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ABSTRACT The x-ray structures of the unliganded ester-
ase-like catalytic antibody D2.3 and its complexes with a
substrate analogue and with one of the reaction products are
analyzed. Together with the structure of the phosphonate
transition state analogue hapten complex, these crystal struc-
tures provide a complete description of the reaction pathway.
At alkaline pH, D2.3 acts by preferential stabilization of the
negatively charged oxyanion intermediate of the reaction that
results from hydroxide attack on the substrate. A tyrosine
residue plays a crucial role in catalysis: it activates the ester
substrate and, together with an asparagine, it stabilizes the
oxyanion intermediate. A canal allows facile diffusion of water
molecules to the reaction center that is deeply buried in the
structure. Residues bordering this canal provide targets for
mutagenesis to introduce a general base in the vicinity of the
reaction center.

The proposal that antibodies having catalytic activity can be
generated to an analogue of a transition state (TSA) of the
reaction to be catalyzed (1) has proven to be widely applicable
(2, 3). Much has been learned over the last several years about
inducing antibodies that promote ester hydrolysis: more than
50 anti-phosphonate antibodies with esterolytic activity have
been reported to date. Although extensive steady-state and
pre-steady-state kinetic studies have been performed on some
antibodies (see ref. 4), the available structural data have
focused on the interactions of esterolytic antibodies with
phosphonate TSAs (5–8). These confirm the exquisite shape
and chemical complementarity between the binding pocket
and the haptenic TSA; however, these studies shed little light
on the exact pathway that leads substrate to product in an
antibody-mediated reaction.

Antibody D2.3 catalyses the hydrolysis of the nonactivated
p-nitrobenzyl ester 1 (Fig. 1); it was obtained by immunizing
BALByc mice with a protein conjugate of the phosphonate
hapten 3 and identified by screening the entire repertoire of
hybridomas for catalytic activity (9). D2.3 is the most efficient
of the family of antibodies obtained and it accelerates the
target reaction by a factor of 105 (10). We previously deter-
mined the x-ray structure of the Fab D2.3 complexed with TSA
3 at 1.9-Å resolution (8). We now report the crystal structures
of the Fab D2.3 unliganded, complexed with p-nitrobenzyl
amide 4 (a substrate analogue inhibitor, SA) and with one of
the products of the reaction, p-nitrobenzyl alcohol 2; this
allows us to describe key stages along the pathway of the

catalyzed reaction. Together with the Fab–TSA 3 structure,
the new data support a mechanism whereby hydroxide attacks
the carbonyl of the scissile ester bond in the substrate, identify
the groups that stabilize the oxyanion intermediate, and define
a pathway for the water molecule that gives rise to the
attacking hydroxide ion. Only antibody-based hapten-
programmed catalysts, such as D2.3, can be considered for
comparing the substrate–catalyst interactions and those be-
tween this catalyst and a structure to which tight binding has
been elicited, namely the TSA.

MATERIALS AND METHODS

Purification, Crystallization, and Data Collection. The
D2.3 antibody was obtained and propagated in ascitic f luids as
described (9). The preparation and the purification of D2.3
IgG was similar to described protocols (11) and resulted in fully
active IgG, as judged by titration of catalytic activity with 3.
After dialysis in Tris-buffered saline (pH 7.5), the IgG was
concentrated to 2 mgyml and proteolyzed with papain under
standard conditions [1% (wtywt) papain to IgG ratio; digestion
time, 2.5 h] to produce the Fab. Undigested IgG and Fc
fragment were removed by protein A chromatography, and the
Fab was further purified by gel filtration on a Sephacryl S100
HR column.

For crystallization the Fab was concentrated to 5 mgyml and
complexed with ligand in 5- to 10-fold excess. Crystallizations
were performed following the hanging drop method, and
initial conditions were identified by sparse matrix sampled
screening (12). To get better diffracting crystals, polyethylene
glycol (PEG) 600 precipitant ['30% (wtyvol)] was used
together with 40 mM of Zn acetate. The protein concentration
(5–10 mgyml) and the pH (100 mM cacodylate buffer, pH
6.0–7.5) were less critical. The crystals (space group P3121)
diffract at least to 2.0-Å resolution. Unliganded Fab crystal-
lizes at higher PEG 600 concentration [35% (wtyvol)], and
data were collected to 2.5 Å. Diffraction data were collected
in each case from one crystal at the D41 and W32 stations of
the Laboratoire pour l’Utilisation du Rayonnement Electro-
magnétique synchrotron (Orsay, France) using a Mar-
Research (Hamburg, Germany) image plate. The data were
indexed with DENZO (13), integrated with MOSFLM (14), scaled,
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and merged with programs of the CCP4 suite (15). Statistics
are reported in Table 1.

Structure Determination and Refinement. All the crystal
forms of complexed and unliganded Fab reported here are
isomorphous. Crystallographic refinements of the new D2.3
structures were performed with the conjugate-gradient facility
of X-PLOR (16). The starting point was a model of Fab D2.3
complexed with TSA 3 and refined to an factor R of 21.5% and
a free factor R (Rfree) of 26% in the 7- to 1.9-Å resolution range
(8); before refinement of the new structures, water molecules
and the ligand were removed from the model. The progress of
the refinement was judged by decrease of Rfree after Powell

minimization and temperature factor refinement (18). After
initial refinement, 2Fobs 2 Fcalc and Fobs 2 Fcalc electron
density maps with calculated phases were examined using
program O (19) and showed clear electron density for the
p-nitrobenzyl part of the amide 4 and for the whole p-
nitrobenzyl alcohol molecule 2.

Ligand and water molecules were included in subsequent
refinement cycles. Solvent molecules were identified with
program O at positions of peaks higher than 4.5 standard
deviations in Fobs 2 Fcalc maps and within hydrogen bond
distance of polar Fab atoms. At the end of the refinement,
electron density is continuous for all ligands. The final R and
Rfree factors are reported in Table 1; the structures have
standard stereochemistry, as evaluated with PROCHECK (17).

Superposition of atomic models was done with program O
(19). Surface areas were calculated using the algorithm of
Shrake and Rupley (20). The solvent cavities were investigated
with the program VOIDOO (21).

RESULTS AND DISCUSSION

Overall Structure of the Combining Site. In all of the three
D2.3 complex structures, the ligand is located in a deep pocket
in the antibody combining site at the interface between the
heavy and light chain variable regions. In each complex at least
'90% of the accessible surface of the ligand is buried. The
bottom of the pocket, where the p-nitrobenzyl moiety of the
ligand is found, has a marked hydrophobic character: seven
residues make apolar contacts with the p-nitrobenzyl group.
The tight Van der Waals interactions between p-nitrobenzyl
and the Fab account for the specificity of D2.3 for para-
relative to ortho-nitrosubstituted ligands (10), because the
corresponding change in the position of substitution would
require a significant rearrangement of the Fab residues to be
accommodated.

Consistent with the linkage of hapten 3 to the carrier protein
through its N-glutarylglycinate carboxylic acid group (9), the
carboxylates of ligands 3 and 4 point toward the outside of the
combining site. The overall orientation of the ligand relative to
the antibody is similar to those observed in complexes of
antibodies D2.4 and D2.5, which catalyze the same reaction as

FIG. 1. Chemical reaction catalyzed by D2.3 and structures of the
compounds used in this study. Ester 1 is a substrate hydrolyzed by D2.3.
Crystal structures examined are those of complexes of D2.3 with
p-nitrobenzyl alcohol 2 (one of the products of the hydrolysis of 1),
p-nitrobenzyl phosphonate 3 (the TSA hapten used to elicit D2.3), and
p-nitrobenzyl amide 4, a stable analogue of the substrate ester 1.

Table 1. Crystallographic data and refinement statistics

Unliganded D2.3 D2.3–4 SA D2.3–2 product D2.3–3 TSA

Data collection statistics
Unit cell

a (5b), c (Å) 78.5, 158.9 78.2, 158.7 78.5, 159.5 78.2, 158.9
a (5b), g (°) 90, 120 90, 120 90, 120 90, 120

Resolution limit, Å 2.55 2.0 2.0 1.9
Observations 57,600 89,942 98,164 92,749
Unique reflections 18,580 38,114 39,071 44,679
Completeness* % 96.0 (76.0) 98.8 (98.7) 99.6 (98.6) 98 (97)
Rsym*† % 4.8 (17) 5.5 (30.1) 5.2 (31.3) 6.3 (33)
Iys(I)* 11.6 (4.4) 7.8 (2.5) 10.1 (2.4) 5.6 (2.1)

Refinement statistics
Resolution, Å 7.0 2 2.55 7.0 2 2.0 7.0 2 2.0 7.0 2 1.9

R‡ % 18.1 19.9 19.9 20.8
Rfree, % 23.1 24.8 24.0 25.2

Water molecules 130 160 154 149
rms deviations from ideality

Bond lengths,§ Å 0.008 0.01 0.009 0.009
Bond angles, (°)§ 1.6 1.7 1.65 1.7
Ramachandran core,¶ % 89.0 90.8 89.5 89.8

*Number in parentheses is the value in the highest resolution shell.
†Rsym 5 SSjuIj 2 ^I&uySu^I&u, where Ij is the intensity measurement for reflection j and ^I& is the mean
intensity for multiply recorded reflections.

‡R 5 SiFobsu 2 uFcalciySuFobsu.
§Evaluated with X-PLOR (16).
¶Evaluated with PROCHECK (17).
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D2.3 (8), as well as in complexes of the three other esterolytic
antibodies whose crystallographic structures have been deter-
mined (5–7). This confirms the suggestion made previously
that this mode of binding is favored when the hapten comprises
proximal aromatic and phosphonate moieties (6), although
slight variations in the orientation of the aromatic groups have
been noted (22).

The flexibility of the combining site can be discussed based
on a superposition of the structures of the Fab D2.3 that have
been determined (unliganded and liganded either with the
amide 4, the phosphonate 3, or the alcohol 2). In all four
structures, the residues of the combining site superimpose well
within experimental error and no significant movement occurs
upon ligand binding [rms deviation of the Cas of the 65
residues of the complementarity determining regions (CDRs)
after superposition: 0.2 Å or less]; this differs from what has
been observed in other antibodies raised against small mole-
cules or against proteins (23). The same conformation of the
combining site, including that of its most flexible H3 CDR
loop, is also found in the complex of antibody D2.5 with TSA
3; D2.5 was raised in the same fusion as D2.3 and crystallizes
with a packing different from that of D2.3 (8) (the H3 loop of
D2.5 has the same length and the same sequence as that of
D2.3 except for the semi-conservative H102 Met 3 Leu

mutation). This suggests that the similarity of the structures of
the three complexes we studied does not reflect specific
packing constraints, but is due to a stable conformation of the
complexed combining site, and in particular of its H3 CDR.

Substrate Binding. Amide 4 is a SA inhibitor of D2.3 (9), the
difference between this compound and ester 1 being the
replacement by an NH group of the oxygen atom of the ester
bond that is hydrolyzed by D2.3. Amide and ester bonds differ
in their hydrogen bonding requirements, but apart from that,
on the basis of small molecule x-ray structures, the geometries
of compounds 1 and 4 should be nearly identical. In the
complex of 4 with D2.3, the N2H group (numbering as in Fig.
1) is not within hydrogen bonding distance with the Fab
(distance to the closest atom, 3.6 Å) (Fig. 2A). The oxygen O2
of 1 could not establish a hydrogen bond with D2.3 without a
significant rearrangement of the combining site because of the
constraints associated with the positioning of the aromatic and
glutarylglycinate moieties of the substrate. Given the close
similarity of the four structures of D2.3 we determined, such
a rearrangement is unlikely. Therefore, it is most likely that the
ester oxygen that occupies the same position in 1 as the N2H
in 4 would be found at the same location in the complex with
D2.3 and the Fab–SA 4 complex may be considered a faithful
mimic of the Fab–1 Michaelis–Menten complex.

FIG. 2. Schematic views of D2.3 Fab residues that interact with the ligands examined. Residue numbering is according to ref. 24. In A–C, the
ligands are in blue, the Ca trace of the Fab is in green, and water molecules are in red. Hydrogen bonds are shown as dotted lines. (A) Complex
of D2.3 with amide 4, a stable SA. (B) Complex of D2.3 with TSA 3. (C) Complex of D2.3 with the reaction product 2, p-nitrobenzyl alcohol. Electron
density corresponding to an acetate molecule was located in the combing site. The acetate is in yellow; the oxygens and the methyl of the acetate
were distinguished on the basis of the hydrogen bonds established. A–C were drawn with MOLSCRIPT (25). (D) View of the canal (D2.3-4 structure)
that allows water diffusion to the carbon atom of the carbonyl of 4 analogous to the reaction center in the complex of D2.3 with 1. The surface
accessible to the exterior of a water molecule represented by a 1.4-Å radius sphere is cut to show the canal; its face toward the complexed Fab
atoms is in blue, and the one facing the exterior is in white. Only the residues that border the canal are represented. Ligand 4 is in green; the water
molecule (magenta) closest to the analogue of the reaction center is within hydrogen bonding distance and angle to Arg-H50 (hydrogen bond not
shown). Nitrogen Nd1 of His-H35 makes a hydrogen bond to Trp-H47 (not shown) that is conserved in antibodies; therefore, the N«2 nitrogen
of His-H35 (which is part of the canal’s wall) is protonated, and His-H35 most likely does not function as a general base in the hydrolysis catalyzed
by D2.3. D was rendered in the AVS environment (26).
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The major part of SA 4 is buried in the complex (only 10%
of its surface remains accessible), so that multiple Van der
Waals interactions are made with the Fab, including those of
the p-nitrobenzyl moiety that have been described above. In
addition, several hydrogen bonds stabilize the SA. In partic-
ular, the carbonyl oxygen O1 (Fig. 1), equivalent to the
carbonyl oxygen of the ester bond in substrate 1, is within
hydrogen bond distance (2.65 Å) and angle to the hydroxyl of
Tyr-H100d (Fig. 2 A). Two other hydrogen bonds are made
with atoms of the N-glutarylglycinate part of 4 (Fig. 1, atoms
C3 to O9). One of them is between N7 of the SA and the
carbonyl oxygen of Gly-L91, the other bond is between O9 of
the SA and the hydroxyl of Tyr-L96.

The N-glutarylglycinate chain, both in the SA and in the
TSA, has a less well-defined electron density than the rest of
the ligand. This is reflected by an average B factor of this part
of the SA which is 10 Å2 higher than that for the whole
molecule. This suggests that the N-glutarylglycinate binds less
efficiently to D2.3 than the p-nitrobenzyl moiety or the reac-
tion center mimic—i.e., the phosphonate or amide groups. The
resulting stabilization is nevertheless significant because p-
nitrobenzyl acetate, a short substrate that cannot establish
hydrogen bonds with Gly-L91 or Tyr-L96, was found to be
hydrolyzed significantly less efficiently than 1 [kcatyKM esti-
mated to be less than 10 M21zs21 for this short substrate (9),
as compared with 185 M21zs21 for substrate 1 (10)]. Because
the two hydrogen bonds that stabilize the N-glutarylglycinate
part of SA 4 are also observed in the complex of Fab D2.3 with
TSA 3 (Fig. 2B), they contribute both to substrate and to
transition state binding.

Interactions of the Reaction Products with the Combining
Site. When associated with D2.3, the p-nitrobenzyl alcohol 2
superposes within experimental error with the corresponding
part of the SA, except for its hydroxyl group which makes a
hydrogen bond with Asn-L34 (Fig. 2 A and C). The interactions
of p-nitrobenzyl alcohol with D2.3 Fab residues account for
the noticeable product inhibition by 2 observed during hydro-
lysis of 1 [estimated Ki, 50 mM (9)]. Additional and unexpected
interactions are made between the p-nitrobenzyl hydroxyl
group and a solvent molecule whose electron density corre-
sponds to that of an acetate ion present in the crystallization
solution (at 40 mM concentration). The acetate ion was refined
with full occupancy and its final average B factor is identical
to that of p-nitrobenzyl alcohol (B 5 27 Å2); this suggests that
the p-nitrobenzyl alcoholyacetate stoichiometry in the crys-
tallized complex is 1:1. The N-glutarylglycinate acid product
can be modeled in the combining site by superposing the
glutarate carboxylate with that of the acetate found in the
structure while avoiding unfavorable contacts with the Fab.
Therefore, the position of the carboxylate of this acetate might
indicate the localization of the nascent acid resulting from
hydrolysis of ester 1 catalyzed by D2.3.

Catalytic Mechanism. Based on the structure of Fab–TSA
3, we proposed that D2.3 acts mainly by stabilizing the
negatively charged intermediate formed after hydroxide attack
on the ester (8). Catalytic antibodies are designed such as to
better stabilize the transition state of a reaction than its
substrate. Given the structures of complexes of D2.3 with SA
4 and TSA 3, we are in a position to analyze how such
differential stabilization is achieved. There is no sizable con-
formational change of the Fab during the reaction (see above).
The ligands are best compared by considering separately the
p-nitrobenzyl part, the glycinate end, and the glutaryl moiety
(in which we include the reaction center analogue, a phospho-
nate in 3 and an amide in 4). The p-nitrobenzyl parts of the
ligands superpose within experimental error (rms deviation of
10 atoms, 0.25 Å) and the positions of the glycinate end, which
is tethered by a hydrogen bond to Gly-L91 in both structures
(Fig. 2 A and B), closely overlap, too. The noticeably distinct
planar amide of 4 and tetrahedral phosphonate in 3 can be

accommodated in between the two conserved ends of the
ligands due to the conformational f lexibility of the glutaryl
moiety. The resulting positional difference of the glutaryl
methylenes C3 (Fig. 1) adjacent to the phosphonate in 3 and
to the glutaryl carbonyl in 4 is 1.95 Å; this is the most
prominent positional change on the reaction path.

Whereas the negatively charged phosphonate oxygens in 3
establish three hydrogen bonds with the antibody (Fig. 2B), the
corresponding neutral amide in 4 makes only one such inter-
action (Fig. 2A). The preferential stabilisation of the TSA as
compared with SA (three hydrogen bonds involving charged
atoms vs. one hydrogen bond established by neutral atoms) is
consistent with the ratio of the binding constants of TSA and
substrate [1.1 3 105, measured at pH 6 (10)].

In the Fab–SA 4 structure, Tyr-H100d makes a hydrogen
bond with the oxygen O1 of the SA 4 equivalent to the carbonyl
oxygen of the to-be-hydrolyzed ester bond in 1, thus orienting
this oxygen for later stabilization of the hydrolysis oxyanion
intermediate by Tyr-H100d and Asn-L34 and activating the
ester carbonyl for subsequent attack by a hydroxide ion. This
Tyr-H100d–O1 hydrogen bond differentiates the two faces of
the ester carbonyl, blocking access of hydroxide ions to one of
them. Furthermore, a funnel-shaped cavity beside the alkyl
chain of the SA 4 allows hydroxide ions to diffuse toward the
other face of this same carbonyl (Fig. 2D). A water molecule
(Wat2, Fig. 2B) well defined (Bfact: 17 Å2) in the Fab–TSA 3
structure and within hydrogen bonding distance to the pro-R
phosphonyl oxygen provides a picture of the hydroxide en
route toward the ester carbonyl carbon atom. Taken together,
the D2.3–TSA and D2.3–SA structures define the Tyr-H100d
hydroxyl and the Asn-L34 amide as the oxyanion hole, as well
as the path followed by the water molecule that gives rise to the
attacking hydroxide ion. Thus they define the mechanism for
catalysis by D2.3 of direct hydroxide attack on ester 1.

Improvement of Catalytic Efficiency. The value of the
catalytic acceleration of antibody D2.3 (kcatykuncat 5 1.1 3 105)
(10) places this antibody among the most efficient of those with
an esterase-like activity. The structures determined here allow
us to identify two features that account at least in part for this
efficiency: the antibody is poised to stabilize both the SA and
the TSA so that no significant rearrangement of the protein
seems to be required to go from substrate to transition state
binding; and directed hydrogen bonds (established by residues
Asn-L34 and Tyr-H100d, which belong to the L1 and H3
CDRs) stabilize the oxyanion intermediate more efficiently
than the substrate. It is remarkable that D2.3 does not make
use of cationic residues that have been used in other catalytic
antibodies whose structure have been determined (5, 7); these
are well known to stabilize oxyanions more efficiently than
tyrosines (27), which are rarely used for that purpose. Re-
placement of Tyr-H100d by an arginine or a lysine would
therefore be expected to improve activity; structural adjust-
ments would undoubtedly be required to optimally position the
positive charge of the mutated residue. It remains to be seen
whether they would be tolerated by the combining site or, as
is more likely, whether additional mutations would be needed
to allow such adjustments.

The canal that allows water to diffuse to the reaction center
defines additional targets for mutagenesis. In D2.3 none of the
residues bordering this canal is able to facilitate deprotonation
of incoming water molecules. Among these residues, Arg-H50,
His-H35, and Trp-H33 (which belong to CDR2 and CDR1 of
the heavy chain) make the canal’s wall facing the accessible
face of the hydrolyzed ester carbonyl, where the attacking
water is located (Fig. 2D); because their side chains contact the
solvent, they are structurally less constrained than, for in-
stance, residues of the oxyanion hole. These residues are
logical candidates for site specific mutagenesis to provide a
general base in the vicinity of the reaction center. When
evolving D2.3 through mutations of the oxyanion hole or of
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residues bordering the water canal, one would want to shift the
pressure from tight binding to 3 (which has been a determining
factor during maturation of the immune response that gave rise
to this antibody) to catalytic efficiency. Methods developed to
diversify the CDRs (28) coupled to a screening for catalytic
activity (9, 29) are well suited for that purpose.
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