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ABSTRACT: The three-dimensional structures of pyridoxal 5′-phosphate-type aspartate aminotransferase
(AspAT) from Thermus thermophilusHB8 and pyridoxamine 5′-phosphate type one in complex with
maleate have been determined by X-ray crystallography at 1.8 and 2.6 Å resolution, respectively. The
enzyme is a homodimer, and the polypeptide chain of the subunit is folded into one arm, one small
domain, and one large domain. AspATs from many species were classified into aminotransferase subgroups
Ia and Ib. The enzyme belongs to subgroup Ib, its sequence being less than 16% identical to the primary
sequences ofEscherichia coli, pig cytosolic, and chicken mitochondrial AspATs, which belong to subgroup
Ia whose sequences are more than 40% identical and whose three-dimensional structures are quite similar
with the active site residues almost completely conserved. The first X-ray analysis of AspAT subgroup
Ib indicated that the overall and the active site structures are essentially conserved between the AspATs
of subgroup Ia and the enzyme of subgroup Ib, but there are two distinct differences between them. (1)
In AspAT subgroup Ia, substrate (or inhibitor) binding induces a large movement of the small domain as
a whole to close the active site. However, in the enzyme of subgroup Ib, only the N-terminal region
(Lys13-Val30) of the small domain approaches the active site to interact with the maleate. (2) In AspAT
subgroup Ia, Arg292 recognizes the side chain carboxylate of the substrate; however, residue 292 of the
enzyme in subgroup Ib is not Arg, and in place of Arg292, Lys109 forms a salt bridge with the side chain
carboxylate. The thermostability of the enzyme is attained at least in part by the high content of Pro
residues in theâ-turns and the marked increase in the number of salt bridges on the molecular surface
compared with the mesophilic AspAT.

The degradation of most amino acids starts with the
transfer of theirR-amino group toR-keto acids. This reaction,
called transamination, is catalyzed by aminotransferases,
which have PLP1 as the prosthetic group. AspAT, one of
the most important of these enzymes, catalyzes a reversible

transamination reaction between the dicarboxylicR-amino
and R-keto acids by a ping-pong bi-bi mechanism, and
extensive studies on this enzyme have been carried out and
reviewed (1-3).

AspATs from many species were classified into amino-
transferase subgroup I (4), which was further subdivided into
subgroups Ia and Ib (5). More than 40% amino acid sequence
identities were observed among AspATs fromEscherichia
coli, yeast, chicken, pig, etc., and more than 40% among
those fromThermus thermophilusHB8, Bacillus sp. YM-2
(6), andRhizobium meliloti(7). The former AspATs belong
to subgroup Ia and the latter to subgroup Ib, and there is
e16% sequence identity between them (5). A number of
X-ray crystallographic studies on AspATs of subgroup Ia
have been performed to elucidate the structure, function, and
catalytic mechanism of the enzymes: chicken mAspAT (3,
8), chicken cAspAT (9), eAspAT (10-12), and pig cAspAT
(13). However, neither the X-ray structure of AspAT in
subgroup Ib nor that of thermostable AspAT has yet been
determined.

X-ray studies on AspAT subgroup Ia showed that the
enzymes are homodimers with a subunit molecular weight
of about 45 000 and have very similar three-dimensional
structures. The polypeptide chain of the subunit is folded
into two domains (one small and one large domain). The
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active site pocket is formed at the subunit interface and the
domain interface. The coenzyme, PLP, resides at the bottom
of the active site pocket and forms a Schiff base with the
catalytic Lys residue. Although the overall sequence identity
among AspATs of subgroup Ia is around 40%, the active
site residues are almost completely conserved.

According to the aligned amino acid sequences of sub-
groups Ia and Ib, most of the active site residues essential
for catalysis seem to be conserved between the AspATs of
subgroups Ia and Ib (5), but the residue which recognizes
the distal carboxylate of the substrate (Arg292 in AspATs
of subgroup Ia) is unknown in the AspATs of subgroup Ib.
Further, some important residues which aid the catalytic
action together with the essential residues may not be
conserved. It is well-known that the AspATs of subgroup Ia
show a large conformational change in the small domain
versus the large domain to close the active site upon binding
of the substrate. This induced fit phenomenon has been
elucidated in detail (3, 9-14) but not uncovered in AspAT
in subgroup Ib.

Structure determination of tAspAT should help in under-
standing the role of the active site residues, the mechanism
of substrate recognition, and the function of the mobile small
domain in AspAT, and comparing three-dimensional struc-
tures between subgroups Ia and Ib provides some insight
into the thermostability of the protein folding. Here we report
the first X-ray crystallographic studies of PLP-type tAspAT
in the open form and PMP-type tAspAT in complex with
maleate in the closed form at 1.8 and 2.6 Å resolution,
respectively.

MATERIALS AND METHODS

Crystallization and Data Collection.The expression of
tAspAT byE. coli, the purification of the expressed enzyme,
and the crystallization of its PLP form together with
preliminary crystallographic analysis have been reported
elsewhere (5, 15). The tAspAT in the PLP form was
crystallized by vapor diffusion using ammonium phosphate
as the precipitant at pH 4.3 and belonged to space group
P212121 with the following cell dimensions:a ) 124.3 Å,b
) 113.6 Å, andc ) 61.62 Å. There is one dimer in the
asymmetric unit, and approximately 52% of the crystal
volume is occupied by solvent. The native X-ray diffraction
data set was collected to 1.8 Å resolution at 287 K on the
BL6A station at the Photon Factory, KEK (Tsukuba, Japan),
using an X-ray beam with a wavelength 1.0 Å and Fuji
Imaging Plates with a screenless Weissenberg Camera (16).
The data sets for the crystals soaked in 1 mM HgCl2 and 1
mM mercurochrome were collected to 3.0 and 3.5 Å
resolution at 287 K, respectively, with a Rigaku R-AXIS
IIc imaging plate detector, using monochromated CuKR
radiation (40 kV and 100 mA).

The PLP-type enzyme was converted to the PMP type by
adding cystein sulfinate. A solution containing 10 mg/mL
protein, 10 mM cystein sulfinate, 100 mM KCl, 50µM PMP,
and 2 mM HEPES (pH 7.0) was allowed to stand for 30
min at room temperature, and the excess cystein sulfinate
was removed by Sephadex G-25. A droplet of 5µL of protein
solution [10 mg/mL, 40 mM maleate, 100 mM KCl, and 2
mM HEPES buffer (pH 7.0)] was mixed with an equal
volume of reservoir solution [200 mM sodium acetate, 100

mM sodium citrate, and 16% polyethylene glycol 6000 (pH
6.5)] and equilibrated against 400µL of reservoir solution
at 20°C to give crystals of PMP-type tAspAT in a complex
with maleate. The space group of the complex crystals is
also P212121 but with the following cell dimensions:a )
197.30 Å,b ) 109.71 Å, andc ) 80.25 Å. There are two
dimers in the asymmetric unit, and approximately 52% of
the crystal volume is occupied by solvent. The X-ray
diffraction data set for tAspAT-maleate was collected to
2.6 Å resolution at 287 K with an R-AXIS IIc detector. All
data were processed and scaled using the programs DENZO
and SCALEPACK (Table 1) (17).

Structure Determination. The molecular replacement
method was not used to solve the structure of tAspAT of
subgroup Ib, since the primary sequence is less than 16%
identical to those of eAspAT, cAspAT, and mAspAT of
subgroup Ia. The structure of tAspAT in the PLP form was
solved by the MIR method, using two isomorphous data sets.
The scaling of all data and map calculations were performed
with the CCP4 program suite (18). The difference Patterson
map calculations for HgCl2 and mercurochrome allowed clear
interpretation of two and four mercury sites, respectively.
Refinement of the heavy atom parameters and calculation
of the initial phases were performed with the program
MLPHARE (18). The resulting MIR map has a mean figure
of merit of 0.47 at a resolution of 15-3.5 Å. The map was
significantly improved by the process of solvent flattening
(19) and local 2-fold symmetry averaging (20) with the
program DM (18). The mean figure of merit reached 0.71
with the same resolution range. The map was of good quality,
and the model of one subunit (subunit A) was gradually built
into the 3.0 Å map through several cycles of model building
using the program O (21). That of the other subunit (subunit
B) in the asymmetric unit was obtained by taking advantage
of the local 2-fold axis.

The initial structure of PMP-type tAspAT in a complex
with maleate was determined with AMoRe (22), using the
previously determined structure of tAspAT in the PLP form
as the search model. The model was constructed from the
dimeric molecule, in which all the side chains and two PLPs
were included. A rotational search followed by a Patterson
correlation refinement using data from 15 to 4 Å resolution
gave two distinct solutions, which resulted in translational
solutions of two dimers in the asymmetric unit with anRfactor

of 45.2%.
The structure of tAspAT in the PLP form was refined by

simulated annealing and energy minimization with 2-fold
noncrystallographic symmetry (NCS) restraints using the
program X-PLOR (23, 24), using X-ray data from 8 to 2.5
Å resolution. The entire structure, including the PLP
molecule, was scrutinized by successively omitting 10 residue
segments of the model from the phasing calculation and
inspecting the map. Refinement by simulated annealing and
rebuilding was alternated until no further improvements in
structure and statistics were apparent with anRfactor of 24.1%
and anRfree of 30.7%. At this stage, the restraint on 2-fold
noncrystallographic symmetry was removed, and the entire
molecule was refined to anRfactor of 21.7% and anRfree of
30.1%. The resolution was progressively increased to 1.8
Å, and after several rounds of refinement and manual
rebuilding,Rfactor andRfree were reduced to 25.7 and 27.5%,
respectively. A 2Fo - Fc map displayed one large peak at
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the active site pocket of each subunit. The residual peak was
assigned to a phosphate anion by considering the shape, size,
and peak height, and possible interactions of this peak with
the neighboring amino acid residues. Water molecules were
picked up on the basis of the peak heights and distance
criteria from the difference map. The water molecules whose
thermal factors were>76 Å2 (maximum thermal factor of
the main chain) after refinement were removed from the list.
Further model building and refinement cycles resulted in an
Rfactor of 21.5% and anRfreeof 26.9%, using 72 271 reflections
[Fo > 2σ(Fo)] between 8.0 and 1.8 Å resolution (Table 1).
During the last step of the refinement, unambiguous water
molecules were added when a high temperature factor was
being used. The maximum thermal factor of water molecules
was 89 Å2. The final model comprises 2× 382 residues
(three C-terminal residues are not visible), two PLPs, two
phosphate ions, and 308 water molecules. The overall
structures of subunits A and B are essentially the same. The
average thermal factors of the main chain atoms (N, CR, C,
and O) in the two subunits are 21.6 (subunit A) and 16.2 Å2

(subunit B), reflecting the lower crystal packing effect on
subunit A than on the subunit B.

The structure of PMP-type tAspAT in a complex with
maleate was refined by simulated annealing and energy
minimization (23, 24). As the four subunits (subunits C-F)
in the asymmetric unit form a dimer of dimers generating a
tetramer with noncrystallographic 222 symmetry, we made
use of strict NCS constraints on all non-hydrogen atoms in
the early stage. This was replaced in the later stage by strong
(500 kcal/Å2) harmonic NCS restraints. When theRfactor was
<27%, the coenzyme PLP was converted to PMP, and the
substrate analogue maleate was introduced into peaks on a
2Fo - Fc map. Water molecules were picked on the basis of
the peak heights and distance criteria from the difference
map. The water molecules whose thermal factors were>59
Å2 (maximum thermal factor of the main chain) after

refinement were removed from the list. Further model
building and refinement cycles resulted in anRfactor of 19.7%
and anRfree of 23.8% using 49 354 reflections [Fo > 2σ-
(Fo)] between 8.0 and 2.6 Å resolution (Table 1). During
the last step of the refinement, unambiguous water molecules
were added even when a high temperature factor was being
used. The maximum temperature factor of water molecules
was 71.3 Å2. The final model comprises 4× 382 residues
(three C-terminal residues are not visible), four PMPs, and
280 water molecules. The structures of four independent
subunits are quite similar. The average thermal factors of
the main chain atoms (N, CR, C, and O) in four subunits
are 21.0, 22.4, 23.2, and 21.0 Å2.

Analysis of the stereochemistry with PROCHECK (25)
showed that all the main chain atoms except Thr296 fall
within the generously allowed regions of the Ramachadran
plot for both structures. The 602 and 54 residues of the PLP-
type enzyme are in the most favored region and the
additionally allowed region, respectively, and 1206 and 110
residues of the PMP-type enzyme are in the most favored
region and the additionally allowed region, respectively. On
the basis of electron density maps, it is confirmed that the
conformation of Thr296 is correct. Pro138, Pro192, and
Pro195 assume cis conformations. We use subunit A in PLP-
and subunit C in PMP-type enzymes as the reference
standards for the open and closed forms of tAspAT,
respectively, for comparisons with the AspATs in subgroup
Ia. Figure 1 displays a CR backbone tracing of tAspAT of
subgroup Ib and eAspAT of subgroup Ia in ribbon model
drawings.

RESULTS AND DISCUSSION

Primary and Secondary Structure.The primary sequence
of tAspAT (5) was aligned versus that of eAspAT with the
following procedure. (1) The main chain atoms of the
conserved residues in the active sites between tAspAT and

Table 1: Data Collection, MIR, and Refinement Statistics

crystal native PLP type maleate complex PMP type HgCl2 mercurochrome

diffraction data
resolution (Å) 1.8 2.6 3.0 3.5
no. of reflections

unique 74202 52952 17195 16235
total 149097 185800 - -

completeness (%) 90.7 97.3 95.6 97.5
Rmerge

a (%) 7.5 10.9 6.8 8.6
MIR

Rdiff
b (%) 13.3 7.0

phasing powerc 1.6 2.0
no. of sites 4 2

refinement
resolution limits (Å) 8.0-1.8 8.0-2.6
Rfactor (%) 0.215 0.197
Rfree (%) 0.269 0.238
deviations

bond lengths (Å) 0.013 0.011
bond angles (deg) 1.7 1.6

B factors
avg main chains (Å2) 18.9 21.9
avg side chains (Å2) 20.9 22.5
avg cofactors (Å2) 12.6 17.1
avg waters (Å2) 37.7 33.7

a Rmerge ) ΣhklΣi|Ihkl,i - 〈Ihkl〉|/ΣhklΣiIhkl,i, whereI is the observed intensity and〈I〉 is the average intensity for multiple measurements.b Rdiff )
Σ||FPH| - |FP||/Σ|FP|, where|FPH| and|FP| are the derivative and native structure factor amplitudes, respectively.c Phasing power is the ratio of the
root-mean-square (rms) of the heavy atom scattering amplitude and the lack of closure error.
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eAspAT are superimposed with a least-squares method. (2)
Additional pairs of the amino acid residues were picked using
the distance criteria and the conformational similarity using
the program O (21). (3) The pairs found at step 2 were added
to the residues used at the calculation of step 1, and the least-
squares fitting of the main chain atoms was performed
between tAspAT and eAspAT. (4) Steps 1 and 2 were
repeated to give the sequence alignment of the AspATs of
subgroup Ia and subgroup Ib as shown in Figure 2. The
residues are numbered according to the sequence of pig
cytosolic AspAT (26, 27).

It is well-known that each subunit of AspAT in subgroup
Ia is divided into two domains. The domain division was
established for chicken mitochondrial AspAT (3, 8) and more
recently for pig cytosolic AspAT (13) on the basis of the
correlated motion of the N-terminal and C-terminal parts of
the polypeptide chain on inhibitor binding, resulting in
essentially the same division. Although no correlated motion
was observed in tAspAT, the division was adopted for
convenience for tAspAT. The small domain is formed by
two parts of the polypeptide chains from Lys13 to Asp48
and from Ala326 to the C-terminus and the large domain
from Thr49 to Met325. The N-terminal part comprising
Met2-Met12 is called an arm and does not belong to either
domain. The arm, small, and large domains consist of 11 (8
in eAspAT), 127 (121), and 247 (267) residues, respectively.

The 385 amino acid residues of tAspAT are numbered
from 2 to 411 with the deletion of 32, 34, and 43 residues
and the insertion of 21, 18, and 16 residues in comparison
with those of eAspAT, chicken mAspAT, and pig cAspAT,

respectively (Figure 2). The main chain of the small domain
is lengthened by five to eight residues and that of the large
domain shortened by 22-31 residues compared with those
of eAspAT, chicken mAspAT, and pig cAspAT. The
insertion of 18, 17, and 16 residues and the deletion of 10,
10, and 11 residues are observed in the small domain, while
only the deletion of 22, 24, and 31 residues in the large
domain was observed. The insertion occurs only in the loop
regions except for the N- and C-terminal regions, but the
deletion occurs not only in the loop regions but also in the
R-helices andâ-strands.

The sequence identities of tAspAT with respect to
eAspAT, chicken mAspAT, and pig cAspAT are 15.9, 13.6,
and 13.1%, respectively. The corresponding values in the
large domain are 17.9, 15.0, and 14.4%, which are signifi-
cantly larger than 12.4, 11.0, and 10.8% in the small domain,
suggesting that the primary sequence of the large domain is
relatively well conserved between the AspATs of subgroups
Ia and Ib, compared with that of the small domain. The
sequences of both the small and large domains in tAspAT
are more identical with those of eAspAT than with those of
chicken mAspAT and pig cAspAT.

The subunit structure of PMP-type tAspAT-maleate is
shown with secondary structure assignments from the
program DSSP (28) in Figure 3. The AspATs of subgroup
Ia so far determined by X-ray show almost common
secondary structures except for a few additional short
â-strands and one or two residue differences in the length
of a few R-helices andâ-strands (13). The arrangement of
R-helices andâ-sheets of tAspAT as a whole is similar to

FIGURE 1: CR ribbon tracing of tAspAT (left) and eAspAT (right) molecules viewed down the molecular 2-fold axis (42). The upper half
of the molecule represents one subunit (subunit 1) in the closed form. The arm andR-helices andâ-sheets of the large domain and those
of the small domain are blue, green, yellow, pale green, and pale yellow, respectively. The lower half of the molecule is the superimposition
of the other subunit (subunit 1) in the closed form onto that in the open form by least-squares fitting of CR atoms in the large domain. The
open form is light blue and the closed form green (R-helices) and yellow (â-sheets).
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those of the AspATs of subgroup Ia, indicating that the
overall secondary structures of AspATs are conserved
between subgroups Ia and Ib. However, a detailed compari-
son of secondary structures exhibits well-defined differences
in the secondary structures. In tAspAT, the shortR-helix
H0 is observed in the arm, a three-stranded-likeâ-sheet is
formed in the small domain, andR-helices H4, H9, and H14
are not found and change to parts of loops. The lengths of
theR-helices,â-strands, and loops are considerably different
between tAspAT and the AspATs of subgroup Ia.

OVerall Structure.The overall structures of tAspAT and
eAspAT are shown in Figure 1. The tAspAT is folded into
a dimeric form (Mr ) 2 × 42 501), and the CR atoms of the
two subunits are related by a noncrystallographic 2-fold axis.
The overall structures of tAspAT and eAspAT are apparently

similar, but are distinguishable. Especially, the N-terminal
residues of the small domain between the arm andR-helix
H1 exhibit a marked structural difference between tAspAT
and eAspAT.

The large domain is anR/â-domain with an open twisted
â-sheet structure. The sevenâ-strands designated a, g, f, e,
d, b, and c (all parallel except for the g-strand) form a sharply
twistedâ-sheet structure as a central core surrounded by three
R-helices (H5, H6, and H11) from the interior side of the
protein and threeR-helices (H3, H7, and H8) from the
surface side (Figures 2 and 3). Many of the active site
residues are situated at or near one end of a seven-stranded
â-sheet (the C-terminus of a-, f-, e-, d-, and b-strands and
the N-terminus of the g-strand), forming the base of the active
site cavity.R-Helices H2 and H12 are located around the

FIGURE 2: Alignments of six AspATs with secondary structure designations for tAspAT and eAspAT.R-Helices are denoted by H0-H16
andâ-sheets by a-g in the large domain and a′-d′ in the small domain. tAspAT, bAspAT, and rAspAT are fromT. thermophilusHB8,
Bacillussp. YM-2, andR. meliloti, respectively, and belong to subgroup Ib. cAspAT, mAspAT, and eAspAT are from pig cytosol, chicken
mitochondria, andE. coli, respectively, and belong to subgroup Ia. In the consensus sequence, capital letters imply full conservation, small
letters imply conservation in one of two groups, and # implies conservation in each subgroup.
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molecular 2-fold axis, participating in the formation of the
subunit interface.

The small domain also assumes anR/â-structure with a
three-stranded-likeâ-sheet surrounded by fourR-helices (H1,
H13, H15, and H16) from the surface side of the small
domain. The antiparallelâ-sheet of three strands (b′, d′, and
c′) is linked to the parallelâ-sheet of two strands (c′ and a′)
by sharingâ-strand c′ to give the three-stranded-likeâ-sheet.

The ASAs of the molecule, the subunit interface, and the
domain interface were calculated for the open forms of
tAspAT and eAspAT (11) determined at 1.8 Å resolution as
shown in Table 2 (29). The ASA of tAspAT is characterized
by a relative increase (11%) in the charged area and a
decrease (12%) in the polar area, in comparison with those
of eAspAT. The ASA of the subunit interface is 6011 Å2,
which is comparable to the value of 6045 Å2 in eAspAT.
An increase in the charged area and a decrease in the
nonpolar areas were observed on the subunit interface of
tAspAT in comparison with those of eAspAT. The ASA of
the domain interface in tAspAT is 670 Å2 larger than that
in eAspAT. This is due to the participation of the N-terminal
region of the small domain in tAspAT in the domain

interface. The charged area of the domain interface in
tAspAT is twice that in eAspAT.

Open-Closed Conformational Change.One of the striking
features of the AspATs in subgroup Ia is the overall
enzymatic conformational change from the open to the closed
form, depending on the binding of the substrates (3, 10-
14). This conformational change is due to the small domain
movement to close the active site. Also in tAspAT of
subgroup Ib, the binding of the inhibitor, maleate, induces a
large conformational change from the open to the closed
form. However, movement of the small domain as a whole
was not observed, but only the N-terminal region from Lys13
to Val30 of the small domain approached to close the active
site by changing the main chain dihedral angles around
Gln28, Gly29, Val30, Asp31, and Leu32 (Figure 4). The CR
atoms of residues Met2-Met12 and Asp31 to the C-terminus
in the open and the closed forms were superimposed by least-
squares fitting with an rms deviation of 0.32 Å with a
maximum displacement of 1.2 Å. In contrast to the good
agreement of the CR atoms of these residues, large differ-
ences from 3.3 (Lys13) to 8.2 Å (Ala19) were observed for
residues Lys13-Val30. The CR atoms of R-helix H1
(Ala16-Arg27b) of the open and the closed forms were fitted
with an rms deviation of 0.44 Å with a maximum displace-
ment of 0.73 Å (Thr17), indicating thatR-helix H1 does not
show a large conformational change and behaves like a rigid
body on binding of the inhibitor.R-Helix H1, which is
approximately parallel toR-helix H15, changes its direction
to make its helical axis parallel toâ-strands a′ and c′ and
moves to the active site center, resulting in the direct
interaction of its N-terminal residue Thr17 with the inhibitor.
Concurrently, residues Lys13-Ala16 approach within 3.3-
6.8 Å the active site with a large change in the main chain
conformation to cover the entrance of the active site.
Attention should be called to the conformational change in
tAspAT on binding of the inhibitor because the packing
interactions might affect the movement of the small domain.
The tetramer found in the crystal of tAspAT-maleate was
formed by the interactions between the large domains of two
dimers; the small domains are not involved in the dimer-

FIGURE 3: Stereoview of the subunit structure in PMP-type tAspAT-maleate with secondary structure assignments (42). R-Helices are
denoted by H0-H16 andâ-sheets by a-g in the large domain and a′-d′ in the small domain. The heavily shaded and lightly ribbons
represent the large and the small domains, respectively.

Table 2: Molecular Surface and Subunit and Domain Interface

tAspAT eAspAT

ASA of dimer (Å2) 27205 29397
nonpolar ASA of dimer (Å2) 5461 5561
polar ASA of dimer (Å2) 8149 12302
charged ASA of dimer (Å2) 13595 11534

ASA of subunit interface (Å2) 6011 6045
nonpolar ASA of subunit interface (Å2) 1248 1604
polar ASA of subunit interafce (Å2) 2710 2770
charged ASA of subunit interafce (Å2) 2053 1671

ASA of domain interface (Å2) 2775 2103
nonpolar ASA of domain interface (Å2) 873 655
polar ASA of domain interface (Å2) 1297 1171
charged ASA of domain interface (Å2) 605 277

surface-to-volume ratio (Å-1)a 0.224 0.236
area of molecular surface (Å2) 23368 25122
volume enclosed by molecular surface (Å3) 104265 106302

a The surface-to-volume ratio is the ratio of the area of the molecular
surface to the volume enclosed by the molecular surface.
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dimer interactions, implying that the formation of a tetramer
in the crystal does not affect the open-closed conformational
change. The small domains of a tetramer were involved in
interactions among tetramers in the crystal lattice, but the
crystallographic environment around each small domain in
a tetramer is different. The crystal of tAspAT-maleate was
formed with the cocrystallization method. Thus, the confor-
mational change found in the crystal might reasonably occur
in solution.

In the open form of tAspAT, the side chains of Val20,
Ala24, and Leu27 and the methylene moieties of the side
chains of Lys23 and Arg27a arranged on one side ofR-helix
H1 interact with the side chains of Leu32 and Ala34 on
â-strand a′, Ala370 and Leu374 onR-helix H15, and Ala380
onâ-strand c′ to form a hydrophobic cluster. The side chains
of the residues on the other side ofR-helix H1 and Pro14
face the solvent region. The NH3

+ of Lys13, OH of Ser15,
and OH of Thr17 interact with the carboxylate of Asp384b.

FIGURE 4: Stereodiagrams showing the large movement of the N-terminal region (Lys13-Val30) bearingR-helix H1 in the conformational
change from the open (a, top) to the closed (b, bottom) forms (42). The viewing direction is the same as that in Figure 1. The N-terminal
moving region and the part of the protein adjacent to it are shown. The side chains of the amino acid residues are green (hydrophobic), light
blue (hydrophilic), purple (positively charged), and red (negatively charged) lines, and cofactors, phosphate ion, and maleate bound to the
active site are shown as ball-and-stick models. OnlyR-Helix H1 (Ala16-Arg27b) and its terminal loops (Lys13-Ser15 and Gln28-Val30)
of the small domain move toward the active site region.
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On binding of the inhibitor, the hydrophobic residues on the
one side ofR-helix H1 are rearranged to form a new
hydrophobic cluster with Leu32, Ala34, Leu374, Ala380, and
Val382, and Ser15 and Thr17 in the N-terminal region of
R-helix H1 switch interactions with Asp384b with the
inhibitor, maleate, while the interaction between Lys13 and
Asp384b is maintained. The main chain NH and CdO of
Lys13 form hydrogen bonds with OE1 of Glu145 and NE2
of Gln293*, respectively, and Pro14 covers the part of the
entrance of the active site pocket. Val18 and Asn21, which
face the solvent region in the open form, partially cover the
maleate from the solvent region with the side chain of Asn21
forming hydrogen bonds with the hydroxyl and carbonyl
group of Thr36.R-Helix H1 slides on the surface comprising
hydrophobic residues ofâ-strands a′ and c′ andR-helix H15
toward the active site (Figures 3 and 4). Thus, the movement
of R-helix H1 is attained by a shear motion (30).

The ASAs of tAspAT are 27 205 and 26 288 Å2 in the
open and closed forms, respectively. The ASA is decreased
by 458 Å2 per subunit upon substrate binding, which is due
to the large movement of the N-terminal part toward the
active site. Especially, the stretch from Lys13 to Val18
greatly contributes to this change in ASA, because the buried
ASA of this stretch into the protein interior by the active
site closure was 231 Å2 , of which 151 Å2 is hydrophobic
and 80 Å2 is hydrophilic. The AspATs of many vertebrate
enzymes and eAspAT have the consensus sequence of H14-
X15-H16-H17-H18, where H represents the hydrophobic
residue at the N-terminal region (13). This sequence, called
a hydrophobic plug, is Pro14-Val15-Leu16-Val17-Phe18,
Pro14-Asp15-Pro16-Ile17-Leu18, and Ala14-Asp15-Pro16-
Ile17-Leu18 in pig cAspAT and chicken mAspAT and
eAspAT, respectively. The ASA of the consensus sequence
in pig cAspAT is buried 222 Å2 into the protein interior in
the domain closure. The main driving force for the change
from the open to closed form was ascribed to the entropy-
driven burial of these hydrophobic residues concurrent with
the charge compensation of the two Arg residues in the active
site by substrate binding (13). Also in tAspAT, the quasi-
consensus sequence of Pro14-Ser15-Ala16-Thr17-Val18 ex-
ists, but this sequence is less hydrophobic than those of
subgroup Ia; Ser15, Thr15, and Lys13 participate in many
hydrogen bonds with the residues of the active site in the
closed form. Thus, in tAspAT, not only the hydrophobic
force but also hydrophilic interactions might play important
roles in the active site closure.

The ASA of the domain interface in tAspAT is signifi-
cantly larger than that in eAspAT, with the marked increase
in the charged area of the domain interface in tAspAT (Table
2). There are nine salt bridges (distance cutoff of 4.0 Å) and
14 charged-neutral and seven neutral-neutral hydrogen
bonds (distance cutoff of 3.5 Å) which bridge the large and
small domains in the open form of tAspAT, while zero salt
bridges and eight charged-neutral and four neutral-neutral
hydrogen bonds are observed in eAspAT. The domain
closure in AspATs of subgroup Ia appears to be a rigid body
rotation of the small domain but, in fact, is caused by a series
of small conformational changes over the domain interface
(8). The tAspAT does not show the domain closure as was
observed in the eAspAT of subgroup Ia. This is at least in
part due to the differences in areas and properties of the
domain interfaces between tAspAT and eAspAT.

ActiVe Site of PLP-Type tAspAT in the Open Form.The
stereo structure and hydrogen-bonding scheme of the active
site are shown in Figures 5a and 6a, respectively. The
molecule has two active site pockets around the molecular
2-fold axis. Each pocket is located at the domain interface
of one subunit and at the subunit interface. The residues
comprising the pocket are made up of three parts. The first
part is the bottom of the active site pocket, which consists
of residues Gly108 (Gly in eAspAT), Lys109 (Thr), Trp140
(Trp), Val141 (Pro), Ser142 (Asn), Tyr143 (His), Asn189
(His), Asn194 (Asn), Asp222 (Asp), Ile224 (Ala), Tyr225
(Tyr), Ala257 (Ser), Lys258 (Lys), and Arg266 (Arg), and
is at one end of the seven-strandedâ-sheet of the large
domain. The second part forms a lid and one side of the
active site pocket. The lid is formed by Ser15 (Asp), Ala16
(Pro), Thr17 (Ile), and Val18 (Leu) which have no direct
interaction with the active site residues in the open form.
One side of the active site wall consists of Thr36 (Gly),
Ala37 (Ile), Gly38 (Gly), Tyr360 (Phe), and Arg386 (Arg)
from the small domain of the same subunit. The first and
second parts belong to the large and the small domains of
the same subunit, respectively. The third part forms the other
side of the active site pocket, which consists of residues
Tyr70* (Tyr), Ser292* (Arg), Gln293* (Ala), and Thr296*
(Ser) from the large domain of the other subunit. PLP is
bound to this pocket by extensive noncovalent inteactions
with the residues forming the bottom of the active site pocket
except for Tyr70* and by forming an internal aldimine bond
(Schiff base linkage) with catalytic residue Lys258. The
internal aldimine bond (Schiff base, C4′dN) formed by PLP
and Lys258 forms an angle of 46° with the pyridine ring of
PLP. This angle is in fair agreement with the angles of 55
and 64° observed in eAspAT (10, 11). The negative charge
of the phosphate group is well balanced with the positive
charge of Arg266 and the dipole ofR-helix H5, whose
N-terminus is close to the phosphate group. The phosphate
ion and 12 water molecules are located in the active site
and are involved in the formation of extensive hydrogen
bonds as shown in Figures 5a and 6a. The phosphate anion
occupies the binding region of the substrateR-carboxylate
in the closed form, and its two oxygen atoms form a salt
bridge with the guanidino group of Arg386 by end-on
symmetric geometry (31). This salt bridge is rigidly fixed
by Thr36 and W5 from one side and by Asn194 and Trp140
from the other side. In addition to this salt bridge, Arg386
forms a hydrogen bond with OD1 of Asn194, and the
nonpolar segment of Arg386 undergoes van der Waals
interaction with Phe360. The protonated N1 and O3- atoms
of PLP form a salt bridge with the carboxylate of Asp222
and hydrogen bonds with Asn194 and Tyr225, respectively.
The pyridine ring of PLP is sandwiched by the ethyl group
of Ile224 (the methyl group of Ala in eAspAT) and the indole
ring of Trp140. The pyridine ring of the cofactor is nearly
parallel to the indole ring of Trp140 with an inclination angle
of 6.1° between them, while in eAspAT, the arrangement
of these two rings considerably deviates from the parallel
orientation with a corresponding inclination angle of 20° (10,
11). On the left side of the cofactor and phosphate (Figures
5a and 6a), there is an intricate hydrogen bond network
starting from the phosphate moiety of the cofactor to
Ser292*. The OH of Thr296*, NH3+ of Lys109, W1, and
W2 form a cyclic hydrogen-bonding ring. This ring is
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connected to the phosphate moiety of the cofactor through
W1, to the main chain CdO of Ser292* through NH3+ of
Lys109, and to W3 and W4 through W2. W4 interacts with
the phosphate anion and the phosphate moiety of the cofactor.
W3 is further hydrogen-bonded to the OH of Ser142.

ActiVe Site of PMP-Type tAspAT-Maleate in the Closed
Form. The stereo structure and hydrogen-bonding scheme
of the active site in the closed form are shown in Figures 5b
and 6b. The binding of the maleate liberates six water
molecules and the phosphate anion from the substrate binding
region of the active site in the open form, inducing the access
of the N-terminal region bearing the lid (Ser15-Ala16-Thr17-
Val18) to the active site. Thus, the hydrogen bond networks
around the maleate binding region are reconstituted. How-
ever, the active site residues except for Glu145, Gln293*,
and the residues of the lid do not change their positions and
retain the interactions among them on maleate binding,
because the corresponding residues in the open and closed
forms are superimposed within 0.85 Å except for the side
chain of Lys258. Glu145 and Gln293* change their side-

chain directions to form hydrogen bonds with the main chain
NH and CdO of Lys13, respectively, suggesting that these
interactions play some roles in the open-closed conforma-
tional change. N-Terminal residues Ser15, Thr17, and Val18
cover the entrance of the active site pocket to shield the
maleate from the solvent. The average isotopic thermal factor
of Pro14-Val18 is reduced by 36 Å2 compared with that in
the open form. One carboxylate of the maleate corresponding
to theR-carboxylate of the substrate interacts with the active
site residues just like the phosphate anion (P, O2, and O4)
in the open form. The carboxylate and Arg386 form a salt
bridge, which is fixed by the hydrogen-bonding interactions
from both sides of the salt bridge, showing that the
interactions ofR-carboxylate of the substrate with the active
site residues are essentially the same between tAspAT and
AspATs of subgroup Ia. The other carboxylate of the maleate
corresponding to the side chain carboxylate of the substrate
participates in one salt bridge and four hydrogen bonds. One
carboxylate oxygen (Ob in Figure 6b) of the maleate takes
the place of W2 in the hydrogen-bonding cycle formed by

FIGURE 5: Stereodiagrams of the active sites of tAspAT in the open (a, top) and the closed (b, bottom) forms (43). Cofactors, phosphate
ion, and maleate are represented by full bonds and waters by solid circles. Thick full bonds indicate the active site residues from the large
domain of one subunit, thin lines those from the small domain of the same subunit, and thick open bonds those from the large domain of
the other subunit.
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OH of Thr296*, NH3
+ of Lys109, W1, and W2 in the open

form to form a salt bridge with the NH3+ of Lys109 and a
hydrogen bond with W1. The phosphate moiety of the
cofactor, OH of Thr296*, and the main chain CdO of
Ser292* indirectly recognize the maleate through the cycle.
The other carboxylate oxygen (Oa in Figure 6a) of the
maleate participates in three hydrogen bonds with Trp140,
Thr17, and W3. Ser142 and Ser15 indirectly recognize the
maleate through W3. The amino group of PMP forms
hydrogen bonds with the NH3+ of Lys258, the main chain
CdO of Gly38, and the OH of Tyr225. The pyridine ring of
PMP rotates by 12° toward the maleate at N1 of the pyridine
ring as a pivot, compared with that of PLP in the open form.
This rotation is attained by changing the dihedral angles
around the linkage between C5 and the phosphate of the
cofactor: OP1-P-OP4-C5′ ) -87° (-33° in the PLP-
type enzyme of the open form), P-OP4-C5′-C5 ) 180°
(-178°), and OP4-C5′-C5-C4 ) 33° (-35°). The incli-
nation angle between the pyridine ring of PMP and the indole
ring is 5.3° (6.1° in the PLP-type enzyme), indicating that
these two rings have the same relative orientation both in
the PLP-type enzyme with the Schiff base between Lys258
and the cofactor and in the PMP-type enzyme without the
Schiff base and rotate in cooperation. In eAspAT, the
pyridine ring of PLP inclines about 17° toward Trp140 to
achieve parallel stacking with the indole ring of Trp140.

The sequences of active site residues are 37% identical
with those of eAspAT, which is markedly higher than the
16% identity of the total sequence. Especially, most of the
important residues for the catalytic action around the cofactor
are conserved between AspATs of subgroup Ia and tAspAT.
These residues are Tyr70*, Trp140, Asn194, Asp222,
Tyr225, Lys258, Thr296* (Ser in eAspAT), Tyr360 (Phe in
eAspAT), and Arg386. The main chain atoms of these
residues are superimposed within 1.30 Å with those of
eAspAT, and the arrangements of the side chains around
the cofactor are also well conserved between tAspAT and

eAspAT. These results indicate that the stereochemistry of
the catalytic mechanism in tAspAT is essentially the same
as those proposed for the AspATs of subgroup Ia (2, 32).
Thr296* in tAspAT and Ser296* in eAspAT, pig cAspAT,
and chicken mAspAT have strained main chain dihedral
angles, and the role of residue 296* is conserved among them
(3, 10, 11). The OH group of residue 296* interacts with
the phosphate group of the cofactor through a water molecule
in both the open and closed forms. Additionally, in the closed
form, residue 296* participates in the recognition of the side
chain carboxylate of the substrate through the water mol-
ecule. The possible participation of the residues with strained
main chain dihedral angles in the protein function has been
reported previously (33).

Substrate Recognition and the Role of Residues 36-38.
There are two distinct differences in the active sites between
tAspAT and eAspAT. One is concerned with the residues
recognizing the side chain carboxylate of the substrate. In
eAspAT, the guanidino group of Arg292* forms a salt bridge
with the side chain carboxylate of the substrate. In tAspAT,
no Arg residue corresponding to Arg292* was observed.
Residue 292* in tAspAT is Ser. In place of Arg292*, Lys109
(Thr in eAspAT) forms a salt bridge with the side chain
carboxylate of the substrate to compensate for the charge.
In addition to this salt bridge, the carboxylate is directly
hydrogen-bonded to W1, W3, Thr17, and Trp140 as shown
in Figures 5b and 6b, indicating that the side chain carboxyl-
ate must be rigidly fixed for catalytic action as was observed
in the AspATs of subgroup Ia (3, 9-14). In both tAspAT
and eAspAT, the side chains of the residues 17 and 18
occupy nearly the same positions of the active sites and
interact with the substrate to cover the active pocket. In this
sense, the roles of residues 17 and 18 are conserved. In
aminotransferase subgroup Ib, residue 292 is Ser or Ala and
residue 109 is Lys, indicating that Lys109 is the key residue
for recognizing the side chain carboxylate of the substrate
in subgroup Ib.

FIGURE 6: Schematic diagram showing hydrogen bond and salt bridge interactions of active site residues in the open (a, left) and closed
(b, right) forms. Putative interactions are shown by dotted lines if the acceptor and donor are less than 3.5 Å apart.
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The other difference is concerned with the role of residues
36-38. The AspATs of many vertebrate enzymes and
eAspAT have the consensus sequence of G36-H37-G38,
where H is Leu or Val. G36, H37, and Gly37 approach the
active site with a marked change in their main chain
conformations and the side chain direction of H37 from the
solvent region to the active site center. The side chain of
H37 shields the substrate from the solvent region together
with hydrophobic residues 17 and 18, and the main chain
NH of Gly38 is hydrogen-bonded to the inhibitor (3, 9-14).
This conformational change is enabled by the presence of
two glycines on both sides of H37. In tAspAT, the corre-
sponding stretch is Thr36-Ala37-Gly38, suggesting that such
a large conformational change is disallowed in this region
because of the replacement of Gly36 by Thr. The stretch
forming one side of the active site wall shows neither a
significant change in conformation nor an approach to the
active site on the binding of the maleate, resulting in the
incomplete shield of maleate from the solvent region in the
closed form. In the open form, the side chain of Thr36 faces
the solvent region and its main chain CdO forms a hydrogen
bond with the guanidino group of Arg386. In the closed form,
Thr36 is enclosed in the protein interior by the access of
R-helix H1 to the active site for its OH group to form
hydrogen bonds with Asn21 ofR-helix H1, keeping the
interaction with Arg386. Thus, Thr36 might be one of the
key residues responsible for the N-terminal movement. The
side chain of Ala37 faces the solvent region in both the open
and closed forms. The sequences of residues 36-38 of
subgroup Ib shown in Figure 2 are divided into Thr36-Ala37-
Gly38 and Gly36-H37-Gly38, where H37 is Ala or Ile. The
latter stretch might behave in a manner different from the
former in the substrate binding in AspATs of subgroup Ib.

Thermostability.The enzyme is stable up to about 80°C
at neutral pH. Some aspects of thermostabilty in tAspAT
have already been described in terms of amino acid
compositions (5). Here, tAspAT and eAspAT as a represen-
tative of mesophilic AspAT in subgroup Ia are compared in
terms of surface, turns, and salt bridges to study the structural
basis for thermostabilty, using the structures of the open form
determined at 1.8 Å resolution. A more quantitative analysis
related to thermostability must await the structure analysis
of mesophilic AspAT in subgroup Ib, because the sequence
identity between tAspAT and eAspAT is too low (16%), and
even the overall structure of tAspAT is distinguishable from
that of eAspAT (Figure 1).

The introduction of Pro residues into surface turns and
loops has been well documented as an important stabilizing
force in protein structure (34-37). The unusually high Pro
content compared with that of mesophilic AspAT has been
reported, and the distribition of most of the residues
substituted with Pro in tAspAT on the molecular surface was
pointed out on the basis of the tertiary structure modeled
from the X-ray structure of eAspAT (11). In tAspAT, there
are 25 Pro residues, of which three are located onR-helices,
one is located on aâ-sheet, nine are located onâ-turns, and
12 are located on loops with all Pro residues at theâ-turns
or loops on the molecular surface, while there are 15 in
eAspAT, of which two are onR-helices, two are onâ-sheets,
one is on aâ-turn, and 10 are on loops. Pro rich tAspAT is
characterized by eightâ-turns containing Pro residues in
contrast to oneâ-turn in eAspAT. Thus, the substituted Pro

residues inâ-turns might play some roles in the thermosta-
bility of this enzyme. The average ASAs of Pro residues on
the molecular surfaces in tAspAT and eAspAT are 40.0 and
49.0 Å2, respectively, indicating that the Pro residues in
tAspAT are less exposed to the solvent region than those in
eAspAT. The more buried hydrophobic Pro residues in the
protein interior might be favorable for thermostabilty.

Ionic interactions play an important role in stabilizing
protein structures (34, 38-40). The charged area of the
molecular surface in tAspAT is 2061 Å2 larger than that in
eAspAT (Table 2), and 73 and 51 salt bridges (distance cutoff
of 4.0 Å) were observed in tAspAT and eAspAT, respec-
tively, indicating a marked increase in the number of salt
bridges in tAspAT compared with those in eAspAT. Out of
73 salt bridges, 53 are located on the molecular surface,
implying that the salt bridges on the molecular surface
stabilize tAspAT. Especially, the N-terminal arm in tAspAT
is characterized by the three Arg residues (Arg2, Arg6, and
Arg7). No such Arg was observed in the N-terminal arm of
eAspAT. The deletion of the first to seventh or ninth residues
in pig cAspAT causes critical damage to the enzyme activity,
showing that the fixation of the N-terminal arm on the other
subunit is very important (41). Arg2 and Arg6 form salt
bridges with Asp197 and Asp113, respectively, to reinforce
the interaction of the arm with the other subunit, probably
contributing to the thermostabilty of tAspAT.
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23. Brünger, A. T., Kuriyan, J., and Karplus, M. (1987)Science

235, 458-460.
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