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Enzymes achieve remarkable catalytic efficiency by several 
effects operating in concert. This is the result of evolution and 
natural selection over eons. One might wonder how primordial 
enzymes became catalytically active in the first place. To answer 
such a question it is important to know which of the effects 
operating in a modern enzyme is capable of triggering catalysis 
independently of the others. Catalytic antibodies,['] which are 
designed by the experimenter, offer a unique opportunity to 
study such issues and to examine experimentally various hy- 
potheses about primordial enzymes. It is much easier to dissect 
the individual parameters of catalysis in catalytic antibodies 
than in highly evolved enzymes in which all these parameters 
operate together. Indeed, Schultz et al.'s fundamental structural 
studies provide much insight into the evolution of catalytic ca- 
pabilities in proteins.[*] 

Along these lines and owing to the importance of carbohy- 
drates in the early stages of evolution, the emergence of glycosi- 
dase activity is of particular interest. Herein we report on an 
antibody-catalyzed hydrolysis of unactivated cyclic ketals, a re- 
action that is closely related to the cleavage of the glycosidic 
bond.[32 These catalytic antibodies may therefore be considered 
as mechanistic analogs of the glycosidase enzymes. We show 
here that general acid catalysis and/or strain effects, which are 
of central importance in the activity of modern glyco~idases,[~~ 
have only minor significance in these catalytic antibodies. Con- 
versely, simple charge complementarity proves to be the major 
factor in determining their catalytic activity. 

Hydrolysis of ketal I involves protonation at one of the oxy- 
gen atoms, followed by heterolysis of a C-0  bond to generate 
the intermediate ion IV and ultimately the carbonyl compound 
V (Scheme 1).  In the case of ketals and acetals with an activated 
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Scheme 1. General mechanism of ketdl hydrolysis under acidic conditions. 

leaving group (e.g. R = aryl), the first step is the rate-limiting 
one, and their hydrolysis can be catalyzed by weak acids (gener- 
al acid catalysis) .[5,  61 In contrast, with unactivated ketals (e.g. 
R = alkyl)['I the 0-protonated species I1 is a relatively stable 
intermediate formed in a preequilibrium. In such cases cleavage 
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of the C - 0  bond (via transition state 111) is the rate-limiting 
step. Therefore, the hydrolysis of unactivated ketals or acetals 
is not catalyzed by weak acids and depends only on the pH 
(specific acid catalysis). This reactivity pattern, which also ap- 
plies for the hydrolysis of glycosidic bonds, poses a particular 
challenge for the design of a biocatalyst since the presence of a 
weak acid alone is not sufficient to promote the reaction. 

Dioxolane I[*] is hydrolyzed in aqueous acidic medium to 
give ketone 2 and ethylene glycol. Although the hydrolysis rate 
is pH-dependent, it is totally indifferent to the buffer type and 
concentration. The observed inverse solvent isotope effect (kH/ 
k ,  = 0.4) confirms that the reaction is specific acid catalyzed; 
the rate-limiting cleavage of the C-0  bond of the protonated 
intermediate I1 leads to the intermediate IV. This step involves 
expansion of the protonated dioxolane ring, during which the 
positive charge moves from the leaving oxygen atom to the 
remaining one. We reasoned that the piperidinium ion 3 
would be an accurate analog of transition state VI (Scheme 2). 
The positively charged nitrogen center in 3 mimics the emerging 
ion IV, and the six-membered piperidinium ring mimics the 
expanded five-membered ring of VI. 
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Scheme 2. Transition state VI and transition state analog 3 for the hydrolysis of 
ketal 1 to ketone 2 .  KLH = Keyhole Limpet H aemocyanin (carrier protein). 

A series of 46 monoclonal antibodies directed against 3a16"' 
were assayed for catalysis of the hydrolysis of 1. Two of them, 
antibody 14D9 and antibody 20B11 catalyzed the reaction. 
In both cases catalysis followed Michaelis-Menten kinetics 
(Fig. 1) and was totally inhibited by the hapten (3b), indicating 
that the catalytic reactions take place in the combining sites of 
these antibodies.["] 

In most of the glycosidase enzymes, shape complementarity 
to the transition state plays a key role in catalysis by inducing 
productive strain in the substrate." 'I We attempted to obtain 
similar, shape-selective recognition of the inflated dioxolane 
ring in the transition state VI by using a six-membered ring 
transition state analog in eliciting the antibodies. To appreciate 
the effect of this shape complementarity on catalysis by our 
antibodies we studied the six- and seven-membered ring ketal 
analogs of substrate 1 : dioxane 4 and dioxepane 5. 

Both antibody 14D9 and antibody 20B11 catalyzed hydroly- 
sis of dioxane 4. However, in comparison to the hydrolysis of 1, 
catalytic efficiency was reduced, in terms of both rate enhance- 
ment (k,,,/k,,,,, is decreased 2.6-fold with 14D9 and 8.2-fold 
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Fig. 1. Lineweaver-Burk plot of antibody-catalyzed hydrolysis of ketal 1 with 
antibodies 14D9 (squares) and 20B11 (circles). For the reaction conditions see ref. 
[lo]. V = hydrolysis velocity (pdh-’), S = substrate concentration (pM). 

with 20B11) and transition state binding (KTs is increased 4.5- 
fold with 14D9 and 2.9-fold with 20Bll) (Table 1). This trend 
continued further with the seven-membered substrate 5 with a 
further decrease in k,,,/k,,,,, and increase in KTs relative to the 
hydrolysis of 1 (kca,/kuncal is decreased 28-fold with 14D9 and 
12-fold with 20B11 and KTs is increased 6- and 3.8-fold, respec- 
tively). 
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dinium 7 (K, = 0.9 p ~ ) [ ’ ~ ]  and showed almost no discrimination 
between 7 and its two higher homologs, azepinium 8 
(K,  = 0.6 p ~ )  and the ion 9 (K,  = 1 .O pM).[’31 

The active site of antibody 14D9 has been shown previously 
to possess an ionizable functionality, presumably an aspartate 
or glutamate side chain, capable of general acid-base cataly- 
s ~ s . [ ’ ~ ]  The solvent kinetic isotope effect in the 14D9-catalyzed 
hydrolysis of 1 showed that the reaction is specific acid catalyzed 
(k,,lH/k,a,,, = 0.4), with no direct participation of this protein 
side chain as a general acid. In this case the antibody side chain 
might act as an electrostatic point charge that stabilizes the 
transition state.[”] Substrate 4 (K,  = 250 p~), which can be 
considered as a neutral analog of the hapten, was bound by 
antibody 14D9 approximately 104-fold less tightly than the hap- 
ten 3b ( K ,  % lo-’ M). In fact the actual transition states for 
hydrolysis of 1, 4, and 5, whose affinities are given by KTS, are 
bound approximately lo2 times tighter than the substrates 
themselves. These effects on transition state and hapten binding 
are much stronger than those seen by modulating molecular 
shapes and indicate that catalysis of ketal hydrolysis with anti- 
body 14D9 depends primarily on electrostatic complementarity. 
This is also consistent with the observation that dimethyl ketal 
10 (k,,,/k,,,,, =70, K, =70 p ~ )  and its homolog 11 (kcat/ 
k,,,,, = 430, K,,, = 230 p ~ ) [ ’ ~ ]  are also substrates of anti- 
body 14D9.[171 The substrate’s shape probably pIays only a lim- 
ited role in enabling the formation of a catalytically productive 
complex with the antibody. 
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Table 1. Kinetic data for antibody-catalyzed hydrolysis of ketals 1,4, and 5 ( K ,  and 
KTs In PM) 

14D9 143 113 1.3 250 43 5.8 30 4 7.8 
20Bll 1095 870 1.3 403 106 3.8 376 76 5.0 

Antibody 14D9 was chosen for further studies because it 
showed a more distinct shape discrimination in catalysis. The 
shape complementarity between this antibody and the piperi- 
dinium ring was estimated by measuring competitive inhibitions 
with hapten homologs having larger rings. For convenient ki- 
netic analysis with this series of inhibitors their binding effcien- 
cy was uniformly reduced by changing the 2-hydroxyethylamide 
side chain to a carboxylate functionality.[’21 Antibody 14D9 
bound pyrrolidinium 6 (Ki = 2.5 p ~ ) [ ” ]  less tightly than piperi- 

6 7 8 9 
K, = 2.5 pM Ki = 0.9 ~ L M  Kj = 0.6 pM Ki = 1.0 pM 

We have shown here that antibodies catalyzing the hydrolysis 
of unactivated ketals can be achieved by a very simple design. 
We have presented evidence that the observed catalysis is trig- 
gered by electrostatic complementarity of the antibody binding 
site to the transition state, and that the effect of shape comple- 
mentarity on catalysis is relatively limited. Since the hydrolysis 
of unactivated ketals is mechanistically closely related to the 
cleavage of glycosidic bonds, this study provides experimental 
support for the hypothesis that glycosidases would have first 
appeared as “electrostatic” catalysts. Shape complementarity 
and general acid catalysis, which dominate the catalytic effect in 
modern glycosida~e,[~I would only have emerged in the later 
course of evolution. 
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tions of the mixed oxides of the heavier analogs of the boron and 
nitrogen groups have been explored. With this in mind it is quite 
surprising that molecular sieves in the B-P-0 or Me-B-P-0 sys- 
tems have not yet been synthesized. This is even more surprising 
considering that BPO, itself is a catalyst used industrially for 
many reactions including hydration, dehydration, alkylation, 
and oligomerization,['I and extensive research efforts have been 
devoted to finding ways to increase its surface-to-volume ra- 
tio.l2] Furthermore, incorporation of boron in zeolites and 
molecular sieves has been a goal pursued for quite some time, 
since even small amounts of boron have been shown to improve 
enormously the properties of the host.r31 With a few exceptions, 
however,[41 such boron incorporation has been possible only on 
a very small scale, usually less than one percent.[3a* Reported 
here is the first member of a new class of molecular sieves, 
namely metal borophosphates (BPOs) with open framework 
structures in which boron is an integral part of the framework. 

The title compound (designated BPO-1) was made hydrother- 
maIly from H,BO,, H,PO,, [Co(en),Cl,f (en = ethylene- 
diamine), and BF,.CH,CH,NH,. Although fluorine is not in- 
corporated in the compound (see Experimental Procedure), 
boron trifluoride apparently plays an important role in the syn- 
thesis since attempts to make the compound without it or with 
other fluoride sources were unsuccessful. The role of fluorides in 
the formation of novel framework structures has been well doc- 
umented, although it is not quite clear what exactly that role 
might be.[61 

The structure of BPO-1 was determined by single-crystal X- 
ray diffraction (see Experimental Procedure). The atomic coor- 
dinates and some selected bond lengths are listed in Tables 1 and 
2, respectively. The structure of the deep purple BPO-1 can be 
best described as an open framework with one-dimensional 
channels along the b direction of the orthorhombic unit cell 
(Fig. 1). The framework is built of corner-sharing COO, octa- 
hedra and BO, and PO, tetrahedra. All but two oxygen atoms 
are shared by two polyhedra. The two exceptions are 013,  
which is shared by three polyhedra (one COO, octahedron and 
two BO, tetrahedra), and 012,  which belongs to only one poly- 
hedron (PO, tetrahedron) and is a part of an OH group. No two 
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The most notable trend in the field of molecular sieve synthe- 
sis in the past few years is the profound expansion of the variety 
of studied systems and the rapidly growing number of acronyms 
associated with them. In addition to the conventional zeolites 
there are AlPOs (AI-P-0 systems), SAPOs (Si-AI-P-0 systems), 
GaPOs (Ga-P-0 systems), MeAPOs (metal-Al-P-0 systems), 
Ga-As-0 systems, AI-As-0 systems, etc. Virtually all combina- 
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Fig. I .  View of BPO-1 
nearly along the h axis; 
the c-axis is vertical and 
the unit cell is outlined. 
The striped tetrahedra are 
BO, units and the rest are 
PO, units. The octahedra 
correspond to COO,. The 
ethylenediamine mole- 
cules are shown without 
the hydrogen atoms. 
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