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X-ray crystal structures of three forms of human mitochon-

drial branched-chain aminotransferase (BCAT) were solved

by molecular-replacement methods, using Escherichia coli

BCAT as the search model. The enzyme is a homodimer and

the polypeptide chain of each monomer has two domains. The

small domain is composed of residues 1±175 and the large

domain is composed of residues 176±365. The active site is

close to the dimer interface. The 40-aldehyde of the PLP

cofactor is covalently linked to the "-amino group of the

active-site lysine, Lys202, via a Schiff-base linkage in two of

the structures. In the third structure, the enzyme is irreversibly

inactivated by Tris. The overall fold of the dimer in human

mitochondrial BCAT is similar to the structure of two

bacterial enzymes, E. coli BCAT and d-amino acid amino-

transferase (d-AAT). The residues lining the putative

substrate-binding pocket of human BCAT and d-AAT are

completely rearranged to allow catalysis with substrates of

opposite stereochemistry. In the case of human mitochondrial

branched-chain aminotransferase, a hydrogen-bond interac-

tion between the guanidinium group of Arg143 in the ®rst

monomer with the side-chain hydroxyl of Tyr70 in the second

monomer is important in the formation of the substrate-

binding pocket.
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1. Introduction

Branched-chain aminotransferase (BCAT; E.C. 2.6.1.42)

catalyzes the transamination of the branched-chain amino

acids leucine, isoleucine and valine to their respective

�-keto acids, �-ketoisocaproate, �-keto-�-methylvalerate and

�-ketoisovalerate. The enzyme requires pyridoxal 50-phos-

phate (PLP) as a cofactor to catalyze this reaction. BCAT

proteins have been puri®ed from a number of mammals and

bacteria; the cDNA sequences of BCATs from a large number

of species including rat, sheep and humans have become

available (Ichihara, 1985; Wallin et al., 1990; Hall et al., 1993;

Hutson et al., 1995; Schuldiner et al., 1996; Bledsoe et al., 1997;

Faure et al., 1999). Hutson and coworkers have established

that mammals contain both a mitochondrial and a cytosolic

form of the enzyme, while bacteria contain only one form of

the enzyme (Hutson et al., 1988, 1995; Davoodi et al.,

1998). The mitochondrial branched-chain aminotransferase

(BCATm) plays a signi®cant role in skeletal muscle glutamine

and alanine synthesis and in interorgan nitrogen metabolism

(reviewed in Harper, 1989). Recently, the BCAT isoenzymes

have received renewed interest because the anticonvulsant

drug gabapentin is a competitive inhibitor of the cytosolic

isoenzyme, which is localized almost exclusively in the central



nervous system (Hutson et al., 1998). The mitochondrial

isoenzyme, BCATm, is not a target of the drug. Since neuro-

transmitter pools of glutamate and -aminobutyric acid, which

is synthesized from glutamate, may be derived from metabolic

pools formed by BCAT (Hutson et al., 1998), it is thought that

inhibition of the cytosolic BCAT by gabapentin may be

important in the mechanism of action

of this drug (Welty et al., 1995; Hutson

et al., 1998).

Aspartate aminotransferases from

several species have been extensively

studied using biochemical and X-ray

crystallographic methods (Ichihara,

1985; McPhalen et al., 1992; Malash-

kevich et al., 1993, 1995; Jager et al.,

1994; Okamoto et al., 1994; Miyahara et

al., 1994). The structure of BCAT from

E. coli (Okada et al., 1997), the recent

structure of 4-amino-4-deoxychor-

ismate lyase from E. coli (Nakai et al.,

2000) and the structure of d-amino acid

aminotransferase (d-AAT; Sugio et al.,

1995) have provided insight into the

mechanism of both of these enzymes.

Although their substrates have

different stereochemistry, these

proteins are classi®ed as fold-type IV

PLP-dependent enzymes (Grishin et al., 1995). A unique

feature of this class of PLP-dependent enzymes, in contrast to

other PLP enzymes and the fold-type II aspartate amino-

transferases, is that the C-40 hydrogen transfer of the

coenzyme±substrate imine intermediate occurs on the Re face

instead of the Si face of the enzyme (Yoshimura et al., 1993).

Both the mitochondrial and cytosolic human BCATs have

been overexpressed and characterized by Davoodi et al.

(1998). The present paper describes the crystallization and

three-dimensional structure of human mitochondral BCAT

(BCATm) in three crystal forms. The monoclinic and ortho-

rhombic forms have the PLP covalently bound in the active

site. The trigonal form has Tris covalently linked to the PLP at

one end and to the active-site lysine at the other. Comparison

of the structures with that of the E. coli BCAT reveals key

similarities in the active site although

they share only 28.9% sequence iden-

tity. Further comparison with d-AAT

provides a deeper insight into the

method by which this class of PLP-

containing enzymes catalyses similar

reactions with substrates of opposite

stereospeci®city (Grishin et al., 1995).

2. Materials and methods

The expression of human mitochon-

drial BCAT in E. coli, removal of the

histidine tag by thrombin cleavage and

puri®cation of the expressed enzyme

have been reported by Davoodi et al. (1998). The recombinant

protein contains four additional residues at the N-terminus

(GSHM) (Davoodi et al., 1998). These residues were not well

de®ned in the electron-density map and are not included in

the BCATm structure or the numbered amino-acid sequence

alignment shown in Fig. 3.
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Figure 1
Active-site diagram showing Lys202 covalently linked to the PLP and a 2Fo ÿ Fc electron-density
map contoured at the 1.3� level after re®nement. Key residues interacting with the PLP are shown.

Figure 2
Active-site density of BCAT inhibited by Tris. The map was calculated
from a structure that does not contain Tris. This is the ®rst example in the
Protein Data Bank where a buffer has formed a covalent intermediate
with an enzyme active site.

Figure 3
Ribbon diagram of human BCATm generated using the program O (Jones & Kjeldgaard, 1997).



research papers

508 Yennawar et al. � Mitochondrial branched-chain aminotransferase Acta Cryst. (2001). D57, 506±515

Crystals of human recombinant BCATm were obtained

using the vapour-diffusion method with hanging drops at room

temperature. The drops consisted of 5 ml of protein solution

(pale yellow) and 5 ml reservoir. The drop was equilibrated

against 1 ml of the reservoir. The protein solution contained

2.5 mg mlÿ1 BCAT in a solution of 50 mM HEPES pH 7.0,

20 mM DTT and 50 mM EDTA. Crystals, some yellow in color

and some clear, grew readily in about 1±2 weeks in several

conditions using the Hampton crystallization reagent kit.

Yellow crystals grew in grids set up with 22±30% PEG 1500,

100 mM HEPES pH 6.9±7.2 and 20 mM DTT. The yellow

color is characteristic of an active site in which the PLP is

covalently linked to the catalytic lysine. Yellow crystals also

grew with 1.6 M sodium or potassium phosphate, 20 mM DTT

and 0.1 M HEPES pH 7.0 in the reservoir. These crystals were

of monoclinic form and exhibited P21 space-group symmetry.

There was a dimer in the asymmetric unit.

When HEPES was replaced by Tris in order to explore the

effect of higher pH on the yellow crystals grown from the PEG

1500 condition, the crystals that grew were colorless. The clear

color indicated that the enzyme had either lost the cofactor or

that some reaction involving PLP had occurred. Colorless

crystals suitable for diffraction experiments grew when the

reservoir consisted of 2.4 M ammonium sulfate and 20 mM

DTT in 100 mM Tris pH 8.2. Tris was the key molecule in

common with the PEG condition mentioned above that also

resulted in clear crystals. When characterized, these crystals

were found to belong to the trigonal space group P32, with a

dimer in the asymmetric unit.

Room-temperature data were collected from the yellow

monoclinic crystals using a Rigaku RU-200 rotating-anode

X-ray generator (operated at 100 mA and 50 kV) and an

R-AXIS II area detector. Indexing, integration, reduction and

scaling of the X-ray data were carried out using the program

DENZO (Otwinowski & Minor, 1996). Crystal data para-

meters are listed in Table 1. These crystals diffracted to 2.5 AÊ .

Low-temperature data (223 K) were collected from clear

crystals that had been ¯ash-frozen. The clear crystals were

soaked in a cryobuffer containing 10% each of glycerol and

glucose in the crystallization condition for about 12 h before

¯ash-freezing. The X-ray source used was a Rigaku RU-200

and data were collected using an R-AXIS IV area detector.

Indexing, integration, reduction and scaling of the X-ray data

were carried out using the program DENZO (Otwinowski &

Minor, 1996) as before. The resolution of the data, 2.3 AÊ , was

slightly better than with the PLP crystals. Since the starting

model for molecular replacement, E. coli BCAT, had low

sequence homology to the human enzyme, both this and the

earlier data sets were just suf®cient to solve the initial phase

problem but were not good enough to complete the re®ne-

ment.

In an attempt to obtain better crystals, more grids were set

up with the previously described PEG condition in an identical

fashion, with a freshly puri®ed batch of protein. Yellow crys-

tals grew as before but when characterized turned out to

belong to a different space group, orthorhombic P212121.

These were ¯ash-frozen with a soaking solution of the crys-

tallization condition having 10% glycerol added to it so as to

obtain a glassy freeze. Diffraction data to 1.95 AÊ resolution

were collected at the synchrotron source at the Advanced

Light Source on beamline 5.0.2 with a 2 � 2 array CCD

detector, using 1.071 AÊ wavelength radiation monochromated

with a double-crystal Si(111). DENZO and SCALEPACK

were used to reduce the data.

2.1. Structure determination

All the crystal forms have a dimer in the asymmetric unit.

Molecular-replacement attempts failed when a monomer of

E. coli BCAT or d-AAT or a dimer of d-AAT were used as

search models. A BCAT dimer search model was constructed

using a crystallographically related monomer of E. coli BCAT

(operator ÿx, 1
2 + y, ÿz; translation ÿ1, 0, ÿ1). The poly-Ala

backbone atoms of the dimer, when used as the input model in

the program AMoRe (Navaza, 1994) with the monoclinic data,

yielded a possible solution. This solution had a high R factor

(51.2%) and a poor correlation coef®cient (18.4), but it was

separated from other solutions. It was a challenging task to

re®ne this model, since the crystallographic and free R factors

after rigid-body and slow-cooling re®nement in X-PLOR

(BruÈ nger, 1992) were 52.5 and 53.2% at 3.2 AÊ and the maps

looked very noisy in O (Jones & Kjeldgaard, 1997; Kleywegt &

Jones, 1997). The phases needed to be improved considerably

in order to start building the model. The phase improvement

Table 1
Crystallographic data-collection and re®nement statistics for human
BCATm in the three forms.

Orthorhombic Monoclinic Trigonal

Space group P212121 P21 P32

Unit-cell parameters
a (AÊ ) 69.4 59.6 83.7
b (AÊ ) 105.0 111.6 83.7
c (AÊ ) 107.0 59.9 104.8
� (�) 90.0 90.0 90.0
� (�) 90.0 95.89 90.0
 (�) 90.0 90.0 120.0

No. of unique re¯ections 57217 27009 37970
No. of re¯ections re®ned 48329 21221 31159
Resolution (AÊ ) 1.95 2.5 2.3
Completeness (%) 83.8 78.6 82.1
Crystallographic R 0.22 0.16 0.21
Free R factor 0.26 0.22 0.27
No. of protein atoms 5812 5812 5812
No. of Tris atoms 0 0 14
No. of PLP atoms 30 30 30
No. of waters 273 197 212
Ramachandran plot

Core (%) 87.6 88.3 87.5
Allowed region (%) 12.2 11.6 12.1
Disallowed region (%) 0.2 0.2 0.5

Mean B factors
All atoms 33.9 26.6 18.7
Main chain 32.7 25.4 17.9
Side chain 35.0 27.8 19.5
PLP 27.3 19.8 19.2
Waters 35.5 28.8 19.5

R.m.s.d. from ideal
Bonds (AÊ ) 0.009 0.008 0.012
Angles (�) 1.584 1.332 1.708



began with several cycles of non-crystallographic symmetry

matrix re®nement along with rigid-body re®nement using the

program RESTRAIN (Howlin et al., 1993) from the CCP4

suite (Collaborative Computational Project, Number 4, 1994).

The resolution in RESTRAIN was gradually increased from

4.0 to 3.5 to 3.0 AÊ in each macrocycle. Further, the rigid-body

re®nement was progressively changed from dimer to

monomer to subunits to helices and sheets. Next the electron

density was modi®ed by utilizing the non-crystallographic

symmetry for density averaging of the dimer and solvent

¯attening using the program DM (Cowtan & Main, 1996).

After dozens of iterations of model building using O (Jones &

Kjeldgaard, 1997) and re®nement using X-PLOR (BruÈ nger,

1992) followed by density modi®cation using DM, the free R

factor and crystallographic R factor gradually decreased to 38

and 35%, respectively. At this point, there were still about 40

residues at the N-terminus missing from the model. Density

for these was not seen with the 2.5 AÊ data we obtained from

the monoclinic structure. In order to model this, the structure

of the trigonal form (using low-temperature data to 2.3 AÊ ) was

solved by molecular-replacement methods using the backbone

atoms of the E. coli BCAT poly-Ala dimer in the program

AMoRe. As before, the re®nement of this structure did not

progress beyond a free R factor and crystallographic R factor

of around 38 and 35%, respectively. The density for the

missing residues could still not be traced. There was a need for

higher resolution data. This was collected using a synchrotron

with crystals grown in the orthorhombic form.

Molecular replacement with the E. coli BCAT poly-Ala

dimer model which had solved the phase problem with the

monoclinic and the trigonal data did not give any solution with

the orthorhombic data. The partially re®ned trigonal form

BCAT structure, with many of the side chains modelled,

served as a good search model in molecular replacement when

either a monomer or a dimer was used. The correlation

coef®cient was as high as 35.8 with the monomer alone. The

molecular-replacement method unambiguously assigned the

space group to be P212121 and not any of the other possibilities

in the P222 family. Rigid-body

re®nement using AMoRe was

alternated by torsion-angle slow-

cooling re®nement in CNS

(Brunger et al., 1998) in three

increasing resolution steps, 4.0, 3.5

and 3.0 AÊ . The entire model was

scrutinized by composite omit �-

map calculation in CNS. The NCS

restraints on the dimer were then

relaxed and the 40 or so residues

at the N-terminus and the

remaining side chains could be

gradually modelled in subsequent

difference Fourier maps using the

program O. A 2Foÿ Fc map of the

active site unambiguously showed

a covalently bound pyridoxal 50-
phosphate (Fig. 1). Water mole-

cules were picked up on the basis

of the peak heights and distance

criteria from a 2Foÿ Fc map using

the water-picking routine in

CNS. Further model-building and

re®nement cycles resulted in an

Rfree of 26.0% and an Rcryst of

22.0% using 48 329 re¯ections to

1.95 AÊ with a 2� cutoff on F

(Table 1). The ®nal model

comprises 2 � 365 residues, two

PLPs and 273 water molecules.

The success of the approach is

remarkable, since the comparable

secondary-structure elements of

the main-chain atoms of E. coli

BCAT dimer with the human

BCATm comprise only 20.5% of

the atoms in the asymmetric unit.
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Figure 4
Sequence alignment of human BCATm, E. coli BCAT and d-AAT with double-underlined bold letters
representing helices and single-underlined letters in italics representing �-strands. The numbering of each
of the sequence is as indicated with the name.
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The r.m.s. deviation calculated using LSQKAB (Kabsch, 1976)

for this subset of atoms is 1.36 AÊ (Table 2). This demonstrates

that it is possible to use the molecular-replacement method to

solve very distantly related structures.

Using the re®ned model of the orthorhombic form, further

re®nement in the monoclinic form was continued. A few

iterations of CNS re®nement and model building in O,

followed by water picking, re®ned the structure to an Rcryst of

16% and an Rfree of 22% using 21 221 re¯ections to 2.5 AÊ

resolution with a 2� cutoff on F (Table 1). The ®nal model

comprises 2 � 365 residues, two PLPs and 197 water mole-

cules.

The orthorhombic form structure also helped in completing

the re®nement of the trigonal form. There were 212 water

molecules picked in total. Towards the ®nal stages of the

re®nement the electron-density maps at the active site were

most intriguing (Fig. 2). There was clearly very good density

for the PLP. In addition, there was also density covalently

linked to both the PLP and the active-site Lys NZ atom. The

extra density arises from a Tris molecule that has covalently

bridged the pyridoxal and the active-site lysine. The Tris

inhibition is observed in both the monomers. The structure

re®ned to an Rcryst of 21% and an Rfree of 22% using 31 159

re¯ections to 2.3 AÊ resolution (Table 1).

Analysis of the stereochemistry of all structures with

PROCHECK (Laskowski et al., 1993) showed that 99.5% of

the main-chain atoms fall within the core and generously

allowed regions of the Ramachandran plot. Ser2, Ser4 and

Gln316 are in the disallowed region of the Ramachandran

map. There is weak density for Ser2 and Ser4 and good density

for Gln316. None of these residues are close to the active site.

Owing to the difference in the resolution of the data and the

data-collection method, the temperature factors of the

orthorhombic form are consistently higher than the mono-

clinic and trigonal forms. However, the temperature-factor

pro®le as plotted versus residue number looks very similar.

3. Results

All the peptide bonds are trans except at Gly338±Pro339,

where the bond is cis in the monoclinic and trigonal forms. The

mature enzyme is a dimer, with 365 residues per subunit. Each

monomer is composed of a small domain (residues 1±175) and

a large domain (residues 176±365). The dimer interface

comprises 37 residues from domain 1 and 19 residues from

domain 2. 60% of the residues at the dimer interface are

hydrophobic. On dimerization a signi®cant percentage (28%)

of the total accessible surface area is buried (4631 AÊ 2). The

two PLP cofactors are located close to the dimer interface.

A ribbon diagram of the folding of human BCATm is shown

in Fig. 3. The small domain comprises four �-helices from

residues 6±10, 65±70, 92±107 and 113±132. There is a funnel-

shaped twisted �-pleated sheet from residues 11±12, 37±43,

52±55, 59±61, 73±75, 78±82, 88±91, 139±148 and 161±170 of the

small domain.

The large domain is built of four �-helices from residues

204±219, 268±282, 292±301 and 339±354. There is also a ten-

stranded antiparallel �-pleated sheet in each of the monomers.

Figure 5
Hypothetical reaction mechanism between human BCATm and Tris
leading to complete inactivation of the enzyme.

Table 2
Root-mean-square deviations of the coordinates of the main-chain atoms
of conserved secondary-structure elements between human BCAT, E. coli
BCAT and d-AAT monomers using the program LSQKAB (Kabsch,
1976).

R.m.s. deviation of
main-chain atoms (AÊ )

Human BCAT,
monomer A,
orthorhombic
form

Human BCAT,
monomer B,
orthorhombic
form

0.56

Human BCAT,
monomer A,
orthorhombic
form

Human BCAT,
monomer A,
monoclinic
form

0.69

Human BCAT,
monomer A,
orthorhombic
form

Human BCAT,
monomer A,
trigonal form

0.96

Human BCAT,
monomer A,
orthorhombic
form

E. coli BCAT,
monomer A

1.36 (for 20.5% of the
total structure omitting
side-chain atoms,
termini and loops)

Human BCAT,
monomer A,
orthorhombic
form

d-AAT,
monomer A

1.78 (for 20.5% of the
total structure omitting
side-chain atoms,
termini and loops)



The strands are between residues 182±185, 224±229, 234±238,

241±248, 254±258, 285±288, 305±311, 318±324, 329±331 and

362±364.

As seen from an analysis of the contacts using the program

CONTACT (Collaborative Computational Project, Number 4,

1994) and the symmetry-generated packing diagrams in O

(Jones & Kjeldgaard, 1997), the dimers in the three crystal

forms are packed quite differently. In the monoclinic form, the

two monomers are held together by six hydrogen bonds and 12

van der Waals contacts less than 3.5 AÊ (compared with ten and

13, respectively, in the orthorhombic form and eight and 12,

respectively, in the trigonal form). All of these interactions

involve side-chain atoms. In all three forms, the residues

involved in hydrogen bonding and aiding in holding the dimer

together are His69, Tyr70, Ser71, Gln73 and Arg143. As

discussed below, interaction between Tyr70 from the second

monomer and Arg143 of the ®rst monomer seem crucial for

the formation of the putative substrate-binding pocket

(Fig. 8a) and provide a structural explanation for the activity

of the enzyme as a dimer. There are additional hydrogen

bonds between the monomers in the orthorhombic and the

trigonal forms involving the side chains of Gln157, Trp194 and

Gln215.

Fig. 4 shows the alignment of human BCATm, E. coli BCAT

and d-AAT with secondary-structure elements marked for

each of the proteins. The overall folding topology of human

BCATm is very similar to that of E. coli BCAT and d-AAT.

However, on close inspection one can see changes in

secondary-structure elements. Of the six fairly long helices,

®ve have increased in length in human BCATm compared

with E. coli BCAT. Most obvious are the helices starting at

residues 113 and 292. There are 33 more residues at the

N-terminus, lengthening the �-sheet strands and extending

them by two more strands. Most of the loops have increased

lengths and altered conformations. The electron density for

the loop connecting the small domain and the large domain

(residues 172±179) is weak for monomer A but fairly good for

monomer B in both of the PLP forms. In the Tris-inhibited

structure the loops have much better

density. This loop was completely disor-

dered in the PLP form of the E. coli BCAT

structure (Okada et al., 1997).

None of the short helical stretches in

human BCAT have counterparts in the E.

coli BCAT structure and vice versa. Also,

the long helices have C� atoms deviating by

as much as 5 AÊ from the equivalent atoms in

the E. coli BCAT structure. The variability

in the length of the helices is also re¯ected in

the length of the strands. Short strands have

disappeared in one or other of the struc-

tures. Most of the �-strands are longer in

human BCATm compared with their coun-

terparts in E. coli BCAT and d-AAT. The

small domain in the E. coli BCAT has two

strands less compared with the small domain

in human BCATm and the large domain has

three strands less than the human BCATm

structure. The �-sheet regions superpose

better at regions away from the N-terminus,

wherein they lengthen quite a bit to incor-

porate the extra residues in the human

BCATm sequence.

3.1. The active site

The coenzyme, PLP, resides at the domain

interface and at the bottom of the active-site

pocket. Lys202 lies on the Re face of the

coenzyme, acting as the base to abstract the

�-proton. In the yellow crystals, the 40-
aldehyde of the PLP cofactor is covalently

linked to the "-amino group of the active-

site lysine via a Schiff-base linkage (Fig. 1).

Hydrogen bonds with the side chains of
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Figure 6
(a) Active-site superposition of E. coli BCAT (thinner bonds and smaller residue labels) with
human BCATm (thicker bonds and larger residue labels). The side chains are conserved and
their orientation is very similar. (b) Active-site superposition of d-AAT (thinner bonds and
smaller residue labels) with human BCATm (thicker bonds and larger residue labels). Only the
side chains interacting with the PLP are similar in nature and have comparable conformation.
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Glu237 and Tyr207 anchor the PLP ring tightly at the bottom

of the active-site cavity. Each of the terminal O atoms on the

phosphates are held in place by two to three hydrogen bonds.

The residues interacting with the phosphate O atoms are

Thr313, Arg99, Val269 and Val270. In addition, there are two

water molecules WAT1 and WAT21 (monomer A of ortho-

rhombic structure) hydrogen bonding.

In the colorless crystals, an unbiased electron-density

picture of the active site (Fig. 2) shows the convincing density

for the Tris inhibitor. Both the monomers are inhibited by Tris

in a similar fashion. The PLP ring is rotated by 18.6� and the

centroid of the ring moves by 0.3 AÊ compared with the PLP

structure to make room for the Tris atoms. This kind of ring

rotation is also seen in the structures of d-AAT (Peisach et al.,

1998) and AspAT (Rhee et al., 1997) with substrates. This

movement of the ring leads to changes in the conformation of

the two residues interacting directly with the ring, Glu237 and

Tyr207. While the plane of the carboxylate of the Glu237 side

chain rotates by almost 59.0� in the inhibited active site, the

bulkier ring of Tyr207 rotates subtly by 8.1�. Arg192, which is

interacting with Glu237 in the native structure, also rotates

somewhat so as to still be able to hydrogen bond with the

Glu237 side chain. The phosphates, as expected, have not

moved in the two structures. At the Tris, there is rotation of

Figure 7
Schematic diagram showing the active-site interactions in (a) human BCATm, (b) Tris-inhibited human BCATm, (c) E. coli BCAT and (d) d-AAT. Atom
names are given by PDB convention. Hydrogen-bonding distances are given for interactions less than 3.4 AÊ . Highlighted boxes represent residues with
similar interactions in all the three enzymes.



the guanidinium moiety of the Arg43 side chain, with the

hydrogen-bond network of waters changing a little compared

with the native structure. One of the Tris hydroxyl groups is

stabilized by hydrogen bonding with water on one end and

Tyr141 on the other end. The water molecule is, in turn,

hydrogen bonded to one of the O atoms of the phosphate

(OP1).

The probable reaction mechanism leading to the Tris

intermediate is shown in Fig. 5. It appears to be a two-step

process, with the removal of a water molecule at the second

step leading to the inactive intermediate. The fact that a small

molecule like Tris has reacted in an unexpected fashion is not

surprising. There are 13 other structures in the PDB wherein

Tris has been seen to bind to the protein, three out of which

comment that it was inhibiting the active site (PDB codes

1ayx, 1cpf and 1arm). However, this is the ®rst example

wherein Tris is covalently linked to the active-site residue and

irreversibly inhibits the enzyme.

As seen in the superposition diagrams of the active sites of

human BCATm, E. coli BCATand d-AAT (Fig. 6), most of the

active-site residues at the PLP end of the active site are either

conserved or similar. Although the side-chain disposition is

comparable, there are changes at the active site induced by the

waters which alter the hydrogen-bonding interactions (Fig. 7).

These changes could be signi®cant enough to alter reaction

rates and binding constants with substrates. The PLP is deeply

buried within the protein matrix and is involved in many

speci®c interactions which have counterparts in all other PLP

enzymes which share this fold. Three of these interactions are

conserved between human BCATm, E. coli BCAT and

d-AAT, anchoring the pyridine ring and the phosphates such

that proton transfer occurs on the Re face of PLP. They are the

interactions involving Glu237, Arg99 and Thr313 highlighted

in Fig. 7. While residues from the second monomer

approaching the active site of the ®rst monomer may be

important for substrate binding, they do not have any direct

interactions with the PLP itself. Interestingly, most of the

residues at the active site interacting with the coenzyme are

from the large domain.

Differences in the three fold-type IV proteins are seen in

the interactions of the O3 atom of the PLP (Fig. 7). In the

human BCATm, it is hydrogen bonded to the hydroxyl group

of Tyr207 and Lys202 NZ (Fig. 7a). In the E. coli BCAT active

site, the conserved residues Tyr164 and Lys159 take analogous

places (Fig. 7c). In addition, the O3 atom also hydrogen bonds

to a water molecule, WAT1615. In the case of d-AAT, the O3

atom hydrogen bonds to Lys145 NZ only (Fig. 7d).

As shown in Figs. 7(a), 7(c) and 7(d), each of the phosphate

O atoms in all the three structures form two to three hydrogen

bonds. Therefore, it is no surprise that it might be quite

dif®cult to dislodge the PLP from the active site in solution.

The phosphate O atoms OP1 and OP3 have bound waters in

the d-AAT and human BCATm structures. In the E. coli

BCAT the other phosphate O atom OP2 has a hydrogen-

bonded water which is not found with OP1 or OP3. Although

not conserved, most of the residues interacting with the

phosphates are very similar (see Fig. 7).

The pyridine ring of the PLP is sandwiched between Leu266

(Leu217 in E. coli BCAT and Leu201 in d-AAT) on one face

and the peptide plane of Thr240±Met241 (Gly196±Glu197 in

E. coli, Ser180±Ser181 in d-AAT) on the other. The recent

structure of the L201A mutant of d-AAT (Sugio et al., 1998)

has shown that d-AAT Leu201 plays a crucial role in the

transamination reaction by keeping the pyridoxal ring in the

proper location.

Sequence-alignment comparison between mitochondrial

and cytosolic human BCAT isoenzymes shows that, except for

Tyr201 (replaced by Cys) and Val270 (replaced by Thr), the

other residues interacting with the PLP in the active site are

identical. As seen in the active-site cartoons (Fig. 7), it is the

backbone of residues Val270 and Tyr201 that are interacting

and not the side chains. Hence, even these changes in the

BCATc sequence might not disrupt the hydrogen-bonding

pattern of the active site in a signi®cant way. The active site of

human cytosolic BCAT at the PLP end will probably look very

much like the active site in the mitochondrial enzyme. On the

other hand, the speci®city of gabapentin for the BCATc

isoenzyme suggests there must be differences in the substrate-

binding pockets in the two proteins.

Comparison of the substrate-binding pocket in d-AAT and

the putative substrate-binding pocket in human BCATm

shows that the d-amino acids probably approach the active

site in a direction opposite to the l-amino acids (Peisach et al.,

1998). Fig. 8 shows the putative substrate-binding pocket with

the proteins superposed to the best least-squares ®t using the

program LSQKAB (Kabsch, 1976).

The substrate-binding pocket could be imagined to have

two halves as seen in the substrate-bound structure of d-AAT

(Fig. 8b). One half of the surface is lined predominantly by

more hydrogen-bonding side chains (His100 from monomer B,

Arg98 from monomer B and Tyr31) than the other (Val33,

Thr242 and Ser240). The �-carboxylate group interacts with

the former surface in d-AAT. In the human BCATm this

surface of the putative substrate-binding pocket is lined by

predominantly hydrophobic side chains Phe75, Tyr207 and

Tyr70 (from the second monomer), making it a favourable

anchor for the branched-chain amino-acid side chains. This

would mean that the l-amino acids and d-amino acids

approach the active site in opposite directions. As seen in Fig.

8(a), Thr313, Tyr141 and Arg143 are the likely residues that

might stabilize the �-carboxylate group of the substrate. Tyr70

from monomer B hydrogen bonds with Arg143 from

monomer A to complete the formation of the surface of the

substrate-binding pocket.

4. Conclusions

The new crystal structures of human mitochondrial BCATm

reported here show that it folds in a fashion similar to E. coli

BCAT and d-AAT. The active site of the three PLP-dependent

enzymes also shows comparable hydrogen-bonding inter-

actions with their cofactors, except for changes owing to

waters. The residues lining the putative substrate-binding
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pocket show complementary properties, suggesting that the l-

and d-amino acids approach the active site in opposite

directions.
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