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Efficient Aldolase Catalytic Antibodies That Use 
the Enamine Mechanism of Natural Enzymes 

activation energy (E,) for proton abstrac-
tion from the Ca atom and subseauent 
enamine formation. The enamine acts as 
the carbon nucleovhile, or aldol donor,

Jiirgen Wagner, Richard A. Lerner,* Carlos F. Barbas Ill* 
L . 

which reacts with an aldehyde electrophile, 
the aldol acceptor, to form a new C-C 
bond. The Schiff base is then hvdrolvzedAntibodies that catalyze the aldol reaction, a basic carbon-carbon bond-forming reaction, 

have been generated. The mechanism for antibody catalysis of this reaction mimics that 
used by natural class I aldolase enzymes. Immunization with a reactive compound co-
valently trapped a Lys residue in the binding pocket of the antibody by formation of a 
stable vinylogous amide. The reaction mechanism for the formation of the covalent 
antibody-hapten complex was recruitedto catalyze the aldol reaction. The antibodies use 
the &-aminogroup of Lys to form an enamine with ketone substrates and usethis enamine 
as a nascent carbon nucleophile to attack the second substrate, an aldehyde, to form a 
new carbon-carbon bond. The antibodies control the diastereofacial selectivity of the 
reaction in both Cram-Felkin and anti-Cram-Felkin directions. 

, , 
and the product is released (in this case, a 
P-hydroxy ketone). The essence of the 
mechanism is the formation of the enam-
ine, which is the nascent carbon nucleo-
phile. Although transition state models 
have been proposed for aldol reactions in-
volving metals ( 8 ) ,models for the enamine 
case remain to be studied. 

We designed haptens that could both trap 
the reauisite Lvs residue in the active site to 
then fdrtn the essential enatnine intermediate 
and Induce the appropriate binding sites for 
the two substrates to overcome the entrovicO n e  of the major goals of organic chemis-

try is fo use the understanding of reaction 
mechanisms to design new catalysts. This is 
often not easy because one must address 

the antieen used to induce it. To test these" 
ideas, we have studied the aldol condensa-
tion which is, arguably, the most basic C-C 
bond forming reaction in chemistry and 
biology. A variety of effective reagents have 
been develowed to control the stereochem-

barrier intrinsic to this bimolecular reaction. 
The simple 1,3-diketone hapten 1 provides 
elements of both a chemical and entropic trap 
(Fig. 1B). In water, the keto-form of the hap-
ten shown predominates over the enol-form 
at a 3 :1 ratio (9).The reaction coordinatesof 
the aldol addition and the reaction inecha-

intermediates that are of high energy and 
comwlex structure. Antibodv catalvsts offer 
an interesting solution to ;he prdb~emin 
that they can be programmed by the exper-
imenter to interact with the rate-limiting 
transition state of a chemical reaction to 
lower its enerev and increase the reaction 

istry of the aldol, but these reagents are 
stoichiometric and reauire vreformed eno-

A 

lates and extensive protecting-group chem-
istry (3). Recently, catalytic aldol reactions 
that use vreformed enolates have been de-

nism expected when the hapten interacts 
with some antibodies share several common 
intermediates. In both cases, a tetrahedral", 

rate ( I ) ,  but even here catalyst design is 
usually limited to the more global aspects of 
the transition state rather than the detailed 
reaction mechanism. Thus, while one can 
deal with high-energy charges, stereoelec-

veloped, including the Mukaiyama cross-
coupling aldol (4). A number of enzymes 
catalyze the aldol condensation, and al-
though much is understood about their 
mechanism (5) they accept a limited range 
of substrates (6). Thus, our goal was to 
induce antibodies that use the reaction 
mechanisms that give aldolases their effi-
ciency but that take advantage of the range 
of substrates and stereochetnical swecifici-

carbinolamine intermediate fortns that dehy-
drates to afford the cationic iminiutn that 
tautomerizes to the enamine. It was expected 
that antibodies induced according to the hap-
tenic reaction mechanism would stabilize the 
analogous transition states and cationic inter-
tnediates along the reaction coordinate of the 
aldol reaction. The driving force for the reac-
tion of the 1,3-diketone hapten with the an-
tibodv is the fortnation of a stable covalent 

tronic, and geometrical features that appear 
along the reaction coordinate, the organi-
zation of multiple complex reaction inter-
mediates remains difficult. 

For some reactions, the vroblem of com-
plex intermediates may be solved by using 
relatively reactive compounds rather than 
the more usual inert antigens to immunize 

ties available with antibodies. 
Two mechanistic classes of aldolase en-

zvmes have evolved (7 ) .Class I aldolases 

vinylbgous amide or conjugated enatnine be-
tween the hapten and the &-aminogroup of 
Lvs. Calculations that tnake use of the Wood--

animals or select antibodies from libraries 
such that the vrocess of antibodv induction 

~, 

utilize the &-amino group of a Lys in the 
active site to form a Schiff base with one of 

ward rules for enones indicated that the vinyl-
ogous amide would have an absorption max-
imum in the ultraviolet (UV) that would 
allow for its identification, = 318 nm 
(10).The stability and spectral characteristics 
of this type of compound were previously not-
ed in the studies of acetoacetate decarboxylase 
by Westheimer and co-workers ( I  I ). We ex-

involves an a&al chemical readtion in the 
binding site (2) .  This same reaction then 
becomes wart of the catalvtic mechanism 

the substrates, which activates the substrate 
as an aldol donor. Class I1 aldolases are 
metalloenzvmes that facilitate enolate for-

when the' antibody interaits with a sub-
strate that shares chemical reactivity with 

mation by coordination to the substrate's 
carbonyl oxygen. We chose class I aldolases 
as our model (Fig. IA).  The reaction is 

Departments of Chemistry and Molecular Biology, bimolecular and proceeds through 
Scripps Research Institute, 10666 ~ o r t hTorrey Pines catalysis through multiple intermediates. 

petted an entropic advantage by incorpora-
tion of the second substrate (aldol accevtor)

A . 

in the diketone chetnical trap. Entropic ef-
fects could provide as much as lo8 to 10" to 

Road, La Jolla, CA 92037, USA. An iminium ion or Schiff base forms that 
*To whom correspondence should be addressed. acts as an electron sink, which lowers the 
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the rate acceleration of natural enzymes (12). 
The reaction we studied is the aldol 

addition of acetone to 3-phenylpropion- 
aldehyde derivatives. The second substrate 
is represented by the 3-phenylpropi~non~l 
portion of the hapten. The tethering of the 
two substrates in the diketone hapten 
would present a substrate complex wherein 
the Heathcock angle (1 3, 14) for attack of 
the enamine on the aldehyde would be 
distorted to the extreme of 90" in the rate- 
determining transition state of C-C bond 
formation. We did not expect this to be a 
major impediment in the catalytic reaction 

Fig. 1. (A) General mechanism of a class I aldo- 
lase-catalyzed aldol-addition reaction (5, 7) (Enz, 
enzyme; B, base). (B) Mechanism of trapping the 
essential &-amino group of a Lys residue in the 
antibody (Ab) binding pocket by using the 1,3- 
diketone hapten 1. The formation of the stable 
covalent vinylogous amide 2 can be detected at X 
= 316 nm (& = 15,000). R = p(HOOC(CH,),- 
CONH)C,H,-. 

because rotation of both enamine and alde- 
hyde faces should provide a reasonable 
Heathcock angle (Fig. 2). 

The diketone hapten 1 was synthesized 
(Fig. 3) and coupled to keyhole limpet he- 
mocvanin. After immunization of 129 GIX+ 
mice, 20 hybridomas producing antibodies 
to 1 were obtained with standard methods 
(15). Antibodies from each cell-line were 
purified by ammonium sulfate precipitation, 
anion exchange, and protein G affinity 
chromatography ( J 6). 

All 20 antibodies were screened in a 
microtiter plate assay for their ability to 
form the proposed stable vinylogous amide 
2 by incubation of 20 pM antibody with 
100 pM of the diketone hapten 1 (Fig. 4). 
Two antibodies, 38C2 and 33F12, demon- 
strated a strong absorption maximum at 316 
nm characteristic of the proposed vinylo- 
gous amide 2, approximating the calculated 
absorption maximum in the absence of pro- 
tein of 318 nm (Fig. 4). Incubation of 1 
with Lvs under identical conditions resulted 
in no increase in absorbance. The extinc- 
tion coefficient of the antibody-enamine 
complex was determined to be 15,000 cmp' 
Mp' after subtraction of the absorbance of 
the antibody (Fig. 5A), approximating that 
observed in the reaction of acetopyruvate 
with the enzyme acetoacetate decarboxyl- 
ase, 19,000 cmp'  M p l  (11). 

Because the antibodies are exnected to 
form an enamine with acetone in the syn- 
thetic reaction, observation of the vinylo- 
gous amide chromophore should not be de- 
pendent on the aldol acceptor (benzyl) por- 
tion of the hapten. We tested acetylacetone 
as the minimal diketone expected to gener- 
ate the chromonhore. Both antibodies re- 
acted with this c;,mpound and produced the 
expected absorbance spectrum. To deter- 
mine the stoichiometry of the antibody- 
enamine complex, a titration of the anti- 
body with acetylacetone was carried out 
( I  I ) .  If we assume that the reaction that 
forms the enamine is irreversible, the stoi- 

as' p $3 pt 

Fig. 2. The 1,3-diketone hapten structure con- 
tains the elements of a chemical and entropic trap. 
The binding pocket induced with the hapten 1 
does not preclude attainment of a reasonable 
Heathcock angle for attack of the aldol donor on 
the acceptor. A proper attack geometry is at- 
tained by simple rotation of both enamine and 
aldehyde faces. 

chiometrv of the titration should corre- 
spond to the concentration of antibody ac- 
tive sites. The titration gives a ratio of - 
acetylacetone to antibody of 1.9, indicating 
that each of the two identical antigen bind- 
ing sites of the antibody form the vinylogous 
amide adduct (Fig. 5B). Catalysis of the 
formation of the vinylogous amide was es- 
sentially complete upon mixing of the anti- 
body with hapten and sufficiently rapid that 
determination of the rate of this reaction 
would require stopped-flow kinetic studies. 

Antibodies 38C2 and 33F12 were as- 
sayed for their ability to catalyze the addi- 
tion of acetone to aldehyde 3 (Table 1). 
Consumption of 3 and production of the 
P-hydroxy ketone 4 were monitored by re- 
versed-phase high-performance liquid chro- 
matography (HPLC) (17). Aldol addition 
catalyzed by both antibodies followed 
Michaelis-Menten kinetics. Generation of 
acetone and aldehyde 3 from the P-hydroxy 
ketone 4 in the retro-aldol reaction by the 
antibodies was monitored by following the 
decrease in UV absorbance at 340 nm in a 
counled enzvmatic assav with alcohol dehv- 
drogenase and P-nicotinamide adenine 
dinucleotide, reduced form (NADH) (18). 
Prcduction of aldehyde 3 (19) was moni- 
tored by its subsequent reduction by alcohol 
dehydrogenase and consumption of NADH. 
The retro-aldol reaction was also studied by 
HPLC and the same results were obtained 
(1 7). The Michaelis constant KM and cat- 
alytic rate constant kc,,, values were 54 p.M 
and 4.4 X lop3 min-', respectively, for 
antibody 38C2. The remaining 18 antibod- 
ies were unable to catalvze the svnthetic 
and retrosynthetic aldol reactions, indicat- 
ing that only those that formed the critical 
intermediate were active. 

We studied the abilitv of the hanten 1 
and acetylacetone to inhibit the aldol reac- 
tion. When three equivalents of either hap- 
ten 1 or acetylacetone were provided prior 
to the aldol addition or retro-aldol assays, 
catalytic activity was completely inhibited, 

Fig. 3. Synthesis of hapten 1. (a) LDA [2 equiva- 
lents (eq)], THF, 40°C, 1 hour. (b).4-nitrobenzyl- 
bromide, hexamethylphosphoramide, -78" to 
-40°C, 48% yield. (c) (i) PdC, H,, ethanol; (ii) 
glutaric anhydride, CH,CI,, 74% yield. 
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showing that trapping of the enamine in- 
termediate with the 1,3-diketones precludes 
catalysis involving the Lys &-amino group. 
To establish that enamine formation with 

zymes in synthesis is their rather poor 
acceptance of a range of substrates (6). 
Although natural enzymes display broad 
specificity with respect to the aldol accep- 
tor, the aldol donor is usually limited to 
the natural substrate. For example, among 
the ketones studied for antibody catalysis 
(Table 1 ), only acetone is a substrate for a 
natural enzyme. In contrast, antibody al- 
dolases can use various aldol donors and 
acceptors. The antibodies accept acetone, 
fluoroacetone, chloroacetone, 2-butanone, 
3-pentanone, 2-pentanone, and dihydroxy- 
acetone as aldol donor substrates. In reac- 
tions with 2-butanone and 2-pentanone, the 
antibodies exhibit some control of the regi- 
oselectivity of the aldol addition by prefer- 
ential formation of the most substituted 
enamine. The relative efficiency of catalysis 
with these substrates decreases 42-fold as 
reflected by k,;,,lKM in the acetone to pen- 
tanone series (Table 1, entries 1 and 3 to 5). 
The failure of the antibodies to accept acet- 
aldehyde as a donor shows that the aldol 
addition is directed with a ketone as the 
aldol donor (Table 1, entry 6). In principle, 
the diketone hapten should induce antibod- 
ies that react at either of the two keto posi- 
tions of the hapten 1, thereby generating 

catalysts that direct the aldol addition in 
either direction (Table 1, entry 1 or 7). 
Antibodies 38C2 and 33F12 are restricted to 
direct the aldol addition with acetone or 

the hapten in the trapping assay and ace- 
tone in the catalytic assay are dependent on 
the same Lys residue, antibodies incubated 

aliphatic ketones as donors and 3-phenylpro- 

Table 1. Substrate specificity of antibody 38C2; R 
= CH,CONHC,H,CH,-. The kinetic parameters 
kcat and K, of each reaction were calculated with 
respect to the aldehyde. The aldol donors (ace- 
tone, 2-butanone, 3-pentanone, 2-pentanone, 
and acetaldehyde) were fixed at a constant con- 
centration of 5% v/v in each experiment (7 7, 79). 
Products 7/8 and 9/10 were formed at ratios 94 to 
4 and 73 to 27, respectively. 

with acetone were treated with NaBH,. 
Reduction with NaBH, of the imine inter- 

f 

mediate formed in the reaction of acetone 
with the Lys &-amino group in the antibod- 
ies would result in irreversible isopropyla- 
tion of the essential amine (5). After treat- 
ment, the antibodies could not form the 
vinylogous amide with the diketones. These 
experiments provide evidence that the re- 
action mechanism and residues induced 
with the 1.3-diketone hanten are the same 

Reaction 

as those recruited in the catalytic reactions. 
The antibodv aldolases showed a broad nH 
optimum between 6 and 10 approximating 
that observed with natural class I aldolases 
(5, 7). Thus, antibody aldolases recapitulate 
the mechanisms of natural class I aldolases 
in the catalysis of this complex, multistep 
reaction (Fig. 1A). 

We probed the substrate specificity of 
these catalysts because the most limiting 
aspect of the application of natural en- 

O l .AH L 
10 

No reaction 

Fig. 4. (A) Screening of anti- 
bodies for the formation of the 
vinylogous amide intermediate 
2. Hapten 1 ,  5 eq, was added 
to 20 pM solutions of each an- 
tibody in PBS buffer (pH 7.5) in 
a microtiter plate format. (B) 
Antibodies with aldolase cata- 
lytic activity presented the typi- 
cal absorption maximum of the 
vinylogous amide at 316 nm 
(example shown in red), where- 
as none of the inactive antibod- 
ies did (example shown in blue). 
Two antibodies out of 20 
formed the intermediate 2 and 
were subsequently determined 
to be catalytic. 

'Reaction using antibody 33F12. 

Fig. 5. (A) Determination of 
the extinction coefficient of 0.4 
2. A fixed concentration 
(1 00 pM) of hapten 1 was g 0.3 
added to the indicated con- ? centrations (micromolar) of 8 0.2 
33F12. The antibody enam- q 2 
ine complex could easily be o,l 
detected at an antibody 1 
concentration as low as 2 
pM. (8) The active sites of 

0 0 :m 
270 290 310 330 350 370 0 25 50 75 100 

38C2 were titrated with Wavelength (nm) Dlketone concentratlon (pM) 
acetylacetone. The Ab con- 
centration (20 pM) was fixed. Acetylacetone (0 to 4.5 eq) was added and the absorption measured at 31 6 
nm. The intersection of the two lines corresponds to a ratio of 1.9 of acetylacetone to antibody 38C2, 
indicating that both binding sites of the antibody form the enamine adduct 2. 

Time (hours) 

Fig. 6. The aldol addition reaction of aldehyde 5 
and acetone was monitored over a 36-hour period 
in the presenceof 1.5% catalyst (20) (Ac, acyl). The 
catalyst showed multiple turnovers (-2 turnovers 
per hour) and virtually no product inhibition. A 90% 
conversion could be obtained in the presence of 
excess acetone (5% v/v) to minimize the retro-aldol 
reaction. The perfect mass balance (top line) indi- 
cates that no side reactions, such as elimination or 
polymerization, occurred over that period. Thus, 
the antibody-catalyzed aldol reaction is an excep- 
tionally mild method of C-C bond formation. 
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pionaldehyde derivatives as acceptors. 
The reaction of the branched 3-vhenvl-

L , 

propionaldehyde acceptor (Table 1, entry 
2) with acetone was the most efficient and 
showed little product inhibition (Fig. 6)  
(20). In fact, less than 1 mole % catalyst is 
sufficient to achieve high conversion of" 
substrate in a relatively short time. The 
reaction produces only the desired aldol 
product as each mole of aldehyde consumed 
is converted to the P-hydroxy ketone prod-
uct (Fig. 6). For this reaction, the rate of the 

~ -
i~ncatal~zedbackground reaction at pH 7.5 
under identical conditions used in the an-
tibody assays has been determined, It,,,,,, = 
2.28 X lop7 Mp' m'~ n - '  (21). For 38C2 
and 33F12, (k,,,/K,)/k ul,,,, is -lo9. The 
efficiency of catalysis is due in a large part 
to an entropic advantage in the antibody-
catalyzed reaction, which is reflected as a 
high effective molarity, k,,,/lt ll,lc;it > lo5  M. 
The catalytic efficiency (k,,,/KM) of anti-
body aldolases is only -4000-fold lower 
than that of the most studied enzyme, 
fructose-1,6-bisphosphate aldolase (5). 
The catalytic efficiency of antibody 38C2 
for the reaction given in entry 2, Table 1, 
is 64-fold greater than that obtained with 
catalysis by the enzyme 2-deoxyribose-5-
phosphate aldolase (22). 

We studied the product distribution of 
the antibodv-catalvzed reaction of 5 with 
acetone aft& 30%'conversion with a nor-
mal-phase HPLC chiral support column 
(Scheme 1) (22). Both antibodies catalyze 

Racemic mixture 

.jiH+ R J H * 
CH3 C H ~  

pH75  

Scheme 1. 

the diastereoselective addition of acetone 
to the re-face of 5 regardless of the stereo-
chemistry at C-2 of this substrate. The aldol 
reactions follow the Cram-Felkin (23) 
mode of attack on (S)-5 to generate the 
(4S,5S)-6 product and the anti-Cram-Fel-
kin mode of attack on (R)-5 to generate the 
(4S,5R)-6 product. The products formed 
with similar yields, so there was no kinetic 
resolution of the racemic aldehyde. The two 
antibodies differ in their control of the di-
astereofacial selectivity of the reaction and 
reflects the ability of the catalysts to orient 
5 in the binding pocket of the antibody 
relative to the nucleophilic antibody-enam-
ine of acetone. This differential binding is 

also reflected in differences in K, for 5 in 
the antibodies (Table 1). The degree of 
stereochemical control of the reacyion is 
exceptional as no stereochemical informa-
tion was introduced into the hapten. The 
chemical reaction of the lithium enolate 
of acetone with (S)-2-methyl-3-phenyl-
propionaldehyde yields the analogous 
(4S,5S) product with a diastereomeric ex-
cess of 5% in favor of this Cram-Felkin 
product (13). The generation of the 
(4S,5R) and (4R,5R) products at an 11:1 
ratio under antibody 38C2 catalysis shows 
a reversal of the typical Cram-Felkin ste-
reoselectivitv of the aldol. in this case 
following thk disfavored and energetically 
more demanding anti-Cram-Felkin mode 
of attack. 

Catalysts that proceed by defined reac-
tion mechanisms can be induced bv im-
munization with reactive compounds. 
This approach is not limited to Schiff base 
or enamine lnechanisms and may be used 
whenever the chemistry to be accom-
plished is beyond that easily achieved by 
even a concert of noncovalent interac-
tions. These results provide further evi-
dence of the utility of antibody catalysts to 
perform disfavored chemical transforma-
tions (16, 24). 
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