recently characterized human mtDNA primase also requires struc-
tural RNA for its activity (45), and it is possible that RNA import is
involved. Furthermore, all known RNase P activities require an
RNA component (46-51). In yeast, the tRNA synthesis locus of
mtDNA encodes the RNA moiety of mitochondrial RNase P (52).
However, no candidate gene for the RNA moiety of RNase P exists
in mammalian mtDNA (27-29), suggesting that the RNA compo-
nent is nucleus-encoded. Therefore, translocation of RNA across the
mitochondrial membrane could be a general aspect of mitochondrial
biogenesis. Identifying nucleus-encoded RNA’s essential for mito-
chondrial biogenesis and studying their regulation and transport
into mitochondria may provide substantive insight into our under-
standing of nuclear-mitochondrial interactions.
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Chemistry of Antibody Binding to a Protein

H. MARIO GEYSEN, JOHN A. TAINER, STUART J. RoDDA, ToM J. MASON,
HANNAH ALEXANDER, ELIZABETH D. GETZOFF, RICHARD A. LERNER

The chemistry of antibody recognition was studied by
mapping the antigenicity of the protein myohemerythrin
with peptide homologs of the protein sequence. The
results suggest that the entire protein surface is antigenic,
but the probability of there being antibodies to a given
site is influenced by local stereochemistry. Although ac-
cessible to an antibody binding domain, the least reactive
positions cluster in the most tightly packed and least
mobile regions and are closely associated with narrow,
concave grooves in the molecular surface containing
bound water molecules. The most frequently recognized
sites form three-dimensional superassemblies character-
ized by high local mobility, convex surface shape, and
often by negative electrostatic potential.
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NTIGENIC SITES IN PROTEINS ARE OFTEN COMPLEX CON-

formations dependent on the tertiary folding of the protein

chain. Unless sequenced mutational or evolutionary variants
of the protein are available, the exact amino acid residues to which
an antibody binds are difficult to determine. Moreover, the proteins
that are best defined structurally and antigenically are often very
conserved among species, thus producing limited immunological
responses experimentally. In this article we describe our study of the
immune response to the protein myohemerythrin (MHr), in which
a large number of synthetic peptides were used to map antigenic
sites on the three-dimensional crystallographic structure.

H. M. Geysen, S. J. Rodda, and T. J. Mason are in the Department of Molecular
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J. A. Tainer, H. Alexander, E. D. Getzoff, and R. A. Lerner are in the Department of
Molecular Biology, Research Institute of Scripps Clinic, La Jolla, CA 92037.

SCIENCE, VOL. 23§



Identification of antigenic sites. MHr is a member of the
hemerythrin family of proteins that function as oxygen carriers in
four invertebrate phyla. MHr lacks homology to rabbit proteins and
therefore complications from immunological self-tolerance are re-
duced. The structural fold for MHr is an antiparallel bundle of four
a-helices (named A, B, C, and D in sequence order) surrounding a
two-iron (Fe) center at the active site. The amino terminal residues
form a loop of nonrepetitive secondary structure and shorter loops
are found between the helices and at the carboxyl terminus. The
simple four-helix bundle fold results in most local surface regions
forming from one, two, or at most three linear segments of the
polypeptide chain. Three-dimensional x-ray crystallographic coordi-
nates have been refined at high resolution for monomeric MHr from
the marine worm Themiste zostericoln and octameric hemerythrin
from Themiste dyscritum. Analysis of these two structures enabled
Sheriff ez al. (1) to determine a consistent set of temperature factors
(after correction for crystal contacts) describing the relative mobility
of different parts of MHr.

To analyze the complex immune response to MHr, we used
selective antigens (peptide homologs of the protein sequence from 6
to 14 residues long) to precisely define individual specificities within
polyclonal antisera to the native protein (anti-MHr). Polyclonal
antisera reveal the total anti-MHr response of each rabbit and avoid
unusual monoclonal specificities not favored in vivo (2). Thus, this
method should complement other immunological methods where
monoclonal antibodies are used, including both crystallographic (3)
and fine specificity analyses (4). Our detection system assays the
antigenicity of protein sites (their ability to bind existing antibodies)
with peptide antigens. Reactive peptides contain individual residues
important for the binding interaction, as well as covalently connect-
ed residues forming some of their environmental context. Some sites
may be incomplete and only a subset of assembled, conformational
determinants may be identified; however, the results presented
below suggest that partial conformational sites are identified by this
method.

Antibodies to the intact MHr protein were raised in seven
outbred rabbits (5-7) and reacted with all five- and six-residue
overlapping peptide homologs of the MHr sequence, as well as
selected longer peptides named by range of residues: 3 to 16, 7 to
16, 22 to 35, 26 to 35, 37 to 46, 42 to 51, 57 t0 66, 63 to 72, 69 to
82, 73 to 82, 96 to 109, 100 to 109, and 107 to 116 (8, 9). MHr
antigenicity assessed against hexapeptides using enzyme-linked im-
munosorbent assays (ELISA) is shown in Fig. 1, A to C. Tests with
pentapeptides gave consistent results, and hexapeptide reactivity
patterns have been shown to be consistent with those of longer,
seven- to ten-residue peptides (7). Competition assays, both in
solution and in solid phase (10), were used to show that the
interaction of the antibody with the peptide resembled that with the
intact protein. The native protein absorbed or competed for binding
of anti-MHr to peptides covering all parts of the MHr sequence
exhibiting significant immunological reactivity.

Variation in the immune response. Collectively, the antibody
populations from the seven antisera reacted with hexapeptides
encompassing all 118 residues of the MHr sequence, although not
every hexapeptide was antigenic. This result, that each residue of
MHr appears in an antigenic protein segment, agrees with the idea
(4, 11) that the entire surface of a protein is antigenic. The
probability of obtaining antibodies to any given site, however,
varied greatly both among the sites and among different animals
(Fig. 1A). The specific reactivities of the seven antisera ranged from
a total of 12 (rabbit No. 6) to 50 recognized hexapeptides (rabbit
No. 2) of 113. Immunoprecipitation assays (9) with anti-MHr from
rabbits Nos. 1, 2, and 3 performed on four longer peptides (residues
3 to 16, 63 to 72, 96 to 109, and 107 to 116) matched the pattern
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of hexapeptide reactivities: peptide 3 to 16 reacted with all three
antisera, peptide 63 to 72 reacted with antisera No. 2 and No. 3,
peptide 96 to 109 was unreactive, and peptide 107 to 116 was
reactive with antiserum No. 2. Thus, positive immunoprecipitation
assays corresponded to more hexapeptide reactivities. The highest
reactivity measured by immunoprecipitation matched the most
corresponding hexapeptide reactivities: seven out of the nine hexa-
peptides within the longer peptide encompassing residues 3 to 16
reacted with antiserum from rabbit No. 2.

Higher titers (Fig. 1B) and frequent reactivity (Fig. 1C) were
often associated in our database. Comparison of the most and least
antigenic hexapeptide sequences, based on mean titers and number
of responding rabbits, shows agreement on four antigenic minima
(approximately centered around hexapeptides starting at residues
30,48, 73, and 99) and six antigenic maxima (4, 54, 65, 80, 88, and
110). Comparison of the observed distribution of reactivities with
that of a randomly generated, but numerically equivalent, set of
reactivities by x2 analysis confirmed that the observed clustering of
reactive hexapeptides (antigenic maxima) and of unreactive hexa-
peptides (antigenic minima) is significant (P < 0.001) (12). Where
applicable, ELISA assays of anti-MHr reactivity with the 13 longer
peptides coupled to protein or polylysine carriers (9) gave results
consistent with these hexapeptide data.

No antibody specificity was common to all seven rabbits: of the
113 hexapeptide homologs of the MHr sequence, four peptides
were recognized by six of the seven antisera, whereas 31 reacted
with only a single antiserum, and 35 were unrecognized by any
antiserum (Fig. 1C). Such variability within a species highlights the
need to evaluate a consensus response from multiple animals.
Frequently recognized regions illustrate common aspects of antigen-
ic recognition important for understanding the chemistry of the
interaction.

The chemical nature of the most reactive and least reactive
sites of MHr. Intrinsic stereochemical features that might distin-
guish the immunologically most reactive and least reactive sites of a
protein were examined. First, chemical and structural properties for
cach hexapeptide were plotted as a function of the first sequence
number of the hexapeptide (Fig. 1, D and E) and aligned with
immunological titer and frequency data (Fig. 1, B and C). Plots of
mobility, packing density (inverted), shape accessibility, and to a
lesser extent surface exposure, show overall patterns that match
those for experimentally determined immunological reactivity. This
was confirmed statistically by a comparison of less antigenic (those
recognized by one or no rabbit antisera) and more antigenic
hexapeptides (two or more antisera). These two groups differ
significantly (¢ test, df = 111, P =< 0.001) with regard to structure-
associated properties: antigenic frequency correlates best with mo-
bility (¢ = 5.75), followed by packing density (¢ = 4.66), shape
accessibility (¢ = 3.87), and surface exposure (¢ = 3.23). Hydrophi-
licity differences were less significant (¢ = 1.86, P > 0.05). All of
the plotted stereochemical and antigenic properties do share one
feature: the deepest minimum occurs between hexapeptides 99 and
106. This maps to the only truly buried part of the MHr structure,
the residues of the D helix located underneath the NHa-terminal
loop. Small shifts in the alignment of critical points between the
structural and immunological plots highlight the three-dimensional
nature of protein epitopes. Local maxima and minima of chemical,
structural, or immunological properties traced along the one-
dimensional amino acid sequence will not necessarily identify true
maxima and minima for a three-dimensional protein.

To identify correlations of immunological reactivity with struc-
ture-associated parameters in a three-dimensional way (Table 1), we
divided the residues of MHr into three categories according to the
reactivity with hexapeptides: (i) most reactive (41 percent)—occur-
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Table 1. Molecular surface chemistry and antigenic rcactivigr, Individual residues are divided into three classes of antigenic reactivity as defined in the text. All
stereochemical parameters listed are functions of the three-dimensional structure, not the linear sequence, and are derived from x-ray crystallographic results
(1). Mobility is calculated from the average main-chain temperature factors as corrected for crystal contacts (I). The percentage of the total exposed surface
area is calculated from the molecular surface area (24, 25) summed for each category as follows: negative, neutral, or positive areas based upon the electrostatic
potential calculated from partial charges on all atoms (13); hydrophobic (carbon) or hydrophilic (noncarbon) atoms; and side-chain or main-chain atoms.
The total exposed surface area and surface area per residue are calculated from the molecular surface area accessible to a water-sized (1.4 A radius) probe
sphere. Exposed side-chain area is expressed as a percentage for hydrophobic (carbon), hydrophilic (noncarbon), or all side-chain atom surface area exposed

in the context of the protein structure, calculated from the total side-chain surface area in the absence of neighboring protein residues (27).

No.

Total exposed surface area (%)

Surface (A?) Side-chain exposure (%)

Mo-
. of o .
. Potential
Reactivity resi- ':(’;{12?' oren Hydro- Hydro- Side Main T;t_al rlzzir- rlzzir- Hydro- Hydro-
dues _ 0 + phobic philic chain chain posed due due phobic philic
Most 48 30.0 48 34 19 66 34 75 25 2337 49 32 29 41
Average 39 27.6 37 40 23 61 39 73 27 2005 51 34 31 42
Least 31 232 23 42 35 65 35 83 17 1209 39 23 17 48
MHr 118 27.0 39 38 24 64 36 76 24 5552 47 30 26 43

ring in at least one hexapeptide recognized by four or more rabbit
antisera; (ii) least reactive (26 percent)—not occurring in any
hexapeptide recognized by more than one antiserum; (iii) average
(33 percent)—all others. The most reactive positions include 4 to
10,54 t0 61,63 to 72, 79 to 85, 88 t0 97, and 110 to 115. The least
reactive positions are 16 to 17, 28 to 36, 46 to 52, 75, 99 to 108,
and 117 to 118. Ten- and 14-residue peptides encompassing the
longer stretches of least reactive positions (26 to 35, 42 to 51, 96 to
109, and 100 to 109) were also unreactive with anti-MHr when
coupled to protein carriers and assayed by ELISA. In the inverse
experiment, antibodies to peptides consisting of these least reactive
sequences reacted poorly with MHr (6).

Mobility, electrostatic potential, and hydrophilicity. Qualita-
tively, the trend across the three categories of immunological
reactivity coincides with changes in mobility (Table 1). Decreasing
mobility corresponds to decreasing immunological reactivity from
most reactive, through average, to least reactive positions. The
mobilities of the most reactive and of the least reactive residues differ
significantly from the mean (Monte Carlo method, P < 0.001) (12).
The major maxima and minima of the immunological profiles align
best with those from plots of mobility and inverted packing density
(Fig. 1D). Although the mobility curve is smoother, all five of its
peaks overlap with maxima in the frequency (Fig. 1C) and mean
titer (Fig. 1B) plots; the two prominent temperature factor minima
correspond to reactivities with at most one antiserum and titers of
less than 500. The peak in reactivity near hexapeptide 54 falls in a
local mobility minimum, but this region remains more mobile than
the global minima near hexapeptides 27 and 102. The packing
density profile (inverted), although more serrated, resembles the
overall mobility profile; the major differences are an additional
minimum near hexapeptide 13, and a shift in the COOH-terminal
peak.

The most frequently recognized sites in MHr generally corre-
spond to regions of negative electrostatic potential (Table 1). The
percentage of the total surface area associated with negative electro-
static potentials is greatest for the most reactive positions (Monte
Carlo method, P = 0.02) (12) and least for least reactive positions
(P =10.005) and the converse is true, but less significant, for

positive electrostatic potentials. In each case, the percentages of total -

exposed surface area associated with the most and the least reactive
positions differ by about a factor of 2. The percentages of negative
and positive surface area associated with regions of average reactivity
closely match those found for the whole protein. When examined
with the use of computer graphics (13), all of the most antigenic
positions show electrostatic fields with energies greater than thermal
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energy (3/2 KT) extending beyond 6 A from the protein surface.
These fields have negative electrostatic potential near the immuno-
logically most reactive positions 4 to 10, 54 to 61, and 79 to 85; and
positive potential near the most reactive positions 63 to 72, 88 to
97, and 110 to 115. However, by far the largest fields with positive
electrostatic potential are associated with least reactive positions 28
to 36 and 46 to 52.

Although the percentage of the total exposed surface area contrib-
uted by hydrophilic (noncarbon) atoms is nominally largest for the
residues of average reactivity (Table 1), all three categories of
antigenic reactivity have percentages of hydrophobic and hydrophil-
ic surface area similar to that for the whole protein. Furthermore,
the hydrophilicity profile (Fig. 1D) does not match the pattern of
immunological reactivity as well as the mobility and inverted
packing density profiles do. The highly reactive site at hexapeptide 4
is a hydrophilicity minimum, and the highest hydrophilicity peaks at
hexapeptides 22 and 74, which correspond to valleys in the mobility
and inverted packing density plots, show only average and low
reactivity values, respectively, for both titer and frequency.

Shape, surface exposure, and secondary structure. Half (59) of
the residues of MHr are accessible to a probe sphere of 15 A radius
and another seven residues are accessible to spheres of 11 to 14 A
radius, suggesting that 56 percent of the residues are directly
available to the ends of a fairly flat antibody binding region (3). In
contrast, the shape accessibility of 34 residues (29 percent) is
restricted to spheres of 2 A radius or smaller. The most and least
antigenic positions are not directly distinguished by their sphere-
accessibility radius: all contiguous stretches of most antigenic posi-
tions include one or more residues only accessible to a solvent-sized
sphere of 2 A or less radius, and all contiguous stretches of least
antigenic positions include one or more residues accessible to a
sphere of 15 A or more radius. While the least antigenic positions in
MHr are thus accessible to antibody binding, they are also all closely
associated with narrow grooves containing tightly bound water
molecules identified in the x-ray crystallographic structure (1).

The plot of shape accessibility as a function of sequence (Fig. 1E)
shows similarities with mean titer and frequency profiles, as well as
with plots of average main-chain temperature factors, inverted
packing density, and surface exposure. However, compared to the
mobility and inverted packing density profiles (Fig. 1D), the shape-
accessibility plot shows less ability to distinguish between the peak
of antigenicity near hexapeptide 54 and the minimum near hexapep-
tide 30. Continuing this trend, the plot of solvent-exposed surface
arca (Fig. 1E) shows more of a minimum near hexapeptide 54 (a
reactivity peak) than near hexapeptide 30 (a reactivity minimum).
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Fig. 2. Sterco pairs showing computer graphics
models of MHr color-coded by immunological
reactivity (red, most reactive; yellow, average; and
blue, least reactive). Raster color graphics images
of opposing sides (A and B) of the solid external
molecular surface of MHr show that the most
highly reactive surface regions form superassem-
blies (three-dimensional clusters) that wrap
around one side (A) of the protein and almost
connect on the other side (B). The four a-helices
are oriented vertically, with the two-iron active
site near the top. In view (A), the B (left) and C
(right) helices appear in front connected by the
BC loop (top) and in view (B), the NH:-terminal
loop appears in front of the A (left) and D (right)
helices. The molecular surface accessible to a
water-sized (1.4 A radius) probe sphere was
calculated analytically with AMS and RAMS (24).
This surface is composed of convex regions
formed by the solvent-accessible van der Waals
surface of individual atoms and concave regions
smoothing over small gaps and crevices inaccessi-
ble to the probe sphere. Molecular surfaces are
especially appropriate for examining intermolecu-
lar interactions because they focus on surface
regions accessible to interacting molecules. A
skeletal model (C) of all MHr side chains (no
main-chain bonds), shows that the least reactive
residues (blue lines identified by residue number
at the Ca position) form one major cluster ex-
ﬁscd on two opposite sides of the protein and

gely surrounded elsewhere by side chains with
average (yellow lines) and most (red lines) immu-
nological reactivity. This core region of low reac-
tivity extends through the end of the helix bundle
distant from the two oxygen-binding iron atoms.
View (C), with the A and B helices in front, is
intermediate between orientations (A) and (B)
and related to them by 45° rotations about the
vertical axis. This vector graphics image was ren-
dered with the use of programs GRAMPS and
GRANNY (26). Molecular surface, packing den-
sity, sphere accessibility radius, and exposed area
calculations used individual van der Waals atomic
radii that included implicit hydrogen atoms: O(sp,
carbonyl), 1.40 A; O(sp?, carboxyl), 1.40 A; OH,
1.60 A; N(?), 1.54 A; NH, 1.70 A; NH., 1.80
A; NH, 2.00 A; CH, 2.00 A; CHz, 2.00 A;
CHs, 2.00 A; C(?), 1.74 A; C(p?); 1.86 A; S,
1.80 A; SH, 1.85 A; and Fe, 1.72 A.
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The exposed surface area per residue is the lowest for the least
immunoreactive residues (Table 1), supporting a relation between
surface exposure and antigenicity (14). However, this trend is not
continued: the most antigenic residues do not have more exposed
surface area per residue than those with average antigenicity.
When total solvent-exposed surface area is divided into side-chain
and main-chain contributions (Table 1), the least reactive residues
are again distinguished (Monte Carlo method, P = 0.04). The ratio
of main-chain to side-chain surface area is similar for positions with
most and average reactivity and lower for the least reactive positions.
In the folded protein, the side-chain surface exposure can also be
measured as a percentage of the total surface exposure of the same
side-chain conformation in the absence of the other protein residues.
This percentage side-chain exposure (Table 1) is marginally lower
for the least reactive positions (P = 0.10), largely as a result of a
decreased hydrophobic (carbon atom) contribution (P = 0.02).
Similarly, the immunological reactivity profiles match carbon expo-
sure better than noncarbon exposure; the least reactive positions
seem to associate with areas of concave surface shape in which the
most exposed atoms are frequently the ends of polar side chains.
Although secondary structure is not a dominant factor in the
degree of antigenicity, the least reactive residues are predominantly
helical. Twenty-seven least reactive residues are distributed among
the four helices, whereas the remaining four residues occur in the
NHz- or COOH-terminal loops. This bias may be due in part to the
peptide assay system, since the 3.6-residue helical repeat (visible in
most of the structural plots) may make a hexapeptide less able to
mimic a surface region or conformational determinant of a protein.
However, except for the lack of most reactive residues in the A helix,
each of the four helices, as well as the longest loop, contains residues
in all three categories of immunological reactivity. For example, the
NHo>-terminal loop includes residues with most (4 to 10), average
(1 to 3 and 11 to 15), and least (16 to 17) reactivity. The shorter
loops taken together also include all three categories of reactivity.
Areas of average reactivity occur in every helix and in every
connecting or terminal loop region of the MHr secondary structure.
To assess the topography and three-dimensional arrangement of
most reactive versus least reactive positions, the three categories of
immunological reactivity were mapped by color-coding onto the
solvent-exposed molecular surface of the protein by means of
computer graphics (Fig. 2). Although these categories were identi-
fied from peptide homologs of the MHr sequence, the immunologi-
cal reactivity varies relatively smoothly over the three-dimensional
surface of the protein as well as the linear sequence. Along. the
polypeptide chain, the most and least reactive residues are always
separated by residues with average reactivity. On the molecular
surface, the most reactive residues cluster into patches, as do the
least reactive residues, and the two sets of patches are usually
separated by surface area from residues of average reactivity. The
most frequently recognized positions form superassemblies wrap-
ping around the MHr molecule (Fig. 2, A and B) to encompass the
more flexible and less tightly packed areas of the protein. Residues
from least reactive positions cluster to a cylindrical core within the
most tightly packed portion of the protein extending through the
molecule to include residues at two surface regions (Fig. 2C). The
clustering of residues with like antigenic properties and the relatively
smooth variation of immunological reactivity at the molecular
surface found by this work suggest that conformational or assem-
bled determinants may often consist of residues contributed by parts
of two or more linear sequences, as has also been shown by others
3, 15).
Structural biases for antigenicity. Our results show that, al-
though the entire MHr molecule can be antigenic, stereochemical
and biophysical properties bias the frequency of antiprotein respons-
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es, as assayed with peptides. The protein chemistry of the most
antigenic superassemblies is dominated by high mobility and low
packing density (allowing local side-chain rearrangements and in-
duced fit) (16), convex shape (facilitating the release of water
molecules), and' significant negative electrostatic potential at the
molecular surface. Any given site may not have all of these attri-
butes, but each feature appears to bias a given site toward antigenici-
ty. The least antigenic regions are usually the more ordered regions
of the protein with tightly packed internal side chains and concave
surface shape sequestering bound water molecules. In general,
structural parameters more clearly differentiate the least reactive
positions, which have fewer residues in loops of nonrepetitive
secondary structure, less exposed surface area per residue, a smaller
percentage of surface area contributed by main-chain atoms, and a
decreased hydrophobic contribution to percent side-chain exposure.

Shape and mobility have been previously implicated in the
antigenic response to proteins (6, 14, 15, 17). In the static structure
of MHr, every hexapeptide has exposed surface area and every
residue belongs to at least one hexapeptide accessible to a spherical
probe the size of an antibody binding domain. Novotny et al. (14)
have proposed that antibody accessibility (measured with a spherical
probe of fixed 10 A radius) is the primary intrinsic determinant of
antigenicity and thus predict little or no antigenicity for MHr
residues 53 to 60. In our experiments, the hexapeptide starting at
residue 54 is one of the most frequently antigenic (recognized by six
of the seven antisera), suggesting that for a small single-domain
protein, shape accessibility is an insufficient criterion for predicting
antigenicity, although it may be quite important for large multi-
meric structures such as virus capsids. Barlow ez al. (15) have
suggested that protein antigenic sites delineated by peptides fall in
loops or protruding surface regions characterized as “continuous,”
that is, >50 percent surrounded (within a 10 A radius) by atoms of
neighboring (i = 3) residues. For MHr, this method predicts “best”
antigenic sites in two of the four antigenic minima and only four of
the six antigenic maxima mapped with hexapeptides, suggesting that
surface continuity is not an overriding factor.

The most critical aspect of shape for protein antigenicity appears
to be the association of the least reactive residues with neighboring,
narrow, concave surface regions containing bound water molecules.
Thus, correlations of antigenicity with shape may reflect the relative
difficulty of displacing bound water molecules. Antibody-antigen
interaction depends on complementary interactions between the
surfaces of the two proteins and also on the driving force resulting
from the exclusion of water. The superassemblies of antigenic sites
identified here have predominantly convex surface areas, where
individual water molecules have fewer contacts with the protein, so
that their release is kinetically favored and less likely to be rate-
limiting. :

In MHr, the most antigenic sites tend to have significant negative
electrostatic potentials. This may be biased by the net negative
charge on MHr, as many antibodies are charge-complementary to
their antigens (4, 18). However, many haptens known to bind
antibodies (nitrates, carboxylates, sulfonates, arsonates, and phos-
phate compounds) are also negatively charged. Moreover, mutants
that escape monoclonal antibody binding often appear to have
charge changes, frequently resulting from mutations to positive
residues (19). Thus, the immune response is apparently sensitive to
electrostatic forces, whether or not the bias is toward regions of
negative potential. Electrostatic attraction may increase the rate of
antibody-antigen complex formation by promoting facilitated diffu-
sion and may also stabilize an initial complex, allowing subsequent
slower steps to occur before the antigen and antibody diffuse apart.
Electrostatic forces are very strong in the absence of water and may
stabilize the final antigen-antibody interface significantly, as in other
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known protein-protein interfaces (18, 20).

In a system as diverse as the immune response, which has the

potential to generate some 107 immunoglobulins with affinities for
antigens spanning at least six orders of magnitude (21), many
patterns of antibody-antigen interactions can be expected. Thus, one
would expect to find antibodies that do not match any given
observed trend. The surprise in the analysis of the antigenic sites

ch:

aracterized here is not in their variations, but in their commonal-

ities, which show that stereochemical properties of the antigen bias
immunological reactivity. The identification of common attributes is

a

preliminary, but necessary, step in both the prediction and

understanding of antigenic recognition.
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