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ABSTRACT: The catalysis of disfavored chemical reactions, especially those with no known natural enzyme
counterparts, is one of the most promising achievements of catalytic antibody research. Antibodies 5C8,
14B9, 17F6, and 26D9, elicited by two different transition-state analogues, catalyze disfavored endo-tet
cyclization reactions of trans-epoxy alcohols, in formal violation of Baldwin’s rules for ring closure.
Thus far, neither chemical nor enzyme catalysis has been capable of emulating the extraordinary activity
and specificity of these antibodies. X-ray structures of two complexes of Fab 5C8 with the original hapten
and with an inhibitor have been determined to 2.0 Å resolution. The Fab structure has an active site that
contains a putative catalytic diad, consisting of AspH95 and HisL89, capable of general acid/base catalysis.
The stabilization of a positive charge that develops along the reaction coordinate appears to be an important
factor for rate enhancement and for directing the reaction along the otherwise disfavored pathway. Sequence
analysis of the four catalytic antibodies, as well as four inactive antibodies that strongly bind the transition-
state analogues, suggests a conserved catalytic mechanism. The occurrence of the putative base HisL89 in
all active antibodies, its absence in three out of the four analyzed inactive antibodies, and the rarity of a
histidine at this position in immunoglobulins support an important catalytic role for this residue.

During the past decade, the combinatorial power of the
mammalian immune system has been successfully exploited
to generatede noVo antibody catalysts (1). Early studies dealt
with mechanistically very well understood esterase-like
reactions (2, 3), but more recently, a large number of catalytic
antibodies have been selected that cover a wide range of
chemical reactions (4). Structural information on how these
catalytic antibodies function has become available only
during the past few years (5-16).

One of the most formidable achievements in the field of
catalytic antibodies is the catalysis of disfavored reactions.
The use of binding energy not only to overcome the
activation barrier but also to drive a chemical reaction in an
otherwise generally inaccessible direction is of great sig-
nificance in organic chemistry. The first example of such a
transformation was the catalysis of the disfavored6-endo-
tet cyclization reaction of trans-epoxyalcohol1 (Figure 1)
to form a tetrahydropyran6 by antibodies 26D9 and 17F6
elicited by transition-state analogue4 (Figure 2A) (17).
However, in solution the formation of tetrahydrofuran9 is
favored in accordance with Baldwin’s rules for ring closure
reactions (Scheme 1) (18, 19). Since then, a number of
antibody catalysts for disfavored reactions have been re-

ported, including catalysts for exo Diels-Alder reactions (20,
21) and a syn elimination (22).

Hapten4 was designed to induce an antibody capable of
interacting with the critical features of the transition state.
The formal charges on theN-oxide functionality were
expected to resemble the electronic distribution of the
substrate during the assumed transition state, while the
conformation of the piperidinium ring should approximate
the required geometry during ring closure (17). Although
this approach was successful, it was uncertain which
feature(s) of this hapten are actually responsible for the
catalytic activity. One hypothesis, based on ab initio calcula-
tions (23), is that the important design feature of4 is the
placement of charge rather than the incorporation of the six-
membered ring; cation-stabilizing group(s) in the binding site
should be elicited by theN-oxide. Formation of oxepane7
from 2 (Table 1), only in the presence of 26D9 (24), lends
credence to this hypothesis, as the addition of an extra
methylene in the substrate should be affected only by the
hydrophobic and not by the electronic complementarity in
the binding site.

An obvious way to answer the question regarding the
dependency of catalytic activity on hapten structure is to
redesign the hapten with subtle, but distinct, geometric or
electronic changes and to compare the activity of the resulting
antibodies with those derived from theN-oxide hapten4.
One such modification would be to remove the piperidinium
ring entirely and replace it with two alkyl groups. We elected
to abandon this strategy because the presence of this ring
may be responsible for providing the necessary space and
proper hydrophobic environment for substrate binding. Thus,
we substituted theN-oxide by anN-methyl piperidinium ion,
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in which a highly polarized, but neutral species is replaced
by a full positive charge (hapten5).

In the present work, we have designed and synthesized a
new hapten,N-methylpiperidinium5 (N-methyl 5), which
led to the generation of two new antibodies, 5C8 and 14B9,
both of which are capable of catalyzing the disfavored endo-
tet ring closure for substrate1. We chose this hapten in order
to probe how subtle electronic differences between haptens
4 and5 could translate into antibodies with different catalytic
properties. Antibody 5C8 has been characterized in terms
of its kinetic profile and substrate selectivity and is compared
here to 26D9. To elucidate the catalytic mechanism and to
identify the structural basis for the observed regio- and
enantiospecificity, we have determined the crystal structures

of the newly generated Fab 5C8 in complex with both the
N-methyl and theN-oxide transition-state analogues5 and
4. We also performed computer docking studies using ab
initio calculated models of the transition states of the reaction

FIGURE 1: Acid-catalyzed and antibody-catalyzed reactions of epoxy-alcohols1-3.

FIGURE 2: (A) Haptens used to elicit antibodies 26D9 and 17F6
(4), and 5C8 and 14B9 (5) for disfavored endo-tet reactions. (B)
Expected mechanism of the ring-closure reaction.

Scheme 1a

a In principle, closure of hydroxy-epoxide 1 can proceed via either
pathway a or b (endo and exo mode, respectively). However, with this
system the exo pathway is favored over the endo pathway by 97:3.

Table 1: Comparison of Antibodies 5C8 and 26D9

reaction antibody % endo % ee

1 f 6 5C8a 70 95
26D9b 70 99

2 f 7 5C8 no reaction -
26D9 >99 78

3 f 8 5C8 c 0
26D9 c 96

a 5C8 was elicited by theN-methyl hapten5. b 26D9 was elicited
by the N-oxide hapten4. c Exo product not formed in background
reaction.
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(23) and extended previous quantum-chemical studies.
Sequence analysis and the comparison with mechanistically
related natural enzymes suggest opportunities for improving
the catalytic efficiency of these antibodies.

EXPERIMENTAL PROCEDURES

Kinetic Measurements.The kinetic parametersVmax and
Km were determined using an HPLC1 assay (DAICEL chiral
pak AD column with a hexane/2-propanol isocratic program
of 97/3 at 1 mL/min at a wavelength of 278 nM) by
measuring the initial rate of product formation. Initial rates
were measured with less than 6% of the consumption of
substrate. An external standard of 4-(4-methoxyphenyl)-1-
butanol (20µM) was used to calculate the amount of product
formed. HPLC response factors were determined using
authentic samples of both standard and product. An aliquot
of antibody stock solution (50 mM PBS buffer, pH 6.8) was
diluted with 50 mM PBS buffer (pH 6.8) providing 5 mL of
a 2.5 µM solution of protein. Varying amounts of the
appropriate stock solution of substrate, dissolved in 10%
methylene chloride in acetonitrile, were added to vials
containing antibody and vortexed to initiate the reactions.
The total organic component of each reaction vial was
maintained at 5%. Aliquots (400µL) of the reaction mixture
were removed and extracted twice with equal portions of
ethyl acetate. A centrifuge was used to separate the biphasic
mixture. The combined extracts were evaporated under
vacuum, and the residue was diluted with 100µL of the
external standard and analyzed by HPLC. The concentrations
of substrate ranged from 80 to 1000 mM, thus bracketing
the Km value.

Synthesis of Hapten5. All starting materials were pur-
chased from the Aldrich Chemical Co. All structures of the
synthesized materials were verified by1H NMR and 13C
NMR spectroscopy; the mass spectral data were consistent
with the expected molecular weights of all compounds.
Chemical shifts were recorded on a Bruker AM-300 or a
Bruker AMX-500 NMR spectrometer. High-resolution mass
spectra were determined using a VG ZAB-ZSE mass
spectrometer under fast ion bombardment (FIB) conditions.

[2-(4-Nitrophenyl)ethyl]piperidine (12). Freshly distilled
piperidine (3.8 mL, 38.4 mmol) was added to a solution of
4-nitrophenylethyl bromide in dichloromethane (4.0 g, 17.4
mmol/30 mL). The reaction mixture was refluxed for 4 h,
the solvent removed under vacuum, and the residue purified
by column chromatography (9:1 dichloromethane/methanol,
Rf ) 0.47), resulting in 3.74 g of product (92%).

4-(2-Piperidylethyl)phenylamine (13). Into a pressure tube
were placed 80 mL of ethanol and12 (3.7 g, 15.8 mmol)
followed by 10% Pd/C (50 mg). The tube was charged with
55 psi hydrogen gas and allowed to shake for 20 min. The
mixture was filtered through a plug of Celite, and stripped
of solvent, yielding 3.19 g of a clear yellow oil (99%).

4-{N-[4-(2-Piperidylethyl)phenyl]carbamoyl}butanoic Acid
(14). Glutaric anhydride (1.03 g, 9.03 mmol), followed by

triethylamine (920µL, 6.6 mmol) and a catalytic amount of
(dimethylamino)pyridine (5 mg), were added to a solution
of 13 (1.22 g, 6.0 mmol) in dichloromethane (10 mL). The
solution was stirred for 16 h and the solvent removed under
reduced pressure. The residue was dissolved in 1 M HCl (2
mL) and purified by reverse-phase column chromatography
(30% acetonitrile/water). The fractions were combined and
lyophilized yielding 2.2 g of a white powder (85% as the
triflate salt).

4-(N-{4-[2-(Methylpiperidinium)ethyl]phenyl}carbamoyl)-
butanoic Acid (5). To a solution of14 (100 mg) in 50:50
methanol/water (1 mL) 120 mg of potassium carbonate and
400 µL of methyl iodide were added. The reaction mixture
was allowed to stir for 16 h, and the solvent was reduced in
volume under negative pressure in a fume hood. The resulting
mixture was diluted with 1 mL of 0.1% aqueous trifluoro-
acetic acid and purified by preparative HPLC (70:30 aceto-
nitrile/water 0.1% trifluoroacetic acid, 10 mL/min, retention
time 6.8 min). The fractions were combined and lyophilized
yielding 84 mg of a white powder (82% as the triflate salt).

Stereochemical Analysis of Antibody-Catalyzed Reac-
tions: Both antipodes of epoxide1 (trans-R,R; trans-S,S)
were prepared as previously described (17) using methods
developed by Sharpless (25, 26). The HPLC system,
described above, enabled enantio-separation for both starting
materials and products (retention times:1(S,S) 31.8 min;
1(R,R) 34.1 min;6(2R,3S) 23.1 min;6(2S,3R) 22.0 min).
The enantioselectivity of 5C8 was determined by incubating
each optically pure isomer of1 with 5C8 for a period of 4
h. The reaction mixtures were worked up and analyzed, as
described above. To elucidate the stereochemistry of antibody-
catalyzed product6, [6(2R, 3S) versus6(2S, 3S)], we
incubated a pure sample of1(S,S) with 5C8 for 6 h, and6
was collected on repeated runs until 3 mg of material was
recovered. This sample was analyzed using NOESY (Nuclear
Overhauser Effect Spectroscopy) and subsequently deter-
mined to be6(2R,3S).

Purification, Crystallization, Data Collection, and Refine-
ment.Fab 5C8 was produced by partial enzymatic digestion
of the intact IgG using 2% mercuripapain, activated by
incubating with 10-20 mM cysteine and 2.5 mM EDTA
(27) and purified using a combination of protein A and
protein G affinity chromatography (28). All crystals were
grown from a 16 mg/mL protein solution in 0.1M sodium
acetate buffer, pH 5.5, at 22.5°C using 14% PEG10K in
0.2 M Tris-malate, pH 5.5, as precipitant. The ligand was
added in a molar ratio of approximately 10:1 to the Fab
solution. Both data sets were collected from flash-cooled
crystals (cryoprotected with 25-30% glycerol) at the Stan-
ford Synchrotron Radiation Laboratory (SSRL, beamlines
7-1 and 9-1) using MAR image plate detectors. Data were
processed to 2.0 Å resolution and scaled with DENZO and
SCALEPACK (29). Amplitudes were calculated with TRUN-
CATE (30). The structure of theN-methyl complex of5 was
determined by molecular replacement using AMORE (31)
with the partially refined structure of the unliganded Fab 5C8
(32) as a search model. Clear electron density, consistent
with the chemical structure of5, was observed in the binding
site of the antibody. For the complex with4, rigid body
refinement using the Fab of theN-methyl complex was
sufficient as a starting model. Again, the ligand could be
easily built into unambiguous difference electron density.

1 Abbreviations: Fab, antigen-binding fragment of an antibody; IgG,
mouse immunoglobulin G; VL, VH, variable light and heavy chains;
CL, CH1, constant light and heavy chains; EDTA, ethylenediaminetet-
raacetic acid; PEG, poly(ethylene glycol); vdw, van der Waals; HPLC,
high performance liquid chromatography; BSA, bovine serum albumin;
CDR, complementarity determining region; KLH, keyhole limpet
hemocyanin.
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Both models were refined using X-PLOR (online) version
3.851 (33) employing the Engh & Huber set of parameters
(34). After each round of positional and restrainedB factor
refinement, the model was checked for its fit toσA-weighted
2Fo - Fc maps (35), shake-omit maps [calculated using
X-PLOR with about 5% of the model omitted, after adding
random errors to the coordinates with an rms deviation of
0.25 Å (36)], andσA-weighted Bhat-omit maps (37, 38) using
O (39). For some loop regions, simulated annealing omit-
maps (40) were calculated. In the later stages of refinement,
the program OOPS (39) was used to highlight regions in
the structure most likely to need rebuilding. Anisotropic
scaling tensors and bulk solvent correction (41) were applied
to the data. The Fab molecules are numbered according to
standard Kabat convention (42) with light (L) and heavy (H)
chain identifiers. For both structures, contiguous electron
density was observed for the whole polypeptide chain, except
for a disordered loop in the CH1 domain, consisting of
residues H128-H136, as observed in almost all other Fab
structures [for example, see ref43]. This region was included
in the refinement with zero occupancy, but excluded from
subsequent structure analyses. Structure validation was
carried out with PROCHECK v3.3 (44). Both models are of
good stereochemical quality with 88.7% (complex with5)
and 89.3% (complex with4) of the residues in the most
favored regions of the Ramachandran plot. Only one residue
(ThrL51) was found in a disfavored region in both structures
(meanφ ) 71.4°, meanæ ) 50.1°), but it is in a tightγ-turn,
as commonly observed in other antibody structures (45).

Theoretical Calculations. The calculated transition-state
structures (Figure 3A) were extended by a benzyl group, and

the proton at the epoxide was removed. Charges on the
transition-state atoms were obtained with semiempirical AM1
calculations (46). The protonation states of active site
residues were deduced from their environment in the crystal
structures, with AspH95 protonated and AspH101 and HisL89

unprotonated. Simulated annealing with AutoDock (47, 48)
was used to locate low-energy binding modes. From 120
different, randomly generated initial structures, the position
and orientation of the ligand and the three dihedral angles
in the two-methylene linker between the phenyl ring and the
epoxide were allowed to vary, while the antibody structure
was held fixed in the X-ray geometry. Each simulation
involved 200 cycles of simulated annealing. The energy of
interaction was calculated using a potential function com-
posed of van der Waals and Coulombic terms. As a validation
of this procedure, both transition-state analogues4 and 5
were docked (47, 48) into the antibody (AspH95 was unpro-
tonated for the docking of4 and protonated for the docking
of 5), and the binding positions reproduced the experimental
ones with an rms deviation of 0.3-0.5 Å. Molecular surfaces
were calculated using the program MS (49), with a probe
radius of 1.7 Å and standard vdw radii (50).

HPLC Analysis. An Hitachi L-6200 liquid chromatogram
equipped with a UV detector was employed. We used a
DAICEL chiral pak AD with a hexane/2-propanol isocratic
program of 97/3, a flow rate of 1 mL/min, and a wavelength
of 278 nm.

RESULTS AND DISCUSSION

Hapten5 was synthesized (Scheme 2), coupled to keyhole
limpet hemocyanin (KLH), and used to immunize 129GIX+
mice (51). Twenty-one of the resulting monoclonal antibodies
were shown by enzyme-linked immunosorbant assay (ELISA)
to bind to the BSA conjugate of5 (52) and were screened
against epoxy-alcohol1 for the formation of6 using a normal
phase chiral HPLC column. Two of these antibodies, 5C8
and 14B9, were regioselective catalysts for the formation of
6, but antibody 5C8 was more efficient and stereoselective
than 14B9 and produced about 70% of (2R, 3S)-6 in 95%
enantiomeric excess (Table 1). When a racemic mixture of
1 is incubated with 5C8, both enantiomers of1 are utilized
in the antibody-catalyzed reaction but give rise to different
product distributions. In both cases, 5C8 enhances the
formation of the exo product. For the SS-enantiomer,
formation of the disfavored endo product was also enhanced,
whereas for the RR-enantiomer, the ratio between exo and
endo product was only slightly altered from the uncatalyzed
reaction in solution. If1 is allowed to react to completion,

FIGURE 3: Transition states plus relative activation energies for
the (A) acid-catalyzed5-exo (left) and6-endo (right) reactions and
two base-promoted transformations (B). Energies were calculated
using Gaussian 94 (55) as zero-point corrected differences between
the transition states and the respective substrates at the MP2/6-
31G*//HF/6-31G* level of theory. The molecular drawings were
prepared using Molscript (73).

Scheme 2: Synthesis of Hapten5a

a Conditions: (a) piperidine, 45°C, 4 h, 92%; (b) Pd/C, H2, methanol,
99%; (c) glutaric anhydride, 85%; (d) MeI, K2CO3/MeOH/H2O, 82%.
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the ratio of9 to 6 is 97:3. Formation of (2R, 3S)-6 with
5C8 follows Michaelis-Menten kinetics, withKm ) 595µM
andkcat ) 1.7 min-1 at pH 6.8 (compared toKm ) 356µM
and kcat ) 0.91 min-1 for 26D9) and is inhibited with
stoichiometric quantities of its original hapten5 and the
N-oxide 4. Comparison ofkcat/kuncat is not possible because
formation of the disfavored endo product6 in the uncatalyzed
reaction was negligible under our assay conditions (17).

A comparison of the activities of 5C8 and 26D9 is
summarized in Table 1. The regioselectivities of both 5C8
and 26D9 for1 are remarkably similar. Both antibodies also
exhibit high enantioselectivities for this substrate [favoring
the formation of (2R,3S)-6] and possess similar kinetic
profiles. Differences between the two antibodies, however,
became evident in the transformation of3, for which no exo
product is observed in solution, and is probably due to the
incipient benzylic-stabilized carbocation of3, as proposed
for the analogous allyl epoxides (53). While formation of8
is catalyzed by 5C8, this antibody, unlike 26D9, does not
show a preference for the choice of enantiomer of3.
Furthermore, 26D9 provides excellent regio- and enantio-
selectivities for the intramolecular closure of2 to form the
oxepan7 (24), whereas no catalysis is observed with 5C8.

Mechanistic Possibilities. At least two possible pathways
are conceivable for the reaction, irrespective of the size of
the ring that is formed. The first pathway consists of a single,
intramolecular SN2-type reaction that inverts the absolute
configuration at the reaction center, whereas the second
involves nucleophilic attack by a protein residue via a
covalent intermediate. This intermediate must then be cleaved
by a second, intramolecular nucleophilic attack of the alcohol
group in order to release the product. In this case, two
consecutive inverting substitutions would most likely leave
the net absolute configuration unchanged. Since all four
antibodies catalyze the ring closure with inversion about the
epoxide carbon atom, a mechanism similar to the first, one-
step transformation seems more likely.

It can further be anticipated that an acidic residue in the
binding site would protonate the leaving oxygen atom, while
a base close to the alcohol group would facilitate the reaction
by increasing the nucleophilicity of this group (Figure 2B).
Finally, a strategically positioned, negative charge could
stabilize the partial positive charge that develops at either
oxirane carbon atom in the transition state (54).

Ab initio calculations (23) of the transition states for the
acid-catalyzed transformations of trans-4,5-epoxyhexan-1-
ol (a model for1) have predicted a higher SN1 character of
the6-endo transition state, as indicated by an increased partial
charge on the respective epoxide carbon atom and longer
distances for both the nucleophile and the leaving group from
this center (Figure 3A). The calculated difference in activa-
tion energy (1.8 kcal/mol in favor of the5-exo transforma-
tion) is also in good agreement with the observed ratio of
exo to endo product in solution.

To assess the importance of a base in activation of the
nucleophile, we carried out additional gas phase quantum-
chemical calculations on this system that involved an
ammonia molecule hydrogen-bonded to the alcohol, as well
as to the fully deprotonated alkoxide. The geometries of the
reactants and the respective transition states were optimized
at the HF/6-31G* level of theory using Gaussian 94 (55).
Single-point energies at these stationary points were calcu-

lated using second-order Mo¨ller-Plesset perturbation theory
(MP2). In the reactants, the hydrogen bond between ammonia
and the alcohol group stabilizes the complex by 18.1 kcal/
mol. This stabilization increases to 20.5 kcal/mol in the
transition state and results in a 2.4 kcal/mol decrease in the
activation energy compared to the acid-catalyzed reaction
(Figure 3B). Since the calculations were carried out in the
gas phase, the strength of the ionic hydrogen bonding is very
large. The complexation with ammonia had only minor
effects on the energy difference between the6-endo (1.8 kcal/
mol) and the5-exo (1.4 kcal/mol) transition states.

While protonation of the epoxide results from an ultimate
acid catalyst, a fully deprotonated alcohol group similarly
represents the extreme of specific base catalysis. As expected,
the increased nucleophilicity of the alkoxide and the unpro-
tonated epoxide oxygen, being a rather poor leaving group,
led to a very compact, SN2-like, transition state. The
activation barrier for this reaction was calculated to be higher
by 4.7 kcal/mol in the case of the6-endo reaction (Figure
3B). These results indicate that base promotion can have a
positive influence on the reaction rate, but more importantly,
protonation of the epoxide makes the oxygen a better leaving
group.

Structure Analysis.The crystal structures of Fab 5C8 in
complex with transition-state analogues4 and5 were both
determined at 2.0 Å resolution (Table 2). Both structures
are of good quality, consistent with the resolution of the
diffraction data. The overall antibody structures are similar
to those reported for other Fabs (56). The antigen-binding
site is located at the apex of the variable domains (Figure 4)

Table 2: Data Collection and Refinement Statistics

Fab 5C8+
N-methyl (5)

Fab 5C8+
N-oxide(4)

space group C2 C2
unit cell dimensions a ) 112.0 Å a ) 111.2 Å

b ) 80.0 Å b ) 79.9 Å
c ) 64.9 Å c ) 65.0 Å
â ) 118.0° â ) 118.2°

temperature -176°C -176°C
resolution 25.0-2.0 Å 50.0-2.0 Å

(outer resolution shell) (2.03-2.00 Å) (2.03-2.00 Å)
no. of observations 231 822 249 541
unique reflections 33 080 33 264
completeness 96.7% (93.4%)a 98.0% (97.6%)
meanI/σI 16.9 (2.9) 20.0 (3.2)
Rsym 0.057 (0.304) 0.065 (0.387)
% F > 2σF 92.6 (75.3) 93.1 (80.8)
no. of protein atoms 3251 3251
solvent (H2O) 232 312
ligand 24 24
Rcryst

b 0.229 (0.215) 0.206 (0.198)
Rfree

b,c 0.292 (0.276) 0.261 (0.251)
rms deviationsd

bond lengths 0.007 Å 0.009 Å
bond angles 1.4° 1.5°
dihedrals 30° 30°
improper dihedrals 0.7° 0.7°

B values (RS-corr)e

protein 40 Å2 (0.88) 24 Å2 (0.92)
solvent 43 Å2 (0.79) 31 Å2 (0.85)
ligand 26 Å2 (0.94) 21 Å2 (0.87)

a Values for highest-resolution shell are given in parentheses.b All
data (F > 2σF). c 7.5% of the data were set aside for theRfree calculation
during the entire refinement.d Compared to the Engh & Huber set of
parameters.e Real space correlation (calculated using O) forσA-
weighted 2Fo - Fc maps.
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in a pocket formed by the six hypervariable loops (L1-L3
of the light chain and H1-H3 of the heavy chain), called
CDR’s (complementarity determining regions).

In both structures, the ligand adopts an extended confor-
mation and lies in an elongated narrow cleft, which is closed
on one side. The orientation of the ligands is such that their
piperidinium rings face inward, where they are totally
shielded from solvent, while the glutaric acid chains run
almost parallel to the CDR-H3 loop and are partially solvent
accessible. This orientation is consistent with the terminal
carboxylate being linked to the carrier protein (KLH) in the
immunization procedure.

The most prominent feature of compound5 is the positive
charge of the quaternary piperidinium ring. The binding site
of the antibody has adapted to this feature and contains two
aspartic acid residues (H95 and H101) that bind the ligand
like a pair of tweezers (Figure 5A). The distances of the
nearest carboxylate oxygens of the two Asp residues to the
quaternary nitrogen are 3.7 Å (H95) and 4.0 Å (H101). The
two aspartate side chains themselves are held in place by
hydrogen bonds with TyrL91 and HisH35 (in the case of AspH95)
and TyrL36 and TrpH103 (for AspH101). Besides this electrostatic
complementarity, antigen recognition is mediated mostly by
van der Waals interactions. The benzene moiety of the ligand
is sandwiched between HisL34 (with the two rings being
almost parallel) and ProH96 (via Cγ and Cδ). The hydrocarbon
part of the piperidinium ring is bound in a mostly hydro-
phobic pocket built up from residues HisL89, TyrL91 (both
L3), HisH35 (H1), PheL98, ValH37, TrpH47, AlaH93, and TrpH103

[all framework residues as defined by ref42].
Compounds4 and5 are similar except for the full positive

charge in5 being replaced by a polarized N-O bond in4.
Superposition of the main-chain atoms of the centralâ-sheets
of the Fab variable domains reveals only minor conforma-
tional and positional differences of the two ligands (rms

deviation: 0.49 Å). In both structures, the piperidinium ring
adopts the favored chair conformation with the methyl group
or the oxygen in an axial position. In the complex with4,
however, the whole ring is tilted by about 20° so that the
oxygen atom approaches the carboxylic group of AspH95

(Figure 5B). The close contact between AspH95 and the
N-oxide of the ligand (2.6 Å) requires one of the two (most
likely AspH95) to be protonated at the pH of crystallization
(5.5). The conformation of the glutaric acid linker varies
slightly in the two structures with torsion angle differences
of about 20 to 40°.

Despite the conformational differences between the ligands,
the pattern of binding interactions (especially the vdw
contacts) is very similar. The number of contacts is almost
equally distributed among the heavy and light chains. The
greatest number of contacts occurs between ligand and CDR-
H3, while CDR-L2 and CDR-H2 are not involved at all in
ligand binding. In both structures, more than 90% of the
solvent accessible surface of the ligand is buried upon
complex formation. Only about 60% of the total protein
surface buried in the complex involves atoms from the CDR
loops. The extensive use of framework residues for hapten
binding is due to deep penetration of the ligands within the
Fab combining site (Figures 4 and 6). In contrast, the
framework contribution to ligand binding in other Fab-
antigen complexes is generally less than 10% (57).

The Fab component of the two complex structures is also
essentially unaffected by the slight ligand-binding differ-
ences. The elbow angles, defined as the angle between the
pseudo-2-fold rotation axes relating VL to VH and CL to CH1,
are 167.0° (for 4) and 168.2° (for 5). For the Fab variable
domain, the rms deviation calculated for backbone atoms,
after superimposing the centralâ-sheets is 0.24 Å. The five
CDR loops L1, L2, L3, H1, and H2 adopt conformations
close to their expected canonical loop conformations, as

FIGURE 4: Stereoview of catalytic antibody Fab 5C8 in complex with transition-state analogue5 viewed from above (top) and from the
side (bottom) of the variable domain. The variable light chain (left, light-blue), the variable heavy chain (right, pink), and5 are shown
together with the shake-omit electron density map (Fo - Fc) for the ligand, contoured at 3σ. The electron density was calculated and
contoured using XtalView (36). Figures 4-7 were prepared using Molscript (73) and Raster3D (74, 75).
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defined for immunoglobulin structures (58). With the excep-
tion of CDR-H2 (rmsd. 0.45 Å), the CDR loops are mostly
unaffected by the different ligands with backbone rms
deviations in the range of 0.14-0.26 Å for the two structures.
The CDR-H2 deviation is mostly associated with confor-
mational changes of the backbone around residues GlnH64

and GlyH65, although neither of these residues is in direct
contact with the ligand.

Catalytic Mechanism.A number of residues are potentially
capable of acting as an acid or base in the active site of
antibody 5C8 (Figure 5): two aspartic acids (H95 and H101),
three histidines (L34, L89, and H35), and two tyrosines (L36
and L91). Their ability to perform such a role relies on their
respective pKa values. Due to close contacts with the
N-methyl group of5 and the oxygen of4, AspH95 is most
likely unprotonated in the first complex and protonated in
the second, suggesting that its pKa is shifted toward a value
above 5. AspH101 accepts a hydrogen bond from TyrL36 and

is partially solvent exposed. Its pKa would then be essentially
normal and AspH101 would be charged in both structures.
HisL34 accepts a hydrogen bond from the main-chain amide
of SerL50 (3.0 Å). Similarly, HisH35 accepts a hydrogen bond
from the indole NHε1 of TrpH47 (3.0 Å), indicating that both
residues are neutral in the conformation observed in the
crystal structures. HisL89, on the other hand, donates a
hydrogen bond (via NHδ1, 2.9 Å) to the main-chain carbonyl
of ThrL97 (Figure 5). With the imidazole Nε2 not involved
in any close contacts, this residue has the possibility of being
charged or uncharged. The binding site otherwise is rather
hydrophobic, except for these two aspartic acids that could
stabilize the imidazolium ion. A positively charged side
chain, on the other hand, would not be very well suited for
binding the positively charged transition-state analogue5.
Thus, the pKa of HisL89 must be shifted to lower values with
the side chain unprotonated in both structures. Since both
tyrosine residues in the binding site (TyrL36 and TyrL91) have

FIGURE 5: Stereoview of the antibody combining site in the structures with5 (A) and 4 (B). The light chain is drawn in light-blue, the
heavy chain in pink. Bonds in the ligand are yellow; nitrogen and oxygen atoms are shown as blue (N) and red (O) spheres. Hydrogen
bonds and the interactions of AspH95 and AspH101 with the quaternary nitrogen of5 are indicated by small green spheres.
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their hydroxyl groups within hydrogen bonding distance to
either AspH95 or AspH101, they should both be protonated.

To investigate the catalytic mechanism, we docked the ab
initio models of all four possible transition states into the
binding site of the antibody using the program AutoDock
v2.4 (47, 48). In each case, the docked structure with the
lowest energy was subject to a molecular mechanics mini-
mization employing the Merck Molecular Force Field
(MMFF) as implemented in Spartan (SPARTAN, version
5.0, Wavefunction, Inc., Irvine, CA, 1997), allowing the same
degrees of freedom as in the docking calculations (47, 48).
This procedure gave an overall orientation of the ligands that
differs only slightly from the crystal structures. The resulting
models of the protein transition-state complexes for the
6-endo transformations are shown in Figure 7. Essentially
the same protein-ligand interactions were observed for the
respective5-exo transition states.

As expected, the epoxide oxygen is positioned close to
Oδ1 of AspH95 (approximately 2.5 Å) in both cases. The
alcohol groups lie between HisL89 and TyrL36. In the case of
the SS-enantiomer, the hydroxyl group is closer to HisL89

than to TyrL36 (2.7 Å vs 4.0 Å, Figure 7A), suggesting that
the former residue is the base anticipated in the active site
(Figure 8A). Without allowing conformational changes of
active site residues, however, the interaction geometry is not
perfect for proton transfer with the alcohol group approaching
the imidazole ring face-on. The transformation of the RR-
enantiomer, on the other hand, seems to involve the diad
TyrL36-AspH101 as the base (Figures 7B and 8B). The
distance between the two hydroxyl groups was found to be
2.6 Å compared to 3.2 Å between the alcohol and HisL89.
Although only speculations about the pKa values of this
hydrogen-bonded network can be made, it is conceivable that
TyrL36 could accept the proton and itself protonate AspH101.
In both cases, the two other histidine residues in the binding
site are too distant from the reacting groups and their
imidazole rings are incapable of accepting an additional
proton at physiological pH (see above).

Although slight geometric differences between the5-exo
and6-endo transition states may, in principle, be exploited
for driving the reaction in a certain direction, charge
stabilization seems to be the best explanation for the observed
differentiation of the two pathways. In the design of haptens

4 and 5, the main emphasis was focused on providing a
(partial) positive charge on the nitrogen in order to mimic
the increased positive charge at the central carbon atom in
the6-endo transition state and, hence, to elicit a stabilizing,
complementary negative charge in the antibody combining
site (17). The position of this charge within the hapten is
crucial and was suggested to be the most important constitu-
ent of the transition-state analogue design (54). The most
likely candidate in the binding site of 5C8 for charge
stabilization is AspH101. Utilization of this residue as a proton
acceptor, however, might impair its ability to stabilize the
6-endo transition state.

The discussion of the enantiospecificity is complicated by
the fact that the transformations of both enantiomers of1
are catalyzed to some extent by the antibody 5C8, which
appears to lower the reaction barrier for both enantiomers
and both pathways. Only in the case of the SS-enantiomer
is the difference in activation energy between the exo and
endo pathways altered significantly from the situation in
solution, resulting in a 95% enantiomeric excess for the
formation of (2R,3S)-6 (Table 1). In view of the assumed
similar interactions of both enantiomers of the transition state
with the antibody (Figure 7), very subtle stereoelectronic
effects are expected to be responsible for the observed
specificity. One possible explanation might be the putative
utilization of TyrL36-AspH101 as the base in the transforma-
tion of the RR-enantiomer that could weaken the ability of
the binding site to stabilize the positive charge in the
transition state and, therefore, lead to reduced formation of
(2S,3R)-6.

Our favored mechanism that is consistent with the avail-
able structural information and the observed product distribu-
tion employs general acid/base catalysis with AspH95 as the
acid to open the oxirane ring and HisL89 as the base to
promote the nucleophilic attack of the alcohol group (Figure
8A). An alternative mechanism involving TyrL36-AspH101,
instead of HisL89, is more likely only for the transformation
of the RR-enantiomer (Figure 8B).

Sequence Comparisons. Genes for the variable domains
of four antibodies (5C8, 14B9, 17F6, and 26D9) capable of
catalyzing the disfavored6-endo ring closure reaction were
cloned and sequenced according to the previously established
method (59). Antibodies 5C8 and 14B9, elicited by the same

FIGURE 6: Surface representation of Fab 5C8 looking into the binding site. The ligand (5) is shown with yellow bonds and black (C), blue
(N), and red (O) spheres representing the atoms.
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hapten (5), have very similar primary structures with more
than 80% identical residues in their variable domains. Almost
all ligand-contacting residues are the same in both sequences.
Most importantly, the putative catalytic residues AspH95 and
HisL89 (as well as AspH101 and TyrL36) are conserved.
Mutations of contact residues are found in the middle of the
CDR-H3 loop, which interacts only with the glutaric acid
linker that is replaced by the much smaller methoxy group
in the substrate (Figure 1). The only mutation involving a
side-chain contact to the piperidinium ring of the ligand is
AlaH93 to valine in 14B9. This residue is positioned below
the piperidinium ring with its Câ pointing up (Figure 5). As
antibody 14B9 is less efficient than 5C8, the larger ValH93

side chain probably interferes with substrate binding.
Antibodies 26D9 and 17F6, on the other hand, show some

very interesting differences in their amino acid sequences.
Their light chains are highly homologous to 5C8 and 14B9
(>80% identity), whereas significant changes are observed
in the heavy chains with only around 50% identity. In both
cases, residue AspH95 is mutated to a tyrosine. At the same
time, its hydrogen-bonding partner, HisL35 is replaced by a
serine, presumably allowing for accommodation of the larger
tyrosine side chain. However, the second aspartic acid
AspH101 and the potential bases HisL89 and TyrL36 are
conserved. Another difference is AlaH93 to threonine, which
could potentially hydrogen bond to theN-oxide (4) in 26D9

and 17F6. All other residues that form the hydrophobic
pocket, which accommodates the hydrocarbon part of the
piperidinium ring, are conserved or highly homologous.

From this sequence analysis, it appears that all four
antibodies bind the piperidinium moiety of their respective
haptens in a similar fashion. Also, the catalytic mechanism
derived for 5C8 appears to be applicable to these other
antibodies, particularly for 14B9, since all key residues are
conserved. Antibodies 26D9 and 17F6 show considerable
sequence differences but may catalyze the reaction in an
analogous way. The role of the acid in 5C8 could in principle
be taken over by TyrH95, with the resulting phenolate ion
being stabilized by a hydrogen bond from SerH35. All three
residues that are potentially involved in activating the alcohol
group (TyrL36, HisL89, and AspH101) are conserved and could
act similarly. The mutation AlaH93 to threonine may even be
an advantage, because a hydrogen bond donated by this
residue may be able to stabilize further the partial negative
charge that develops on the leaving oxygen.

Some of the residues in the binding site of these antibodies
are highly conserved among murine immunoglobulins, while
others vary considerably. At position H95, aspartic acid is
the most common residue (20%), although this position is
very variable and has accommodated all 20 amino acids at
least once with a 2% occurrence of tyrosine (60). Also, TyrL36

(84%) and AspH101 (88%) are the most frequent residues at

FIGURE 7: Stereoview of the modeled complexes of 5C8 and the SS- (A) and RR-enantiomer (B) of the6-endo transition state. The light
chain is drawn in light-blue, the heavy chain in pink. Bonds in the transition-state models are yellow; nitrogen and oxygen atoms are shown
as blue (N) and red (O) spheres. Hydrogen bonds are indicated using small green spheres. The view is approximately perpendicular to the
one in Figure 5.
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these positions. The most common residue at position L89
is glutamine (62%), while histidine is present in only 5% of
all murineκ-light chains sequenced to date (60).

In an effort to assess the importance of the putative active
site residues, we also determined the primary structures of
four antibodies that were elicited by the sameN-methyl
hapten (5) and showed strong binding of the transition-state
analogue but no catalytic activity (Figure 9). The first major
difference was found to be the absence of HisL89 in three of
the four inactive antibodies; 3B2 does have a histidine at

this position and the putative diad TyrL36-AspH101. However,
its inactivity may be explained by the occurrence of three
additional aspartate residues in the central region of the CDR-
H3 loop. Therefore, the hapten and the substrate may be
bound in a different way that prevents them from interacting
with HisL89 and TyrL36-AspH101. The same pattern was also
found in 1A11, the heavy chain of which is almost identical
to 3B2. In 7D2, the positive charge of the quaternary nitrogen
is most likely bound by negatively charged residues on CDR-
L3 (two aspartates, one glutamate) rather than by CDR-H3.

FIGURE 8: Proposed catalytic mechanism of antibody 5C8 with AspH95 as the acid that opens the oxirane and HisL89 (A) or TyrL36-AspH101

(B) as the base that activates the alcohol group. Hydrogen bonds to other active site residues are shown. (C) Possible mechanism of
“inverting” glycosidases.
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A completely different mode of binding is expected for 7B3,
since no negatively charged residues are present in CDR-
L3 or CDR-H3. Taken together, the occurrence of the rather
rare HisL89 in all catalytically active antibodies and its
absence in most of the inactive ones are indicators for its
presumed importance in the catalytic mechanism and support
our proposed mechanism (Figure 8A).

Comparison with Natural Enzymes. We are not aware of
any natural enzymes that catalyze the same reaction as these
antibodies. The brevotoxins and other related polyether
natural products were thought to be formed via a series of
disfavored enzyme-catalyzed hydroxy-epoxide ring closures.
Several research groups were unsuccessful in their search
for this putative enzyme class (61-64), which included the
synthesis of, and subsequent screening with, logical epoxide
precursors (65-68). However, a number of enzymes do
utilize epoxides as substrates. The reactions that are catalyzed
range from very complex terpenoid cyclizations to compara-
tively simple epoxide hydrolysis reactions, the latter being
more closely related to the antibody-catalyzed reaction.
Among these hydrolases, mammalian soluble and micro-
somal epoxide hydrolases, which are involved in the detoxi-
cation of potentially harmful xenobiotic epoxides, have been
characterized (69, 70). Their mechanism involves a covalent
R-hydroxy-ester intermediate formed by a carboxylate side
chain of the enzyme (71). This intermediate is thought to be
cleaved by a base-activated water molecule attacking at the
carboxyl-carbon atom of the ester and subsequent release of
the diol product (69, 70). This particular mechanism cannot
be applied for an intramolecular cyclization reaction, simply
because no product would be released by a nucleophilic
attack of the alcohol at the carbonyl of the intermediate. The
involvement of a covalent intermediate, even though it may
be cleaved differently (e.g., by attacking the saturated
carbon), would most likely give a product which retains the
absolute configuration and has already been ruled out (see
above). In the case of cholesterol epoxide hydrolase, no ester
intermediate could be identified (71). This enzyme appears
to employ a mechanism fundamentally different from soluble
and microsomal epoxide hydrolases (71) but possibly similar

to the one proposed here involving a base-promoted nucleo-
philic attack of a water molecule.

One class of glycosidases catalyzing carbohydrate hy-
drolysis, with inversion of the anomeric configuration, is also
mechanistically related to 5C8. Two carboxylic acid residues
are normally present in the active site of these enzymes
(Figure 8C), one of which is believed to act as an acid,
protonating the glycosidic oxygen, while the other is thought
to function as a base, promoting the attack of the nucleophile
(72), equivalent to the supposed functions of AspH95 and
HisL89 in 5C8. This similarity suggests that a mutation of
HisL89 to an aspartate or glutamate may also yield a catalyst
for the ring closure reaction. Interestingly, no aspartic acid
has so far been observed at position L89, and only 5 of over
2000 murineκ-light chain sequences contain a glutamate at
that position (72). Thus, the chances seem low of eliciting
such a mutant in mice by immunization with haptens4 and
5.

Conclusion. Antibodies 5C8, 14B9, 17F6, and 26D9
catalyze ring closure reactions that are strongly disfavored
in solution. The observed catalytic effect is most likely due
to an interplay between electronic stabilization and general
acid/base catalysis. The fact that transition-state analogues
4 and 5 yield similar quality catalysts underlines the
importance of charge stabilization for the catalysis of the
disfavored reaction (54). In both cases, only parts of the
stereoelectronic features of the transition state have been
modeled into the hapten. Nevertheless, the combinatorial
diversity of the immune system seems to be powerful enough
and has, to some extent, been able to provide additional
groups important for catalysis. The structural results suggest
that further modifications of the transition-state analogue,
which include replacing substituents of the piperidinium ring,
and mutations in the active site may improve the efficiency
of these catalytic antibodies.
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