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ARTICLE INFO ABSTRACT

Article history: Catalytic antibody 7B9, which was elicited against p-nitrobenzyl phosphonate transition-state
Received analogue (TSA) 1, hydrolyzes a wide range of p-nitrobenzyl monoesters and thus shows broad
Received in revised form substrate tolerance. To reveal the molecular basis of this substrate tolerance, the 7B9 Fab
Accepted fragment complexed with p-nitrobenzyl ethylphosphonate 2 was crystallized and the three-
Available online dimensional structure was determined. The crystal structure showed that the strongly antigenic

p-nitrobenzyl moiety occupied a relatively shallow antigen-combining site and therefore the
alkyl-moiety was located outside the pocket. These results support the observed broad substrate

tolerance of 7B9 and help rationalize how 7B9 can catalyze various p-nitrobenzyl ester
H33 HOS

derivatives. The crystal structure also showed that three amino acid residues (Asn" ", Ser °, and
Keyword Arg'“%) were placed in key positions to form hydrogen bonds with the phosphonate oxygens of
Antibody catalyst the transitions-state analogue. In addition, the role of these amino acid residues was examined by
Hydrolysis site-directed mutagenesis to alanine: all mutants (Aan33Ala, Ser™ Ala, and ArgL%Ala) showed
Substrate specificity no detectable catalytic activity. Coupling the findings from our structural studies with these
Catalytic mechanism mutagenesis results clarified the structural basis of the observed broad substrate tolerance of
Crystal structure antibody 7B9-catalyzed hydrolyses. Our findings provide new strategies for the generation of
Site-directed mutagensis catalytic antibodies that accept a broad range of substrates, aiding their practical application in

synthetic organic chemistry.

2009 Elsevier Ltd. All rights reserved.

1. Introduction Since antibodies possess strong binding affinity and high
specificity against antigens, antibody-catalyzed reactions proceed
in a highly regio- and stereo-selective manner, thereby providing
a clear advantage to the development of new synthetic methods
in organic syntheses. However, due to the nature of the binding
of monoclonal antibodies to their substrate, the substrate
specificity of an antibody-catalyzed reaction is very restricted.
Consequently, the practical application of catalytic antibodies in
organic synthesis requires broadening their substrate specificity.®
' We previously described the hapten design of phosphonate
transition-state analogue (TSA) 1 to induce broad substrate
acceptance in the antibody-catalyzed hydrolysis of p-nitrobenzyl
esters, and the generation of antibody 7B9, which catalyzes the

Catalytic antibodies catalyze various chemical
transformations, including reactions for which no natural
enzymes. exist.” These antibodies are generated by
immunization with a putative transition-state analogue (TSA),
with the expectation that the induced antigen-combining site is
both ™ geometrically and electronically complementary to the
transition state. Since the mammalian immune system is
characterized by an almost limitless potential for providin
antibody molecules for virtually any chemical compound,”
catalytic antibodies can provide “tailor-made” catalysts for any
chemical transformation if the reaction can proceed in aqueous
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media. hydrolysis of a wide range of p-nitrobenzyl esters (Figure 1)."'
Corresponding author. Tel./fax: +81-072-254-9834 TSA 1, composed of two different antigenic regions (a strongly

) ) antigenic p-nitrophenyl ring and a non-antigenic alkyl chain),

E-mail address: fujii @b.s.osakafu-u.ac.jp was conjugated to carrier proteins to be used as an antigen."' As

shown in Figure 1, antibody 7B9 catalyzes with almost identical
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Figure 1. Broad substrate specificity of antibody 7B9-catalyzed hydrolysis."" Antibody 7B9 shows broad substrate specificity in catalyzing the hydrolysis
of p-nitrobenzyl esters 3 and 4, and p-nitrobenzyl methyl carbonate 5. Antibody 7B9 was raised against TSA 1. In the current work, TSA 2 was complexed

with 7B9 and crystallized.

activity the hydrolysis of p-nitrobenzyl monoesters 3 of non-
substituted (R, R, = H, H), B-substituted (R;, R, = CHs, H) and
v-substituted (R;, R, = H, CH;) glutaric acids. In addition, 7B9
also displays substrate tolerance towards p-nitrobenzyl esters 4 of
several amino acids (Leu, Norleu, and Phe) and p-nitrobenzyl
methyl carbonate 5.

In the present work, we conducted an X-ray crystal
structural analysis and site-directed mutagenesis study of
antibody 7B9 in order to reveal the molecular basis of its broad
substrate tolerance for the hydrolysis of p-nitrobenzyl esters.
Structural data for the 7B9 Fab fragment complexed with p-
nitrobenzyl ethylphosphonate TSA 2 suggested that Asn"”
Ser™, and Arg"’ are catalytic residues and therefore likely
stabilize the oxyanion generated in the transition state during
hydrolysis. The site-directed mutagenesis studies confirmed that
these amino acid residues are critical for this antibody-catalyzed

hydrolysis reaction.

2. Results and discussion

2.1. Crystal structure of the catalytic antibody 7B9 Fab
fragment complexed with TSA

In order to understand the mechanistic basis and the broad
substrate tolerance of catalytic antibody 7B9 at a molecular level,
the three-dimensional structure of the catalytic antibody
complexed with TSA 2 was solved. Crystals of the complex of
7B9 Fab fragment and with 2 were grown and adopted the P2,

Figure 2. Three-dimensional structure of the complex of 7B9 (Fv) with

TSA 2. The heavy and light chains are shown as green and cyan ribbons,
respectively. TSA 2 is colored according to atom type: carbon is yellow,
nitrogen is blue, oxygen is red, and phosphorus is orange.

space group, with one Fab-TSA complex per asymmetric unit.
The crystal structure was determined by molecular replacement
and refined to an R-factor of 19.0% and a free R-factor of 25.8%
at 2.2 A resolution. As shown in Figure 2, the overall shape of
the antigen-combining site is a shallow groove, rather than the
deep binding pockets commonly observed in antibodies where
the antigens are relatively small haptens.

A hydrophobic pocket at the bottom of the antigen-
combining site is formed by the hydrophobic residues Val™’,
Tep™ ValH® TrpH® Leul, Val'® and Phe®. The p-
nitrobenzyl moiety of TSA 2 is buried deep in this hydrophobic
pocket (Figure 3). It is noteworthy that the three residues Val™”,
Trp™, and Phe"” were conserved in the hydrolytic antibodies
CNIJ206, 48G7, 17ES8, 43C9, and D2.3, which were elicited
against aryl-phosphonate, p-nitrophenyl phosphonamidate, or p-
nitrobenzyl phosphonate transition-state analogues.'™” This
similarity in the amino acid residues forming the hydrophobic
pocket among hydrolytic antibodies, induced by different
haptens, is consistent with the concept of “structural
convergence”, in which the same key amino acid residues are
utilized to conduct catalysis, even though there are large
differences in the structures of the antigen-combining sites of
these antibodies."®

The phosphonate moiety of 2 is located at the entrance of
the 7B9 antigen-combining site and the side chains of Asn"™”,
Ser™, and Arg"® are placed in key positions to interact with the
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Figure 3. Schematic view of the key amino acid residues involved in the
interaction between 7B9 and TSA 2. The carbons of the amino acid
residues in the heavy and light chains and of TSA 2 are colored in green,
cyan, and yellow, respectively. Nitrogen, oxygen, and phosphorus atoms
are colored in blue, red, and orange, respectively. Hydrogen bonds are
shown as magenta broken lines and distances between the donor and
acceptor atoms in A are shown as black numbers.



phosphonate oxygens of 2. The side chains of Asn™ and Ser"”
form hydrogen bonds to one phosphonate oxygen, and the
guanidino group of Arg"*® forms a hydrogen bond to the other
phosphonate oxygen (Figure 3). As described in the following
section, site-directed mutagenesis of Aan33, SerHQS, or ArgL96 to
alanine dramatically decreased catalytic activity, suggesting that
Asn'™, Ser™ and Arg"”® stabilize the oxyanionic transition state
through hydrogen bonds during antibody-catalyzed hydrolysis.
Most hydrolytic enzymes utilize hydrogen bonds between the
transition state and the backbone amides to stabilize the oxyanion
transition state, whereas the side chain of arginine (Arg™®) plays
a crucial role as an oxianion stabilizer in several catalytic
antibodies, such as 48G7, 17E8, and 43C9."* Antibody 7B9
also utilizes arginine at the same position (Arg"*®) to stabilize the
oxyanion transition state. Thus, this arginine residue is
considered to be important for the catalytic hydrolysis of aryl
esters and p-nitrobenzyl esters, also consistent with the concept
of “structural convergence”.'®

To understand the broad substrate tolerance of 7B9-catalyzed
hydrolytic reactions, the crystal structure of 7B9 was compared
with that of catalytic antibody D2.3, elicited against phosphonate
transition-state analogue 6, a hapten structurally homologous to
7B9 (Figure 4).">'® Antibody D2.3 catalyzes the hydrolysis of N-
(O-p-nitrobenzylglutaryl)glycine 7. However, the substrate
recognition of D2.3 is different from that of 7B9.'"> *'** D2.3
recognizes not only the p-nitrobenzyl moiety but also the acyl
part of the substrate and shows strict substrate specificity: its
catalytic activity (k./K,) towards p-nitrobenzyl acetate was
dramatically decreased compared to acylated substrate 7. As
mentioned above, although the same amino acid residues in the
hydrophobic cavity at the antigen-combining site of 7B9 are also
found in D2.3, the global shapes of the antigen-combining sites
are totally different between 7B9 and D2.3. Antibody D2.3
possesses longer light chain CDR1 and heavy chain CDR3 loops
compared to 7B9, and these long loops form a deep binding
pocket in the antigen-combining site of D2.3.”* In-addition, two
hydrogen bonds are observed between the N-glutarylglycinate
part of hapten 6 and antibody D2.3.” In contrast, 7B9 possesses a
relatively shallow binding pocket and cannot bind any moiety
other than p-nitrobenzyl phosphonate. In the antibody-catalyzed
reaction, the glutaryl moiety of the substrate would be outside the
antigen-combining site and not involved in antibody recognition.
Thus, 7B9 can catalyze the hydrolysis of a wide range of p-
nitrobenzyl esters, as previously reported.''
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Figure 4. Antibody D2.3-catalyzed hydrolysis.'” Antibody D2.3 was
raised against TSA 6 and can catalyze the hydrolysis of substrate 7.

Since small haptens are not immunogenic themselves, they
are usually coupled to a carrier protein to provide an antigen to
elicit adequate immunogenicity. Generally, simple methylene
tethers are used to conjugate the transition-state analogue to the
carrier protein. Little attention has been paid to the linker moiety
during hapten design for the generation of catalytic antibodies.
However, our results suggest the importance of the linker moiety
in hapten design to generate catalytic antibodies that accept a
broad range of p-nitrobenzyl esters.

2.2. Screening of mutant 7B9D from a phage-displayed
library

To conduct site-directed mutagenesis studies on catalytic
antibody 7B9, we attempted to use Escherichia coli to produce
7B9 Fab fragments using the previously described Fab
expression system, pARA 7. * Unfortunately, only trace
amounts of 7B9 Fab fragments were produced. Since efficient
production of antibody 7B9 Fab fragments in bacterial host cells
was necessary to characterize the mutants, we attempted to
improve the production of 7B9 Fab fragments using directed
evolutional methods. A phage-displayed library of 7B9 Fab
fragments was constructed using an XL-1 Red Competent Cells
for Random Mutagenesis kit: The mutations ‘muzS, mutD, and
mutT, which are involving in primary DNA repair pathways,
were previously introduced into E. coli-XL-1 Red strain. This
triple mutant strain shows higher random mutation frequencies
and rates, and is suitable for generating random mutations in the
cloned gene of interest.”® The phage library of 7B9 Fab fragment
was screened against TSA 1 and provided several mutants with
improved productivity. Of the mutants selected by biopanning,
we chose the highly produced mutant 7B9D, containing the
mutations Cys"* Arg, Gly***Ser, and Glu"*’Gly, for further study.

E. coli MC1061 carrying the expression vector pARA7
containing the 7B9D gene was grown at 37°C, then expression of
the 7B9D Fab fragment gene was induced by adding arabinose.
Fab fragment thus produced was partially purified by ammonium
sulfate (65%) fractionation, followed by protein G affinity
column chromatography, to provide purified 7B9D Fab fragment.
The yield of 7B9D recombinant Fab fragment was dramatically
improved (20 - 30 ng/L) compared with that of native 7B9 (< 1.0
pg/L). The dissociation constant of 7BOD for TSA 1, and the
steady-state kinetic parameters of 7B9D for the hydrolysis of p-
nitrobenzyl methyl carbonate 5, were determined and are
summarized in Table 1. Both the 7B9 and 7B9D Fab fragments
showed almost identical binding affinities against TSA 1 and
catalytic activities (k) for the hydrolysis of carbonate 5. It is
probable that the Cys"™*Arg mutation in 7B9D prevents
aggregation of the protein in E. coli, thereby producing soluble,
correctly folded Fab fragments. All induced mutations
(Cys"*Arg, Gly***Ser and Glu""’Gly) in 7B9D are remote from
the antigen-combining site and thus have no effect on either
binding affinity or catalytic activity. While phage-display
methods are generally used to generate peptides and proteins with
improved binding affinities to target molecules,”” * our results
imply that this approach can also be used to improve the yield of
bacterially produced proteins.

Table 1

Dissociation constants of antibodies for TSA 1 and kinetic parameters of the
antibody (7B9 or 7B9D)-catalyzed hydrolysis of p-nitrobenzyl methyl
carbonate 5.

Antibody Kp (M) ke (min™) K, (mM) keal kuncat
7B9 1gG 1.9+0.1 0.439+0.050 87.0£10 19 x 10*
7B9D Fab 1.6+0.3 0.231+£0.037 11628 9.8 x10°

2.3. Catalytic and binding activities of antibody 7B9D
mutants

The crystal structure of 7B9 suggested that three residues
are responsible for catalysis: Asn'™’, Ser"™, and Arg"™.
Therefore, the roles of these three residues in affinity and
catalysis were examined by site-directed mutagenesis using the
highly produced mutant 7B9D. The dissociation constants of the



mutant Fab fragments for TSA 1 (TSA) were determined by
fluorescence quenching experiments.”

As shown in Table 2, the dissociation constants of mutants
for TSA 1 were more than 100-fold lower than that of antibody
7B9D. The catalytic activities of the mutant Fab fragments for
the hydrolysis of carbonate 5 were then examined using 0.9 uM
Fab fragment in 50 mM Tris-HCI, pH 8.0, at 25°C. All three
mutants showed no detectable catalytic activity, strongly
indicating that the side chains of Asn"®, Ser™ and Arg"®® play
important roles in stabilizing the oxyanion transition state in the
7B9-catalyzed hydrolysis of p-nitrobenzyl esters.

Table 2

Dissociation constants of 7B9D and its mutants for TSA 1 and their
hydrolytic activities for p-nitrobenzyl methyl carbonate 5.

Antibody Kp (nM) Hydrolytic velocity (UM min™")
7B9D 1.6+0.3 9.4x 107
7BID Asn'**Ala 1679 7.1%x10°
7BID Ser'* Ala 125427 6.4 %107
7BID Arg“Ala 283429 6.3x10°

"Reaction conditions:10%DMSO/50 mM Tris HCl (pH8.0), 25°C. The
hydrolytic velocity without antibodies was 5.3 x 10~ [IM min™".

3. Conclusions

In this work, we determined the three-dimensional structure of
a catalytic antibody, 7B9, complexed with the p-nitrobenzyl
phosphonate transition-state analogue 2. The crystal structure
shows that the overall shape of the antibody-combining site is a
shallow groove. Several hydrophobic residues form a
hydrophobic pocket at the bottom of the antigen-combining site
and interact with the p-nitrobenzyl moiety of the TSA. Thus, the
strongly antigenic p-nitrobenzyl moiety occupies a relatively
shallow antigen-combining site and therefore the alkyl moiety is
located outside the binding pocket. Our finding that molecular
recognition occurs in a shallow pocket accounts for the broad
substrate specificity of 7B9-catalyzed hydrolyses. In addition,
comparison of the crystal structure of 7B9 with that of D2.3,
which was elicited against a_structurally similar transition-state
analogue, suggests the importance of the linker moiety in hapten
design. In 7B9, the alkyl chain of the linker moiety does not
interact with the amino acids in the antigen-combining site,
resulting in the relatively shallow binding pocket. Our structural
analyses suggest that the linker moieties of haptens play an
important role in achieving broad substrate tolerance. Further
studies of catalytic antibodies with similar hapten designs would
extend. the scope of the practical application of catalytic
antibodies in synthetic organic chemistry.

4. Materials and methods

4.1. Synthesis of p-nitrobenzyl ethylphosphonate (2)

A solution of diethyl ethyl phosphonate (0.508 g, 3.06 mmol)
in concentrated HCl (30 mL) was heated to reflux with stirring
for 20 hours, then the solvent was removed in vacuo. To a stirred
solution of the resulting residue in CH,Cl, (30 mL) and pyridine
(10 mL) at room temperature were added p-nitrobenzyl alcohol
(2.31 g, 15.1 mmol), DCC (3.10 g, 15.0 mmol), and 'H-tetrazole
(0.211 g, 3.01 mmol). After stirring for 18 hours, the reaction
mixture was quenched with AcOH (1 mL) and filtered. The

filtrate was concentrated in vacuo, and the obtained residue was
diluted with EtOAc, washed with 1 M HCI, water, sat. aqueous
NaHCOs;, water, and finally brine, then dried over Na,SO, and
concentrated in vacuo. The residue was purified by flash
chromatography (SiO,, EtOAc:hexane 1:1 to 1:0), to give di(p-
nitrobenzyl) ethylphosphonate (1.07 g, 92%). To a solution of
di(p-nitrobenzyl) ethylphosphonate (215 mg, 0.565 mmol) in
CH;CN (6 mL) was added 1 N NaOH (6 mL) at room
temperature. After stirring overnight and heating at 40°C. for 1
hour, the reaction mixture was acidified with 1 N HCl (6 mL)
and purified by high performance liquid chromatography (HPLC)
using a AM-323 (YMC Co., Ltd., Kyoto, Japan) C-18 reverse-
phase column: ¢ 10 mm X 250 mm, CH;CN/0.1% aqueous TFA
= 30:70, 3.0 mL/min, 254 nm, retention time 9.7 min). The
CH;CN and TFA were removed in vacuo and the water was
removed by lyophilization to give 1 as a white solid (110 mg,
79%). '"H NMR (300 MHz, CD;OD): 8= 8.24 (d, J = 8.7 Hz,
2H), 7.64 (d, J = 8.7 Hz, 2H), 5.15(d, Jup = 7.9 Hz, 2H), 1.81 (dt,
J =77 and Jyp = 18.1 Hz, 2H), 1.17(dt, J = 7.7 and Jyp = 20.0
Hz, 3H); “C NMR (75MHz, CD;0D): & = 146.5, 143.3 (Jop =
6.5 Hz), 126.4, 122.1, 63:6 (Jep = 5.8 Hz), 17.4 (Jop = 141.0 Hz),
4.3 (Jep = 6.7 Hz); HRMS (FAB) CoH,,OsNP: [M-HJ calcd
244.0375, found 244.0385.

4.2. Production and purification of 7B9 Fab fragment from
intact IgG

The antibody 7B9 was purified from ascetic fluid as
previously” described.”” The Fab fragment was generated by
papain digestion of the antibody using standard conditions.”
Purified 7B9 (30 mg) was dissolved in 45 mL of 50 mM sodium
phosphate (pH 7.2) containing 20 mM L-cysteine, 2 mM EDTA,
and to this solution was added 5 mL of papain (100 mg/mL)
dissolved in 50 mM sodium acetate, 200 mM NaCl (pH 5.0).
The mixture was stirred at 25°C for 2 hours, then 5 mL of 200
mM iodoacetate solution was added to stop the enzymatic
digestion. The Fab fragment was purified by mono-Q anion
exchange chromatography.

4.3. Crystallization and data collection

The Fab fragment of 7B9 was crystallized using the hanging
drop method.” The protein solution (0.5 % w/v) containing 1
mM TSA 2 was mixed in a 1:1 ratio with the reservoir buffer and
then equilibrated against the reservoir buffer, which consisted of
100 mM Tris HCI (pH 8.5), 15% (w/v) PEG1000, and 5% 2-
methyl-2,4-pentanediol. The crystal belonged to the P2, space
group and the asymmetric unit contained one complex of the Fab
fragment and TSA 2. Diffraction data up to 2.2A resolution were
collected using an image plate mounted on a rotating anode at
100 K.

4.4. Structure determination and refinement

Structure determination and refinement were performed with
the CCP4 program suite.”’ The structure was determined by
molecular replacement using the crystal structure of another Fab
fragment (PDB ID: 1kb5) as the search model.*® The model was
then refined using the program REFMAC® to an R-factor of
19.6% (free R-factor = 26.1%) against 17,720 reflections in the
working data set between 15 and 2.2 A.

The statistics for the data collection and structure refinement
are summarized in Table 3. The coordinates and structure factors



of the Fab-inhibitor complex have been deposited in the Protein
Data Bank (Entry ID: 5SXQW).

Table 3

Data collection and refinement statistics for Fab 7B9.

Data Collection

Space group P2,

Cell dimensions
a,b, c(A) 449,619,71.0
B (deg) 926

Resolution (A) 20-2.20 (2.30-2.20)

Rym 0.040 (0.324)
Completeness (%) 98.8 (95.5)
Redundancy 2.6(23)
Refinement
Resolution (A) 15-2.2
No of reflections 17702
Ryon/ Riee 0.196/ 0.261
No of atoms
Protein atoms 3201
Ligand atoms 16
‘Water atoms 55
RMS deviations
Bond length (A) 0.014
Bond angles (deg) 1.70
Average B-factor (A 2) 49 .4

*Values in parentheses are for highest-resolution shell.

4.5. Construction of the phage-displayed random library and
screening of mutant antibody 7B9D molecules

Construction of the random library of 7B9 Fab fragments
was carried out using an XL-1 Red Competent Cells for Random
Mutagenesis kit (Agilent Technologies) according to the
supplier’s recommendations. The phagemid pComb3-7B9, which
was constructed by ligation of the Fd and x gene fragments of
7B9 into the pComb3 vector,” was transformed into E. coli XL-1
Red.” The transformed E. coli cells were cultured in LB-
ampicillin._medium at 37°C overnight. Phagemid DNA was
extracted and transformed into E. coli XL-1 Blue to prepare the
phage-displayed library. After four rounds of biopanning against
1-BSA, phage ELISA and DNA sequencing analysis were
performed for several output clones. Then, each 7B9D Fd and k
gene was digested, using Spel-Xhol for the Fd gene fragment and
Xbal-Sacl for the x gene fragment, and ligated into the
expression plasmid pARA7> to provide pARA7-7B9D.

4.6. Site-directed mutation of antibody 7B9D

Asn™, Ser™, and Arg"” in pARA7-7B9D were separately
replaced with alanine using a QuikChange Site-Directed

Mutagenesis kit (Stratagene), following the supplier’s protocol.
The sequences of the primers used for site-directed mutagenesis
are shown below. Asn"™Ala F: 5-
GGTTACTCATTCACTGACTACGCCATGAACTGGGTGAA
GCAGAGC-3’; Asn'Ala R: 5-
GCTCTGCTTCACCCAGTTCATGGCGTAGTCAGTGAATG
AGTAACC-3’; Ser™Ala F: 5-
GCAATCTATTACTGTGTAAGAGCGAATAAATACACTGG
TAGCGTC-3’; Ser"”Ala R: 5-
GACGCTACCAGTGTATTTATTCGCTCTTACACAGTAATA
GATTGC-3’; Arg"Ala F: 5-
CAGTATGCTCAGTTLI;GCCTGCGACGTTCGGTGGTGGCACC
-3’ Ala R: 5’-
GGTGCCACCACCGAACGTCGCAGGAAACTGAGCATACT
G-3.

4.7. Production of recombinant Fab fragments

The production of wild type 7B9D and mutant Fab proteins
was carried out in E. coli MC1061:% An overnight culture (2 mL)
of MC1061 harboring' the pARA7 expression vector in SB
medium (2% bacto tryptone, 1% bacto yeast extract, 0.5% NaCl
and 0.25% K,HPO,) containing 100 pg/mL ampicillin was sub-
cultured into 1L of Circle grow medium (MP Biomedicals). The
E. coli cells were grown to an ODgy of 0.3 at 37°C, then
production of the Fab fragment was induced by adding 0.2%
arabinose and incubating the culture at 23°C for 3 days. The
culture supernatant was salted out by adding 65% ammonium
sulfate, stirring for 1 hour, then placing for 1 hour on ice. The
precipitate was collected by centrifugation and was resolved in 5
mL of 10 mM sodium phosphate (pH 7.4). The suspension was
dialyzed three times against 3 L of 10 mM sodium phosphate
buffer (pH 7.4), centrifuged, then the supernatant was filtered and
chromatographed on a Hi-Trap ProteinG HP 1 mL column (GE
Healthcare). After loading at a flow rate of 0.5 mL/min, the
column was washed with 20 mM sodium phosphate (pH 7.0), and
the Fab fragment was eluted with 0.1 M glycine HCl (pH 2.7).
The collected fractions (1 mL) were immediately neutralized by
the addition of 70 pL of 1.0 M Tris-HCl (pH 9.0). The
neutralized fractions containing the Fab fragment were
concentrated and the buffer exchanged with 50 mM Tris-HCI (pH
8.0) using an Amicon Ultra-0.5 mL 10K centrifugal filter
(Millipore).

4.8. Determination of the dissociation constants for
phosphonate hapten 1

Fluorescence titrations were performed on a FP-6500
fluorescence spectrometer (JASCO Corporation) equipped with a
thermostated sample cell assembly through which water at 25°C
was circulated. An excitation wavelength of 295 nm and an
emission wavelength of 340 nm were used. After thermal
equilibration, the fluorescence intensity of the antibody solution
(160 nM, 200 pL in PBS) was measured at 340 nm in a micro
cell. Formation of the antibody-hapten complex was followed by
measuring the fluorescence quenching of the antibody solution
upon addition of 2 pL aliquots of hapten 1 solution (0.05 uM, in
PBS). Following each addition of hapten solution to the antibody
solution, the reaction mixture was mixed by pipetting and then
incubated at 25°C for 10 minutes to allow equilibration of the
antibody-hapten complex. Hapten addition was continued until
fluorescence quenching was saturated. Each fluorescence
intensity was subtracted from the fluorescence intensity measured
in the absence of hapten and this value (AF) was plotted against
hapten concentration. The dissociation constant (Kp) was



determined by fitting the curve to the following equation (AF,,
is the value of saturated AF):*

[I)/ AF = Ky, /AF 5 + [1)/ AFmax

4.9. Determination of the hydrolytic activities of the 7B9D
mutants

The concentrations of Fab fragments were determined by
measuring their ODyg using € = 1.4 (0.1%, 1 cm) and molecular
mass = 50,000. The catalytic activities of the antibodies (1 uM
antibody (7B9D, Aan33A1a, SenggAla, or ArgL%Ala) were
examined for the hydrolysis of carbonate 5 (200 pM) in 50 mM
Tris-HCI (pH 8.0) at 25°C. The reaction was initiated by adding 6
UL of carbonate 5 in dimethyl sulfoxide (DMSO) to 54 pL of the
antibody solution. The hydrolysis reaction was measured by
analytical HPLC using a 10 pL injection of the reaction mixture
onto a C-18 reverse-phase column from YMC, followed by
elution with 0.1% aqueous trifluoroacetic acid/acetonitrile
(65/35) at a flow rate of 1 mL/min and detection at 278 nm. The
production of p-nitrobenzyl alcohol was monitored and the initial
rates were determined from the linear range of the rate plot. The
observed rate was corrected using the uncatalyzed rate of the
hydrolysis reaction in the absence of antibody. For antibody 7B9
and 7B9D Fab fragment, the kinetic parameters k., and K, were
determined by least squares fitting to the Michaelis-Menten
equation. Background rates (ky.,) were determined in the
absence of antibody under otherwise identical conditions.
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