
RESEARCH ARTICLES 

Reactive Immunization 
Peter Wirsching, Jon A. Ashley, Chih-Hung L. Lo, 

Kim D. Janda,* Richard A. Lerner* 

Principle and design. If reactive com- 
pounds are considered as haptens, there 
must be sufficient reactivity to undergo 
chemical reactions in the binding site of 
the antibody, but not too much lability to 
be completely degraded by the many chem- . - 

ical entities encountered in vivo during im- 
For almost 200 years inert antigens have been used for initiating the process of immu- munization. Also, the compounds chosen 
nization. A procedure is now described in which the antigen used is so highly reactive that must be stable enough to allow adequate 
a chemical reaction occurs in the antibody combining site during immunization. An conjugation to a carrier protein to form the 
organophosphorus diester hapten was used to illustrate this concept coined "reactive immunogen. 
immunization." The organophosphonate recruited chemical potential from the immune An organophosphonate diester struc- 
response that resembled the way these compounds recruit the catalytic power of the ture was chosen as a model for reactive 
serine hydrolases. During this recruitment, a large proportion of the isolated antibodies immunization (Scheme 1) because it could 
catalyzed the formation and cleavage of phosphonylated intermediates and subsequent provide a test of principle and it could 
ester hydrolysis. Reactive immunization can augment traditional immunization and en- provide insight into the nature of phos- 
hance the scope of catalytic antibody chemistry. Among the compounds anticipated to phonylated enzymes and the recruitment 
be effective are those that contain appropriate reactive functionalities or those that are of their catalytic activity (4-6). Also, sta- 
latently reactive, as in the mechanism-based inhibitors of enzymes. bility could be modulated, depending on 

the electronic nature of the aryl rings, and 
possible structural modifications could be 
explored by disrupting the symmetry of 

T h e  traditional process of immunization use reactive compounds as immunogens the compound. However, there was the 
has been limited to the induction of non- designed to pr'omote specific chemistry in possibility of a double selection between 
covalent interactions between antigen the antibody binding site, both in vivo two haptens: the starting diester which 
and antibody. The discovery of antibody during antibody induction and then later was very reactive, and the other a stable 
catalysis has resulted in another kind of in catalysis. Thus, at the time of antibody- transition-state analog, which increased in 
antibody-antigen union ( I  ). For example, antigen encounter, a component of the concentration as a result of hydrolytic de- 
efforts are directed toward the translation binding energy results from complex composition during the immune response 
of binding energy into chemical modifica- chemical reactivity as well as from the (Scheme 1); such interaction between 
tion of a substrate so that the nature of the simpler forms of complementarity depen- these two could affect the chemical and 
interactions between antibody and anti- dent on electrostatic and hydrophobic catalytic attributes of antibodies. Struc- 
gen becomes as important as their ener- forces. Therefore, it seems that a propor- ture-reactivity studies suggested that the 
getics. At present, the mechanism and tion of the responding B cell population paramethylsulfonyl (p-S02Me) analog 1 
outcome of an antibody-catalyzed reaction reflective of such an additional interac- (Fig. 1 and Table 1)  would survive immu- 
have been controlled by synthesizing hap- tion may predominate. noconjugation procedures, would have an 
tens endowed with geometric and elec- Structures anticipated to have desirable adequate lifetime in vivo, yet offered 
tronic features modeling the transition properties can be compared with mecha- enough reactivity to interact chemically 
state of the reaction. These compounds nism-based inhibitors that inactivate en- with immunoglobulins (7). 
induce antibodies expected to stabilize at- zymes. These compounds operate through Under the coupling conditions for hap- 
tributes of the transition state as the sub- interactions governed by functionalities in ten 1, it was estimated that immunization 
strate traverses the reaction coordinate, the active site and known to play a role in began with a mixture of equal amounts 
thereby lowering the energy of the reac- the catalytic sequence (3).  However, such of each immunogen, such as 2 and 10, 
tion and increasing the rate. In spite of the compounds may be viewed in the converse and that the antibodies derived from 
successes, control over the mechanistic sense, in that a molecule that is capable of them would be a result of the interplay 
details of some reactions has remained reactive inhibition of a mechanism will also between these two immunogens (8). The 
elusive because the inherent randomness be capable of inducing a similar mechanism. end result would then be a cross-reacting 
of the immune response precludes dictat- When the design of the immunogen re- immune serum with a reduced affinity for 
ing how amino acids in the antibody com- quires an irreversib1.e chemical reaction, the both haptens, a higher affinity for 10 rel- 
bining site will participate in the mecha- immunization can be considered to tran- ative to 2, and the installation of chemical 
nism of the reaction. Whereas transition- spire via a covalent process. reactivity. 
state energetics may remain a driving force 
in antibody catalysis, the incorporation of 
amino acid chemistry can augment and 
diversify its scope and complexity. Indeed, 
there have been rare and unexpected oc- 
currences of such evolved, enzyme-like an- 
tibody behavior (2) .  

The selection of antibodies has now 
been made to occur as a result of bond- 
making and bond-breaking processes. We 
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A panel of 19 monoclonal antibodies 
(rnAbs) was obtained for analysis (9). Com- 
plete assessment of the reactive immuniza- 
tion hypothesis required the examination of 
the characteristics of the entire collection. 
The dissociation constants (Kd) of 12 were 
determined by fluorescence quenching or 
with 3H-labeled 13 by equilibrium dialysis 
(Table 2) (10). In that the diester 5 decom- 

posed in solution and gave 12, we were 
unable to differentiate unequivocally the 
binding between these two compounds un- 
der equilibrium conditions. Hence, to dem- 
onstrate that an uncharged, p-S02Me-phe- 
nyl phosphonate ester bound to these anti- 
bodies, we used the stable analog 16 as a 
surrogate for 5 and obtained approximated 
K, values (Table 2) (1 1 ). These data pro- 

17 Et -drvylm 

Fig. 1. Structures and numerical assignments of compounds. 

vided an umer limit on K,  because the x L U 

binding energy that might be afforded by an 
additional p-S0,Me-phenyl ring was ab- 
sent. However, it was expected that 3H- or 
14C-labeling could distinrmish those anti- - - 
bodies that reacted rapidly, covalently, and 
stoichiometrically, or perhaps where reac- 
tion was not as rapid, but where the diester 
was thermodynamically competitive with 
13. Incubation of SPO monoclonal anti- 
bodies with an excess of 7 or 8 indicated, in 
a number of cases, that one equivalent of 
3H- or 14C-label remained bound to the 
protein even after extensive dialysis. Yet, in 
denaturation experiments designed to es- 
tablish covalent as opposed to noncovalent 
bindine. either little or no radioactivitv re- 

u, 

mained associated with the protein (1 2), an 
indication that kinetic phenomena were 
operative. 

Kinetics and mechanism. An antibody 
phosphonylated with 5 could (i) dephos- 
phonylate and possibly reactivate by 
cleavage of the phosphorus-protein bond 
(A), (ii) age by hydrolysis of the other 
~ h o s ~ h o n a t e  ester from which no reacti- 
& .  

vation occurs (B), or (iii) react through a 
combination of both pathways (13) 
(Scheme 2). To  study the inactivation 
kinetics of the SPO family with 5 as a 
substrate, we used high concentrations of 
antibody under pseudo first-order condi- 
tions. Both possible products of the reac- 
tion, 1 2  and 15, were then simultaneously 
subjected to high-performance liquid 
chromatography (HPLC) ( 14). The rela- 
tive rates of phosphonylation, dephospho- 
nylation, and aging were then evaluated. 
Members of the SPO panel showed that 11 
of the 19 antibodies catalvzed the hvdro- 
lysis of 5 compared to the background, 
buffer-catalyzed reaction (Table 2); in 
most cases, this resulted in a one-turnover 
inactivation of the antibody. Unexpected- 
ly, the putative phosphonyl intermediates 
were usually labile, with dephosphonyla- 
tion the predominant mode of reaction. 
This lability explained the results ob- 
tained in 14C-labeling ex~eriments with 8. - & 

However, dephosphonylation rarely led to 
reactivation because the reaction product 
1 2  was often a tight-binding, competitive 
inhibitor (13, in Table 2). The reactivity 
of these intermediates was quite a contrast 
to that observed for inactivated serine es- 
terases and proteases (13). Perhaps most 
interesting was the behavior observed 
with regard to the rates and pathways 
during the inactivation process that result- 
ed from phosphonylation, dephosphonyla- 
tion, and aging reactions. 

The most studied antibody was SP049H4. 
When an excess of 5 was ra~idlv mixed with 

Scheme 2 

- 1  

the antibody, the buildup of products was 
greater than 60 percent within the mixing 
time and increased until approximately one 
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equivalent of each was produced (Fig. 2A). 
Moreover, the rates of formation of 12 and 
15 were the same, an indication that there 
was no significant accumulation of an inter­
mediate and that phosphonylation was large­
ly rate determining (15). The progress curves 
gave an observed first-order rate constant for 
inactivation of 6.4 min - 1 (16). If kohs gives 
an estimate of the rate of phosphonylation 
and sets a lower limit on the rate of dephos-
phonylation, then kohs approximates the 
first-order rate constant for inactivation (Jcin-
act). In essence, 5 could be viewed as a 
mechanism-based inhibitor of SP049H4 
where the time-dependent loss of activity 
was monitored directly and where the parti­
tion ratio was essentially zero. At compara­
ble micromolar concentrations of antibody 
and inhibitor in the range of the Kd, com­
plete inactivation occurred within 10 min­
utes (Fig. 2A, inset). A measure of the po­
tency of inactivation is indicated by the 
apparent second-order rate constant of inac­
tivation, kinacJKd (Kd for 16), which is anal­
ogous to kcaJKm for a true substrate. This 
gave a value of 4.7 X 105 M _ 1 min - 1 . 
Although inactivation of acetylcholinester­
ase and serine proteases by nonspecific or-
ganophosphonofluoridates and chloridates 
occurs near the diffusion limit, the inactiva­
tion of the, antibody by 5 is only about 10 
times slower than inactivation of serine pro­
teases by peptidic phosphonate diphenyl es­
ters (5) and about 100 times faster than 
inactivation of these enzymes by many pep-
tidomimetic phosphonate monoesters (4). 

Although the reaction course of phos­
phonylation was programmed by hapten de­
sign of 1, the antibody must have resulted 
from reactive immunization under the in­
fluence of electrostatic interactions provid­
ed by 10. A priori, we would not expect 
that the process of selection for phosphony­
lation would also be the sole driving force 
that afforded rapid dephosphonylation. Pos­
sible evidence for the influence of 10 arose 
when it was discovered that many of the 
antibodies used the activated ester 18 in a 
highly specific and catalytic fashion (Table 
2). The most efficient among these was 
SP049H4, where the ratio of Jccat to Km was 
1.0 X 105 M - 1 min - 1 . We estimated that 
turnover of the antibody was limited only 
by the rate of product release. There was no 
significant pre-steady-state accumulation of 
an intermediate although an acyl antibody 
could be trapped at low pH in a stoichio­
metric amount (17). The competency of 
this substrate suggested that both covalent 
catalysis and transition-state stabilization 
were operative. In particular, the acylation 
with 18 substantiated the presence of an 
antibody nucleophile and, hence, the exis­
tence of a phosphonyl intermediate. Fur­
thermore, features of the active site derived 
from selection by 10 could be implicated in 

the antibody chemistry with phosphonate 
diesters. The impact on catalysis is likely to 
be electrophilic because of the formation of 
an "oxyanion hole" common in antibody 
catalysis (18). Using p-cresol and com­
pound 24 as models for an antibody inter­
mediate operating by way of a tyrosyl resi­
due, we estimated that SP049H4 offered a 

60,000 times greater advantage in the for­
mation of the phosphonyl-antibody and at 
least a factor of 1 X 106 in its hydrolysis 
(19). Finally, our data suggested that bind­
ing interactions by the p-SOzMe group 
played a significant role in the observed 
kinetics. The more reactive nitro analog 20 
was a slow substrate for SP049H4, whose 

Table 1 . Hydrolytic stabilities of some hapten-like compounds. For each compound, the buffer-catalyzed 
first-order rate constant (/chyd) was determined under the following conditions: (A) 100 mM Bicine, pH 8.0, 
5 percent DMF in 5 percent CH3CN cosolvent at 22°C; (B) 100 mM phosphate, pH 7.4, 5 percent DMF 
in 5 percent CH3CN cosolvent at 22°C; (C) 50 mM phosphate, pH 7.5, 5 percent DMF in 5 percent 
CH3CN cosolvent at 4°C. For all compounds, values were determined by means of HPLC, except for 6, 
which was determined spectrophotometrically [s404 for (A) = 15,700 M~1 cm - 1 , e404 for (B) = 13,000 
M~'1 cm - 1 ] . HPLC for 1 and 5 followed the formation of 15 as described (14). For 4, formation of the 
monophenyl ester product was followed with an isocratic mobile phase of 8 percent CH3CN and 92 
percent water (0.1 percent trifluoroacetic acid) at 2.0 ml/min. ND, not done. 

Compound 
B C 

ND* 
5.0 x 10"6 

5.13 x 10"4 

1.3 x 10"3 

ND 
2.3 X 10"6 

9.6 x 10~4 

1.1 x 10"2 

4.8 X 10" 
ND 

6.4 X 10" 
ND 

*ND, not determined 

Table 2. Kinetic and thermodynamic parameters for SPO mAbs. 

SPO 
mAb 

49H4 
71A7 
79D12 
13F8 
50A5 
45G6 
56C4 
50C1 
87E2 
87B2 
89E11 
96G2 
91B4 
40C11 
50A10 
38F10 
34B11 
52D1 
82D2 

igG 
isotype 

K 7 2 a 

K71 

K 7 2 b 
K71 

K 7 2 a 
K 7 2 b 
K 7 2 b 
K71 

K 7 2 a 

* 7 i 
K 7 2 a 

* 7 i 
* 7 i 
K 7 2 a 
K 7 2 a 
K71 

K71 

K71 

K 7 2 b 

Kd (16T 
(M,M) 

3.0 
0.20 ' 
0.20 
5.0 
0.20 
0.92 
1.3 
0.10 
0.10 
2.0 
2.0 
2.0 
0.15 
0.40 
0.30 
.2.0 
0.50 
0.10 
1.0 

Kd (13)t 
(M.M) 

0.11 
0.17 
0.14 
0.074 
0.10 
6.0 
9.6 
0.068 
0.83 
5.0 
3.6 
1.3 
1.4 
0.64 
3.5 
0.17 
0.078 
0.10 

15 

/cobs (min-

12 

6.4 
0.080^ 
0.18# 
0.16** 

ND** 
0.0039§§ 

ND 
ND 

0.069 
0.0042Tff 
0.015## 

ND 
ND 
ND 
ND 
ND. 
ND 
ND 
ND 

- 1 ) * 

15 

6.4 
0.087 
0.18 
0.11 
0.012 
0.0018 
0.0010 
0.017 
0.069 
0.0023 
0.012 

ND 
ND 
ND 
ND 
ND 
ND 
ND 
ND 

/ccat (18)§ 
(min -1) 

31|| 
5.1 
2.6 
0 .025t t 
0.047 
0.076 
0.17 

78|| || 
0.0058 
0.028 
0.046 
0.25 
0.21 
0.18 
0.14 
0.10 

ND 
ND 
ND 

"Determined by fluorescence quenching (70). tDetermined by equilibrium dialysis (70). ^Determined under the 
reaction conditions and HPLC analysis described (74). In each case, 40 |JLM mAb and 700 |JLM 5 were used. The kobs 

were the observed first-order rate constant for product formation in which inactivation resulted from either dephospho­
nylation, aging, or both, except where indicated. All data were fit with the equation in (76). When possible, the true 
first-order rate constants for dephosphonylation (kr) and aging (ka) were estimated from the relation, kobs (12) = kr + ka 

and k/ka = (percent 12 formed)/(100 - percent 12 formed). ^Determined under the reaction conditions and HPLC 
analysis described (74), except where indicated. In each case, 20 |JLM mAb and 250 |JLM 18 were used. This concen­
tration of 18 was saturating. The buffer-catalyzed first-order rate constant for hydrolysis of 18 was 4.62 x 10 - 3 min -1 . 
The background rates were subtracted from the mAb-catalyzed rates. ||The parameters for SP049H4, SP071A7, 
and SP079D12 were determined spectrophotometrically as described (20) in the presence of 0.20 |JLM or 1.0 |JLM mAb, 
and by varying the concentration of 18. The data were fit hyperbolically (39). Km (49H4) = 300 |JLM; Km (71A7) = 67 |JLM; 
Km (79D12) = 101 |xM. Hkr = 0.060 min-1, ka = 0.016 min-1; 20 percent aging. #Slow turnover (0.2 |xM/min) 
continued up to 1.25 equivalents of product formation. **kr = 0.14 min - 1 , ka = 0.016 min - 1 ; 10 percent 
aging. ttFor SPO mAbs 13F8, 56C4, 87E2, 87B2, and 89E11, there was a one equivalent formation of 15 with no 
significant steady-state rate up to 35 percent substrate depletion. **Nd, none detected. The amount of product 
formation was within experimental error (±10 percent) of background. §§/cr = 0.0019 min - 1 , ka = 0.0019 
min - 1 . || ||The burst formation of one equivalent of 15 was determined by means of stopped-flow spectrophotometry 
(Hi-Tech Scientific), 0.2-ml cell, 1-cm path length, 0.2-ml stop-volume, 266 nm; 2 |JLM mAb, 25 |JLM 18 with conditions 
described (20). There was no detectable steady-state rate. HHkr = 0.0011 min - 1 , ka = 0.0031 min - 1 ; 75 percent 
aging. ##Estimated from less than one equivalent of 15. The ratio of the concentration of 12 to that of 15 was 0.33. 
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kc,, was 7 percent that of 18, did not show 
burst kinetics and could not be I4C-labeled 
with 21. This could be explained by a 
changeover to acylation as the rate-deter- 
mining step. 

The ester substrate 18 permitted inves- 
tigation of the inactivation of SP049H4. 
The incubation of antibodv. 5, and 18 re- , .  . 
sulted in time-dependent loss of catalytic 
activity when the reaction was continuous- 
ly monitored for release of 15 at 266 nm 
(20). Progress curves, generated from sever- 
al concentrations of inhibitor and fixed 
amounts of substrate and antibody (Fig. 
2B), were fit by nonlinear least-squares 
analysis (16). The values of kc,,,, and the 
initial velocities showed a hyperbolic de- 
pendence on the concentration of 5 (Fig. 
2B, inset, and C). The data could therefore 
be intemreted from the minimal model for 
mechanism-based inhibition in the pres- 
ence of a com~etine substrate and where . - 
the partition ratio approaches zero (Scheme 
3) (21). In this scheme, E represents the 
antibody, EA a reversible complex with 18, 
EI a reversible complex with 5, EI' a phos- 
phonylated antibody, EX the final inhibited 
complex with 12 and 15, and A and P are 
18 and 15. resoectivelv. The rate constant . & 

k, approximates k,,,,, when it is the rate- 
determining steD. The data, which were in - 
accord with our direct assessment of inacti- 
vation, provided a value for the inhibition 
constant Kt which compared with the K, 
value approximated by 16 (Table 2). The 
aereement between K, and K, was further 
iidication that k, cktrolled' the rate of 
inactivation. Finally, the kc;,, for 18 of 35 
min-' was consistent with that found pre- 
viously (Table 2)  and supports the applica- 
bility of the kinetic scheme. 

Other members of the SPO family dis- 
olaved characteristic behavior and exemoli- . , 
fied the diversity available from reactive 
immunization. In oarticular. the observed 
difference in the rates and amounts of for- 
mation of 12 and 15 for some antibodies 
gave direct evidence for the partitioning 
from a phosphonyl-antibody intermediate. 

The reaction of SP056C4 with 5 reme- 
sented a case where there was no significant 
oroduction of 12 and therefore an extreme- 
ly slow rate of dephosphonylation. Howev- 
er, the liberation of two equivalents of 15 
was observed (Fig. 3A). The extra 15 was 
not a result of antibody turnover given the 

"5 43 
El + El' ---+ EX 

Scheme 3 

absence of formation of 12. Hence, the 
additional equivalent came from the aging 
of a covalent intermediate. The apparent 
first-order rate constant for formation of 15 
is a function of the true first-order rate 
constants for phosphonylation and aging. If 
these are of similar magnitude, a value of 
ka,, = 0.060 hr-I can be assigned to these 
steps (22) and compared to the rate con- 
stants for hydrolysis of 17 and 24 used as 

models for antibodv intermediates of serine 
or tyrosine, respectively. These comparisons 
suggested a rate enhancement of 2700 and 
230 times faster for the phosphonylation 
step and aging reaction, respectively, invok- 
ing serine, and 10 and 28 times faster for 
that of tyrosine (19, 23). It is clear that 
SP056C4 is a Door catalvst of its own in- 
activation and that its rate and pathway of 
reaction differ from those of SP049H4. 

I ' 

f'. 5 - 
1' - 
i 

yr - .I! 
I *' 

- 
I.: - 
FI.... 0 
is1 
+.* 0 50 100 150 
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These differences may result from a weak 
electrostatic potential at the active slte 
with reactivity arislng only from minor en- 
tropic gains because SP056C4 binds 12 
nearly two orders of magnitude less tightly 
than SP049H4. SP050A5 also aged com- 
pletely, but ten times faster, while subtle 
effects in other antibodies made them sus- 
ceptible to both dephosphonylation and ag- 
ine (Table 2). The antibodv SP045G6 " .  
showed the most complex behavior and 
illustrated all possible concurrent events 
(Fig. 3B). Because the antibody generated 
one full equivalent of 12,  but three ecluiv- 
alents of 15, it must have undergone one- 
and-a-half turnovers (two phosphonyla- 
tions) and complete aging before inactiva- 
tion. Apparently, binding of 5 was compet- 
itive with 12  so that inactivation did not 
result after one dephosphonylation event. If 
aging were not a factor. additional turn- " L, 

overs and more of 12  might have resulted. 
Final confirmation of ~hosohonvl-antibodv 

L L ,  

intermediates and the aging hypothesis was 
obtained from 'H-labeling (24). 

The kinetic behavior of the SPO mono- 
clonal antibodies support a mechanism 
whereby phosphonyl intermediates, whether 
in enzymes or immunoglobulins, can utilize 
the chemical potential of an oxyanion hole. 
In the reactions of serine hydrolases, reacti- 
vation and aging are slow, but occur more 
readily for aryloxy leaving groups, as opposed 
to alkoxy ligands, which lock the enzyme in 
an inappropriate protonation state for hy- 
drolysis (25). For the antibodies, the magni- 
tude of the electrostatic interaction and the 
orientation of the intermediate with respect 

to the anionic binding slte may govern the 
rates and pathways of phosphonylation, de- 
phosphonylation, and aging. The effect of 
this site either may be minimal in that it was 
elicited only from the charge separation of 
the P -0  double bond in I or the covalent 
intermediate, or it may be stronger through 
interplay with 10 during selection. However, 
in the formation and cleavage of a covalently 
bound ~ h o s ~ h o n v l  intermediate, some anti- . L 

bodies, compared to enzymes, can make ef- 
ficient use of a simpler mechanism. The 
organophosphorus inhibitors recruit almost 
the full catalytic power of serine hydrolases 
during phosphonylation, but this catalytic 
machinery becomes an impediment in the 
dephosphonylation reaction, suggesting that 
the ~ h o s ~ h o n v l  intermediate mav be a mod- 

L L ,  

el for the deacylation step of these enzymes 
(26). In the recruitment of catalytic power, 
the SPO monoclonal antibodies work freely 
between acyl and phosphonyl intermediates 
(or tetrahedral and pentavalent transition 
states). SP049H4 operates equally well with 
5 or 18  (compare klnact/KI with ltcat/K,T,), but, 
as is often the case in antibodv catalvsis. the 
reactions were encumbered biproduLt bind- 
ine stem . " 

Structure and mechanism. Much of the 
catalytic potential of SP049H4 arose from, 
and resided in, the binding energy of the 
p-S0,Me phenyl ring. The strong product 
binding and the slow rate of product release 
contributed to efficient inactivation and 
prevented it from being a more proficient 
catalyst. The high affinity and specificity 
for the p-S0,Me group were therefore used 
to seek further evidence for the existence of 

Time (min) Time (min) 

Fig. 3. (A) The partial time course for the formation of 12 (A) and 15 (0) during the inactivation of 
SP05GC4 with the phosphonate diester 5. The reaction was done in 100 mM Bicine, pH 8.0, 5 percent 
DMF in 5 percent CH3CN cosolvent at 22°C with 40 pM SP05GC4 and 700 pM 5. The reaction products 
were separated by HPLC (14). The concentrations of 12 fluctuated within experimental error (%I0 
percent) of background values. (Inset) The full time course for the formation of 15 during the inactivation 
of SP05GC4 with 5. The conditions were as in (A). The final concentration corresponded to the produc- 
tion of two equivalents of 15. (B) The formation of 12 (A) and 15 (0) during the inactivation of SP045GG 
with the phosphonate diester 5. The reaction was done in 100 mM Bicine, pH 8.0, 5 percent DMF in 5 
percent CH3CN cosolvent at 22°C with 40 pM SP045GG and 700 pM 5. The reaction products were 
separated by HPLC (14). The final concentration of 12 corresponded to approximately one equivalent, 
and that of 15 to nearly three equivalents compared to the concentration of antibody. 

a phosphonyl-antlbody ~ntermediate. 
The Hammett rho slgma (pu) and related 

studies have been useful in enzymology and, 
in particular, the kinetic and chemical 
mechanisms of serine protease and esterase 
catalyses were supported with such linear 
free energy relationships (27, 28). Substitu- 
ent effects on an antibody-catalyzed hydrol- 
ysis of phenyl esters gave evidence for an 
acyl-antibody intermediate (29). However, 
only a few Hammett-type investigations in 
which organophosphorus compounds were 
used have been reported (30). The hydrolysis 
of ten mixed-ester phosphonates, 22 to 31  
(Fig. I ) ,  was examined with and without 
catalysis by SP049H4 (31). High-perfor- 
lnance liquid chromatography (HPLC) was 
used to determine the buffer-catalyzed rate of 
formation of 12 and 15, the overall pseudo 
first-order rate constant (khyd), and k,,,, for 
the inactivation of SP049H4 (32). Excel- 
lent correlation (r = 0.973) was obtained for 
khyd assessed as a function of the original 
Hamrnett u constants (33). The correlation 
for production of 12 or 15 were also good (r 
= 0.94-0.96). In that the interplay between 
substituents on the two aryl rings determined 
the reactivity of each compound, log khyd was 
used for correlation with u and gave p = 1.02 
(Fig. 4A). In all cases, the hydrolytic parti- 
tioning of the diesters favored generation of 
15 and the corresponding para-substituted 
phosphonic acid (34). The antibody alone 
catalyzed the formation of 12 and the para- 
substituted phenol (35). When log kc,,,, for the 
antibody reactions was plotted as a function of 
u, the Hammett relation was satisfied and 
afforded p = 2.14 (Fig. 4B). The observed 
substrate selectivity and the p a  correlation, 
taken together, support the case for covalent 
catalysis. 

1) Evidence from inactivation experi- 
ments indicated that for a mechanism that 
operated through a phosphonyl intermedi- 
ate, the phosphonylation step was largely 
rate-determining. If the substituent effects 
on kc,,,\ measured substituent effects on 
phosphonylation, and if all of the substrates 
phosphonylated the antibody by the same 
mechanism through a common intermedi- 
ate, a linear free energy relation should 
ensue. Furthermore, a value of 2 for p is 
indicative of the development of substantial 
charge in the transition state for release of 
the respective phenols. Hydrolysis of acyl 
phenyl esters via a general-base mechanism 
is characterized by little charge buildup on 
the phenolic oxygen and thus a low p value 
of 0.5 to 0.7, whereas attack by hydroxide 
usually results in somewhat higher p values 
of 1 to 1.2 (36). This is consistent with the 
p value of 1.02 for the buffer-catalyzed re- 
action and with hydrolysis of other organ- 
ophosphorus esters (30), but not with the 
value found for the antibody-catalyzed re- 
action. A mechanism invoking an antibody 
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nucleophile could account for the p value 
found in our experiment (37). Nucleophilic 
addition to phosphorus in the SP049H4 
active site during the pho~phon~lation step 
proceeded through a later transition state 
with more charge development, and there- 
fore it was more sensitive to the electronic 
effects of substituents. 

2)  As shown above, the antibody com- 
oletelv reversed the chemoselectivitv of 
;he h;drolysis, and thus met a disfavbred 
free enerev barrier. On the basis of reac- ", 
tivity, simple hydroxide catalysis should 
have produced only 15 and the respective 
phosphonic acid in all cases. The geome- 
try and energetics of nucleophilic attack 
require the leaving and entering groups to 
be on opposite sides of a plane that bisects 
the phenolic aryl groups through the phos- 
phorus atom (Scheme 4). In an in-line, 
single-displacement mechanism where the 
substrate lies in the active site, attack by a 
nucleophile from the exterior of the pro- 
tein would produce the thermodynamical- 
ly favored products (38). Because of the 
observed outcome. it is more ~lausible that 
the antibody hydrolyzes the ihosphonates 
through a covalent intermediate by a dou- 
ble-displacement mechanism. This way, 
substrate binding energy and an amino 
acid nucleophile lower transition-state 
barriers for phosphonylation at a minimal 
cost of negative entropy. 

As discussed above, SP049H4 was very 
specific for the p-S02Me moiety and pro- 
duced the less acidic phenol. Because the 
compounds 22 to 31 are chiral, it was pos- 
sible to examine the enantioselectivity of 
diester hydrolysis. When excess antibody 
(50 p,M) reacted with 24 (20 pM), the 
reaction only proceeded to 50 percent com- 
pletion. Then, it was possible to infer that 
10 pM of one enantiomer of 24 remained in 
solution. In essence, SP049H4 effected a 
stoichiometric "thermodynamic" resolution. 

Finally, since coproduction of the prod- 
ucts 12 and 15 resulted from the hapten- 
like substrate 5, a disruption of this finely 
tuned bindine mav afford an observable seD- - ,  
aration of the two-step process of phospho- 
nylation and dephosphonylation. The less 
hapten-congruent compound 32 was a sub- 
strate for the antibody and also led to its 
inactivation. However. in this case. there 
was a lag time in the production 'of the 
~hosohonic acid. an indication of the inter- 
s .  

mediacy of a phosphonyl-antibody. Appar- 
ently, loss of binding interactions by remov- 
al of the 4-acetamidophenyl fragment result- 
ed in a less precisely oriented covalent in- 
termediate so that hvdrolvsis of the , , 
intermediate was slower than its formation 
on a macrosco~ic time scale. Althoueh the 

.2 

rate of product formation was reduced com- 
pared to 5, the antibody turned over and 
liberated 2.6 equivalents of 15, but only 2.2 

Scheme 4 

a a 
Fig. 4. (A) Harnrnett plot of the buffer catalyzed pseudo first-order rate constants for the hydrolysis of 5 and 
22 to 31 with respect to the original a constants (27,33). (8) Harnrnett plot of the observed first-order rate 
constants for the inactivation of SP049H4 wlh compounds 5 and 22 to 31 with respect to the original a 
constants (27,33). For both (A) and (B), the reaction conditions and HPLC analyses were as described (14, 
32). The colors correspond to the color coded substiiuents in Fig. 1, and the p value equaled the slope of 
the line calculated from a linear least-squares fit that had the indicated correlation coefficient. 

equivalents of the corresponding phos- 
phonic acid, before complete inactivation 
resulted. Hence, this intermediate, unlike 
the intermediate formed with 5, was suscep- 
tible to aging. 

Enzymes and immunization. Immuniza- 
tion should no longer be limited to eliciting 
antibodies on the basis of tight binding to a 
preconceived antigen. A more dynamic ap- 
proach that enlists chemical reactivity of- 
fers the opportunity to enhance the power 
of immunization and to harvest any kind of 
protein from the immune response; accord- 
ingly, a chemical reaction can be used as 
part of the process of antibody induction. 
Such a change is a departure from conven- 
tional procedures of selection by generation 
of noncovalent interactions that leave the 
antigen and antibody chemically unaltered. 

In principle, any reactive compound or 
mechanism-based inhibitor may be used to 
generate antibodies so long as the com- 
pound has sufficient lifetime during im- 
munochemical protocols. A large number 
of mechanism-based inhibitors are already 
available and many of them could be used 

to expand the scope of antibody catalysis. 
O n  the basis of our results, catalysts pro- 
duced from covalent reactions between 
immunogen and immunoglobulin can be 
hiehlv efficient and establish a link with a ,  

the mechanisms of enzymes. In addition, 
cross-reactivity, which is usually undesir- 
able and detrimental in traditional immu- 
nization, can be used to advantage in re- 
active immunization. Hence it may be 
possible to bring reactive species together 
at the antibody combining site and ap- 
proximate what enzymes do in multisub- 
strate reactions or when using high-energy 
compounds. Finally, with reactive immu- 
nization, it might be possible to install an 
immune repertoire that reacts chemically 
with foreign pathogens by attacking criti- 
cal residues such as the asparagine side 
chain or even the peptide bond itself. 
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