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We performed a series of site-directed mutagenesis experiments of catalytic antibody,
6D9, which hydrolyzes a prodrug of chloramphenicol, based on our previous directed
evolution study [Takahashi et al. (2001) Nat. Biotechnol. 19,563-567]. Since we previously
found that the variants with a mutation of Ser(L27e)Tyr afforded a one order of magni-
tude increase in catalytic rate, we created a site-directed mutant containing this muta-
tion. The resulting mutant, 6D9-Ser(L.27e)Tyr, had 6.5-fold higher & ,¢/kunca; and 9.8-fold
higherk../K,, than wild-type 6D9. We also created 6D9-Thr(L27a)Pro, since thismutation
occurred frequently in the previous directed evolution, and it had 2.1-fold higher k.../
Euncat and k.,/K,,, than 6D9. Kinetic and computational analyses suggest that Tyr at L27e
contributes to transition-state stabilization, while Pro at L27a does not interact with the
transition-state structure directly, but obviously contributes to enhanced catalytic
activity. Including double mutants that combined favourable substitutions, we created
seven site-directed mutants. However, none of them had higher catalytic activities
than some of highly improved variants obtained in the previous directed evolution.
The present study gives direct evidence that not only a specific amino acid residue
which obviously contributes to transition-state stabilization, but also a group of
amino acid residues working in concert is important for efficient catalysis of a given

transformation.

Key words: abzyme, antibody engineering, catalytic antibodies, computational

analysis, molecular evolution.

Abbreviations: TSA, transition-state analog.

Catalytic antibody technology has gained increasing
attention, because it has potentials to produce tailor-made
catalysts for many chemical transformations (1, 2) and for
novel medical therapy (3-5). However, practical applica-
tion of this technology has been hampered by the relatively
low efficiency of catalytic antibodies as biocatalysts. To
overcome this limitation, several methodologies have
been proposed including reactive immunization, a bait-
and-switch strategy and directed evolution (review in
Ref. 6). Previously, we succeeded in improving the catalytic
activity of a pre-existing catalytic antibody by using
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a newly designed derivative of transition-state analog
(TSA) in directed evolution.

As a starting material for directed evolution, we used
6D9, which hydrolyzes a prodrug of chlormaphenicol
(Fig. 1) (7). A panel of catalytic antibodies including
6D9 was elicited by immunization of phosphonate TSA
3, and kinetic studies have revealed that, except for
7C8, these antibodies catalyze the hydrolysis by the
same basic mechanism of transition-state stabilization
(8). The structural study and site-directed mutagenesis
study of 6D9 strongly suggested that His(L.27d) inter-
acts with the TSA through a hydrogen bond and thus
plays an essential role in transition-state stabilization
9, 10).

In directed evolution of 6D9, we utilized TSA 3 and its
derivative 4 for panning in the phage-display system (11).
In TSA 4, the strongly antigenic trifluoroacetyl group
was replaced with an acetyl group, which was expected
to emphasize the transition-state element, the tetrahedral
phosphonate group. Six amino acid residues around
His(L.27d) were randomized and subjected to directed evo-
lution. We succeeded in obtaining variants with highly
improved catalytic activities from panning with TSA 4,
but not with TSA 3. The kinetic, biochemical and modeling
data are consistent with our hypothesis that the variants
obtained from panning with TSA 4 better recognize the
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transition-state element than those obtained from panning
with TSA 3 (12).

In this study, we predicted some amino acid residues
that contribute to increased catalytic activities of the
highly evolved variants, and we performed a site-directed
mutagenesis study so as to examine the roles of these
amino acid residues. The kinetic and computational data
provide insights into the molecular mechanisms of
improvement of catalytic antibodies.

MATERIALS AND METHODS

Cloning of 6D9 and Other Related Antibodies—The Vy
and « gene fragments of catalytic antibodies, (6D9, 8C11,
4B5, 9C10, 3G6), were amplified by PCR as previously
described (13). Amplified PCR products for each antibody
were digested with Spel-Xhol for Vg gene fragment and
Xbal-Sacl for k gene fragment, respectively, and were
ligated into the pARA7 vector (9, 14). Each of these ligates
was transformed into E. coli, XL1-blue (Stratagene,
Heidelberg, Germany) by electroporation.

Site-Directed Mutagenesis—Plasmids of site-directed
mutants (see Table 1 for amino acid sequences) were pro-
duced using QuickChange Site-Directed Mutagenesis Kit
(Stratagene) following the instructions provided by the
manufacturer. For five single mutants of 6D9
[6D9-Ser(L.27e)Tyr, 6D9-Ser(L.27e)His, 6D9-Ser-
(L27e)His, 6D9-Ser(1.27e)Gly and 6D9-Thr(L.27a)Pro],
PCR was performed with 6D9 plasmid as a template
using the following primers (mutated positions denoted
in bold): Ser(L27e¢)Tyr mutagenic sense (5'-CAG ACC
ATT GTA CAT TAT AAT GGA GAC ACG-3'), and anti-
sense (5'-CGT GTC TCC ATT ATA ATG TAC AAT GGT
CTG-3'); Ser(L.27e)Arg mutagenic sense (5-CAG ACC ATT
GTA CAT CGT AAT GGA GAC ACG-3'), antisense (5-CGT
GTC TCC ATT ACG ATG TAC AAT GGT CTG-3);
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Fig. 1. Chemical reaction
catalyzed by abzyme, 6D9.
Chloramphenicol monoester
derivative 1 was hydrolyzed by
6D9 to produce chloramphenicol
2. The hapten 3 (X =F) is the
transition state analog of hydro-
lysis of prodrug, and the hapten
4 (X = H) is a derivative of the
hapten 3. The substrate 5 was
2 used for kinetic studies of IgGs
and mutant Fabs.
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Ser(L27e)His mutagenic sense (5-CAG ACC ATT GTA
CAT CAT AAT GGA GAC ACG-3) and antisense (5'-
CGT GTC TCC ATT ATG ATG TAC AAT GGT CTG-3'),
Ser(L27e)Gly mutagenic sense (5-CAG ACC ATT GTA
CAT GGT AAT GGA GAC ACG-3) and antisense (5'-
CGT GTC TCC ATT ACC ATG TAC AAT GGT CTG-3'),
Thr(L.27a)Pro mutagenic sense (5-AGA TCT AGT CAG
CCG ATT GTA CAT-3) and antisense (5-ATG TAC
AAT CGG CTG ACT AGA TCT-3). For two double
mutants of 6D9, 6D9-Thr(L37a)Pro/Ser(L.27e)Tyr and
6D9-Thr(L37a)Pro/Ser(1.27e)Arg, PCR was performed
with 6D9-Ser(L27e)Tyr and 6D9-Ser(L.27¢)Arg as a tem-
plate, respectively, with Thr(L.27a)Pro mutagenic sense
and antisense primers shown above. We also created a
series of mutants containing Tyr at L27e from 6D9-related
antibodies, 8D11, 4B5, 9C10 and 3G6 using the following
primers: for 8D11-Asn(L27e)Tyr, mutagenic sense (5'-CAG
ACC ATT GTA CAT TAT AAT GGA AAC ACC-3') and
antisense (5'-GGT GTT TCC ATT ATA ATG TAC AAT
GGT CTG-3'); for 4B5-Ser(L.27e)Tyr, mutagenic sense
(5'-CAG ACC ATT GTA CAT TAT AAT GGA AAC ACC-
3’) and antisense (5'-GGT GTT TCC ATT ATA ATG TAC
AAT GGT CTG-3); for 9C10-Ser(L27e)Tyr, mutagenic
sense (5-CAG AGC CTT GTA CAT TAT AGT GGA AAC
ACC-3') and antisense (5'-GGT GTT TCC ACT ATA ATG
TAC AAG GCT CTG-3); for 3G6-Ser(L.27e)Tyr, mutagenic
sense (5'-CAG AGC ATT GTG CAT TAT GAT GGA AAC
ACC-3') and antisense (5'-GGT GTT TCC ATC ATA ATG
CAC AAT GCT CTG-3'). The nucleotide sequence was
confirmed by using the PRISM Ready Reaction Dye
Deoxy Terminator Cycle Sequencing Kit and a Model
377 DNA sequencer (Applied Biosystems, Foster City,
CA). For antibody expression, these plasmids were
transformed into MC1061 by electroporation.

Production and Purification of the Fab Fragments
and IgG—For antibody expression, each plasmid was

J. Biochem.

ZT0Z ‘62 J0UB108S U0 Bled Op [2Bpe apepisieAun e /B10'seuInopiojxo qlj/:dny woiy pepeojumoq


http://jb.oxfordjournals.org/

Site-Directed Mutagenesis of Catalytic Antibody 6D9

() (b)

Gln-Thr-Ile

o, 4 I
HZN—CH—C—N ECH C—N—CH—C—OH

sl
CHz CH—OH CH—CH3
(LHZ CHy CHy
C=—0 CH3
|
NH,
Gln-Pro-Ile |(I;_N—CH—lC.|'—OH
o M
0 CH—CH,3
Ca
H;N——CH—C——N CH,
CH, (|3H3
CH,
I
l,

transformed into MC1061 (Invitrogen, Carlsbad, CA).
Each transformant was incubated at 37°C in 2 liters of
Cycle Grow medium (BIO101 Inc. La Jolla, CA) containing
100 pg/ml ampicillin. When ODggo of culture reached
approx. 0.3, 2.0 g/liter of L-arabinose was added to induce
Fab production. Cell culture was incubated for three days
at 25°C before harvest. (We needed three days of incuba-
tion especially for site-directed mutants, since expression
of these recombinant Fabs was very low.)

We purified the expressed Fabs as previously described
with minor modifications (12). Filtered culture super-
natant was concentrated using a Minitan Ultrafiltration
system (Millipore, Bedford, MA), precipitated with ammo-
nium sulfate at 65% saturation, and dialyzed against
10 mM phosphate buffer (pH 7.4). To fractionate the recom-
binant Fabs, a HiTrap Affinity column (Amersham
Bioscience, Piscataway, NJ) coupled with affinity-purified
anti-mouse IgG F(ab’)y (Funakoshi, Tokyo) was used.

IgGs (6D9, 8C11, 4B5, 9C10, 3G6) were produced by
hybridoma technology and purified as described
previously (8).

Assay of Hydrolytic Activities—Kinetic parameters of
catalytic antibodies (k.., K, and K;) were measured as
described previously (12). Reaction was initiated by adding
the substrate 5 to an antibody solution in 50 mM Tris-HCI
buffer (pH 8.0), and carried out for 2 or 3 h at 25°C. The
reaction mixture was applied to a Shimadzu SCL-10A
HPLC unit (Kyoto, Japan) using a C-18 reverse phase col-
umn (YMC Co. Ltd., Kyoto, Japan) with water/acetonitrile
(50:50)/0.1% trifluoroacetic acid at a flow rate of 0.5 ml/min.
The values of k.,; and K, were determined by fitting the
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simple model of Thr(27a) type
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Fig. 2. (a) Structures of
tripeptides of GIn-Thr-Ile

o and GIn-Pro-Ile, (b) struc-
tures of simple models of
Thr(27a) and Pro(27a)
type.

0 ¢
P

simple model of Pro(27a) type

data to the Michaelis-Menten equation while K; values for
TSA 3 were determined by fitting the data to a Henderson
plot (15), both using the computer program KALEIDA-
GRAPH (Synergy Software, Reading, PA).

Computational Analysis—To examine the conforma-
tional stability around L27a, conformational analyses
were performed to the original tri-peptide [GIn(L26)-
Thr(L27a)-Ile(L.27b), Thr type] and the mutated tri-peptide
[GIn(L26)-Pro(L27a)-Ile(L27b), Pro type]. Initial geome-
tries of the dihedral angles around L27a (¢ and ) was
generated by CONFLEX (16) and optimized conformation
were obtained by MM3 (17—19). The obtained stable con-
formers were classified into 5 clusters by the dihedral
angles around L27a for original tri-peptide (Thr type),
and 3 clusters for mutated tri-peptide (Pro type), respec-
tively, and the dihedral angles around L27a (Fig. 2a) were
compared with those of the X-ray structure (10). Based on
the conformations of the clusters, simple models of the
original and mutated tri-peptide were generated, whose
GIn(L26) and Ile(1.27b) were substituted by acyl functional
group and by methylamino functional group, respectively
(Fig. 2b). The ab initio single point energies of these simple
models were calculated by HF/6-31G* level of Gaussian98
(20). On the basis of their energies, the Boltzmann popula-
tion at 25°C was calculated.

RESULTS AND DISCUSSION

In the previous directed evolution, all the variants with
remarkably improved k... had Tyr at L27e, and no variants
that did not have Tyr at L27e exhibited such high %.,; (12).
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Table 1. Amino acid sequences of LCDRI1 of the IgGs and their site-directed mutants.

Antibodies
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\]
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=

6D9

6D9-Ser(L27e)Tyr
6D9-Ser(L.27e)Arg
6D9-Ser(L27e)Gly
6D9-Ser(L.27e)His
6D9-Thr(L27a)Pro
6D9-Thr(L27a)Pro/Ser(L27e)Arg
6D9-Thr(L27a)Pro/Ser(1.27e)Tyr
8Hg*

8D11

8D11-Asn(L27e)Tyr

4B5

4B5-Ser(L27e)Tyr
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Bold letters indicate amino acid residues that were mutated by site-directed mutagenesis or directed evolution. *8Hg was made in our

previous study (11, 12).

Table 2. Catalytic activities of 6D9 and its site-directed mutants.

kcat (minil) Km (“M) kcat/kuncat kcat/Km Ki (DM) Km/Ki
6D9 0.129 + 0.006 61.4+84 935 2,101 68.5 895
6D9-Ser(L27e)Tyr 0.843 + 0.022 41.1+3.2 6,110 20,561 9.5 4,328
6D9-Ser(L27e)Arg 0.349 + 0.009 57.1+4.3 2,529 8,512 31.6 1,807
6D9-Ser(L27e)Gly 0.158 +0.011 44.3+10.8 1,145 3,567 71.7 618
6D9-Ser(L27e)His 0.131 + 0.005 42.4+52 949 3,090 46.3 916
6D9-Thr(L27a)Pro 0.272 + 0.005 60.8 + 3.2 1,971 4,474 60.2 1,010
6D9-Thr(L27a)Pro/Ser(L27e)Arg 0.445 +0.015 81.2+6.9 3,225 5,494 30.9 2,628
6D9-Thr(L27a)Pro/Ser(L27e)Tyr 1.200 £ 0.056 78.5+8.8 8,696 15,287 7.2 10,896
8Hg* 2.593 +0.152 283.5+31.0 18,791 9,146 10.2 27,794

*The data of 8Hg was from our previous study (11, 12).

A three-dimensional molecular model of the complex of
TSA 3 and the variant 8Hf, which had a 17.5-fold higher
kcat than that of 6D9, was constructed on the X-ray struc-
ture of a hapten-6D9 complex, and it showed that Tyr at
L27e is positioned close to the phosphonate moiety of the
hapten to form a hydrogen bond (11). Taken together, these
results strongly suggest that Tyr at L27e played a crucial
role in enhancing k..;. Thus, we created a site-directed
mutant, 6D9-Ser(L27e)Tyr. The Ser(L.27e)Tyr mutation
caused a 6.5-fold increase of k. and a 9.8-fold increase
of keat/ K (Table 2). The K; value for TSA 3 of this mutant
caused a 7.2-fold decrease, which indicated its higher
affinity for TSA 3 and the transition-state structure
than wild type 6D9.

In the directed evolution of 6D9, we obtained variants in
which Ser at L27e was replaced by Arg, at an unexpectedly
high frequency; after 8 rounds of panning with TSA 3 and
4, the rates of variants with Ser(LL.27e)Arg were 35% and
64%, respectively. Thus, we hypothesized that Arg at L.27e
contribute to transition-state stabilization, although the
variants with this mutation did not have highly improved
catalytic activities. To test our hypothesis, we created
6D9-Ser(L.27e)Arg, and found out that this mutant had a

2.7-fold higher k..y/kuncat, @ 4.1-fold higher k../K,, and a
2.2-fold lower K; than 6D9. This result suggested that Arg
at L27e also contributed to transition-state stabilization,
although its effect was less than that of Tyr at L27e. We
also created two single mutants, 6D9-Ser(L.27e)Gly and
6D9-Ser(L.27e)His. However, the kinetic parameters of
both mutants were not significantly different from that
of wild type, suggesting that these mutations did not
have any effect on transition state stabilization.

We also created 6D9-Thr(L.27a)Pro, since the Thr(L.27a)
Pro mutation was frequently found in our previous directed
evolution using both TSA 3 and 4 (12). Replacement of Thr
at L27a with Pro caused a 2.1-fold increase in k.,;. How-
ever, K; for TSA 3 of this mutant was not significantly
different from that of the wild type, suggesting that
the affinity of this mutant for the transition-state structure
did not improve. Thus, the modest increase of k.,; was not
due to transition-state stabilization. We also created two
double mutants containing two favorable mutations,
6D9-Thr(L27a)Pro/Ser(L.27e)Tyr and 6D9-Thr(L27a)Pro/
Ser(L27e)Arg, and performed kinetic studies. Like the
single mutant, 6D9-Thr(L.27a)Pro, these double mutants
had modestly improved k.,; values and similar K; values
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Table 3. Catalytic activities of the original IgGs and their L27eY mutants.

Fear (min) K (WM) Eeat/Runcat Feat/Kom K; (nM) K./K;
6D9 IgG 0.133 + 0.006 56.5+8.1 960 2,345 66.9 845
6D9 Fab 0.129 + 0.006 61.4+84 935 2,101 68.5 895
6D9-Ser(L.27e)Tyr Fab 0.843 +0.022 41.1+3.2 6,109 20,501 9.5 4,328
8D11 IgG 0.034 £ 0.017 2.62+£0.63 246 12,977 19.9 132
8D11-Asn(L27e)Tyr Fab 0.121 + 0.004 1.29 £ 0.02 877 93,798 4.1 315
4B5 IgG 0.032 £ 0.001 3.73+£0.30 231 8,534 174 214
4B5-Ser(L27e)Tyr Fab 0.096 + 0.003 1.99+0.21 696 48,241 11.0 181
9C10 IgG 0.0077 £ 0.0008 0.71+0.19 56 10,845 14.3 50
9C10-Ser(L27e)Tyr Fab 0.0137 £ 0.0007 0.37+£0.06 101 37,838 3.5 106
3G6 IgG 0.0065 £ 0.0003 1.31+0.23 47 4,943 42.5 31
3G6-Ser(L.27e)Tyr Fab 0.0142 + 0.0005 2.42+0.25 99 5,620 28.7 84

compared with their corresponding single mutants,
6D9-Ser(L.27e)Tyr and 6D9-Ser(L.27e)Arg. Based on the
kinetic data, the effect of two mutations in
6D9-Thr(L27a)Pro/Ser(L.27e)Tyr was additive. These
observations suggested that the Thr(L.27a)Pro mutation
contributed to the increase in k.., although this improve-
ment was not due to transition-state stabilization.

According to the crystal structure of 6D9, Thr at L27a
did not have any direct contact with the TSA (10). A three-
dimensional molecular model of TSA 3-8Hf, one of the
highly improved variants obtained from directed evolution,
showed that Pro at L27a was also located away from
the TSA (11). These structural studies did not contradict
the results of the kinetic study, which suggests that Pro
at L27a did not contribute directly to transition-state
stabilization.

Nevertheless, in our directed evolution, the variants
with Pro at L27a were obtained at an unexpectedly
high rate. Thus, we hypothesized that, compared with
Thr(L27a), Pro(LL27a) plays an important role in the con-
formational stability. In order to verify the role of these
residues from a structural point of view, the dihedral
angles (¢, @) of “Glu-Thr-Ile” (Thr type) for 6D9 and
“Glu-Pro-Ile” (Pro type) for the variants were analyzed,
based on the stable conformers obtained by CONFLEX/
MMS3 calculation. In the Thr type, five major conformation
clusters (Thr-C1, Thr-C2, Thr-C3, Thr-C4 and Thr-C5)
were obtained around the dihedral angles, whose averaged
dihedral angles were Thr-C1 (-108.8°, 165.8°), Thr-C2
(-66.7°, 78.5°), Thr-C3 (-96.0°, —122.7°), Thr-C4 (-96.5°,
—47.5°) and Thr-C5 (55.9°, —129.8°). On the other hand,
in the Pro type, three conformation clusters (Pro-Cl1,
Pro-C2 and Pro-C3) were obtained around the dihedral
angles, whose averaged dihedral angles were Pro-C1l
(=72.5°, 14.6°), Pro-C2 (-68.3°, 153.5°) and Pro-C3 (35.7°,
30.5°). Next, to examine which is the most stable cluster in
Thr type or in Pro type, a simple model of each cluster was
generated with those averaged dihedral angles, and single
point energy calculation of each simple model was
performed by HF/6-31G* level. The most dominant simple
model of the Thr type was Thr-C1 and that of the Pro type
was Pro-C2. The Bolzmann populations of those dominant
simple models at 25°C were 62.1% for Thr-C1 and 98.7% for
Pro-C2, respectively. The conformation of the Pro-C2 clus-
ter, having the average dihedral angles around Pro(L.27a)
of —68.3° and 153.5°, was close to that of X-ray structure
(=57.4°, 142.6°), while none of the dominant conformations
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of the Thr types was close to that of X-ray structure. This
suggests that, in the original sequence, the conformation
around Thr(L.27a) was constrained, and the replacement of
Thr(L27a) with Pro resulted in giving a more stable struc-
ture around L27a. Thus, this replacement likely caused
stabilization around this region, and even possibly had
some effect on the periphery of the active site. In fact, it
has been reported that amino acid residues at the peri-
phery of the active site contribute to improve catalytic
activities (21, 22).

A panel of catalytic antibodies obtained by immunization
with TSA 3, excluding 7C8, followed the equation of
transition-state theory (keot/Km = Runcat/KTs = Runcat/
Krtsa), thus, these antibodies supposedly catalyze the reac-
tion through the same basic mechanism, transition-state
stabilization (8). We also mutated these antibodies by
introducing Tyr at L27e and measured the kinetic con-
stants. As shown in Table 3, all the site-directed mutants
with Tyr at L27e, had significantly higher catalytic
activities than their corresponding original antibodies.
The lower K; values for TSA 3 of these mutants than
those of their corresponding wild types indicate their
enhanced affinities for the transition-state structure,
and it strongly suggests that even in these relatives of
6D9, the introduction of Tyr at L27e would contribute to
transition-state stabilization. This means that the catalytic
activities of these relatives were also enhanced by the effec-
tive mutation for 6D9, and such mutation can give us var-
ious catalytic antibodies with a wide range of K, values.

The present results, together with our previous studies
of 6D9, indicate the following. In 6D9, His at L.27d is an
active site in catalysis by forming a hydrogen bond with the
transition-state structure, and the substitution of Ser with
Tyr at L27e of 6D9 results in forming an additional hydro-
gen bond with transition-state structure, which causes an
increase in the catalytic activity. The site-directed mutant,
6D9-Ser(L.27e)Tyr exhibited a 6.5-fold increase in Fkggu.
However, this k.., value is less impressive than that of
some highly improved variants obtained from directed
evolution. Therefore, other mutations in those variants
also seem to play some roles in their enhanced catalytic
activities. A Thr(L.27a)Pro mutation also caused a modest
improvement in the k., value, although this mutation by
itself probably does not help to stabilize the transition-
state structure. In addition, our previous study (11, 12)
and the present study suggested that the hydrophobic
amino acid at L31 also contributed to increase catalytic
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activities. 8Hg, one of the highly evolved variants
obtained by panning, contained three mutations,
Thr(L27a)Pro/Ser(L27e)Tyr/Thr(L31)Ile. Compared with
6D9-Thr(L27a)Pro/Ser(1L.27¢)Tyr, 8Hg had two-fold k.at,
which was supposedly caused by decreasing affinity toward
substrate (11). Taken together, these findings showed that
some amino acid residues contribute to enhance catalytic
activities through transition-state stabilization and other
mechanisms, and several amino acid residues likely act in
concert to increase catalytic activities.

Except for a few examples (23, 24), it has been rather
difficult to obtain mutants with enhanced catalytic acti-
vities by site-directed mutagenesis based on only kinetic
and/or structural information (25). In this site-directed
mutation study, however, we successfully created mutants
with increased catalytic activities using the information of
the directed evolution study. In the future, we can even
obtain better variants by fixing such effective mutations as
Ser(L27e)Tyr and Thr(L.27a)Pro, and randomizing several
amino acid residues for further directed evolution. A
combination of directed evolution and site-directed
mutagenesis may provide another way to acquire catalytic
antibodies efficient enough for practical applications.
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