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ABSTRACT. Branched-chain amino acid aminotransferase (BCAT), which has pyridogdidsphate as a
cofactor, is a key enzyme in the biosynthetic pathway of hydrophobic amino acids (leucine, isoleucine,
and valine). The enzyme reversibly catalyzes the transfer of the amino group of a hydrophobic amino
acid to 2-oxoglutarate to form a 2-oxo acid and glutamate. Therefore, the active site of BCAT should
have a mechanism to enable recognition of an acidic amino acid as well as a hydrophobic amino acid
(double substrate recognition). The three-dimensional structurEsatferichia coliBCAT (eBCAT) in

complex with the acidic substrate (glutamate) and the acidic substrate analogue (glutarate) have been
determined by X-ray diffraction at 1.82 and 2.15 A resolution, respectively. The enzyme is a homo hexamer,
with the polypeptide chain of the subunit folded into small and large domains, and an interdomain loop.
The eBCAT in complex with the natural substrate, glutamate, was assigned as a ketimine as the most
probable form based upon absorption spectra of the crystal complex and the shape of the residual electron
density corresponding to the cofactaglutamate bond structure. Upon binding of an acidic substrate, the
interdomain loop approaches the substrate to shield it from the solvent region, as observed in the complex
with a hydrophobic substrate. Both the acidic and the hydrophobic side chains of the substrates are bound
to almost the same position in the pocket of the enzyme and are identical in structure. The inner side of
the pocket is mostly hydrophobic to accommodate the hydrophobic side chain but has four sites to coordinate
with the y-carboxylate of glutamate. The mechanism for the double substrate recognition observed in
eBCAT is in contrast to those in aromatic amino acid and histidinol-phosphate aminotransferases. In an
aromatic amino acid aminotransferase, the acidic side chain is located at the same position as that for the
aromatic side chain because of large-scale rearrangements of the hydrogen bond network. In the histidinol-
phosphate aminotransferase, the acidic and basic side chains are located at different sites and interact
with different residues of the disordered loop.

Aminotransferases, which are pyridoxal-ghosphate  Scheme 1
(PLPY)-dependent enzymes, reversibly catalyze a transami-p1p-enzyme +a-amino acid 1 === PMP-enzyme + 2-oxo acid
nation reaction, which consists of essentially the same two
half reactions (Scheme 1)) Theo-amino group of amino ~ FMP-enzyme+2-oxoglutarate
acid 1 is transferred to the PLP to give a pyridoxamife 5
phosphate (PMP) and 2-oxo acid of the amino acid. Next,

PLP-enzyme + glutamate

2-oxoglutarate accepts the amino group of PMP to yield
glutamate and regenerate PLP.

Usually, an aminotransferase has its ow#amino acid
T This study was supported in part by the following grants: Grant- (or amine) as the substrate in one of two half reactions and
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* Coordinates for eBCAT complexes with glutarate and glutamate ; ;
have been deposited in the RSCB Protein Data Bank as entry 11YD and properties, can be recognized from many other small

and 1IYE, respectively. molecul_es by_the_sophisticated design_pf the active site_ in
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1 Abbreviations: PLP, pyridoxal'Ephosphate; PMP, pyridoxamine by X-ray crystallographic studie2-4). In an aromatic amino
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another subunit of the dimer unit. hydrogen bond network of the active site without a confor-
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Scheme 2 (16, 17). In the case of a reversible reaction, a thermody-

glutamate namically stable form of the enzyme might accumulate

H } )\l\ resulting in the X-ray structure determination of the true
2 Y00 HH2N intermediate. In fact, the structures of the enzyme substrate
NH, (Lys -§ 2aCO0 complexes have been reported for aspartate and histidinol-

*HNE H *HN_H phosphate aminotransferasds 18).

Y "/'4 s = O-J%/\O Although the structures of eBCAT complexes with hy-

PLP-"\1 I3 | drophobic substrate analogues (2-methylleucine and 4-me-
TN 6 \EJr thylvalerate) have been determinedl), the interaction of

Michaelis complex External Aldimine eBCAT with an acidic substrate has not yet been investigated.

430 nm 430 nm The eBQAT complexed .with glutamate.or its analogue
should aid in understanding the mechanism for enzyme
substrate binding in aminotransferases, by comparing the

)\,\ double substrate recognition of eBCAT with that of an aro-

g "HyN ? H,N matic amino acid or histidinol-phosphate aminotransferase.
h coo h COO The X-ray analysis of eBCAsflutamate is the first structural
OW - 0>\/+;Nf - elucidation of a true intermediate in a fold type IV enzyme
_ | _ o giving the structural basis for catalytic action. We now report
HO 0~ the X-ray crystallographic studies of eBCéglutamate as
| N | Sy | ketimine and eBCAdglutarate as a Michaelis complex
H H model at 1.82 and 2.15 A resolution, respectively.
Quinonoid Intermediate Ketimine
500 nm 330 nm MATERIALS AND METHODS
Crystallization and Data CollectiorAll chemicals were
of the highest purity available from commercial sources. The
- Nj\l\ 2'°X°gl“taratf )\,\ expression of eBCAT, the purification of the expressed
= - COO H;N enzyme, and the crystallization of the purified enzyme have
'§>\/H\%'COO o>\/\|0( been reported elsewher&(( 11, 15). Briefly, the eBCAT
HN_ H HN_H in complex with the true substrate glutamate was crystallized
—_— O-/\%H/\O —_— %H/\Q using 40 mg/mL protein solution and 42% (v/v) PEG400,
= PMP | | 200 mM MgCh, 50 mM glutamate, 100 mM Na-HEPES,
NG N7 pH 7.5, as the reservoir solution to yield colorless crystals.
H : ; . :
. . . . The eBCAT in complex with glutarate was crystallized using
Carl%%)ls;une Mwhgggsnfgmplex the same procedure as that for the glutamate complex except

that 50% (v/v) PEG400 and 100 mM glutarate were used

mational change in the backbone structure of the enzyme:sInStead of 50 mM g.lutamate to yield yellow crystals.
(2, 3). In contrast, histidinol-phosphate aminotransferase 1 he X-ray diffraction data sets for the eBCAglutamate
recognizes the basic side chain of histidinol phosphate and@nd eéBCATkglutarate crystals were collected to 1.82 and 2.15
the acidic side chain of glutamate at different positions of A resolution at 100 K on the BL41XU station at SPring-8
the active site by an induced fit mechanism utilizing the (Hy0go, Japan), respectively. Both crystals belonged to space
flexible loop of the enzyme4). group C222; and had the following cell dimensions =
Most of the PLP-dependent enzymes are classified into 154.6,b = 98.9, andc = 138.8 A for eBCAkglutamate
four distinct fold types %, 6). The fold type IV enzyme is ~ @nda=154.3b=99.0, andt=138.6 AforeBCARglutarate.
characterized by proton transfer on tresface of PLP, in There are three subunits in the asymmetnc un_lt, and
contrast to thesi-face specificity of proton transfer in the ~@Pproximately 54% of the crystal volume is occupied by
enzymes of other fold typed<12, 14). The branched-chain solvent. All data were processed and scaled using the
amino acid aminotransferase (BCAT) belongs to the fold type Programs DENZO and SCALEPACKLY) (Table 1).
IV and is specific for hydrophobic amino acidsioleucine, Structure DeterminatioriThe initial phases computed from
L-leucine, and -valine) and.-glutamate {5). Thus, BCAT the structure of the unliganded form, except for the PLP
has the capability to recognize not only a hydrophobic side cofactors and solventd(), were applied to the diffraction
chain but also an acidic side chain. The BCAT from data between 10 and 2.4 A for both complexes, resulting in
Escherichia colileBCAT) is a homo hexamer, which is an  @n Rucor Of 0.36 for eBCA®glutamate and 0.34 for
assembly of three dimer units around a 3-fold axis. Each eBCATeglutarate. Difference Fourier maps of the active sites
subunit consists of 308 amino acid residues with a molecularwere calculated, and the large electron densities were
weight of 31 500 Da and contains a bound PLP as a cofactor.assigned to the cofactor, glutarate, and glutamate (Figure 1)
The eBCAT catalyzes a reversible transamination reaction (20).
between the hydrophobic amino and thiketo acids. The In the eBCABglutamate, the spectra of the colorless
reaction of eBCAT with glutamate proceeds from a Michaelis crystal showed a loss of absorption at 430 nm and a new
complex in PLP form through an external aldimine, a absorption band at 330 nm (Figure 2). Thus, the glutamate
quinonoid intermediate, a ketimine, and a carbinolamine to complex should be one of ketimine, carbinolamine, and the
a Michaelis complex in PMP form as shown in Scheme 2 PMPs2-oxoglutarate forms shown in Scheme 2. The residual
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Table 1: Data Collection and Refinement Statistics

crystal ketimine glutarate
data collection
resolution (A) 1.82 2.15
no. of reflections
unique 92 593 58 165
observed 534 649 324 820
completeness (%) 97.5 (99%8) 99.5 (96.8%
Rmerge (%0)° 5.5(16.7} 7.0 (19.5%
refinement

resolution limits (A) 19.961.82 19.96-2.15
Reactor (%) 20.9 (26.3) 20.5(25.9
Riree (%) 23.9(30.1 24.2 (30.6)
deviations
bond lengths (A) 0.006 0.007
bond angles (deg) 1.35 1.35
mean B factors
main-chain atoms (3 19.8 23.9
side-chain atoms 22.0 25.8
heteroatoms (A 19.0 24.4
water atoms (A 25.7 24.9

aThe values in the parentheses are for highest resolution shells
(1.89-1.82 A) in the glutamate complex and (2:22.15 A) in the
glutarate comple)(‘? Rmerge: thIZiIIhkl,i — <|hkl>|/2thZi|hkl,ix wherel
= observed intensity and<|> average intensity for multiple
measurements.

A i

=
6&5,{-_-,;3 e _;\,._K'
Ficure 1: (A) Stereoview of the B, — F. electron density map
calculated using data between 8.0 and 1.82 A resolution for
eBCATeglutamate. The electron density map shows the formation

of a covalent bond between glutamate and cofactor. (B) Stereoview . . .
of the 2, — F. electron density map calculated using data between cOmplexes. On the basis of the electron density maps, it was

8.0 and 2.15 A resolution for eBCAglutarate.

electron density of glutamate is connected to thé &@dm

of the cofactor, indicating that glutamate is covalently bound
to the cofactor. The glutamateofactor bond structure was
thus assumed to be ketimine or carbinolamine. The ketimine
form showed a good fit to the electron density, butdh@©H
group of carbinolamine could not be fitted into the electron
density. Therefore, the glutamateofactor bond structure
was assigned to be ketimine as the most probable form.

The missing region (Gly127-Glu133) of the interdomain
loop in the unliganded form was distinctly located ofra
— Fc. map of eBCABglutamate and eBCAeDlutarate. The
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FIGURE 2: Absorption spectra of eBCAT crystal in the absence
(thick line) and the presence (thin line) of substrate glutamate at
pH 7.5 and 100 K.

water molecules that had thermal factors above 3@ifer
refinement were removed from the list. Model building and
refinement cycles resulted in @ctor Of 0.209 andRyee Of
0.239 using 92 560 reflection$={ > 20(F.)] between 20
and 1.82 A resolution for the eBCAglutamate complex
and in anRecior Of 0.205 andRyee Of 0.242 using 56 634
reflections F, > 20(F,)] between 20 and 2.15 A resolution
for the eBCATeglutarate complex2l) (Table 1).

Spectrophotometric Measuremerfthe crystal absorption
spectra of the native eBCAT and eBCAT in complex with
glutamate were recorded with a spectrophotometer at 100 K
in the laboratory of the Division of Bio-crystallography
Technology (RIKEN Harima Institute, Hyogo, Japan). These
were normalized by the crystal thickness. The free enzyme
exhibited a 430 nm absorption band characteristic of the in-
ternal aldimine form of the enzyme. The enzyme in complex
with glutamate exhibited a new absorption band at 330 nm
with the disappearance of the 430 nm absorption (Figure 2).

Quality of the StructuresThe final models for the two
complexes comprise 8 304 residues (three N-terminal resi-
dues and one C-terminal residue of each subunit were not
visible), three PLPs, and 500 water molecules for eB&€AT
glutamate and 311 water molecules for eBGglttarate.
The main-chain atoms of the three subunits in the asymmetric
unit were superimposed using the least-squares method fitting
with an rms deviation of 0.25 and 0.25 A with a maximum
deviation of 1.29 and 1.05 A for eBCAglutamate and
eBCATeglutarate, respectively. This result indicates that the
overall structures of the three independent subunits are quite
similar. The average thermal factors of the main-chain atoms
(N, Ca, C, O) in the three subunits are 20.3, 20.3, and 15.8
A2 for eBCATeglutamate and 25.7, 25.7, and 20.3 far
eBCATeglutarate.

Analysis of the stereochemistry with PROCHECR2)
showed that all the main-chain atoms except for Glu260 fall
within the generously allowed regions of the Ramachandran
plot for the eBCA®glutamate and the eBCAdlutarate

confirmed that the conformations of Glu260 were correct.
Structure diagrams were drawn with the programs Molscript
(23), Bobscript 24), and Raster3D25).

RESULTS AND DISCUSSION

Overall Structure The overall structures ofthe eBCAgdluta-
mate and the eBCAsplutarate complexes are quite similar
to those of eBCA¥4-methylvalerate or that of eBCAZ-
methylleucine {1). The enzyme is a homo hexamer (a trimer
of dimers). The subunit structure of eBCéglutamate is
shown in Figure 2. The overall structure of the subunit is
essentially the same as those of bsDAAT %) andE. coli
4-amino-4-deoxychorismatd 4), which also belong to the
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e f  small domain unliganded form, displays an ordered structure as the lid of
P the active site and shields the glutamate from the solvent
region. The glutamate binding induces a directional change
of Arg40 from the solvent side to the active site region. The
Y guanidino group of glutamate interacts with the main chain
carbonyl groups of Thr257 and Ala258 of tifeturn and
with those of Trp126 and Gly127 of the interdomain loop
as observed in eBCAsB-methylvalerate or eBCAeR-
methylleucine (Figures 4B and 5). Arg4d0 may play an
important role in the induced fit of the interdomain loop by
bridging thes-turn and the interdomain loop. The cofactor
forms a new covalent bond with the glutamate in place of
the catalytic residue Lys159. The released amino group of
FiGURE 3: View of the subunit structure in eBCAT in complex Lys159, which shuttles protons on the-face side of the
with glutamate. The shaded and open ribbons represent the largecofactor, forms hydrogen bonds with the hydroxy group of
and the small domains, respectively. The interdomain loop and the Tyr164 and O3- of the cofactor, which would decrease the
loops from the other subunit of the dimer unit are shown by the f | | of the eBCATIUL t lex in th

full ribbons. The cofactorglutamate bond structure is drawn by re(_a e_nergy evel orthe e glutama e,CQmD ex_ln e
the ball-and-stick model. ketimine form. In the aspartate and ornithine aminotrans-
ferases 26—34), tyrosine and threonine take the place of
Tyrl64, respectively, which are on the phosphate group side
of PLP. One of thex-carboxylate oxygen atoms of glutamate

cofactor
—glutamate

fold type IV group. The polypeptide chain of the subunit is
folded into the small domain (N-terminal to Tyr124 and Leu-

303 to GIn308) characterized by théj3 structure, the inter- .
. . _ forms a hydrogen bond with the hydroxyl group of Tyr95,
domain loop (Pro125 to Glu136), and the large domain (Gln and the other is involved in three hydrogen bonds with the

137 to Trp302) characterized by a pseudo barrel structure.” :
The cofactor and the substrate glutamate are bound to them%n'(:,?ha'\?vglHogrOUpfStﬁf Thr2é-,7 alnC: Ala258 at y}[hﬂjrn f
bottom of the active site cavity between the small and the and wi - ONe of the-carboxylale oXygen atoms o

large domains of one subunit and two loops from the small glutamate interacts with the 9uanidino group qf Arg97 and
domain of the other subunit form one side of the active site. (e Nydroxy group of Tyr31*, and the other is hydrogen
Thus, the active site comprises residues from both domainsPonded to the hydroxyl group of Tyr129 of the interdomain
of one subunit and the small domain of the other subunit. 00P @nd the main-chain NH group of Val109*.
The interdomain loop, which is disordered in the unliganded  The pyridine ring of PLP rotates by about®2&ound the
form of eBCAT (11), has an ordered structure that ap- N1—C6 bond toward the solvent side as compared with that
proaches the substrate and hangs over the active site entrance the unliganded enzyme to form a direct bond with the
Active Site of eBCAsGlutamate as the True Ketimine glutamate located on thei-face of the cofactor. The 30
Intermediate.The active site structures of the unliganded rotation of the PLP ring around the NT6 bond was also
eBCAT and eBCA®%glutamate are shown in Figure 4A,B, observed in eBCA®2-methylleucine as the external aldimine
respectively. The hydrogen-bonding scheme of the active sittmodel. The torsional angle of GX4—C4—N of the
in eBCATeglutamate is displayed in Figure 5. In the cofactorglutamate bond structure is 4@0° in eBCATe2-
reversible reaction of an enzyme, there is a possibility that methylleucine). The rotation of the PLP ring allows the
the thermodynamically stable intermediate is captured using approach of the O3- of PLP to the hydroxy group of Tyr164
crystals obtained by soaking the native crystals in solutions tg induce a fairly large movement of the side chain of Tyr164
containing the substratesld) or by cocrystallizing the  (11). The side chain of Tyrl64 moves from thiface side
enzyme with the substrated)( The eBCAT was cocrystal-  of the cofactor to thee-face side to maintain the hydrogen

lized with an excess of the substrate glutamate to yield crys-ponq with 03-. As a result of this, the hydroxy group of
tals of a true intermediate complex. The major component Tyrl64 interacts with the released Lys159.

of the glutamate cofactor bond structure was assigned to . . . .
be ketimine based on the spectra of the crystal and the agree- ACtive Site of the eBCAGlutarate as a Michaelis
ment between the substrate model and the residual electror-CMpPlex ModelThe active site structure of eBCAglutarate
density (see Materials and Methods). The eBGdilitamate Is shown in F|gu_re 4C. The glutarate is a _substrate analogue
presents an excellent model of the complex structure free Where thea-amino group of glutamate is replaced by a
from the bias caused by structural differences between hydrogen atom. The location and conformation of the PLP
substrate analogues (or inhibitors) and the true substratesSchiff base are quite similar to those in eBGATmeth-
Upon binding with glutamate, Arg40, Tyr164, and the Ylvalerate. The torsional angle of €€4—C4—N in the
interdomain loop significantly change their arrangements, PLP—Schiff base bond is-13° (4° in eBCATe4-methylval-
while other residues retain their locations because the erate), which shows that the internal aldimine bond (Schiff
residues of eBCAJglutamate fit the corresponding residues base, C4= N) is essentially coplanar with the PLP ring to
in the unliganded eBCAT with an rms deviation of 0.2 A form a PLP-Schiff base conjugate system. The substrate
and a maximum displacement of 0.9 A when Arg40, Tyr164, analogue glutarate is located on idace of PLP with one
and the interdomain loop are neglected (Figure 4A,B). The of the Gu hydrogen atoms of glutarate directed toward C4
binding of glutamate liberates two out of five water of the Schiff base in PLP. The- andy-carboxylates of the
molecules located in the active site of the unliganded enzymeglutarate occupy positions similar to the corresponding
(10, 11). The interdomain loop, which is disordered in the groups of the glutamate in the ketimine intermediate, forming
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Ficure 4: Stereoview of the active site in eBCAT. The front and back of each figure are the solvent side (entrance of the active site) and
the protein side (bottom of the active site), respectively. (A) A close-up view of the active site of the unliganded eBCAT. The loops
(orange) carrying Y31* and V109* of the small domain of the other subunit participate in the formation of the active site. The active site
residues and PLP (yellow) are shown by a ball-and-stick model. The interdomain loop is missing because the region is disordered. (B) A
close-up view of the active site of eBCAT in complex with glutamate. The missing interdomain loop in the unliganded form showed its
ordered structure (red) on the active site and is displayed with Trp126 and Tyr129. The cofactor and glutamate bond structure is colored
yellow. Omit electron density map is contoured at a d.®vel. (C) A close-up view of the active site of the eBCAT in complex with
glutarate. The glutarate and the cofactor are yellow. Omit electron density map is contoured atlavelo

hydrogen bonds with the neighboring residues in the sameexcept for Tyrl64, indicating that the active site structure

manner as observed in eBCéglutamate. surrounding the cofactor and the substrate (or the analogue)
The active site residues of eBCaAglutarate fit the is quite similar in both complexes (Figure 6A). The super-

corresponding residues in the unliganded eBCAT with an position of the active site residues between eBegidtarate

rms deviation of 0.4 A when Arg40 and the interdomain loop and eBCA®4-methylvalerate as a Michaelis complex model

are not included. The rms deviation of the active site residuesand between eBCAsglutamate and eBCAsR-methylleucine

between eBCAdglutarate and eBCAshlutamate is 0.5 A as the cofactersubstrate adduct model are shown in Figure



3730 Biochemistry, Vol. 42, No. 13, 2003 Goto et al.

transferase4) has been elucidated. In the aromatic amino
acid aminotransferase, the aromatic and acidic side chains
are located at the same place of the active site but are en-
closed in different surroundings by the large-scale rearrange-
ment of the hydrogen-bond network of the active site. In
the histidinol-phosphate aminotransferase, the basic and aci-
dic side chains of histidinol phosphate are located at different
recognition sites and are accessed by different residues of
the disordered loop in the unliganded enzyme. The mecha-
nism for the recognition of eBCAT is different from that of
either an aromatic amino acid or a histidnol-phosphate
aminotransferase. In eBCAT, the identical pocket, which is
hydrophobic overall with relatively localized hydrophilic
sites, can accommodate the hydrophobic and acidic side
chains of the substrates at approximately the same position.

F ) I . The active site structure of hmBCAT inhibited by Tris,
IGURE 5: Schematic diagram showing hydrogen bond and salt S .
bridge interactions of the active site residues in eBegitamate. ~ Where Tris is covalently bonded to the pyridoxal and the
The Gx=N double bond of the cofacterglutamate adduct is broken ~ catalytic Lys, has been compared with that of eBGglTita-
for clarity. Putative interactions are shown by the dotted lines if mate (L2). All the active site residues depicted in Figure 5
the acceptor and donar are less than 3.3 A'apart. Water moleculesgre conserved in hmBCAT except for Arg40 (Lys in
(W4 and W5) and the hydrogen bonds associated with the phOSphatEhmBCAT), Gly196 (Thr), and the interdomain loop. The
group of PLP are omitted for clarity. . . ? .

active site residues of eBCAT except for the residues from
6B,C, respectively. The main-chain folding and the side- the interdomain loop were superimposed onto the corre-
chain arrangement of the active site residues are essentiallysponding atoms of hmBCAT with rms deviations of 0.53 A
the same among eBCAT complexes with glutarate, glutamate,for Ca. atoms and 0.67 A for main-chain and side-chain
4-methylvalerate, and 2-methylleucine, although the side atoms of the conserved residues. This indicates that not only
chains of Tyr129, Tyrl64, and Val109* show significant the active site folding but also the arrangements of the active
deviations. This is because the corresponding residues aresite residues are quite similar between eBCAT and hmBCAT.
superimposed by a least-squares method among thesdherefore, it is reasonable to assume that the substrates bound
complexes with an rms deviation of 6:8.5 A. to the active sites of hmBCAT are recognized in a similar

Double Substrate Recognitiohhe eBCAT recognizes the way as that observed in eBCAT. The primary sequence of
hydrophobic amino acids and glutamate, which are different nmBCAT is characterized by additional 39 N-terminal
in shape and properties, using the same active site. Theresidues as compared with that of eBCAT. Interestingly, the
mechanism for the double substrate recognition in eBCAT phenyl ring of Phe30 belonging to the additional residues
has now been determined. On the approach of a substrate toeplaces the indole ring of Trp126 of the interdomain loop
the active site, itsi-carboxylate and side chain groups bind in eBCAT and partially covers the active site cavity. The
to the phosphate side and the O3- side of the cofactor,interdomain loop of hmBCAT has an ordered structure not
respectively, by liberating two water molecules. Tdxear- only in the native form but also in the complex with Tris,
boxylate of a substrate is recognized by the hydroxy group and its location and conformation is considerably different
of Tyr95 polarized by the coordination of Arg97 and the from thatin eBCAT. Thus, the interdomain loop of hmBCAT
main-chain NH groups of Thr257 and Ala258 at ffwurn. might behave differently from that of eBCAT. However, this
Arg40 interacts with the main-chain carbonyl groups of the assertion can only be validated by the X-ray crystallographic
B-turn, thus activating the main-chain NH groups on the other determination of hmBCAT in complex with a substrate or a
side (Figure 5). substrate analogue.

The binding pocket for the side chain of a substrate amino  The orientation of the cofactor in bsDAAT belonging to
acid is formed by Phe36, Arg97, Trpl126, Tyrl29, Tyrl64, the fold type IV enzyme is the same as that in BCAT, while
Tyr31*, and Val109*. The bulky side chain of a hydrophobic the substrate bound to bsDAAT is rotated by 18&fs
amino acid is encapsulated in this pocket and primarily compared with that in BCAT, indicating that the substrate
interacts with the aromatic rings of the surrounding residues. a-carboxylate and side chain in bsDAAT are on the O3-
The inner surface of the binding pocket is mostly hydro- and phosphate group sides of the cofactor, respecti8ety (
phobic but has four sites to encircle and recognize the 11). Most of the active site residues of bsDAAT necessary
y-carboxylate of the glutamate: the guanidino group of for substrate recognition are not conserved in eBCAT or
Arg97, the hydroxy group of Tyr31*, the hydroxy group of hmBCAT, although the main-chain conformation is similar
Tyrl29 from the interdomain loop, and the main-chain NH between them1(0). The a-carboxylate ofb-Ala bound to
group of Vall09*. The acidic side chain of the glutamate, bsDAAT makes a salt bridge with Arg98* and interacts with
which is longer by one methylene group than the hydropho- Tyr31 and His100*. In eBCAT, Arg98*, Tyr31, and His100*
bic side chain, can make its terminal carboxylate approachare replaced by Met107*, Phe36, and Val109*, which are
within the hydrogen bonding distances with these four polar involved in the formation of the hydrophobic pocket. The
sites (Figure 5), resulting in a fully coordinatgetarboxyl- side-chain methyl group af-Ala is located in the neutral
ate: one salt bridge and three hydrogen bonds. pocket formed by Val33 (Gly38 in eBCAT), Thr241

The double substrate recognition in an aromatic amino acid (Thr257), and Thr242 (Ala258). The pocket is relatively large
aminotransferase?( 3) and a histidinol-phosphate amino- and may accommodate either hydrophobic or hydrophilic
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Ficure 6: Fitting of the active site residues by least-squares except for Tyrl64. (A) Superimposition between eBCAT complexes with
glutamate (blue) and glutarate (yellow). The active site residues are well-overlapped except Tyrl64. (B) Superimposition between eBCAT
complexes with glutamate (blue) and 2-methylleucineb (yellow). (C) Superimposition between eBCAT complexes with glutarate (blue) and
4-methylvarelate (yellow).

side chains, which is consistent with the wide spectrum of to 2-oxoglutarate is outlined (Figure 7)1). The mechanism
substrate amino acids for bsDAATY). The change in  for one half-reaction in DAAT has been proposed in terms
substrate specificity from arramino acid to the enantiomer, of three structures (native form, a complex with the reduced
a p-amino acid, can only be achieved through the replace- analogue of the external aldimine, and a PMP form of
ment of active site residues, without a change in the main- bsDAAT) (9).
chain fold of the active sitelQ, 11) The glutamate substrate approachesifiace of PLP with
MechanismOn the basis of the active site structures of its a-amino group directed toward the Schiff base of PLP.
the unliganded form, Michaelis complex models (eBCAT The a-carboxylate and the side chain of the substrate are
complexes with glutarate and 4-methylvalerate), the externallocated on the phosphate and the O3- sides of PLP,
aldimine model (eBCA#2-methylleucine), and the true respectively and are recognized as described above. Concur-
ketimine intermediate (eBCAglutamate), the stereochem- rently, the flexible interdomain loop approaches and encloses
istry of the reaction process (half-reaction) from glutamate the substrate to give the Michaelis complex (Figure 7A). In
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FIGURE 7: Stereoview of catalytic intermediate models of half transamination reaction. Putative hydrogen bonds are shown by dotted lines.
(A) Michaelis complex between PLP enzyme and glutamate.oFhgdrogen atom is attached taxGtom of the substrate. (B) External
aldimine (Schiff base between PLP and glutamate).d4mydrogen atom is attached tm@tom of the substrate. (C) Ketimine intermediate.

(D) Michaelis complex between PMP enzyme and 2-oxoglutarate.

this complex, PLP-Lys159 has essentially the same con- base is formed between PLP and the substrate (Scheme 2
formation as that observed in the unliganded form where and Figure 7B). The released Lys159 makes hydrogen bonds
the Schiff-base bond is coplanar with the pyridine ring of with Tyrl64 and O3- of PLP. Through this process, the
PLP. bound substrate does not change its location, while PLP
The C4 atom of PLP is activated by the protonation of rotates its pyridine ring about 3@round the N+C4 bond

the Schiff base and undergoes nucleophilic attack by the of PLP toward the solvent sidsi{face side). It is reasonable
substratex-amino group from thei-face side. Through the to assume that the cofactesubstrate adducts from the
tetrahedral intermediate, a new Schiff (external aldimine) external aldimine to ketimine have nearly the same confor-
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mation since the X-ray structure of the external aldimine 4.
model is essentially the same as that of the ketimine form.
The substrate-carbon is activated by the protonated Schiff
base and the protonated pyridine ring nitrogen. The amino
group of the catalytic Lys159 is in a favorable position to
shuttle protons to the €atom of the substrate and the'C4
of the cofactor: the distances between the amino nitrogen
of Lys159 and @ and C4 are 4.1 and 3.0 A and 4.3 and
3.0 A in eBCATeglutamate and eBCAR-methylleucine,
respectively. The deprotonated amino group of Lys159
abstracts am-proton of the substrate from the-side of
the cofactor yielding the quinonoid intermediate (Scheme 4
2). After a-proton elimination, Lys159 adds a proton to the
C4 atom of the quinonoid intermediate yielding the ketimine
intermediate (Figure 7C).

The ketimine intermediate is hydrolyzed to yield 2-oxo-
glutarate and PMP. A water molecule attacks tleea@om
of the substrate from thee-side of the cofactor to form the
carbinolamine (Scheme 2), which is cleaved to 2-oxoglutarate
and PMP (Figure 7D). Through the entire process shown in
Figure 7, the substrate is enclosed in the same surroundings
irrespective of whether it is hydrophobic or acidic, and the 15.
stereospecificity of the reaction is ensured by the fixing of
the a-carboxylate and side chain at their recognition sites.
The same reaction process will also apply to hmBCAZ) (
since the active site structures and most of the active site
residues are conserved between eBCAT and hmBCAT.
However, the location and conformation of the interdomain
loop of eBCAT seems to be different from that of hmBCAT,
resulting in the incomplete shielding of the bound substrate
from the solvent region (sd@ouble Substrate Recognitipn

The cofactor of eBCAT belonging to fold type IV directs
its re-face toward the protein sideetface specificity of the
reaction) in contrast to the PLP enzymes of fold type8lI
with si-face specificity. Consequently, tlhecarboxylate of
the bound substrate-amino acid is on the phosphate side
of PLP, resulting in a repulsive interaction because of a short
contact between thex-carboxylate and the phosphate
groups: 3.3, 3.8, 4.2, and 3.5 A in eBCAT complexes with
glutamate, 2-methylleucine, glutarate, and 4-methylvarelate.
The repulsive force, which is not favorable for substrate
binding, is relaxed if a proton lies between the two negative
groups. In the unliganded eBCAT, the internal aldimine bond
(Schiff base, C4= N4) is coplanar with the PLP ring
indicating that the protonated Schiff base is hydrogen-bonded
to O3- of PLP. On the approach of the substrate amino acid
to the active site, the protonatettamino group of the
substrate comes close to the protonated Schiff base. The
o-amino group of the substrate must then be deprotonated
to form a new Schiff base with PLP (Scheme 2). The
migration of the proton on the-amino group of the substrate
to the short contact pair between thecarboxylate and the
phosphate of PLP would reduce the electrostatic repulsion 31-
between the pair and render tleamino group of the 32,
substrate deprotonated.
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