
the membrane IS of ~ n f ~ n ~ t e  extent, The Euer angles 
and proten-me~brane d~stance have errors of less 
than 10" and 2 A, respect~vey, as glven by the stan- 
dard error of propagat~on for nonilnear least squares 
algor~thms, The data for 78C-s  were not Included n 
the f ~ t  because they are clearly anomalous (Table 1). 
Because ths  mutant has only 7% of the enzymatc 
act~v~ty of the w d  type EPR data are not useful. All 
f~t tng was done w~ th  MATLAB (Mathworks, Cam- 
br~dge, MA). 

18. Because the Crox-ntroxde spn  exchange happens 
as fast as Crox d~ffuses to the n~trox~de (9), the pos- 
sb l~ t y  that the presence of the membrane slows the 
raieof spln reaxaton by sowng  the rate of dlffuson- 
Im~ted Crox-ntrox~de encoLlnters was also consd- 
ered, but the cacuaton (avaabe from the authors 
on request) shows thatedlffusona effects only occur 
f the membrane IS <3 Afrom the spln label, and thus 
dffus~onal effects are no: respons~be for the dev~a- 

tlon of @ from unlty measured when the spn  label 1s 
tens of angstroms away from the membrane. 

19. The electrostat~c potent~als for bvPLA, bound to 
DTPM vescles (1,.,) as lndcated In Fig. 1 and for 
the prote~n ($,)and membrane ($,) were calculated 
as prev~ously descr~bed [N Ben-Tal, B. Hong, R. M. 
Pe~izsch, G. Den~sov, S. Mciaughln,Biophys. J. 71, 
561 (1996)l. Each leaflet of the membrane b~layer 
conssted of 360 hexagonally packed DTPM p d s ,  
and t was assumed that C a 2  and one DTPM were 
bound n the enzyme's actlve slte. For each spn  
label, the potent~al values In the aqueous phase w~th-  
In 5 ,&of the ntrox~de ntrogen were used to calculate 
the average potent~al d~fference (di,., - 1, - di,). 
The cac~~ la ted  potentla diierences (resd~ie and av- 
erage = SD n m~ll~volts) are: 2, -26 = 15; 13, -7 
2 5 ,  1 4 , 1 6 1  10; 1 5 , 6 1 8 : 2 3 ,  - 1 2 ? 6 ; 2 4 ,  
- 9 = 3 ; 5 l  - 2 ? 3 ; 5 3 , 0 ?  1 ; 6 6 , 3 1  1 ;78,  - 9  
I 3; 85, 6 2; and 92, - 3  ? 1. 

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

Floyd E. Romesberg,* Ben Spiller,* Peter G. Schultz,i 
Raymond C. Stevens? 

The three-dimensional structure of an antibody (39-A1 1) 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-A1 1 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. 

T h e  immune system solves the problem of 
tnolecular 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 outative transition state-one 
can examine the evolution of both binding 
energy and catalytic function (1 ). Function- 
al and structural analysis of this process can 
provide insights into both the molecular 
basis for the remarkable efficacv of this 
cornbinatorial system and the mekhanislns 

F E Romesberg and P. G. Schultz, Howard Hughes 
Medlcal lnst~tute and the Department of Chem~stry, Unl- 
verslty of Caforna, Berkeley, CA 94720, USA, and Law- 
rence Berkeley Natona Laboratory, Berkeley, CA94720, 
USA. 

by which binding energy: can be used to 
lower the activation energies of reactions 
(1-5). We now describe one such s t ~ ~ d y  of 
the antibody 39-All  (6) ,  nhich 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-dit11ensio11- 
a1 x-ray crystal structures of the 39-All  
Fabehapten complex and of the germ-line 
precursor have been determined, and the 
irnrnunological origins of this and related 
antibodies have been characterized. 

Antibody 39-All 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 I and dieno- 
phile 2 to give the Diels-Alder adduct 3 
(Scheme 1) (6). Structurally related haptens 

B S p e r  and R. C Stevens, Lawrence Berkeley Natona llalre been to generate other antibodies 
Laboratory, Berkeley, CA 94720, and the Department of catalyze ~ ~ ~ l ~ - ~ l d ~ ~  reactions, suggest- Chemistry Unlvers~ty of Caforn~a, Berkeley, CA 94720, 
USA. ing that this is a relatively general design 

"These authors contr~buted equally to t hs  work. strategy (7, 8). Antibody 39-A1 1 was 
+To whom correspondence should be addressed. cloned and expressed as a humanized chi- 
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21 . T. Thuren eta/., Biochemistry 23, 51 29 (1 984). 
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ibid. 36, 3870 (1997). 
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26. Ths work was suppoded by N H  grants HL36235 
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v~ronmenta Health P30 ES07033 (B.H.R.). D.M. s a 
Helen Hay Vllh~tney Postdoctoral Fellow. We are 
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rneric Fab (9),  and the structure of the 
complex of the recombinant 39-Al l  Fab 
f r a g ~ ~ e n t  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 IFo - IFL omit map (Fig. 
1). The haptea is bound in a clett -9 A 
wide and - 12 A deep, wit11 - 194 A2 of the 
hapten surface (79Oh 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 .rr 
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 PheH1"" [anti- 
body nomenclature described in (20)], 
~ ~ ~ H 3 5  , TrpH4", ValL"', GlyH33, 

TryH5', AlaH9', and ArgH1" ((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 C1 substituent in 

Scheme 1 
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the diene) is hydrogen-bonded through a 
water molecule to Nel of TrpH50. The suc- 
cinimido moiety of 4, which corresponds to 
the maleimide group of the dienophile, is 
involved in a T-stacking interaction with 
TrpH50. The N-phenyl substituent is packed 
against the backbone of residues GlyH33 and 
G ~ u ~ ~ ~  and the methylene groups of 
ArgH97. The succinimido carbonyl group 
anti to the carbamate moiety of 4 is hydro- 
gen-bonded to the side chain amide of 
 AS^^'^, which is oriented by a hydrogen 
bond between the carboxamide oxygen and 
the side chain of T ~ D ~ ~ ~ .  

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 TrpHSO (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 
antibodv-catalvzed' reaction mav be influ- 
enced by a hydrogen bond betwden the side 
chain carboxamide erouD of and the u L 

The x-ray crystal structure of the maleimide group. This interaction should 
Fab-hapten 4 complex suggests that antibody render the olefin more electron deficient 
39-A1 1 binds the diene and dienophile in a and, as a result, a more reactive dienophile 
reactive orientation and reduces translation- (Fie. 1) (1 2). In the instance of an asvmmet- . - . .  , 

a1 and rotational degrees of freedom (1 0, ric dienophile, containing only one electron- 
1 1 ). The dienophile is oriented by hydrogen- withdrawing carbonyl group,' this interaction 
bonding and T-stacking interactions with might be expected to enhance the formation 
the maleimide ring. The diene is bound in a of the disfavored regioisomer of the Diels- 

m I 
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: Val127C+Leu and Serlgl+Val. (Right) Close-up view of the 
Diels-Alder 39-A1 1 active site with the transition state analoa bound to the mature form of the antibodv. 
The mature antibody is shown in red, and the germ-line antil;bdy without hapten in purple. No significaAt 
differences are awwarent between the two structures. The hawten molecule is shown with carbon atoms . . 
in green, oxygen in red, and nitrogen atoms in blue. (~ottorn) Stereoview of the 1 Fo - 1 Fc electron 
density surrounding the transition state analog (Fo 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- 
A1 1 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 h a ~ t e n  4. for exam- - ,  

ple, the water-mediated hydrogen bond be- 
tween TmH50 and the carbamate moietv of 
the linker. The crystal structure also sug- 
gests that mutation of the active site resi- 
dues ProL96 and ValL9' in 39-All to resi- 
dues with increased hvdro~hobic 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 (ValL9' to Tyr, and 
ProL96 to Phe or Tyr) were associated with 
about 5- to 10-fold increases in the catalvtic 
rate constant (kc,,). 

The structure of antibodv 39-A1 1 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 (Id), and yeast (1 5) 
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 enzvme active sites. there are also hv- 
drogen bonds to the en01 ether oxygen of 
chorismate. which have been ~ostulated to 
stabilize thk developing charge at this cen- 
ter in the transition state (16). Nuclear . . 
magnetic resonance and x-ray crystallo- 
graphic analyses of monoclonal antibody 
AZ-28, which catalyzes a related pericyclic 
rearrangement (oxy-Cope), indicate that 
this antibody also stabilizes the confonna- 
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-A1 1 provides an opportunity 



to examine the evolution of this biological 
catalpst in a co~nbinatorial system that 
reflects features of the natural evolution- 
ary process. The  VL gene for 39-A11 ex- 
hibits three nucleotide differences (one of 
tvhich is silent) relative to its germ-line 
precursor V , l A  (Fig. 2) (1 7); the V region 
is joined in frame to JK1,  resulting in a 
proline at junctional position 96. The  V, 
gene differs by one nucleotide (which 1s 
silent) from its germ-line precursor VMS9, 
a ~neinber 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 (1 9 )  and JH4 (20)  genes were used 
in un~nutated form (Fig. 2) .  This analysis 
indicates that affinity maturation of anti- 
bodp 39-A11 results in only two solnatlc 
mutations: a V a l b L e u  substltutlon at po- 
sition 27c in CDRL1, and a S e r b V a l  
substitution at position 91 in CDRL3. T h e  
functional consequences of affinity matu- 
ration on  binding affinity and catalysis 
were determined by expressing and char- 
acteri?lng the germ-line antibody as well 
as the individual somatic mutants. The  
dissociation constant (Kd) of the germ- 
line antibody for hapten 4 is 379 i 16 n M  
(21 ). T h e  two somatic lnutations result in 
a 40-fold increase in blnding affinity (KL, 
= 10 i 0.3 nivl) of the lnature antibody 
3 9 - A l l  for hapten 4, with virtually all of 
this increase associated with the somatic 
~nuta t ion  at position L91. The  effects of 
the somatic mutations on kc,, and the 
Michaelis constant (K,,,) parallel their ef- 
fects on  binding affinity. T h e  ic ,,,, K,,,(l), 
and K,,,(2) values for the recoinbinant Fah 
3 9 - A l l  are 0.67 s-', 1200 p M ,  and 740 
p M ,  respectively, whereas the correspond- 
ing values for the germ-line antibody are 
0.17 s- ' ,  1400 ph l ,  and 450 p M  (21). The  
effects of affinity lllaturation on  catalysis, 
which are reflected pri~llarily in the values 
of k cc,, and K,,,( I ) ,  again result largely from 
the SerL"+Val somatic mutation. 

T o  probe the structural consequences 
of affinity maturation, we deterinined the 
three-dimensional structyre of the germ- 
line antibody Fab at 2.1 A resolution (Fig. 
1 and Table 1 ) .  T h e  structures of the 
unliganded germ-line antibody and the 
39-A1 1.hapten complex are very similar. 
The  root-mean-square deviations for the 
Coc positions of VH and V12 are 0.45 and 
3.51, respectively; the overall deviation 
for the variable do~nai l l  Ca positions is 
0.71. The  only relatively large structural 
change is in the position of the poorly 
defined side chain of PheLS', which is 
ciistant from the active site. Snlaller ilif- 
ferences are apparent a t  the site of the 

SerL"l +Val soruatic mutation ( the  dis- 
tance from ValL" to the ugsubstituted 
bridgehead carbon of 4 is 4 A )  and the 
nearby residue HisL3'. Nonetheless, a 
co~nparison of the two structures indicates 
that neither somatic ~llutation nor ligand 
binding results 111 substantial structural or 
conforlnational changes in the active site. 

Thus, the affinity maturation of antibody 
39-A1 1 presents an opportunity to exallllne 
a solution to the problem of inolecular rec- 
ognltion 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 llitrophenpl phosphonate 
transition state analog (Kc, = 4 nivl). Struc- 
tural changes occur on binding of hapten to 
the germline antibody that result In en- 
hanced antibody-hapten complementarity. 
These structural changes were further opti- 
llllzed by affinity maturation, res~~lting in 
"lock and key binding" of hapten to the 
mature antibody. In contrast, the germ-line 

Table 1. Data collection and refnement statstcs for the mature (with hapten) and germ-ine (w~thout 
hapten) Fabs (37). 

Item Mature Germ n e  

Space group 
U n ~ t  cell dimensions (A) 

Refinement resouton (k) 
Obsewations in) 
Unique refect~ons (n) 
R,,,,, !I)* (90) 

RCilSt7 (90) 
R-,ee+ (Yo) 
Root-mean-sauare dev~ation 

Bond lengths (A) 
Bond angles (degrees) 

Completeness to reined resolution 

'R- . = 100 x Z,7Z,I,7, - 1,7!I ,7Z, l ,7,  for the ntenslty I of I observatons of refecton h I ,  IS the mean ntens~ty of the 
ref%&tion, +R ,,,, = 100 X Z IF,,, - F ,,,, 12 F,,, , where Fobs and F ,,,. are the observed and calculated 
structure factors, respectvely "R.,,, s the same as R factol- but is calculated from the 109; of the refecton 
data excluded from refnement. SHghest resout on bin gven n parentheses. 

Fig. 2. Sequences of the V, and VL regons of the structurally related antibodies 39-A1 I .  DB3 and 
TE33, and of the germ-ine precursors VMS9 and V,<IA. respectvely. V<IAand VMS9 were dentfied as 
kely V, and V, germ-ne candidates, respectively through a homology search of the Kabat database 
(20). On the basis of their published sequences. 5' PCR prmers were designed to anneal to upstream 
untranslated DNA of the V K I A  and VMS9 genes. PCR ampf~cation w~th 39-A1 1 hybridoma DNA as 
template in conjunction w~th 3' Ight and heavy J region-specific prmers yelded several clones of both 
chains, which were then sequenced, In each instance the flanking reglons were shown to be identcal 
to the published VK1 A and VMS9 sequences over a region of hybr~doma DNA suffciently large to identib 
the rearranged gene (-500 and 400 nucleotides for the light and heavy chain genes, respectively). 
Abbrevatons forthe amino acd resdues are: A. Aa; C, Cys; D, Asp; E, Gu; F, Phe; G,  Gly; H ,  His: I ,  Ie: 
K, Lys; L,  Leu, M ,  Met, N,  Asn; P, Pro Q, Gln; R ,  Arg; S ,  Ser; T, Thr; V, Val; W, Trp' and Y, Tyr. Dashes 
represent residues Identical to the corresponding V,<lA 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 
4807. 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 4807 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 I that are roughly within an 

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

K* (cLM) 
Ligand 

Germ line 39-A11 

'Determined by fluorescence quenching (21). tDe- 
terrnined by enzyme-linked immunosorbent assay (32). 

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 bv the immune svstem to Dro- 
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-All. Antibodies DB3 
(22), TE33 (23), and IE9 (24) were raised 
against progesterone, a 16-amino acid pep- 
tide. and a hexachloronorbomene 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. TrpH50, A ~ n / S e p ~ ~ ,  and 
Trp/ArzHlo0 are also shown. 

(23) have been solved and, together with 
the structure of 39-All, 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 VKIA, JK1, 
VMS9, and JH4 (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,lC, JK4, V264 (a mem- 
ber of the VGAM3.8 family), and JH1 (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 VK1 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-All, DB3, 
and TE33 present a large, highly conserved 
binding surface formed predominantly by 
the CDRLl, CDRL3, and CDRH3 hyper- 
variable loops; the CDRH3 and CDRL3 
loops together with TrpH50 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 CDRLl bordering 
the pocket. In antibodies DB3 and 39-All, 
TrpH50 and residue HlOO 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-TrpH'OO in DB3 packs 
with the central nonpolar region of the 
steroid, and ArgH'O0 and TrpH50 in 39-A11 
provide key hydrophobic and hydrogen- 
bonding interactions with hapten 4. In 
these same two antibodies, the amide side 
chain of AsnH35 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 HlOO result from anti- 
gen-driven selection during recombination. 
T h e  length of the  C D R H 3  loon of IE9 is u 

also conserved, and this antibody contains 
arginine at position HlOO. '4 sinlilar corn- 
bining site is used by TE33 to  bind its 
peptide antigen. Four NH2-terminal resi- 
dues of the  peptide form a critical portion of 
an  antiparallel P 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 s ~ d e  
chain of TrpH'C plays a prominent role by 
packing against Gly5 of the  peptide. H o w  
ever, TE3 3 has a shorter CDRH3 loop (only 
seven amino acids), allowinr the  COOH- 

u 

terlni~lus of the  peptide to exit the  binding 
pocket. 

Structural analvsis of the esterolvtic anti- 
boiiy 48G7 and its germ-line precursor sug- 
gested that, in addition to sequence diversi- 
ty, collfor~national diversity intrinsic to some 
ger~nline antibodies may contribute to the 
ability of the  germ-line renertoire to bind 
such a wide arGy of chernic'al etructures (2).  
T h e  above structural analysis suggests that 
another important mechanism may invol\7e 
the  selection through evolution of a set of 
germ-line antibodies that are polyspeciiic-a 
feature shared by the major histocompatihil- 
itv colnulex molecules, which bind lnanv 
d;verse ieptides in the cellular ilnlnune re: 
sponse (23).  Germ-line gene duplication 
may have created sets of closely related genes 
(V,l and VGhh43.8)  whose products con- 
tain subtle. but lnechanisticallv imnortant. , L 

amino acid differences that,  in conjunction 
m-ith CDRH3 loop diversity, may allo~v pre- 
sentation of several variations of the com- 
hi~llng site. This co~nbining site may have 
been selected during evolutioll as an  optnnal 
start point for rapid evolution of high-affin- 
ity, specific combining sites for a broad range 
of structures through a litnited ~lulnber of 
somatic  nuta at ions (these mutations may also 
remove interactio~ls m-ith idiotypic antibod- 
ies that regulate self recognition). Thus, the 
nnlnune svstetn l~kelv relies o n  a varietv of 
strategies, illcluding conforlnatiollal diversi- 
ty and polyspecificity, in additlon to  somatic 
processes, to solve the problem of molecular 
recognition. 
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