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C5-Dicarboxylic Substrate Analog: Structural Comparison with the
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A mutant Escherichia coil aspartate aminotransferase with 17 amino acid substitutions
(ATB17), previously created by directed evolution, shows increased activity for (}-
branched amino acids and decreased activity for the native substrates, aspartate and
glutamate. A new mutant (ATBSN) was generated by changing two of the 17 mutated
residues back to the original ones. ATBSN recovered the activities for aspartate and
glutamate to the level of the wild-type enzyme while maintaining the enhanced activity
of ATB17 for the other amino acid substrates. The absorption spectrum of the bound
coenzyme, pyridoxal 5'-phosphate, also returned to the original state. ATBSN shows sig-
nificantly increased affinity for substrate analogs including succinate and glutarate,
analogs of aspartate and glutamate, respectively. Hence, we could cocrystallize ATBSN
with succinate or glutarate, and the structures show how the enzyme can bind two
kinds of dicarboxylic substrates with different chain lengths. The present results may
also provide an insight into the long-standing controversies regarding the mode of bind-
ing of glutamate to the wild-type enzyme.

Key words: aspartate aminotransferase, crystallography, directed evolution, substrate
specificity.

Aspartate aminotransferase (AspAT) catalyzes a reversible
aminogroup transfer between two acidic amino acids,
aspartate and glutamate, and plays central roles in amino
acid metabolism in a wide variety of organisms, from bacte-
ria to mammals (1-3). A detailed reaction mechanism has
been proposed based on the three-dimensional structure of
the active site (4). The role of each active site residue in the
catalytic process has been examined through site-directed
mutagenesis studies on the Escherichia coli AspAT (5-11).
X-ray crystallographic studies have also shown that sub-
strate binding induces structural changes, from an "open"
form to a "closed" form, in the gross conformation of this
enzyme (12-17). Most of the above findings are, however,
based on the results of functional and structural studies
involving aspartate analogs such as 2-methyl-aspartate
and maleate, whereas how AspAT binds glutamate or
whether the detailed mechanism proposed for the reaction
with aspartate holds for the reaction with glutamate has
been controversial. As for the mode of binding of glutamate
to AspAT, some reports have shown that glutamate-binding
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causes informational changes to a closed form (18-20),
and another that the enzyme structure remains in an open
form after binding glutamate (21). This is mainly because
the affinity of AspAT for the C5-dicarboxylic ligands is
lower by >10-fold than that for the C4-dicarboxylic ligands,
and hence one cannot cocrystallize AspAT with glutamate
analogs. Although several attempts have been made to set-
tle this issue, the results have remained inconclusive (18-
21).

Recently, we reported a mutant E. coli AspAT with 17
amino acid substitutions (ATB17) created by directed evo-
lution, which shows a lC -̂fold increase and a 100-fold de-
crease in catalytic efficiency for ^-branched amino acids
and acidic amino acids, respectively (22, 23). This mutant
enzyme also shows enhanced activity for the other amino
acid substrates. A series of mutant AspATs was constructed
to study how the mutated residues affect the substrate
specificity. One of the mutants, named ATBSN, in which
Glyl39 and Thrl42 of ATB17 were mutated back to the
wild-type residues, Ser and Asn, respectively, recovered the
activity for acidic substrates while maintaining the en-
hanced activity for other amino acids. As a result, we unex-
pectedly obtained an aspartate aminotransferase with a
broad substrate specificity. Compared to the wild-type
AspAT (WT), ATBSN also shows increased affinity for sub-
strate analogs including a glutamate analog, glutarate. We
thus could determine the three-dimensional structure of
ATBSN complexed with glutarate, together with the struc-
ture complexed with an aspartate analog, succinate. These
structures show how the active site of an enzyme can
accommodate two kids of dicarboxylic substrates with dif-
ferent chain lengths and may provide clues for modeling
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how t ie wild-type enzyme binds the C5-dicarboxylic sub-
strates.

MATERIALS AND METHODS

Materials—Pipes and Hepes were obtained from Dojindo
Laboratories (Kumamoto). Glutaric acid, succinic acid, and
maleic acid were from Nacalai Tesque (Kyoto). Isovaleric
acid, a-ketovaleric acid, DL-a-keto-[3-methyl-7i-valeric acid,
and a-ketoisocapronic acid were from Sigma (St. Louis). An
aspC-deficient E. coli strain, TY103 (24), was used to
express mutant AspATs.

Preparation of AspATs—Site-derected mutagenesis was
performed on the single-stranded DNA of the ATB17 gene
(23) subcloned into pUC118 using the "Sculptor" in vitro
mutagenesis system (Amersham Pharmacia Biotech). The
following synthetic oligonucleotide was used to direct the
mutations (asterisks indicate the mismatches): 5'-GCT-

3'. The expression and purification of AspATs were per-
formed as reported previously (9). @ @ @ @

Activity Measurement of AspATs—The overall transami-
nation reaction catalyzed by this enzyme is:

L-aspartate + 2-oxoglutarate ;=t oxalacetate
+ L-glutamate (Eq. 1).

This overall transamination reaction consists of two half-
transamination reactions (25):

EL + Asp *=± EL • Asp j=t EM • OA i=t EM
+ OA (Eq. 2a)

EL + Glu a=t EL• Glu ^ E M - O G ^ E M
+ OG (Eq. 2b)

where EL and EM denote the pyridoxal 5'-phosphate (PLP)
form and pyridoxamine 5'-phosphate (PMP) form enzymes,
respectively; and Asp, OA, Glu, and OG are aspartate, oxal-
acetate, glutamate, and 2-oxoglutarate, respectively.

The activity of AspATs for each substrate, except for that
of WT for valine or isoleucine, was measured by spectropho-
tometrically monitoring single turnovers of the half reac-
tions with various concentrations of the substrate using an
Applied Photophysics stopped-flow apparatus (modex SX.
17MV) as described (25). The activity of WT for valine or
isoleucine was measured using a Hitachi spectrophotome-
ter U-3300. The reactions were performed at 25*C in a
buffer system comprising 50 mM Hepes, pH 8.0, containing
0.1 M KC1 and 10 jiM EDTA, at a protein concentration of
20 uM.

Measurement of the Kd Values for Analogs—The dissocia-

tion constants of AspATs for maleate, succinate, glutarate,
and isovalerate were determined by spectrophotometric
titration (26, 27). The spectral changes were measured
using a Hitachi spectrophotometer U-3300 in 50 mM
Hepes, pH 8.0, containing 0.1 M KC1 and 10 uM EDTA at
25°C.

Crystallography—The crystals of ATBSN complexed
with succinate or glutarate were grown by the sitting drop
vapor diffusion method. Three-microliter drops containing
37 mg/ml protein were mixed with 1 u] of 1 M sodium suc-
cinate (or sodium glutarate) and 3 |il of a reservoir solution
containing 1.7 M ammonium sulfate and 0.1 M Hepes, pH
7.5. The drops were equilibrated against 0.5 ml of the reser-
voir solution at 20°C. An X-ray data set was collected with a
Rigaku R-AXIS He image plate detector mounted on a
Rigaku RU-200 rotating anode generator operated at 40 kV
and 100 mA with monochromatized CuKa radiation at
room temperature. The oscillation images were processed
and reduced using the data processing software Rigaku
PROCESS (28). Refinement of the structure began with the
structure of the ATB17-isovalerate complex (23) as an ini-
tial model using X-PLOR 3.851 (29) with parameters
derived by Engh and Huber (30). After conventional posi-
tional refinement, simulated annealing using the slow cool
protocol was performed. The models were improved by con-
ventional positional refinement and isotropic B-factor
refinement, and manual rebuilding using Xfit (31) on the
omit map was calculated with the coefficients |F 0 | - I.FC|.
After the i?-factors had been adequately lowered, water
molecules were added to the models and the structures
were further refined. The coordinates have been deposited
in the Protein Data Bank (code 1CZC or 1CZE for the
ATBSN-Glutarate or ATBSN-Succinate complex, respec-
tively).

RESULTS

Enzymatic Activity of AspATs—The kinetic parameters
for ^-branched and acidic substrates are shown in Table I.
The kJKm values of ATBSN for P-branched substrates are
slightly smaller than those of ATB17: 5.1- or 18-fold for
valine or 2-oxovaline; 3.2- or 15-fold for isoleucine or 2-oxo-
isoleucine, respectively. On the other hand, the kat/Km val-
ues of ATBSN for glutamate and 2-oxoglutarate are in-
creased 60- and 80-fold, respectively, compared to those of
ATB17, and are almost comparable to those of WT. The K^
values of ATBSN for glutamate and 2-oxoglutarate are

TABLE I. Kinetic parameters of AspATs for branched and acidic substrates.

Snhfltrate

L-Valine
L-Isoleucine
2-Oxovahned

2-Oxoisoleucined

L-Aspartate
L-Glutamate
Oxalacetate
2-Oxoglutarate

c

c

5.7 x 10-3

3.3 x 10-3

550
700
800
600

WT-

if,(mM)
C

e

100
52
4.5

38
0.035
1.3

*«««;. (S-'-M-1)

3.4(0.16)xlO-a

4.9(0.024)xlOJ|

0.057
0.063

1.2 x 10*
1.8 x 104

2.3 x 107

4.6 x 10s

*c«(<r'>

12
8.4

90
250
—

120
—

ATBlV1

Ka(mU) A,

5.6
140

2.4
7.3

—

2.2
—

JI^is-'-M-1)

2.1 x io 3

60
3.8 x 104

3.4 x IO4

3.3 x 10*
570

5.5 x 104

2200

28(1)
5.0 (0.2)

23(2)
29(3)

—•
260 (60)

e

12 (0.3)

ATBSN

68(5)
270 (10)

11(1)
13(2)

—•
7.7 (2.0)

0.068 (0.04)

^./K-te-'-M"1)

410
19
2.1 x 103

2.2 x 103

—•
3.4 x 104

e

1.8 x 10s

Standard deviations are given in parentheses. 'Data from Re£ 25, except for those for branched-chain 2-oxo acids (22). The parameters for
valine and isoleucine were reexamined in this study. bData from Re£ 23. 'Reactions did not show stauratdon kinetics with the substrate con-
centrations examined. dAbbreviations: 2-oxovaline, 2-ketoisovaleric acid; 2-oxoisoleucine, DL-2-keto-3-methyl-n-valeric acid. 'Parameters
could not be determined experimentally (see text).
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Fig. 1. Stabilization of the activation
free energy for various amino acid sub-
strates by ATB17 (white) or ATBSN
(gray) relative to WT. - A4GT« = \RT\kJ
^mV^cu^raW]- Positive bars indicate that
the catalytic efficiency of a mutant enzyme,
X, is higher than that of the wide-type
AspAT, and negative bars indicate vice
versa. The value of ATBSN for aspartate is
not indicated because it could not be deter-
mined (see text).

amlno acid substrates

TABLE II. Dissociation constants (mM) of AspATs.

«0 4K
W*v«(«ngtti (nm)

Fig. 2. Absorption spectra of AspATs. Absorption spectra of
the wild-type AspAT (dotted line), ATB17 (thin line), and ATBSN
(thick line) are presented. All of the spectra were measured in a 50
mM Pipes buffer, pH 6.5, at a protein concentration of 19 mM.

smaller than those of WT.
The k^ values of ATBSN for aspartate were dependent

on the aspartate concentration: k = 30-500 s"1 for 0.1-2
mM aspartate. To determine the/fe^ and Km values for
aspartate, each ^app value has to be corrected for the contri-
bution of the reverse reaction, that is, the reaction of the
PMP-form enzyme with oxalacetate (Eq. 2a) (25). The kBpp

value was, however, constant (about 7 s"1) in the rungs of
0.05-1 mM oxalacetate, implying that the Km value of
ATBSN for oxalacetate is « 50 JJM, which is too small to
be determined. Because the kinetic parameters of ATBSN
for oxalacetate could not be determined, the contribution of
the reverse reaction could not be estimated. Thus we stud-
ied the overall-transamination reaction of ATBSN with
aspartate and 2-oxovaline, where oxalacetate is eliminated
from the reaction mixture by coupling the malate dehydro-
genase reaction (32). The k^/K^ value for a substrate ob-
tained from the overall reaction should be the same as that
obtained from the half reaction (25). The kat value obtained
from the overall reaction was, however, 0.3 s"1, which is far
smaller than the value estimated from the rate constants
for the half reactions with aspartate and 2-oxovaline (k
for aspartate, 30-500 s"1; kM for 2-oxovaline, 23 s"1). This
indicates that the rate-limiting step of the overall reaction
is different from that of the half reaction. Accordingly, the
kinetic parameters could not be determined for aspartate
and oxalacetate.

Maleate
Succinate
Glutarate
Isovalerate

WT

10"
74"

ISC'
d

ATB17

>150<
d

>150t

5.5°

ATBSN

0.77 (0.009)
2.4 (0.03)
1.5 (0.03)

36(3)
Standard deviations are given in parentheses. "Taken from Re£ 25.
"Taken from Ref 24. 'Spectral changes did not show saturation in
the range of analog concentrations, 5-100 mM. ''No spectral
changes were observed. "Taken from Ref. 23.

The catalytic efficiencies (kJK^ values) of ATB17 and
ATBSN for various amino acid substrates were compared
to those of WT. As shown in Fig. 1, the catalytic efficiency of
ATBSN for glutamate recovered to the level of WT with
maintenance of the high catalytic competence of ATB17 for
other amino acid substrates.

Absorption Spectra of AspATs—The absorption spectra of
WT,ATB17, and ATBSN were recorded in 50 mM Pipes,
pH 6.5 (Fig. 2). WT gives two absorption bands at 358 and
430 nm that represent the deprotonated and protonated
forms, respectively, of the imine nitrogen of the Schiff base
formed between PLP and Lys258 (33, 34). As reported pre-
viously (23), the latter band of ATB17 is red-shifted to 450
nm and has a broad shoulder above 500 nm, although it
remains to be determined what kind of molecular species
corresponds to the shoulder. This shoulder completely dis-
appeared in the case of ATBSN.

Dissociation Constants of AspATs for Substrate Ana-
logs—The Kd values of AspATs for amino-group-free ana-
logs are shown in Table II. ATB17 shows a remarkably
increased affinity for a valine analog, isovalerate, whereas
the affinity for dicarboxylic analogs is decreased. ATBSN
shows higher affinity than WT for all the analogs. Com-
pared to the Kd values of WT, those of ATBSN for aspartate
analogs, maleate and succinate, are decreased 13- and 30-
fold, respectively, and that for a glutamate analog, glut-
arate, is decreased 100-fold.

Overall Structures of AspATs—Among the enzyme-ana-
log combinations shown in Table II, only the structures of
the WT-maleate and ATB17-isovalerate complexes have
been determined so far (14, 23). WT and ATB17 cannot be
cocrystalnzed with other analogs. ATBSN could be cocrys-
talHzed with succinate and glutarate but not with isovaler-
ate. Succinate, not maleate, was chosen as an aspartate
analog because the structure of AspAT complexed with suc-
cinate has never been solved and also because succinate is
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more suitable as a C4 analog when the structure of the
complex is compared to that of the enzyme-glutarate com-
plex.

The X-ray crystal structure of ATBSN complexed with
glutarate or succinate was solved at 2.5- or 2.4-A resolu-
tion, respectively (Table HI). Figure 3 shows a comparison
of the gross structures of the ATBSN-glutarate complex
and the ATB17-isovalerate complex. The structure of the
ATBSN-succinate complex is not shown because it is
almost identical to that of the ATBSN-glutarate complex.

Upon binding the substrate, the small domain (residues
5 to 47 and 326 to 409: thick line in Fig. 3) of AspAT moves
closer to the active site and the structure changes from an
open form to a closed form (15,16). When the large domain
(residues 48 to 325; thin line in Fig. 3) of one subunit of the
ATBSN-glutarate complex is superimposed on that of the
ATB17-isovalerate complex, two features are evident: First,
the ATBSN-glutarate complex is in the closed form,
although less closed compared to that of the ATB17-isoval-
erate complex. Second, the large domains of the other sub-
unit overlap each other poorly. The latter finding indicates
that the spatial arrangement of the two subunits is altered
between the two structures. The structure of the ATBSN-
glutarate complex is similar to that of the WT-maleate com-
plex.

Active-Site Structures of AspATs—The active-site struc-
tures of AspATs complexed with substrate analogs are
shown in Fig. 4. The active site of the ATB17-isovalerate
complex (23 and also see Fig. 4A) was changed significantly
from that of the WT-maleate complex; Arg292, which inter-
acts with the side-chain carboxylate group of asparate, flips

outside to the solvent; the tilt of the PLP molecule is
changed because the side-chain indole ring of Trpl40 is
moved against the pyridine ring of PLP. Trpl40 of ATB17
is also shifted toward the "bottom" of the active site. In the
ATBSN-glutarate complex, the side chains of Arg292 and
Trpl40 are reoriented to the same positions as those in the
WT-maleate complex. The side chain of Arg292 interacts
with a carboxylate group, which corresponds to the side-
chain carboxylate group of glutamate in an "end-on" sym-
metric geometry. Trpl40 is moved so that the nitrogen of
the indole ring can form a hydrogen bond with the side-
chain carboxylate group of glutarate, as in the case of the
WT-maleate complex. The active-site structure of the
ATBSN-succinate complex is almost identical to that of the
WT-maleate complex except for Met37, which is substituted
for He in ATBSN (Fig. 4B). The active-site structure of the
ATBSN-glutarate complex was compared to that of the
ATBSN-succinate complex (Fig. 4C). The orientation of
Arg292 and Arg386 is almost identical in the two struc-
tures, although the distance between the two guanidinium
groups is slightly greater in the ATBSN-glutarate complex.
The position of the C(3) atom of glutarate deviates signifi-
cantly from that of succinate to maintain the distance be-
tween the two carboxylate groups. As a result, the orienta-
tion of the carboxylate group interacting with the Arg292
side chain differs between the two structures. The CX2)
atom of each dicarboxylic analog, which corresponds to Cot
of the amino add substrate, is located at a position that
would enable the amino group of the substrate to form an
external Schiff base with PLP. Thus, these structures
would correctly reflect the productive Michaelis complex of
ATBSN with each corresponding substrate.

TABLE m.
tal data.

Summary of the X-ray data collection and crys-

Diffraction data
Space group
Unit cell dimensions

a (A)
6 (A)
c(A)

Total reflections
Unique reflections
Completeness (%)
Resolution range (A)

Refinement statics
Resolution range (A)
Number of reflections
Number of protein atoms

ATBSN with
giutarate

C222,

156.35
85.02
78.27
61,781
16,658
98.8
75.0-2.5
5.36

10.0-2.5
16,330
3,096

Number of water molecules 160
18.8
24.3

Deviations from ideal geometry (rms)
Bond lengths (A)
Bond angles (')
Improper angles C)
Dihedrals C)

0.008
1.4
1.28
23.7

ATBSN with
succinate

C222,

156.64
85.06
78.30
71,147
18,949
99.7
75.0-2.4
6.43

10.0-2.4
18,622
3,095
103
19.5
24.4

0.008
1.4
1.26
23.8

*̂ moi« = £< I h -<!,> I fci<l,> where /, is the intensity of an individual
reflection and <It> is the mean intensity of that reflection. biiOTK =
100 *I.\Frt.-Fajc\rZ.\Ftm\, where F^ and F^ are the observed
and calculated structure factors, respectively. 'R^ is calculated in
the same manner as R^^ with 10% of random reflections excluded
from the refinement.

Fig. 3. Superposition of the ATBSN-glutaratre complex
(solid line) and ATB17-isovalerate complex (dotted line). The
large domain (residues 49-325) of one subunit of ATBSN was super-
imposed on the corresponding domain of ATB17. The small domain
(the remaining residues) of the subunit of ATBSN is indicated by
thick lines. The NHj- and COOH-terminals of the subunit are indi-
cated, N and C.
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258

V29:

S296
R292

V293

B

Fig. 4. Close-up view of
the active site of AspATs.
Comparison of the active-site
structures between (A) the
ATBSN-glutarate (dark line)
and ATB17-isovalerate (faint)
complexes, (B) the ATBSN-
succinate (dark) and WT-
maleate (faint) complexes,
and (C) the ATBSN-glutarate
(dark) and ATBSN-succinate
(faint) complexes. The nminn
acid residues indicated by as-
terisks belong to the other
subunit. De37, Ala293, and
Asn297 are replaced by Met,
Val, and Ser, respectively, in
ATB17 and ATBSN. Serl39
and Asnl42 are replaced by
Gly and Thr, respectively, in
ATB17.

DISCUSSION

Effects of Gly 139 and Thr142 on the Substrate Specificity
and Active-Site Structure of ATB17—As described previ-
ously (23), when the active-site structure of the ATB17-
isovalerate complex was compared to that of the WT-male-
ate complex, the largest deviations in the backbone struc-

ture were observed at the "bottom" of the active site, es-
pecially around the Prol38-Thrl42 loop. The two mu-tated
residues, Glyl39 and Thrl42 in ATB17, are located in the
Prol38-Thrl42 loop. This loop contains Trpl40, of which
the indole ring stacks against the pyridine ring of PLP and
is thought to adjust the tilt of PLP during the course of the
catalytic process (4). These two residues were mutated in
all the mutant enzymes obtained by directed evolution (22,
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23), indicating that Serl39 and Asnl42 are important for
the increased catalytic efficiency for (^-branched amino
acids. Therefore, ATBSN was constructed, and its enzy-
matic properties and three-dimensional structure were
analyzed to investigate the effects of these two mutations
on the active-site structure and substrate specificity.

The active-site structure of ATBSN complexed with suc-
cinate or glutarate (Fig. 4) shows that the Prol38-Asnl42
loop and the indole ring of Trpl40 are reoriented to the
same positions as that of the WT-maleate complex. The con-
formation of the flexible side chain of Met37, the only sub-
stitution found in the substrate binding site, is changed
depending on the bound analogs. In the ATB17-isovalerate
complex, the side chain of Arg292 protrudes into the sol-
vent (23), while the side chain of Arg292 in the WT-maleate
and ATBSN-succinate/glutarate complexes flips toward the
active site and interacts with the side-chain carboxylate.
The same shift in the position of Arg292 was observed pre-
viously in the structure of a mutant AspAT complexed with
aromatic substrate analogs (35). The most prominent effect
of mutation of the two residues back to the wild type
sequence on the substrate specificity is that ATBSN recov-
ered the activity for dicarboxylic substrates (Table I and
Fig. 1). On the other hand, the activity of ATBSN for p"-
branched substrates is decreased compared to that of
ATB17. The shoulder above 500 nm observed in the absorp-
tion spectrum of ATB17 completely disappeared in the case
of ATBSN (Fig. 2). This is consistent with the finding that
the color of the purified ATB17 is orange while that of
ATBSN or WT is yellow.

The most reasonable explanation for the above findings
would be as follows: In ATB17, the P-hydroxyl group of the
Thrl42 side chain directly makes a van der Waals contact
with the indole ring of Trpl40. As a result, Trpl40 is
pushed against the pyridine ring of PLP. Enhanced n-n
interaction between Trpl40 and PLP would give rise to the
absorption bands of ATB17 above 500 nm. The Serl39Gly
mutation in ATB17 would increase the flexibility of the
Prol38-Thrl42 loop, enabling the backbone of the loop to
change its conformation to release the structural strain
caused by the Asnl42Thr mutation. These adjustments
widen the space above Trpl40 and make it possible for the
substrate binding pocket to accommodate the bulkier side
chains of (^-branched substrates. The hydrogen bond be-
tween Trpl40 and the side chain of the dicarboxylic sub-
strate cannot be formed in ATB17 because of the above con-
formational changes, which explain the decreased activity
of ATB17 for dicarboxylic substrates.

The tertiary and quaternary structures of ATB17-isoval-
erate were significantly changed compared to those of the
WT-maleate complex. Although the higher-order structure
of the ATBSN-glutarate or ATBSN-succinate complex is
similar to that of the WT-maleate complex, it is still not
clear whether the structural difference between ATB17 and
ATBSN (or WT) is caused by the two residues or by the dif-
ference in the bound analogs, because the structure of free
ATB17 or that of the ATB17-dicarboxylic analog cannot be
obtained

Substrate Specificity ofATBSN—-The catalytic efficiency
of ATBSN for glutamate or 2-oxoglutarate improved to the
level of WT. In particular, the K^ values are smaller than
those of WT (Table I). The turnover rate for the overall
transamination reaction of ATBSN with aspartate and 2-

oxovaline is smaller by about 100-fold than the value esti-
mated from the rate constants for the half transamination
reactions. This indicates that the rate-limiting step differs
between the overall and half transamination reactions. The
release of oxalacetate from the PMP form of ATBSN, the
products of one of the two half transamination reactions
comprising the overall reaction, may be the rate-limiting
step in the overall transamination reaction. This idea is
supported by the extremely high affinity of ATBSN for
oxalacetate (K^ « 50 uM) or C4-dicarboxylic analogs
(Table II). Thus, it is possible that the catalytic efficiency
for aspartate or oxalacetate is also increased by the two
mutations, although the kinetic parameters could not be
determined experimentally.

As shown in Fig. 1, an aminotransferase, ATBSN, with a
broad substrate specificity was unexpectedly obtained,
which shows higher catalytic efficiencies for all the amino
acid substrates than in the case of WT. The most character-
istic feature of ATBSN is its small K^ values for the sub-
strates, which is reflected in the small K^ values for analogs
(Table II). Although this must be due to the influence of the
other 15 substitutions, the mechanism through which the
substrate binding is enhanced in the case of ATBSN
remains to be elucidated.

Binding Mode of a C5-Dicarboxylic Analog—So far, no
detailed analysis of the reaction of AspAT with glutamate
has been performed, and thus there is no experimental evi-
dence that the reaction with glutamate proceeds via the
same reaction mechanism as that proposed for the reaction
with aspartate. As for the glutamate-binding step, it is not
clear if the enzyme structure is changed to a closed form or
if the side chain carboxylate of glutamate interacts with
Arg292 in the same way as that of aspartate does. To settle
these long-standing controversies, several attempts have
been made to determine the structures of the AspAT-C5
dicarboxylate complex (18-21). In those studies, (i) AspATs
were cocrystallized with C4-dicarboxylic analogs and
washed free of the analogs, and then the crystals were
soaked in a solution containing C5-dicarboxylic ligands (18,
20); (ii) an apo AspAT was cocrystallized with 5'-phospho-
pyridoxyl glutamate (19), but the structure obtained does
not necessarily represent the correct binding mode of
glutamate because the glutamate moiety of this PLP deriv-
ative is forced into the substrate-binding site due to the
high binding energy of its PLP moiety; and (iii) the PMP-
form AspAT was cocrystallized with glutarate, but in this
structure the C2 atom of glutarate is not located in a
proper position to form an external Schiff base with the
coenzyme, indicating the possibility that the complex is not
a productive one (21). Because of the high affinity of
ATBSN for glutamate and its analog (Tables I and LI), we
could cocrystallize it with glutarate and determine the
structure of the complex that would reflect the productive
Michaelis intermediate.

A comparison of the structures of the WT-maleate,
ATBSN-succinate, and ATBSN-glutarate complexes (Figs.
3 and 4, B and C) revealed the following: First, the gross
structures of the three complexes are almost identical. That
is, the structure of the glutamate-bound enzyme, just like
that of the aspartate-bound enzyme, is a closed form. Sec-
ond, in all three structures, Arg292 interacts with the side-
chain carboxylate group of the substrate analogs. As for the
binding mode of a C5-dicarboxylic ligand, similar results
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were previously obtained for the ketimine form of AspAT,
that was obtained by soaking crystals of the PLP-form of
AspAT in a solution containing glutamate (20). The find-
ings in this study, although obtained for a mutant enzyme,
support that AspAT binds glutamate and aspartate in a
similar way and that the proposed reaction mechanism can
also be applied to the reaction with glutamate.
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