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ABSTRACT. The three-dimensional structures of the isoleucine ketimine and the pyridoxamine phosphate
forms of human mitochondrial branched chain aminotransferase (hBCATm) have been determined
crystallographically at 1.9 A resolution. The hBCATm-catalyzed transamination can be described in
molecular terms together with the earlier solved pyridoxal phosphate forms of the enzyme. The active
site lysine, Lys202, undergoes large conformational changes, and the pyridine ring of the cofactor tilts by
about 18 during catalysis. A major determinant of the enzyme’s substrate and stereospecificity for
L-branched chain amino acids is a group of hydrophobic residues that form three hydrophobic surfaces
and lock the side chain in place. Short-chain aliphatic amino acid side chains are unable to interact through
van der Waals contacts with any of the surfaces whereas bulky aromatic side chains would result in
significant steric hindrance. As shown by modeling, and in agreement with previous biochemical data,
glutamate but not aspartate can form hydrogen bond interactions. The carboxylate group of the bound
isoleucine is on the same side as the phosphate group of the cofactor. These active site interactions are
largely retained in a model of the human cytosolic branched chain aminotransferase (hBCATc), suggesting
that residues in the second tier of interactions are likely to determine the specificity of hBCATc for the
drug gabapentin. Finally, the structures reveal a unique role for cysteine residues in the mammalian BCAT.
Cys315 and Cys318, which immediately followsaurn (residues 31:2314) and are located just outside

the active site, form an unusual thiethiolate hydrogen bond. Thigturn positions Thr313 for its interaction

with the pyridoxal phosphate oxygens and substeatarboxylate group.

Branched chain amino acid aminotransferases (BEAT; kinetic and physical properties of the two proteins, including
EC 2.6.1.42) are pyridoxal phosphate- (PLP-) dependentinhibition of hBCATc but not hBCATm by the neuroactive
enzymes that catalyze reversible transamination of the drug gabapentin [1-(aminomethyl)cyclohexaneacetic acid],
L-branched chain amino acids to their respeativeeto acids. have been reportedl@, 11). The molecular basis for the
The BCAT enzymes are found in both bacteria and higher specificity of gabapentin for hABCATc is not yet understood.

organisms 1—3). Bacteria have one BCAT enzyme (re-  The mammalian BCATSs are homodimers with molecular

viewed in ref3). Mammals have both a mitochondrial 55565 ranging from about 41000 to 46000. The molecular
(BCATm) and a cytosolic (BCATc) form of the enzym& (  1aq5 of the hBCATm subunit is 41300; each monomer

5). Human BCATm (hBCATmM) is the predominant form and consists of 365 amino acid residues and requires 1 pyridoxal

is expressed ubiquitously in body tissues. In contrast, human o -
. ARG phosphate (PLP) as cofactdrQ( 12). The Escherichia coli
BCATc (hBCATc) is found primarily in the central nervous BCAT (eBCAT) enzyme and the related BCAT from

system ¢, 3, 6 7)‘ These enzymes have |mportz_int roles in Salmonella typhimuriunare homohexamers with a subunit
body and brain nitrogen metabolis@).(The human isozymes molecular mass of 31500. The crystal structure of the PLP

are 58% identical in amino acid sequence and have similarf f eBCAT sh hat it i blv of three di
substrate specificityg—10). However, subtle differences in ormor e CAT s owst_at Itis an assembly 0 three Imer
' ' units around a 3-fold axisl@). In addition to differences in
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root mean square deviation. on this enzyme14).
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PLP-dependent enzymes have been classified into fOurTabIe 1: X-ray Data Collection and Refinement Statistics

families with different fold types. Most aminotransferases,
including the well-studied aspartate aminotransferases (AspAT)

(15), belong to fold type | 16). The BCAT proteins,
including those from eukaryotic and bacterial sources, are
in the fold type IV family (L6). Two other bacterial enzymes
also belong to this family;p-alanine aminotransferase
(DAAT) (17—20) catalyzes transamination nfamino acids,
whereas 4-amino-4-deoxychorismate lyase (ADCRY)(
converts 4-amino-4-chorismate tp-aminobenzoate and
pyruvate. Unlike the fold type | enzymes, the fold type IV
aminotransferases transfer fiv@-Rhydrogen 17). Available
crystal structures1@, 13, 18, 19, 21, 22) have confirmed
the re-face specificity of this enzyme family.

The pathway for transamination proceeds by a ping-pong
kinetic mechanism that consists of two half-reactions each
with three main step2@). In the PLP form, the cofactor is
bound to the enzyme by an internal aldimine, with a Schiff
base between an active site lysine and the PLP cofat®r (
13, 23). Upon binding of a substrate amino acid, a transaldi-
mination reaction occurs releasing the lysine residue, and
an external aldimine between substrate and PLP is formed.
The lysine is the catalytic base in the next step, a 1,3-
prototropic shift that converts the external aldimine into a
ketimine intermediate2d). In this step a proton is abstracted
from the a-carbon of the substrate amino acid, and subse-
quent reprotonation of the aldehyde carbon of the coenzyme
yields the ketimine. The final step in the first half-reaction
is the hydrolysis of the ketimine to give the pyridoxamine
phosphate (PMP) form of the enzyme andcaketo acid.
The second half-reaction is the reversal of the first half-
reaction with a different keto acid.

The crystal structures of the PLP forms of eBCAI3),
hBCATm (12), and eBCAT with substrate analogue?)

Val-soaked lle-soaked
data parameters crystal crystal

space group P2,2,2, P2,2,2;
unit cell (A)

a 69.450 69.475

b 105.308 105.457

c 107.829 107.429
resolution range (A) 20:61.9 19.71.9
integrated reflections 246448 238575
independent reflections 62273 61939
data completeness (highest shell) (%) 98.4 (91.1)  95.6 (90.3)
avl/avo(l) (highest shell) 21.5(2.2) 17.4(0.9)
R-merge (%) (highest shetl) 5.7 (40.3) 6.9 (66.6)
resolution limits (A) 20.6-1.9 19.71.9
R-factor (working) (%)/no. of reflns 24.0/61024  24.3/60100
R-factor (free) (%)/no. of reflns 28.7/3077 28.4/3028
protein atoms 5820 5820
water molecules 244 221
cofactor atoms 32 48
acetates/glycerol 7/1 6/1
RMSD bond lengths (A) 0.018 0.019
RMSD bond angles (deg) 2.0 2.2
averageB-factors (A}

all atoms 36.5 37.2

protein main chain 35.6 36.5

protein side chain 37.3 37.9

external aldimine/PMP 324 36.9

waters/acetates/glycerol 42.1 42.8

2R-merge= ¥ |lops — Mopd V= Mopd]

To capture intermediates along the reaction pathway, the
crystals were soaked in the crystallization solution with an
excess amount of the substrat@$)( either isoleucine or
valine. The yellow crystals became colorless with time,
indicating that the substrates had reacted beyond formation
of the external Schiff base. The optimized soak conditions
required substrate concentrations of 15 mM isoleucine or
25 mM valine and a gradual color change (23h). The

have shed light into steps leading to formation of the external crystals were then transferred to a fresh crystallization
aldimine and residues involved in substrate blndlng Herein solution Containing the substrates and 10% g|ycero| (as a

we report two new structures, solved to 1.9 A resolution, cryoprotectant) and frozen directly in the liquid nitrogen cold
representative of several reaction intermediates, those of astream.

branched chain amino acid substrate bound to the enzyme piffraction data for the native, isoleucine-soaked, and
as a ketimine intermediate and of the enzyme with PMP and valine-soaked crystals were collected at 100 K on beam line
thea-keto acid product of the first half-reaction in the active 5.0.2 of the Advanced Photon Source (Chicago, IL) with a
site of one of the monomers. These and the earlier determinedp x 2 array CCD detector, using 1.071 A wavelength
pyridoxal phosphate forni@) of the enzyme have enabled radiation monochromatized with a double crystal Si(111).
us to describe reaction pathway intermediates and amino acidbDENZO (26) and SCALEPACK were used to reduce the
substrate specificity of hBCATm in molecular terms. data. Crystal data are listed in Table 1.

Structure Determination.The molecular replacement
method allowed for the solution of the substrate-soaked
crystal structures using the earlier solved PLP forms of
hBCATm as the search probe in the program Amo&8,(

MATERIALS AND METHODS

Expression of mature hBCATm (no mitochondrial target-

ing sequence) irk. coli and purification of thg expressgd which is part of CCP4 program suit2g). The program CNS
enzyme have been reportei(14). The recombinant protein 59) \yas then used for all further refinements. Torsion angle

contains four additional residues (GSHM) at the amino gjmjated annealing refinement was used to minimize model
terminus. These residues were not well defined in the eIectronbiaS. The program 080, 31) was used for examination of

density map and are not included in the deposited hBCATM gectron density maps and manual adjustment of the model

structures.

Crystallization, Soaking, and Data Collectiotvellow
crystals of the PLP form (internal aldimine) of hBCATm
were grown as described previoush?). Crystals that were
chosen were in the orthorhombic form and exhibited the
P2,2,2, space group symmetry with a dimer in the asym-
metric unit.

during refinement. Several cycles of positional refinement
and isotropidB-factor refinement were performed after every
model building cycle. The PLP was removed from the initial
refinement cycles to get an unbiased view of the active site.
Toward the end of the refinementy-weighted difference
Fourier maps andR2, — F. maps clearly showed the changes
that had occurred at the active site because of the soaks. In
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the isoleucine substrate soaked crystals, the active site densitRESULTS AND DISCUSSION

maps (Figure 1A,B) indicated that the substrate was bound

as a ketimine in both monomers A and B. The isoleucine Overall Structure and Loop MeementsThe PLP forms

part of the ketimine refined well at an occupancy of 0.80 as ©f hBCATm, the hBCATm inhibited with Tris12), and the

judged from the density and thigfactors (Table 1). new structures reported in this paper all retain the overall
In the valine-soaked crystal structure, we see a different f0ld Of the other fold type IV proteins. The catalytically

intermediate. Here the active site density shows that the firstCOMPetent structure is a dimer; each monomer has two

half of the reaction has proceeded to completion, resulting domains, and the active site is located at the domain interface

in the PMP form (Figure 1C,D). There is also weak density (10 12). In the hBCATm monomer, the small domain<1
indicating that the product from the first half-reaction, 170) and the large domain (18365) are connected by a
o-ketoisovalerate (Figure 1C), occupies the active site in one fl€xible loop (residues 171181). When the PLP forms of
of the monomers. Its occupancy refined to 0.80 as judged "BCATM were compared to the smaller eBCAT, there were
from the B-factors and B, — F. density maps. The other d]ﬁere.nces in seco_ndary §tructural_elemeﬂ®.(Qut of the _
monomer has two water molecules in the equivalent keto SiX fairly long helices, five are increased in length in
oxygen and carboxylate positions of the product (Figure 1D). "BCATmM compared to eBCAT. There are 33 more residues
Water molecules were automatically located using CNS &t the N-terminus of mature hBCATm, which mostly lacks
(29) and manually checked in (3@, 31). In addition, acetate ~ 'egular secondary structure and is flexible.
and glycerol molecules were modeled in manually inte In the fold type IV enzymes that have been studied with
weighted (E, — Fc) maps. A total of 221 and 244 water Substrate bound, there is no evidence for an interdomain
molecules, 6 and 7 acetate molecules, and 1 glycerolmovement that results in a conformational change to close
molecule each were located in the structures of crystals the active site upon substrate bindirgP(22). Instead, the
soaked with isoleucine and valine, respectively. Further bacterial eBCAT active site closes by movement of the
model building and refinement cycles resulted in crystal- interdomain loop 22). The monomers in the various
lographicR-factors,R-cryst andR-free of 0.243 and 0.284,  structures of hBCATm (two crystal forms in the PLP form,
respectively, for the crystals soaked with isoleucine and 0.24the ketimine form, the PMP form, and the Tris-inhibited
and 0.287 for the crystals soaked with valine. The final model form) superpose quite well with an average root mean square
consists of 2x 365 residues, % PLP covalently linked to  deviation (RMSD) of 0.871 A for the backbone atoms of
isoleucine in the ketimine form or 2« PMP and an the protein. As illustrated in Figure 2, in the PLP, ketimine,
a-ketoisovalerate product in one of the monomers of the and PMP structures significant differences in conformation
valine-soaked crystals and the bound acetate, glycerol, andvere found only in three loops and the N-terminus. The loops
water molecules. The avera@efactors for these structures ~ are located between residues-138 (loop 1), 82-87 (loop
are given in Table 1. 2), and 171181 (loop 3 or interdomain loop) and are not
Analysis of the stereochemistry of both of the structures part of the dimer interface. Loop 3, with deviations of up to
with PROCHECK 82) showed that, in the isoleucine-soaked 7-1 A, and loop 1 are quite flexible. The density for parts of
form, 86.5% and 11% of the main-chain atoms fall within loop 3 is broken for monomer A in the PLP and the ketimine
the most favored region and additiona”y allowed regions of forms. LOOp 3 is well ordered in the Tris-inhibited structure
the Ramachandran plot, respectively. Alal72, lle265, and (12) in both of the monomers and in monomer B of all the
Lys326 of the A monomer and Ser3, Ser4, and lle53 of the other forms. In the PLP form (molecules in red), the loops
B monomer are in the disallowed regions of the Ramachan-tend to extend into the protein. In the PMP (molecules in
dran map. In the valine-soaked crystal 87% and 10.7% of green) and the ketimine forms (molecules in cyan), the loops
the main-chain atoms fall within the most favored region are more or less between the two extreme positions seen in
and additionally allowed regions of the Ramachandran plot, the PLP and Tris-inhibited forms (not shown for clarity).
respective|y_ Alal72, His233, and Lys326 of monomer A The flexibility of these loops is illustrated further by
and Ser3 and Ser4 of monomer B are in the disallowed regionvariations in the two monomers of the same enzyme (Figures
of the Ramachandran map. There is clear density on|y at3 and 4) Structural differences in the individual monomers
low contour levels for these residues. These residues aremay also reflect snapshots of each monomer at slightly
either part of the N-terminus or follow a residue with two different stages in the reaction pathway resulting from the
possible side-chain conformations or are on surface loopsSoak experiments. For example, in the PMP form of
and are distant from the active site. Part of the interdomain NBCATm thea-keto acid of valine is still in the active site
loop in monomer A, between residues 174 and 178 in the of monomer A but has clearly been released from monomer
ketimine form, is disordered, and its electron density cannot B (Figure 1C,D).
be traced. Further, the density for residues3land 26 Ketimine Form of hBCATn.he active site density of the
(monomer A) and £3, 23—-27, 83, and 84 (monomer B) is  crystals that had been soaked with isoleucine could be
connected only at low contours levels, indicating possible modeled and refined as a ketimine intermediate (Figure
disorder. Residues 17478 of monomer A are omitted from  1A,B). Residues at the active site of monomer B and
the ketimine model. In the PMP structure, residues-172 depictions of the hydrogen-bonding interactions in both
178 appear connected only at &.Bvel contours in a B, monomers are shown in Figure 3. Conversion of the internal
— F. density map in monomer A, and density for residues aldimine to the ketimine is accompanied by a movement of
1-3, 26, and 27 of monomer B also appears connected onlythe C4A atom of the cofactor by about 1.5 A. As predicted
at lower contours. The coordinates for the isoleucine-soaked(20) and seen in the eBCAT external aldimine struct@®,(
(1KT8) and valine-soaked (1KTA) hBCATm have been the phosphate of the cofactor and the carboxylate of the
deposited in the Protein Data Bank. substrate are on the same side of the active site. The side
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Ficure 1: Stereoview of the B, — F. oa-weighted electron density in the region of the active site of the ketimine and PMP forms of
hBCATm. Electron density is shown for monomer A (A) and monomer B (B) in the isoleucine-soaked crystal of h(BCATm contoured at
the 0.9 level. The isoleucine substrate is covalently bound to the PLP at the N4A atom. Electron density is shown for monomer A (C) and
monomer B (D) in the valine-soaked crystal of hBCATm. At low contour levelsoQthe density for the product of the first half-reaction,

a-ketoisovalerate, is seen in monomer A. The cofactor is in the PMP form.
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Ficure 2: Superposition of the PLP, ketimine, and PMP forms of hBCATm monomer B. The program LSQXIAB/ds used. The PLP
form is in red, the ketimine form in cyan, and the PMP form in green. Loop 289, loop 2 (82-87), loop 3 (17+181), and the
N-terminal residues show considerable variability. The aveBgctors of the loops are 58.3, 52.7, and 578 rkspectively.
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Ficure 3: Stereoview of the active site in (A) monomer B of the ketimine form of hBCATm. The schematic diagram of the active site
interactions (distances that are less than 3.4 A) for monomers B and A are shown in (B) and (C), respectively, and were drawn using the
program ISIS-Draw (MDL Information Systems, Inc., San Leandro, CA 94577). The PLP is located at the bottom of the active site pocket
with its re-face toward the protein. The view is as seen downsikface of the cofactor.

chains involved in binding the carboxylate (carboxylate the hydroxyl of Tyr141 (2.40 A) and also with the backbone
binding pocket) are flexible. As shown in Figure 3A,B, in oxygen of Gly77 through a water molecule (O68). The
monomer B, the carboxylate of the substrate interacts with carboxylate in monomer B has moved just enough to allow
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FiIGURe 4: Stereoview of the active site in (A) monomer A and (C) monomer B of the PMP form of hBCATm. The orientation is the same as in Figure 3. The scheanati thegrquivalent
active site interactions (distances that are less than 3.4 A) for monomers A and B are shown in (B) and (D). Thexgkethisbvalerate is still in the active site in monomer A.
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a water molecule to insert itself between the carboxylate andfrom 3.9 A in the PLP form to 3.2 A in the ketimine form).
the phosphate oxygens of the cofactor. In monomer A (Figure The flexibility of loop 3 is also confirmed by the temperature
3C), the carboxylate interacts with the side-chain hydroxyl factors. Thus, instead of domain closure as is classically seen
of Thr313 (3.33 A) and hydroxyl of Tyr141 (2.88 A). in AspAT (5, 6, 11, 12, 15) or closure by movement of the
Isoleucine displaces four water molecules, 045, 021, 046, interdomain loop as observed in eBCAZZ|, in hBCATm,
and 0100, that were observed in monomer A of the pyridoxal movement of the Tyr173 which is a part of the interdomain
phosphate form (1EKF). In monomer B, isoleucine displaces loop increases access to the active site. Residue82&®f
two water molecules, 0229 and O57. loop 1 are close to the active site. In hBCATm, Phe30 forms
The nonpolar residues Phe30, Tyrl41l, Tyr207, Phe75, part of the hydrophobic surface in the substrate-binding
Thr240, Ala314, Vall155* Tyr70*, and Leul53* surround pocket. As stated above, loop 1 and the preceding residues
and make van der Waals contacts with the nonpolar isoleu-are missing in theé. coli sequence.
cine side chain (Figure 3). These residues determine the way PMP Form of hBCATmiThe structure of hABCATmPMP
the substrate is oriented in the active site, rendering it suitableresulting from hBCATm crystals soaked with valine was
for the transamination reaction to proceed and the hydrogenrefined at 1.9 A resolution (Table 1 and Figure 1C,D).
to be abstracted from theoCatom by the active site Lys202 Residues at the active site and schematic diagrams of the
NZ atom. Apart from these residues, there are other hydrogen bond interactions are shown in Figure 4. There is
hydrophobic residues, Val29 (loop 1), Vall170, Tyrl73, and weak density showing that the product of the valine half-
Phel74 (the latter two in interdomain loop 3), forming a reaction, a-ketoisovalerate, is bound in the active site
substrate channel from the surface of the protein to the activesubstrate of monomer A (Figure 4A,B) whereas it has
site. There are also polar residues Lys32, GIn214, and GIn224dissociated from monomer B (Figure 4C,D). Residues
in this path that are folded into the protein matrix. Residues Leul53*, Gly154*, Val155*, Tyr70*, Tyrl41, Phe30, Thr240,
from both monomers form the active site and the substrate-and Ala314 stabilize the-ketoisovalerate (valine) side chain.
binding pocket, thereby providing a structural basis for Since thea-ketoisovalerate is not bound to the cofactor in
hBCATm to be active as a dimet(@). The interaction that  monomer A, itsa-carbon atom has moved by 4.7 A with
completes the substrate-binding pocket and also helps to holdespect to the isoleucine ketimine intermediate. Nevertheless,
the dimer together is the hydrogen bonding of Tyr70* from most of the interactions with the side chain are similar to
monomer B with the guanidinium group of Argl43 from the isoleucine side chain of the ketimine intermediate.
monomer A. Exceptions are Tyr207 and Phe75, which interact with the
Comparison of the eBCAT structure with a substrate isoleucine side chain in the ketimine structure but are not
analogue bound as an external aldimine and the hBCATmclose enough to make van der Waals contact in the
ketimine structure shows the conservation of residues form- a-ketoisovalerate PMP intermediate, and Gly154*, which
ing the substrate-binding pocket. Although the interdomain forms an interaction with the side chain of the product
loops in eBCAT (residues 127135) and hBCATm (residues  a-ketoisovalerate of the PMP intermediate but not to the
171-181) play a crucial role in both proteins, there are isoleucine side chain in the ketimine intermediate (Figures
differences in the loops covering the active site pocket. The 3A and 4A). The hydroxyl group on Tyr70* is at a hydrogen-
ordering of the interdomain loop observed on binding to bonding distance from the newly formed keto oxygen. The
substrate analogues in eBCAT (PDB codes 111M and 1I11L) amino group of the PMP, NZ atoms of Lys202, the water
results in a significant change in the side-chain conformation molecule O13, and the oxygen on the pyridine ring all
of Arg40. This redirection of the side chain of Arg40 is hydrogen bond with the carboxylate of theketoisovalerate.
thought to trigger and stabilize the structural change to the These interactions may serve to direct th&etoisovalerate
closed form in eBCAT, whereas the interdomain loop covers product out of the active site. In monomer B there are three
the active site and shields the substrate from the solventwater molecules, 0145, 0172, and 024, that have replaced
region @2). In contrast, in the hBCATm ketimine structure theo-keto acid in the active site (Figure 4C,D). They occupy
the interdomain loop has undergone significant conformation positions equivalent to the carboxylate oxygens and the
change (Figure 2). Lys79 of hBCATm occupies the equiva- a-keto oxygen of the product in monomer A.
lent position of Arg40 in eBCAT. This residue does not  The amino group of the pyridoxamine moiety forms hydro-
undergo any conformational change on substrate binding norgen bond interactions with water molecules 0221 in mono-
does it interact with the interdomain loop in any of the forms mer A (2.89 A) and 089 in monomer B (2.93 A) and the
of hBCATm. However, in both monomers Tyr173, which NZ atom of the active site Lys202 (2.81 and 2.77 A in mono-
is part of loop 3 and about 13 A away from Lys202, moves mers A and B). The latter atom participates in two more
on isoleucine (@ atom shifts by 2.3 and 1.0 A in monomers hydrogen bonds, one with the hydroxyl of Tyr207 (3.15 and
A and B, respectively) or valine binding ¢Catom shifts by 3.20 A in monomers A and B) and the other with the car-
2.3 and 1.3 A in monomers A and B, respectively) and boxylate group of the-ketoisovalerate product (3.13 A) in
consequently widens the access to the active site. The twomonomer A and a water molecule (2.71 A) in monomer B.
monomers are opened up to different extents. In monomer Active Site Lysine and PLP Cofactor in the hBCATm
A, a probable weak interaction is also formed between the StructuresThe flexible Lys202 side chain is seen in different
sulfur at Cys315 and the-electron cloud on Tyrl73 (S conformations in each structure (Figure 5). This movement
H-- - hydrogen bond)34) that presumably could stabilize results in differences in the hydrogen bonding of the side
the open conformation of the substrate-binding pocket in this chain in the different enzyme forms. In the internal aldimine,
monomer {4). This interaction is absent in monomer B the lysine NZ donates a proton to the PLP phenolic oxygen,
although the ring atoms of Tyrl73 approachds Cys315 forming a hydrogen-bonding network with the hydroxyl of
(the closest distance between Tyrl73 and Cys315 reduceslyr207, water 016, the main-chain carbonyl oxygen of
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Ficure 5: Superposition of the hBCATm active site residues for monomer B. The PLP form is in black, the isoleucine ketimine form is
in cyan, and the PMP form is in green. The cofactor ring tilts by-18 away from the protein in the ketimine (except in monomer A),
PMP, and the inhibitor forms compared to the PLP form. Tyr207 and Glu237, interacting with the pyridine ring of the PLP, rotate while
retaining their hydrogen bonds. Thr240, which is in van der Waals contact with the ring sidide, moves as well. The flexible lysine

(Lys202) undergoes large conformational changes. Arg192, interacting with Glu237, also undergoes a large side-chain reorientation.

Tyr201, and side chains of Asn206 and Arg122)( Tyr207 from Lys202. As the cofactor tilts, Tyr207 and Glu237 rotate
interacts with the phenolic oxygen of the cofactor in all of to maintain their interactions with the pyridine ring nitrogen
the hBCATm structures (Figures 3 and 4)2). In the and oxygen of the PLP, respectively. As seen in Figure 5,
ketimine form, Lys202 NZ participates in two hydrogen bond Arg192, Glu237, Thr240, and Tyr207 reorient their side-
interactions, one with the side-chain hydroxyl of Tyr207 and chain conformations in the different forms, thus maintaining
the other with the imine nitrogen of the ketimine (Figure their respective interactions with the tilting ring of the
3B,C). In the PMP form of monomer A with-ketoisoval- cofactor.
erate in the active site (Figure 4A), Lys202 NZ atom forms  stryctural Role of Cys315 and Cys3M/e have shown
a hydrogen-bonding network with Tyr207, theketoisov-  recently that labeling of Cys315 and Cys318 with sulfhydryl
alerate carboxylate O3, and the newly formed amino group reagents or oxidation of the thiols to a disulfide bond results
of the pyridoxamine phosphate. in the loss of hBCATm activity; these cysteine residues are,
The cofactor is held in place in the active site of h(BCATm therefore, part of a redox-active CXXC center that regulates
by numerous noncovalent interactions, with gidace of hBCATm activity (L4). The cysteine sulfurs are located about
the pyridine ring toward the solvent and incoming substrates 10 A from the active site. Residues 31214 preceding
and there-face toward the protein (Figures 3 and 4p) Cys315 form a5-turn whose peptide dipoles are involved
The strongest noncovalent interactions holding the cofactorin stabilizing the PLP phosphate (see above). Cys318 is at
to the protein involve interactions of the phosphate with the the beginning of th@-sheet structure. In all of the hBCATm
protein backbone and side-chain atoms. Many of the interac-crystal structures except that of the Tris-inhibited enzyme,
tions made by the phosphate of the cofactor are identical in Cys315 and Cys318 are in the reduced state with sulfur
all four structures. The OP1 atom interacts with a water sulfur distances ranging from 3.07 to 3.46 A. This is
molecule, the hydroxyl, and the backbone nitrogen of Thr313. substantially closer than the expected van der Waals radii
The OP2 atom interacts with the side chain of Arg99 and (3.60 A) (35) and is suggestive of a special interactiGe)(
the backbone amide nitrogen of Val269. The OP3 atom Thiol—thiol hydrogen bonding is unlikely because that
interacts with a water molecule and the backbone amides ofinvolves larger separation3, 37). In these structured.p),
Val269 and Val270. The oxygen atoms on the phosphatethe average angles ap€ Sy—Sy for Cys315 and Cys318
are involved in 8-11 hydrogen bonds. The negative charge are 119 and 68, respectively, in monomer A, and 1°18nd
of the phosphate group is balanced by the positive charge64°, respectively, in monomer B. The bond distances suggest
of Arg99, the dipole of thex-helix (268-282) that has its  that Cys315 and Cys318 form a thithiolate hydrogen
N-terminus close to the phosphate group, and the alignedbond and the bond angles implicate Cys315 as the thiol and
peptide dipoles of residues 312, 313, and 314 ofgtiern Cys318 as the attacking thiolat&g]. This bond is not found
preceding Cys315 and Cys318. Glu237 forms an ion pair in the Tris-inhibited structure of the enzym&2} where the
with the protonated N1 of the pyridine ring in all of the corresponding sulfursulfur bond distances are 4:28.30
enzyme forms (Figure 5). A. Consequently, the peptide dipole alignment and the
There are two important structural differences among the hydrogen-bonding pattern seen at fhurn (residues 311
PLP, PMP, Tris-inhibited, and ketimine forms in the active 314) in the PLP, PMP, and ketimine structures are disrupted
site region: the rocking motion of the cofactor as it tilts about N the Tris-inhibited structure1d). In the latter structure,
the axis defined by the phosphate group and the pyridine GIN316 undergoes significant changes in its side-chain
nitrogen and the Conformation Of Ly5202 The PLP ring is Conformation and interaCtS with the baCkbOI‘le Carbonyl
tilted in the ketimine, Tris-inhibited, and the PMP structures OXygen at Thr313.
by 18-19° compared to the PLP form, and the center of the  Mitochondrial AspAT and cytosolic AspAT also have a
ring moves on average by 0.29 A (Figure 5). The tilt is away cysteine residue that is sensitive to sulfhydryl reages (
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39). However, this cysteine residue does not play a structural
role. Rather, its location at the domain interface makes its
environment susceptible to the structural change involved
in the open to closed conformational transition. In hBCATm,
the interaction between Cys315 and Cys318 may influence
the backbone conformation of the protein at theurn
between residues 311 and 314 and affect cofactor and
substrate binding. Therefore, h(BCATm is the first example
of an aminotransferase where cysteine residues may play a
structural role in catalysislé).

Comparison with DAAT, ADCL, and eBCAM.the other
fold type IV enzymes, ADCLZ1), DAAT (20), and eBCAT
(13), the active site is comprised of residues from both B )
domains of one monomer and the small domain of the other
monomer. Thee-face of the PLP ring faces the protein, and
the catalytic lysine acts on thme-face of PLP. In the different
forms of h(BCATm the cofactor tilts by a maximum of 48
19° compared to about 30n eBCAT and 25 in DAAT.
Similar to the BCATs, ADCL and DAAT have am-helix
whose dipole stabilizes the charge on the phosphate. In
DAAT, the carboxylate of the substrate is on the same side
of the cofactor as the hydrophobic side-chain pocket in
hBCATm. The cavity for the substrate side chain in DAAT Ficure6: Space-filling diagrams of selected amino acids modeled
is quite open, allowing the enzyme to accommodate a rangeinto the hBCATm substrate side-chain-binding pocket. Three
of b-amino acids. The side-chain pocket in hBCATm is rather surfaces form this pocket. Phe75, Tyr207, and Thr240 form surface

restricted, and that would account for the substrate specificity ﬁl a(g;(frg ésisduJ{eiC?y??O(X eﬂg‘ﬁ)sgf rgﬁgs\?gl f;gf?%mT%ﬂ éit’c gﬁg

of this enzyme. - o o subunit form surface C (cyan). The PLP cofactor is shown in orange.
Substrate SpecificityThe kinetic characterization of hB-  (A) In the ketimine structure, the isoleucine side chain forms van

CATm (10) has shown that branched chain amino acids are der Waals interactions with surfaces A and B. (BAlanine, (C)

the preferred substrates. Glutamate is also accepted, but nd&-phenylalanine, and (D)-glutamate were modeling on the

isol . . . id thioni etimine structure. The glutamatecarboxyl group shows favorable
p-ISoleucine, aspa_lrtate, arom_atl_c amino acids, methioning, pyqrogen bond interactions with Tyr141 (surface B) and Arg143
alanine, or glutamine. The ketimine structure shows that the (in pink) of monomer A and Tyr70 (surface C) of monomer B.

side chain plays a crucial role in positioning the incoming
substrate. Therefore, we modeled different substrate sidecarboxylate facing the hydrophobic surfaces A and B and
chains into the substrate-binding pocket on the basis of thethe hydrophobic side chain facing the backbone carbonyl
ketimine intermediate. The side-chain-binding pocket is oxygen and amidic nitrogen of Gly77, the hydroxyls of
determined by three surfaces. Surface A is on the same sideTyr141 and Thr313, or water moleculesthreo-Isoleucine
as the amino group of the substrate and is formed by residuess preferred over.-allo-isoleucine 10). Unlike L-threo
Phe75, Tyr207, and Thr240. Surface B is on the same sideisoleucine, ther-allo-isoleucine side-chain hydrophobic
as the carboxyl group of the substrate and is formed by interactions are only geometrically possible with one (surface
Phe30, Tyrl41, and Ala314. Residues Tyr70*, Leul53*, and A or B) but not both of the surfaces. Also, the terminal
Vall55* from the second monomer form surface C. The methyl group would have to point toward the hydroxyl of
hydrogen bond interaction between Tyr70* and Argl43 is Tyrl41 or the guanidinium group of Arg143.
crucial for the closure of the active site by this surface. Model of hBCATcThe cytosolic isozyme hBCATc is a
The hydrophobic side chains afvaline, L-isoleucine target of the antiepileptic drug gabapentld); To date, there
(Figure 6A), and.-leucine fit into the pocket bounded by is no crystal structure available for hBCATc. On the basis
A, B, and C and have van der Waals interactions with A of the backbone conformation structure of hBCATm, a model
and B. As seen in Figure 6B, an alanine side chain would of hBCATc was built with the side chains accordingly
fall short of interacting through van der Waals contacts with mutated, the whole model energy was minimized using the
any of the surfaces. Bulky side chains such as those foundSWISS-MODEL package4), and the leucine analogue
in the aromatic amino acids (phenylalanine shown in Figure gabapentin was then modeled into the substrate-binding
6C) or the dicarboxylic acid amino acid aspartate (not shown) pocket with its carboxylate close to the carboxylate binding
would have severe steric clashes with surfaces A and B insite of the isoleucine substrate and the cyclohexyl ring of
either of their minimum energy conformers. With the the gabapentin in the branched chain binding pocket. The
dicarboxylic amino acid substrate glutamate model (Figure backbone of this model is essentially the same as hBCATm
6D), the side-chain carboxylate forms good hydrogen bond (RMSD = 0.67 A). At the active site, all residues that would
interactions with the side chains of Tyrl41 and Arg143 of be interacting directly with the cofactor and possibly with
monomer A and Tyr70* (surface C) of monomer B. gabapentin are conserved between hBCATm and hBCATc.
Although glutamate and glutamine have side chains of the In the next shell of interactions, i.e., those residues that are
same length, only glutamate is accepted as a substrate. interacting with the residues that are interacting with the
Human BCAT is specific forL-amino acids, because cofactor and gabapentin, 18 mutations might be indirectly
modeling abp-enantiomer into the active site orients the affecting binding. Of these, the Ser156 to Lys change could
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most affect substrate/gabapentin binding. Its position in the
likely path leading to the active site (along with Tyr173)
could provide steric hindrance for bound substrates/products/

gabapentin to enter or leave the active site. Another mutation 9.

that could affect change in the binding is Val270 to Thr.

This may stabilize the carboxylate of the incoming substrate
by providing additional hydrogen-bonding species through
its side-chain hydroxyl group.

ConclusionsAs a result of soaking hBCATm crystals with
substrate amino acids, we have been able to capture the
enzyme and each monomer at several different stages of the
reaction pathway. The structures provide a molecular ex-
planation for the substrate specificity of h(BCATm and show
that, on substrate binding, hBCATm does not undergo the
classic domain closure seen in AspAT5| or the loop
closure observed with eBCAT2p). Cysteine residues
(Cys315 and Cys318) in hBCATm play a structural role.
They form a thiot-thiolate hydrogen bond that may be
crucial to the backbone geometry and hydrogen-bonding
pattern around Thr313 (involved in cofactor and substrate

spliced forms of hBCATm are expressed in human tissues

7.
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Hall, T. R., Wallin, R., Reinhart, G. D., and Hutson, S. M. (1993)
J. Biol. Chem. 2683092-3098.

8. Hutson, S. M., Bledsoe, R. K., Hall, T. R., and Dawson, P. A.

(1995)J. Biol. Chem. 27030344-30352.
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Biophys. Acta 1339—13.

10. Davoodi, J., Drown, P. M., Bledsoe, R. K., Wallin, R., Reinhart,

11.
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13.
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-

and at least one of these proteins has a function that appears

distinct from that of hBCATm 41, 42). Structurally impor-
tant residues are missing in both alternatively spliced forms
of h(BCATm. One protein lacks the mitochondrial targeting
sequence4?), is missing Phe30 (surface A) and Tyr70*
(surface C) of the side-chain-binding pocket, but still has
the redox-active CXXC motif. Preliminary results suggest
that this protein may not have BCAT activity. A second form
has a 12 amino acid deletiod) that starts immediately
after Cys315. This deletion should affect the geometry of
the turn at Cys315 and indirectly the geometry and hydrogen
bonding at thgg-turn involving Thr313. It has been reported
that this protein is a co-repressor for a thyroid hormone
nuclear receptor4@). Thus, hBCATm may join the growing
list of metabolic enzymes that have functions that are
independent of their enzymatic activity in a metabolic
pathway.
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