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We determined the crystal structure of the liganded form of a-aminotransferase from a
hyperthermophile, Pyrococcus horikoshii. This hyperthermophilic enzyme did not show
domain movement upon binding of an acidic substrate, glutamate, except for a small
movement of the a-helix from Glul6 to Ala25. The w-carboxyl group of the acidic sub-
strate was recognized by Tyr70* without its side-chain movement, but not by positively
charged Arg or Lys. Compared with the homologous enzymes from Thermus thermophi-
lus HB8 and Escherichia coli, it was suggested that the more thermophilic the enzyme
is, the smaller the domain movement is. This rule seems to be applicable to many other
enzymes already reported.

Key words: aminotransferase, domain movement, hyperthermophilic enzyme, Pyrococ-
cus horikoshii, substrate recognition.

The thermostability of thermophilic enzymes has been
extensively studied, and it has been suggested that the
forces contributing to their thermostability are increases in
electrostatic interactions, hydrogen bonding, and packing
(2-9 and references therein). Usually there are no critical
residues for increasing the thermal stability of a protein,
but rather cumulative small contributions of many resi-
dues. However, the temperature dependence of the sub-
strate recognition mechanism remains to be elucidated.

a-Aminotransferases are vitamin B6 enzymes that use
an acidic substrate, glutamate, as a common amino donor
substrate. Aspartate aminotransferase from the mesophile
Escherichia coli (EcAT) (10, 11; Fig. lc) consists of two
domains (see the circles in Fig. la), which close upon sub-
strate binding (in Figs. 1 and 2, the substrate-free form is
colored gray). Recently, we were able to estimate the free
energy required for domain movement by means of kinetic
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studies in a series of aliphatic substrates and correspond-
ing crystallographic studies (12). Upon binding of the acidic
substrate, the side chain of Arg292* largely moves into the
active site to create bifurcated hydrogen bonds and an elec-
trostatic interaction with the distal carboxylate ((o-carboxy-
late) group of the bound acidic substrate (Fig. 2c).

The aspartate aminotransferase from an extreme ther-
mophile, Thermus thermophilus HB8 (TtAT), is a homo-
logue of EcAT. Although the amino acid identity between
TtAT and EcAT is 16%, the amino acid residues critical for
the conformation, including the residues in the active site,
are well conserved (13), and the overall conformation of
TtAT (Fig. lb) is very similar to that of EcAT (Fig. lc).

No large domain movement is observed upon binding of
a substrate to TtAT. The single N-terminal a-helix consist-
ing of Lysl3 to Val30 approaches the bound substrate and
closes the active site (14)- Serl5 and Thrl7 in the N-termi-
nal region of the a-helix interact with one of the carboxy-
late oxygen atoms of the bound acidic substrate, and
Lys 109 interacts with another oxygen atom without move-
ment of its side chain (Fig. 2b).

Despite its name, the aromatic amino acid aminotrans-
ferase from a hyperthermophile, Pyrococcus horikoshii
(PhAT), is very similar to TtAT and EcAT. The amino acid
sequence identity between PhAT and TtAT is 41%, and
both PhAT and TtAT exhibit 16% identity with EcAT. We
recently determined the three-dimensional structure of the
unliganded form of PhAT (15), the overall conformation
(Fig. la) being found to be almost identical to those of TtAT
and EcAT (Fig. 1, b and c).

PhAT is highly active toward glutamate (15), as in the
case of TtAT and EcAT, but the key positive residue ob-
served for TtAT and EcAT for recognition of an acidic sub-
strate seems not to be present in PhAT (15). As the absence
of a positive charge seems rather curious, we determined
the crystal structure of PhAT complexed with a glutamate
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analog. These homologous a-aminotransferases with differ-
ent optimum temperatures suggest a general rule for the
temperature dependence of enzyme-substrate recognition.

MATERIALS AND METHODS

Enzyme Preparation—Overexpression and purification of
PhAT were performed as described previously (.15).

Construction of the N-5'-Pkosphopyridoxyl-L-Glutamate
Form of PhAT—We first attempted to prepare PhAT com-
plexed with glutarate or 2OG, respectively, by soaking the
substrate analog for crystallization or cocrystollization, but
were unsuccessful. In order to mimic the enzyme-substrate
complex, we synthesized a cofactor-substrate analog, N-5'-
phosphopyridoxyl-L-glutamate (16), and prepared a com-
plex of the analog and the apoenzyme. Af-5'-Phosphopyri-
doxyl-L-glutamate was synthesized as follows: 2 mmol of
PLP and L-glutamate were dissolved in 1^0, and the pH
was adjusted to 9.3. The solution was then treated with 0.1
M NaBH4 for 8 h. The decolorized solution was acidified
with formic acid, chromatographed on DOWEX 1-X8 anion-
exchange resin (bed volume, 150 ml), and then eluted with
a linear gradient of 0.2—4.0 M formic acid. The second peak
showing absorbance at 330 nm was collected and freeze-
dried.

To obtain the apoenzyme, the PMP form of PhAT was
treated with 50 mM KjHPO,, (pH 11.3) for 40 min at 25°C.
The PMP that dissociated from the enzyme was washed
out with the same buffer using a Centriprep YM-30, this
treatment being repeated until the coenzyme was com-
pletely removed. To this apoenzyme, a 5-fold final concen-
tration of iV-5'-phosphopyridoxyl-L-glutamate was added,
followed by incubation for 60 min at 25°C to obtain the
holoenzyme. To remove free iV-5'-phosphopyridoxyl-L-gluta-
mate, anion-exchange chromatography was performed on
Mono Q HR 5/5 (Pharmacia Biotech). The peak fraction
was washed with 5 mM HEPES (pH 8.0) containing 10 mM
KC1, and the holoenzyme obtained was concentrated to 0.2
mM.

Crystallization, Data Collection, and Refinement of
PhAT—The crystallization of PhAT was performed by the
hanging-drop vapor diffusion method at 20°C using 3 M
1,6-hexane-di-ol, 100 mM HEPES (pH 7.5), and 10 mM
MgClj as the precipitant solutions (15) for the unliganded
and iV-5'-phosphopyridoxyl-L-glutamate forms. The crystals
were grown at 20°C for 3-7 days. The crystals were picked
up using a loop made from fine thread and then were flash-
frozen at 100 K on a goniometer in a stream of cold nitro-
gen generated by a Cryostream Cooler (Oxford Cryosys-
tems). Freezing caused a 10% decrease in the unit cell
volume compared with that at room temperature (15). X-
ray diffraction data for all forms of PhAT were collected on
the BL6A station at the Photon Factory, KEK (Tsukuba),
using an X-ray beam of 1.0 A wavelength and an ADSC
Quantum 4R CCD detector. No significant radiation dam-
age was observed during data collection. Images were inte-
grated with the MOSFLM package (17), and subsequent
data processing was performed with the CCP4 package
(18). The details of the data collection and processing statis-
tics are given in Table I.

Due to the large change in the unit cell volume, reposi-
tioning of the previously reported structure of PhAT (15;
PDB entry, 1DJU) in the new unit cell by rigid body refine-

ment with XPLOR version 3.851 (19) was unsuccessful.
Therefore, the initial structure of the unliganded form was
determined by molecular replacement with AMoRe (20),
using the previously reported structure without water mol-
ecules. The model was constructed from the dimeric mole-
cule. Data between 15 and 4 A were included for both the
rotation and translation functions. A rotational search fol-
lowed by Patterson correlation refinement gave two distinct
solutions, which resulted in translational solutions of one
dimer in the asymmetric unit with an RbclOT (= 2
I l i^J - l i^ l l / 2lFobsl) of 33.1%. The starting point for the N-
5'-phosphopyridoxyl-L-glutamate form of PhAT was the un-
liganded form refined at cryogenic temperature. These
models were refined by cycles of refinement and manual
adjustment using standard XPLOR (21, 22) simulated
annealing, energy minimization, and individual B-factor
refinement protocols with the parameter files PARHC-
SDX.PRO (23) and program O (24). The positions of the
oxygen atoms of the water molecules were automatically
picked up on the basis of the peak heights and distance cri-
teria from 2FO-FC difference Fourier maps after every re-
finement cycle. The introduced water molecules were exam-
ined with omit-refined 2FO-FC maps in the subsequent re-
finement stage. When the temperature factors of the water
molecules became greater than 50 A2, the water molecules
were removed from the structural models. The alternative
refinement cycles were performed until no further improve-
ment in structure and statistics was obtained. The final
models for the unliganded and iV-5'-phosphopyridoxyl-L-
glutamate forms included 412 and 394 water molecules,
respectively. The statistics of the structural models are
summarized in Table I.

TABLE I. Data collection and refinement statistics.

Source(A)
Temperature (K)
Diffraction data

Space group
Lattice constants (A)

a
b
c

Resolution (A)
Observations
Unique reflections
Completeness (%)

Refinement
Resolution limits (A)

R&J (%)
Deviations

Bond length (A)
Bond angles (deg)
Dihedral angles (deg)
Improper angles (deg)

Jj-laCWio

Average main chains (A2)
Average side chains (A2)
Average cofactors (A2)
Average waters (A2)

PT P fnrm
L I~JX 1UI i l l

1.0
100

P2.2.2,

59.67
122.28
127.17

1.8
272,833
83,030
96.0
8.6

8.0-1.8
21.0
24.2

0.008
1.47

23.53
1.34

9.82
8.72

13.04
8.69

JV-5'-Phosphopyridoxyl-
L-glutamate form

1.0
100

P2.2.2,

59.33
121.90
127.01

1.8
309,808
84,494
98.6
5.3

8.0-1.8
19.8
23.0

0.010
1.64

23.18
1.39

11.98
10.09
19.20
7.60

s ^ , i u where / represents the ob-
served intensity and (/) the mean intensity for multiple measure-
ments. bBfanOT = 2 IIF^I - IJ^II/ZI/TJ
10% of the reflection data excluded from the refinement.
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Stereochemistry analysis with PROCHECK (25) showed
that all the main chain atoms except Thr296 fell within the
generously allowed regions of the Ramachandran plot for
all structures.

All molecular images were produced using Raster3D (26)
and Molscript (27).

RESULTS

Structural Changes upon Substrate Binding to PhAT—
The crystal structure of the ligand-free PhAT was analyzed
at a resolution of 1.8 A, which is better than the previous
resolution of 2.1 A (25). The overall structure of PhAT is

subunit B subunil B

K-*jf, large domain

subunit A^ sma11 domain subunit A

arge domain

all domain

Fig. 1. Stereo ribbon diagrams
of the three aminotransferase
molecules viewed down the 2-
fold axis, (a) PhAT (PDB code,
1GD9 and 1GDE). (b) TtAT (14;
PDB code, 1BJW and 1BKG). (c)
EcAT (10, 11; PDB code, 1AMQ
and 1AMR). The lower half of the
molecule represents subunit A,
and the upper half subunit B. The
large and small domains of the
lower subunit are circled. The la-
bels are shown only in panel a.
Each molecule in the liganded
form is superimposed on the unli-
ganded form by means of least-
squares fitting of Ca atoms in the
unchanged region (PhAT, 3rd—
412th residues; TtAT, 31st^tO8th
residues; EcAT, 49th-325th resi-
dues). The a-helices, p-sheets,
PLPs, and substrate analogs in
the liganded form are colored
green, yellow, orange, and red, re-
spectively. The unliganded form is
colored gray.
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shown in Fig. la. The new model of unliganded PhAT
revealed that the region of Glul6-Ala25 formed an a-helix,
whose conformation had not been identified previously. Sec-
ondary structure assignments with the program DSSP (28)
also suggested that this region formed an a-helix.

X-Ray diffraction data for PhAT reconstituted with a
glutamate analog, iV-5'-phosphopyridoxyl-L-glutamate,
were collected at 1.8 A resolution. To compare the subunit
structure of the glutamate form with that of the unli-
ganded form of PhAT, the Ca atoms in the unliganded (col-
ored gray) and complexed forms were superimposed (Fig.
la). Very little change was observed between the two forms.
The root-mean-square deviation between the whole atoms
was 0.20 A.

Active Site Structure of PhAT—The active site structure
of PhAT reconstituted with the glutamate analog is shown
in Fig. 2a. The N-terminal a-helix (Glul6-Ala25) moves
close to the active site with a root-mean-square deviation of
0.36 A, which is small compared with in the case of the a-
helix comprising Lysl3 to Val30 of TtAT (6.2 A).

The a-carboxyl group of glutamate interacted with
Arg-386 (Fig. 2a) and N52 of Asnl94 (see PDB files; data not
shown in Fig. 2a), as for the other a-aminotransferases.
The distal carboxyl group interacted with N of Gly38 via a
water molecule and the phenol ring of Tyr70*. The distance
between Oel of the co-carboxyl group and C£ of Tyr70* was
3.5 A. The pyridine ring of PLP rotated around the N1-C2
bond by 23.0°, and the phenyl ring of Phel40, which inter-

Met29:

Thr29<

w-caitoxytate Arg386]
cidic substrate a

140

Tyr225

Asnl

Tyr225

SCTISAB
Thrl7

w-carboxylate
of acidic substrate

Ser292

SerJ

w-carboxylate
of acidic substrate

Ser292

Thrl7

Lys258
Tyr225

c &
T | | (o-caiboxylate

sk of acidic substrate •*'
Arg292"T I ( ^

TrpUO

pfr Lys25

%, «»-carboxylate
Yi of acidic substrate Ari

Arg292*t I
P" ' _ _ _ 1

rpl4O

Tyr225
Tyr225

Fig. 2. Stereodiagrams of the ac-
tive sites of thermophilic and
mesophilic aminotransferases.
(a) PhAT. (b) TtAT. (c) EcAT. Each
panel shows an enlargement of the
active-site structure in Fig. 1. Amino
acid residues, PLP, and acidic sub-
strate analogs in the liganded forms
are colored green, yellow, and red, re-
spectively. Unliganded forms are col-
ored gray.
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acts with PLP through ring-ring interaction, rotated in a
similar way to in the case of PLP.

DISCUSSION

Differences in Recognition of an Acidic Substrate among
PhAT, TtAT, and EcAT—Previously, we classified the pat-
tern of recognition of carboxylate groups into four catego-
ries (29). In many cases (36%), positively charged Arg
contributes to the recognition. Positively charged Lys (3%)
and His (6%) are rare. The other residues, Asn, Gin, Trp,
Ser, Thr, and Tyr, form hydrogen bonds (total 31%). The NH
of the peptide backbone also participates in the recognition
(22%). In the case of PhAT, the a-carboxylate group of the
acidic amino acid substrate (glutamate) was recognized by
Arg386, the recognition mechanism being identical to that
in the case of TtAT or EcAT. The co-carboxyl group was rec-
ognized by Tyr70* and a water molecule. The co-carboxyl
group might be protonated since the carboxyl group of
model compounds is protonated in a hydrophobic environ-
ment with a dielectric constant lower than 20 (30, 31).
However, we can not rule out the possibility that the ocar-
boxyl group of the glutamate moiety is forced to be in con-
tact with the phenol group, because it is irreversibly bound
with the coenzyme in the active site. This recognition mech-
anism of PhAT is quite different from that of TtAT and
EcAT, where the positively charged LyslO9 or Arg292*,
respectively, recognizes the carboxylate group of the sub-
strate.

Smaller Domain Movement with Increased Enzyme Ther-
mophilicity—Upon binding of an acidic substrate to hyper-
thermophilic PhAT, little domain movement was observed
(Figs, la and 2a). In the case of TtAT, only one helix, from
Lys 13 to Val30, showed significant movement to the bound
substrate (Figs, lb and 2b). A large conformational change
occurred in EcAT (Fig. lc and 2c). These differences among
aminotransferases suggest that the more thermostable the
enzyme is, the smaller its motion is. This may be a general
rule for proteins as a whole, since the large fluctuation may
cause enzymes to become unstable.

In order to verify this rule, we compared the movements
of hyperthermophilic, extreme thermophilic, and meso-
philic enzyme molecules upon binding to a substrate. The
following two cases seem to fulfill the above criterion.

(A) The TATA-box-binding protein from hyperthermo-
philic Pyrococcus woesei does not change its conformation
on binding to DNA (32; PDB code, 1D3U and 1PCZ),
whereas a structural change was observed for mesophilic
Arabidopsis thaliana, where one domain twists by 10° with
respect to the other domain (33).

(B) The conformational change of aspartyl-tRNA syn-
thetase from hyperthermophilic Pyrococcus kodakaraesis
involves merely flipping out of the loop (residues 167-172),
which changes the conformation from an open to a closed
form to secure the aspartate residue in the active site (34;
PDB code, 1B8A), whereas the anticodon binding domain
(68—205) of mesophilic Saccharomyces cerevisiae undergoes
a large rigid-body movement corresponding to a rotation of
about 6° with respect to the catalytic module (35; PDB code,
1ASY and 1ASZ).

The results for these proteins support that thermophilic
enzymes undergo small domain movements upon ligand
binding, and that these small movements may be related to

the stability of the proteins.
In conclusion, by comparing enzymes from a hyperther-

mophile, an extreme thermophile and a mesophile, we have
found that they appear to obey a general rule: "the more
thermophilic the enzyme is, the smaller the domain move-
ment upon binding to a substrate is." It will be of consider-
able interest to determine whether this rule is applicable to
the enzymes of psychrophiles.

We would like to thank Professor Emeritus N. Sakabe (National
Laboratory for High Energy Physics), and Drs. N. Igarashi and M.
Suzuki (High Energy Accelerator Research Organization) for their
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