
An Efficient Anti body-Catalyzed 
Aminoacylation Reaction 

serum albumin (BSA) and keyhole limpet 
hemocyanin (KLH) through the activated 
N-hydroxysuccinimidyl ester (Fig. 1). The 
phoiphonate diester has stable -in serum. 

John R. Jacobsen, James R. Prudent, Lynn Kochersperger, ~hirty-nine monoclonal antibodies specific 

Shirlee Yonkovich, Peter G. Schultz* for 1 were generated by standard protocols 
and purified by protein A affinity chroma- 

An antibody generated against a neutral phosphonate diester transition-state analog was tography as described previously (1 0). An- 
found to catalyze the aminoacylation of the 3'-hydroxyl group of thymidine with an alanyl tibody purity (>95%) was confirmed by 
ester. A comparison of the apparent second-order rate constant of the antibody-catalyzed SDS-polyacrylamide gel electrophoresis. 
reaction [5.4 x l o 4  molar-' minute-' (M-' min-I)] with that of the uncatalyzed reaction Transesterification was assayed in 100 mM 
(2.6 x 1 OP4 M-' min-') revealed this to be a remarkably efficient catalyst. Moreover, MES buffer, pH 6.5, at 26OC by monitoring 
although the concentration of water (55 M) greatly exceeds that of the secondary alcohol, product appearance using high-performance 
the antibody selectively catalyzes acyl transfer to thymidine. The antibody exhibits se- liquid chromatography (HPLC). Eight an- 
quential binding, with Michaelis constants of 770 p,M and 260 pM for acyl acceptor and tibodies were found to accelerate the reac- 
donor, respectively, and a dissociation constant of 240 pM for hapten. This antibody- tion of alcohol 3 with fluorophenyl ester 5 
catalyzed reaction provides increased insight into the requirements for efficient aminoacyl- or 6 to form ester 10 or 11, respectively. 
ation catalysts and may represent a first step toward the generation of "aminoacyl transfer Four antibodies preferentially accelerated 
RNA synthetases" with novel specificities. the reaction of L-alanine ester 5; three were 

D-selective, and one demonstrated no se- 
lectivity (I I ) .  One L-selective catalytic an- 
tibody (18R. 136.1) was characterized fur- 

A c y l  transfer reactions play important esterification reaction (rather than that for ther. 
roles in many biological and chemical pro- product hydrolysis). It was anticipated that Antibody 18R. 136.1 showed no change 
cesses. For example, the esterification of an antibody that binds both substrates in a in specific activity after further purification 
the 2',3'-diol of the terminal adenosine of favorable orientation would significantly with a MONO-S ion-exchange column. 
tRNAs by the aminoacyl tRNA synthetases accelerate the reaction by reducing the This antibody catalyzed the reaction of 
is a key step in protein biosynthesis. These entropic barrier to reaction (7-9). More- alcohol 3 with phenyl ester 4 and cyano- 
enzymes have been the subject of consider- over, the dipole of the P=O bond reflects methyl ester 7 with similar rates. No catal- 
able interest because of their high specific- the developing negative charge on the car- ysis was observed with ethyl ester 9. The 
ity (1) as well as the mechanism of the acyl bony1 oxygen in the transition state. Anti- reaction with cyanomethyl ester 7 was stud- 
transfer reaction (2, 3). In order to gain bodies complementary to tetrahedral phos- ied further because of the greater solubility 
greater insight into the requirements for phonate 1 should have considerably lower of this substrate in water. Lineweaver-Burk 
efficient aminoacylation catalysts, we asked affinity for the trigonal product 10, thereby plots were constructed by holding one sub- 
whether antibodies might be generated that preventing product inhibition. strate concentration constant while varying 
catalyze this reaction. Moreover, such an- Hapten 1 (mixture ofdiastereomers) was the concentration of the second (Fig. 2A). 
tibodies might facilitate the aminoacylation conjugated to the carrier protein bovine The slopes and y intercepts obtained from 
of tRNAs with novel amino acids for incor- 
poration into proteins and studies of protein Fig. 1. Monoclonal antibod- 
biosynthesis (4). 

fLo 
ies generated against the 

A number of acyl transfer reactions have KLH conjugate of 1 catalyze 
been catalyzed by antibodies (5)  including a L;loT tthe reaction of thymidine 
remarkably efficient transesterification reac- R' derivative 3 with esters 4 
tion that proceeds through an enzyme-like o 

through 8 to form aminoacyl- 

acyl antibody intermediate (6). In each 
O\ Q 0 - P h  

ated nucleosides 10 and 11 

case, antibodies were generated against a 7% H (18). 
negatively charged phosphonate or phos- PhO 

phonamidate hapten. As a first step toward l : R 1 = H O -  

the generation of antibodies capable of z:R'= TY;- 
selectively aminoacylating the acceptor T 

stem of tRNAs, antibodies were raised 
against phosphonate diester 1 (Fig. 1). The 

0 phosphonate diester, in contrast to phos- fro 
phonate and pho~~honamidate monoesters, fizAo? 
contains elements of the acyl donor (alanyl 

HO ester 4), the acyl acceptor (thymidine de- 3 - 
rivative 3), and the leaving group in a - 
tetrahedral geometry, mimicking that of 

+ 

the probable transition state for the trans- A; R' 0 
RQ,$,J,~-P~ 

8 H 
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this analysis were replotted as a function of 
substrate concentration to give the true 
maximum rate V,,, as 1.2 pM min-' [rate 
constant kcat = 14.2 min-' per immuno- 
globulin (Ig)] and Michaelis constant K, 
values of 770 pM and 260 pM for thymi- 
dine derivative 3 and cyanomethyl ester 7, 
respectively (Fig. 2B). The apparent sec- 
ond-order rate constant kcatlKm is equal to 
1.8 x lo4 M-' min-' for the alcohol and 
5.4 x lo4 M-' min-' for the ester. The 
family of plots in Fig. 2 intersects on the 
horizontal axis, indicating that the anti- 
body exhibits sequential binding (the bind- 
ing of one ligand has no effect on the 
other). The uncatalyzed reaction of 3 with 
7 was monitored by HPLC at substrate 

1/13] (PW') 
Fig. 2. (A) Lineweaver-Burk plot with thymidine 
derivative 3 held at four fixed concentrations 
while ester 7 was varied over concentrations 
ranging from 50 to 500 pM (+ [3] = 100 pM; 
[3] = 150 pM; A [3] = 250 pM; W [3] = 500 
pM); V, velocity. An analogous plot was con- 
structed with ester 7 held at fixed concentra- 
tions. Reaction mixtures contained 87 nM anti- 
body, 10% (vlv) dimethyl sulfoxide, and 100 
mM MES, pH 6.5, and were incubated at 26°C. 
Reactions were followed by HPLC with a Mi- 
crosorb C8 reversed-phase column (Rainin In- 
struments) and a gradient of 35 to 65% aceto- 
nitrile in 25 mM Hepes, pH 7.5. Reaction com- 
ponents were detected by UV absorbance at 
268 nm. Product 10 was identified by coinjec- 
tion with an authentic sample and quantified 
against an internal standard of 6-nitroquinoline. 
Initial rates were determined by linear fitting of 
the observed product concentration at five or 
more time points ranging from 1 to 20 min. (B) 
Replot of y intercepts and slopes of Line- 
weaver-Burk plots as a function of [3]-'. Anal- 
ogous plots were constructed to give kinetic 
constants for ester 7 .  

concentrations of 3.5 to 5.0 mM. Product 
formation was assayed after 40 to 400 min, 
and the second-order rate constant, k,,,,, 
= 2.6 x lop4 M-' min-', showed no 
de~endence on buffer concentration. Com- 
parison of the uncatalyzed rate constant with 
that of the antibody-catalyzed reaction [(kc,,/ 
Km)/kunCat = 2.1 x lo8] reveals this anti- 
body to be a remarkably efficient catalyst. 

Cyanomethyl ester 8, derived from 
D-alanine, was examined as an alternative 
substrate at a fixed concentration of 5.0 
mM thymidine derivative 3. A Lineweaver- 
Burk analysis gave apparent values for kc,, 
and K, of 0.64 min-' and 340 pM, respec- 
tivelv. Comuarison of these values with 
those of L-aianine derivative 7 reveals a 
small (1.3-fold) difference in K, and a 
much larger (22-fold) difference in k,,,. 
This result suggests that antibody 
18R.136.1 has low selectivity in substrate 
binding but discriminates the diastereo- 
meric transition states for the transesterifi- 
cation reaction. This is consistent with the 
notion that the antibody combining site is 
most complementary to the transition state. 
A similar observation has been made in an 
antibody-catalyzed bimolecular imine-form- 
ing reaction (1 2). 

Although the concentration of water 
(55 M) greatly exceeds the concentration of 
3, the antibody selectively catalyzes acyl 
transfer to thymidine. The hydrolysis of 
ester 7 was monitored in the absence of 3 
by HPLC, and the first-order rate constant 
was 1.1 x lop4 min-'. The addition of 11 
pM 18R.136.1 increases the rate of reac- 
tion by less than 11% (this may be due to 
nonspecific catalysis). The ability of the 

antibody to catalyze transesterification to a 
secondary alcohol without concomitant hy- 
drolysis is characteristic of a number of 
highly evolved enzymes that sequester reac- 
tive species from water (1 3). One mecha- 
nistic interpretation of this behavior, in 
lieu of a large conformational change or 
deep binding cavity [not typically found in 
antibodies (14)], is that the amino acid 
ester is only forced into a transition-state 
geometry in the presence of thymidine de- 
rivative 3. In the absence of 3, the binding 
site may be able to accommodate the sp2 
planar ground state of the amino acid ester. 

The antibody-catalyzed reaction is inhib- 
ited by hapten 1 as well as by product 10. 
The binding of 18R. 136.1 to product 10 was 
measured by fluorescence quenching, and a 
dissociation constant (Kd) of 18 nM was 
determined by Scatchard analysis (Fig. 3A). 
The rate of dissociation of the antibody- 
product complex was measured by perform- 
ing rapid dilution of an Ig.10 solution and 
observing the change in fluorescence with a 
stopped-flow apparatus. This afforded a rate 
constant for dissociation (k,& of 1.5 s-', 
indicating that a chemical step rather than 
product dissociation is rate-determining in 
this antibody-catalyzed reaction. 

The affinity of 18R.136.1 for hapten 1 
was too high to be measured by fluorescence 
quenching. We prepared a radiolabeled li- 
gand for the antibody by coupling allyl 
amine to hapten 1 through an amide bond 
and subsequent reduction of the double bond 
with tritium gas. The Kd was 240 pM (Fig. 
3B). Consequently, the differential binding 
affinity of the antibody to phosphonate di- 
ester relative to substrates appears to account 

Fig. 3. (A) Scatchard plot for the binding of product 
10 to antibody 18R.136.1, where R is the fraction of 
antibody sites that contain bound 10 and L, is the 0.3 

total (bound + free) concentration of ligand 10. - 
Fluorescence quenching was measured in 100 mM 5 0.2 
MES, pH 6.5, 26°C. The sample was excited at 280 " 
nm, and fluorescence was detected at 348 nm. Data 0.1 
were analyzed according to the method of Taira and 
Benkovic (20). We determined the rate constant for I O F  0.0 
dissociation of the antibody . product 10 complex 0.0 0.2 0.4 0.6 0.8 1.0 
by stopped-flow fluorescence spectrometry, using (1-R) 
an Applied Photophysics model SF.17MV instrument 
equipped with a 150-W xenon arc lamp. Samples 
were excited at 280 nm, and fluorescence was 
detected at ,320 nm. Solutions containing 5 I5O 
antibody . product complex in 100 mM MES, pH 6.5, 3 
26"C, were diluted 1 :1 with buffer, and the change in 9 loo 

fluorescence was measured from 10 ms to 1 s. We 
determined relaxation rates by fitting the observed 50 

change in fluorescence to an exponential function. 
Data Pecht were eta/. analyzed (21). (B) Eadie according plot (22) to the for the method binding of 200E 0 0.0 0.1 0.2 0.3 0.4 

of hapten 2 to antibody 18R.136.1, where [S],,,, is 
rS.211 Elfree 

the concentration of unoccupied antibody binding sites and [S.2] is the concentration of occupied 
binding sites. Reaction mixtures containing varying amounts of antibody 18R.136.1 and radiola- 
beled hapten 2 in 100 mM MES, pH 6.5, 26"C, were mixed with a suspension containing activated 
charcoal which had been blocked with bovine serum. The mixtures were centrifuged, and the 
hapten remaining in solution (antibody-bound) was determined by liquid scintillation. 
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for a large fraction of the catalytic advantage 
in this reaction (15), consistent with the 
classic notion of transition-state comple- 
mentarity of Haldane (1 6) and Pauling (1 7). 

This behavior is in contrast to that of 
an antibody-catalyzed transesterification 
reaction recently reported by Lerner and 
co-workers (6) (in which the antibody was 
raised to a negatively charged phospho- 
nate monoester rather than a neutral 
phosphonate diester) . This antibody-cata- 
lyzed reaction, which has a similar rate of 
acceleration and which also showed high 
specificity for the acyl acceptor versus 
water, proceeds through a ping-pong mech- 
anism involving a covalent antibody - sub- 
strate complex. Thus, the tremendous di- 
versity of the immune system has provided 
two mechanistic alternatives for similar acvl 
transfer reactions, in much the same way 
that enzymes have evolved with similar 
catalytic properties but different mecha- 
nisms (such as the acid, serine, and ZnZ+ 
proteases). Further characterization of these 
catalytic antibodies should provide addi- 
tional insight into the essential reauire- 

u 

ments for efficient acyl transfer catalysts as 
well as optimal hapten structures for gener- 
ating such catalysts. 
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Identification of a Naturally Occurring Transforming 
Variant of the p65 Subunit of NF-KB 

Ramaswamy Narayanan, John F. Klement, Steven M. Ruben, 
Kimberly A. Higgins, Craig A. Rosen* 

Transcription factor NF-KB comprises two proteins, p50 and p65, that have sequence 
similarity to the v-reloncogene. In primary hematopoietic cell populations an alternatively 
spliced form of NF-KB p65 mRNA was observed that encoded a protein designated p65A. 
Expression of the p65A cDNA in Rat-1 fibroblasts resulted in focus formation, anchorage- 
independent growth in soft agar, and tumor formation in athymic nude mice, effects not 
obtained with expression of p65 or a p65A mutant that contains a disruption within the 
transcriptional activation domain. Thus, ~ 6 5 6 ,  which associated weakly and interfered with 
DNA binding by p65, may sequester an essential limiting regulatory factor or factors 
required for NF-KB function. 

T h e  NF-KB transcription factor complex either to activate or repress transcription is 
contains the proteins p65 and p50 and a feature shared by each of the known 
participates in the induction of numerous rel-related family members (5). Proteins in 
cellular and viral genes (1). Both proteins the re1 family interact with DNA after 
are members of the re1 family of proteins (2, dimerization through regions within the rel 
3). The v-rel oncogene causes lymphoid cell conserved domain (2, 3, 6). 
tumors in young birds (4). The ability Amino acids 222 to 231 in human NF- 

KB p65 are required for association of p65 
R. Narayanan and K A. Higgins, Department of MO- with p50 and for DNA binding (6). w e  
lecular Genetics, Hoffmann-La Roche, Inc., Nutley, NJ identified an alternatively spliced form of 
07110 
J. F. Klement, S. M. Ruben, C A. Rosen, Department P~~ mRNA designated p65A, which lacks 
of Gene Reaulatton. Roche Institute of Molecular '3101- nucleotides (nt) that encode amino acid 
ogy, 340 ~ i i ~ s l a n d  Street, Nutley, NJ 071 10 residues 222 to 231. The prevalence of 
*To whom correspondence should be addressed p65A mFWA in certain cell lineages was 
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