding. Each residue of the epitope was 
assigned four or five contacts to the antibody (VII), since for helical 
peptide:Ab complexes the paratope tends to form four to five contacts to 
each residue of the epitope (c.f. PDBIDs: 1MVU, 4HPO, 2AP2; see: SI).11, 

12 We assumed that hotter residues were more important for binding. 
Hence, four contacts were assigned to residues calculated to have 
μ-values lower than the average in the WT protein and five antibody 
contacts were assigned for those calculated μ-values greater than the 
average (VII). Since no structural data are available for the Ab, we 
assigned the paratope contacts of residue i the average μ-value of residue 
i and nearby epitope residues (i.e. i, i + 3, i + 4, i + 7, i − 3, i − 4, i – 7, 
where relevant). This rationale is consistent with the view that Ab 
binding is a balance of maximizing both binding affinity and selectivity. 
Admittedly, it is unlikely that all residues in a helical peptide would 
make contacts with the antibody paratope. However, this model avoids 
the risk of neglecting critical epitope residues inherent to a partial 
binding surface (c.f. VIII). The assumptions that the epitope for all 
peptides in this study are approximately helical (σ = 4), that the 
whole-antigen binding surface depicted in VII is suitable, and that the 
μ-values of the paratope mirror the epitope seemed certain to add noise 
to the estimated binding energies and weaken the correlation of pre
dicted and observed binding affinity. Nevertheless, our findings show 
that the assumptions of this minimalist model appear to be reasonable. 

Within the HSymM framework, the 46–55 decapeptide segment 
stood out as a good candidate for engineered binding affinity enhance
ments. The key observation was that the average μ-values for the pu
tative epitope in the context of the whole-protein (III/V) and as an 

Figure 1. Peptide Engineering Strategy. The monoclonal antibody (ab28) is 
specific to the decapeptide sequence corresponding to residues 46–55 of human 
p53 (1). Addition of flanking residues is proposed to modulate the binding 
affinity of the peptide by increasing (red arrows) or attenuating (blue arrows) 
the interaction energies of the interior residues. (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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isolated peptide (IV/VI) were both low (average μ = 0.135). We 
reasoned that careful selection of flanking residues could increase the 
μ-profile, and hence binding affinity, without compromising solubility 
or promoting aggregation. The μ-profile is an important consideration, 
because there is a ceiling effect inherent within the model that stems 
from the effective contribution (μ) being determined by normalizing 
intrinsic contributions (γ); the larger the number of residues averaged 
the lower the impact a flanking residue can have on the μ-value of a 
residue in the epitope. For this peptide, each μ-value is the average of at 
least three and as many as five γ-values. For example, an epitope residue 
with μ = 0.135 that makes 4 or 5 contacts to paratope residues of equal 
μ-value would contribute a calculated binding energy of about –1.0 
kcal/mol. For a variant to increase the residue μ-value to 0.150, a 
flanking residue with a γ-value of about 0.200 would have to be used. 
This is below the 0.25 maximum of known γ-values and corresponds to 
leucine (see SI, Table S1). This variant would increase the epitope 
μ-value – but not the paratope μ-values – and would therefore be 

expected to enhance binding by about –0.15 kcal/mol. However, an 
increase in the epitope μ-value to μ = 0.165 would be impossible, since 
this would require a flanking reside with γ-value of at least 0.265. The 
low average μ-value of the WT antigen and peptide 1 suggested that 
significant improvements in binding affinity could be realized in vari
ants of 1 that had short C- and the N-terminal flanking regions that 
included high γ-value amino acid residues. 

With these considerations in mind, we designed a construct of the 
type shown in Figure 2B. A short polyethylene unit, which should help 
maintain solubility and serve as a spacer, was inserted between a click- 
ready portion and the peptide. The peptides were composed of the 
constant epitope region and the variable C- and N-terminal flanking 
regions. Accordingly, peptide 1 and 23 related constructs (2–24) were 
designed, prepared, assessed for binding to ab28 by surface plasmon 
resonance (SPR), and the experimental binding data were compared to 
the calculated HSymM binding free energies (Tables 1-2). Other than in 
specifically designed cases, we avoided peptides with flanking regions 
dominated by non-polar residues, since these might otherwise render 
the construct prone to non-specific binding, aggregation, and low solu
bility. Polar flanking residues with low γ-values, such as K, R, and D, 
were placed in positions that would cool the hottest residues in the 
epitope, e.g. residues 46, 50, and 54, since these were calculated to be 
significantly hotter than the WT sequence. Non-polar residues with high 
γ-values, such as L, F and V, were positioned to warm the coolest resi
dues in the epitope, e.g. residues 48 and 52, since these were calculated 
to be significantly colder than the WT sequence. In this way, flanking 
residues were combined in order to match or exceed the μ-values 
calculated for the WT protein. Flanking residues that matched the WT 
protein sequence and a limited number of permutations of the various 
flanking sequences were also studied. (Table S2 provides the full list of 
μ-values for the peptides in this study.) 

The parent construct 1 bound ab28 with good affinity (Table 1) and 
was compared to C-terminal modified variants 2–9. Construct 2 con
tained the WT C-terminal flanking sequence, -EDPG, and bound more 
strongly than 1. The calculated binding was expected to be weaker than 
1. This is a rare example in this set where prediction and experiment 
diverged. The permuted variant, -PGED (3), had a reduced binding af
finity, as expected. Consistent with experiment, constructs 4–9 were 
expected to bind with greater affinity than 1. These sequences were 
selected in part to be distinct from the WT flanking sequence, containing 

Figure 2. Peptide:Antibody Model and Construct Design. A. The PDB entry 
2L14 (I) was used as the WT p53 reference structure for the target epitope, 
residues 46–55 (II), to generate heatmaps of the WT (III) and isolated peptide 
(IV). Helical wheel representations of III and IV are shown as V and VI, 
respectively. Paratope:epitope binding was modeled as VII and VIII. Heatmap 
colors indicate high (red), medium (white), and low (blue) per-residue contri
butions to interaction energy. B. Peptide constructs, composed of the putative 
epitope and C- and/or N-terminal flanking sequences, were attached to a 
polyethylene glycol (PEG4) linker fused to an azido-lysine, click-ready unit. The 
construct shown matches 16, which has the WT flanking sequences. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Table 1 
Binding of C-terminal peptide variants of 1. Constructs with the peptide 
sequence shown were assessed by SPR to give the disassociation constants (KD) 
from which the binding affinity relative to 1 and the corresponding change in 
binding free energy (ΔΔGExp) were determined and compared to calculated free 
energy (ΔΔGCalc).  

No. Sequence KD 

[M] 
Relative 
Affinity 
(25 ◦C) 

ΔΔGExp 

(kcal/mol) 
ΔΔGCalc 

(kcal/mol) 

1 SPDDIEQWFT 3.3E- 
06 

– – – 

2 SPDDIEQWFT- 
EDPG 

2.1E- 
06 

2 − 0.3 +0.3 

3 SPDDIEQWFT- 
PGED 

3.5E- 
06 

1 +0.1 +0.2 

4 SPDDIEQWFT- 
LLNR 

7.6E- 
07 

4 − 0.9 − 0.4 

5 SPDDIEQWFT- 
LNRL 

1.4E- 
06 

2 − 0.5 − 0.3 

6 SPDDIEQWFT- 
RNLL 

1.8E- 
06 

2 − 0.3 − 0.2 

7 SPDDIEQWFT- 
VFNK 

7.4E- 
07 

4 − 0.9 − 0.6 

8 SPDDIEQWFT- 
NVFK 

6.9E- 
07 

5 − 0.9 − 0.5 

9 SPDDIEQWFT- 
KNFV 

1.7E- 
06 

2 − 0.4 − 0.4  
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positively charged residues K and R, instead of the negatively charged D 
and E, and canonical non-polar sidechains L, V, F instead of the more 
polar WT sequence. The inclusion of permutations was designed to 
reveal the potential spurious effects of non-epitope related binding to 
ab28. Indeed, the improved binding of 2 over 1, in contrast to expec
tation, could be due to a stabilizing contact outside the epitope. These 
simple modifications changed the observed binding free energy across 
the range of +0.1 to –0.9 kcal/mol, which closely matched the range 
expected based on the model (calculated range: +0.3 to – 0.6 kcal/mol). 
Despite the minimalistic model and other simple approximations 
regarding the structure of these peptides, the antibody, and the Ab:Ag 
complex, the overall agreement between the calculated and experi
mentally observed binding for this set was very good (R2 = 0.78). 

As shown in Table 2, the parent construct (1) was also compared to 
N-terminal modified variants (10–15), combined N- and C-terminal 
variants (16–19), the undecapeptide corresponding to WT residues 
45–55 (20), and four additional variants (21–24). Disappointingly, 
there was no meaningful agreement between HSymM predictions and 
experimental observation for the putative decapeptide epitope (compare 
ΔΔGExp with Decamer ΔΔGcalc). The flanking residues of constructs 
10–12 were permutations of the C-flanking variants 7–9. The four res
idues used in the flanking sequence in constructs 13–15 were the same, 
in 13 and 14 the order was scrambled and in 15 the order matched the 
WT protein. We also examined 16, which contains N- and C- terminal 
flanking residues that matched the WT sequence, as well as 17–19, 
which were designed to serve as interesting permutations of the N- and 
C-flanking variants. Although one goal of the study was realized – use of 
a non-native sequence, e.g. 12, markedly improved the binding affinity 
of this antigen over the putative epitope sequence (>200-fold) – closer 
examination of the data suggested epitope-specific binding in the N- 
terminus flanking sequence and that the putative epitope was wrongly 
assigned. 

Three considerations support revision of the epitope. Firstly, the 
experimental improvement in affinity for peptides 10–15 corresponded 
to a binding energy of –1.3 to –3.5 kcal/mol, which were large changes 
consistent with new specific interactions between the protein and the 
peptide. Most of the observed values were significantly greater than our 
HSymM predicted flanking residue effects (Decamer ΔΔGcalc, Table 2). 
We expected the stabilization attributable to a single epitope residue 
interacting with 4 or 5 residues of the paratope to be on the order of –1 to 
–2 kcal/mol, depending on whether the interacting residues are cool (μ 
= 0.135) or warm (μ = 0.180). The observed changes were more 
consistent with the combination of specific interactions and designed 
flanking effects. Secondly, the changes in binding qualitatively corre
spond to a non-polar hydrocarbon functionality being favored in the 

sidechain of residue 45. This residue position is underlined in constructs 
10–19. The long hydrocarbon in lysine in 10 gave an excellent 
improvement in binding compared to 1, whereas shortening the meth
ylene chain with retention of charge, as in 14, reduced the binding 
improvement significantly. When this charge was removed but size and 
polar functionality was maintained, as in 11, the affinity returned; the 
binding affinity of 10 and 11 were virtually identical. When nonpolar 
groups were placed in this position, the binding improved drastically 
(compare 12, 13, and 15). In light of this, it is not surprising that the 
affinity of 16, which corresponds to the WT sequence, far surpasses that 
of the putative epitope. Similarly, constructs 17–19, which were 
designed to test ideas regarding the decapeptide epitope, exhibited 
binding affinity strongly dependent on the identity and nature of the 
residue in position 45 (underlined). Hence, for polar residues (17, c.f. 
11) the affinity was significantly increased compared to 1 but was much 
lower than that of 16; for non-polar truncated or β-branched residues, as 
in 18 and 19, the affinity was much greater than expected based on the 
decapeptide but was also inferior to 16. Thirdly, and most compellingly, 
undecapeptide construct 20, which corresponds to residues 45–55 of 
p53 TAD, had an affinity for ab28 that was over 500 times that of the 
decapeptide. 

The last group of peptide constructs we examined were variants of 
20. Constructs 21–23 had N-terminal flanking residues of different 
types. The KKNN sequence of 21 effected the fusion of polar sidechains, 
whereas the DDLM group of 22 corresponded to an exact facsimile of the 
WT p53 TAD. The final two peptide constructs 23 and 24, were domi
nated by tyrosine residues. We return to the behavior of these constructs 
below. 

The monoclonal antibody immunoassays on select peptide constructs 
corroborated the SPR measurements (Table 3). Our click-ready peptide 
constructs were conjugated to carboxylated magnetic microbeads 
(Luminex) that had been amidated with dibenzocyclooctyne (DBCO)- 

Table 2 
Binding of N- and/or C-terminal peptide variants of 1. Constructs with the peptide sequence shown were studied by SPR to give the disassociation constants (KD) from 
which the binding affinity relative to 1 and corresponding change in binding free energy (ΔΔGExp) were determined and compared to the calculated free energy based 
on the decapeptide (Decamer ΔΔGCalc) and to the calculated free energy based on the undecapeptide (Undecamer ΔΔGCalc) (see Experimental Methods in SI).  

No. Sequence KD [M] Relative Affinity (25 ◦C) ΔΔGExp (kcal/mol) Decamer ΔΔGCalc (kcal/mol) Undecamer ΔΔGCalc (kcal/mol) 

1 SPDDIEQWFT 3.3E-06 – – – – 
10 VFNK-SPDDIEQWFT 6.8E-08 48 − 2.3 − 0.4 − 1.3 
11 KFVN-SPDDIEQWFT 7.2E-08 45 − 2.2 − 0.5 − 1.6 
12 NKVF-SPDDIEQWFT 1.6E-08 200 − 3.1 − 0.6 − 2.0 
13 LLDM-SPDDIEQWFT 2.7E-08 120 − 2.8 − 0.7 − 2.1 
14 LMLD-SPDDIEQWFT 3.5E-07 9 − 1.3 − 0.8 − 1.7 
15 DLML-SPDDIEQWFT 9.1E-09 360 − 3.5 − 0.8 − 2.1 
16 DLML-SPDDIEQWFT-EDPG 1.4E-08 240 − 3.2 − 0.4 − 1.7 
17 KFVN-SPDDIEQWFT-ANRA 1.0E-07 33 − 2.1 − 0.3 − 1.4 
18 ARNA-SPDDIEQWFT-NVFK 7.0E-08 47 − 2.3 − 0.3 − 1.5 
19 RFKV-SPDDIEQWFT-AANN 5.3E-08 62 − 2.4 − 0.3 − 1.7 
20 LSPDDIEQWFT 6.3E-09 520 − 3.7 − 0.3 − 1.6 
21 KKNN-LSPDDIEQWFT 8.7E-09 380 − 3.5 +0.3 − 0.8 
22 DDLM-LSPDDIEQWFT 7.0E-09 470 − 3.6 − 0.7 − 1.9 
23 YYEY-LSPDDIEQWFT 7.7E-09 430 − 3.6 − 1.1 − 2.5 
24 YYEY-LSPDDIEQWFT-YYEE 1.3E-08 260 − 3.3 − 1.2 − 2.7  

Table 3 
Immunoassays. LODs for selected immobilized constructs were determined in 
sandwich assays. The > 250-fold improvement in the LOD corresponds well with 
SPR binding affinity data.  

Entry Construct No. Sequence Antibody LOD (ng/mL) 

1 1 SPDDIEQWFT  2.52 
2 10 VFNK-SPDDIEQWFT  0.31 
3 11 KFVN-SPDDIEQWFT  0.30 
4 12 NKVF-SPDDIEQWFT  0.04 
5 16 DLM-LSPDDIEQWFT-EDPG  0.06 
6 20 LSPDDIEQWFT  0.01 
7 22 DDLM-LSPDDIEQWFT  0.02 
8 23 YYEY-LSPDDIEQWFT  0.02  
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PEG4-amine (not shown, see SI for experimental details). Diluted fetal 
bovine sera were spiked with ab28 standards (0–100 ng/ml). The 
functionalized beads were plated and assessed using a sandwich assay 
protocol with a BioRad immunoassay kit and BioPlex 200 system (Bio
Rad). Although designed constructs 10 and 11 constituted significant 
improvements in LOD over 1 (compare entries 1–3), construct 12 (entry 
4) showed marked improvement. Similarly, constructs 16, 20, 22, and 
23, each of which included L45 and showed very high affinity for ab28 
had the lowest LODs (entries 5–8). Thus, our non-native peptide con
structs showed over 100-fold improvement in detection compared to 1, 
and peptides that housed the WT leucine in position 45 had over 200- 
fold improvement over putative epitope 1. 

Despite our disappointment in finding that the epitope of the ab28 
antigen was misassigned, we examined the correlation of the experi
mental data with our calculations. Figure 3 shows the fit between the 
calculated binding energies of the putative decapeptide epitope and the 
binding data presented in Tables 1 and 2. The C-terminal flanking set 
(Table 1), as mentioned above, was well approximated by our mini
malist model (Figure 3A, red line, R2 = 0.71), but the full data set gave a 
poor fit (R2 = 0.24). Fitting the data to the undecapeptide epitope 
(residues 45–55), however, gave a good fit between the experimental 
and our HSymM calculated data (Figure 3B, R2 = 0.76). The outliers are 
readily understood, as well (e.g. 14 and 21; Figure 3B, circled). Our 
model did not account for the destabilization that would be expected 
from replacing the neutral epitope residue, L45, with aspartate (14, see 
top circle in Figure 3B). The unexpected improvement in binding 
observed for 21 may reflect a serendipitous specific binding interaction 
between this construct and the antibody, but the degree to which it is an 
outlier also depends on our minimalistic model (see bottom circle in 
Figure 3B). For example, if a more realistic binding model is used (VIII in 
Figure 2, with the inclusion of residue L45) the fit is still very good (R2 =

0.74) and 21 is not an extreme outlier (see Figure S3C in the SI). 
In contrast to the 46–55 decapeptide segment, which stood out as a 

good candidate for engineered binding affinity enhancements because of 
its low average μ-value (μ = 135), the undecapeptide epitope, i.e. 20, has 
a significantly higher μ-value (average μ = 140, Table S2). Increasing 
this average without potentially compromising the construct is chal
lenging. For example, the flanking sequence YYEY, which represents an 
average γ-value of >185, only raises the average μ-value of the unde
capeptide epitope to 152 (c.g. 23). Moreover, these sidechains introduce 
serious potential liabilities in terms of solubility, aggregation, and non- 
specific binding. Although the SPR analysis gave well-behaved senso
grams for all peptides (see SI for steady state and kinetic curve fitting 
data), the presence of the YYEY flanking residues or the N-flanking LLM 
triad, in any order, caused the constructs to deviate from a 1:1 peptide: 
Ab kinetic binding model at higher concentrations. This suggests that 
aggregation may occur at higher concentrations for some of the high 
affinity peptides. Indeed, potential aggregation may be reflected in the 
increased scatter in Figure 3B for the higher affinity peptides. 

The correlation between our calculations and experiment is 
remarkable given the minimal structural information available to guide 
the design. The goodness of the fit enabled us to reexamine our all- 
residue antibody binding model (VII, Figure 2). We considered partial 
helix surfaces as potential epitopes similar to the mode depicted in VIII. 
Evaluation of epitopes of 4–7 residues instead of the full undecapeptide 
were evaluated (see Figure S3A-R). Surfaces that did not include residue 
L45 failed to provide a meaningful correlation (R2 < 0.14), and although 
many surfaces that included L45 were able to adequately correlate the 
data, the mode that corresponded to VIII with L45 was found to be 
realistic and gave a good fit (R2 = 0.74, Figure S3C). Other consider
ations, for example modeling the epitope as a single turn and excluding a 
certain residue from the fit (data not shown), or correlating the fit to 
helix-based considerations such as estimated percent helicity 
(Figure S5), did not provide meaningful correlations or 
improvements.13–20 Taken together, the data strongly suggest that res
idues 45–55, as shown in 22, constitute the correct epitope for ab28, 

that HSymM modeling of flanking peptides, and the minimalist model 
served well to guide this peptide-protein binding study. 

Along with proteins and small molecules, peptides have many 
biomedical applications, including as vaccines,21,22 therapeutics,23,24 

scaffolds for tissue engineering,25,26 drug-delivery carrier and targeting 
systems,27,28 as well as in clinical and investigatory immunoassays.3,29 

The advantages that peptides offer over proteins in terms of ease of 
synthesis, potentially better properties, and lower risk of unwanted side 
effects make them ideal, provided they can be designed 
accordlingly.23,30–32 Since most applications depend on the peptide 
binding to a protein target, the methods of phage display, microarray 
libraries, high-throughput screening,33–35 as well as in silico dock
ing36,37 and all-atom simulations38–40 can be used to design peptides 
with specific properties for a wide range of applications.32,41 The coarse- 
grained protein energetics model we used complements these powerful 
strategies. HSymM is fast and computationally inexpensive. The findings 
of this study further suggest that HSymM is a useful tool for visualizing 
and approximating per-residue contributions to interaction energy.42,43 
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