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Evolution of Shape 
Complementarity and Catalytic 

Efficiency from a Primordial 
Antibody Template 

proteolytic digestion of the murine irnmuno- 
globulin G1 (IgG1) (12), and the crystal 
structure of its complex with 6 was deter- 
mined to 1.9 A  able 1). The rigid hexachlo- 
ronorbomene portion of the hapten was clear- 
ly evident in the initial F' - F' omit map 
(Fig. 2). The hapten binds edge on in a hy- 
drophobic pocket of complementary shape 
(Fig. 3A). Excluding the linker, 86.3% of its 
surface is buried upon binding, and the fit 

Jian Xu,'* Qiaolin Deng,' Jiangang Chensz Kendall N. Houk,' between protein and ligand is so snug that no 

Johannes Barteks3 Donald Hilvert? Ian A. ~ i l s o n '  interfacial cavities are discemable, even with 
a 1.2 A radius probe. Ligand recognition is 
achieved through 121 van der Waals contacts 

The crystal structure of an efficient Diels-Alder antibody catalyst at 1.9 ang- of the hexachloronorbomene moiety with the 
strom resolution reveals almost perfect shape complementarity with its tran- peptide backbone and the side chains of mul- 
sition state analog. Comparison with highly related progesterone and Diels- tiple aliphatic and aromatic residues (Figs. 
Alderase antibodies that arose from the same primordial germ line template 3A and 4). Notable in this regard is the 
shows the relatively subtle mutational steps that were able to evolve both .rr-stacking interaction between the succinim- 
structural complementarity and catalytic efficiency. ide group of the hapten, which corresponds to 

the maleimide substrate, and the indole ring 
Complementarity between enzyme and tran- tion state 5, product inhibition is effectively of TrpHSO. The only polar residues in the bind- 
sition state is the essence of biological catal- minimized. As judged by originally reported ing pocket are the highly conserved of 
ysis (I). The development of catalyhc anti- kcatlkUncat values in excess of 100 M (9, 1E9 the VGAM3.8 family, which donates a hydro- 
bodies, in which the microevolutionary pro- is significantly more efficient than other re- gen bond to the more deeply buried of the 
cesses of the immune system are exploited to ported Diels-Alderase antibodies (7-10) as succinimide carbonyl groups of 6, and SerLgl, 
generate immunoglobulins complementary to well as ribozyrnes selected for their ability to which is directed away &om the ligand. 
transition-state analogs (2), is a practical em- promote cycloadditions (11). Sequencing and cross-reactivity studies 
bodiment of this insight. This approach has The Fab fragment of 1E9 was prepared by (13) previously revealed 1E9 to be closely 
been particularly useful as a source of cata- 
lysts for transformations, such as Diels-Alder 4 - Fig. 1. Comparison of 
cycloadditions (3), that are rare or unknown the Diels-Alder reactions 
in nature. Because of the large body of ge- catalyzed by antibodies 

netic ies, these and systems structural also information provide an for opportunity antibod- -[%]=* 1E9 1E9, and TCTD 39-A1 1 1. reacts (A) In 
with NEM 2, via tran- 

for analyzing the evolution and mechanism of sition state 5 (in color 
catalysis by proteins (4). Here, we present a overlaid with hapten 6 
detailed structural, mechanistic, and quantum a, b in gray), to form inter- 
mechanical computational study of 1E9, the mediate 3. Elimination 

most active Diels-Alderase antibody known 

d % %--% of sulfur dioxide, which 
occurs through a simi- 

(5) to establish the origin of its catalytic lady structured, second 
efficiency. transition state, and ox- 

Antibody 1E9 was generated (5) against 8 idation g i i  4 as the fi- 
the endo hexachloronorbomene derivative 6, nal product The transi- 
a stable analog of transition state 5 for the tion state analog 6 is 

[4+2] cycloaddition between tetrachlorothio- the hapten used to raise 
antibody 1 E9. Water- 

phene dioxide (TCTD; 1) and N-ethylmale- B soluble compound 7 is 
imide (NEM; 2) (Fig. 1A). The 1E9 reaction an alternative diene sub- 
proceeds in two steps (6); the initial high- 

& -~"$b& 
strate for 1 E9, designed 

energy intermediate 3 spontaneously elimi- by consideration of the 
nates sulfur dioxide to give a product that oystal structure. (B) Ste 

readily undergoes air oxidation to form N- mid hapten 8 of another 
related antibody, DB3, 

ethyltetrachlorophthalimide 4. Because pla- 
8 and transition state nar 4 is structurally so different from transi- anolog 9 used to gen- 

erate 39-A1 1. (C) Diels- 
Alderase antibody 39- 
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related to DB3, an antibody to progesterone 
(14). This similarity apparently extends to 
several other antibodies derived from the 
same polyspecific germ line sequences, most 
notably Diels-Alder catalyst 39-A1 1, which 
was raised against a bicyclo[2.2.2]octene 
transition state analog 9 (Fig. 1, B and C) 
(15). What is striking about the 1E9.6 com- 
plex, compared with the DB3-8 (15) and 39- 
All-9 (15) structures, is the almost perfect 
shape complementarity between protein and 
ligand (Fig. 3). We have quantified shape 
complementarity by defining a gap index 
(angstroms) that represents the gap volume 
between hapten and antibody (cubic ang- 
stroms) divided by buried surface (square 
angstroms). The 1E9.6 gap index of 0.44 A is 
substantially less than those of either DB3 or 
39-A1 1 (Table 2) or other representative bi- 
ological complexes, such as enzyme-inhibitor 
(2.20 + 0.47 A) and antibody-protein com- 
plexes (3.02 + 0.8 A) (16), further under- 
scoring the remarkably tight hand-in-glove- 
like fit for 1E9 and its hapten. Molecular 
docking experiments (1 7) with 1 E9 and DB3 
suggest that noncognate ligands bind ran- 
domly in the apolar cavity, whereas the cog- 

nate hapten is oriented through a hydrogen 
bond to and adopts a single, well- 
defined binding mode similar to that in the 
crystal structure. Specificity in these systems 
appears to be conferred by a small number of 
mutations in the shared scaffold. 

The heavy and light chains of 1E9, DB3, 
and 39-A1 1 are derived from the highly re- 
stricted VGAM3.8 and VK5. 1 gene families 
(13-15). The mature 1E9 sequence differs 
from the putative germ line genes (VFMII 
and VK5. 1) by eight somatic mutations in the 
heavy chain and six in the light chain (13). Of 
the altered residues, only two (SerLS9 + Phe 
and TrpH47 + Leu) make direct contact with 
the hapten and are unique to 1 E9 (Fig. 4). The 
SerLS9 + Phe somatic mutation significantly 
improves shape complementarity between 
1E9 and 6 and eliminates a prominent cavity 
present in the 39-A1 1 and DB3 complexes 
(Fig. 3). This mutation also increases the 
hydrophobicity of the combining site, favor- 
ing binding of the apolar ligand. The substi- 
tution of framework residue TrpH47 by Leu is 
a particularly rare mutation; of 150 antibodies 
in the database, 138 have a Trp at position 
H47 (18). This change dramatically alters the 

Table 1. Data collection and refinement statistics. The Fab fragment of 1E9 was prepared by proteolytic 
digestion of intact IgC and purified by affinity chromatography on protein A and protein C columns as 
described (72). The hapten and 1E9 Fab fragment (about 22 mglml) were mixed in a 10:l molar ratio for 
crystallization. Crystals were obtained from 14% PEClOK, 100 mM imidazolium malate (pH 5.5). Data 
were collected at - 176OC with a crystal previously flash cooled in mother liquor containing 25% glycerol 
at Stanford Synchtrotron Radiation Laboratory (SSRL) beamline 9-1 with a MAR (MAR-Research) 30-cm 
area detector and processed with DENZO and SCALEPACK (30). The 1E9 structure was determined by 
molecular replacement using AMORE (37) with the DB3lprogesterone complex (74) (PDB access code 
ldbb) as the search model, yielding a correlation coefficient of 58.7 and R,,, of 40.2%. The hapten was 
built from an omit F, - F, map only after several cycles of rebuilding and refinement of the Fab. The 
complex structure was refined with the conventional residual target function followed by the maximum 
likelihood target function of XPLOR (32). Because the aliphatic side chain of the hapten is largely 
disordered, only the rigid hexachloronorbomene moiety of the hapten was refined. The hapten side chain 
was later modeled by taking into account residual unconnected electron density in the binding site, 
followed by energy minimization. The 1 E9 coordinates have been deposited in the Protein Databank (PDB 
access code lc le)  and are available immediately from wilson@scripps.edu. 

Data collection 
Space group C222, 
Unit cell a = 44.73 A, b = 132.44 A, c = 167.50 A 
Resolution 1.9 A 
Total observations 126,249 
Unique reflections 39,213 
R,, (%I* 7.0 (83.6)t 
Completeness (%) 98.5 (99.4)t 
Redundancy 3.2 
l/ul$ 14.3 (1.2)t 

Refinement 
Total residues 
Water molecules 
Nonpeptide residues 
Refinement range 
Rcwst (%I§ 
'free (%IT1 
Bond length deviation (A) 
Bond angle deviation (6) . 
Average 6 value of protein atoms (a2) 
Average 6 value of hapten (A2) 
Average 6 value of water (A2) 

shape of the binding pocket of 1E9 compared 
with DB3 and 39-All (Fig. 3). The smaller 

allows bulky TrpHSO, which is nor- 
mally in contact with TrpH47, to rotate its 
indole ring about 120" along the C"-CP bond 
(xl) toward and fill in the vacated 
space near the bottom of the pocket. While 
maintaining similar hydrophobicity, this 
TrpHSO side-chain rotation significantly deep- 
ens the active site so that the rigid and bulky 
hexachloronorbomene moiety of hapten 6 
can be better accommodated. 

The complementarity-determining region 
(CDR) H3 loops of all three antibodies are 10 
amino acids long but highly variable in se- 
quence, which reflects their origin from dif- 
ferent combinations of D and J germ line 
gene segments and different VDJ junctions 
(19). Although residues H97, H100, and 
HlOOb contribute subtly to the shape of the 
pocket (Figs. 3 and 4), the shared length and 
canonical bulged torso conformation (20) of 
H3 appear to be more significant than a spe- 
cific sequence for creating a generic binding 
site for hydrophobic haptens. 

The crystal structure of 1E9 has provided 
an important impetus for biochemical charac- 
terization of its catalytic mechanism. The low 
solubility of the diene TCTD previously pre- 
cluded a complete kinetic analysis of the 
antibody (5). By exploiting the observation 
that the bridgehead chlorine from the diene 
on the less deeply buried edge of hapten 6 is 
relatively solvent accessible (Fig. 3A), we 
have designed water-soluble dienes, such as 
thiophene dioxide 7 (21), that are good sub- 
strates for the antibody. Random, rapid equi- 

Fig. 2. Electron density for the hapten in the 
1E9 binding pocket. The F, - F, omit map 
contoured at 1.00 level is shown as a close-up 
view looking down into the antibody combining 
site. The solvent-exposed Linker of the hapten is 

*R,  = ZIFOZ - F,ZIIZFOZ. tvalues for data in outer shell of 1.9 to 1.95 A. $Signal-to-noise ratio. $R,,, not shown because'of disorder. Figure prepared 
= Go - F,IIZIF,I, where F, and F, are the observed and calculated structure factors, respectively. TR,, is calculated with QUANTA [~olecular ~imulations Inc. 
in the same manner as R,,, but from 5% of the data that were not used for refinement. (MSI)]. 
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libriurn kinetics can now be observed (22) 
with a catalytic rate constant (kcat) of 13 
min-I and Michaelis constants (K,) of 2.4 
and 29 rnM for 7 and NEM, respectively, at 
15°C. The second-order rate constant for the 
background reaction, k,,,, was found to be 
0.013 M-I min-I, giving an "effective mo- 
larity" (EM = kCaJk,,,) of 1000 M per 
binding site. Reactions with 1 are likely to be 
more efficient still, because it is processed 
three to four times more rapidly than 7 at 
similar diene concentrations. For comparison, 
DB3 gives no detectable catalysis of this 
reaction, whereas 39-A1 1 promotes its own 

Fig. 3. Comparison of molecular surfaces of the 
related antibody combining sites. View is from 
the top of the binding site showing the fit of 
the cognate ligands of 1E9 (A), 39-A1 1 (75) (B), 
and DB3 (74) (C). In magenta, under the sur- 
face, the side chains of the ligand-contacting 
residues of each antibody are shown. Note the 
variation of the shape of the binding site of 1E9 
due to the side-chain conformational change in 
TrpH50 that results from the framework TrpH4' 
+ Leu substitution. Also, the hydrogen 
bond with a ligand carbonyl oxygen is con- 
served in all three antibody combining sites. 
Figure prepared with Insight II (MSI). 

cycloaddition (Fig. 1C) with an EM of only 
0.35 M (7), and other reported antibody 
Diels-Alderases have EMS rarely exceeding 
10 M (8-10). 

The 1E9 structure reveals a binding pocket 
preorganized to maximize shape complementa- 
rity with the hapten through a myriad of van der 
Waals contacts, P-stacking with the flat, elec- 
tron-deficient maleimide moiety, and a strate- 
gically placed hydrogen bond. Nevertheless, 
1E9 does not appear to function as a classic 
entropy trap (23). The temperature dependence 
of kcat for the reaction between NEM and 7 
gives values for the enthalpy and entropy of 
activation (AH% and ASS) of 11.3 2 0.2 kcaV 
mol and -22.1 + 0.5 cal K-' mol-I, respec- 
tively. The corresponding values for the uncata- 
lyzed bimolecular cycloaddition are 15.5 2 0.2 
kcaVmol and -21.5 ? 0.6 cal K-' mol-I. 
Thus, the rate of acceleration of 1E9 derives 
entirely from a lowering of the enthalpic banier 
to catalysis. Because the reactants are collected 
together in the binding site, an entropy of reac- 
tion at least 10 cal K-' mol-I less negative 
than in solution might have been expected (24). 
The fact that the solution and antibody-cata- 
lyzed processes are equally unfavorable en- 
tropically could arise from restrictions of anti- 
body motion upon binding of the transition 
state. 

The relatively nonpolar milieu of protein 
pockets has been invoked as the source of 
acceleration for some antibody and enzyme- 
catalyzed reactions [(25), but see (26)l. How- 
ever, a simple medium effect cannot account 
for the catalytic activity of 1E9 either, be- 
cause the uncatalyzed reaction is 10 times 
slower in acetonitrile than in water (22). Free 
energies calculated by linear interaction en- 
ergy (LIE) (27) show that binding of all 
species along the reaction coordinate is dom- 
inated by favorable van der Waals interac- 
tions. Nevertheless, such interactions provide 
rather poor discrimination between the reac- 
tant complex (cwAV,,, = 12.7 kcallmol) and 
transition state 5 (aAV,, = 13.2 kcallmol). 
In contrast, electrostatic interactions become 
less favorable upon reactant binding but are 
significantly improved in the transition state 

(27), largely because of the increased strength 
of the hydrogen bond from AsnH35 to the 
carbonyl oxygen of the dienophile in the 
transition state. Enthalpic stabilization of the 
actual transition state by an unusually close 
fit with the largely hydrophobic binding 
pocket of the antibody, punctuated by one 
strategically placed polar functionality, thus 
explains the catalytic efficiency of 1E9. This 
mechanism is specified by the well-designed 
hapten, which closely resembles the rate-de- 
termining transition state (Fig. 1A). 

The much lower catalytic efficiency of 
39-A1 1 can be attributed, in large part, to the 
loose fit of its transition state to the binding 
site (15). Poor packing of the reaction center 
is exacerbated by incorporation of an ethano 
bridge in the hapten 9, which has no counter- 
part in transition state 12 (Fig. 1, B and C). 
Consistent with this notion, the catalytic rate 
constant of 39-A1 1 was increased 5- to 10- 
fold by introducing site-directed mutations 
that improved packing interactions (28). Fur- 
thermore, in contrast to the 1E9-catalyzed 
reaction with its two electron-deficient ad- 
dends, the cycloaddition catalyzed by 39-A1 1 
involves a strong donor diene and acceptor 
dienophile. Hence, its transition state is much 
more polar than the ground state. Although 
this species will be stabilized by the same 
hydrogen bond between and the di- 
enophile carbonyl, the 39-A1 1 reaction will 
be disfavored by the relatively nonpolar en- 
vironment of the binding site. These two 
competing factors may offset each other, con- 
sistent with the small net acceleration by 
39-A1 1. Similar considerations may apply to 
13G5, another Diels-Alderase antibody (EM = 
6 M) (9), in which the role of hydrogen bonding 
on stereoselectivity has been established (29). 

These results highlight the advantages 
of studying what might be regarded as non- 
optimized, early intermediates on the path- 
way to catalytic perfection instead of work- 
ing backward from the highly evolved 
forms of natural enzymes. One can then 
discover the leaps in catalytic efficiency 
that arise from unanticipated mutations. 
Our combined structural, biochemical, and 

Fig. 4. Comparison of binding 
pockets for the three related an- 
tibodies. View into the antibody 
combining site showing the hap- 
ten contact residues (blue) for 
1 E9 (magenta), 39-A1 1 (gold), 
and DB3 (cyan). CDR loops are 
labeled (black) as L1 to L3 (light) 
and H1 to H3 (heavy chain). 
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Table 2. Comparison of related antibody-hapten 
complexes of three antibodies,lE9, DB3, and 39- 
A1 I from the same germ line gene family. Buried 
surface areas were calculated by the program MS 
(33) with a probe of radius of 1.4 A. The cavity 
volume between the ligand and the antibody was 
calculated by MS (33) with a probe of radius of 1.2 
A. Smaller gap index values indicate tighter pack- 
ing and hence better shape complementarity be- 
tween ligand and antibody (34). 

Buried surface of 343 285 279 
antibody upon 
binding (A2) 

Buried surface of 83.6 80.2 65.5 
hapten upon 
binding (%) 

Cavities* found None 19 117 
between antibody 
and hapten (A3) 

Contacts of hapten 121 62 85 
made to the 
antibody within 
van der Waals 
distance 

Cap index (A) 0.44 0.90 1.69 

*Cavity is defined as the  enclosed space on the interface 
between hapten and antibody o f  the molecular contact 
surface traced by a probe o f  radius 1.2 A w i th  the MS 
program (33). Both volume and surface were calculated 
w i th  CRASP (34). 

quantuill mechanical studies illustrate the 
steps that were necessary to attain exquisite 
shape coinplementarity of antibody and 
transition state and the consequent increase 
in efficiency of a chemical reaction of fun- 
dainental theoretical and practical interest. 
The opportunity to compare two highly 
related Diels-Alder antibodies that h a ~ e  
arisen from the same germ line progenitor 
illustrates the iilteiylay between binding 
energy and catalysis. What might be re- 
garded as re la t i~ely innocuous mutations in 
the antibody combining site led to signifi- 
cant changes in its shape and, as a result, to 
allnost perfect complementarity with the 
immunizing hapten. Judicious design of the 
transition state analog to enhance both 
chemical and shape mimicry of the actual 
Diels-Alder transition state has enabled the 
full extent of this shape complementarity to 
be converted into a Inore efficient catalytic 
outcome. It is e\~olution by such incremen- 
tal steps that has permitted natural enzymes 
to attain their extraordinary catalytic effi- 
ciency. This study indicates that it is pos- 
sible to e \~o l \~e  efficient catalysts, eye11 un- 
known in nature, through remarkably subtle 
inanipulations of an existing template 
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