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Abstract

Crystal structures of the fold type IV pyridoxal phosphate (PLP)-dependent human mitochondrial branched chain aminotransferase

(hBCATm) reaction intermediates have provided a structural explanation for the kinetically determined substrate specificity of hBCATm. The

isoleucine side chain in the ketimine intermediate occupies a hydrophobic binding pocket that can be defined by three surfaces. Modeling of

amino acids on the ketimine structure shows that the side chains of nonsubstrate amino acids such as the aromatic amino acids, alanine, or

aspartate either are unable to interact through van der Waals’ interactions or have steric clashes. The structural and biochemical basis for the

sensitivity of the mammalian BCAT to reducing agents has also been elucidated. Two cysteine residues in hBCATm, Cys315 and Cys318

(CXXC), are part of a redox-controlled mechanism that can regulate hBCATm activity. The residues surrounding Cys315 and Cys318 show

considerable sequence conservation in the prokaryotic and eukaryotic BCAT sequences, however, the CXXC motif is found only in the

mammalian proteins. The results suggest that the BCAT enzymes may join the list of enzymes that can be regulated by redox status.

D 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Branched chain aminotransferases (BCAT) (EC 2.6.1.42)

catalyze the transamination of the branched chain amino

acids, leucine, isoleucine, and valine, to their respective a-

keto acids, a-ketoisocaproate, a-keto-h-methylvalerate, and

a-ketoisovalerate. Bacteria appear to contain only a single

BCAT isoform [1]. However, in humans (and other mam-

mals) there are two BCAT isozymes, mitochondrial

(hBCATm) and cytosolic (hBCATc) [2]. The mammalian

isozymes are homodimers and show tissue-specific expres-

sion [3–5].

Most pyridoxal phosphate (PLP)-dependent aminotrans-

ferases have been placed in the fold type I or L-aspartate

aminotransferase family. The BCAT are an exception as they

are in the fold type IV family of the PLP-dependent

enzymes and are the only mammalian proteins in this group

[5–7]. A unique feature of this family is that the proton is

added to or abstracted from the C4Vatom of the coenzyme-

imine or external aldimine on the re face instead of the si

face of the PLP cofactor [8]. Bacterial D-amino acid amino-

transferase [6] and bacterial enzyme 4-amino-4-deoxychor-

ismate lyase (a h-lyase) are also members of the fold type

IV family [9], and we have recently found that the human

BCAT isozymes can also catalyze an effective h-lyase
reaction [10].

A unique property of BCAT isozymes is their sensitivity

to reducing agents, whereby a loss of activity occurs unless

BCATm or BCATc are stored in a reducing environment

[3,11,12]. Sulfhydryl reagents inhibit both BCAT isozymes.

Human BCATm contains six cysteine residues [3]. Titration

of two of these thiol groups leads to almost complete

inhibition of activity [3]. The two reactive cysteines have

been identified and have been shown to have redox activity.
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This review describes recent studies that have provided

insight into the structure of the BCAT and role of cysteine

residues in regulating enzyme activity.

2. Results and discussion

2.1. Structure and substrate specificity

The crystal structures of hBCATm in the PLP (PDB

codes 1EKP, 1EKF), ketimine (1KT8), and PMP (1KTA)

forms have been elucidated [5,7]. The catalytically compe-

tent structure of hBCATm is a dimer [3]. The three-dimen-

sional structures of hBCATm show that each monomer is

composed of a small domain (1–170) and a large domain

(182–365) connected by an interdomain loop that is com-

posed of 11 amino acids [7].

These structures have provided information on the molec-

ular basis for the known substrate specificity of the mito-

chondrial isozyme hBCATm. The kinetic characterization of

hBCATm has shown that branched chain amino acids, their

straight chain analogs, and glutamate are substrates; however,

the aromatic amino acids, aspartate, or alanine are not

substrates [3]. The ketimine form of hBCATm was obtained

by soaking crystals in the PLP form with isoleucine [7].

Based on the position of the isoleucine side chain, models of

other side chains were built [7]. Three surfaces form the side

chain binding pocket (Fig. 1). Phe75, Tyr207 and Thr240

form surface A and Phe30, Tyr141 plus Ala314 form Surface

B. Tyr70*, Leu153* and Val155* (asterisk denotes residue

from the opposite subunit) form surface C. Branched chain

amino acids fit into the substrate pocket enclosed by A, B and

C and have van der Waals’ interactions with A or B, whereas

the bulky phenylalanine side chain would have steric clashes

with A or B in either of its minimum energy conformations

(Fig. 1A). The small alanine side chain would fall short of

interacting through van der Waals’ contacts with any of the

surfaces. The side chain carboxyl group of the substrate

glutamate can form good hydrogen bond interactions with

the side chains of Tyr141 of surface B, Tyr70* of surface C

and Arg143 (Fig. 1B). However, the side chain carboxyl

group of aspartate would fall short of forming these hydrogen

bonds.

2.2. Domain closure

In bacterial Escherichia coli BCAT, when a substrate

analogue is present in the substrate binding pocket, the

active site is closed by movement of the interdomain loop

[13]. In contrast, in hBCATm, binding of the substrate

involves movement of the interdomain loop such that it

increases access to the active site (Fig. 2). This is enabled by

movement of the ring atom of Tyr173 which is part of the

interdomain loop. Thus instead of domain closure as is

classically seen in AspAT or closure by movement of the

interdomain loop observed in the E. coli BCAT, in

hBCATm, the conformation of Tyr173 changes dramatically

in the various forms of the enzyme and may control entry or

exit of substrates and products (Fig. 2).

2.3. Role of cysteine residues in hBCATm and identification

of a redox active CXXC center

Human BCATm contains six cysteine residues per mono-

mer, and the enzyme requires a reducing environment to

maintain maximal catalytic activity. Labeling of hBCATm

Fig. 1. Diagram of Phe, Glu, and Asp modeled into the hBCATm substrate

side chain binding pocket. Models were based on the position of the

isoleucine side chain in the hBCATm ketimine structure. (A) Phe and Ile.

The steric clash between Phe and Tyr141 of surface B is shown by the red

arrow and dashed line. (B) Asp and Glu. The Glu the side chain carboxyl

group shows favorable hydrogen bond interactions (black dashed lines)

with Tyr141 (surface B), Arg143, and Tyr70* (surface C). The steric clash

between Asp and Phe75 of surface A is shown by the red arrow and dashed

line. Adapted from Ref. [7].
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by sulfhydryl reagents showed that the enzyme is inhibited

by a wide variety of thiol reagents [3,11,12,14]. Labeling of

two thiol groups with 5,5V-dithiobis(2-nitrobenzoic acid)

(DTNB) (reversible modifier of thiol groups) or N-ethyl-

maleimide (NEM) (irreversible modifier of thiol groups)

correlated with a loss of hBCATm activity [14]. The reactive

cysteine residues were identified as Cys315 and Cys318 after

labeling with 125I h-(4-hydroxyphenyl)ethylmalemide and

subsequent chemical cleavage with cyanogen bromide [14].

Cys315 and Cys318 are located about 10 Å from the active

site in a beta-turn. This turn is preceded by another beta-turn

and followed by a beta-sheet, a feature that is seen in the

structures of E. coli BCAT and D-amino acid aminotransfer-

ase [7,13,15]. Residues surrounding these cysteines are

highly conserved in all BCATs, however, the CXXC motif

is found only in the mammalian BCATs (Table 1) [14]. The

conserved residues Gly312, Thr313 and Ala314 (in the beta-

turn) align to form a net positive dipole moment in the region

of the PLP oxygens, while Thr313 also interacts with the

substrate a-carboxyl group (Fig. 3) [7]. Therefore, although

Cys315 and Cys318 do not appear to interact directly with the

PLP cofactor or substrate, they are structurally important [7].

The crystal structures also show that Cys315 and Cys318

share a hydrogen bond, which under oxidizing conditions,

Fig. 2. Space-filling diagrams showing the active site of hBCATm

monomer B in the (A) PLP and (B) ketimine form. The side chain of

Tyr173 ring (in green) is partially blocking the active site in the hBCATm

PLP form. In the ketimine form, loop 171–181 moves, the conformation of

Tyr173 changes, and the active site remains open. Adapted from Ref. [7].

Fig. 3. The location of Cys315 and Cys318 in relation to the peptide dipole

interaction with the phosphate of the cofactor in the PLP (A). Cys315 and

Cys318 participate in a thiol– thiolate hydrogen bond with the average

distance between the sulfurs ranging from 3.09 to 3.46 Å in the different

crystal forms. The peptide dipole vectors in the beta-turn including residues

312–314 are parallel to each other such that their partial positively charged

end faces the negatively charged phosphates. From Conway et al. [14],

reprinted with permission.

Table 1

Alignment of the amino acid sequence of hBCAT with eukaryotic and

prokaryotic organismsa

a The CXXC region is highlighted in bold and is conserved only in

mammalian BCAT proteins. The residues highlighted by an asterisk are

conserved in nearly all the fold type IV protein sequences. Accession

numbers and sources of the putative BCAT proteins shown are: hBCATc

[3]; hBCATm (human, U21551); rBCATc (rat, NM017253); rBCATm (rat,

U68417); sBCATc (sheep, AF184916); sBCATm (sheep, AF050173);

Caenorhabditis elegans 1 (P54688); Caenorhabditis elegans 2

(NM075613); Arabidopsis thaliana (AJ271731); Escherichia coli

(NC000913); Mycobacterium tuberculosis (AE007072) From Conway

et al. [14], reprinted with permission.
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could reasonably form a disulfide bond. This thiol–thiolate

interaction is also seen in redox-active disulfide centers of

both reduced thioredoxin [16] and the N-terminal domain of

AhpF [17], a flavin containing disulfide reductase.

Initial evidence that the CXXC region in hBCATm is

sensitive to redox resulted from titration studies of hBCATm

with DTNB. Spectrophotometric titrations indicated that

incubation of hBCATm with DTNB resulted in labeling of

the protein with two TNB anions. However, subsequent

analysis of the DTNB-labeled protein using electrospray

ionization mass spectrometry showed that there was actually

a mixture of species rather than the expected single hBCATm

protein peak containing two TNB molecules [14]. As shown

in Scheme 1, after formation of a TNB-conjugated cysteine,

the second thiol group in hBCATm can react to form an

intrasubunit disulfide bond releasing a second TNB anion.

The net result is the reduction of one DTNBmolecule to form

two free TNB anions and oxidation of the protein dithiol to

the disulfide. This hypothesis is consistent with the mass

spectrometry analysis showing that DTNB-labeled hBCATm

is predominantly a mixture of an oxidized form containing a

disulfide bond and singly TNB-labeled protein [14].

The presence of an active CXXC center in hBCATm

raised the possibility that redox status may regulate BCAT

activity. To test this hypothesis, hBCATm was treated with

increasing concentrations of H2O2. The results showed that

H2O2 resulted in a ‘‘dose-dependent’’ decrease in titratable

thiols and a corresponding, almost complete loss in activity

that was reversible on addition of DTT [14]. Furthermore, at

physiological temperature, oxidation and reversible inacti-

vation of hBCATm by H2O2, is rapid, occurring within 1

min (unpublished data). These results suggest that Cys315

and Cys318 act as a redox-active CXXC center that can

regulate hBCATm activity.

2.4. Future directions

There is considerable evidence that regulation of the

redox status of cysteine residues in cellular proteins controls

their activity and function [18]. In mammalian cells, cellular

H2O2 can oxidize methionine and cysteine residues in

proteins to methionine sulfoxide and cysteine sulfenic acid

(or disulfide), respectively, in response to extracellular

stimuli including cytokines and growth factors [19]. For

example, direct inhibitory effects of H2O2-mediated oxida-

tion that result in functional changes of protein tyrosine

phosphatases and the protease papain have been reported

[20]. Moreover, it has been suggested that peroxide induces

reversible glutathionylation of a-ketoglutarate dehydrogen-

ase in heart mitochondria [21]. Thus, it is our hypothesis

that redox state may play a role in regulation of mammalian

BCAT activity or proteins that interact with the BCAT. For

example, we have evidence that hBCATm can associate

with the second enzyme in the branched chain amino acid

catabolic pathway and that binding of hBCATm to this

multienzyme complex, the branched chain a-keto acid

dehydrogenase enzyme complex, is influenced by NADH

(unpublished data).

Furthermore, the discovery of two additional forms of

hBCATm, increases the possibility that hBCATm is a multi-

functional enzyme. An alternatively spliced form of

hBCATm that contains a 12 amino acid deletion that starts

immediately following Cys315 (lacks CXXC) has been

reported to bind to the h1 form of the thyroid receptor

and act as a co-repressor [22]. A second alternatively spliced

form of hBCATm with unknown function has also been

reported [23]. This protein lacks 100 amino acids in the N-

terminal part of the protein, i.e., lacks the mitochondrial

targeting sequence, and is found in the cytosol of most

human tissues. This form of hBCATm retains the CXXC

center but lacks two residues forming surface B (Phe30) and

C (Tyr70*) of the substrate side chain binding pocket.

Preliminary experiments suggest that this protein does not

have BCAT activity (unpublished data). These exciting new

developments may lead to identification of new functions

for the mammalian BCAT family (BCATm and BCATc), as

has been described for a number of other metabolic

enzymes.
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