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Anti body-Catalyzed Rearrangement of the 
Peptide Bond 

Richard A. Gibbs, Scott Taylor, Stephen J. Benkovic 
The generation of antibodies from a bifunctional cyclic phosphinate transition-state analog 
provided agents capable of efficiently catalyzing both steps of the overall conversion of a 
substrate containing an asparaginyl-glycyl sequence through a succinimide intermediate 
to the products aspartyl-glycyl and the rearranged isoaspartyl-glycyl sequence. This re- 
action provides a potential means in addition to amide cleavage for the deactivation of 
protein or peptide biological functions in vivo. 

A major goal in the field of catalytic 
antibodies is the inactivation of proteins or 
peptides. There are two principal means by 
which this may be achieved. One is 
through the cleavage of the amide bond by 
hydrolytic or oxidative methods, and a 
second is through the modification of side- 
chain residues or through the rearrange- 
ment of the main peptidic chain (I) .  Ex- 
amples of the latter include the deamida- 
tion of Asn or Gln residues and the related 
P-aspartyl shift mechanism. One can gen- 
erally prevent these processes from rapidly 
occurring by having the protein chains 
adopt conformations that exclude the fa- 
vorable reactive distances and bond angles 
required for these processes (2, 3). The 
deamidation of Asn residues has been im- 
plicated in protein denaturation (4), in the 
initiation of proteolytic processes leading to 
protein degradation in vivo (5), and in the 
loss of enzymic activity (6). 

We were particularly interested in the 
possibility that properly selected antibodies 
might restrain the side-chain amide carbo- 
nyl and the n + 1 amide nitrogen in an 
alignment and distance favorable for reac- 
tion to form a succinimide intermediate. 
That in turn would hydrolyze to the Asp 

Department of Chemistry, The Pennsylvania State 
University, 152 Davey Laboratory, University Park, PA 
16802. 

deamidation and the isoaspartyl (IsoAsp) 
@-shift mechanism products (Fig. 1). In 
addition to providing a favorable ground- 
state conformation, the antibody binding 
site must also complement the metastable 
tetrahedral intermediates 1 and 3 (Fie. 1) ~ - ,  

and their associated transition states, which 
presumably are involved in the two-step 
reaction sequence. Differential ground- and 
transition-state complementarity are neces- 
sary for efficient catalysis to occur. 

We chose the N-acetylasparginylglycyl 
(N-phenethyl)amide, 4, as representative 
of the Asn-Gly linkage in proteins and the 
cyclic phosphinate, 5, to mimic the inter- 
mediate species 1 to 3. 5 possesses two 
tetrahedral moieties-the phosphinate and 
secondary alcohol-so that it mimics both 
transition state 2 and 3. The synthesis of 4 
and 5 are outlined in Fig. 2. The synthesis 
of 5 begins with the previously described 
chloride 6 (7) and leads to a racemic 

\ ,  

product ultimately formed from trans addi- 
tion of azide to the racemic precursor ep- 
oxide. The final product 5 exhibits a single 
31P resonance at 49.8 ppm, consistent with 
values reported for other cyclic phosphi- 
nates (8, 9). An immunogenic conjugate 
was prepared from 5 through its linkage to a 
carrier protein (keyhole limpet hemocya- 
nin). Monoclonal antibodies were obtained 
by standard protocols (10) and purified to 
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>90% homogeneity as judged by SDS-gel 
electrophoresis (I I ) ;  we screened 30 anti- 
bodies both for catalytic activity and altered 
IsoAsp-Asp product ratios at pH 9.0 by 
monitoring ammonia formation with a cou- 
pled glutamate dehydrogenase enzyme assay 
or high-performance liquid chromatography 
(HPLC) separation of the Asp-Gly 7 or 
IsoAsp-Gly 8 products (Fig. 3). 

As noted above, the overall reaction is a 
two-step process and is rate-limited by the 
initial step of cyclization to form the succin- 
imide. Two antibodies, 2E4 and 24'23, had 
significant activity above the background 
rate, as measured by either the coupled 
glutamate dehydrogenase assay for ammonia 
liberation or by HPLC determination of 
both peptide products formed from the 
D-isomer as a function of time. With HPLC, 
there is no apparent significant buildup of 
the succinimide intermediate. The steady- 
state Michaelis-Menten parameters (kcat, 
catalytic rate constant, and K,, Michaelis 
constant) and the ratio of kCatlko (where ko is 
the spontaneous rate) measured at pH 8.95 
are presented in Table 1. The catalysis is 
effectively blocked by the addition of an 
equivalent amount of the phosphinate 5 ,  
which suggests that inhibition is stoichio- 
metric at these concentrations in accord 
with an inhibition constant (K,) I 0.1 
FM-' for dissociation of the hapten. The 

Asn-Gly 

0 

HO 

RHN 

ASP IsoAsr 

Fig. 1. The conversion of an Asn-Gly sequence 
to Asp-Gly and IsoAsp-Gly products. Pre- 
sumed tetrahedral intermediates formed along 
the reaction pathway are shown. 

half-life for the spontaneous cyclization re- 
action under our conditions is -4.7 days, 
which the antibody reduces to -1.6 hours. 
The rate acceleration is characteristic of 
rotational restrictions imposed on an intra- 
molecular process (1 2). Although the bind- 
ing of the substrate, expressed as K,, is in 
the submillimolar range, it can probably be 
lowered by the addition of one or two amino 

residues to the NH,- and COOH-tenninal 
ends of the hapten, thereby increasing the 
ratio of kcat to K, and simultaneously en- 
hancing the specificity of the antibody to- 
ward a protein target sequence. 

The results of the HPLC assay of the 
products formed from either the L- or D-iso- 
mers of the substrate, 4, are shown in Table 
2. There are a number of salient features. 

Fig. 2. Synthesis of interme- A 
diate species 4 and 5. (A) n 

Synthesis of 4. Reagents 
m c H z o ~ N 7 0 n  A HaN7'#m and conditions: a, PhCH,- 

0 0 
CH,NH,, EDC, CH7C17, 
room temperature (rt) (62% 
yield); b, Pd(OH),-CIH,, eth- 
anol, rt (1 00% yield); c, Boc- 
L-Asn-ONp, DMF, rt (63% 
yield); d, Boc-D-Asn-OSu, 
DMF, rt (56% yield); e, tri- 
fluoroacetic acid, CH,C12, rt, 4 
1 hour: CH,CO-ONp, DMF, 
rt (15% yield of L-isomer: 
37% yield of D-isomer). 
EDC. 1 -13-dimethylamino- Q 
propyl)-3-ethylcarbodiim- c( O 

ide; Boc, tefl-butoxy-carbo- 6 
nyl; DMF, dimethylforma- 
mide; Np, p-nitrophenyl: Su, 0 s ~ ~  o 
succinimide, Bu, butyl: and PR L ~ ~ ) + ~  A 
Ph, phenyl. (8) Synthesis of / P . ~  
5. Reagents and conditions: 6n0 

/p*o 
BllO H2NQR 6.0' O 

a, BnOH, triethylamine, 
CH2CI,, 0°C - rt (81% 
yield): b, lithium diisopropy- 
lamide, Me,NCH2- CH2- i9 j  

NMe,, -78°C; then tetrahydrofuran, ICH2C0,Et oJ4P;ir,-o 
(Et, ethyl; Me, methyl), '0 ?u0 
-78°C to -10°C (21% 5 
yield); c ,  NaOH, acetoni- 
trile-H20, rt; d, PhCH,CH2NH2, triethylamine, EDC, 1-hydroxybenzotriazole, CH2C12, rt (50% yield 
for both steps); e, m-CIC,H,CO,H, CH,C12, reflux (64% yield); f, Me,SiN,, Al (isopropoxide), CH,C12, 
rt (40% yield); g ,  Ph,P, tetrahydrofuran, rt: h, NH,, MeOH, rt (53% yield for both steps): i ,  
Bn,02CCH2CH2CH,C02H, EDC, triethylamine, CH2CI,, rt (55% yield): ],.Hz, Pd(OH),/C, NaHCO,, 
H20-EtOH, rt (-100% yield). Bn, PhCH,; R, PhCH2CH2NH. 

Fig. 3. Structures of the Asp-Gly 
and IsoAsp-Gly products (7 and 
8) and methods of analysis UV, 
ultraviolet; NADP, nicotinamide 
adenine dinucleotide phosphate: 
NADPH, reduced form of NADP; 
and GDH, glutamate dehydroge- 
nase. 

7 
+ 
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Table 1. Kinetic parameters for the cyclization of substrate 4 by monoclonal antibody 2E4. The rates 
were determined spectrophotometrically by a coupled enzyme assay with the use of glutamate 
dehydrogenase. Protein concentration was determined by measurement of the absorbance at 280 
nm. A typical reaction mixture consisted of 100 mM bicine (pH 9.0), a-ketoglutarate (14.1 mM), 
adenosine 5'-diphosphate (1.4 mM), reduced form of nicotinamide adenine dinucleotide phosphate 
(NADPH) (283 pM), and 2E4 antibody (14.9 pM). TO 280 p1 of this solution was added 17.5 pI of 
undiluted glutamate dehydrogenase (beef liver enzyme from Boehringer Mannheim in 50% glycerol- 
phosphate buffer, NH, < 10 pglml), which we gently mixed by withdrawing and then expelling the 
solution from a Pipetman (Gilford, Villiers-LeBel, France). A 50% dimethyl sulfoxide (DMS0)-water 
solution was added so that when the reaction was initiated by addition of the D-substrate (also in a 
50% DMSO-water solution), the total amount of DMSO was 5% and the total volume was 330 pI. The 
solution was mixed again with the use of a Gilford Pipetman and transferred to quartz cuvettes and 
incubated for 10 to 15 min at 25°C before data acquisition. The pH of the solution after addition of all 
of the materials was 8.95. The reactions were monitored by the decrease in absorbance at 340 nm 
that resulted from the disappearance of NADPH [extinction coefficient (E) = 6.22 x pM-1 
cm-I)]. The background rate was determined under identical conditions except that antibody was not 
added. The background rate was subtracted from the rates of the antibody-catalyzed reactions. The 
rate of the uncatalyzed reaction was determined under similar conditions. 

First, antibodies 39F3 and 14A8 act on 
either the L- or D-isomer, respectively, 
whereas, for example, 23C7 can process 
both isomers. Second, the group of 40H4, 

Table 2. Product distribution for RG2 antibody- 
catalyzed reactions of the D- or L-isomer of 4. The 
product distribution was determined by HPLC 
(Waters 600E) with an analytical reverse-phase 
C,, column (VYDAC) with an acetonitrile-water 
(0.1% trifluoroacetic acid) gradient and a detec- 
tor setting at 254 nM. A typical determination 
was as follows: to 238 pI of antibody in 100 mM 
bicine (pH 9.0) was added 12.5 pI of a 10.0 mM 
solution of substrate in DMSO. The antibody 
concentration was different for each antibody 
and was between 35 and 95 pM. The final 
concentration of substrate was 500 pM, and the 
DMSO content was 5%. The reaction was run at 
room temperature, and at various time intervals 
50-pl samples were withdrawn and quenched 
with 1 pI of 14% perchloric acid (the solution 
immediately became cloudy upon addition of 
perchloric acid) to bring the pH to approximately 
2. The quenched sample was immediately cen- 
trifuged for 2 min, and then 20 pI of this was 
injected into the HPLC. The reactions were fol- 
lowed for at least 100 hours, and during this time 
period three determinations were made. The 
product ratio remained constant throughout this 
time period. The product distribution of the un- 
catalyzed reaction was determined in a similar 
manner except the total volume was 1 ml. The 
uncatalyzed reaction was followed to 50% com- 
pletion, and six determinations were made, dur- 
ing which time the product distribution ratio 
remained constant. 

Anti- 
IsoAspIAsp product ratio 

body L-isomer D-isomer 

39F3 8.3 3.6* 
1 4A8 3.4* 1.4 
23C7 16.4 1.2 
40H4 1.9 5.7 
2E4 2.4 4.7 
24C3 2.1 4.8 

'Spontaneous reaction. The IsoAspiAsp ratio for spon- 
taneous reaction is 3.5 

2E4, and 24C3 produces for the L-isomer an 
IsoAsp/Asp ratio that is less than the back- 
ground reaction (IsoAspIAsp = 3.5) but for 
the D-isomer produces a value for the ratio 
that is greater than the background reaction 
(behavior that is the converse of that for 
23C7). These data are consistent with the 
presence of two classes of antibodies arising 
from the racemic hapten; classes of antibod- 
ies that process one of two enantiomers have 
been previously encountered in antibody- 
catalyzed lactone formation (13) and ester 
hydrolysis (14, 15). One subtle but impor- 
tant further distinction is the abilitv of a 
given antibody to process both the L- and 
D-stereoisomers in a reciprocal fashion rela- 
tive to the IsoIAsp = 3.5 background ratio. 
For example, 23C7 showed a pronounced 
IsoIAsp ratio of 16 for the L-isomer but a 
decreased IsoIAsp ratio of 1 for the D-isomer. 

We urouose that either of the two enan- 
L L 

tiomeric haptens can generate an antibody 
binding site for the substrate that possesses 
in some cases a sufficiently large binding 
pocket to accommodate the N-acetyl group 
of either the L- or the D-isomer of the 
succinimide. One can achieve this by bind- 
ing the phosphinate and side-chain phen- 
ethylamine groups deep in the hapten com- 
bining site so that the N-acetyl group is near 
the surface of the pocket or possibly protrud- 
ing into solution. Processing of either the L- 
or D-isomer of the substrate by an antibody 
induced by a stereoisomer of 5 with a given 
configuration can produce an IsoAspIAsp 
ratio greater or less than 3.5 as a conse- 
auence of the balance between steric hin- 
drance, which retards hydrolytic attack at 
the buried carbonyl, and an electronic ef- 
fect, which favors cleavage of the carbonyl a 
to the N-acetyl group. That a given antibody 
actually catalyzes imide hydrolysis has been 
shown by direct kinetic studies (1 6). 

The generation of antibodies capable 
not only of accelerating the rate-limiting 

steD of succinimide formation but also of 
directing the course of imide ring opening 
to various IsoAspIAsp ratios represents an 
advance in the diversity of reaction types 
catalyzed by these agents (1 7). The use of 
a bifunctional transition-state analog per- 
mitted the generation of antibodies that 
catalyzed both steps of a multistep process 
that proceeds through a stable intermedi- 
ate and thus effectivelv dealt with the 
problem of multiple transition states. The 
immunization with the racemate of the 
hapten also provided two classes of anti- 
bodies so that either the L- or D-isomer of 
the substrate could be urocessed to a final 
product ratio of choice. Finally, of partic- 
ular importance is the experimental basis 
these catalysts provide for the further de- 
velopment of catalytic antibodies that tar- 
get specific Asn-Gly sequences for the 
deactivation of protein function in vivo. 
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