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Abstract

Peptide antigenicity can be predicted from sequence using a simple method invented by Hopp
and Woods in the early 1980's. Since then, a much clearer understanding of T-cell/B-cell
signaling and maturation calls for a new understanding of the amino acid determinants of
antigenicity. We show that short peptides with more charged side chains generate significantly
higher titers of peptide specific antibodies in co-immunized mice. Peptide docking simulations
using linearized Poisson-Boltzmann calculations of electrostatic potential show that
immunoglobulins distinguish the cognate peptide sequence from randomly selected
sequences at "arms length" (10 - 20A) with >70% of alternative sequences having higher
energy at this distance, consistent with the weak specificity observed for naive T-cell and B-cell
receptor interactions with MHC-bound antigen. Orders of magnitude lower complexity of the
state space of charged surfaces as compared to the state space of surface shapes suggests a
dominant role of electrostatics in selecting naive immune cells from the population of
circulating cell lines. We propose a two-stage antigen recognition process, first electrostatic
and then shape-based, that explains the dominant contribution of charged residues to peptide
immunogenicity.

Introduction

Peptide-based vaccines offer the potential to target antibodies to specific functional sites or
broadly neutralizing epitopes (1). Although weak immunogens by themselves, peptides that are
arrayed on a carrier particle raise long-lasting sequence-specific immunity. But not all peptide
sequences raise high immunity, even when all other factors are held constant. The mechanisms
for selective recognition of surface-displayed peptides by T-cells remains a mystery (2)

The ties between peptide sequence and peptide immunogenicity have long been part of the
immunology curricula. Hopp and Woods (3) assigned strong positive values to charged amino
acids (D,E,K,R) and negative values to non-polar residues. Glycine and uncharged polar side
chains were assigned near-zero scores. By averaging the score over a short window (typically 6
residues), Hopp-Woods (HW) scores reproduced the pattern of known B-cell epitopes over well
studied proteins (4). We show here that an even simpler formula works just as well. If you
simply count the number of charged residues (NC), the number correlates positively and
significantly with serum antibody concentrations in mice vaccinated with 18 different peptide
conjugates.

Despite the widespread acceptance of the hydrophilicy/immunogenicity connection, there is
little published on its mechanistic underpinnings. In 1981, when Hopp and Woods observed
the connection, knowledge of the germinal centers (GC) consisted of broad generalities about
lymphatic immunoglobin production, high mitotic activity, and the mysterious light and dark
zones (5). Vastly more is known now (6). Clonal expansion of hypermutated naive B-cells,
followed by selection against undigested antigen presented on follicular dendritic cells (FDC),
lead to B-cells displaying high-affinity receptors (BCR). Avidity of BCR for FDC decides the B-
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cell's fate, either apoptosis, further clonal expansion, or differentiation into plasma B and
memory B-cells.

T-cell epitope recognition must play by the same biophysical rules as that of B-cells. The major
histocompatibility complex 1 (MHC1) -antigen<naive-TCR tripartite interaction is weak and
degenerate, consistent with weak and degenerate surface charge patterns. Patterns of charge
complementarity are inherently less complex than patterns of shape complementarity, thus
more likely to exist by chance within a population of naive T-cell lines. The naive T-cells chosen
for trafficking to, and maturation in, the secondary lymphatic organs, may already be charge
complementary but not necessarily shape complimentary to a surface epitope on the antigen.

Here we propose a biophysical model for recognition of antigen by BCR/TCR that might shine
light on the prevalence of charged groups in highly antigenic epitopes. A computational model
for peptide/antibody docking is used here to demonstrate charge-based peptide sequence
recognition at "arms length" (10 - 20A from the bound position) while the shape
complementarity forces of hydrogen bonding and desolvation exert forces at very short
distances (7,8). Coulombic forces decay slowly with distance so that electrostatic forces
persist and sometimes even increase with distance in the case of charge-dense protein
surfaces.

Here we provide experimental verification of the correlation between Hopp-Woods score and
immunogenicity under controlled circumstances in mice. The statistical correlation between
ELISA and hydrophilicity is significant, even more so if we use a simple count of the charged
residues, ignoring the Hopp-Woods scores for non-charged residues. We offer the results of a
peptide docking simulations based on the known structures of five peptidesimmunoglobulin
complexes, showing that the cognate peptide sequence is at least partially distinguished from
random sequences by electrostatic potential alone.

Results

Eight mice were injected with a mixture of 5 ug each of 18 peptide-KLH conjugates adsorbed
on alum. Antibody titer trajectories were measured over time ( ). Day 45 titers were
compared across peptide sequences. As expected, the Hopp-Woods score correlated with
titer strongly, with r=0.73 and p-value=0.001. The NC scoring function correlated even more
strongly, with r=0.814 and p-value=0.0002 (Figure 2).

Five crystal structures of peptidesimmunoglobulin complexes were used to calculate the
minimum distance-dependent, orientation dependent, intermolecular electrostatic potential Ep.
The sequence of each peptide was reassigned to a sequence randomly drawn from a globular
protein to assess the specificity of Ep, only, for recognition of the cognate peptide, absent any
consideration of short-range forces, desolvation, hydrogen bonding, or steric interactions.

For each of the five cases, the cognate peptide sequence electrostatic potential occupies
among the lowest three of all 11 sequences plotted ( ). For example, at a displacement
of 15A, the five cognate peptides ranked 1st, 2nd (twice) or 3rd (twice) out of 11 in each set.
The chance likelihood of these rankings, based on random scrambling of the rank order, is
p=0.0015. At distances just out of reach of direct contacts, the electrostatic potential is the
sole driving force of binding and specificity. Therefore, sequence-specific attractive forces
effectively increase the local concentration of electrically complementary peptides in the near
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vicinity of the binding site, increasing the on-rate of binding. The off-rate from the fully bound
state depends, of course, on shape-dependent forces including desolvation, hydrogen-
bonding, and van de Waals contacts.

Discussion

Previous studies of correlations between peptide sequence score (Hopp-Woods and others)
and immune response found weak correlations (r=0.20+0.05) (9) compared to those we found
in this study (r=0.814). The reason for the low correlations may have been that Rockberg &
Uhlén used much longer peptides. Although the length is not specified in that paper, prior work
by the author Uhlen using the same protein epitope sequence tag (PrEST) library specified
length 50 to 150 amino acids (10), much larger than MHC1 binding site, which can
accommodate only 8 to 10 residues. Furthermore, we immunized mice with all 18 antigens
together, factoring out any possible variations across individual animals.

Biophysics has a voice in explaining the observed correlation between charge content and
immunogenicity. BCR feel the attractive force of antigen through charge complementarity first,
before sampling shape complementarity. This happens at "arms length", or a distance just
beyond one layer of solvation. Water molecules in this layer extend and diffuse the electrostatic
field by orienting their dipoles against the underlying charged side chains, moving the attractive
and repulsive interactions to the surface of the first hydration shell (11). At distances beyond
shape recognition, BCR can freely reorient with respect to the epitope without significant steric
hindrance, and without incurring an entropic penalty. shows space between peptide
and immunoglobulin binding site at 15A of displacement, the distance at which peptide
sequence recognition is most strongly observed in the simulations (Figure 3(a-e)).

In the germinal centers (GC), weak interactions arrayed across an antigen particle combine to
signal clonal expansion of naive B-cells through clustered BCR interactions. Peptides with
more charged residues interact more strongly with naive BCR, whose binding sites likely lack
shape complementarity but which may have charge complementarity because of the smaller
complexity of the spatial arrangement of charges as compared to shapes (see Methods). Thus
peptides with more charges will move more efficiently into the dark phase of the GC for
somatic hypermutation and clonal expansion.

Naive B-cells acting as professional antigen presenting cells (APC) activate and are activated
by CD4+ T-helper cells (Th2) that recognize the MHC2-presented foreign peptides. Selection of
the peptides to be presented on the MHC2 is done within the cell by the transporter associated
with antigen processing (TAP) and by the MHC2 itself, providing two additional sources of
sequence-dependency in epitope selection. But TAP exerts little specificity on the sequence of
the peptides presented to MHC1 (12,13). The constitutively expressed proteosome, which
cleaves antigen into peptides in the phagosomes, does have a preference for arginine and
lysine side chains in the N-terminal end the peptide, but the immunoproteosome expressed in
hemopoietic cells has less of this preference Moreover, no correlation between overall
charge and immunogenicity was observed in our studies.

Interactions between Th2 and MHC2-bound peptides on naive B-cells acting as APCs are of
course governed by the principles of biophysics. Long-range electrostatic interactions, not
short-range shape-based interactions, dominate in the selection of B-cell lines for maturation
as much as they do in the maturation process itself. Indeed, the presence of complementary
shape in the naive B-cell is even less likely than in the maturing B-cell, the latter having passed
rounds of FDC screening for shape complementarity. Thus electrostatic interactions are
probably more important at the naive BCR stage than they are during maturation.
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CD8+ cells have a lesser role in humoral immunity, and therefore MHC1 and components of the
corresponding peptide processing pathway are not likely part of the mechanism for the
sequence/immunogenicity correlation as measured by antibody titer. MHC1 peptide loading
involves peptide sequence preferences (15,16), and these may influence the cellular
immunogenicity as a correlate of amino acid content, but MHC1 is also extremely polymorphic
across individual animals (17), lessening its likely role in establishing the broad correlation that
we observe and are trying to explain.

Although this state space calculations are imprecise, there is clearly at least an order of
magnitude difference between the complexity of shape space and that of the space of side
chain charge arrangements. In our estimations roughly one in 200 naive BCR/TCR can
recognize the arrangement of five charged side chains on an 8-residue epitope. Peptides with
fewer charges would be recognized by more naive receptors, but binding would be weaker,
while peptides with more charges would be recognized by fewer naive receptors but binding
would be stronger. This number contrasts with the roughly one in ten-thousand naive BCR/
TCR that can recognize an 8-residue epitope by its 3D shape. The contrast in the size of the
two state spaces may be even greater, since the energy of close contacts is inherently sensitive
to small differences in shape, while coulombic interactions beyond contacting distances have
no hard boundaries. Thus the likelihood of a chance encounter with a naive BCR/TCR that
recognizes and binds an 8-residue peptide by its charge is at least an order of magnitude
higher than the chance of recognizing the peptide by its shape. It makes sense that it is the
electrostatic interactions that carry cells forward into the maturation process and thus define
the more immunogenic epitopes from the less immunogenic ones.

Further consideration should be made to the state of the antigen when interacting with naive
cells (MHC1/MHC2-bound) versus the state of the antigen during B-cell maturation
(undigested, FDC-presented). The conformation of the MHC-bound peptide is largely defined
by its binding to MRC, and is surrounded by MHC on three sides (18). As such, MHC-bound
peptide is both non-native and inaccessible. However, since the peptide retains its
arrangement of charged side chains, its recognition by naive BCR is meaningful.

But during maturation in the GC, the antigen is presented in its native, undigested state,
allowing shape to play a meaningful role in selecting B-cells from a library of clones. Certainly,
stronger shape-based forces take over the selection process. Indeed the epitope-paratope
interactions seen in immunoglobulin complex crystal structures always exclude significant
solvent (19). But at that point in the process, the selection of the naive B-cell line to carry
forward into maturation in the GC has already been made. Refinement of shape-dependent
interactions by clonal expansion only finishes the job.

Our hypothesis, that naive B and T-cell clonal selections made by APC-presented antigen are
made at an arms length distance, explains the dominance of charged residues in the
correlation of sequence with antibody titer. The simplification of the HW score to the NC score
points to the unimportance of non-charged side chains at the decision points of
immunogenicity.

Conclusions
All signaling in the immune system is mediated via physical interactions between biomolecules.
These interactions can be dissected into contacting and non-contacting, where the latter

comprises electrostatic forces. Here we argue that electrostatic interactions dominate in the
selection process of naive cells for maturation, citing three reasons. First, electrostatic

Page 4 of 13



interactions are lower in complexity than shape-based interactions, increasing the odds of a
random attractive encounter with a naive B or T cell. Second, electrostatic forces are longer-
range than shape-based forces such as hydrogen bonding, desolvation and van der waals
contacts. Thus a separation distance range exists (1 0-20A) where electrostatic forces are both
selective and dominant. Third, cell-cell interactions involving antigen happen in the context of
the MHC complex, which retains the arrangement of charges on the peptide but not its three-
dimensional conformation. Taken together, it is unlikely that shape plays much of a role in
signaling cells for maturation, leaving that task to electrostatic interactions. This view is
consistent with the experimental observation of a strong correlation between charged side
chain content and specific antibody production.

Materials and Methods
Antibody titer

Peptide immunogenic potential is quantified using ELISA. Immunizations containing 5 pg each
of 18 different peptides (Table 1), each individually conjugated to KLH (keyhole limpet
hemocyanin) and adsorbed onto alum were injected intramuscularly into eight, 6-week old,
FVB/J mice thrice at 15 day intervals. Sera were collected at Day 45 and peptide specific
antibody concentrations were determined by ELISA (A490) at a 1:500 dilution. Day 45 sera
were used rather than 60 or 90 day sera because the latter measurements were at or near the
instrument saturation limit for some mice, and the Day 45 choice was justified by the strong
correlation (r=0.83-0.96) between Day 45 titer and Day 60 titer when the latter was not at
saturation. Day O sera were used as the control. Peptides ranged in length from 14 to 22
residues. The median A490 value of each group of 8 was plotted versus the peptide Hopp-
Woods score or the number of charges (NC) score. The correlation (r) was determined by
Pearson's method (20). To test r for significance, the data were randomly scrambled and r was
recalculated for each scramble. Scrambling was carried out 10,000 times. The p-value for the
correlation was equal to the number of times that the scrambled r value was equal to or greater
than the unscrambled r value, over 10,000. Multiple such tests showed that the p-value
estimate was highly reproducible.

Electrostatic potential calculation

The electrostatic potential Er was calculated using the linearized Poisson-Boltzmann (P-B)
equation (21), Ep = Zl//ij , Where, Wi = l//oexp—lj , and yp = l, where g; is the
Ap ery
charge on point i. The sum is over all atoms i in ligand (peptide) and ; in receptor (antibody).
The linearized P-B is salt-dependent in two terms, the Debye length (Ap) and the permittivity e=
8.854e-12 (22). Charges were ignored for amino and carboxy termini. Approximate partial
charges were assigned to side chain atoms for Arg, Lys, Asp, Glu and His as follows: Arg NH1
+0.5, Arg NH2 0.5, Lys NZ +1.0,Asp OD1 -0.5, Asp OD2 -0.5, Glu OE1 -0.5, Glu OE2 -0.5, His
ND1 and NE2 +0.5x/(1+x), where x=107-PH, Energies due to desolvation, steric interactions,
hydrogen bonds, stereochemistry and all intramolecular interactions are ignored for this
experiment since we are looking at medium to long-range intermolecular interactions only.

Peptide docking
Five unrelated immunoglobulin-peptide crystal structures (PDBids: 2HRP, 1IFH, 1SVZ, 1HI6,
and 1U8K) were separated into receptor and peptide coordinates. Ten new peptide sequences

were selected for each of the five peptides and coordinates for these new sequences were
generated by rotamer search and energy minimization using MOE's Protein Modeler tool.
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During energy minimization the peptide was placed in its bound position relative to the
receptor. All peptide atoms and nearest neighbor receptor atoms were unfixed, while all other
atoms and all alpha carbons were fixed. Sequences were selected randomly from non-
overlapping segments of mouse catsper beta (NP_766611.2) or Phodopus roborovskii
dihydrofolate reductase (CAH6787515) without regard to structure, omitting any sequence that
contained no charged side chains. Peptides were displaced from their bound positions along a
vector connecting receptor and peptide centers of mass, from zero to 30A in 1A steps. At each
displacement distance 1000 random orientations was calculated and energetically evaluated.
The rotation matrix for each random orientation was calculated by selecting three random
numbers between -1 and 1 to define the rotation axis, omitting cases where the corresponding
vector length was greater than 1.0 in order to sample rotational space evenly, then selecting a
random number between 0 and 360° to define the amount to rotate about that axis. A random
displacement of +0 to 2A was applied in a random direction normal to the vector of
displacement. Peptide orientations having close contacts with any atom of the receptor (<5.8A)
were ignored. For each displacement distance, Ep was calculated for all 1000 random
orientations, keeping only the lowest Ep. For each peptide sequence, lowest E» were plotted
(Figure 2).

Complexity calculations

Complexity is defined as the number of states. There are many ways to calculate the shape
complexity of a surface manifold (23,24), which in this case is the part of a protein's surface
responsible for binding. The relevant measure of complexity must relate to the binding energy,
therefore the calculation must be independent of reference frame, have the characteristic
smoothness of a protein surface, and must be coarse-grained enough to exclude shape
differences within natural protein flexibility. Complexity of shape is dependent on the
interaction surface area (25), which for antibody/antigen interactions is a function of the length
of an epitope. Here we consider a linear epitope of 8 amino acid residues. An empirical
measure of shape complexity may be derived from peptide local structure complexity in
proteins. Cluster analysis of peptide conformations in proteins ( ) found that the vast
majority of peptides of lengths 5 - 15 residues could be classified into 13 structural classes and
subclustered into 262 sequence-structural classes (28). In that work, an average residue
position within a cluster had 2 to 4 possible side chain choices, ignoring rotameric variability.
Considering 2 to 4 options at 4 positions (one face of an 8-mer peptide is roughly 4 positions),
the shape complexity for a typical peptide epitope is 262 times 24 to 44, or 4000 to 70000
states.

The complexity of electrostatic interactions at long distances is 2 (attractive or repulsive), since
all pairwise interactions approach point charges at long distances. At nearer distances, the
force depends on the spatial arrangement of the charges. For this complexity calculation, we
take the number of positions in space to be the number of side chains, in this case 8, times the
number of ways 5 positive or negative charges can be arranged on those 8 positions (Five was
selected as the smallest number of charges that gives a maximum antibody response in our
experiments, regardless of the sign of the charges. There was no observed correlation of
antibody titer with total charge.), times the number of ways plus and minus formal charges can
be assigned to n positions, or 2n. On average, half of the five (2 or 3) side chains are facing the
binding site and contribute more to the electrostatic potential. The resulting complexity ranges
from 8-choose-2 times 22, or 112, to 8-choose-3 times 23, or 448. The average shortest
distance between charged groups within a peptide, based on the 55 peptides used in the
simulations, was 10A. Therefore as surfaces approach 10A separation, the directionality of the
intermolecular charge-charge interaction vectors becomes increasingly non-collinear and thus
increasingly spatial arrangement-dependent. Roughly 100 to 400 is the range of ways 5
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charges can be arrayed in space and be energetically differentiable at 10 - 20A separation
distance.

Tables

Table 1. Peptide sequences.

Figures

Figure 1. Antibody titers versus time .
Figure 2. Antibody titers versus sequence.

Figure 3. Simulations of peptide docking.

Page 7 of 13



Page 8 of 13

1 NSLSYSFYNHSLFR

2 DFQMDEREYAME

3 EIELMESTNTALWP

4 YIDNRAQGAWYIT

5 LVVLLGVPAHSVWLQ

6 RDYTEEEIFRYNSPLDTTNSLI
7 WSTFESDIENEEPFLW

8 QTWDSMIEENPDIPLDDVWG

9 CDGTVYLRTEDEFTKLDES

10 CHIPPEDWISGVHKDSQGFNM

11 CVIDKELLRESLSDNLK

12 CHEDNKDNPLL

13 CNEPENVKKMKHYLEPLLKTPVYN
14 CKGYSYDYYENTWRKLEGISEP
15 CTKVERTTEDKKFYIMSHESPG
16 CFDSVIKDAEMPSF

17 CIDKKRASEQGMIGRNIKKT

18 GRQSIELAMEENEKRNIIC

Table 1. Amino acid sequences of
KLH-conjugated peptides used in
this experiment. Some peptides
were conjugated using a N- or C-
terminal cysteine, others using the
N-terminal amino group.
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Figure 1. Antibody titers (A490) were determined by ELISA at 1:500 dilution for sera from
eight vaccinated FVB/J mice at 15-day intervals. Legend: mouse number. Insets: sequence
of immobilized, KLH-conjugated peptide. Number of charged side chains, with heat-map
background color. Correlations were calculated using Day 45 data.
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Figure 2. Ranges are shown for measurements from the sera of eight mice, vaccinated with
18 peptide-KLH conjugates, ranging in length from 14 to 22 residues. Day 45 ELISA
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Figure 3. Simulations of peptide docking to known immunoglobulin structures
using electrostatic potential, excluding distances and orientations where steric
interactions are present. (a) 2HRP versus cognate peptide sequence
MSLPGRWKPK (thick line) and ten random sequences. (b) 1IFH versus cognate
peptide sequence DVPDYAS (thick line) and ten random sequences. (c) 1SVZ
versus cognate peptide sequence PQFSLWKR (thick line) and ten random
sequences. (d) 1TU8K versus cognate peptide sequence LELDKWASL (thick line)
and ten random sequences. (e) 1HI6 versus cognate peptide sequence
DATPEWLGARL (thick line) and ten random sequences. (f) Cognate peptide
docking for 1HI6, showing the lowest energy orientations at 30A (cyan) and 15A
(yellow) from the bound position. The peptide reorients to the immunoglobulin
surface at 15A in this simulation.
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