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ABSTRACT: Paracoccus denitrificansaromatic amino acid aminotransferase (EC 2.6.1.57; pdAroAT) binds
with a series of aliphatic monocarboxylates attached to the bulky hydrophobic groups. To analyze the
properties of the active site in this enzyme, we determined the tertiary structures of pdAroAT complexed
with nine different inhibitors. Comparison of these active site structures showed that the active site of
pdAroAT consists of two parts with contrary properties: rigidity and flexibility. The regions that interact
with the carboxylates and methylene chains of the inhibitors gave essentially the same structures among
these complexes, exhibiting the rigid property, which would involve fixing the substrate at the proper
orientation for efficient catalysis. The region that interacts with the terminal hydrophobic groups of the
inhibitors gave versatile structures according to the structures of the terminal groups, showing that this
region is structurally flexible. This is mainly achieved by the conformational versatility of the side chains
of Asp15, Lys16, Asn142, Arg292*, and Ser296*. These residues formed in the active site hydrogen
bond networks, which were adaptable for the structures of the terminal hydrophobic groups of the inhibitors,
with a small deformation or partial destruction according to the shapes and sizes of the inhibitors. These
observations illustrate how the flexibility and rigidity in the active site can be used for the substrate
binding and recognition.

Many enzymes alter their active sites and entire structures
upon binding of the substrate to make intimate interactions
between the enzyme and substrate. These structural changes
were called “induced fit” by Koshland and closely correlated
with the substrate specificity of the enzyme. The conforma-
tional changes and flexibility of the enzymes that alter the
entire structures upon binding of the substrate were exten-
sively reviewed and classified (1), but systematic studies of
the conformational changes and flexibility observed for the
active site structures are very limited. Morton et al. studied
the role of shape complementarity in nonpolar ligand binding
with a mutant T4 lysozyme containing a cavity in a protein
core (2, 3). They thermodynamically studied binding of the
91 different ligands to the cavity of the mutant and estimated
the energetic origins of specificity of the ligand binding. In
addition, they determined the tertiary structures of the
enzymes complexed with nine ligands and showed that the
cavity consists of two parts that respond very differently to
the binding of ligands: rigid and flexible regions. They
suggested that the relatively rigid region may be responsible
for determining the ligand specificity, and a more flexible
region may allow some versatility in the structures of the
binding ligands. To extend their new observations about the

artificial ligand-binding site of the mutant T4 lysozyme into
the natural one of the enzyme, we studied the dynamic aspect
of the active site of aromatic amino acid aminotransferase
from Paracoccus denitrificans(EC 2.6.1.57; pdAroAT) on
binding with a series of inhibitors.

pdAroAT, the pyridoxal 5′-phosphate (PLP)1-dependent
enzyme, catalyzes the transamination reaction with both
acidic and aromatic amino acid as the substrate (4). From
the X-ray studies of the ligand-enzyme complexes, we found
that this unique multiple recognition of entirely different side
chains of substrates was achieved by the reconstruction of
the active site, in which the side chains of Asp15, Lys16,
Asn142, Arg292*, and Ser296* changed their conformations,
making new hydrogen bond networks to fit the shape and
property of the active site to the structures of the side chains
of the binding substrates without changing the backbone
movement of the active site (5). Thus, the flexibility of the
side chains of these residues plays a major role in switching
the mode of recognition for the acidic and aromatic substrates
in pdAroAT. Therefore, pdAroAT is a good subject to study
the role of the rigidity and flexibility of the active site in the
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substrate binding and specificity. We kinetically analyzed
the binding of the various aliphatic monocarboxylates
attached to the bulky hydrophobic groups to the active site,
and crystallographically determined the tertiary structures of
pdAroAT complexed with nine kinds of inhibitors: 3-in-
dolepropionic acid (IP), 3-indolebutyric acid (IB), 4-phe-
nylbutyric acid (PB), 5-phenylvaleric acid (PV), 4-(2-
thienyl)butyric acid (TB), cyclohexanepropionic acid (CHP),
4-aminohydrocinnamic acid (AHC), 3-(p-tolyl)propionic acid
(PTP), and 3-(3,4-dimethoxyphenyl)propionic acid (DMP).

MATERIALS AND METHODS

Materials. pdAroAT was prepared as described previously
(5). CHP, cyclohexanebutyric acid, cyclopentylpropionic
acid, DMP, 3-(2-hydroxyphenyl)propionic acid, 3-(2-meth-
oxyphenyl)propionic acid, 3-(3-methoxyphenyl)propionic
acid, 3-(4-methoxyphenyl)propionic acid, 4-(4-nitrophenyl)-
butyric acid, 1-piperidinepropionic acid, PTP, PV, TB, and
3-(3,4,5-trimethoxyphenyl)propionic acid were purchased
from Aldrich (Milwaukee, WI). AHC, IP, and 2,4,6-
tricholorophenoxyacetic acid were from Tokyo Kasei (Tokyo,
Japan). IB and PB were from Nacalai Tesque (Kyoto, Japan).
3-Indoleacetic acid and 4-pentenoic acid were from Wako
Pure Chemicals (Osaka, Japan). All other chemicals were
of the highest purity available.

Spectroscopic Measurements.The absorption spectra of
the inhibitor complexes of pdAroAT were measured using
a Hitachi U-3300 spectrophotometer at 25°C. The buffer
solution contained 50 mM HEPES-NaOH and 0.1 M KCl
(pH 7.5). The final enzyme concentration was 10µM.

Crystallizations. Structural formulas of nine kinds of
inhibitors and 3-phenylpropionic acid (PP), which were used
for the X-ray analyses of the enzyme-inhibitor complexes,
are shown in Figure 1. Crystals of the enzyme-inhibitor
complexes, except for the CHP complex, were essentially
made by the soaking method as previously described (5).
Initially, crystals of the maleate complex of pdAroAT were
made by the micro-seeding method using a precipitating
buffer (24.0% (w/v) poly(ethylene glycol) 4000 in 0.2 M
sodium maleate buffer (pH 5.7) containing 5 mM MgCl2).
To replace the cocrystallized inhibitor, maleate, with other
inhibitors, we soaked the crystals in a stabilizing solution
(24.0% poly(ethylene glycol) 4000 in 0.1 M sodium citrate
buffer (pH 5.7)) containing 0.1 M inhibitor for tens of hours
(for PTP and PV complexes, pHs of the stabilizing solutions
were 6.2 and 6.5, respectively). The CHP complex of
pdAroAT was crystallized in a similar manner for the
crystallization of the maleate complex using a precipitating

buffer (24.0% poly(ethylene glycol) 4000 in 0.1 M sodium
citrate buffer (pH 6.4)) containing 0.1 M CHP.

Data Collections. All crystals belonging to the orthor-
hombic space groupP212121 showed almost identical unit
cell parameters (Table 1). The X-ray diffraction data were
collected with a Rigaku R-AXIS IIc image plate detector
mounted on a Rigaku RU-200 rotating anode generator
operated at 40 kV and 100 mA with monochromatized Cu
KR radiation at room temperature. Each data collection was
performed using one crystal. The oscillation images were
processed and reduced using the data processing software
Rigaku PROCESS (6). Statistics for the data collection are
also summarized in Table 1.

Determination of the Structure.Refinements of the struc-
tures for the inhibitor complexes of pdAroAT were started
with the PP complex structure of pdAroAT (5) as the initial
model using X-PLOR (7) with parameters derived by Engh
and Huber (8). After the initial conventional positional
refinement, simulated annealing using the slow cool protocol

Table 1: Data Collection

inhibitora AHC CHP DMP PTP IP TB PB IB PV

lattice const.
a (Å) 124.14 123.95 123.87 124.20 124.00 123.78 124.08 124.01 123.78
b (Å) 121.74 121.86 121.69 121.79 122.06 121.32 121.79 121.78 120.94
c (Å) 55.20 55.20 55.23 55.17 55.11 54.92 55.21 55.13 54.90

no. of rflns 90 361 86 693 81 817 96 560 74 845 107 781 76 988 103 406 84 921
no. of unique rflns 30 812 27 153 26 603 31 319 22 591 33 737 24 918 32 656 28 356
completeness (%) 96.0 97.7 99.1 98.1 96.9 98.3 98.0 98.5 96.5
resolution limit (Å) 2.2 2.4 2.4 2.2 2.4 2.2 2.4 2.2 2.4
Rmerge

b (%) 9.3 6.2 8.5 6.6 8.0 6.8 7.4 7.2 10.7
a See text for abbreviations of the inhibitors.b Rmerge) Σi|Ii - 〈Ii〉|/Σi〈Ii〉 whereIi is the intensity of an individual reflection and〈Ii〉 is the mean

intensity of that reflection.

FIGURE 1: Structural formulas and accessible surface areas of
inhibitors used for X-ray analyses of enzyme-inhibitor complexes.
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was performed. Furthermore, the models were improved by
conventional positional refinement, the isotropicB factor
refinement, and manual rebuilding using Xfit (9) on the omit
map calculated with the coefficients|Fo| - |Fc|. After theR
factors were adequately lowered, water molecules were added
to the models and the structures were further refined. Finally
a complete polypeptide chain of subunits A and a polypeptide
chain of subunits B without residues from 25 to 30 were
modeled for all of the inhibitor complexes. The overall mean
errors associated with the atomic coordinates were estimated
using a Luzzati plot (10). The estimated positional errors
were less than 0.24 Å. Two cis proline residues were
observed at residues 138 and 195 of each subunit. Ram-
achandran plots showed that Lys16, Ala71, and Ser296 of
each subunit fell outside of the energetically favorable
regions, but these residues were located at or near the active
site and were clearly shown in the electron density maps.
Figure 2 shows the 2Fo - Fc electron density map contoured
at 1σ for the active site of the IB complex. The detailed
summaries of the refinements are given in Table 2, and the

coordinates of the refined structures have been deposited with
the Brookhaven Protein Data Bank (entry codes 2AY1,
2AY2, 2AY3, 2AY4, 2AY5, 2AY6, 2AY7, 2AY8, and
2AY9 for the AHC, CHP, DMP, PTP, IP, IB, PB, TB, and
PV complexes, respectively).

Data Analysis.The accessible surface area (ASA) was
calculated by the method of Sharke and Ruply (11). The
secondary structures were assigned by the program DSSP
(12). Previously determined structures of the unliganded
pdAroAT and the PP complex (5) (PDB entry codes: 1AY4
and 1AY8, respectively) were used for discussion.

RESULTS

Dissociation Constants for the Inhibitors.The inhibitors
used have the following structural features: carboxyl group
at one end, versatile functional group at another end
(“probing group”), and a linear aliphatic chain with 1-4
methylene groups joining them (except for ether linkage of

FIGURE 2: Electron density (2Fo - Fc map contoured at 1σ) of the IB complex of pdAroAT, showing the active site residues, IB, and PLP.
This figure was generated using the program Xfit (9).

Table 2: Refinement Statistics

inhibitora AHC CHP DMP PTP IP TB PB IB PV

resolution range (Å) 6.0-2.2 6.0-2.4 6.0-2.4 6.0-2.2 6.0-2.4 6.0-2.2 6.0-2.4 6.0-2.2 6.0-2.5
no. of rflns 28 583 25 002 24 376 29 073 20 535 31 474 22 760 30 410 23 545
no. of protein atoms 5983 5982 6001 5983 5985 5993 5983 5986 5997
no. of solvent atoms 290 269 325 288 272 312 250 267 189
Rcryst

b (%) 18.7 17.5 16.8 18.7 16.7 19.0 17.1 20.0 18.5
Rwork (%) 17.9 16.6 16.4 18.1 16.1 18.2 15.7 19.2 17.5
Rfree(%) 24.0 23.4 22.1 23.0 21.8 24.5 21.9 25.8 25.3
rms dev. from ideality

bond lengths (Å) 0.006 0.006 0.007 0.006 0.006 0.006 0.006 0.007 0.007
bond angles (deg) 1.2 1.2 1.3 1.2 1.2 1.3 1.3 1.3 1.3
improper angles (deg) 1.14 1.13 1.21 1.18 1.18 1.22 1.16 1.22 1.26
dihedrals (deg) 22.9 22.8 23.2 22.7 22.7 23.1 22.8 22.9 23.3

averagedB factor
carboxylatec (Å2) 21.7 43.5 20.8 20.5 25.4 26.3 26.3 19.2 28.1
probed (Å2) 22.9 44.8 20.2 20.6 24.9 27.2 19.5 20.1 33.8
active sitee (Å2) 24.0 26.7 22.2 25.6 22.3 25.9 23.8 23.5 25.8

a See text for abbreviations of the inhibitors.b Rcryst ) Σ|Fobs - Fcalc|/Σ|Fobs|. c AveragedB factor of the carboxylate and methylene attached to
it in the inhibitor of subunit B.d AveragedB factor of the inhibitor except for the carboxylate and methylene attached to it in subunit B.e Averaged
B factor of the active site residues in subunit B (atoms within a radius of 12 Å from the inhibitor).
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2,4,6-tricholorophenoxyacetic acid). Noncovalent binding of
these inhibitors to the active site of pdAroAT shifted the
pKa of the imine of the internal aldimine bond between the
pyridoxal 5′-phosphate and Lys258 to a higher value,
converting the absorption band of pdAroAT from 356 nm
(the unprotonated species) to 435 nm (the protonated species)
(4). Therefore, the dissociation constants (Kd) for the
inhibitors were determined by measuring the increase in the
absorption at 435 nm. The bindings of the inhibitors to the
enzyme showed a simple binding reaction (Figure 3). Table
3 summarizes the dissociation constants for the inhibitors,
showing that pdAroAT is able to accommodate the different
shape and size of the terminal “probing group”. 1-Pip-
eridinepropionic acid ((C5H10N)(CH2)2COOH), phenoxyace-
tic acid ((C6H5)OCH2COOH), and 4-pentenoic acid (CH2dCH-
(CH2)2COOH) did not show any spectral changes up to 10
mM inhibitor concentrations.

OVerall Structures of the Inhibitor Complexes of pdAroAT.
The pdAroAT molecule has anR2 dimeric structure of the
subunit consisting of 394 amino acid residues and one PLP
as its coenzyme (4). One enzyme molecule resided in the
crystallographic asymmetric unit, and the two subunits

(subunits A and B) were related by a noncrystallographical
2-fold axis. The subunit is divided into two domain struc-
tures, a small (residues 5-48 and 326-409) and a large
(residues 49-325) domain. Upon binding of the inhibitor,
the small domain moved to close the active site (open-closed
conformational change) (5). Although there are two active
sites in one pdAroAT molecule, the inhibitor was found only
in the active site of subunit B except for the DMP, TB, and
PV complexes, in which inhibitors were bound to the active
sites of both subunits. Subunits A of all of the inhibitor
complexes had the open forms, in which the active sites were
exposed to the solvent environment, while all subunits B
had the closed forms. In subunit A, the regions which interact
with the neighboring molecules by the crystal packing were
two times larger than that observed in subunit B, and it would
prevent subunit A from changing to the closed conformation
(5). We then used only subunits B for the following analyses.

The superimpositions of subunits B of 10 inhibitor
complexes by fitting the 266 CR atoms of the large domains
showed that all of these large domains had an identical
structure with root-mean-square (rms) deviations of 0.117-
0.194 Å (Figure 4). However, the small domain showed some
structural differences in these complexes. These differences
were similar to, but smaller than, that observed in the open-
closed conformational change upon binding of the inhibitor
(rms deviations of CR atoms of the subunits are 0.167-0.571
Å between the complexes, and 1.23 Å between the open and
the closed forms) (5). The PP, DMP, and IB complexes were
in the most, and the CHP and TB complexes were in the
least closed forms. The extent of the structural changes in
the small domains showed no correlation with the accessible
surface area of the inhibitors, the crystallization conditions,
and the lattice constants. In the crystal lattices, the large
domains of subunits B of all of the enzyme-inhibitor
complexes were located at the same position with the same
orientation, while the small domains of subunits B deviated
slightly from each other, revealing that these structural
changes would be caused not by the crystal packing, but by

FIGURE 3: Absorption spectra of pdAroAT in the presence of DMP.
Concentrations of DMP used were 0, 0.1, 0.2, 0.5, and 1.0 mM.
The spectra were taken in 50 mM HEPES-NaOH buffer, pH 7.5,
containing 0.1 M KCl. Inset is a titration curve of absorption at
435 nm (O). The line is the theoretical curve.

Table 3: Dissociation Constants for the Inhibitors

inhibitor formula Kd (mM)a

3-indoleacetic acid (C8H7N)CH2COOH 14 (1)
3-indolepropionic acid (C8H7N)(CH2)2COOH 2.6 (0.3)
3-indolebutyric acid (C8H7N)(CH2)3COOH 0.78 (0.06)
3-phenylpropionic acid (C6H5)(CH2)2COOH 3.9 (0.3)b

4-phenylbutyric acid (C6H5)(CH2)3COOH 5.0 (0.3)
5-phenylvaleric acid (C6H5)(CH2)4COOH 6.9 (0.5)
4-(2-thienyl)butyric acid (C4H4S)(CH2)3COOH 5.8 (0.6)
4-(4-nitrophenyl)butyric acid NO2(C6H4)(CH2)3COOH 4.1 (0.9)
cyclopentylpropionic acid (C5H9)(CH2)2COOH 28 (1)
cyclohexanepropionic acid (C6H11)(CH2)2COOH 13.1 (0.8)
cyclohexanebutyric acid (C6H11)(CH2)3COOH 9.0 (0.5)
4-aminohydrocinnamic acid NH2(C6H4)(CH2)2COOH 5.14 (0.09)
3-(p-tolyl)propionic acid CH3(C6H4)(CH2)2COOH 1.24 (0.04)
3-(2-hydroxyphenyl)propionic acid HO(C6H4)(CH2)2COOH 16.2 (0.8)
3-(4-hydroxyphenyl)propionic acid HO(C6H4)(CH2)2COOH 1.1 (0.003)b

3-(2-methoxyphenyl)propionic acid CH3O(C6H4)(CH2)2COOH 3.3 (0.1)
3-(3-methoxyphenyl)propionic acid CH3O(C6H4)(CH2)2COOH 1.09 (0.01)
3-(4-methoxyphenyl)propionic acid CH3O(C6H4)(CH2)2COOH 4.4 (0.4)
3-(3,4-dimethoxyphenyl)propionic acid (CH3O)2(C6H3)(CH2)2COOH 0.28 (0.03)
3-(3,4,5-trimethoxyphenyl)propionic acid (CH3O)3(C6H2)(CH2)2COOH 1.43 (0.05)
2,4,6-tricholorophenoxyacetic acid Cl3(C6H2)OCH2COOH 8.1 (0.3)

a Standard deviations are shown in parentheses.b Taken from Oue et al. (4).
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the differences in the structures and properties of the
inhibitors.

Structures of the Inhibitors in the ActiVe Sites.The
inhibitors used for the structural analyses of the enzyme-
inhibitor complexes haveKd values in solution between 0.28
mM (DMP) and 13.1 mM (CHP). Crystals of these com-
plexes, except for the CHP complex, were made by the
soaking method in solutions of 100 mM inhibitor. Averaged
B factors of the carboxyl and probing sides of the inhibitors
in subunit B were similar to those of the active site residues
around the inhibitor for each of the enzyme-inhibitor
complexes except for the CHP complex (Table 2), showing
that ligand saturation in subunit B had been achieved in every
crystal except for the CHP. The averagedB factor of the
CHP was higher than that of the active site residues around
the inhibitor, showing that CHP may bind partially to the
active site.

The inhibitors can be divided into three groups by the
length of the methylene chains: propionic, butyric, and
valeric acid derivatives.

Figure 5A shows the superimposition of the active sites
of the PP, DMP, AHC, and PTP complexes. These inhibitors
have the common structure of phenylpropionic acid. Al-
though their phenyl rings are substituted differently, these
inhibitors occupied the same position with the well-overlap-
ping phenyl rings.

Figure 5B shows the superimposition of the active sites
of the PP, CHP, and IP complexes. PP, CHP, and IP are the
3-phenyl, 3-cyclohexyl, and 3-indolyl derivatives of propi-
onic acid, respectively. Despite the significant differences
in the structures of their “probing groups”, these inhibitors
occupied a very similar position with the well-overlapping
“probing groups”.

Figure 5C shows the superimposition of the active sites
of the TB, PB, and IB complexes. TB, PB, and IB are the
4-thienyl, 4-phenyl, and 4-indolyl derivatives of butyric acid,
respectively. Despite the structural differences in the “probing
groups”, these inhibitors were also located at a very similar
position with the well-overlapping “probing groups”.

Each superimposition showed that the inhibitors with the
same methylene chain length well overlapped the carboxylate

and methylene moieties. As a consequence, the positional
freedom of the “probing groups” of these inhibitors would
be restricted in the active site.

Figure 5D shows the superimposition of the active sites
of the PP, PB, and PV complexes. These inhibitors have
methylene chains with different lengths (2, 3, and 4 meth-
ylene groups in PP, PB, and PV, respectively), with a
common “probing group” phenyl ring. The carboxyl groups
of these inhibitors overlapped well with each other, but the
positions of the phenyl groups deviated according to the
length of the aliphatic moieties; the longer the methylene
chain of the inhibitors, the further the phenyl rings were
located from PLP.

Structures of the ActiVe Sites.PLP is the reaction center
of this enzyme. The crystallographically determined struc-
tures showed that the conformations and positions of PLP
were essentially identical in all of the complexes. PLP was
bound to Nú of Lys258 to form the internal aldimine bond.
A number of hydrogen bonds or salt bridges between PLP
and the protein bound PLP to the active site as observed
previously (5). The conformations around the P-O4P and
O4P-C5A bonds were the sterically favored staggered and
trans ones, respectively. O1P-P-O4P-C5A was in a
gauche conformation. The torsion angle around the C5A-
C5 belonged to the nearly eclipsed conformation. Thus, O4P
protruded toward the Trp140 side of the pyridine ring. The
pyridine ring of PLP and the indole ring of Trp140 made
good van der Waals stacking.

The spatial arrangements of the residues around the
carboxylate and methylene chain of the inhibitors were quite
similar in all of the complexes. The carboxyl group of each
inhibitor formed a salt bridge with the guanidino group of
Arg386 with “end-on” geometry (Figure 6). The inhibitor
carboxylate oxygens also formed hydrogen bonds with the
amide nitrogen of Asn194, the backbone amide group of
Gly38, and the side chain nitrogen of Trp140. In addition, a
water molecule formed hydrogen bonds to the Nε of Arg386
and the backbone carbonyl oxygens of Leu35, Gly36, and
Arg386 as shown in Figure 6, and these hydrogen bonds
and the van der Waals contacts with the hydrophobic side
chains of Ile17, Phe360, and Val382 held the salt bridge
between Arg386 and the inhibitor carboxylic group. Es-
sentially identical interactions were observed in the maleate

FIGURE 4: Stereoview superimposition of the subunits B of all inhibitor complexes and unliganded form of pdAroAT. CR atoms (266) in
the large domain are superimposed. The unliganded form is represented by the broken line and PLP by the ball-and-stick model. Residues
25-30 in all complexes are missing. This figure was generated using the program MORSCRIPT (26).
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complex of pdAroAT (5) and the acidic inhibitor complexes
of aspartate aminotransferases (AspAT) (13-17). In addition,

the side chains of Val37 and Trp140 interact with the
methylene moieties of the inhibitors.

FIGURE 5: Stereoview superimpositions of the active sites. The residues that significantly deviate (side chains of residues 15, 16, 142,
292*, and 296*) and the inhibitors are drawn by a thick line. (A) Superimpositions of PP (green), PTP (blue), AHC (orange), and DMP
(red) complexes. (B) Superimpositions of PP (green), CHP (red), and IP (blue) complexes. (C) Superimpositions of TB (blue), PB (green),
and IB (red) complexes. (D) Superimpositions of PP (red), PB (green), and PV (blue) complexes. This figure was generated using the
program MORSCRIPT (26) and RASTER3D (27, 28).
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In contrast, the residues around the “probing group” of
the inhibitors showed significant structural differences in
these complexes. The side chain conformations of Asp15,
Lys16, Leu18, Asn142, Arg292*, and Ser296* were signifi-
cant, and the positions of the main chain of residues 15-18
were slightly different (Figure 5). In addition, the number
and position of the water molecules around the “probing
groups” of the inhibitors were also different.

In the PP complex, the hydrogen bond networks involving
Asp15, Lys16, Thr109, Asn142, Arg292*, Ser296*, PLP,
and a water molecule were constructed around the phenyl
group of PP and played a major role in the recognition of
the aromatic side chain of the substrate as previously
described (5). In the CHP, PTP, TB, and PB complexes,
similar hydrogen bond networks were observed around the
“probing groups” of the inhibitors. However, the side chain
conformations of Asp15, Lys16, Leu18, and Arg292* in
these complexes were slightly different from those observed
in the PP complex (Figure 5). The “probing groups” of these
inhibitors interacted with PLP and the side chains of Asp15,
Ile17, Leu18, Tyr70*, Trp140, Asn142, Ser296*, and
Phe297* by van der Waals contacts. The area of the van der
Waals contact was larger than that observed in the PP
complexes. In the TB complexes, the sulfur atom of thienyl
group of TB could form a weak hydrogen bond with the
hydroxyl group of Tyr70* (3.6 Å).

In the IP, IB, and PV complexes, the hydrogen bond
networks observed in the PP complex were broken because
of the marked conformational changes of the side chains of
Asp15, Asn142, and Ser296*. The “probing groups” of IB
and PV made van der Waals interactions with PLP and the
side chains of Asp15, Ile17, Leu18, Tyr70*, Thr109, Trp140,
Asn142, Arg292*, Ser296*, and Phe297*, and the “probing
groups” of IP made van der Waals interactions with the same
residues except for Arg292*. Hydrogen bonds between the
“probing groups” and the active site residues were not
observed.

In the AHC and DMP complexes, the amino group of
AHC and two methoxy groups of DMP formed two hydrogen

bonds with the side chains of Asn142 and Ser296*, and these
new hydrogen bonds disrupted the hydrogen bond networks
observed in the PP complex. The “probing groups” of DMP
made van der Waals interactions with PLP and the side
chains of Asp15, Ile17, Leu18, Tyr70*, Thr109, Trp140,
Arg292*, and Phe297* and that of AHC with PLP and the
side chains of Asp15, Ile17, Leu18, Tyr70*, Trp140, and
Phe297*.

Kinetic analyses of AroATs showed that the free energy
differences between the transition state and unbound enzyme
plus substrate (∆GT

q) were correlated with the ASAs of the
inhibitors (4, 18-20). The ASAs of the inhibitors used in
this paper are shown in Figure 1, and obvious correlations
were not observed between theRT ln(Kd) values of pdAroAT
and these ASAs. However, the pattern of the hydrogen bond
networks in the active site around the “probing groups”
changed according to the size of the ASA of the inhibitors
except for the AHC and DMP complexes. For the inhibitors
of the ASA < 350 Å2 (PP, CHP, TB, PB, and PTP), the
same hydrogen bond networks were well-constructed, but
for the inhibitors of the ASA> 350 Å2 (IP, PV, and IB),
the networks were partially broken. In the AHC and DMP
complexes, the hydrophilic substituents on the phenyl rings
intercepted the hydrogen bond networks and formed new
hydrogen bonds.

DISCUSSION

A comparison of the active site structures of the pdAroAT-
inhibitor complexes, especially among the PP, PB, and PV
complexes or between the IP and IB complexes, showed that
the active sites of pdAroAT would accept the structural
differences in the inhibitors at the region that interacts with
the “probing groups” of inhibitors by changing the structures
of the side chains of the active site residues, while the
methylene chains and the carboxylates of the inhibitors were
bound to the active site in the same manner in all of these
complexes. The heterogeneity of the structural deformations
in the active site on binding of the inhibitors suggests that
the active site of pdAroAT consists of two parts: the rigid
and flexible regions. This observation is consistent with that
reported by Kawaguchi et al., which showed the flexible and
rigid binding subsites in the active site of AspAT, AroAT,
and their chimera fromEscherichia coli using kinetic
analyses for a series of aliphatic substrates (20).

The identical spatial arrangements of the carboxylates and
the methylene chains of the inhibitors in the complexes
suggest that the active site residues interacting with these
moieties, including the main chains of the residues 36-38,
are structurally rigid in the closed form. Hydrogen bonds
and ion pairs play an important role for the binding of the
carboxylates. However, during the open-closed conforma-
tional change on binding of the inhibitor, the conformations
of the main chains of Gly36, Val37, and Gly38 significantly
changed (5). These contradictory observations suggest that
there are two deep energy minima for the conformations of
the rigid region of the active site, “open form” and “closed
form”, and that the conversion from the open to closed form
is triggered by binding of the inhibitor. The same type of
conversion in the conformation of residues 36-38 on binding
of the inhibitor was also observed in the AspATs (14, 15,
17, 21-23). In the transamination reaction with the amino

FIGURE 6: Schematic drawing of the binding site for carboxylate
of the inhibitors. Main chains are represented by thick lines and
hydrogen bonds by broken lines.
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acid substrate, the enzyme must abstract the proton from the
CR atom of the substrate. For easy removal of theR-hydro-
gen, the CR-H bond of the substrate should be fixed
perpendicular to theπ system of the pyridine ring of PLP
(24). The fact that the interactions of the carboxyl groups
and aliphatic moieties of the inhibitors with rigid active site
regions were essentially identical in all the enzyme-inhibitor
complexes showed that such an interaction should be
necessary for the substrate to be properly fixed for the
efficient catalytic reaction.

Flexibility of the “probing groups” binding site was based
on the conformational versatility of the side chains of Asp15,
Lys16, Asn142, Arg292*, and Ser296*. The similar confor-
mational versatility also plays a major role in switching the
substrate specificity between the acidic and aromatic sub-
strates in pdAroAT (5). Especially the highB factors (>50
Å2) of residues 15-18 indicated the dynamic flexibility of
these residues in the complexes (data not shown). Except
for the AHC and DMP complexes, the “probing group”
interacted with the active site residues by only van der Waals
interactions which has nondirective and short-range proper-
ties. The high flexibility of the active site residues maximizes
the van der Waals interactions between the “probing group”
and the active site to fit the shape of the active site into that
of the “probing group”.

Morton et al. investigated the role of the shape comple-
mentarity in ligand binding using a cavity-containing mutant
of T4 lysozyme and mainly nonpolar ligands (2, 3). They
analyzed the binding reaction by dividing it into three distinct
processes, in which the binding energy consisted of the free
energies of transfer, statistics for the immobilization of the
ligand, and packing. The packing free energy was further
divided into the free energies of reorganization of the protein
and interaction between the protein and ligand. They
concluded that the various structural reorganizations observed
in the complexes were roughly isoenergetic and that the
differences in the free energy of packing were ascribed to
the difference in the free energy of the interaction between
the protein and ligand. The X-ray analysis showed that the
cavity of the mutant T4 lysozyme consisted of two parts,
the relatively rigid and more flexible regions. The flexible
regions of the cavity changed the conformation according
to the shapes of the ligands. The active site of pdAroAT
also has rigid and flexible regions, but its structural features
are very different from that of the cavity of the mutant T4
lysozyme. The cavity of the mutant T4 lysozyme is con-
structed with only the hydrophobic side chain, whereas half
of the active site cavity of pdAroAT is constructed with the
hydrogen bond networks.

The hydrogen bond networks observed in the active site
of pdAroAT were partially broken when the inhibitor with
ASA greater than 350 Å2 was bound to the active site. For
a detailed analysis, the active site structures of the PP (309.6
Å2 of ASA) and IP (352.4 Å2) complexes were compared.
PP and IP have a common structure, the propionic acid, and
the ASA of IP is larger than that of PP by 42.8 Å2. Oue et
al. showed that∆GT

q correlates with the ASA of the
inhibitors and that∆GT

q per Å2 is estimated to be-0.25 kJ
mol-1 Å-2 for the straight-chain aliphatic amino acids (4).
Simple application of this value predicts that IP should bind
with pdAroAT about 75 times stronger than PP do (δ∆GT

q

) -10.7 kJ mol-1). However, theKd values of IP and PP

were almost identical (Table 3). The X-ray analyses showed
that, in the IP complex, the hydrogen bond networks
observed in the PP complex were partially broken. Fersht et
al. estimated that one hydrogen bond between the ligand and
protein contributes 2.1-6.3 kJ mol-1 (25). The energy loss
caused by the breakages of several hydrogen bonds would
be compensated by the van der Waals interactions with the
bulky “probing group” of the inhibitor in the IP complex of
pdAroAT. Further analyses of the hydrogen bond networks
in the active sites of all enzyme-inhibitor complexes showed
that, although the reorganization of the active site structures
of pdAroAT on binding of the inhibitors with the ASA less
than 350 Å2 may be isoenergetic, the breaking of some of
the hydrogen bonds upon binding of the inhibitors with the
ASA greater than 350 Å2 would cost extra energy for the
reorganization of the active site structure. pdAroAT can
catalyze the transamination reaction with not only the
aromatic but also the acidic substrate (4). If pdAroAT has a
completely hydrophobic active site, it would not be able to
bind the acidic substrate with only a slight reorganization
of the active site structure (5). This may be the reason that
pdAroAT uses the hydrophilic active site for the recognition
of the hydrophobic substrate despite the energy loss by the
hydrogen bond breakage.

In summary, the active site of the pdAroAT consists of
relatively rigid and more flexible regions as shown previously
in the artificial ligand-binding site of the mutant T4
lysozyme. The rigidity and flexibility of the active site
structure would play an important role in the functions of
these regions. This paper would be a useful guidance for
the new design of substrate recognition sites of the enzyme.
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