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The three-dimensional structure of an unusually active hydrolytic antibody with a phos- 
phonate transition state analog (hapten) bound to the active site has been solved to 2.5 
A resolution. The antibody (1 7E8) catalyzes the hydrolysis of norleucine and methionine 
phenyl esters and is selective for amino acid .esters that have the natural a-carbon L 
configuration. A plot of the pH-dependence of the antibody-catalyzed reaction is bell- 
shaped with an activity maximum at pH 9.5; experiments on mechanism lend support to 
the formation of a covalent acyl-antibodylntermediate. The structural and kinetic data are 
complementary and support a hydrolytic mechanism for the antibody that is remarkably 
similar to that of the serine proteases. The antibody active site contains a Ser-His dyad 
structure proximal to the phosphorous atom of the'bound hapten that resembles two of 
the three components of the Ser-His-Asp catalytic triad of serine proteases. The antibody 
active site also contains a Lys residue to stabilize oxyanion formation, and a hydrophobic 
binding pocket for specific substrate recognition of norleucine and methionine side 
chains. The structure identifies active site residues that mediate catalysis and suggests 
specific mutations that may improve the catalytic efficiency of the antibody. This high 
resolution structure of a catalytic antibody-hapten complex shows that antibodies can 
converge on active site structures that have arisen through natural enzyme evolution. 

Enzymes have evolved precise structures 
that enable them to catalyze chemical reac- 
tions with exquisite efficiency. A n  active 
goal of research in protein engineering is 
the creation of novel catalysts with the high 
levels of activity and specificity of natural 
enzymes. One approach is to change the 
natural substrate specificity of an  enzyme 
through mutagenesis. The substrate speci- 
ficities of aspartate aminotransferase ( I ) ,  
lipoxygenase (2), and the serine proteases 
trypsin (3), a-lytic protease (4), and subtili- 
sin (5) have been successfully altered where 
this approach was used without destroying 
the catalytic activity of the enzyme. Be- 
cause binding specificity and catalytic ac- 
tivity may be inextricably linked in en- 
zymes, however, it is not always possible to 
predict how an  active site mutation might 
affect catalytic activity. 

A n  alternative approach is the induc- 
tion of catalytic activity in antibodies, 
which are singularly adaptable binding pro- 
teins that have broad and programmable 
ligand specificity. A n  impressive array of 
chemical reactions has been shown to be 
subject to antibody catalysis demonstrating 

the generality of this approach (6). In ad- 
dition, because substrate specificity can be 
precisely programmed in catalytic antibod- 
ies through antigen design, catalytic anti- 
bodies often show higher substrate descrim- 
ination than-analogous enzymes. Turnover 
numbers (kc,,) for catalytic antibodies range 
from low values to values that approach 
those of enzymes. However, the structural 
basis for the high turnover numbers ob- 
served for some catalytic antibodies is not 
well understood. 

Structural studies of catalytic antibodies 
are essential for definine the limits of cata- - 
lytic activity that can be achieved with 
antibodies. Catalytic antibodies with higher 
activity might contain active site residues 
that resemble the highly efficient active site 
chemistry of enzymes. To  date, only two 
three-dimensional structures of catalytic 
antibodies with bound haptens have been 
reported (7); one is the phosphorylcholine- 
specific~antibody MCPC603 (8) expressed 
by myeloma cells, which exhibits hydrolytic 
activitv with choline carbonates (9). and . , .  
the other for an  antibody to a transition 
state analog that shows chorismate mutase 
activity (10). We  now describe the three- 
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have reported the generation and kinetic 
characterization of the antibody 17E8, 
which was raised to a norleucine-phospho- 
nate transition state analog 4 (Fig. 1A) and 
catalyzes the hydrolysis of norleucine and 
methionine phenyl esters (1 and 2) (1 1). 
Phosphonates were originally proposed as 
haptens for hydrolytic antibodies because it 
was expected that they would induce com- 
bining site structures that stabilize the en- 
ergetically unfavorable interactions of the 
rate-limiting hydrolysis transition state (1 2, 
13). The steady-state kinetic constants for 
17E8-catalyzed ester hydrolysis compare fa- 
vorably to other hydrolytic antibodies (6): 
the maximum kc,, for 17E8 is 223 min-' 
and the maximum rate acceleration (kc,,/ 
k,,,,,) is 2.2 x lo4 (14). Hydrolysis is en- 
antioselective for amino acid esters with the 
natural S(L) configuration at the a-carbon; 
ester substrates with the R(D) configuration 
at the a-carbon were not processed. 

The antibody-catalyzed hydrolysis reac- 
tion gave a bell-shaped pH-rate profile (Fig. 
1B) suggesting that two ionizable residues 
with pKa's of 9.1 and 10.0 in the 17E8 
active site could mediate hydrolysis. Maxi- 
mum activity for 17E8 is achieved at pH 9.5 
where the pKa 9.1 residue is deprotonated 
and the pKa 10.0 residue is protonated. A n  
acyl-antibody intermediate was detected in 
mechanistic experiments and the rate-lim- 
iting step in catalysis was defined as forma- 
tion of the intermediate (15). Bell-shaped 
pH-rate profiles and acyl intermediate for- 
mation are characteristic of enzymatic hy- 
drolysis mechanisms for active site residues 
that function as nucleophiles, general acids, 
and general bases. 

Crystallization, data collection, and struc- 
ture analyses. The antibody binding (Fab) 
fragment of 17E8 was prepared from the 
full-length 17E8 immunoglobulin by stan- 
dard technique (1 6). The purified Fab was 
concentrated to 14 mg/ml in 10 mM tris, 
pH 7.5, and 0.01 percent NaN,, and com- 
bined with 1 to 1.5 molar equivalents of 
hapten 4 used as a racemic mixture. The 
crystallization screen for the complex was 
set up in hanging drops for the.factoria1 
screening method (1 7). Small crystalswere 
observed on  the second day. The optimal 
crystallization conditions were refined by 
trial and error until crystals of about 0.2 
mm3 could be obtained reproducibly. The  
crystal used for data collection was grown in 
a reservoir containing 0.1M hepes, pH 7.5, 
15 percent polyethylene glycol (PEG-4K), 
and 5 percent isopropanol. In the hanging 
drop, 2 p1 of protein (14 mg/ml) with hap- 
ten 4 at 4.5 mM (1.5 molar ratio to protein) 
were combined in a 4-1-1.1 reservoir solution. 
Satisfactory crystals were obtained from this 
drop in 1 yeek at room temperature. 

A 2.5 A x-ray data set was measured at 
room temperature on a Siemens area detec- 
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tor (50 kV and 60 mA) from a crystal with 
dimensions of 0.2 by 0.2 by 0.1 mm3. The 
space group was expected to be either P2 or 
P2,. This ambiguity was resolved by the 
translation function search. The unit ~$11 
lengths ar? a = 41.41 A, b = 78.06 A ,  
c = 81.94 A, P = 94.94" (Table 1). 

The structure of the 17E8 Fab-hapten 

complex was determined to 2.5 A resolu- 
tion by molecular replacement. The arsen- 
ate-specific antibody lfai (R19.92) was used 
as an initial model for molecular replace- 
ment because it belongs to the same isotype 
subgroup ( I g G l b , ~ )  as 17E8 (18). The se- 
quence identity between 17E8 and lfai is 84 
percent. A modified lfai coordinate set was 

Fig. 1. (A) Amino acid ester A 
hydrolysis reaction catalyzed 6- 
by antibody 17E8 and struc- 
ture of norleucine phospho- 
nate hapten (4) used to elicit 
the antibody 17E8, The hap- 
ten is designed to mimic the X. 

transition state (3) leading to 
1: X=CH, the tetrahedral hydrolysis in- 2: X=S 

3 L-amino acid product 

termediate. The antibody cat- 
alyzes the hydrolysis of both 
norleucine (1) and methionine 
(2) phenyl esters. (B) The pH H 4, ,O- 

rate profile for 17E8-cata- 
lyzed hydrolysis of the nor- """TPh 
leucine phenyl ester 1; the 
methionine ester 2 gives 4 CH3 
a similar pH rate profile. Plots of k,,JK, for 1 and 2 B 
are similarly bell-shaped. The data are fit to a rate 250 1 1 ,  

equation (r=0.995) derived from the equilibrium re- 
lation where the singly protonated antibody species 
(IgGH) is the most catalflically active state (I I). The 200 - 

pK,values of 9.1 and 10.0 are calculated from the fit. 
t 150 -  .- 

11 

PH 

pka=9.1 Pka=lO.O 
IgGH, - - - -1gG 

active 
State 

Table 1. Summary of data collection and refinement statistics. 
-- 

Crystal and diffraction data 
Space group 
Cell dimensions 

p2i 
a =41.41,b =78.06,c =81.94, p =94.94" 

Resolution (A) 2.5* 
Total reflections 34,177 
Unique reflections 13,531 
Rrnerge 0.076 

Structure determination by molecular replacement 
Search model: 
Ifai, Fab fragment from the arsonate-specific monoclonal antibody, R19.92 (IgG2b, K) 

light chain 21 4 amino acids 1 deletion 33 mutations 
heavy chain 221 amino acids 5 deletions 34 mutations 

Sequence Identity 84 percent 
X-PLOR refinement 

Rcryst 0.1 86 
Resolution (A) 6.0-2.5 
rms differences 

Bond (A) 0.01 1 
Angle (deg) 3,087 

*Fifty percent of the data from 2.75 to 2.5 A are better than 10, and 75 percent of the data from 15 to 2.5 A are 

used as a search model; all residues that 
represented deletions (L 95, and H 105 to H 
109; L, light chain; H, heavy chain) in 
17E8 relative to lfai were omitted, and all 
nonidentical amino acids were truncated to 
alanine, except when the amino acid was a 
glycine in 17E8. The X-PLOR programpack- 
age (19, 20) was used for the rotation 
search, Patterson correlation (PC) refine- 
ment, and translation search (21 ). 

A n  electron density map based on coef- 
ficients of 2F,-F, was calculated from the 
phases of the initial model. Amino acid side 
chains were built and placed in visible den- 
sity. The gap between residues 94 and 96 of 
the light chain of the antibody was closed 
according to the density. Because of the five 
deletions, the CDR3 region of the heavy 
chain (residues 98-113) was deleted from 
the second cycle model and amino acids 
were then added and modified one by one 
during the next 17 cycles of slow-cooling 
and conjugate gradient refinement. This 
sequence resulted in an R factor of 0.199 
with root mea? square (rms) differences of 
0.37 and 0.34 A for the variable domains of 
the light and heavy chains, respectively. 

Significant density was observed at the 
hapten binding site in the 2F,-F, map. Mod- 
els of both R(L) and S(D) enantiomers of 
hapten 4 were generated by the program In- 
sight 11. Only the R enantiomer fit the elec- 
tron density of 4. Topology and parameter 
files dictating the chemical structure and 
bonding characteristics of the hapten were 
prepared for X-PLOR. Three additional cycles 
of "slow-cool" refinement and model adjust- 
ment were performed, resulting in a final R 
factor of 18.6 percent with rms deviations of 
bond lepgths and bond angles from ideality of 
0.011 A and 3.097", respectively. The elec- 
tron density, shows the orientation of the side 
chains of both protein and hapten 4 (Fig. 2). 

The 17E8 Fab structure shows overall 
similarity to other known antibody struc- 
tures (Fig. 3 )  (22). The light and heavy 
chain variable domains (without the CDR3 
regions) can be superimposed on the vari- 

Table 2. Atomic contacts between the bound 
hapten and the active site of 17E8. 

Atom 1 Atom Distance 
6) 

p (4) Cp SerHgg 4.2 
p (4) Oy SerHg9 5.6 

3.0* 
0 (pro-S, 4) NT, LysHg7 2.5 
p (4) NE 4.1 
05 TyrHIOi Oy SerHgg 3.0 
H - 0 6  TyrHiO' Oy SerHgg 2.0 
NE Oy SerHgg 2.7t 

*This distance is measured after a 180" rotation about 
Ca-CP of the side chain of SerHg9. ?This distance is 
measured after the side chain of HisH35 is rotated 45" 
about Ca-CB and 60" about CB-Cy bond with SerHg9 

observed. 

1060 

rotated 180"'s described, 
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able domains of lfai with mu values of 0.84 
A and 0.73 A for the common Ca carbons 
(from Insight 11). The CDR3 loop of the 
17E8 light chain is shortened by one amino 
acid. The CDR3 loop of the heavy chain is 
shortened by five amino acids, and the loop 
is narrowed and moved away from the 
CDR3 of the light chain. The hapten 4 is 
bound in a deep cleft between the light and 
heavy chain CDR3. The carboxylate group 
of 4, used as an attachment site to carrier 
protein, lies at the entrance of the cleft and 
is surrounded by five tyrosines (L50, H32, 
H50, H92, and H101). There are six hydro- 
gen bonds and van der Waals contacts with 
31 atoms of 14 amino acids between 4 and 
the antibody. The phenyl ring of 4 is bound 
in a hydrophobic pocket formed by the side 
chains of LeuLa9, Typ6 ,  TrpH47, ArgL%, 
with ValH37 and PheL98 at the bottom of 
the pocket (Fig. 4). 

Examination of the combining site 
structure of 17E8 shows that recognition of 
the hydrophobic side chain of 4 is mediated 
by light chain residues, and recognition of 
the anionic phosphonate group of 4 is me- 
diated predominantly by heavy chain resi- 
dues. These separate recognition sites reside 
on opposite sides of the 17E8 binding cleft. 
A pocket containing the side chains (and 
backbone) of three light chain residues 
LeuLa9, G l F 4 ,  and Ty&91 fomu a hydro- 
phobic binding site for the n-butyl (nor- 
leucine) side chain of 4 (Fig. 4). Recogni- 
tion of the phosphonate oxyanion of 4 is 
mediated by the €-amino of LysH97 through 
a salt bridge contact to the pro-S oxygen of 
4 (Fig. 5A), and a potential hydrogen bond- 
ing interaction between and the 
pro-R oxygen of 4. Other amino acid side 
chains that are within 6.0 A of the phos- 
phorous atom of 4 reside in CDRl and 
CDR3 of the heavy chain include S ~ I - ' + ~ ~ ,  
Tfl''', and HisH35 (Table 2). 

The structure of the 17E8-4 complex 
shows the L-enantiomer of phosphonate 4 
bound to the active site even though a 
racemic mixture of hapten 4 was used in the 
crystallization experiment (Fig. 5A). The 
combining site of 17E8 is thus specific for 
one of the two enantiomers of phosphonate 
4. This hapten-binding selectivity corre- 
lates with the L-enantioselectivity of the 
antibody-catalyzed hydrolysis reaction. Be- 
cause the active site of 17E8 is complemen- 
tary to the L-phosphonate enantiomer, the 
antibody is able to bind and hydrolyze only 
amino acid esters that bear the natural 
a-carbon configuration. 

Hydrolytic mechanism. A mechanism for 
17E8 hydrolysis that is consistent with our 
kinetic and structural data is similar to the 
hydrolytic mechanism of serine proteases 
(23). These enzymes catalyze the hydrolysis of 
both amide and ester substrates through a 
covalent ester intermediate that is formed 

between the acyl portion of the substrate and 
an active site serine residue of the enzyme. 
The nucleophilicity of the active site serine 
residue is enhanced by interactions from 
neighboring hiitidine and aspartate residues. 
The stereoelectconic features of this mad re- 
sult in the activation of a high pK, serine 
hydroxyl group at physiological pH. Thi ac- 
tive site Ser-His-Asp catalytic triad is con- 

served in all serine proteases and is largely 
responsible for the enormous rate accerera- 
tions displayed by this family of enzymes. 

The pH-rate studies on 17E8-catalyzed 
ester hydrolysis suggest that a protonated 
residue with a pK, of. 10.0 accelerates hy- 
drolysis. This pK, is in the range of a lysine 
€-amino group (24); that the rate of hydro- 
lysis decreases at pH values where this 

Fig. 2. The 2F,-F, density map of the hapten binding site. The hapten (4) is shown in yellow, the 
backbones of the light chain and heavy chain are shown in pink and white respectively, and the side 
chains are shown in green. The density map.is contoured at lo and shown in cyan. 

Fig. 3. A ribbon diagram of 'the 17E8 
Fab fragment with bound hapten 4. 
The light chain is shown in pink, and the 
heavy chain is shown in white. The 
CDR regions in both domains are col- 
ored as orange, red, and green for 1,2, 
and 3 respectively. The hapten 4 is 
shown in yellow, as a ball-and-stick 
model. The phosphorous atom of 4 is 
shown in red. The V domains of both 
the light chain and heavy chain of 17E8 
are superimposable to those of the 
search model, Ifai. The light chain 
CDW of 17E8 is one amino acid short- 
er than that of the search model. The 
'heavy chain CDR3 of 17E8 is quite dl- 
ferent from the search model. Five ami- 
no acids are deleted in the top of 
CDR3, the loop has been narrow 
(between residues 99 and 11 I), and 
more space is available for hapten 
binding. 
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Flg. A The 17E8 binding 
pockets forthe phenyl phos- 
phonate and n-butyl side 
chain of hapten 4. The sol- 
vent accessible surfaces of 
the hapten and antibody are 
shown in yellow and magen- 
ta respectively. The hapten 
is represented by bonds in 
yellow, with the phosphous 
atom in red. The backbom 
of the antibody is in whie for 
the heavy chain and pink for 
the light chain, and the side 
chains are colored accord- 
ina to their wlatihr. red nea- 3 

  he dirarn shows a good 
lit between the surface of the hapten and the surface of the binding pocket. The phenyl phosphonate 
binding pocket is composed of side chains from LeuLa9, TyrC38, T V 7 ,  ArgW, with ValH37 and Phew at 
the bottom. The binding pocket for the n-butyl side chain is formed exclusively from the light chain 
residues LeuLBg, G v ,  TyP", and 

t h e c r y s t a l ~ 6 A ) , h t h e ~ ~  
cmfcmmn (B), and supertmpositlon of 
1 7 E 8 a c t i v e s i t e m a c t i v e ~ t i o n w a h ~  
activesitedbypsinmmplexedtobovine~ 
atic trypsin inhibitor (C). (A) The backbom Ofthe 
antibody is shown as a ribbon wlth the same* 
codeandviewasinRg3.ThesMecMn~~ 
theimportantaminoaddsareshowninbell-aft& 
stick format and c d o r d  as: C, green; 0, 
N, blus; H, white. The hapten 4 is shown in yekMl 
as a bail-end-stick model with the phosphorais 
atom in red. V accepts a hydrogen bmd 
from the donorTyr'"O' at neuaal pH. (B)At pH43.6 
thishydrogenbondisremovedandViairee 
to rotate about the Ca-Cp bond. A 180" ratatkn 
about Ca-Cp of SerWBg would orient the Oy d 
Wfornucleophiricattackatthemcar- 
b o n y l ~ t o f o m r a n a c y l ~ e . T h e  

I 
nucleophilicity ofthe hydroxyl would beenhanced by a hydrogen band tothe Fk of HisHa6(see 
Table 2). The k of L y e 7  resides on the opposite face of the substrate oarbonyl and functions 
ekhstatically to stabilize the developing m@ve charge at the mbonyl oxyeen. (C)Superimpo- 
sition of the actlve site reactive conformation of 17E8 and the actam site structure of trypsitl 
complexed with BPTI. The catalytic residues we on the right side with backbone and side ohain 
atoms of trypsin in white and pink, respectivety, and tmckbom and the skfe chain atoms of I fE8 in 
Wow and red, respectively. The trypsin 8oQive Bite cwAains a !%r-liis-Asp a t W c  triad whereas 
the catalytic antibody active site contains a Sgp-Hi catalytic dyad. On the left side, backbone 
reddues 15-16 of BPTI are shown in white, with the C and N atoms of the amide bond between 
residues 15 and 1 6 shown in pink. The p h ~ ~ ~ b m t e  hapten 4 superimposed with the BFll structure 
is shown in yellow with the phosphorous atom in red. 
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group is largely deprotonated suggests that 
the protonated €-amino functions as a cat- 
ionic component that stabilizes the devel- 
oping oxyanion in the transition state. The 
active site structure of 17E8 shows the 
€-amino group of LysHg7 positioned 2.5 A 
from the pro-S phosphonate oxygen of 4 
(Fig. 5A). This structural relation supports 
the assignment of LysHg7 as an analog of an 
oxyanion hole. If 4 is an accurate mimic of 
the hydrolysis nansition state, this structure 
suggests that the incoming nucleophile at- 
tacks from the re-face of the substrate car- 
bony1 as in the serine proteases and occu- 
pies the position of the pro-R oxygen of 4 in 
the transition state. 

Our mechanistic studies support the rate- 
limiting formation of a covalent acyl-interme- 
diate in 17E8-catalyd ester hydrolysis. If this 
intermediate is an acyl-antibody species anal- 

, ogous to the acyl-enzyme intermediate seen 
with serine p r o m ,  then an active site nu- 
cleophile should reside within the immediate 
vicinity of the phosphorous atom of 4. The 
anion of a pK, 9.1 residue in 17E8, in the 
range for a tyrosine hydroxyl (24), substan- 
t idy accelerates hydrolysis (Fig. 1B). There 
are four tyrosine residues in the 17E8 active 
site although none is close enough to the 
phosphorous atom of4 for direct nucleophilic 
attack and their h~droxyl groups do not in- 
teract with 4. Tyr"lol, however, orients the 
hydroxyl group of Sepw away from 4 by a 
hydrogen bond (Fig. 5A). A 1W rotation 
about the Ca-CP bond of Ww positions 
the hydroxyl about 3 A from the phosphorous 
atom of 4 (Fig. 5B). This rotation will also 
place the SePw hydroxyl within hydrogen 
bonding distance (2.7 A) of HisH35. 

An important question is whether Tyr"lol 
functions as a hydrogen bond donor or hydro- 
gen bond acceptor with Ser"w. Electronic 
and geometric considerations suggest that 
Ww cannot be a donor. Modeling hydro- 
gen atoms into both TytHIO1 and Ww and 
examining all possible rotations about all side 
chain sigma bonds unequivocally shows that 
W t e  hydrogen bond distance and an- 
gles can be achieved only if Tyr"lol is the 
hydrogen bond donor and Ser"w is the hy- 
drogen bond acceptor (25). This is a case 
where the hydmgen bonding arrangement be- 
tween two hydroxylcontaining residues that 
inprinciplecanbebothhydrogenbondcb 
nors and acceptors is asymmetric, and the 
donor-acceptor roles of Tyr"lol and SePw 
cannot be reversed. 

Because TfllO1 functions as the hydro- 
gen bond donor and SePw as the hydrogen 
bond acceptor, ionization of TfllO1 both 
eliminates the hydrogen bond and creates a 
repulsive interaction that could trigger ro- 
tation about the S e P  Ca-CP bond, 
which would move S e p  into hydrogen 
bonding distance with Hism5 and into a 
reactive orientation for nucleophilic attack 



at the re-face of the bound substrate car- 
bony1 (Fig. 5B). Acylation of SerHg9 by the 
ester substrate would then occur to form a 
covalent acyl-antibody intermediate as the 
experimentally observed rate-limiting step 
in hydrolysis. Deacylation occurs in a rapid 
subsequent step and presumably involves 
re-face hydroxide attack on the acyl-anti- 
bodv intermediate. In this mechanism. the 
tyro'sine ionizat~on (pKa, 9.1) does no; ac- 
celerate catalysis by direct participation as a 
nucleophile or general base, but functions 
as a pH-sensitive switch that immobilizes 
the nucleophilic in the "off' state and re- 
leases it in the "on" state. 

Comparison of antibody and enzyme ac- 
tive sites. The active site of 17E8 is remark- 
ably similar to the active sites of serine pG- 
teases such as trypsin (26-29). Both the an- 
tibodv and the enzvme active sites contain a 
recognition pocket for specific binding of the 
P, side chain of the amino acid substrate. In 
addition, the active site of both the antibody 
and enzvme contain structures to stabilize the 
development of negative charge in the tetra- 
hedral hydrolysis intermediate (oxyanion hole 
and as well as a proximal histidine- 
activated serine residue that functions as a 
nucleophile to produce a covalent acyl-pro- 
tein intermediate. The active site structural 
similarity between the 17E8-4 complex and 
that of trypsin-BPTI (bovine pancreatic tryp- 
sin inhibitor) is evident in Fig. 5C where the 
active site Ser and His side chains and the 
central atoms of the bound inhibitors (P for 4 
and C for BPTI) are superimposed. This anal- 
vsis shows that although the backbones of the 

u 

catalytic antibody and enzyme are quite dif- 
ferent, the side chain functional groups and 
inhibitor atoms that correspond to the sub- 
strate carbonyl undergoing acylation converge 
to remarkably similar relative distances and 
geometries. - 

Despite the structural similarity, there 
are im~or tan t  differences between the cat- 
alytic antibody and enzyme active sites. 
First, serine proteases such as trypsin con- 
tain a catalytic triad which includes a bur- 
ied aspartate residue that functions with the 
histidine to enhance the nucleophilicity of 
the serine hydroxyl by stabilizing the devel- 
oping positive charge on the histidine imi- 
dazole. The antibody active site contains no 
eauivalent structure to the buried asuartate. 
Second, the oxyanion hole of trypsin is 
made up of charge-neutral, conformational- 
ly restricted backbone N H  atoms; the 
esuivalent structure in the antibodv con- 
sists of a conformationally mobile cationic 
lvsine €-amino grouu. A third difference - 
between the antibody and enzyme struc- 
tures is that the serine uroteases usuallv 
contain two or more side-chain recognition 
pockets (...S2Sl-S11S2'...) for binding ami- 
n o  acid side chains on  either side of the 
substrate scissle carbonyl (...P2Pl-P1'Pz1...), 

Table 3. Comparison of catalytic triad composition with turnover number 

Enzyme 

Catalvtic triad 
composition Substrate* kc,, (min-I) Ref, 

Ser His Asp 

Trypsin + + + Z-GPR-SBn 2,900 
Trypsin + + + Z-GPR-AMC 

(34) 
3,300 

Subtilisin + + + (34) 
SUC-AAPF-PNA 2,640 

Trypsin Dl 02S/S214Et + + + Z-GPR-AMC 
(33) 

570 
Subtilisin S24C/D32A + + - suc-AAPF-PNA 

(35) 
1 . I  (33) 

Trypsin D102N + + - Z-GPR-SBn 3.0 (34) 
Catalytic antibody 17E8 + + - for-Norleu-OPh (I) 223 ( 7  1) 

*Substrates are all activated amide and oxy and thioester derivatives. Abbreviations: Z, benzyloxycarbonyl; SBn, 
thiobenzyl ester; AMC, 7-amido-4-methylcoumarin; suc, succinyl; PNA, p-nitroanilide; for, formyl, tThis double 

mutant of trypsin contains a glutamate residue at a different location in protein that replaces Asp'O2 in the catalytic triad. 

whereas the antibody only contains one site 
capable of binding hydrophobic PI nor- 
leucine and methionine side chains. The 
additional substrate binding sites in the 
serine proteases play an important role in 
both substrate recognition and catalytic 
turnover (30). 

Site-directed mutagenesis experiments 
by others have demonstrated that the aspar- 
tate component of the catalytic triad of 
serine proteases plays a critical role in ca- 
talysis (31-35). The importance of the as- 
partate component of the catalytic triad in 
serine proteases can be seen by comparing 
the turnover numbers of serine Drotease 
mutants that lack the active site aspartate 
with those of the wild-type enzyme (Table 
3) (36). These experiments show that mu- 
tations which replace the aspartate with 
residues devoid of the acidic side chain 
decrease the turnover number by a factor of 
lo3 to lo4. As has been demonstrated with 
trypsin, the high activity imparted by a 
complete catalytic triad can be substantially 
recovered when a glutamate residue is in- 
troduced into an alternative position in the 
protein backbone (trypsin D102S/214E, Ta- 
ble 3 )  (35). This result shows that the , ~ ,  

additional catalytic potency provided by 
the asuartate comuonent of the triad can be 
largely compensated for by second-site mu- 
tations that dace  a carboxvlate in the im- 
mediate vicinity of the active site histidine, 
and imply that the catalytic activity of our 
catalytic antibody may be substantially in- 
creased with the appropriate introduction 
of an aspartate or glutamate to complete the 
catalytic triad in the 17E8 active site. 

It is important that the appearance of 
the SerH99-HisH35 dyad in the active site of 
17E8 is an unanticipated result of antibody 
variable region diversity and was not pro- 
grammed from hapten design. None of the 
three residues that potentially participate in 
the hydrolytic mechanism (TyrHIO1, SerH99, 
and HisH3') appear to have significant in- 
teractions with the bound hauten 4. SerH99 
and TyrHIO1 appear to be partners in a 
hydrogen-bonding interaction that is im- 

portant for structural reasons, possibly to 
enforce the geometry and relative position 
of the heavy chain CDR3. The only active 
site features of 17E8 that are the direct 
result of hapten design are the hydrophobic 
recognition pocket of the norleucine side 
chain and the oxyanion hole equivalent 
formed by the €-amino of LysH97. It would 
be difficult to design a hapten structure that 
could reliably elicit these active site resi- 
dues and induce a catalytic triad similar to 
that of a serine protease even though cata- 
lytic antibodies with these active site struc- 
tures may exist in the immunoglobulin rep- 
ertoire. The chances of isolating specifically 
active and potentially rare catalytic anti- 
bodies would be enhanced by new function- 
al selection methods for probing the immu- 
noglobulin repertoire that are based on cat- 
alytic activity rather than ligand binding 
(37, 38). 

The combination of a reasonably active 
first-generation catalytic antibody and a 
three-dimensional structure of the antibody- 
transition state analog complex presents an 
opportunity to introduce specific active site 
mutations that improve catalytic activity. For 
example, introducing an aspartate or gluta- 
mate residue to construct a full catalytic triad 
may lead to an improvement in activity for 
the reasons discussed above. Alternatively, a 
mutation that does not increase the kcat of 
17E8 directly but shifts the activity maximum 
from pH 9.5 to neutral pH would increase the 
catalytic efficiency (kCat/kuncat) of the anti- 
body by 100 times because the uncatalyzed 
reaction is two orders of magnitude slower at 
pH 7.0 than at pH 9.5. The nucleophilic 
Sep99 hydroxyl of 17E8 is held in an unre- 
active conformation through a hydrogen 
bond donated by TyPIO1. We believe that 
removal of the TyrHIO1 phenolic proton and 
disruption of this hydrogen bond is the pKa 
9.1 ionization that leads to a significant in- 
crease in hydrolytic activity (Fig. 1B). Chang- 
ing TyPIO1 to phenylalanine would be a con- 
servative mutation that would preserve the 
aromatic component of this residue yet re- 
move this hydrogen bonding ability and po- 
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tentially shift the activity maximum toward 
neutral pH. 

Alternatively, the active site chemistry 
of other families of protease enzymes could 
be explored with 17E8. For example, the 
active site of 17E8 also has similarity to the 
active site of thiol proteases such as papain, 
which have an active site Cys-His-Asn tri
ad similar to the SerH99-HisH35 dyad of 
17E8 (39). The cysteine thiol is significant
ly more acidic than the serine hydroxyl, and 
the thiolate-imidazolium ion pair thought 
to be involved in the thiol protease hydro-
lytic mechanism provides a more potent 
nucleophile than a Ser-His hydrogen bond
ed pair (40-42). Mutation of Ser H " to Cys 
would introduce a papain-like active site 
into 17E8 and, with the enhanced nucfeo-
philicity, could provide a more active cata
lyst if formation of the acyl intermediate is 
the rate-limiting step in the antibody-cata
lyzed hydrolysis. 

Catalytic antibodies and enzyme evolu
tion. Catalytic antibody generation involves 
the introduction of catalytic activity into a 
protein structure that has evolved the natural 
function of ligand binding. Because they have 
not evolved natural enzymatic activity, cata
lytic antibodies provide an alternative protein 
framework for testing ideas of enzyme struc
ture-function relations. Structural studies on 
unusually active catalytic antibodies like 17E8 
may provide insight into the origins of the 
evolution of activity in natural enzymes. An 
important question is whether alternative cat
alytic strategies that are as effective as those 
used by modern enzymes may be discovered 
with catalytic antibodies. The structure of 
17E8 shows that active site chemistry similar 
to that produced through natural enzyme evo
lution can also arise in the unnatural process 
of catalytic antibody generation. This struc
tural convergence between the antibody and 
enzyme is interesting in that the active site 
structures of present-day serine proteases pre
sumably arose from hundreds of millions of 
years of protein evolution whereas the active 
site of 17E8 was produced in a standard 50-
day immunization schedule. The 17E8 active 
site may in a crude sense resemble the active 
site of an intermediate enzyme in serine pro
tease evolution that lacks the third important 
asparate component of the catalytic triad. 
The close structural similarity between the 
antibody and enzyme active sites suggests that 
there may be relatively few mechanistic path
ways for effective hydrolytic catalysis with 
protein frameworks made up of the natural 

amino acids, and that the mechanism em
ployed by modern serine proteases may be 
among the most effective. 
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