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ABSTRACT The substrate specificity of aspartate ami-
notransferase was successfully modified by directed molecular
evolution using a combination of DNA shuffling and selection
in an auxotrophic Escherichia coli strain. After five rounds of
selection, one of the evolved mutants showed a 105-fold
increase in the catalytic efficiency (kca¢/Kn) for B-branched
amino and 2-oxo acids and a 30-fold decrease in that for the
native substrates compared with the wild-type enzyme. The
mutant had 13 amino acid substitutions, 6 of which contrib-
uted 80-90% to the total effect. Five of these six substitutions
were conserved among the five mutants that showed the
highest activity for B-branched substrates. Interestingly, only
one of the six functionally important residues is located within
a distance of direct interaction with the substrate, supporting
the idea that rational design of the substrate specificity of an
enzyme is very difficult. The present results show that directed
molecular evolution is a powerful technique for enzyme rede-
sign if an adequate selection system is applied.

To alter the substrate specificity of an existing enzyme is worth
trying because it provides not only efficient catalysts with
designed substrate specificity but also valuable information on
the mechanism of substrate recognition. Despite numerous
studies to engineer enzymes over the past decade, only a few
of them have reported ~10°-fold enhancements in the catalytic
efficiency for the nonnative substrates (1-3). Recently, strat-
egies based on directed molecular evolution have created
macromolecules with novel properties (4-10). A method called
DNA shuffling has proved promising as a technique to intro-
duce random mutations and recombinations among a popu-
lation of mutant genes (11-14). A major obstacle that restricts
the utility of these methods in redesigning enzymes is the
technical difficulty of establishing a rapid and sensitive system
to screen >10* mutant enzymes for the desired activity.
Chromogenic substrates were successfully used for a screening
system utilizing 96-well plates and a plate reader (6) or a visual
screening of the colored colonies (14). These substrates are,
however, available only for a limited range of reactions. An
ideal screening system should be a convenient and reliable one,
of which the sensitivity can be adjusted depending on the
progress of the selection steps. One possible system is to select
mutant enzymes that can reverse the phenotype of a bacterial
strain that is deficient in an enzyme with the desired activity.
The sensitivity or stringency of the selection can be adjusted by
supplementing the medium with an adequate amount of the
substrate or product.

Aminotransferases catalyze amino group transfer between
amino acids and 2-oxo acids and play central roles in amino
acid metabolism in organisms ranging from bacteria to mam-
mals. The structure (15, 16) and reaction mechanism (17) of
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aspartate 2-oxoglutarate aminotransferase (AspAT) have
been studied extensively. Among the natural amino acids,
AspAT from Escherichia coli shows the highest activity for
acidic substrates and moderate activity for aromatic substrates
(18). The activity for B-branched amino acids is barely detect-
able and is even lower than that for basic amino acids. Initial
attempts to increase the activity for basic or aromatic sub-
strates by site-directed mutagenesis resulted in limited success
(19, 20). Recently, the catalytic efficiency for aromatic sub-
strates was increased 1500-fold by six residue substitutions,
which were chosen based on the crystal structure of AspAT
and the sequence comparison between AspAT and tyrosine
aminotransferase (3).

In the present study, we established a selection system where
the growth of an auxotrophic E. coli strain is assisted by mutant
AspATs with the activity for branched-chain substrates.
AspAT was then evolved toward higher activity for B-branched
substrates through “Darwinian” selection of the plasmid-
encoded mutant E. coli AspATs.

MATERIALS AND METHODS

Construction of a AilvE::kan Strain. The gene for branched-
chain amino acid aminotransferase, ilvE (21), was knocked out
as follows. A genomic region of the ilv operon (22) was
amplified from the chromosomal DNA of JM103 by LA PCR
(TaKaRa Biomedicals) with two primers: 5'-TACGGGATC-
CTATTGAAATTATTAAACGCATCATAAAAATCGG-
CC-3" and 5'-CGTAGGATCCGGAGCACCGGACAGGG-
GTTGCGAGTCAGCCAT-3'. The amplified 5-kb fragment
contained the ilv LGED genes, and BamHI sites were incor-
porated at the 5" and 3’ ends. After the fragment was cloned
into an Accl site-free pUCI8 at the BamHI site, the plasmid
was digested with AccI to remove 86% of the ilvE coding region
including the NH, terminus. The larger fragment was agarose
gel purified and ligated with the Accl-digested kanamycin
resistance (kan) gene (Pharmacia). The resultant plasmid was
BamHI digested, and the fragment comprising the kan gene
flanked by ilvLG and ilvD was gel purified. The fragment was
used to transform a hyper-recombination strain JC7623 (recB,
recC, sbcB) by homologous recombination, and the transfor-
mants were screened on an LB plate containing 50 pg/ml
kanamycin. Kanamycin-resistant colonies were picked up, and
the genotype was verified by restriction analysis of the ilv
operon amplified by PCR from the chromosomal DNA. The
strain, a derivative of the hyper-recombination strain, cannot
be used for the present purpose. Thus, the ilvE-deficient ilv
operon was transferred to JM103 by phage Pl-mediated
transduction. The resultant strain, YJ103, was kanamycin
resistant and showed the expected auxotrophy except for
proline requirement. Proline had to be supplemented to the
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minimal medium in addition to branched-chain amino acids.
This is probably because the F' plasmid was lost during the
construction. YJ103 is recA™, but the plasmids used for this
study were stable in this strain.

Screening for Higher Transamination Activity for 2-Oxova-
line. DNA shuffling was done as described by Stemmer (11,
12). 100-300-bp fragments were recovered after DNasel di-
gestion and reassembled by PCR without primers; the rate of
point mutation per one DNA shuffling was 0.8%. For the first
round of selection, the 1.9-kb HindIII-EcoRI fragment (23)
containing the wild-type aspC gene and its cognate promoter
was shuffled to introduce point mutations. The shuffled
fragment was ligated with the HindIII- and EcoRI-digested
pBR322, and YJ103 was transformed with the ligated DNA by
electroporation. A library of transformants (>90% ligation
efficiency and an effective library size of 1.0 X 10° colonies)
was spread on eight 15-cm plates. The medium contained the
standard Davis salts supplemented with 5 pg/ml each of
thiamin and pyridoxine, 10 ug/ml each of five nucleic acid
bases, and 20 ug/ml each of proline, isoleucine, leucine, and
2-ketoisovalerate (2-oxovaline) (ILkV plate). After a 40-h
incubation period at 37°C, 94 colonies were picked up and
spotted on an LB plate containing 50 pg/ml ampicillin. After
an overnight incubation, the cells were scraped from the plate
with sterile water, and a mixture of the plasmid (pAV1 mix)
was prepared. For the next round, the same 1.9-kb region was
PCR amplified from pAV1 mix. The fragments were shuffled
to recombine the genes among the mutants concomitantly
introducing point mutations and ligated with pBR322 as
described above. The second round of selection was done as
follows: 4.2 X 10° colonies, ILKV plates, and a 27-h incubation
period. Ninety-six colonies were picked up, pAV2 mix was
prepared, and the 1.9-kb region was shuffled. The third round
of selection was as follows: 4.5 X 10 colonies, 2-oxovaline was
omitted from the medium (IL plate), and a 28-h incubation
period. pAV3 mix was prepared from 99 colonies, and a 1.3-kb
region, which contains only the coding region, was PCR
amplified with 5" and 3’ primers, which have BamHI and Sa/l
sites, respectively. The promoter-less genes were shuffled and
ligated with the BamHI-Sall fragment of pBR322, which puts
the gene under the promoter of the tetracycline resistance
(Tet") gene of pBR322 and decreases the expression level of
the aspC gene by about 20-fold. The fourth round of selection
was 3.1 X 107 colonies, IL plates, and a 28-hr incubation
period. pAV4 mix was prepared from 92 colonies, and the
1.3-kb region was PCR amplified and shuffled. The fifth round
of selection was done in two different ways, AVSA and AV5B
selections. The AV5A selection was the same plasmid con-
struction as that used for the fourth round, 3.5 X 107 colonies,
and IL plates. The colonies, however, did not grow much faster
than those of the fourth round of selection. After a 28-hr
incubation period, 98 large colonies were picked up anyway,
and pAV5A mix was prepared. For AV5B selection, the —10
region of the Tet" promoter of pBR322 was mutated, TT-
TAAT to TTGAAT, and —10 region of the anti-Tet" promoter
(24) was also mutated, TAAACT to CGAACT. The expres-
sion of the aspC gene put downstream of this mutant Tet"
promoter was decreased by 10-fold compared with that from
the native Tet" promoter. The AV5B selection was 2.4 X 107
colonies, IL plates, and a 42-hr incubation period. pAV5B mix
was prepared from 112 colonies. The primers used for PCR in
DNA shuffling were 5'-AACGCATTAAAGCTTGCATGC-
CTGCAG-3" and 5'-TCGTCTTCAAGAATTCCCCTGAT-
AAGC-3’ for the first to third rounds of selection; 5'-GAC-
TGTACGGGATCCGTAACCATAATGGAACCTCGTCA-
TG-3" and 5'-GACTGTACGGTCGACCCCTGATAAGCG-
TAGCCATCAGGCA-3" were used for the fourth and fifth
rounds of selection.

Activity Measurements with Crude Lysates. The lysates of
YJ103 cells carrying the plasmids were added to the reaction
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mixtures containing 50 mM aspartate, 10 mM 2-oxovaline, 0.5
units of malate dehydrogenase (Boehringer Mannheim), 0.1
mM NADH, and 10 uM pyridoxal 5'-phosphate. The buffer
system was 50 mM Hepes, pH 8.0, containing 0.1 M KCI and
10 uM EDTA. Aspartate was chosen as the amino group donor
in this assay because it was easy to monitor the reactions by
coupling malate dehydrogenase. The reactions were moni-
tored at 25°C by following the decrease in absorption at 340
nm. Steady-state transamination activity between aspartate
and 2-oxovaline, undetectable with the wild-type AspAT, was
observed in the lysates containing evolved mutants.

Expression and Purification of Mutant AspATs. The coding
region of the mutant AspATs was subcloned into pUC vectors.
The mutant enzymes were expressed in E. coli TY103 (25),
which is defective in the AspAT gene, and purified as described
(26).

Activity Measurements with Purified AspATs. Activity for
each substrate was measured at 25°C by spectrophotometri-
cally monitoring the single-turnover reaction using an Applied
Photophysics stopped-flow apparatus (model SX.17MV) as
described (18). The dead time of this system was 2.0 ms under
a pressure of 500 kPa. The reactions of the wild-type AspAT
with valine, isoleucine, and their 2-oxo acids were slow and
thus followed by a conventional spectrophotometer. The
buffer system was 50 mM Hepes, pH 8.0, containing 0.1 M KCI
and 10 uM EDTA.

RESULTS AND DISCUSSION

Strategy for the Selection. Our selection system is based on
the auxotrophy of an E. coli strain that is deficient in the
branched-chain amino acid aminotransferase gene, ilVE.
Branched-chain amino acid aminotransferase catalyzes the last
step of branched-chain amino acid biosynthesis, and thus the
ilvE-deficient strain cannot grow on a minimal plate without
the supplement of valine, isoleucine, and leucine. If the
efficiency with which a plasmid-encoded mutant AspAT syn-
thesizes branched-chain amino acids is increased, the deficient
strain carrying the plasmid should be able to grow on a minimal
plate. To establish a reliable selection system, the NHj-
terminal 86% of the chromosomal ilvE gene of E. coli JM103
was replaced with the kanamycin resistance gene. The result-
ant strain, YJ103 (AilvE::kan), showed the expected auxotro-
phy and grew on a minimal plate when transformed with a
plasmid containing the ilvE gene.

Evolution of Transamination Activity for 2-Oxovaline. The
stringency of the selection was increased during the successive
rounds of selection; 2-oxovaline was omitted from the medium,
the incubation time was shortened, and the expression level of
mutant AspATs was decreased by manipulating the construc-
tion of the plasmid. Isoleucine and leucine were supplemented
throughout the selections because they were expected to serve
as amino group donors to 2-oxovaline. At each step, a library
of 10°~107 transformants was spread on plates, 90-100 of the
largest colonies were picked, and a mixture of the plasmids
from these colonies was prepared for subsequent DNA shuf-
fling. This selection system directs the evolution of AspAT to
higher transamination activity for 2-oxovaline. After the fifth
round of selection, YJ103 was retransformed by pAV5A mix
and pAV5B mix and spread on IL plates. Twelve large colonies
were picked up from each plate, cultured in LB + ampicillin
and the plasmids, pAV5A-1-12 and pAV5B-1-12, were pre-
pared. The transamination activity between aspartate and
2-oxovaline was measured with the lysate from each culture,
and AV5A-1, AV5A-7, AV5B-1, AV5B-4, and AV5B-5, which
showed the highest activity among the 24 clones, were picked
up for further analysis.

Sequence Analysis of Mutant AspATs. The genes encoding
the five clones exhibiting the highest activity for 2-oxovaline
were sequenced. Each mutant contained 23-28 point muta-
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tions evenly distributed over the coding region, 10-13 of which
were non-silent (Fig. 14). No insertion or deletion mutations
were found. Among 30 amino acid substitutions, only five
substitutions were “conserved” in all five mutant AspATs,
although Asn'#? was replaced by isoleucine in one mutant and
by threonine in the other four mutants (Fig. 1B). Fifty-three
silent mutations were found in total: 46 mutations were unique
to each mutant AspAT, 6 mutations were common in two of
the five mutants, and one mutation was found in three mutants,
the G to A mutation at base position 696 in AV5A-1, AV5A-7,
and AV5B-4. These findings indicate that the five mutants are
not immediate descendants of the small population of elite
survivors of the last round of selection. Molecular evolution
theory predicts in such a case that the conserved five substi-
tutions must be functionally important, although the present
results based on a small number of mutants may not be
statistically reliable enough to apply the theory.
Characterization of a Mutant AspAT. The coding region of
AVS5A-7, which showed the highest activity among the five
mutants, was subcloned to a high copy plasmid, and the
overproduced AV5A-7 was purified. Compared with the wild-
type enzyme, AV5A-7 showed a 1.3 X 103-fold increase in the
keat/Km value for 2-oxovaline, a 7.3 X 10%fold increase for
2-oxoisoleucine, and a 20-fold decrease for acidic 2-oxo acids
(Table 1). Similarly, the activity of AVS5A-7 for valine in-
creased >1.1 X 10°-fold, that for isoleucine increased >6.6 X
103-fold, and that for acidic amino acids decreased 40-fold. As
summarized in Fig. 2, AV5A-7 has specifically evolved high
catalytic efficiency for B-branched substrates, valine and iso-
leucine. Interestingly, 20—800-fold increases in k¢, /K values
were observed for the other amino acid substrates examined.
Tyrosine (kcat/Km = 52000 s~! M~1) was the best amino acid
substrate for AV5A-7 (the corresponding value of the wild-
type AspAT is 400 s~! M~1). Because AV5A-7 is essential for
valine biosynthesis in YJ103, this enzyme may be named

A
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tyrosine 2-oxovaline aminotransferase. It is, however, difficult
to tell which amino acid primarily serves as an amino group
donor to 2-oxovaline in YJ103 cells under the selection con-
ditions.

To discuss how the mutations affect the substrate specificity,
one needs to determine a minimum set of mutations required
for the altered activity. To this end, each of the 13 amino acid
substitutions of AV5A-7 was mutated back to the wild-type
sequence, and the activity of the single-residue revertants for
2-oxovaline was compared with that of AV5A-7 (data not
shown). Seven of the substitutions were functionally nones-
sential, but the following six mutations were clearly important;
Asn3*Asp, Ile’’Met, Ser'*Gly, Asn'4?Thr, Asn®**’Ser, and
Val*®"Leu. Five of these six substitutions (except for Val’¥"Leu)
were conserved in all mutants (Fig. 1). To determine if these
mutations constitute a minimum set required for the altered
activity, a mutant AspAT with these six substitutions, AV5A-7g,
was constructed. The purified AV5A-7, enzyme showed a 10- or
3-fold decrease in kcat/Kn values for branched-chain amino or
2-o0xo0 acids, respectively, compared with AV5A-7 (Table 1). The
six substitutions in AV5A-7s, therefore, contributed 80-90% to
the stabilization of the activation free energy by AV5A-7 for
valine or 2-oxovaline: [RTIn{(kca/Km)avsa-7,/(Kca/Km)wt}]/
[RTIn{ (kcat/Km)avsa-7/ (kca/Kim)wT}]. The other seven substitu-
tions may cooperatively contribute to the full activity of AV5A-7.

These findings provide insight into the nature of the muta-
tions. First, the two mutations at residues 34 and 37 were
separated by only 11 bp, and those at residues 139 and 142 were
separated by 10 bp. Although it was possible that one of the two
mutations of each pair was not necessary but was conserved
simply because it was too closely “linked” to the other func-
tionally essential mutation to be separated by recombination
during DNA shuffling, all of these mutations proved to be
indispensable. Second, the Glu’Val substitution was found in
four of five mutant AspATs but did not seem to be functionally
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Fic. 1. Sequence analysis of the evolved AspATs that have high activity for 2-oxovaline. (4) Lines show the entire coding region of the aspC
gene. Longer bars indicate the nucleotide positions of missense mutations, which caused amino acid substitutions, and shorter bars indicate those
of silent mutations. Asterisks are the missense mutations conserved in all five mutant AspATs. (B) Amino acid substitutions. Residues were
numbered according to the sequence of cytosolic AspAT from pig as described (27).
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Table 1. Kinetic parameters of AspATs for branched and acidic substrates, pH 8.0, 25°C
WT* AVS5A-7 AVS5A-Ts
kcal Km kcat/Km kcal Km kcat/Km kcat Krn kcat/Km
Substrate ™ (mM) (s7T'M7YH  (s7hH (mM) (sTIM™) ™ (mM) (1M
L-Valine — —f <1x1073 46(6) 420 (70) 110 —f —f 14 (0.2)
L-Isoleucine — — <1x1073 ¥ — 6.6 (0.09) — — 0.5 (0.005)
L-Leucine —f —f 24 160 (90) 120 (10) 1.3 x 103 —f —f 160 (1)
2-Oxovaline¥ 5.7(0.1) X 1073 100 (3) 0.057 28 (1) 3.8(0.3) 7.4 X 103 60 (4) 33 (4) 1.8 X 103
2-Oxoisoleucine¥ 3.3 (0.3) X 1073 52(9) 0.063 220 (20) 48 (4) 4.6 X 103 230 (20) 170 (20) 1.4 X 103
2-Oxoleucine® 1.2 (0.03) 43 (1) 28 140 (6) 3.4(0.3) 4.1 X 10% 290 (10) 19 (2) 1.5 x 10*
L-Aspartate 550 4.5 1.2 X105 220 (10) 68(8) 3.2 %103 70 (2) 11 (0.9) 6.4 X 103
L-Glutamate 700 38 1.8 X 10* —f —F 380 (6) 120 (9) 220 (20) 550
Oxalacetate 800 0.035 23x107 650(70) 0.52(0.08) 1.3 x10° 1.4(0.1) % 10° 0.46 (0.06) 3.0 x 10°
2-Oxoglutarate 600 13 4.6 X 10° 120 (4) 3.9(0.3) 3.1 x 10* 610 (30) 45(04) 14x10°

Numbers in parentheses are the standard deviations.
*Data from ref. 18, except for those for branched-chain 2-oxo acids.

TReactions did not show saturation kinetics in the substrate concentrations examined.
¥Abbreviations: 2-oxovaline, 2-ketoisovaleric acid; 2-oxoisoleucine, DL-2-keto-3-methyl-n-valeric acid; 2-oxoleucine, 2-ketoisocaproic acid.

important for AV5A-7. It remains to be examined if this
mutation is simply a conserved neutral mutation or somehow
benefits the growth of YJ103 cells under the selection condi-
tions. Third, Val*®’Leu is the only substitution that is unique
to AV5A-7 and functionally important. Mutant AspATs other
than AV5A-7 may have similar unique yet important muta-
tions. For example, AV5A-1 has higher activity for 2-oxovaline
than a mutant AspAT with only the five conserved substitu-
tions (data not shown). Finally, Onuffer and Kirsch (3) pre-
viously reported a mutant AspAT with six amino acid substi-
tutions that showed a 1500-fold increase in the kca/Kn value
for phenylalanine. AV5A-7 also showed a 200-fold increase for
phenylalanine. These mutants have two sites substituted in
common, Lys*' and Asn?’’, although residue 41 was Tyr in
their mutant but is Asn in AV5A-7.

Possible Effects of the Substitutions on Substrate Recog-
nition. The role of each substitution may be proposed from an
analysis of the x-ray crystal structure of E. coli AspAT com-
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F1G.2. Stabilization of the activation free energy for various amino
acid substrates by AV5A-7, relative to the wild-type AspAT. AAGr¥ =
RTIn{(kcat/Km)avsa-7/(kcat/Km)wT}. Substrate amino acids are shown
by three-letter abbreviations. Positive bars indicate that the catalytic
efficiency of AV5A-7 is higher than that of the wild-type AspAT, and
negative bars indicate vice versa. Exact values could not be determined
for valine and isoleucine; therefore, AAGT* values for their 2-oxo acids
are shown for these amino acids (asterisks).

plexed with a substrate analog, 2-methyl-L-aspartate (Fig. 3
and ref. 16). The y-methyl group of the side chain of Ile?’ is
close to the B-methylene of 2-methylaspartate (C-C distance
3.8 A) and thus might make direct contact with the y-methyl
group of B-branched substrates. The Ile’’Met substitution
likely removes this steric hindrance. The other residues, Asn34,
Ser’3? Asn'#2, Asn?"7, and Val3®’, are positioned farther away
from the substrate. It is therefore more difficult to speculate
on their effects. The side chain of Asn!#? directly contacts the
side-chain indole ring of Trp'¥°, which, in turn, is stacked
against the pyridine ring of the coenzyme pyridoxal 5'-
phosphate during the course of catalysis (16). The Asn!'**Thr
and Ser'3°Gly substitutions may affect the reaction by reori-
enting Trp'“’. As for the Asn?*’Ser substitution, crystallo-
graphic analysis previously showed that this mutation moves a
water molecule away from the substrate binding site to make
space for the binding of aromatic substrates (28). The side
chains of B-branched substrates are, however, smaller than
those of aromatic substrates, and thus it is not known if the
same explanation holds for the reaction with B-branched
substrates. Next to Val®¥7 is Arg?8°, whose side chain directly
interacts with the a-carboxylate group of the substrates. The
Val*¥Leu substitution might adjust the orientation of the side
chain of Arg* to bind B-branched substrates. Because Asn**
is located >10 A distance from the substrate binding site, it is
impossible to speculate on the effect of the Asn3*Asp substi-
tution.

Conclusions. The activity of AspAT for valine and 2-oxova-
line was increased by five orders of magnitude. Naturally
occurring enzymes have evolved high reaction and substrate
specificity. During their evolution, each enzyme has gained a
specialized structure—function relationship, for example, in the
form of intricate hydrogen-bonding networks. Some have
speculated that this is why creating an enzyme with novel
properties from an existing enzyme is so difficult (29); at-
tempts to manipulate the enzyme disrupt the finely tuned
networks, inactivating the enzyme rather than redesigning it as
intended. Our present results demonstrate that directed mo-
lecular evolution is a powerful technique to overcome such
difficulty when an adequate method of mutagenesis and
selection is applied. DNA shuffling is an ideal method to
accumulate infrequent and functionally important mutations
in a given genetic region (11-14). The selection system used in
this study was convenient and reliable, and the stringency
could be easily adjusted. This adjustability was important
because the desired activity seldom emerges in one step but
increases slowly during successive rounds of selection.

Gene duplication and subsequent divergence are believed to
be ubiquitous in all organisms and responsible for the existence
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Fic. 3.

Stereo representation of the structure of the wild-type E. coli AspAT complexed with 2-methyl-L-aspartate (16). The side chains of the

six functionally important residues mutated in this study are shown by full bonds (Asn34, 1le37, Ser!3%, Asn'#2, Asn?*7, and Val3%7). The coenzyme
pyridoxal 5’-phosphate, the substrate analog, and the side chains of Trp!*? and Arg3®¢ are also shown (open bonds). Asn?®*7 belongs to the other

subunit of the dimer (asterisk).

of many gene families (30). This process, molecular evolution
of proteins, cannot be observed directly but only speculated
retrospectively. The selection reported here is thought to
simulate the initial phase of speciation of proteins with dis-
tinctive functions. Thus, this selection system may provide an
opportunity to observe the process and to study theories of
molecular evolution of enzymes.
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