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Introduction

Immune recognition is based on
shape and chemical complemen-
tarity between antibodies and
antigens.[1±6] High-affinity interac-
tions are achieved by optimizing
receptors from the primary im-
munoglobulin repertoire by an
evolutionary process involving
somatic mutation and antigen-
driven selection for tight bind-
ing.[7,8] The programmable na-
ture of this system makes it a
reliable source of tailored recep-
tors for many applications, in-
cluding catalysis.[9±11]

Antibodies with catalytic prop-
erties are obtained when a mole-
cule carrying chemical informa-
tion about a particular reaction
mechanism is used to induce
the immune response. For exam-
ple, the endo hexachloronorbor-
nene derivative 1 is an excellent mimic of the transition state
for the [4+2] cycloaddition between tetrachlorothiophene di-
oxide (2, TCTD) and N-ethylmaleimide (3, NEM; Scheme 1). An-
tibodies that bind this compound catalyze the Diels±Alder re-
action efficiently and experience minimal product inhibition
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Scheme 1. Diels±Alder cycloaddition catalyzed by 1E9.[12] The antibody was elicited in response to the tetrachloronor-
bornene derivative 1. It catalyzes the reaction between tetrachlorothiophene dioxide (2) and N-ethylmaleimide (3) to
give the high-energy intermediate 4, which breaks down to yield N-ethyltetrachlorophthalimide 5. Progesterone (6)
and the bicyclo[2.2.2]octene derivative 7 were used to raise antibodies DB3 and 39-A11, respectively, which are struc-
turally related to 1E9 and derive from the same germ-line genes.

Antibody 1E9, which binds a tetrachloronorbornene derivative
with subnanomolar affinity and catalyzes the Diels±Alder reac-
tion between tetrachlorothiophene dioxide and N-ethylmaleimide
with high efficiency, arose from a family of highly restricted
germ-line immunoglobulins that bind diverse hydrophobic li-
gands. Two somatic mutations, one at position L89 in the light
chain (SerL89Phe) and another at position H47 in the heavy
chain (TrpH47Leu), have been postulated to be responsible for
the unusually high degree of shape and chemical complementar-
ity observed in the crystal structure of 1E9 complexed with its
hapten. To test this hypothesis, the germ-line sequence at these
two positions was restored by site-directed mutagenesis. The en-
suing 160 to 3900-fold decrease in hapten affinity and the com-
plete loss of catalytic activity support the hypothesis that these
somatic mutations substantially remodel the antibody binding

pocket. Mutation of the highly conserved hydrogen-bond donor
AsnH35, which sits at the bottom of the active site and is a hall-
mark of this family of antibodies, is also catastrophic with re-
spect to hapten binding and catalysis. In contrast, residues in the
CDR H3 loop, which contributes a significant fraction of the
hapten-contacting protein surface, have a more subtle influence
on the properties of 1E9. Interestingly, while most changes in this
loop have neutral or modestly deleterious effects, replacement of
MetH100b at the floor of the pocket with phenylalanine leads to
a significant sevenfold increase in catalytic activity. The latter
result is surprising given the unusually close fit of the parent anti-
body to the transition-state analogue. Further fine-tuning of the
interactions between 1E9 and its ligands by introducing muta-
tions outside the active site could conceivably yield substantially
more active catalysts.
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because of the large structural change that ensues when the
initially formed product (4) spontaneously eliminates SO2.

[12,13]

Structural studies on one such antibody, 1E9, revealed an un-
usually high degree of structural complementarity between
the protein and transition-state analogue (Figure 1a).[14] Tight
packing is achieved through extensive van der Waals contacts

and p-stacking interactions (Figure 1b). In addition, the side
chain of AsnH35 at the base of the pocket provides a strategi-
cally placed hydrogen bond to the buried succinimide carbon-
yl group of the hapten. During catalysis, these interactions are
believed to preorganize and activate the substrates, on the

one hand, and stabilize the transition state enthalpically on the
other.[14,15]

The immunological origins of individual antibodies can pro-
vide valuable insight into the evolution of binding energy and
catalytic function.[16±19] The light and heavy chains of 1E9, for
example, derive from the highly restricted VK5.1 and VGAM3.8
gene families,[20] which are frequently used to bind small hy-
drophobic compounds. The encoded germ-line antibodies are
believed to possess a polyspecific active site that is optimized
for recognition of individual ligands during affinity matura-
tion.[16±19] Mature 1E9 differs from its germ-line precursors by
six somatic mutations in the light chain and eight in the heavy
chain (Figure 2). Only two of these substitutions, SerL89!Phe
and TrpH47!Leu, directly contact the bound hapten (Fig-
ure 1b), and it has been proposed that the ensuing structural
changes contribute significantly to the distinctive binding and
catalytic properties of 1E9.[14] As is typical for antibodies that
bind small molecules, residues of the complementarity-deter-
mining region (CDR) H3 of the heavy chain–specifically at po-
sitions H97, H100, and H100b–also make extensive contacts
with the hapten. Sequence diversity at these sites (Figure 2)
may account in part for the divergent properties of 1E9 and
other antibodies from the same germ-line families.[14]

To explore the relationship between hapten complementari-
ty and catalytic efficiency in 1E9, we have mutagenized the
residues that line the binding pocket, introducing amino acids
characteristic of the germ-line sequence or of structurally relat-
ed antibodies. Our results confirm the importance of somatic
mutations at positions L89 and H47 for binding and catalysis
by 1E9, as well as the role of the highly conserved AsnH35 as
an essential proton donor. They also show that, despite nearly
perfect shape complementarity in the starting antibody, signifi-
cant improvements in catalytic efficacy can still be achieved by
mutation within the active site.

Results

The effects of somatic mutations SerL89!Phe and
TrpH47!Leu on binding and catalysis

Mature 1E9 is closely related in sequence to antibodies like
DB3, which was raised against progesterone (6 ; Scheme 1),[21,22]

and 39-A11, which was generated against the bicyclo[2.2.2]oc-

Figure 1. The 1E9 antibody-combining site with bound hapten 1. a) Molecular
surface representation of the binding pocket showing the excellent shape com-
plementarity between protein and ligand.[14] Under the surface, the side chains
of the ligand-contacting residues of the antibody (PheL89, LeuH47, AsnH35,
ThrH97, ArgH100, MetH100b) plus AsnH52 at the edge of the active site are
shown in pink. b) View of the 1E9 binding site showing all the hapten-contact-
ing residues and their molecular interactions with the hapten.

Figure 2. Alignment of the amino acid sequences of the heavy (VH) and light (VL) chain variable regions of the structurally related antibodies 1E9, DB3, 39-A11 and
the germ-line genes VFM11 and Vk1A. Deviations from the 1E9 sequence are highlighted in bold. The heavy-chain germ-line gene of DB3 and 39-A11, VFM9, differs
from VFM11 at a single nucleotide; this results in replacement of MetH87 by threonine.[16] This mutation has no effect on hapten binding or catalysis in 1E9.[26] CDR:
complementarity-determining region.
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tene derivative 7 and catalyzes an unrelated Diels±Alder reac-
tion,[16,23] but it possesses a distinctively shaped active site.[14]

Structural comparisons of the three antibodies suggested that
the somatic mutations SerL89!Phe and TrpH47!Leu, which
are unique to 1E9, dramatically alter the configuration of the
binding pocket.[14] Introduction of phenylalanine at position
L89 eliminates a prominent cavity present in DB3 and 39-A11,
significantly improving shape complementarity between 1E9
and 1. The substitution of framework residue TrpH47 by leu-
cine is a particularly rare mutation[24] that allows the bulky side
chain of TrpH50, which is normally in contact with TrpH47, to
rotate about 1208 along its Ca�Cb bond. This conformational
change deepens the pocket and creates a flat surface that can
p-stack with the succinimide portion of the hapten or with the
maleimide substrate. To assess the effects of these changes,
the corresponding germ-line residues were introduced into the
mature antibody by mutagenesis and the resulting proteins,
PheL89Ser and LeuH47Trp, were characterized (Table 1). Incor-
porating serine at position L89 causes a 160-fold increase in Kd

for the hapten and complete loss of catalytic activity. Introduc-
ing tryptophan at position H47 leads to a 3900-fold loss in
hapten affinity and likewise inactivates the antibody.

AsnH35 as a strategic hydrogen-bond donor

AsnH35 is one of the hallmark residues of the VGAM3.8 gene
family. It has been postulated to play a key role as a hydrogen-
bond donor in ligand recognition and catalysis in 1E9.[14,15] His-
tidine and serine, which are commonly found at this position
in other antibodies,[24] could also conceivably serve as hydro-

gen-bond donors to the buried carbonyl group of the hapten
or the maleimide substrate. However, replacement of AsnH35
with either residue afforded catalytically inactive antibodies
possessing substantially decreased affinity (13 to 600000-fold)
for the hapten (Table 1). Both binding and catalysis are evi-
dently highly sensitive to the nature of the hydrogen-bond
donor at position H35.

The more exposed carbonyl of the bound hapten in the 1E9
complex does not interact directly with any antibody residue
(Figure 1). Conceivably, provision of a hydrogen bond to the
corresponding carbonyl of the dienophile might enhance its
dienophilicity and further augment catalytic activity.[15] To test
this idea, residue AsnH52, which is located on the outside
edge of the binding pocket, was replaced by lysine and argi-
nine. Simple modeling studies suggest that these substitutions
would position an ammonium or guanidinium group within
hydrogen-bonding distance of the solvent-exposed carbonyl
without inducing strain into the amino acid side chain or dis-
rupting binding of the hapten to the antibody. Nevertheless,
both mutants, AsnH52Lys and AsnH52Arg, are comparable to
the parent antibody with respect to hapten affinity and cataly-
sis (Table 1). It is possible that favorable interactions with
bound ligand are mitigated by solvation of the exposed side
chains.

Hapten-contacting CDR H3 residues

The sequence of 1E9 differs from that of the structurally relat-
ed antibodies DB3 and 39-A11 most extensively in CDR H3
(Figure 2).[14,16, 21] This loop is ten amino acids long in each anti-
body but exhibits high sequence diversity, reflecting its origin
from a different combination of D and J germ-line gene seg-
ments and different VDJ junctions. Because the length and
overall conformation of this segment is conserved between
the antibodies,[14] the side chains oriented away from the bind-
ing site play only an indirect role in ligand recognition, where-
as those directed into the active site subtly modify the shape
of the combining site. The latter point is illustrated by muta-
genesis experiments in which the three hapten-contacting
CDR H3 residues in 1E9 (ThrH97, ArgH100, and MetH100b)
were replaced by the amino acids found at the corresponding
positions in DB3 and 39-A11 (Table 1).

The side chain of ThrH97 contacts the portion of the hapten
that mimics the dienophile (Figure 1). Its replacement with ty-
rosine, as in the steroid binder DB3, causes a threefold increase
in Kd for the hapten and a fivefold decrease in kcat, whereas an
arginine at this position, as in 39-A11, only causes a modest in-
crease in the apparent Km value for NEM. In contrast, the side
chain of ArgH100 interacts directly with the diene component
of the hapten (Figure 1). Introducing a tryptophan at this posi-
tion, as in DB3, leads to a modest increase in Kd for the hapten
and small decreases in both kcat and KNEM.

More dramatic results were obtained at position H100b. This
residue serves as the floor of the binding pocket and provides
a large hydrophobic surface for binding the diene substrate
(Figure 1). In 1E9, the flexible aliphatic side chain of methio-
nine occupies this position, whereas in DB3 and 39-A11 the ar-

Table 1. Steady-state kinetic parameters and hapten affinity of 1E9 and
variants.[a]

variant kcat KNEM kcat/KNEM Kd

[min�1] [mm] [m�1min�1] [nm]

1E9 wt[b] 3.7�0.1 9.0�0.6 410 0.10�0.04
PheL89Ser n.d.[c] n.d. n.d. 16�2
LeuH47Trp n.d. n.d. n.d. 390�45
AsnH35Ser n.d. n.d. n.d. 1.3�0.3
AsnH35His n.d. n.d. n.d. 61000�13000
AsnH52Lys 2.8�0.1 9.2�1.1 300 0.13�0.06
AsnH52Arg 2.2�0.1 8.4�1.1 260 0.10�0.03
ThrH97Tyr 0.82�0.07 5.7�1.5 140 0.32�0.06
ThrH97Arg 3.9�0.3 15�3 260 0.12�0.02
ArgH100Trp 2.8�0.1 7.0�0.7 400 0.17�0.04
MetH100bPhe[d] 25�1 7.2�1.0 3500 0.08�0.07
MetH100bTrp 1.6�0.1 9.7�1.0 160 0.7�0.10

[a] Kinetic measurements were performed at 25 8C with TCTD (150 mm) in
sodium acetate buffer (pH 5.5, 50 mm) containing NaCl (20 mm) and ace-
tonitrile (2%, v/v). Fluorescence-quenching titrations were carried out at
15 8C in sodium acetate (pH 5.5, 20 mm) containing NaCl (100 mm).
[b] 1E9 wt is a recombinant chimeric Fab, which contains two point mu-
tations (MetH87Thr and GlyL63Ser) for high level production and exhibits
kinetic parameters within experimental error of those reported for the
original IgG;[26] all mutations were introduced into this background.
[c] n.d. , not detectable. [d] The kinetic parameters for the MetH100bPhe
were confirmed with protein isolated from two independent fermenta-
tion runs.
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omatic side chain of phenylalanine is employed. Unexpectedly,
substitution of MetH100b with phenylalanine resulted in a sub-
stantial sevenfold increase in kcat, from 3.7 min�1 to about
25 min�1, with little change in the apparent Michaelis±Menten
constant for NEM (Figure 3a, Table 1). Although the Kd values
for the hapten obtained in solution by fluorescence quenching
are the same within experimental error for this variant and the
parent antibody, surface plasmon resonance (SPR) measure-
ments indicate that MetH100bPhe binds the transition-state
analogue roughly two times more tightly (Figure 3b). Thus,
both antibodies exhibit the same rate constants for ligand as-
sociation [kon= (6.1�1.8)î104 s�1

m
�1 versus (5.8�1.6)î

104 s�1
m

�1] , but the variant has a dissociation rate constant
[koff= (2.6�0.1)î10�4 s�1] that is roughly half that of 1E9 itself
[(5.4�0.1)î10�4 s�1] . The discrepancy between the SPR and
fluorescence titration measurements probably reflects the dif-

ferent nature of interactions between the antibody and a solid
support on the one hand and a ligand free in solution on the
other.[25,26]

In contrast to the results obtained with MetH100bPhe, a re-
duction in ligand affinity and catalytic efficiency is observed
when an even bulkier tryptophan residue is introduced at posi-
tion H100b (Table 1). Although the complexity of the overall re-
action sequence makes the interpretation of structure±activity
relationships in this system difficult, the activity of the 1E9 var-
iants thus appears to correlate roughly with affinity for the
transition-state analogue.

Discussion

Antibody 1E9 shares its basic scaffold with a class of antibodies
that recognize small hydrophobic ligands. These include
DB3[21,22] and 39-A11,[23] which were raised against progester-
one (6) and a bicyclo[2.2.2]octene derivative 7, respectively. It
has been suggested[16] that the germ-line precursors of these
antibodies encode a generic hydrophobic binding pocket con-
taining a conserved hydrogen-bond donor and that its diversi-
fication during affinity maturation affords high-affinity recep-
tors for a large array of structurally diverse molecules. Consis-
tent with this idea, the crystal structures of these antibodies
reveal very differently shaped binding pockets,[14] commensu-
rate with their disparate functions.

Comparison of the 1E9, DB3, and 39-A11 crystal structures
suggested that a small number of mutations at the combining
site, like the SerL89!Phe and TrpH47!Leu substitutions in
1E9, lead to major changes in the shape of the antibody bind-
ing pocket.[14] The importance of these two somatic mutations
for the recognition of 1 by 1E9 is confirmed by our mutagene-
sis experiments. Reversion to the germ-line sequence leads to
100 to 1000-fold losses in hapten affinity (Table 1). Residual
binding may reflect relatively nonspecific interactions of the
ligand with the hydrophobic pocket. Preliminary experiments
suggest that these variants, like the germ-line precursor of 39-
A11,[16] have an expanded substrate specificity, binding 1 as
well as a range of structurally distinct steroid ligands with
moderate affinity.[27] Docking studies with mature 1E9 and the
anti-progesterone antibody DB3, which also weakly binds 1
but does not catalyze the Diels±Alder reaction between TCTD
and NEM, indicate that noncognate ligands bind randomly in
the nonpolar pockets, whereas only a single high-affinity bind-
ing mode is observed with the parent antibody and its correct-
ly shaped cognate ligand.[14] The loss of hapten affinity is also
directly associated with a loss in catalytic function. Both the
PheL89Ser and LeuH47Trp variants are catalytically inactive,
presumably because the remodeled active sites are unable to
preorganize diene and dienophile effectively for bimolecular
cycloaddition.

One of the highly conserved amino acids in this family of an-
tibodies is AsnH35, which is positioned to donate a hydrogen
bond to the carbonyl group of the ligand in each of the anti-
body±hapten complexes. This residue provides a key polar in-
teraction in an otherwise hydrophobic environment and helps
bind the cognate ligand in a specific orientation. As found pre-

Figure 3. Comparison of 1E9 and the MetH100bPhe variant. a) Plot of initial
rates versus NEM concentration for 1E9 (*) and MetH100bPhe (*). Measure-
ments were carried out in sodium acetate (pH 5.5, 50 mm), sodium chloride
(20 mm), and acetonitrile (2% v/v) at 25 8C. TCTD concentration was held con-
stant at 150 mm. b) SPR sensograms for 1E9 (a) and MetH100bPhe (c)
binding to immobilized transition-state analogue. Measurements were carried
out at 25 8C at a flow rate of 5 mLmin�1. The rate constants kon and koff were
calculated from the association and dissociation phases measured at several
Fab concentrations. The sensograms depicted were obtained at [Fab]=1 mm.
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viously with 39-A11,[28] AsnH35 is absolutely essential for the
catalytic activity of 1E9 (Table 1), presumably because it helps
to orient the maleimide for reaction and enhance its dienophi-
licity.[15] Even relatively conservative substitutions with serine or
histidine lead to major losses of activity. Unfortunately, as seen
previously with 39-A11,[28] attempts to further activate the di-
enophile by engineering additional hydrogen bonding interac-
tions with its solvent-exposed carbonyl group have not been
successful (Table 1).

While the residues at position H35, H47, and L89 have a pro-
found influence on the properties of 1E9, the hapten-contact-
ing CDR H3 residues, which constitute a large fraction of the
hydrophobic active-site binding surface (Figure 1), modulate
antibody complementarity more subtly. The small decreases in
hapten affinity and/or catalytic activity upon substitution of
the hapten-contacting residues H97 and H100 are hardly sur-
prising, but the sevenfold increase in kcat observed for the
MetH100bPhe mutant was unexpected in light of the snug fit
between hapten and protein in the starting structure. The rigid
aromatic side chain of phenylalanine may pack the substrates
better than the more flexible aliphatic side chain of methio-
nine or the bulkier side chain of tryptophan, reducing their ro-
tational and translational degrees of freedom. However, the
effect is very subtle, since hapten affinity is increased at most
twofold by this mutation.

Overall, our results suggest that a small number of somatic
mutations, coupled with minor adjustments in CDR H3 resi-
dues, are sufficient to convert a relatively nonspecific anti-
body-binding site into a highly selective receptor and catalyst.
Given the already excellent fit of 1 to the mature 1E9 antibody,
future improvements with respect to hapten binding and cata-
lytic activity will probably require mutations distant from the
active site. In vitro selection experiments with antibody libra-
ries displayed in various formats,[29±33] which have successfully
converted nanomolar binders to receptors with picomolar to
femtomolar affinities, will be particularly useful in this regard.
Insofar as 1 is a good mimic of the presumed Diels±Alder tran-
sition state,[14] a significant fraction of the binding energy
gained may well be manifest as higher catalytic efficiency.

Experimental Section

Tetrachlorothiophene dioxide (TCTD)[34] and hapten 1[12] were syn-
thesized according to published protocols and gave satisfactory
spectroscopic data. N-Ethylmaleimide (NEM) was obtained from Ald-
rich. E. coli XL1-blue and TOPP2 strains were obtained from Strata-
gene (La Jolla, CA). Restriction endonucleases and T4 DNA ligase
were purchased from New England Biolabs (Beverly, MA) and Fer-
mentas (Vilnius, Lithuania), respectively. Polymerase chain reactions
(PCRs) were carried out with thermostable HotStarTaq DNA polymerase
from Qiagen (Basel, Switzerland). Oligonucleotides for mutagenesis
and sequencing were prepared by Microsynth (Balgach, Switzerland).
All nucleic acid manipulations were according to standard proce-
dures.[35] DNA sequencing was performed on an ABI PRISM310 Ge-
netic Analyzer from PE-Applied Biosystems (Foster City, CA).

Site-Directed Mutagenesis: Plasmid p4xH-1E9(MetH87Thr/
GlyL63Ser), which was previously constructed for optimized pro-
duction of the chimeric 1E9 Fab fragment in E. coli,[26] served as a

template for site-directed mutagenesis. Substitutions were general-
ly chosen to exploit the most frequently used codon for a particu-
lar amino acid among highly expressed genes in E. coli (Wisconsin
Sequence Analysis package, version 8, Genetics Computer Group,
Inc.). Except for the ArgH100Trp and MetH100bPhe mutants, site-
directed mutagenesis was accomplished by a standard overlap-ex-
tension PCR technique with the following primers: 1E9 VL flanking
sense (5’-GCGTACGCTGAGCTCGTGATGACCCAGACTCCACTCTCC-3’,
SacI site underlined) and antisense (5’-TTTGATCTCAAGCTTGGTGC-
CACCACCGAACGTCGGAAA-3’, HindIII site underlined); 1E9 VH flank-
ing sense (5’-GTGTTAAGCTGGGGATCCTCTAGAGGTTGA-3’, BamHI
site underlined) and antisense (5’-GGCTGAGGAGACGGTGACC-
GAGGTTCCTTG-3’, BstEII site underlined); PheL89Ser mutagenic
sense (5’-GATTTGGGAGTTTATTTCTGTTCCCAAAGTACA-3’) and anti-
sense (5’-TGTACTTTGGGAACAGAAATA-3’) ; AsnH35His mutagenic
sense (5’-TATGGAATGCACTGGGTGAAG-3’) and antisense (5’-
CTTCACCCAGTGCATTCCATA-3’) ; AsnH35Ser mutagenic sense (5’-
TATGGAATGTCCTGGGTGAAG-3’) and antisense (5’-CTTCACCCAG-
GACATTCCATA-3’) ; LeuH47Trp mutagenic sense (5’-GCTTTAAAGTG-
GATGGGCTGG-3’) and antisense (5’-CCAGCCCATCCACTTTAAAGC-
3’) ; AsnH52Arg mutagenic sense (5’-ATGGGCTGGATACGTCCCTA-
CACTGGA-3’) and antisense (5’-TCCAGTGTAGGGACGTATCCAGCC-
CAT-3’) ; AsnH52 Lys mutagenic sense (5’-ATGGGCTGGATAAAACCC-
TACACTGGA-3’) and antisense (5’-TCCAGTGTAGGGTTTTATCCAGCC-
CAT-3’) ; ThrH97Arg mutagenic sense (5’-TATTTCTGTGCAAGGGG-
GACTCGTATAGTGA-3’) and antisense (5’-CCTCACTATACG-
AGTCCCCCTT-3’) ; ThrH97Tyr mutagenic sense (5’-TATTTCTGTGC-
AAGGGGGACTTACATAGTGA-3’) and antisense (5’-CCTCACTAT-
GTAAGTCCCCCTT-3’). The mutagenized positions in the primers are
denoted in bold. Because of the proximity of the site of mutation
and the 3’ BstEII restriction site, the ArgH100Trp and MetH100bPhe
mutations were introduced in one PCR step by using mutagenic
antisense primers containing the restriction site in combination
with the 1E9 VH flanking sense primer. The antisense primers were
5’-GACGGTGACCGAGGTTCCTTGACCCCAGTAGTCCATAGCCCACACTAT-3’
for ArgH100Trp and 5’-GACGGTGACCGAGGTTCCTTGACCCCAG-
TAGTCGAAAGCCCT-3’ for MetH100bPhe (BstEII sites are underlined
and mutagenized positions denoted in bold). Constructs were con-
firmed by DNA sequencing with the HSEQF, HSEQB, and LSEQB pri-
mers, as previously described.[26]

Production, Purification, and Characterization of Chimeric Fab
Fragments: Large-scale antibody production was achieved by
transforming the TOPP2 E. coli strain with p4xH-1E9 (MetH87Thr/
GlyL63Ser) and its mutagenized derivatives, followed by high-den-
sity fermentation (2 L) in a BIOFLO3000 Bioreactor (New Brunswick
Scientific, Edison, NJ) as previously described.[26,36] The chimeric
Fab fragments were purified from crude periplasmic lysates by pro-
tein G affinity chromatography, followed by Mono S cation-ex-
change chromatography. Sample purity was assessed by SDS PAGE.
Protein concentration was determined spectroscopically at 280 nm,
by using molar absorption coefficients calculated as described by
Pace.[37] An e280 of 59000m�1 cm�1 was assumed for all but the
LeuH47Trp, ThrH97Tyr, and ArgH100Trp mutants, which had calcu-
lated extinction coefficients of 64500, 60500, and 64500m�1 cm�1,
respectively. With the exception of the MetH100bPhe mutant,
which was stored at �80 8C, all the Fab variants were stored at 4 8C
in 20 mm Tris-HCl (pH 7.2) containing EDTA 0.5 mm and NaCl
100 mm. The final yield of the chimeric Fab 1E9(MetH87Thr/
GlyL63Ser) was approximately 4 mgL�1, while that of the mutants
varied between 1.5 and 7 mgL�1.

Kinetic assays: The reaction between TCTD and NEM was carried
out at 25 8C in sodium acetate buffer (pH 5.5, 50 mm) containing
NaCl (20 mm) in the presence (typically 0.1 to 1.0 mm) or absence
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of antibody. The substrates were diluted from stock solutions in
acetonitrile; the final concentration of acetonitrile in the reaction
mixture was 2% by volume. Initial velocities were determined by
starch±I2 bleaching at 606 nm at several concentrations of NEM
while holding the concentration of TCTD constant at 150 mm.[26,38]

The data were corrected for the uncatalyzed reaction and fitted to
the Michaelis±Menten Equation:

vo=½Ab� ¼
kcat½NEM�
KNEM þ ½NEM� ð1Þ

here vo is the initial rate, [Ab] and [NEM] are the active site and
substrate concentrations, and kcat and KNEM are the apparent cata-
lytic rate and Michaelis constants at a fixed concentration of diene.

Hapten-binding assays: Hapten dissociation constants (Kd) for the
Fab mutants were determined as previously described.[26,39] Titra-
tion curves were recorded by stepwise addition of a ligand stock
solution to a diluted solution of the chimeric Fab fragment (26 nm)
and subsequent measurement of the fluorescence. With the excep-
tion of the LeuH47Trp, PheL89Ser, and AsnH35His mutants, a
hapten stock solution of 15 mm in buffer was used for all the Fab
variants. The LeuH47Trp and PheL89Ser mutants were character-
ized by using a 150 mm hapten stock solution in buffer, whereas a
15 mm hapten stock solution in neat acetonitrile was used for
AsnH35His. The excitation and emission wavelengths were 290 nm
and 340 nm, respectively, and the corresponding band passes were
8 nm and 16 nm. The high voltage of the detector was set to
900 V. These measurements were carried out in sodium acetate
(pH 5.5, 20 mm) and NaCl (100 mm) at 15 8C. The dissociation con-
stant (Kd) for the Fab±ligand complex was calculated by nonlinear
least-squares fitting of the observed fluorescence (F) obtained at
various ligand concentrations (LT) to Equation (2)

F ¼ FE�½ðET þ LT þ KdÞ
�½ðET þ LT þ KdÞ2�4 ETLT�1=2� 
 ðFE�FELÞ=2 ET

ð2Þ

here ET is the total Fab concentration, FE is the observed fluores-
cence intensity without any ligand, and FEL is the fluorescence in-
tensity of the Fab-ligand complex at infinite ligand concentration.

Surface plasmon-resonance measurements: The binding of
hapten to chimeric 1E9 Fab and the MetH100bPhe mutant was
monitored by the surface plasmon-resonance (SPR) technique with
a BIAcore 3000 instrument (Pharmacia, Uppsala, Sweden).[40,41] All
experiments were performed at 25 8C. The surface of the dextran
chip was activated with 1-[3-dimethylaminopropyl]-3-ethylcarbodi-
imide hydrochloride and N-hydroxysuccinimide in acetate (pH 4.0,
10 mm) and covalently linked to the borine serum albumin (BSA)±
hapten conjugate (SPR response: 4000 RU). Fab samples were di-
luted in HEPES buffer (pH 7.4, 10 mm) containing NaCl (150 mm),
EDTA (3 mm), and polysorbate 20 (0.005%, v/v) prior to SPR analy-
sis. The Fab fragments were injected in the presence of the immo-
bilized hapten at a flow rate of 5 mLmin�1. The association rate
constant (kon) was determined by measuring the rate of binding to
the hapten at three different Fab concentrations (1 mm, 0.6 mm,
0.4 mm). The dissociation phase (koff) was monitored after the asso-
ciation process was complete. The dextran matrix was regenerated
after each injection by using aq. HCl (100 mm). Rate constants
were calculated from the SPR data by using BIAevaluation 3.1 soft-
ware (Pharmacia, Uppsala, Sweden). A single-site binding model (A
+ B=AB) was assumed for the analysis.
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