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The X-ray crystallographic structure of the branched-chain amino acid aminotransferase
from Escherichia coli was determined by means of isomorphous replacement using the
selenomethionyl enzyme as one of the heavy atom derivatives. The enzyme is a homo
hexamer with A symmetry, and the polypeptide chain of the subunit is folded into two
domains (small and large domains). The coenzyme, pyridoxal 5'-phosphate, resides at the
domain interface, its re-face facing toward the protein. The active site structure shows that
the following sites can recognize branched-chain amino acids and glutamate as substrates:
(1) a hydrophobic core formed by Phe36, Tyrl64, Tyr31', and VallO9* for a branched-
chain; (2) Arg97 for an acidic side chain of glutamate; and (3) Tyr95 and two main chain NH
groups of Thr257 and Ala258 for the a-carboxylate of substrates. Although the main chain
conformation of the active site is homologous to that of D-amino acid aminotransferase,
many of the active site residues are different between them.

Key words: branched-chain amino acid aminotransferase, pyridoxal enzyme, substrate
recognition, three-dimensional structure, X-ray crystallography.

Transamination plays an important role in amino acid
metabolism. This reaction is catalyzed by aminotransfer-
ases, which require a pyridoxal 5'-phosphate (PLP) as a
cofactor. Aspartate aminotransferases (AspAT) from sev-
eral species have been extensively studied using biochemi-
cal, spectroscopic and X-ray crystallographic methods (1-
7). Recently, the three-dimensional structure of pyridox-
amine 5'-phosphate type D-amino acid aminotransferase
(D-AAT), which exhibits no primary sequence homology
with AspAT, has been solved (8). In spite of the different
folding of D-AAT and AspAT, several amino acid residues
essential for catalysis are commonly found in the two
enzymes (Fig. 1).

The branched-chain amino acid aminotransferase [EC
2.6.1.42] (BCAT) from Escherichia coli reversibly cata-
lyzes the transfer of a-amino groups of branched-chain
amino acids to 2-oxoglutarate to form glutamate. The
enzyme consists of six identical subunits, and each subunit
is composed of 308 amino acid residues with a subunit
molecular weight of 34,000, and has a covalently bound
1 This study was supported in part by a Grant-in-Aid for Scientific
Research [No. 08214212 (Priority Areas)] from the Ministry of
Education, Science, Sports and Culture of Japan, and a research grant
from the Japan Society for the Promotion of Science ("Research for
the Future Program").
* To whom correspondence should be addressed. Phone: + 81-6-605-
2557, Fax: +81-6-605-3131, E-mail: hirotsu@sci.osaka-cu.ac.jp
Abbreviations: AspAT, aspartate aminotransferase; BCAT, branch-
ed-chain amino acid aminotransferase; D-AAT, D-amino acid amino-
transferase; EMTS, ethyl mercury thiosalicylate; PLP, pyridoxal 5'-
phosphate; Tyr31*, the * indicates a residue from another subunit of
the dimer unit.

PLP (9, 10). BCAT exhibits a 28% amino acid sequence
homology with D-AAT, implying that the folding topology
of the polypeptide chains of the two enzymes are similar.
However, BCAT and D-AAT are different in subunit
assembly and substrate specificity (10). BCAT is in a
hexameric form, catalyzes the transamination of L-amino
acids, and is specific for branched-chain amino acids (L-
isoleucine, L-leucine, and L-valine) and L-glutamate, while
D-AAT is in a dimeric form, like AspAT, and catalyzes the
transamination of a wide range of D-amino acids.

In AspAT and other aminotransferases, the catalytic
Lys258 residue, which is the acceptor of a-proton of
substrates, extends its side chain toward the si-face of PLP
(1), while in D-AAT and BCAT, the proton transfer occurs
on the re-face of PLP, as shown in Fig. 1 (11). Because of
this re-face specificity, PLP in BCAT is expected to have
the same orientation relative to the lysine residue as that in
D-AAT. Therefore it is of great interest to compare the
three-dimensional structures of D-AAT and BCAT in order
to understand why, among L-amino acids, only branched
ones share the same enzymatic transamination mechanism
as D-amino acids. Here, we report an X-ray crystallographic
study of BCAT in the PLP form.

The wild type BCAT was expressed in Escherichia coli
(9, 10), and purified as previously described (12). Two
different crystal forms were obtained in the presence of 100
mM HEPES (pH 7.5) and 200 mM MgCl2 on vapor diffu-
sion of hanging drops with 28% w/v polyethylene glycol
(PEG) 400 as the precipitant. One belongs to the monoclinic
space group, C2, with cell dimensions of a= 135.1, b=
144.0, c= 102.9 A and /3 = 136.1'. The other, which is a
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Fig. 1. Schematic diagram of the orientation of the PLP-Schiff
base and catalytic residue Lye viewed from the solvent region.
The a -proton of the substrate, which is abstracted by the Lys, is
directed toward the inside of the active site pocket. The si-face of the
coenzyme points toward Lys in AspAT and the re-face in D-AAT.
BCAT has the same cofactor orientation as D-AAT (8), and the same

D-AAT BCAT
substrate orientation as that of AspAT. In AspAT, the a- and /?-
carboxylates of the substrate, Asp, are recognized by two Arg residues.
In D-AAT, the putative recognition sites for the tr-carboxylate and
side chain of the substrate are one Arg, one Thr, and three Ser
residues.

TABLE I.

Data set

Native
EMTS
SeMef

Data sets utilized for
Soak

conditions"

1.0 mM, 18 h

structure determination.
Maximum

resolution (A)
2.5
2.8
2.4

Unique
reflections
39,622
31,039
50,192

Completeness

83.5
91.7
91.8

5.9
8.2
5.1

ft,.,"

12.5
11.0

No. of
sites

3
21

Phasing
power0

0.9
0.7

"The soak time is given in hours (h). bi4,m = 5:||FpH|-|Fp||/2|Fp|, where |FPH| and |FP| are the derivative and native structure-factor amplitudes,
respectively. 'Phasing power is the ratio of the root mean square (r.m.s) of the heavy atom scattering amplitude and the lack of closure error.
"SeMet: selenomethionyl BCAT.

newly found form, belongs to the orthorhombic space
group, C222,, with cell dimensions of a = 156, 6=101, and
c= 142 A. Both crystals diffracted to 2.4 A with a Rigaku
RAXIS lie, and to 1.8 A with synchrotron radiation at the
Photon Factory, KEK, Tsukuba {13). The self-rotation
functions (14) computed with the native data for both
crystals indicate one non-crystallographic 3-fold axis and
two 2-fold axes consistent with the D3 symmetry of BCAT
having a crystallographic 2-fold axis and the presence of
three subunits in an asymmetric unit.

Although many chemicals were used to prepare heavy
atom derivatives for both crystal forms by means of
soaking methods, no good derivative for the initial phasing
was obtained except for the EMTS derivative of the
monoclinic one. Selenomethionyl BCAT (seven selenium
sites per subunit) was then prepared by overexpressing
p\JC119-UvE in DL41 (metA~) cells grown in the presence
of selenomethionine (15). The selenomethionyl protein was
purified and crystallized like the wild type, two polymor-
phic crystals which are isomorphous with the monoclinic
and orthorhombic forms of BCAT being obtained. The
monoclinic crystal thus obtained was used for the phase
determination.

Native data, BCAT-EMTS derivative data, and Se-Met-
BCAT data were collected with an R-AXIS He with

graphite-monochromated Cu-Ka X-rays (40 kV, 100 raA),
and processed and scaled using the programs, DENZO and
SCALEPACK (16), respectively (Table I). The scaling of
all data and map calculations were performed with the
CCP4 program suite of programs (14). Three mercury sites
were located using an isomorphous difference Patterson
map calculated for the EMTS derivative. The positions of
the 21 selenium sites were determined from difference
Fourier maps based on mercury phasing. Refinement of the
heavy atom parameters and calculation of the initial phases
to 3.0 A were performed with the program, MLPHARE
(14). The phases were significantly improved by the
process of solvent flattening (17), and local symmetry
averaging (28) with the program, DM (14). The resulting
map was of excellent quality and essentially the entire main
chain conformation of one subunit could be traced (19).
Those of the other two subunits in an asymmetric unit were
obtained by taking advantage of the local 3-fold axis.
Structure refinement was carried out by simulated an-
nealing and energy minimization with non-crystallographic
restraints using the program, XPLOR (20). The non-
crystallographic symmetry constraints were lifted after the
first round of refinement. The final iZ-factor and i?-free,
with 178 water molecules, were 18.8% for 37,577 reflec-
tions and 25.8% for 2,044 reflections, respectively, with
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(a)
Fig. 2. The overall hexameric structure of BCAT with the
shape of a triangular prism, showing the six subunits in
different colors. The cofactors are shown in yellow as ball and stick
models, (a) View of the molecule from the 3-fold axis. The upper half
of the triangular prism consisting of three subunits (green, red, and
purple) is related to the lower half by a 2-fold axis that is rectangular

(b)
to a 3-fold axis, (b) View of the molecule along the 2-fold axis at the
edge of the prism formed by the green and blue subunits. The 2-fold
symmetric dimer unit (green and blue) is shown in the center, with
another two dimer units (purple and orange, and red and gray) on the
two sides.

F>2(a(F)) between 10.0 and 2.5 A resolution. The final
model lacks 3 N-terminal residues and the loop (Glyl27 to
Glul36) connecting the two domains. Analysis of the
stereochemistry with PROCHECK (21) showed that 98.8%
of the main chain atoms fall within the allowed region of the
Ramachandran plot.

Figure 2 shows the overall hexameric structure of BCAT
having the shape of a triangular prism. One side of the
triangle is 87 A and the height of the triangular prism is 79
A. Each subunit in the hexamer interacts with the other
four subunits. Among these interactions, the marked one is
that between the two subunits related by the 2-fold axes at
the edges of the triangular prism with a surface area of the
subunit interface of about 5,400 A2. Thus, the hexamer can
be regarded as the assembly of three dimer units around a
3-fold axis. The folding of this dimer unit is very similar to
that of D-AAT as a dkneric molecule (8). Six active site
cavities of BCAT are positioned on the three rectangular
planes of the prism and face the solvent region.

Figure 3 shows a subunit structure with an ellipsoidal
shape, including two loops from the other subunit of the
dimer approaching the active site, PLP and the important
residues in the active site. The subunit is divided into one
small domain comprising the N-terminus to Trpl26 and six
C-terminal residues, and one large domain comprising
Glnl37 to Trp302. The small domain is characterized by an
open twisted antiparallel /3-sheet of six strands flanked by
two a-helices on one side, and the large domain by a pseudo
/?-barrel structure consisting of two mixed y9-sheets of five
strands surrounded by three a-helices. The overall subunit
structure is similar to that of D-AAT, except for the loop

regions on the molecular surface.
The coenzyme, PLP, resides at the domain interface and

at the bottom of the active site pocket. The active site
comprises residues from both domains of one subunit and
the small domain (two loops shown in red in Fig. 3) of the
other subunit of the dimer unit. Figure 4 ia a schematic
drawing of the active site structure of BCAT. The orienta-
tion of PLP in BCAT is identical to that in D-AAT but
different from that in AspAT (1, 8). Lysl59 lies on the
re-face of the coenzyme in BCAT, confirming the earlier
proposal that Lysl59 is the base located on the re-face of
PLP and abstracts a -protons (11). PLP of BCAT forms a
Schiff base with Lysl59, and is sandwiched between
Glyl96-Glul97 and Leu217 from above and below. Glul93
forms an ion pair with the protonated nitrogen atom of the
pyridine ring of PLP, and is considered to strengthen the
electron withdrawing effect of the pyridine ring of PLP as
an electron sink, as has been observed for Asp222 of AspAT
(22, 23). Tyrl64 is hydrogen bonded to 03 ' of PLP, which
is reminiscent of the fine-tuning effect of Tyr225 of AspAT
on the electronic state of PLP (24, 25). The two residues,
Lysl59 and Glul93, are also conserved in D-AAT. The
direct hydrogen bond between Tyr and 0 3 ' is not conserved
in D-AAT, but the hydrogen bond network, Tyr---H20---
03 ' , may be used in place of the direct one (8).

Upon binding of a substrate, PLP forms a new Schiff base
with the substrate, and an a-proton of the substrate is
directed toward the catalytic residue, Lys, indicating that
the side chain and a-carboxylate of the substrate bound to
the active site of BCAT are on the sides of 03 ' and the
phosphate group of PLP, respectively (Fig. 1). The most

Vol. 121, No. 4, 1997

 at Peking U
niversity on O

ctober 2, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/


640 K. Okada et al.

Fig. 3. The overall subunit structure of BCAT showing [}-
strands (green), a-helices (orange), and loops (white). The small
and large domains comprise the upper and lower parts of this figure,
respectively. PLP (yellow) is located at the bottom of the active site
pocket with its re-face toward the protein. The active site cleft is
constructed from residues from both domains of one subunit, and
residues (Tyr31* and VallO9*) from two loops (red) of the other
subunit of the dimer unit. Only selected residues of the active sites
are shown for clarity.

plausible recognition site for the hydrophobic side chain of
Leu, He, or Val as a substrate is the hydrophobic core
formed by Phe36, Tyrl64, Tyr31* (* means this residue is
from the other subunit of the dimer) and VallO9* (Fig. 4).
The corresponding candidate for the acidic side chain of Glu
as a substrate is Arg97, which forms a hydrophilic site with
Tyr31* and Tyr95. The hydrophobic recognition site is
adjacent to the hydrophilic recognition site due to its
sharing Tyr31*. The substrate will interact with one of
these two sites by adjusting its side chain conformation
without a large conformational change in the active site
residues, although, at the present stage, the details of the
recognition mechanism that distinguishes between the
hydrophobic and acidic side chains are unknown. At first
glance, the or-carboxylate of the substrate appears to be
recognized by Arg40, just like in the case of AspAT.
However, Arg40, which interacts with Glu260 and faces the
solvent region, is blocked from the active site pocket by the
wall formed by Tyr95 and the y3-turn comprising Gly256-
Thr257-Ala258-Ala259. An alternative candidate for the
a--carboxylate recognition site is three hydrophilic groups
comprising OH of Tyr95 and two main chain NH groups of
Thr257 and Ala258, which point toward the inner side of
the active site pocket. Preliminary X-ray analysis of the
BCAT in complex with 4-methylvaleric acid showed that
these three groups actually interact with the carboxylate of
the inhibitor (unpublished result).

When the active site of BCAT is compared with that of
D-AAT, almost all the residues of D-AAT necessary for
substrate recognition and other residues forming the active

HN^ (+

NH2

'(*
NHa

"XT'
H i / A258

T257

p-turn

CH3 N+

T E193

Fig. 4. Schematic drawing of the active site of BCAT. Only the
critical residues for the catalytic action and substrate recognition are
shown. The most plausible recognition sites for hydrophobic side
chains, acidic side chains, and a -carboxylate of the substrate amino
acids are shown in green, blue, and red, respectively.

site pocket can be seen not to be conserved except for the
catalytically-critical residues, Lysl59 and Glul93 (8). The
corresponding active site residues in the primary struc-
turesof BCAT and D-AAT are as follows: Tyr31* (Phe in
D-AAT), V109' (His), Phe36 (Tyr), Tyrl64 (Leu), Arg97
(Tyr), Tyr95 (His), Gly256 (Ser), Thr257 (Thr), Ala258
(Thr), Ala259 (Ser), Arg40 (Lys), Glyl96 (Ser), Glul97
(Ser), and Leu217 (Leu). Nevertheless, the main chain
conformation is conserved: the main chain atoms (66
atoms) of the active site residues of BCAT fit those in
D-AAT with an r.m.s. deviation of 0.54 A. This indicates
that the change in substrate specificity from an L-amino
acid to the enantiomer, a D-amino acid, can be attained only
through the replacement of active site residues, without a
change in the main chain conformation. From the viewpoint
of designing new functional proteins by means of protein
engineering, therefore, an enantiomeric change in sub-
strate specificity is expected to be difficult compared with a
change in the side chain specificity, because many residues
must be properly replaced.

The refinement of the structure of the orthorhombic form
at higher resolution using synchrotron radiation, and
structure determination of BCAT in complexes with 4-
methylvaleric acid and 2-methylleucine are in progress.
These studies will provide essential information for a
general understanding of the substrate recognition and the
reaction mechanism of aminotransferases.

We wish to thank Prof. W.A. Hendrickson of Columbia University,
and Prof. Y. Mitsui and Dr. T. Senda of Nagaoka University of
Technology for providing the new auxotrophic strain, DL41.
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