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Structural Convergence in the Active Sites of a (4-8). With a more facile procedure, cat- 

Family of Catalytic Antibodies 
ELISA, in which product-specific antibod- 
ies are used to detect the appearance of 
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The x-ray structures of three esterase-like catalytic antibodies identified by screening for 
catalytic activity the entire hybridoma repertoire, elicited in response to a phosphonate 
transition state analog (TSA) hapten, were analyzed. The high resolution structures 
account for catalysis by transition state stabilization, and in all three antibodies a tyrosine 
residue participates in the oxyanion hole. Despite significant conformational differences 
in their combining sites, the three antibodies, which are the most efficient among those 
elicited, achieve catalysis in essentially the same mode, suggesting that evolution for 
binding to a single TSA followed by screening for catalysis lead to antibodies with 
structural convergence. 

Convergent evolution is a frequent out- 
come of the process of natural selection. At 
present, we know very little about this pro- 
cess, particularly with respect to proteins and 
their function. Among the unanswered ques- 
tions are concerns about how many different 
ways a protein pocket can effect a given 
chemical transformation, and what elemen- 
tary processes once existed and have then 
been discarded along the evolutionary path- 
way to the efficient enzymes we see today. 
Catalytic antibodies that are induced exper- 
imentally in real time offer a way to reveal 
much about enzyme evolution including 
questions about convergence (1). The pro- 
posal that antibodies with catalytic activity 
(abzymes) could be generated to an analog of 
a transition state (TSA) of the reaction to be 
catalyzed (2)  has proved widely applicable 
(3). Now, instead of reporting a singular 
event via a structure we report and compare 
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the best solutions to catalysis in a family of 
antibodies, thereby offering insight into the 
power of selection, through a screening for 
catalytic activity, even when it is only al- 
lowed to operate once. 

Most abzymes have been identified by 
screening the immune response for binding 
to the hapten and then testing the best 
scoring clones for catalytic activity. X-ray 
structures of abzymes generated following 
this general protocol have begun to define 
relationships between the hapten used to 
elicit catalytic antibodies and the residues 
of these antibodies which effect catalysis 

product after immobilized substrate is ex- 
posed to the supernatant of culture hybrid- 
oma cells, we were able to probe the entire 
hybridoma repertoire for catalytic antibod- 
ies (9). The catalytic antibodies D2.3, D2.4, 
and D2.5 were obtained by immunizing 
BALB/c mice with phosphonate 1, an ana- 
log of the oxyanion intermediate in the 
hydrolysis of 2, coupled to keyhole limpet 
hemocyanin (KLH) (Fig. I ) ,  and identified 
with the use of catELISA. Among a total of 
1570 hybrid clones derived from a single 
mouse, nine scored positive in this assay, a 
figure to be compared to 970 hapten-bind- 
ing clones (9). Catalytic antibodies D2.3, 
D2.4, and D2.5 show specific and efficient 
hydrolysis, accelerated by up to five orders 
of magnitude, toward the p-nitrobenzyl es- 
ter 2 (Table 1) and are significantly more 
active than the other six catalytic clones 
that were identified (as determined by cat- 
ELISA). 

The sequences of the variable domains 
of D2.3, D2.4, and D2.5 have been deter- 
mined. The most extensive differences are 
found in the H3 loop (10 residues), which 
in D2.4 differs from those in D2.3 and D2.5 
at four positions and by an insertion (10). 
Otherwise, the sequences present a high 
degree of identity, similar to that observed 
in families of catalytic antibodies elicited 
with the same hapten (1 1-13), as opposed 
to the extensive differences between se- 

Table 1. Kinet~c and structural data on antibodies D2.3, D2.4, and D2.5 

kcat (min- ')* 3.6 
K, (4'4 280 
K,SIK, TSA 1.1 x 10" 
'catlkuncat. ' .  1.3 x lo "  
Resolution (A) 1.9 
Precision of atomic positions$ (A) 0.25 
Interactions of TSF 1 with the Fab 
Buried surfaces (A2) 51 5 
van der Waals contacts (nb) 86 
Hydrogen bonds (nb) 5 

*The catayiic actvty (per site) and bnding parameters were measured as described (9 19). Data for the most effcent 
of these antbodies, D2.3, have be reported (9); those for D2.4 and D2.5 are reported n a knetic study of all three 
antibodies (19, 28). ik,,,,, IS measured In the same buffer as used for measurng catalysis, the kinetic constant 
being extrapolated to zero buffer concentraton, at constant onic strength, $The precsion of atomc postons 1s 
evaluated from the varaton of the R factor with the resolution, according to the method of Luzzat (201, §An 
equivalent surface area is buried on the Fab side, 
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quences of hapten binding clones (1 2). In 
the structures of these Fabs complexed with 
the TSA 1. the framework reeions of the - 
three Fvs superpose exactly within experi- 
mental error [ro~t-mean-square deviation 
(rmsd) = 0.35 A over 111 C,]. Features 
common to the three structures are de- 
scribed with the use of data for D2.3 (14), 
yhich extend to the highest resolution (1.9 
A). In D2.3, the overall orientation of the 
aryl phosphonate part of the hapten with 
respect to the Fab is similar to those report- 
ed for three other abzyme structures (5-7). 
In the complex, 90% of the accessible sur- 
face of TSA 1 is buried. The p-nitrobenzyl 
moiety of the TSA is buried in a hydropho- 
bic cavity that was found to be conserved in 
antibodies to small aryl phosphonate hap- 
tens (6, 15) (Fig. 2A). The two negatively 
charged oxygens of the phosphonate make 
three hydrogen bonds with Fab residues. . - 

The N-glutarylglycinate part of the ligand 
makes two additional hydrogen bonds with 
residues of the L3 complementarity deter- 
mining region (CDR). The extensive inter- 
actions of 1 with residues of the Fab ac- 
count for the high affinity of Fab D2.3 for 
TSA 1 (Table 1). 

The three abzymes have a hydrolytic 
activity with an acceleration that is corre- 
lated to their higher affinity for the TSA 
relative to the substrate (Table 1). Such a 
correlation is found for most abzymes (16, 
17) and, in the case of hydrolysis, suggests 
that catalysis occurs mainly by stabilization 
of the rate-determining transition state, 

02N + O w N H J C N H ,  to ~ k e c i  BsA 

4 0 0 

Fig. 1. Compounds used in this study. The struc- 
tures of the antibodies are complexes with the 
hapten 1, which is the TSA used to elicit the three 
catalytic antibodies and for affinity measurements. 
Steady-state kinetics have been measured with 
substrate 2 @-nitrobenzyl N-glutatylglycinate) and 
short substrate 3 (p-nitrobenzyl acetate). Catalyt- 
ic antibodies were selected by cat ELlSA with the 
substrate p-nitrobenzyl ester 4 (9). p-nitrobenzyl 
amide glutaryl glycinate (5) is a substrate analog. 

which is structurally similar to the negative- 
ly charged oxyanion intermediate. The con- 
tribution to catalysis of the differential sta- 
bilization of the TS (as reflected in binding 
to the TSA hapten) relative to substrate is 
best analyzed by considering successively 
three parts in these molecules, the reaction 
center (the neutral carbonyl in the sub- 
strate or the tetrahedral phosphonate in the 
transition-state analog) and the two flank- 
ing groups (the p-nitrobenzyl group and 
the N-glutarylglycinate). The p-nitrobenzyl 
part of the TSA makes tight interactions 
with 12 residues of the combining site that 
superpose well in the structures of D2.3 Fab 
complexed ~ i t h  TSA and of D2.3 Fab alone 
(rmsd: 0.24 A); this suggests that Fab inter- 
actions with this part of the bound mole- 
cule are conserved in the substrate and in 
the transition-state analog. The two hydro- 

gen bonds made between the N-glutaryl- 
glycinate part of the TSA 1 and the Fab 
account for 2 being a better substrate than 
p-nitrobenzyl acetate 3 for these antibodies 
(9). 

In the combining site of D2.3, one phos- 
phony1 oxygen of 1 is within the distance 
and angle for hydrogen bonding with two 
Fab residues (TyPIOod and AsnU4), while 
the other P -0  is similarly oriented with 
respect to TrpH9' and a water molecule; this 
water molecule is not within hydrogen 
bonding distance of Fab residues (Fig. 2A). 
The interactions of the Fab with the first 
oxygen involve two hydrogen bond donors 
of the Fab. We therefore propose that 
TyP1Ood and AsnU4 constitute the oxyan- 
ion hole in D2.3. Identical residues stabiliz- 
ing the oxyanion are found in D2.4 (Fig. 
2B) and this assignment is also consistent 
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with structural data on D2.5. None of the 
amino acid changes between D2.3 and D2.5 
affects TSA binding, except that of L34 
(Asn —> Ser), which involves one of the 
residues of the putative oxyanion hole. In 
the structures, the phosphonate and the 
main chain atoms of the AsnL34 residue in 
D2.3 and of the corresponding oSer in D2.5 
superpose very well (rmsd: 0.33 A) (Fig. 2C). 
The hydroxy 1 of SerL34 in D2.5 is too far 
from the phosphonate for direct hydrogen 
bonding, and phosphonate stabilization in
volves a water molecule which is well de
fined in the electron density (Fig. 2C). In 
the three structures all other functional res
idues of the combining site that can pro
mote nucleophilic or general base catalysis 
are further than 5 A from the reaction cen
ter, which suggests that oxyanion stabiliza
tion plays a major role in catalysis in these 
antibodies. 

The role of TyrH100d in oxyanion stabi
lization is further supported by structural 
data on a complex of D2.3 with amide 5, a 
substrate analog: in this complex the car-
bonyl oxygen of the amide that replaces the 
ester of 2 makes a hydrogen bond with 
Tyr (data not shown). Tyr lo
cated in the part of the structure that varies 
most between D2.3 and D2.4; this is be
cause in these antibodies the H3 loops have 
matured from different joining recombina
tions of the D and J genes (10), which 
results in an insertion in the H3 loop of 
D2.4- As a consequence, there are consid
erable differences in the conformations of 
the two H3 loops (the rmsd between the 
C a positions is 2.0 A over 10 C a atoms). 
Surprisingly, despite the structural differ
ences, the hydrogen bonds between the 
TSA phosphonate and H3 are nearly iden
tical in D2.3 and D2.4 (Fig. 2B). 

The three most efficient abzymes iden
tified among the repertoire elicited against 
a single TSA hapten display significant 
structural differences in their combining 
sites due both to a single amino acid change 
and to an insertion in the H3 loop. Both 
changes directly affect residues in contact 
with 1 and occur in addition to mutations 
remote from the combining site, as found in 
the study of affinity maturation of another 
catalytic antibody with esterase activity (7). 
Despite these changes, the three antibodies 
bind the hapten in essentially the same 
mode. Also, the same catalytic solution that 
was implicit in the design of a phosphonate 
TSA, stabilization of the oxyanion interme
diate, has apparently been used by these 

three antibodies. The diversity of the cata
lytic binding modes of the most efficient 
abzymes elicited in response to 1 is there
fore more reduced than the diversity of 
binding antibodies that has been suggested 
by previous studies (12, 18); this may re
flect the stringent constraints imposed by 
the precise positioning of the antibody 
combining site binding groups required to 
give rise to catalysis. 

In our study, where the antibodies have 
been selected for catalysis from a pool that 
had evolved for binding, we witness structur
al convergence; despite significant structural 
differences in the combining site, the con
formations of catalytic residues are similar. 
Although other hypotheses cannot be ex
cluded this suggests that, reminiscent of 
what has been observed in enzymes, the 
combining sites of these antibodies result 
from convergent evolution, albeit in real 
time and involving a limited portion of the 
protein. The central question now is wheth
er the mechanism we observe is a dead end 
or a point on the pathway which can be 
further refined. This reduces to which com
ponents of the catalytic mechanism should 
be kept, which should be discarded, and 
which could be modified. Certainly we 
would want to keep the features that deeply 
sequester the substrate and favor a tetrahe-
dral and charged adduct. However, for ex
ample, the way the oxyanion is stabilized and 
the nature of the nucleophile could change. 
Regardless, the generation of an appropriate 
binding pocket appears to be a step along the 
pathway to an efficient catalyst. In the end, 
the described catalytic mechanism is func
tional and thus, through alternate cycles of 
mutagenesis and selection, it seems possible 
to make it evolve further. 
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