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ABSTRACT. The mechanism for the reaction of aspartate aminotransferase with the C4 subsispsetate,

has been well established. The binding of the C4 substrate induces conformational change in the enzyme
from the open to the closed form, and the entire reaction proceeds in the closed form of the enzyme. On
the contrary, little is known about the reaction with the C5 substragkjtamate. In this study, we analyzed

the pH-dependent binding of 2-methylglutamate to the enzyme and showed that the interaction between
the amino group of 2-methyl-glutamate and the pyridoxal-phosphate aldimine is weak compared to

that between 2-methyl-aspartate and the aldimine. The structures of the Michaelis complexes of the
enzyme with_-aspartate and-glutamate were modeled on the basis of the maleate and glutarate complex
structures of the enzyme. The result showed thgiutamate binds to the open form of the enzyme in an
extended conformation, and ilsamino group points in the opposite direction of the aldimine, while that

of L-aspartate is close to the aldimine. These models explain the observations for 2-mglitglmate

and 2-methylk-aspartate. The crystal structures of the complexes of aspartate aminotransferase with
phosphopyridoxy! derivatives afglutamate p-glutamate, and 2-methylglutamate were solved as the
models for the external aldimine and ketimine complexes-glutamate. All the structures were in the
closed form, and the two carboxylate groups and the arginine residues binding them are superimposable
on the external aldimine complex with 2-methyhspartate. Taking these facts altogether, it was strongly
suggested that the binding ofglutamate to aspartate aminotransferase to form the Michaelis complex
does not induce a conformational change in the enzyme, and that the conformational change to the closed
form occurs during the transaldimination step. The hydrophobic residues of the entrance of the active
site, including Tyr70, are considered to be important for promoting the transaldimination process and
hence the recognition of the C5 substrate.

Aspartate aminotransferase (aspartate:2-oxoglutarate amino- The overall reaction is a reversible transfer of thamino
transferase, EC 2.6.1.1; AspATis one of the most group between aspartate and 2-oxoglutarate and is composed
extensively studied pyridoxal-phosphate (PLP)-dependent of two half-reactions in which the-amino group temporarily
enzymes. AspAT catalyzes the following ping pong Bi Bi resides on the coenzyme PLP to form PMP Thus, AspAT
reaction, where EPLP and EPMP denote the complex of is active toward two types of dicarboxylic acids different in
the enzyme with PLP and the pyridoxaminephosphate  chain length. Aspartate and the corresponding keto acid

(PMP), respectively. oxalacetate are called C4 substrates and glutamate and the
2-oxoglutarate C5 substrates.
E-PLP+ L-aspartate (C4% E-PMP+ oxalacetate (C4) Combined spectroscopic, kinetic, and structural studies
(1) have elucidated the course of the catalytic reaction of AspAT
with C4 substrates (Scheme 2:+10). The aldehyde group
E-PMP + 2-oxoglutarate (C58 of PLP is covalently linked to the-amino group of Lys258

E-PLP+ L-glutamate (C5) (2)

1 Abbreviations: AspAT, aspartate amino acid aminotransferase
(aspartate:2-oxoglutarate aminotransferase, EC 2.6.1.1); HEPES, 1-(2-
hydroxyethyl)piperazine-4-(2-ethanesulfonic acidileAsp, 2-methyl-

T This work was supported by a Grant-in-Aid (No. 16570125 to H.H.) L-aspartate;-MeGlu, 2-methyl-glutamate; MES, 4-morpholineethane-
from the Japan Society for the Promotion of Science. sulfonic acid; PIPES, 1,4-piperazine-bis(ethanesulfonic acid); TAPS,

* Atomic coordinates and structure factors for AspATs complexed 3-((tris(hydroxymethyl)methyl)amino)-1-propanesulfonic acid; PLP,
with PPxt-Glu, PPxt-MeGlu, and PPxs-Glu have been deposited in - pyridoxal 3-phosphate; PMP, pyridoxaminéphosphate; PPx, phos-
the RCSB Protein Data Bank as entries 1X28, 1X29, and 1X2A, phopyridoxyl; RMSD, residual mean square deviation.

respectively. 2The amino acid residue numbers are those of pig cytosolic aspartate
* To whom correspondence should be addressed. F8lL-72-684- aminotransferasel(). The 16 residues of the pig cytosolic enzyme
6416. Fax: +81-72-684-6516. E-mail: hayashi@art.osaka-med.ac.jp. (412 residues) which has no corresponding residues inEtheoli
§ Osaka Medical College. enzyme (396 residues) are Alal, Pro2, Pro3, Ser4, Ser65, Asnl27,
'Present address: Department of Biochemistry, Wake Forest Asn128, Asp130, Thr131, Pro132, Lys153, Asn232, Ala407, Lys410,
University School of Medicine, Winston-Salem, NC 27157. lle411, and GIn412. The asterisk (e.g., Tyr70*) indicates that the residue
U Osaka City University. comes from the other subunit of the dimer molecule.
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Scheme 1: Reaction Mechanism of Aspartate AminotransferaseLvfiipartate
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at the active site of the enzyme (internal aldimine). THg p  site residues and the substrate are responsible for maintaining
of the PLP-Lys258 Schiff base is low compared to the usual the closed structure?.

PLP Schiff bases in aqueous solutions, and at neutral pH  The C5-dicarboxylic substrates have the same terminal
E-PLP exists as an equilibrium mixture of the Schiff-base- fynctional groups as the C4-dicarboxylic substrates. With
protonated form (EH") and the unprotonated form(EThe  thjs structural similarity, it can be considered that the reaction
o-amino-group-protonated form of aspartate ($Hindsto  of the C5 substrates (eq 2) is carried out essentially in the
E., and the unprotonated form (S) binds td£. Thus, the  same way as that of the C4 substrates (eq 1). The dissociation
Michaelis complex is a rapid-equilibrium mixture of the two  constant values for C5-dicarboxylic ligands, however, are
species, ESH" and EH"-S. The species [H"-S under-  generally over 10 times those of the corresponding C4-
goes a transaldimination reaction to form a species in which dicarboxylic ligands. Due to the expected difficulty in
a Schiff base between PLP and aspartate is formed (theanalyzing the spectroscopic changes induced by the C5-
external aldimine complex). The external aldimine is con- gicarboxylic ligands, little is known about the reactions with
Verted to |tS tautomer, ketimine, by a 1,3—pr0t0tr0piC Sh|ft Ch5 Substrates Compared to those Of c4 Substrates_
catalyzed by the liberatedlamino group of Lys258. After Recently, we have shown by kinetic analysis that the
hydrolysis, the Michaelis complex of oxalacetate arE P Michaelis éomplex with glutamate has more protonation
are formed. Dissociation of this complex yieldsP®P and states than the complex with aspartat®)( the latter of

oxalacetate. o ) ) ) ) which has exclusively one proton on its imino and amino
The ASpAT protein is a dimer of identical subunits, each 4.5ns (0). This indicates that, albeit the outline of the

composed of large and small domains. The molecule hascaiyiic cycle should be essentially the same, there are

two active site pockets around the molecular 2-fold axis. gistinct differences in the detailed mechanism between the

Each pocket is located at the domain interface of one subunit-g substrate AspAT and the C4 substratéAspAT reac-

and at the subunit interface. The complexes @?lEP with tions. In this study, we investigated further spectroscopically

maleate § 4) and 2-methyk-aspartate § 6), and the  5nq sirycturally the complex of AspAT with C5 ligands and

complex of EPMP with maleate) are the models for the  r5h0sed that AspAT undergoes a conformational change

Michaelis complex with aspartate, the external aldimine, and during the conversion from the Michaelis complex to the

the Michaelis complex with oxalacetate, respectively. All of oyiarnal aldimine on reaction withglutamate.

these complexes show the closed form of the overall

structure, in which the small domain approaches the large ExpERIMENTAL PROCEDURES

domain and closes the active site. That is, the catalytic

reaction of AsSpAT with the C4 substrate described above is  Chemicals. Escherichia colAspAT was obtained as

carried out in the closed structure of the enzyme. The described earlier 13) using E. coli JM103 containing

electrostatic and hydrophobic interactions between the activepUC19-aspC 2-Methyl-bL-glutamic acid was purchased



8220 Biochemistry, Vol. 44, No. 23, 2005 Islam et al.

from Sigma. Buffer components used are MES, PIPES
HEPES, and TAPS.

* Table 1: Data Collection for Refinement Statistics

Preparation of 2-Methyl-glutamic Acid.TheL form of crystal L-glutamate L[;futm;ate D-glutamate
2-methylglutamic acid was separatednfr® g of theracemic space group P6s P6s P6,
mixture as follows. A 0.1 mL solution of 100 mM 2-methyl- a,b(A) 143.83 143.21 142.71
pL-glutamic acid was injected into a preparative (@50 c(A) 81.57 81.39 81.39

mm) reversed-phase HPLC column (Cosmosil 5C18M-II, diffraction data

: . = ; lution (A 2.4 2.2 2.2
Nakarai Chemicals, Kyoto, Japan) equilibrated with 40 mM L%S_%?,ﬁf'.‘n(s )
CuSQ and 80 mML-proline, pH 5.5 adjusted wit6 M HCI, unique 36675 47797 42792
on a Beckman HPLC system (System Gold; model 126 observed 125959 155510 81915
completeness (%) 97.3 (9926)98.9 (99.8) 89.1 (82.0%

solvent module and model 168 detector). The flow rate of b
. s _ erge(%0 10.4(29.8) 7.7(25.1} 6.4(27.8
the mobile phase was fixed at 4 mL minwith a pressure refmn?,én? (29.8) (e5-1) (278}

of around 17 MPa, and the eluent was monitored by resolution limits (A) 49.424 49422 49.4-22
measuring the absorbance at 580 nm (corresponding to an Rfactoro("/f;)C 19.8(24.8) 19.5(24.8) 19.3(25.2)
equimolar chelate complex between 2Cuc-proline, and S‘éﬁgﬁ’gns 24.2(29.5) 232(28.4) 235(29.3)
2-methylgllutamate).' The andL forms were eluted at 4.2 bond lengths (A) 0.007 0.006 0.007
and 6.0 min, respectively. The chromatography was repeated, bond angles (deg) 1.31 1.26 1.28
and the fraction containing 2-methydglutamic acid was meanB factors
pooled and concentrated 10 times in a rotary evaporator. The ~ Main-chain atoms (3 30.92 33.32 29.20

lution was then applied to a Dowex 590 8 cation side-chain atoms (3 32.92 oo e
solu pp ) heteroatoms (3 27.79 29.86 22.86
exchange column (2% 200 mm, H form), which had been water atoms (A) 32.89 39.27 36.95
activated wih 2 M formic acid and washed briefly withJ®. procheck
The sample was eluted by 0.2 M formic acid. The fraction ~ favored 89.3 91.8 90.1

taining 2-methyl-glutamic acid was detected by nin- additional allowed 10.5 9 2

con ¢ g yl=g ) ) Yy generously allowed 0.0 0.0 0.1
hydrin. The collected 2-methylglutamic acid was concen- disallowed 0.3 0.3 0.3
trated and _CryStaII'Zed in 70% ethanol. The yield was about aThe values in parentheses are for the highest resolution shells.
80% (starting from the form). ® Rnerge= Y hYillnki — DhialV T3 il wherel is the observed intensity

Synthesis of Phosphopyridoxyl-glutamate and Phospho-and s the average intensity for multiple measuremehBactor =
pyridoxyl-2-methylglutamatelwo millimoles of PLP was Y |IFol — [Fcll/IFo|. ¢ Rree Was monitored with 10% of the reflection
mixed with 10 mmol ofi-glutamic acid in 20 mL of water, ~ 9ata excluded from the refinement.
and the pH was adjusted to 9.4 with KOH. With stirring,

0.2 g of NaBH was then added slowly to reduce the Schiff for 30 min and passed through a PD-10 column (Amersham)
base. The reaction mixture was incubated for 10 min. Twenty equilibrated with 10 mM Tris-HCI, pH 7.5, to remove the
milliliters of 0.2 M formic acid was added, and the solution excess ligand. The obtained enzyme solution was used for
was applied to a Dowex & 8 anion-exchange resin column  crystallization. The reconstituted enzymes are denoted as
(10 x 160 mm) equilibrated with 0.1 M formic acid. The E:PPxt-Glu, E-PPxb-Glu, and EPPxt-MeGlu, respec-
column was washed with 120 mL of 0.1 M formic acid and tively.

eluted with a linear gradient formed with 100 mL each of  Preparation of CrystalsThe crystals of ASpATs recon-
0.1 and 0.3 M formic acid. Fractions were spotted onto a stituted with PPx--Glu, PPxp-Glu, and PPx-~MeGlu were
filter paper, and substances were detected first with fluores-obtained by the hanging drop vapor diffusion methad) (
cence (excited at 214 nm) and then with ninhydrin. A trace using ammonium sulfate as the precipitant. A«3 drop
amount of pyridoxine Sphosphate (fluorescence-), nin- containing 30 mg mt! enzyme, 10 mM Tris-HCI (pH 7.5),
hydrin (-)) is eluted first, followed by the unreacted glutamic 10xM PLP, 1 mM EDTA, and 0.3 mM Naphwas added to
acid (fluorescence—f), ninhydrin ¢)), then N-phospho- 3 uL of the precipitant buffer containgh2 M ammonium
pyridoxyl-L-glutamic acid (fluorescenceH), ninhydrin ()). sulfate, 100 mM HEPES (pH 7.5), and 4% (w/v) PEG-400
Fractions containingN-phosphopyridoxyl--glutamic acid and equilibrated with a reservoir solution containing 2 M
were collected and rotary evaporated to give an oily residue. ammonium sulfate, 100 mM HEPES (pH 7.5), and 4% (w/
Three milliliters d 6 M HCI was added and rotary V) PEG-400 at 293 K. The crystallization conditions are
evaporated. The residue was dissolved in 3 mL gdHand exactly the same as those in the previous studies of the PLP
6 mL of EtOH and 12 mL of BD were then added to the form (6) and the PMP form7®) of E. coli AspAT. Crystals
solution and left at £C overnight. The viscous oily layer is  of suitable size for diffraction experiments were obtained
the phosphopyridoxyl-glutamic acid. The phosphopyridoxyl — within a week.

derivative ofp-glutamic acid and 2-methyl-glutamic acid Data Collection.The space group 863 having averaged
was prepared in the same way. cell dimensions ofa = b = 143.25 A andc = 81.45 A.

Construction of AspAT Complexed with either Phospho- Crystals of ASpATs contain two subunits in the asymmetric
pyridoxyl-glutamate or Phosphopyridoxyl-2-methylglutamate. unit with about 48% of the crystal volume occupied by
The apo form of AspAT was prepared according to the solvent.
method of Toney and KirsctB). The enzyme was recon- The X-ray diffraction data for the AspAT crystals were
stituted with a 10-fold excess of phosphopyridoxyl-  collected to 2.2 A resolutions at 293 K with a Rigaku
glutamate (PPx-Glu), phosphopyridoxyb-glutamate (PPx- ~ R-AXIS IV**. The intensity data were processed and scaled
D-Glu), or phosphopyridoxyl-2-methyl-glutamate (PPx- using HKL2000/SCALEPACK. The conditions for data
MeGlu). The mixture was incubated at room temperature collection are summarized in Table 1.
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Structure Determination and Refinememhe structures  L-glutamate: Asp222, Trpl40, Arg266, Tyr225, Asnl194,
of AspATs were solved by the molecular replacement Tyr70*, Arg292* Ser296* Arg386, Leul?, llel8, 1le37,
method, using the complex of the PMP form of AspAT with Gly38, and Val39. The hydrogen atoms of crystal water
glutarate {; PDB ID: 1AMS) as an initial search model. molecules were allowed to move. The N atoms of the PLP
The scaling of all data and map calculations was performed Lys258 aldimine and pyridine were protonated, and @f3
with the CCP4 program suitel$). The initial model of PLP was unprotonated. The charge of the phosphate group
AspAT was built with the program OL@). The model was  was set at-2, as has been demonstrated®#y NMR (19).
refined with the simulated annealing, individuglfactor The a-amino group of -glutamate was either protonated or
refinement, and energy minimization protocols incorporated unprotonated. The protonation status of ¢h@amino group
into the program CNS1(7). After the initial round of affected the energy-minimized structureLeglutamate. For
refinement, the model was refined against the highestthe Michaelis complex of #LP with L-aspartate (EPLP
resolution data. When thigcor Value reached below 30%, L-aspartate), the crystal structureofcoli ASpAT complexed
2F, — F. simulated annealing omit maps contoured av1.0 with maleate 4, 1ASM) was used for modeling. Maleate
clearly exhibited the residual electron density corresponding was changed te-aspartate with an unprotonatedamino
to the bound sulfates. Water molecules were picked up from group, and energy minimization was carried out in the same
theF, — Fc map on the basis of reasonable hydrogen-bonding way as above.

geometries and significant densities at@.0 For studying the differential effect af-glutamate and
The final model of EPPx+-Glu consisted of 396« 2 L-aspartate on the opetlosed conformation of the Michae-
residues, 129 water molecules, and one PR4eGlu with lis complex of AspAT, the model study was conducted as

an Rector Of 19.8% at a 2.4 A resolution. Alanine models follows. EitherL-aspartate or-glutamate was modeled into
were applied to 24 residues (Arg25, Lys90, Lys121, Lys126, the active site of the closed form of the enzyme, and energy
Lys367, Leu371, Arg25*, Lys46*, Glu78*, Arg81*, Lys90*,  minimization was carried out as above, but in this case all
Lys98%, Lys126*, Arg129*, Glul64*, Asnl178*% GIn1l81*,  the atoms were allowed to move. For the complex with
GIn210*, Glu214*, Lys248*, GIn342*, Arg348*, Lys355%, | -aspartate, the obtained model ofPEP-L-aspartate de-
and Lys367*; the asterisk indicates a residue from another scribed above was used as the starting structure. For the
subunit of the dimer unit), because the electron densities complex withL-glutamate, the structure of EPx+-MeGlu
corresponding to the side chains of these residues were weakyas used as the template. Th#leGlu moiety was changed

or not observed. _ to L-glutamate while the dihedral angles and position of the
The final model of EPPx-Glu consisted of 396« 2 carbon skeleton were maintained. Theamino group of
residues, 204 water molecules, and one Bf%eGlu with L-glutamate was protonated. The phosphopyridoxyl group

an Rector Of 19.3% at a 2.2 A resolution. Alanine models and Lys258 were removed, and the PiE/s258 Schiff base
were applied to 29 residues (Arg25, Lys90, Lys121, Lys126, was incorporated from the crystal structure oPEP (;
GIn210, Glu343, Lys367, Arg25*, Glu43*, Lys46*, Glu78*,  1ARS). Crystal water molecules were included in the model
Arg81*, Lys90%, Lys98*, Lys126*, Glul64*, Asnl75*,  with the exceptions of WAT2017 (subunit 1) and WAT2014
Asnl178* Glul79* GIn181*, GIn210%, Glu214*, Lys215*,  (subunit 2), which are hydrogen bonded to Ser296* and are
Lys248*, Asn347*, Arg348* Lys355*% Lys367* and expected to interfere with the binding of the substrate

Glu368f‘). _ y-carboxylate group to this region. After energy minimiza-
The final model of EPPx+-MeGlu consisted of 396 2 tion, an almost symmetric dimeric structure, in which
residues, 191 water molecules, and one PR4eGlu with L-glutamate assumes a similar conformation in both subunit

an Ricor Of 19.5% at a 2.2 A resolution. Alanine models 1 and subunit 2, was obtained. Then, a stochastic confor-
were applied to 21 residues (Arg25, Glu28, Lys46, Lys90, mational search (implemented in MOE) was performed on
Lys121, Lys126, GIn206, Lys367, Glu368, Arg25*, Arg81*, |-glutamate in subunit 1, and another energetically favorable
Lys90*, Lys98* Lys126* Glul64*, GIn210* Glu214*,  structure of EPLP-L-glutamate with a more extended
Lys215*, Lys248*, Lys355*, and Lys367%). conformation ofi-glutamate was obtained.

A summary of the refinement statistics for all structures Graphics. Superimposition of the structures and the
is presented in Table 1. The quality of the final structures yglecular drawings were performed using MOLMORO[

was assessed using the program PROCHEGH. (For all Figures 3 and 5) and PyMOL2(; Figures 4 and 6).
structures, Ser296 and Ser296* were found in disallowed

regions of the Ramachandran plot. On the basis of the RESULTS
electron density map, it is confirmed that the conformations
of both residues are correct. pH Titration of the Complex of £LP with 2-methyl-
Modeling of the Michaelis Complex Structures of AspAT glutamate The spectral changes of the PLP form of AspAT
with L-Glutamate and-Aspartate For the Michaelis complex ~ (E:PLP) on binding of 2-methyl-glutamate (-MeGlu) were
of E-PLP withL-glutamate (EPLP-L-glutamate), the crystal ~ Studied at various pH values between 6 and 9. At all pH
structure of the PMP form dE. coli AspAT with glutarate ~ Vvalues studied, the binding ofMeGlu to EPLP caused an
(7; LAMS) was used for modeling. PMP and glutarate were increase in the absorption at 430 nm with a concomitant
changed to PLP and-glutamate, respectively, and the decrease in the absorption at 360 nm (Figure 1).
aldehyde group of PLP was bonded to ¢h@mino group of The spectrum of the complex ofELP with -MeGlu at
Lys258. Energy minimization was carried out on MOE (ver. each pH value was obtained by extrapolation to infinite
2004.03, Chemical Computing Group Inc., MdatreCanada) concentrations of-MeGlu, and the absorption at 430 nm
using MMFF94s parameters with all the residues fixed except was plotted against the pH of the solution (Figure 2). Due
for those interacting with the PL-FLys258 aldimine and  to the near linear dependency on thMeGlu concentration
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Ficure 1: Spectral change in AspAT on binding ofMeGlu. Absorption spectra were measured in the presence of 50 mM buffer
component(s), 0.1 M KCl, and 0, 20, 45, and 70 mMWleGlu at 298 K. Results at pH 6.1 (A) and pH 7.1 (B) are shown. The insets show
plots of the apparent molar absorptivity againsteGlu]. The dashed lines show the spectrum at infinite concentrationsM#Glu
obtained by extrapolation usingp, = {[L-MeGIu]/(Kg + [L-MeGIu])} €max.
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Ficure 2: Plot of the apparent molar absorptivity at 430 nm of
the complex of EPLP with L-MeGlu (emax in Figure 1) against
pH. The bars indicate SD values. The solid line shows the
theoretical line using eq 3, with = 1.19+ 0.31, K1 = 7.44 £
0.10, Ka2 = 7.50+ 0.33, ande = 8100+ 270 M~1-cm L. The

E_H"-SH*, and singly protonated species,HE S plus k-
SH*, respectively (Scheme 2). Excellent fitting was obtained
with the following values of the parameterst = 1.19 +
0.31, Ka1 = 7.44 %+ 0.10, K2 = 7.50 + 0.33, ande =
81004 270 M t-cm™L. The value ofa is expected to be
roughly equal to the value of [E*-SJ/([ELH-S] + [EL-
SH™); therefore, the obtained value ofindicates that the
equilibrium between BH*-S and E-SH" is shifted toward
E H*-S. In addition, the fitting was much better than that
with a single-step dissociation model (dashed line), indicating
that the term [H]? is required for the fitting. From this and
the previous result of the kinetic characterization of the
reaction of EPLP with L-glutamate, we concluded that the
Michaelis complex of BPLP withL-MeGlu contains the four
species EH*-SHt, E . H*-S, B -SH", and E+S (Scheme 2).
This is in contrast to the case of 2-methy&spartate Lt
MeAsp), where the Michaelis complex of-FLP with
L-MeAsp shows pH-independent partial protonation of the
aldimine @2), and the Michaelis complex contains only
E H'-S and E-SH'.

Models for the Michaelis Complexes ofFEP with

dashed line shows the theoretical line using a single-step dissociation--Aspartate and-Glutamateln order to structurally explain

model: €appmax= {[HTJ/(Ka + [H])} €, with pKy = 7.71+ 0.08
ande = 8830+ 350 M1-cm™.

at pH values 78, the obtained apparent molar absorptivity

values have large SD values. However, there is a clear
tendency that the value declines sharply with increasing pH.
The plots were simulated with the two-step dissociation
model:

aKgH T+ [HT?
KalKa2+ KaZ[H +] + [H-i_]zC

®3)

€app,max_

Here K. andK,, are the dissociation constants for the two
consecutive dissociation processes (Scheme Bl iSH*

= (E_H"-S+ E.-SH") = E, -S, where EH*-S and E-SH"

are treated as a single species), aatddoe are the apparent
molar absorptivity values of the doubly protonated species,

the electrostatic interaction of the dissociation groups in the
Michaelis complexes of LP with L-aspartate and-
glutamate, models were constructed based on the crystal
structures of AspAT with substrate analogues.

The structure of the Michaelis complex ofFELP with
L-aspartate (FPLP-L-Asp) was modeled on the maleate
complex of EPLP @). Thea- andf-carboxylate groups of
L-aspartate form a double hydrogen bond with the guani-
dinium groups of Arg386 and Arg292*, respectively (Figure
3A), as has been suggested from a number of crystal
structures of AspAT complexed with C4-dicarboxylic ligands.
Thea-amino group of -aspartate is pointed toward the PLP
aldimine, and the distance between tikamino N and the
aldimine N is 3.4 A, indicating a strong electrostatic
interaction between the two N atoms.

For the modeling of the Michaelis complex of /P with
L-glutamate, X-ray crystallographic structures ofPEP
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Scheme 2: Scheme for the Reaction of Aspartate Aminotransferase \@thtamate
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bound with C5-dicarboxylic ligands, such asMeGlu or

protein is in the open conformation, and the glutarate

glutarate, are required. However, attempts at cocrystallizationmolecule assumes an extended conformation at the active

of E-PLP with either_.-MeGlu or glutarate have been
unsuccessful. Instead, the crystal structure d?NEP with

glutarate has been obtained),(and this is the only structure
of the C5 complex of the wild-type AspAT obtained by

site. There is no apparent interaction between the carboxylate
groups of glutarate and the amino group of PMP or the
e-amino group of Lys258, and the carboxylate groups are
bound to Arg292*, Ser296*, and Arg386, which is a common

cocrystallization. The structure showed that the AspAT structure between -PLP and EPMP. Furthermore, the
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Ficure 3: (A) Stereoview of the structure of the Michaelis complex of thBIEP withL-aspartate modeled on the crystallographic structure

of E-PLP with maleate4; 1ASM). Nitrogen, oxygen, and phosphate atoms are colored in blue, red, and orange, respectively. (B) Stereoview

of the structure of the Michaelis complex of P with L-glutamate modeled on the crystallographic structure of the complexRi¥1E
with glutarate 7; 1AMS). Two structures, one with an unprotonatedmino group of -glutamate and the other with a protonatedmino
group, were generated and differentiated by coloring the carbon atoms in cyan (unproteaatétb group) and white (protonatedamino

group). Maleate (A) and glutarate (B) in the original coordinates are shown with carbon atoms in khaki. For the minimization procedure,

see Experimental Procedures.
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Subunit 1 Subunit 2

Ficure 4. Superimposed € traces of the crystal structures of L.P (cyan), EPLP=L-MeAsp (green), and £Px+-MeGlu (magenta).
The backbone atoms of the large domain (residues323) of the dimeric structures were fitted. PLP ofPEP and PPx-MeGlu of
E-PPx+-MeGlu are shown in van der Waals spheres. The enzyme is a dimer of identical subunits, each composed of large and small
domains. The domain boundary of subunit 1 is shown by the dashed line. N and C indicate the N-terminus and C-terminus of subunit 1.

maleate (C4) complex of PMP assumes a closed confor- L-glutamate assumes a somewhat round conformation com-
mation like that of the maleate complex offL.P. Therefore, pared to that of theL-glutamate with an unprotonated
we considered that the presence of PMP instead of PLP isa-amino group.
not the cause of the obtained open conformation of the Structure of AspAT Complexed with C5 Ligand$e
glutarate complex of #2MP, and we used this structure for X-ray diffraction data of AspATs reconstituted with PPx-
modeling the Michaelis complex of-BLP withL-glutamate L-Glu (E-PPx+-Glu), PPxp-Glu (E-PPxb-Glu), and PPx-
(E-PLP-L-Glu). L-MeGlu (EPPx+-MeGlu) were collected at 2.4, 2.2, and
In E-PLP-L-Glu, the a-carboxylate group of-glutamate 2.2 A resolutions, respectively (Table 1).
forms a double hydrogen bond with the guanidinium group  The backbone structure of-EPx+-MeGlu is super-
of Arg386 (Figure 3B), in a way similar to that ofaspartate =~ imposed on that of #LP, together with the external
in E-PLP-L-Asp (Figure 3A). However, the structure of E  aldimine complex of EPLP with L.-MeAsp (EPLP=L-
PLP-L-Glu (Figure 3B) is different from that of PLP-L- MeAsp) in Figure 4. The large domain main-chain atoms
Asp on a number of points. When tleamino group of (residues 43325 of each of the two subunits) of BPx+-
L-glutamate is unprotonated (Figure 3B, carbon atoms in MeGlu are excellently fitted to those of-ELP with an
cyan),L-glutamate assumes an extended conformation like RMSD of 0.32 A, which can be compared to the corre-
that of glutarate in the crystal structuré) (Like E-PLP-L- sponding value of 0.28 A between M P=L-MeAsp and
Asp, the side chain of Arg292* swings into the active site, E-PLP. The small domain (residues-82 and 326-409) of
and its guanidinium group interacts with the distat)( E-PPx+-MeGlu moves toward the large domain compared
carboxylate group of-glutamate. However, the-carbox- to that of EPLP (Figure 4). The RMSD values of the small
ylate group forms a single hydrogen bond with the guani- domain main-chain atoms betweenPEP and EPPx+-
dinium group of Arg292*, i.e., only one of the O atoms MeGlu are 1.83 A (subunit 1) and 1.94 A (subunit 2),
interacts with the guanidinium N of Arg292*. In addition, comparable to the corresponding value (1.97 A) between E
the same O atom is within hydrogen-bond distance (2.5 A) PLP=L-MeAsp and EPLP. On the other hand, the RMSD
to the O atom of Ser296*. This additional hydrogen bond, values of the small domain main-chain atoms between E
which is absent in EPLP-L-Asp (Figure 3A; the correspond-  PPx+-MeGlu and EPLP=L-MeAsp are 0.57 A (subunit 1)
ing distance is 3.6 A), seems to contribute to stabilizing the and 0.63 A (subunit 2). Especially, the backbone chains
y-carboxylate group of the extended structure. @emino around the active site of the two structures are almost
group ofL-glutamate is pointed in the direction opposite to completely superimposed (Figure 4). ThusPEx+-MeGlu,
the PLP-Lys258 aldimine and is within hydrogen-bond which can be considered to be a model for the external
distance (2.8 A) to the pyrrole N of Trp140, thereby aldimine complex of EPLP with L-glutamate, assumes a
stabilizing the bound-glutamate. When the-amino group closed conformation similar to that generated by the binding
of L-glutamate is protonated (Figure 3B; carbon atoms in of L-MeAsp to EPLP (, 6).
white), the resultant structure is essentially similar to that of  The structures of FPPx+-Glu and EPPxb-Glu were
theL-glutamate with unprotonatedamino group described  essentially identical to that of -BPxt-MeGlu (data not
above, except that the protonateeamino group no longer  shown for EPPx+-Glu; for E-PPxb-Glu, see below).
forms a hydrogen bond with the pyrrole N of Trp140 and  Comparison of the Acte-Site Structures of ‘BPxd-
instead forms an intramolecular hydrogen bond/salt bridge MeGlu and EPLP=L-MeAsp.The active-site structure of
with the y-carboxylate group of-glutamate. As a result, E-PPx+-MeGlu is shown in Figure 5A in comparison with
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Ficure 5: (A) Superimposed crystal structures of the active site of AspAT complexed with various ligands. N, O, and P atoms are shown
in blue, red, and orange, respectively. Three structures are distinguished by the color of the carbon atomsPlckgf, EARS); green,
E-PLP=L-MeAsp ©; 1ART); magenta, BPPx+-MeGlu (this study). Structures were fitted to the main-chain atoms of the large domains.
(B) Superimposed structures of the active site @?Bx+-MeGlu (carbon in magenta) andBPxo-Glu (carbon in khaki). Structures were

fitted to the main-chain atoms of the large domains. In both panels, residues of subunit 1 (except for those with asterisks) are shown.

E-PLP and EPLP=L-MeAsp ). Thea- andy-carboxylate of E-PPx+-MeGlu and EPLP=L-MeAsp showed the same
groups interact with the guanidinium groups of Arg386 and conformational change from -ELP. The peptide bond
Arg292*, respectively, in the same way as the and between lle37 and Gly38 rotates by 228nd the side chain
f-carboxylate and guanidinium groups offEP=L-MeAsp of 1le37 covers the active site (Figure 5A). The side-chain
(6). In comparison with EPLP, Gx of Arg386 of EPPx+.- conformation of lle37 and those of Leul7-lle18, which are
MeGlu shifts by 0.65 A (subunit 1) and 0.77 A (subunit 2), positioned in front of the ligand, have essentially the same
and the guanidinium group of the side chain shifts by 0.76 conformation between the two complexes.
A (subunit 1) and 0.95 A (subunit 2) toward the active site. ~ The Pair of EPPx+-MeGlu and EPPxD-Glu Suggests
The corresponding values for the pair ofPEP and the Ketimine StructureThe crystal structure of Pxb-
E-PLP=L-MeAsp are 0.80 and 0.84 A, respectively. As a Glu was successfully obtained and is shown in Figure 5B
result, the guanidinium group of Arg386 forms a stable with the structure of BPPx+-MeGlu overlaid at the large
hydrogen bond/salt bridge with thecarboxylate group of ~ domain main-chain atoms. This is the only structure of
the L.-MeGlu moiety. AspAT complexed with a ligand containing tbesomer of
The carboxylate groups of the ligand and the guanidinium amino acid. The carboxylate groups of the ligand, the
groups of Arg292* and Arg386 are superimposable between guanidinium groups of Arg292* and Arg386, and the
E:PPx+-MeGlu and EPLP=L-MeAsp. Accordingly, the residues surrounding the ligand of the two complex structures
carbon chain (C3) flanked by the two carboxylate groups of are strikingly superimposable. The only difference is the
L-MeGlu is more bulged compared to that (C2) d¥leAsp. position of Gx, which is 1.66 A apart from that of -PPx-
The @3 atom ofL-MeGlu is closer to the hydroxyphenyl L-MeGlu and reflects the inversed configuration of this atom

group of Tyr70* by 1.1 A compared to that atMeAsp, between the two structures. If we convert the hybridization
and van der Waals contact is expected between-tleGlu of this atom from spto s|#, we obtain the structure of the
Cp and Tyr70*. The torsion angle of C(carboxylate}o— ketimine intermediate. Therefore, we can expect that the

Cp—Cy is —21° (subunit 1) and—22° (subunit 2), which ketimine structure is a hybrid between the two overlaid
are the values of energetically unfavorable conformations. structures shown in Figure 5. Interestingly, the torsion angle
Therefore, a significant strain is considered to exist at the of C(carboxylate}Ca—Cp—Cy of the pb-glutamate moiety
L-MeGlu moiety compared to the-MeAsp moiety in E is —81° (subunit 1) and—74° (subunit 2), which are the
PLP=L-MeAsp. values of energetically more favorable conformations (close
The residues lle37-Gly38-Val39, which form a part of the to gauche) than those (close to syn) of thigleGlu moiety
“hydrophobic patch” at the entrance of the active sitg ( in E-PPx+-MeGlu. Therefore, the conformation of the
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A Subunit 1

FIGURE 6: (A) Superimposed & traces of the energy-minimized model structures of the Michaelis complexes of AspAT-adpartate
(E-PLP-L-Asp, magenta) and-glutamate (EPLP-L-Glu, cyan), together with the starting model (yellow) ofPEP-L-glutamate built on

the crystal structure of PPx+-MeGlu. The bound-glutamate of the energy-minimized structure is shown in van der Waals spheres. (B)
Superimposed structures of the active site of subunit 1. The structures are distinguished by the color of the carbon atoms. The colors
correspond to those used in panel A, except that the structure with carbon atoms in green is another energy-minimized structure of E
PLP-L-Glu obtained by a stochastic conformational search on the bowhdtamate.

ketimine intermediate is expected to be energetically more protein structure was essentially identical to that of the cyan
favorable compared to that of-EPx+-MeGlu, the model structure (data not shown). This indicates that the cyan
for the external aldimine. structure is an energetically metastable state, and there is an

L-Glutamate Modeled in the Closed Form of AspAT energy barrier between the two states (cyan and green). In
Induces Conformational Change to the Open Fomm.  the green structure (Figure 6B), C(carboxylat€p—Cp—
Glutamate was modeled into the closed form of AspAT, Cy of L-glutamate assumes a nearly anti conformation

using the crystal structure of EPx+-MeGlu (Figure 6A,B,  (torsion angle= —173) and thea-amino group is opposite
yellow). After energy minimization, C(carboxylatelCo.— to the PLP-Lys258 aldimine, the distance between the two

Cp—Cy of L-glutamate adopts a more relaxed gauche N atoms being 6.6 A. This conformation resembles that of
conformation (Figure 6B, cyan), the torsion angles being L-glutamate modeled in the open form off£P (Figure 3B,
—62° (subunit 1) and—61° (subunit 2). As a result, the  cyan), although the hydrogen-bonding pattern involving the
a-carboxylate group pushes the guanidinium group of y-carboxylate ofL-glutamate, Arg292*, and Ser296* is
Arg386, the small domain residue, to move outward of the slightly different between the two structures.

active site. This is reflected in the overall structure (Figure  Energy minimization of the Michaelis complex with
5A, cyan); the small domain is displaced to open the active L-aspartate resulted in a structure (Figure 6A,B, magenta)
site, resulting in the conformation which resembles that of essentially similar to that of the closed conformation of the
the open form of BPLP (Figure 4, cyan). The distance enzyme (Figure 6A,B, yellow; this structure is that of E
between the PLPLys258 aldimine N and the-amino N PPx+-MeGlu, but is almost completely identical to that of
of L-glutamate is 5.2 A. Because the energy minimization E-PLP=L-MeAsp as is shown in Figure 4), the distance
procedure used here may result in an energetically metastabldetween ther-amino N ofL-aspartate and the PERys258
structure, a stochastic conformational search involving the aldimine N being 3.7 A. Thus, when energy minimiza-
dihedral angles of the-glutamate bound to subunit 1 was tion is carried out with all the atoms allowed to move,
performed. The atoms of the protein were again allowed to L-aspartate does not induce a conformational change of the
move. A structure which is 9.3 kJ mdlmore stable than  closed form of EPLP, whereasL-glutamate induces a
the “cyan” structure in Figure 6A,B was obtained and is conformational change of-BLP from the closed to the open
shown with carbon atoms in green in Figure 6B. The overall form.
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DISCUSSION strongly suggest that the Michaelis complex witglutamate
is in the open conformation, the structure of the external
aldimine complex withL-glutamate is another issue to be
solved. The crystal structures of Px+-MeGlu (Figures

Michaelis Complex of AspAT with C4-Dicarboxylic Acids.
Before discussing the Michaelis complex of ASpAT with C5

ligands, we summarize here what is known about the 4, 5) and EPPx+-Glu are in the closed form. This indicates

Michaelis compl_e>§ of AspAT W'th_ c4 "Qa“ds- that, once a bond is formed between theamino group of
The characteristic point in the Michaelis complex structure L-glutamate and PLP, the enzymé5-dicarboxylic acid

of E-PLP with a C4 amino acid is that it is an equilibrium complex assumes the closed conformation.

mixture of E-SH" and EH"-S (Scheme 1) and that there  he conformational transition from the open form in the

is no apparent presence of the speciesStand EH"SH". Michaelis complex to the closed form in the external aldimine

That is, a proton is shared by the two groups, and the o i gchematically explained in Figure 7. The complex of E

groups are never protonated or unprotonated smultgneouglyPLP with L-aspartate is in the closed form for both the

This is shown by the absorption spectra of the Michaelis jichaelis complex and the external aldimine (Figure 7, upper

complex and the external aldimine complex formed by nanels). The external aldimine of ELP with L-glutamate
association of-MeAsp with EPLP. The spectra showed a g 150 in the closed form (Figure 7, lower right). However,

pH-independent partial protonation structure(% for the  his sructure is realized by “hooking” the-amino group
Michaelis complex and-35% for the external aldimin&.). of L-glutamate to the aldehyde group of PLP, thereby placing
The rationale that explains this partial protonation is shown the o-carboxylate group in the same position occupied by
in Figure 3A, which is a modeled structure of the Michaelis the o-carboxylate group of-aspartate in the complexes of
complex of EPLP with L-aspartate based on the structure E.p|p with C4-dicarboxylic acids. The resultant structure
of E-PLP complexed with maleatd)( Theo-amino group  of | -glutamate assumes an unfavorable syn conformation at
of aspartate is pointed toward the imino group of the PLP  ¢(carboxylate)-Ca—CB—Cy and stores strain energy in this
Lys258 Schiff base (3.4 A between the two N atoms), and regjon. Therefore, if the bond between iheamino N and
there is a strong electrostatic interaction between the twWocg of PLP is broken to form the Michaelis complex,

groups. Therefore, in order to avoid electrostatic repulsion, L-glutamate releases its strain energy to assume an extended

only one proton must be shared by the two groups. ~ conformation, pushing Arg386 outward of the active site
Michaelis Complex of ASpAT with C5-Dicarboxylic Acids.  (Figure 7, lower left). This process is exactly described by
During the analysis of the reaction of-FLP with L- the model study shown in Figure 6B. The conformational

glutamate, we found that incorporation of the species change of C(carboxylate)Co—CB—Cy of L-glutamate from
E H"-SH" was necessary to explain the pH and concentra- the syn conformation (yellow) to the gauche (cyan) confor-
tion dependency of the apparent rate constant for the decreasgnation causes opening of the domain interface. This open
in absorbance at 430 nm, which representd £(12). The  structure of the complex is expected to be further stabilized
pH-dependent spectral change of the Michaelis complex of by a conformational change of C(carboxylat€a—Cp—
AspAT with the C5 substrate analogueMeGlu, is best  Cy from gauche to anti. This strain inglutamate explains
analyzed by the two-step dissociation model (Figure 2). why AspAT assumes the open conformation in the Michaelis
Assuming that the complex of-ELP withL-MeGlu repre-  complex, in which the bond between theamino group of
sents the Michaelis complex witlrglutamate, the present  glutamate and PLP is not formed.
results show that the Michaelis complex contains 4 possible  The equilibrium between the Michaelis complex and the
combinations of the protonation structures, HE-SH", external aldimine is difficult to evaluate. However, the
E.-SH, EH™-S, and E-S (Scheme 2). This indicates that  following discussion is consistent with the idea that the
the electrostatic interaction between the aldimine N and the equilibrium is shifted toward the Michaelis complex. The
a-amino N in the Michaelis complex with-glutamate is  structure of EPPx+-MeGlu can be used as a model for the
much weaker than that with-aspartate. external aldimine complex of “BLP with L-MeGlu or
The proposed structure of the Michaelis complex with | -glutamate. The distance between th@mino N of the
L-glutamate (Figure 3B) is consistent with this weak elec- -amino acid moiety and the-amino group of Lys258 is
trostatic interaction. Thei-amino group ofi-glutamate is 4.2 A for EPLP=L-MeAsp and 4.4 A for EPPx+-MeGlu
pointed in the direction opposite to the imino group of the (Figure 5A). The spatial alignment of the residues and atoms
Schiff base, and the distance between the aldimine N andaround the ligand is essentially the same betwe@H P=L-
thea-amino N is 7.3 A (protonated-amino group) and 6.7 MeAsp and EPPx+-MeGlu (Figure 5A). Therefore, in the
A (unprotonateda-amino group). The model study also external aldimine complex of BLP andL-MeGlu, the
showed that the structure of the open form of the enzyme electrostatic interaction between the imine N of the PLP
bound with the extended conformation ofglutamate is L-MeGlu aldimine and thes-amino group of Lys258 is
energetically more stable than that of the closed form of the considered to be strong like that of the PERMeAsp
enzyme with the folded conformation ofglutamate (Figure  aldimine in EPLP=L-MeAsp, and pH-independent partial
6A,B). From these findings, we can conclude that the protonation of the imine N is expected for the PLRMeGlu
structure shown in Figure 4B is the most probable structure aldimine. If this is the case, the strong pH dependency of
of the Michaelis complex with-glutamate that can explain  the spectrum of the complex of ELP withL-MeGlu (Figure
all the spectroscopic and previous kinetic data of the 2) indicates that the Michaelis complex constitutes a large
interaction of AspAT with C5 ligands. part of the complex of BPLP with L.-MeGlu. Furthermore,
Conformational Change in AspAT during the Trans- because the PL-P.-MeAsp aldimine of EPLP=L-MeAsp
aldimination Reaction from the Michaelis Complex to the is ~35% protonated1(0), if we assume that the protonation
External Aldimine.Although the data presented above status of the PLPL-MeGlu aldimine is similar to that of
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FiGure 7: Schematic description of the recognition mechanism of C5 subtrates in comparison to C4 substrates. Hydrophobic residues are

shown in half-balls.

the PLP-L-MeAsp aldimine, the low value of the 430 nm C5 substrates than those with C4 substrates. This can be
absorption at high pH (Figure 2) indicates that the external explained by assuming that the phenyl ring of Tyr70* is
aldimine complex constitutes only a minor part of the involved in the interaction of Tyr70* with the side chains

complex of EPLP with L-MeGlu. Thus, the equilibrium

of Val39 and lle18 and with the C5 ligand to promote the

between the Michaelis complex and the external aldimine is transition from the Michaelis complex to the external
shifted toward the Michaelis complex. This is apparently aldimine, showing the importance of the phenyl ring in the
caused by the strain energy of the puckered conformationcatalytic step of the reaction with the C5 substrates.

of the PLP-L-MeGlu external aldimine.

Finally, the set of the crystal structures oFfPx+-MeGlu

Driving Force That Promotes Transition to the Closed and EPPxb-Glu strongly suggests that the ketimine complex
Form.As a consequence of the above discussion, there musiof E-PMP with 2-oxoglutarate will assume an intermediate
be a driving force from the Michaelis complex to the external structure of these two structures. That is, the ketimine
aldimine, in order to drive the catalytic reaction of ASpAT complex in the C5 reaction is expected to be in the closed
with L-glutamate effectively. Free energies that are releasedform, and this is in agreement with the crystallographic study
on formation of the external aldimine from the Michaelis by Malashkevich, Toney, and Jansoniu4)( in which
complex can be such a driving force. In the case of the L-glutamate was substituted with the bound maleate in the
reaction withL-glutamate, this step involves the conforma- E-PLP-maleate crystal. Because the glutarate complex of E
tional change in AspAT. In this respect, the residues at the PMP is in the open form7), it is concluded that, for the C5
entrance of the active site, i.e., the “hydrophobic patch” reaction of ASpAT (eq 2), the enzyme is in the closed form

residues &, 4), are highlighted.

from the external aldimine to the ketimine and that both the

Among the “hydrophobic patch” residues, Tyr70* is Michaelis complexes with-glutamate and 2-oxoglutarate
located in the large domain, whereas lle18 and Val39 are in are in the open form.

the small domain. These hydrophobic residues interdigitate

with each other in the closed conformation. In addition, a REFERENCES
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