the membrane is of infinite extent. The Euler angles
and protein-membrane distance have errors of less
than 10° and 2 A, respectively, as given by the stan-
dard error of propagation for nonlinear least squares
algorithms. The data for [78C-sl were not included in
the fit because they are clearly anomalous ( Table 1).
Because this mutant has only 7% of the enzymatic
activity of the wild type, EPR data are not useful. All
fitting was done with MATLAB (Mathworks, Cam-
bridge, MA).

18. Because the Crox-nitroxide spin exchange happens
as fast as Crox diffuses to the nitroxide (9), the pos-
sibility that the presence of the membrane slows the
rate of spin relaxation by slowing the rate of diffusion-
limited Crox-nitroxide encounters was also consid-
ered, but the calculation (available from the authors
on request) shows that diffusional effects only occur
if the membrane is <3 A from the spin label, and thus
diffusional effects are not responsible for the devia-

tion of @ from unity measured when the spin label is
tens of angstroms away from the membrane.

19. The electrostatic potentials for bvPLA, bound to
DTPM vesicles (., as indicated in Fig. 1 and for
the protein (yg) and membrane () were calculated
as previously described [N. Ben-Tal, B. Honig, R. M.
Peitzsch, G. Denisov, S. McLaughlin, Biophys. J. 71,
561 (1996)]. Each leaflet of the membrane bilayer
consisted of 360 hexagonally packed DTPM lipids,
and it was assumed that Ca?* and one DTPM were
bound in the enzyme’s active site. For each spin
label, the potential values in the aqueous phase with-
in 5 A of the nitroxide nitrogen were used to calculate
the average potential difference (Ygpy — Wg — Wyy).
The calculated potential differences (residue and av-
erage = SD in millivolts) are: 2, —26 = 15; 13, -7
+5;14, =16 + 10; 15, —6 = 8; 283, —12 * 6; 24,
-9 =361, -2+3,630%1;66,3 = 1,78, -9
+3;85, -6*2,and92, -3 = 1.

Immunological Origins of Binding and Catalysis
in a Diels-Alderase Antibody

Floyd E. Romesberg,” Ben Spiller,* Peter G. Schultz,t
Raymond C. Stevenst

The three-dimensional structure of an antibody (39-A11) that catalyzes a Diels-Alder
reaction has been determined. The structure suggests that the antibody catalyzes this
pericyclic reaction through a combination of packing and hydrogen-bonding interactions
that control the relative geometries of the bound substrates and electronic distribution
in the dienophile. A single somatic mutation, serine-91 of the light chain to valine, is
largely responsible for the increase in affinity and catalytic activity of the affinity-matured
antibody. Structural and functional studies of the germ-line precursor suggest that
39-A11 and related antibodies derive from a family of germ-line genes that have been
selected throughout evolution for the ability of the encoded proteins to form a polyspe-
cific combining site. Germ line—encoded antibodies of this type, which can rapidly
evolve into high-affinity receptors for a broad range of structures, may help to expand
the binding potential associated with the structural diversity of the primary antibody

repertoire.

The immune system solves the problem of
molecular recognition by generating a large
library of structurally distinct antibodies
and amplifying those with the requisite
binding affinity and specificity in an affin-
ity-based selection. By programming this
system with chemical information about a
reaction mechanism—for example, the
structure of a putative transition state—one
can examine the evolution of both binding
energy and catalytic function (). Function-
al and structural analysis of this process can
provide insights into both the molecular
basis for the remarkable efficacy of this
combinatorial system and the mechanisms

F. E. Romesberg and P. G. Schultz, Howard Hughes
Medical Institute and the Department of Chemistry, Uni-
versity of California, Berkeley, CA 94720, USA, and Law-
rence Berkeley National Laboratory, Berkeley, CA 94720,
USA.

B. Spiller and R. C. Stevens, Lawrence Berkeley National
Laboratory, Berkeley, CA 94720, and the Department of
Chemistry, University of California, Berkeley, CA 94720,
USA.

*These authors contributed equally to this work.
FTo whom correspondence should be addressed.

www.sciencemag.org * SCIENCE « VOL. 279 « 20 MARCH 1998

by which binding energy can be used to
lower the activation energies of reactions
(1-5). We now describe one such study of
the antibody 39-A11 (6), which catalyzes a
Diels-Alder reaction, a widely used and
mechanistically well studied reaction in or-
ganic chemistry, but one that is rarely found
in biological systems. The three-dimension-
al x-ray crystal structures of the 39-All
Fab-hapten complex and of the germ-line
precursor have been determined, and the
immunological origins of this and related
antibodies have been characterized.
Antibody 39-A11 was generated to the
bicyclo[2.2.2]octene hapten 4, a mimic of
the boatlike transition state of the Diels-
Alder reaction. This antibody catalyzes the
cycloaddition reaction of diene 1 and dieno-
phile 2 to give the Diels-Alder adduct 3
(Scheme 1) (6). Structurally related haptens
have been used to generate other antibodies
that catalyze Diels-Alder reactions, suggest-
ing that this is a relatively general design
strategy (7, 8). Antibody 39-All was

cloned and expressed as a humanized chi-

20. B. Honig and A. Nicholls, Science 268, 1144 (1995).

21. T. Thuren et al., Biochemistry 23, 5129 (1984).

22. M. K. Jain, B.-Z. Yu, J. Rogers, G. N. Ranadive, O.
Berg, Biochemistry 30, 7306 (1991); B.-Z. Yu et &/,
ibid. 36, 3870 (1997).

23. F. Ghomashchi et al., ibid., in press.

24, N. Din et al., Mol. Microbiol. 11, 747 (1994).
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Merritt and D. J. Bacon, Methods Enzymol. 277, 505
(1997).
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meric Fab (9), and the structure of the
complex of the recombinant 39-A11 Fab
fragment and hapten 4 was determined at
2.4 A resolution (Fig. 1 and Table 1).
Well-defined density for the hapten was
observed in the LF, — 1F_ omit map (Fig.
1). The hapten is bound in a cleft ~9 A
wide and ~12 A deep, with ~194 A? of the
hapten surface (79% of the total solvent-
accessible surface excluding the linker arm)
buried within the Fab. There are 89 van der
Waals interactions and two hydrogen bonds
between the hapten and antibody, with
most of these contacting the heavy chain.
The bicyclo[2.2.2]octene moiety of hapten
4, which corresponds to the cyclic 4+2 =
electron system of the transition state, is
buried in a hydrophobic pocket, free of
solvation. The walls of this cavity consist of
the side chains of residues Phe'%% [anti-
body nomenclature described in (20)],
Asnt35, TrpH*7, Vall91 Prol%, GlyH3,
Trpt*°, Alat?®®, and Arg!!*® (where H and
L represent heavy and light chains of the
antibody, respectively). The carbonyl oxy-
gen of the carbamate moiety at the bridge-
head position of 4 (the CI substituent in
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the diene) is hydrogen-bonded through a
water molecule to Nel of Trpt*°. The suc-
cinimido moiety of 4, which corresponds to
the maleimide group of the dienophile, is
involved in a m-stacking interaction with
Trpt®°. The N-phenyl substituent is packed
against the backbone of residues Gly?3 and
Glu'™® and the methylene groups of
Argt®?. The succinimido carbonyl group
anti to the carbamate moiety of 4 is hydro-
gen-bonded to the side chain amide of
Asnt®5, which is oriented by a hydrogen
bond between the carboxamide oxygen and
the side chain of Trpt%’.

The =x-ray crystal structure of the
Fab-hapten 4 complex suggests that antibody
39-A11 binds the diene and dienophile in a
reactive orientation and reduces translation-
al and rotational degrees of freedom (10,
11). The dienophile is oriented by hydrogen-
bonding and r-stacking interactions with
the maleimide ring. The diene is bound in a

Val L27¢
L

hydrophobic pocket in close proximity to
the dienophile, with the position of the car-
bamate substituent fixed by a water-mediat-
ed hydrogen bond to Trpt*° (Fig. 1). Al-
though the carbon-carbon bond lengths of
bicyclo[2.2.2]octene are shorter than those
that would be present in either a synchro-
nous or nonsynchronous transition state, it
appears that both transition states can be
accommodated in the active site. In addition
to promixity effects, the energetics of the
antibody-catalyzed reaction may be influ-
enced by a hydrogen bond between the side
chain carboxamide group of Asn'3> and the
maleimide group. This interaction should
render the olefin more electron deficient
and, as a result, a more reactive dienophile
(Fig. 1) (12). In the instance of an asymmet-
ric dienophile, containing only one electron-
withdrawing carbonyl group, this interaction
might be expected to enhance the formation
of the disfavored regioisomer of the Diels-

Fig. 1. (Left) Ribbon superposition of the variable regions of the germ-line Fab without hapten (purple)
and the mature Fab+hapten 4 complex (red). The side chains of the somatic mutation sites are indicated
for the germ-line and mature antibodies: Val-?7—{eu and Ser-®'—Val. (Right) Close-up view of the
Diels-Alder 33-A11 active site with the transition state analog bound to the mature form of the antibody.
The mature antibody is shown in red, and the germ-line antibody without hapten in purple. No significant
differences are apparent between the two structures. The hapten molecule is shown with carbon atoms
in green, oxygen in red, and nitrogen atoms in blue. (Bottom) Stereoview of the 1F, — 1F electron
density surrounding the transition state analog (F, and F_ are the observed and calculated structure

factors, respectively).
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Alder adduct.

The structure of the 39-All‘hapten 4
complex provides an explanation for the
~1000 times greater binding affinity of 39-
All for hapten 4 than for product 3. Con-
formational constraints imposed by the
[2.2.2)-bicyclic framework lock the cyclo-
hexene ring of the hapten into a boatlike
geometry distinct from that of the product.
These constraints result in less favorable
van der Waals and hydrogen-bonding inter-
actions between active site residues and
substituents on product 3 than between
active site residues and hapten 4, for exam-
ple, the water-mediated hydrogen bond be-
tween Trp°° and the carbamate moiety of
the linker. The crystal structure also sug-
gests that mutation of the active site resi-
dues Pro®® and Val'! in 39-All to resi-
dues with increased hydrophobic surface
area might lead to an increase in rate as a
result of improved packing interactions
with the kinetically favored endo transition
state (the structure of hapten 4 accommo-
dates both endo and exo transition states).
Indeed, three out of six site-directed muta-
tions of these residues (Val"®! to Tyr, and
Pro®¢ to Phe or Tyr) were associated with
about 5- to 10-fold increases in the catalytic
rate constant (k_,).

The structure of antibody 39-A11 can be
compared with those of other proteins that
catalyze pericyclic reactions. In the case of
the antibody 1F7 (5) and the Bacillus subtilis
(13), Escherichia coli (14), and yeast (15)
chorismate mutases, which catalyze the
Claisen rearrangement of chorismate to
prephenate, the protein also appears to or-
ganize the substrate into a reactive confor-
mation by a network of hydrogen-bonding
and van der Waals interactions (10, 11). In
the enzyme active sites, there are also hy-
drogen bonds to the enol ether oxygen of
chorismate, which have been postulated to
stabilize the developing charge at this cen-
ter in the transition state (16). Nuclear
magnetic resonance and x-ray crystallo-
graphic analyses of monoclonal antibody
AZ-18, which catalyzes a related pericyclic
rearrangement (oxy-Cope), indicate that
this antibody also stabilizes the conforma-
tionally restricted cyclic transition state (3).
In addition, AZ-28 may increase the reac-
tion rate by enhancing the extent of elec-
tron density on the hydroxyl substituent of
the substrate through hydrogen-bonding in- -
teractions. Thus, it appears that catalysis of
these pericyclic transformations involves
both restriction of rotational and transla-
tion entropy in the substrate as well as
hydrogen-bonding interactions that modu-
late electron densities on key substituents
in the transition state.

Analysis of the germ-line precursor to
antibody 39-A11 provides an opportunity
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to examine the evolution of this biological
catalyst in a combinatorial system that
reflects features of the natural evolution-
ary process. The V| gene for 39-All ex-
hibits three nucleotide differences (one of
which is silent) relative to its germ-line
precursor V 1A (Fig. 2) (17); the V region
is joined in frame to ] 1, resulting in a
proline at junctional position 96. The V,
gene differs by one nucleotide (which is
silent) from its germ-line precursor VMS9,
a member of the VGAM3.8 V; family
(18). There may also be one difference in
the last codon of the gene, but this nucle-
otide is likely not encoded by the variable
region and therefore probably does not
represent a somatic mutation; D region
DSP2.2 (19) and J;;4 (20) genes were used
in unmutated form (Fig. 2). This analysis
indicates that affinity maturation of anti-
body 39-A11 results in only two somatic
mutations: a Val—Leu substitution at po-
sition 27c in CDRLI], and a Ser—Val
substitution at position 91 in CDRL3. The
functional consequences of affinity matu-
ration on binding affinity and cartalysis
were determined by expressing and char-
acterizing the germ-line antibody as well
as the individual somatic mutants. The
dissociation constant (K,) of the germ-
line antibody for hapten 4 is 379 = 16 nM
(21). The two somatic mutations result in
a 40-fold increase in binding affinity (K
= 10 %= 0.3 nM) of the mature antibody
39-A11 for hapten 4, with virtually all of
this increase associated with the somatic
mutation at position L91. The effects of
the somatic mutations on k_, and the
Michaelis constant (K ) parallel their ef-
fects on binding affinity. The k_,, K_(1),

cat? m

and K _(2) values for the recombinant Fab
39-A11 are 0.67 s7!, 1200 uM, and 740
wM, respectively, whereas the correspond-
ing values for the germ-line antibody are
0.17 571, 1400 uM, and 450 wM (21). The
effects of affinity maturation on catalysis,
which are reflected primarily in the values
of k_,, and K_(1), again result largely from
the Ser?!— Val somatic mutation.

To probe the structural consequences
of affinity maturation, we determined the
three-dimensional structure of the germ-
line antibody Fab at 2.1 A resolution (Fig.
1 and Table 1). The structures of the
unliganded germ-line antibody and the
39-All-hapten complex are very similar.
The root-mean-square deviations for the
Ca positions of Vi; and V| are 0.45 and
0.51, respectively; the overall deviation
for the variable domain Ca positions is
0.71. The only relatively large structural
change is in the position of the poorly
defined side chain of PheM®?, which is
distant from the active site. Smaller dif-
ferences are apparent at the site of the

www.sciencemag.org * SCIENCE » VOL. 279 20 MARCH 1998

Ser"®!—Val somatic mutation (the dis-
tance from Val®! to the unsubstituted
bridgehead carbon of 4 is 4 A) and the
nearby residue His"**. Nonetheless, a
comparison of the two structures indicates
that neither somatic mutation nor ligand
binding results in substantial structural or
conformational changes in the active site.

Thus, the affinity maturation of antibody
39-Al1 presents an opportunity to examine
a solution to the problem of molecular rec-
ognition markedly different from that in-
volving the esterolytic antibody 48G7,

which we previously described (2). In the
latter instance, nine somatic mutations,
none directly contacting the hapten, con-
tribute additively to the 30,000-fold increase
in affinity for the nitrophenyl phosphonate
transition state analog (K; = 4 nM). Struc-
tural changes occur on binding of hapten to
the germ-line antibody that result in en-
hanced antibody-hapten complementarity.
These structural changes were further opti-
mized by affinity maturation, resulting in
“lock and key binding” of hapten to the
mature antibody. In contrast, the germ-line

Table 1. Data collection and refinement statistics for the mature (with hapten) and germ-line (without

hapten) Fabs (37).

[tem Mature Germ line
Space group R P2,2,2, c2
Unit cell dimensions (A) a=169.3 a = 158.9
b =96.8 b =493
c=1727 c=1450
. B =108.7°
Refinement resolution (A) 20.0-2.4 20.0-2.1
Ohbservations (n) 243,063 423,134
Unique reflections (n) 44,113 62,308
Rgym (7 (%) 4.7 4.5
Ryt 1%) 21.1 22.9
Rioct (%) 29.1 29.2
Root-mean-square deviation
Bond lengths (A) 0.007 0.008
Bond angles (degrees) 1.351 1.383
Completeness to refined resolution 99.5 (99.8)§ 98.5 (95.4)§
Reym = 100 X 3,31, —1,/3,3 11, for the intensity / of / observations of reflection £. /, is the mean intensity of the
reflection.  1Rgye = 100 X SIF o = Fopie | /3| Fopsl, where F o and F ., are the observed and calculated

structure factors, respectively.
data excluded from refinement.

V1A
39-A11

#R,e s the same as R factor, but is calculated from the 10% of the reflection
§Highest resolution bin given in parentheses.

CDRL1
DVVMIQTPLSLPVSLGDQASTSC RSSQSLVHSNGNTYLH WYLQKPCQSPKLLIY

DB3
TE33

V1A

39-A11
DB3

TE33

VMS9
39-A11

DB3
TE33

VMS9
39-A11

REAFSLETSASTAYLQINNLKNEDTATYFC

DB3 E

TE33

VQ AERLRRTFDY WGAGTIVIVSS

Fig. 2. Seguences of the V|, and V, regions of the structurally related antibodies 39-A11, DB3, and
TES3, and of the germ-line precursors VMS@ and V_1A, respectively. V, 1A and VMS9 were identified as
likely V_and V,, germ-line candidates, respectively, through a homology search of the Kabat database
(20). On the basis of their published sequences, 5’ PCR primers were designed to anneal to upstream

untranslated DNA of the V_1A and VMS9 genes.

PCR amplification with 39-A11 hybridoma DNA as

template in conjunction with 3’ light and heavy J region-specific primers yielded several clones of both
chains, which were then sequenced. In each instance, the flanking regions were shown to be identical
to the published V1A and VMS9 sequences over a region of hybridoma DNA sufficiently large to identify
the rearranged gene (~500 and 400 nucleotides for the light and heavy chain genes, respectively).
Abbreviations for the amino acid residues are: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; |, lle;
K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, GIn; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and Y, Tyr. Dashes
represent residues identical to the corresponding V 1A or VMS9 sequence.
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Fig. 3. Structures of ligands used in binding assays with 39-A11 and its germ-line precursor.

precursor to antibody 39-A11 appears to be a
better start point—only one somatic muta-
tion in the combining site is required to bind
hapten with an affinity similar to that of
48G7. This difference may be a consequence
of the hydrophobic nature of hapten 4; al-
ternatively, antibody 39-All may have
evolved from a relatively polyspecific com-
bining site that was selected in the germ-line
repertoire for its ability to bind a structurally
diverse array of antigens. Therefore, we as-
sayed binding of both 39-A11 and its germ-
_ line precursor to a panel of chemically de-
fined, structurally diverse haptens conjugat-
ed to bovine serum albumin (BSA) (Table 2
and Fig. 3).

Both antibodies bind nine haptens
containing a broad range of hydrogen-
bonding, charged, and hydrophobic groups
[in contrast, the nitrophenyl phospho-
nate—specific antibody 48G7 showed no
cross-reactivity when screened against the
same panel of hapten-BSA conjugates
(2)]. Comparison of these affinities with
those for hapten 4 provides a measure of
the polyspecificity. The germ-line precur-
sor of 39-A11 shows affinities for haptens
A through 1 that are roughly within an

Table 2. Dissociation constants for the binding
of ligands to antibody 39-A11 and its germ-line
precursor.

Kq (BM)
Ligand
Germ line 39-A11
4* 0.379 = 0.016 0.010 = 0.003
A 3.10 = 0.01 5.02 + 0.07
B* 2.4 = 0.01 4902
(o 7906 8412
D* 0.40 = 0.01 0.40 = 0.01
Et 5 5
Ft 20 20
Gt 10 10
HY 10 10
I 0.10 = 0.01 0.11 = 0.02

*Determined by fluorescence quenching (27). 1De-
termined by enzyme-linked immunosorbent assay (32).

1932

order of magnitude to that for its own
hapten 4, whereas the affinity of 39-A11
for hapten 4 is up to 1000 times those for
haptens A through I. These results suggest
that the germ line-encoded antibody is
polyspecific and can be selected for clonal
expansion and subsequent affinity matura-
tion by a wide variety of antigens, includ-
ing those shown in Fig. 3. This polyspeci-
ficity may be general to several germ line—
encoded antibodies and may have been
selected for by the immune system to pro-
vide a mechanism for rapid generation of
antibodies of moderate to high affinity for
a broad range of antigens.

Three other antibodies (22-24) that
were clonally selected on the basis of their
intrinsic affinities for markedly different li-
gands use V; and V| chains highly homol-
ogous to those of 39-A11. Antibodies DB3
(22), TE33 (23), and IE9 (24) were raised
against progesterone, a 16—amino acid pep-
tide, and a hexachloronorbornene deriva-
tive, respectively. The three-dimensional

crystal structures of DB3 (22) and TE33

Fig. 4. Superposition of the CDRL3 and CDRH3
loops of antibodies DB3, TE33, and 39-A11 with
bound steroid (green), peptide (blue), and hapten
4 (purple), respectively. TrpH°, Asn/Ser*35, and
Trp/AraH1%0 gre also shown.

RRRRR R

(23) have been solved and, together with
the structure of 39-A1l, make possible a
detailed structural analysis of how an anti-
body of limited diversity is able to bind a
variety of structurally distinct antigens (Fig.
4). Antibody DB3 is specific for progester-
one and most likely comprises V, 1A, ] 1,
VMS9, and J,;4 (25); it also shows cross-
reactivity with various structurally related
progesterone analogs (26). Both DB3 and
IE9 show some cross-reactivity (24). Anti-
body TE33 is specific for the cholera toxin
peptide VEVPGSQHIDSQKKA, and most
likely comprises V,1C, ], 4, V264 (a mem-
ber of the VGAM3.8 family), and J,;1 (27).
Most of the differences in sequence among
these antibodies are located in CDRH3 and
are not germ line—encoded (Fig. 2). All
three antibodies use a light chain variable
region encoded by the V1 gene, which is
common to a relatively large population of
antibodies that bind a large number of an-
tigens including proteins, DNA, steroids,
peptides, and small haptens (17).

The combining sites of 39-A11, DB3,
and TE33 present a large, highly conserved
binding surface formed predominantly by
the CDRL1, CDRL3, and CDRH3 hyper-
variable loops; the CDRH3 and CDRL3
loops together with Trpt®® form a deep
hydrophobic binding pocket (Fig. 4). A
more shallow region of the binding pocket
is dominated by V| contacts, with CDRL3
providing the floor and CDRLI1 bordering
the pocket. In antibodies DB3 and 39-A11,
Trpt>© and residue H100 in the CDRH3
loop sandwich the hapten, providing criti-
cal hydrogen-bonding or hydrophobic con-
tacts that define opposite walls of the deep
binding pocket—Trp!® in DB3 packs
with the central nonpolar region of the
steroid, and Argt!'® and Trpt*® in 39-A11
provide key hydrophobic and hydrogen-
bonding interactions with hapten 4. In
these same two antibodies, the amide side
chain of Asn!'?*® at the bottom of the bind-
ing pocket is positioned to donate a key
hydrogen bond to the ligand. The con-
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served length of CDRH3 and the conserved
residue in position H100 result from anti-
gen-driven selection during recombination.
The length of the CDRH3 loop of 1E9 is
also conserved, and this antibody contains
arginine at position H100. A similar com-
bining site is used by TE33 to bind its
peptide antigen. Four NH,-terminal resi-
dues of the peptide form a critical portion of
an antiparallel 8 turn that is buried in the
binding pocket. These residues are oriented
in the same manner as are hapten 4 and
progesterone in their respective binding
pockets (Fig. 4). Again, the indole side
chain of Trpt® plays a prominent role by
packing against Gly® of the peptide. How-
ever, TE33 has a shorter CDRH3 loop {only
seven amino acids), allowing the COOH-
terminus of the peptide to exit the binding
pocket.

Structural analysis of the esterolytic anti-
body 48G7 and its germ-line precursor sug-
gested that, in addition to sequence diversi-
ty, conformational diversity intrinsic to some
germline antibodies may contribute to the
ability of the germ-line repertoire to bind
such a wide array of chemical structures (2).
The above structural analysis suggests that
another important mechanism may involve
the selection through evolution of a set of
germ-line antibodies that are polyspecific—a
feature shared by the major histocompatibil-
ity complex molecules, which bind many
diverse peptides in the cellular immune re-
sponse (28). Germ-line gene duplication
may have created sets of closely related genes
(V.1 and VGAM3.8) whose products con-
tain subtle, but mechanistically important,
amino acid differences that, in conjunction
with CDRH3 loop diversity, may allow pre-
sentation of several variations of the com-
bining site. This combining site may have
been selected during evolution as an optimal
start point for rapid evolution of high-affin-
ity, specific combining sites for a broad range
of structures through a limited number of
somatic mutations (these mutations may also
remove interactions with idiotypic antibod-
ies that regulate self recognition). Thus, the
immune system likely relies on a variety of
strategies, including conformational diversi-
ty and polyspecificity, in addition to somatic
processes, to solve the problem of molecular
recognition.
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(NH,),80,, and 10 mM CdSO,,. Crystals (0.6 mm
by 0.6 mm by 0.2 mm) were grown by hanging
drop vapor diffusion at 4°C from 2 ul of mother
liquor and 2 ! of protein solution (12 mg/ml) with
stoichiometric hapten in 10 mM tris (pH 8.0), 100
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Enzyme-linked immunosorbent assay plates were
coated with 100 wl of hapten-BSA conjugate (10
wg/ml) in phosphate-buffered saline and incubated
overnight at 4°C. Plates were washed, blocked
(with phosphate-buffered saline containing 1%
BSA and 0.05% Tween 20), and washed again.
They were then incubated with 100 wl of 100 nM
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