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ABSTRACT. Escherichia coliaromatic amino acid aminotransferase (ArAT) catalyzes transamination
reactions of both dicarboxylic amino acids and aromatic amino acids. Because both reactions are supposed
to occur in a single reaction center, whether ArAT provides alternative binding sites for the two different
types of substrate side chains has been an intriguing question. This was probed by spectroscopic analysis
of the complexes of-hydroxylated substrates and the wild-type and [Tyr#(Phe] mutant enzymes.

Both L-erythro-3-hydroxyaspartate anderythro-3-phenylserine reacted with the wild-type ArAT to give

an absorption maximum at around 500 nm, reflecting the formation of the quinonoid intermediate. When
the hydroxy group of Tyr70 of ArAT was deleted by replacement of the residue with phenylalanine, the
500-nm absorption greatly decreased in either of the ArBIhydroxy amino acid complexes, showing

the presence of specific interactions, which stabilize the 500-nm absorbing quinonoid intermediates, between
the phenolic hydroxy group of Tyr70 and tffehydroxy groups of the two quasisubstrates. From these
results, it was concluded that the conformations of the two quasisubstrates are essentially identical in
their enzyme-bound forms. This implies that the phenyl group of the substrate phenylalanine occupies
the same region as that occupied by fhearboxyl group of the substrate aspartate, and the region should

be near Arg292, the residue that binds fliearboxylate group of substrates. The [Arg292Ala] or
[Arg292 — Leu] mutation increased th&, values for aromatic amino acids-30-fold, and the [Arg292

— Lys] mutation increased these values-1MO0-fold, without affecting thé, values. This shows that

the side chain of Arg292 is partially involved in the binding of the aromatic ring of substrates to ArAT.

Aromatic amino acid aminotransferase (ArAEC 2.6.1.57) Combinations of any two of the reactions 3 yield a variety
is a pyridoxal 5-phosphate (PLP)-dependent enzyme which of transamination reactions between amino acids and oxo
catalyzes the following reversible transamination reactions acids. In the shikimic acid pathway, ArAT functions at the
final step of phenylalanine and tyrosine biosyntheses by
transferring an amino group from aspartate or glutamate to
the aromatic oxo acids (combinations of the reactions 1/2
and 4/5). The enzyme iBscherichia colshows 43% amino
acid sequence homology with tHe coli aspartate ami-
notransferase (AspAT) and to lesser extents with animal

E, + phenylalanine= E,, + 3-phenylpyruvate (1)

E, + tyrosine=E,, + 3-(4-hydroxyphenyl)pyruv%%

E, + tryptophare= &y, + 3-indolylpyruvate  (3) AspATs (Kuramitsu et al., 1985; Fotheringham et al., 1986).
The active-site residues of AspAT which had been identified

E, + aspartate= By + oxalacetate ) by X-ray crystallographic studies (Arnone et al., 1985;
E, + glutamate= E,, + 2-oxoglutarate 5) Jansonius et al., 1985; Okamoto et al., 1994) were found to

be conserved in the primary structures of ArAT at the

where E and &, denote the PLP-form and the pyridoxamine
5'-phosphate (PMP)-form of the enzyme, respectively.
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1 Abbreviations: ArAT, aromatic amino acid aminotransferase (EC

corresponding positions (Kuramitsu et al., 1985; Fothering-
ham et al., 1986). Both ArAT and AspAT are composed of
two identical subunits of about 43K and contain one PLP
molecule per subunit. The absorption and circular dichroism
spectra and their pH dependency were essentially identical
between the two enzymes (Hayashi et al., 1993). More
intriguing was the finding that ArAT reacts with dicarboxylic
amino and oxo acids (reactions 4 and 5) as efficiently as

2.6.1.57); AspAT, aspartate aminotransferase (EC 2.6.1.1); HEPES, AspAT, the enzyme catalyzing predominantly the reactions

N-(2-hydroxyethyl)piperazin®¥-(2-ethanesulfonic acid); PIPES, pip-
erazineN,N'-bis(2-ethanesulfonic acid); HOAspserythro-3-hydrox-
yaspartate; HOPhey-erythro-3-phenylserine; PLP, pyridoxal'5
phosphate; PMP, pyridoxaminé-phosphate; WT ArAT (AspAT),
wild-type ArAT (AspAT); Y70F ArAT, ArAT in which the residue

Tyr70 was replaced by a phenylalanine residue. Other mutant enzymes

are named in a similar way.

4 and 5 (Powell & Morrison, 1978; Hayashi et al., 1993;
Koéhler et al.,, 1994). In AspAT, Arg292is the critical

2The amino acid residue is numbered according to the sequence of
pig cytosolic aspartate aminotransferase (Ovchinnikov et al., 1973).
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residue that binds thé(y)-carboxylate group of dicarboxylic ~ form enzyme andy = 5.2 x 10* M=% cm™* for the PMP-
substrates. Arg292 is conserved in ArAT, and it is reason- form enzyme at 280 nm (Hayashi et al., 1993).
able to assume that ArAT also utilizes this residue as a tool  gpectrophotometric Measurementébsorption spectra

to recognize dicarboxylic substrates. The question to beyere measured using a Hitachi spectrophotometer U-3300.
addressed is then how ArAT can accommodate aromaticThe puffer solution for the absorption measurements con-

substrates. One model assumes that the side chains ofgined 50 mM PIPES-NaOH, 50 mM HEPES-NaOH, or 50
dicarboxylic and aromatic substrates bind to alternate pocketsmym sodium borate as buffer component(s) and 0.1 M KClI.
(Jaer etal., 1992). Another model allows the aromatic side pyotein concentrations were generally-@) x 105 M. The
chain to occupy the same site as the carboxylic side chain,pKa1 values of the PLP-Lys258 aldimine of WT and mutant

by reorienting the side chain of Arg292 (Seville eF al., 1988). ArATs were obtained from the pH dependency of the
Bo.th_models have been proposed on the basis of model—apparem molar absorptivity values at 358 and 430 nm
building on the framework of the closely related enzyme ¢orresponding to the deprotonated and the protonated forms,
AspAT, but no experimental data on ArAT itself have been respectively, of the aldimine (Hayashi et al., 1993). The SD
presented to support either of the models. values of K, were less than 0.05 for all enzymes.

erythro-3-Phenylserine has been shown to react with  Kinetic Analysis Stopped-flow spectrophotometry was
ArAT, yielding a prominent absorption at 499 nm which is  performed using Applied Photophysics SX.17MV. The dead
ascribed to a quinonoid structure (Hayashi et al., 1993). Thetime for this system was generally 2.0 ms under a pressure
threo diastereoisomer did not yield 499-nm absorption. of 500 kPa. Single-turnover reactions of the PLP-form of
Thus, the stereochemistry of the reaction of 3-phenylserine ihe enzyme with amino acids, or those of the PMP-form of
with ArAT is identical to that of the reactions of 3'hydr0X' the enzyme with oxo acids, were ana|yzed as described by
yaspartate with ArAT (Hayashi et al., 1993) and ASpAT Kyramitsu et al. (1990). The reactions of HOPhe and
(Jenkins, 1979). These stereospecific interactions of the yoAsp with WT or Y70F ArAT were analyzed similarly to
p-hydroxy groups of quasisubstrates with the enzyme proteinthose of HOAsp with AspAT (Hayashi & Kagamiyama,
have important implications for the substrate-binding mode 1995). The exponential absorption changes were analyzed
of ArAT. Because the hydroxy group of Tyr70 has been jth the program provided with the SX.17MV stopped-flow
discussed to be involved in stabilizing the quinonoid spectrophotometer. The apparent rate constants obtained
intermediate formed from-erythro-3-hydroxyaspartate and  \yere then analyzed for their dependency on the substrate
AspAT (Kirsch et al., 1984; Taylor et al., 1990; Toney & concentration, and kinetic parameters were obtained by

Kirsch, 1991; Hayashi & Kagamiyama, 1995), we can nonlinear regression with the software Igor Pro (ver. 2.04,
consider that the corresponding residue of ArAT may interact \yayeMetrics, Lake Oswego, OR).

similarly with the twof-hydroxy amino acids. Therefore,

in this study we analyzed the reactions of the fivbydroxy

amino acids with both the wild-type and [Tyr7& Phe] RESULTS AND DISCUSSION
mutant ArATs. Spectroscopy on the complexes of these

3-hydroxy amino acids and ArAT provided strong support Quinonoid Structures Produced by tAeHydroxy Groups

to the notion that the conformation of phenylalanine and ot gyasisubstratesBoth L-erythro-3-phenylserine (HOPhe)

aspartate, when they are bound to ArAT, are almost identical. andL-erythro-3-hydroxyaspartate (HOAsp) react with ArAT
This suggested the interaction of the aromatic ring of yield intense dpp > 20000 M cm-2) quinonoid
aromatic substrates with Arg292 of ArAT, which was further absorption bands ;{’ 499 and 496 nm, respectively, with

analyzed by site-directed mutagenesis on the residue. smaller absorption bands at 330 nm (Hayashi et al., 1993;
Figure 1A,C). The reactions of the two quasisubstrates with
MATERIALS AND METHODS ArAT were analyzed using qstopped—flow spectrophotometgr
and were found to proceed in the same manner as the reaction
of HOAsp with AspAT (Hayashi & Kagamiyama, 1995).
Chemicals L-erythro-3-Phenylserine was synthesized as Thus, in each reaction, there was a rapid increase followed
described by Jones (1979)-erythro-3-Hydroxyaspartic acid by a slow decrease in absorbance at around 500 nm. The
was synthesized by the method of Jenkins (1979). The wild- piphasic absorption changes could be analyzed by assuming

type and mutant ArATs were prepared as described previ- the following scheme (Hayashi & Kagamiyama, 1995):
ously (Hayashi et al., 1993; Iwasaki et al., 1994). For

preparation of mutartyrB genes, site-directed mutagenesis K Kip Kig

was performed on the single-stranded pUCI®- using B +S=ES T ESTTES (6)

the Sculptor IVM system (Amersham, U.K.) as described

previously (Iwasaki et al., 1994). The oligonucleotides used (gre S denotes the-hydroxy amino acid, ESthe external

are G-CCC-TTC-CAT-GGG-TAA-GAA-AAG-CGC-CAT-G  gidimine, and ESthe quinonoid intermediate. ESs a

for Tyr70 — Phe; GTA-GTT-GCG-GGC-AAC-TGT-TGC  gpecies absorbing primarily at 330 nm and was considered
for Arg292— Ala; GTA-GTT-GCG-GAG-AAC-TGT-TGC {5 pe the carbinolamine intermediate in the reaction of
for Arg292 — Leu; and A-GTA-GTT-GCG-GTT-AAC-  AgpAT with HOAsp. Ks, K:2, K 2, ki3, andk_s denote the

TGT-TGC for Arg292— Lys (underlines indicate mis-  gissociation constant and the rate constants for the indicated
matches). reaction steps. The fast phase of the absorption changes
Determination of Protein ConcentrationThe concentra-  corresponds to the rapid formation of £8nd the slow phase

tion of the ArAT subunit in solution was determined represents the slow equilibrium between,2B8d ES. The
spectrophotometrically. The apparent molar extinction coef- apparent rate constant&,s: and ksow, for the exponential
ficients used werey = 5.3 x 10* M~ cm™? for the PLP- changes during the fast and slow phases, respectively, were
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Ficure 1: Absorption spectra of WT (A and C) and Y70F (B and D) ArATs in the presence of various concentrations of HOPhe or
HOAsp. The spectra were taken atZ5in 50 mM HEPES-NaOH buffer, pH 8.0, containing 0.1 M KClI, with/2d enzymes. In panels

A and B, the concentrations of HOPhe added are (from bottom to top of the 500-nm absorption) 0, 0.15, 0.39, 0.95, 1.8, 3.1, and 5.2 mM.
In panel B, the spectrum with 13 mM HOPhe is also shown. In panels C and D, the concentrations of HOAsp added are (from bottom to
top of the 500-nm absorption) 0, 0.050, 0.15, 0.39, 0.95, 1.8, and 10 mM. In each panel, a further addition of the quasisubstrate did not
essentially alter the spectrum.

Table 1: Parameters for the Reactions of WT and Y70F ArATs wighythro-3-Hydroxy Amino Acid$

KsP kiz®© k-2° kig® k_s®
HOPhe+ WT 13+ 0.7 270+ 5 9.6+ 1.9 0.0714 0.001 0.096+ 0.001
HOPhe+ Y70F 14+ 0.6 78+ 0.5 27+ 0.6
HO-Asp+ WT 1.6+0.1 660+ 10 17+ 4 1.1+ 0.05 1.2+ 0.05
HO-Asp+ Y70F 1.1+ 0.2 490+ 18 94+ 15

@ The reactions were followed in an Applied Photophysics SX.17MV stopped-flow spectrophotometer by monitoring the change in absorbance
at 499 nm (for the reaction with HOPhe) and 496 nm (for the reaction with HOAsp) in 50 mM HEPES-NaOH buffer, pH 8.0, containing 0.1 M
KCl at 25°C. WT ArAT and Y70F ArAT (each 2M) were reacted with a variety of concentrations of HOPhe or HOAsp, and the apparent rate
constants were obtained for the fast phdeg)(and the slow phaséd,w) of absorption changes. The kinetic parameters were obtained by fitting
the data to eqs 7 and 8. For the reactions of WT ArAT with HOPhe and HOAsp, dissociation oft&&y plus an oxo acid is negligible at
enzyme concentrations of above 20 which we used here (Hayashi & Kagamiyama, 1995). However, the dissociation cannot be neglected for
the corresponding reactions of Y70F ArAT because of the increased free energy levelcdUs8d by the Y70F mutation. Therefore, oKly
k{2, andk-, could be determined accurately for these reactidirs.mM. ¢In s71,

well fitted to the following equations (Hammes & Schimmel,
1966, 1970; Hayashi & Kagamiyama, 1995):

parameters and the changes in the apparent molar absorptivity
atAlmax thee values of the ESspecies were calculated to be
47 000+ 100 M cm™ (499 nm) for the HOPheArAT

Koo = Koz [S] +k, @) complex and 43 00G: 100 Mt cm! (496 nm) for the
as Ks+ [S] HOAsp—ArAT complex [see eq 8 in Hayashi & Kag-
amiyama (1995)]. These values are similar to those of the
Koo = K, ki, [S] +k, (8) ES species of the HOAspAspAT complex (45 300 M!
low ki, tk, k., -3 cm! at 494 nm; Hayashi & Kagamiyama, 1995) and the
mKS +[S] guinonoid intermediates of amino acid complexes of glycine

hydroxymethyltransferase (41 000-Mcm™; Ulevitch &

The kinetic parameters were obtained by analyzing the Kallen, 1977) and tryptophan indole lyase (46 900"dm ™,
concentration dependence of the apparent rate constagts, Metzler et al., 1991). The coincidence of the values supports
and ksow, and are summarized in Table 1. Using these the idea that the kinetically identified species,HS the
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reactions of ArAT with HOPhe and HOAsp are the quinon- Table 2: Kinetic Parameters for the Half-Reactions of Y70F

oid intermediates. ArAT?

pB-Hydroxy Groups of HOPhe and HOAsp Specifically substrate Keat () K (MM)
Interact with Tyr70 of ArAT Although HOPhe and HOAsp Forvialan 620 (1300 17 (1.0
produce intense quinonoid absorption at around 500 nm on Bhggilgﬁwaete 380( (490)) 0.16 20'0)25)
the reaction with ArAT, thehreo isomers of HOPhe and aspartate 43 (290) 6.6 (5,'0)
HOAsp did not essentially show absorption at around 500  oxalacetate 590 (830) 0.40 (0.082)

nm (Hayashi et al.,, 1993). This indicates that when the  aThe reactions were followed in an Applied Photophysics SX.17MV
B-hydroxy amino acids are in threrythro configuration, the stopped-flow spectrophotometer by monitoring the change in absorbance
B-hydroxy group specifically interacts with active site at360 nm in 50 mM HEPES-NaOH buffer, pH 8.0, containing 0.1 M

; i ; i i ; KCl at 25°C. Amino acids and oxo acids were reacted with the PLP-
residues to stabilize the quinonoid intermediate. In the form and the PMP-form of Y70F ArAT, respectively. The data were

previous study on the reaction of HOAsp with ASPAT  ,hay7ed as described previously (Hayashi et al., 1993). The SD values
(Hayashi & Kagamiyama, 1995), it was proposed that a of the kinetic parameters were less than 10% of the fitted values. The
hydrogen-bonding network is formed between fHeydroxy values in parentheses are the corresponding values of WT ArAT
group of HOAsp, the phenolic hydroxy group of Tyr70, the (Hayashi et al., 1993).
phosphate group of PLP, and the protonated amino group
of Lys258. The Lys258 amino group is protonated only in more appropriate to focus on the free energy difference
the quinonoid and the carbinolamine intermediates, and in between the quinonoid intermediate gE&nd the external
these intermediates the entire hydrogen-bonding network isaldimine (ES), in order to discuss the stability of the
stabilized by mutual compensation of the positive charge of quinonoid intermediates, because this energy difference is
the amino group of Lys258 and the negative charge of the not affected by alterations in the (quasi)substrate-binding
phosphate group of PLP. Similarly to the quinonoid absorp- step.
tion of the HOAsp-AspAT complex, the quinonoid absorp- The values of the free energy difference between the
tion bands of the HOPReArAT and HOAsp-ArAT com- quinonoid intermediates (EBand the external aldimines
plexes are greatly decreased on Y70F mutation of the enzymgES;) are obtained in the same way as those for the reactions
(Figure 1B,D). This suggests that, also in ArAT, the Y70F of AspAT with HOAsp and aspartate (Hayashi & Kag-
mutation destabilizes the quinonoid intermediates formed amiyama, 1995). Thus, for the reactions of WT and Y70F
from B-hydroxy amino acids and the enzyme. However, ArATs with HOPhe or HOAsp, the [ER{[ESi]eq Values
because the quinonoid intermediate {F& the 5-hydroxy were obtained from the kinetic parametdes, andk_, (Table
amino acid-ArAT complexes are expected to be in equi- 1). For the reactions with phenylalanine or aspartate, the
librium with the carbinolamine intermediate (BS the values were obtained from the equilibrium concentrations
decreased quinonoid absorption bands (Figure 1B,D) can beof ES, and ES in the presence of saturating amounts of
accounted for by alterations in the equilibrium between ES amino and oxo acids. Under these conditions, the enzyme
and ES. Moreover, Y70F ArAT showed anomalous spec- species that exist in the solutions are S, and ES. The
troscopic behavior; it has significant absorption at 430 nm amounts of Egare estimated from the absorbancel,atx
even at pH 8.0, where most of the active site PILis258 near 500 nm (Figure 2). Together with the values of the
Schiff base of the wild-type enzyme exists as an unprotonatedkinetic parameters for the reaction of WT and Y70F ArATs
form absorbing at 358 nm (Figure 1), although Y70F AspAT with amino and oxo acids, the amounts of ;E8e then
showed spectroscopic properties essentially identical to thosecalculated. The [Ef{[ESi]leqvalues were 2.7/27 (WT) and
of WT AsSpAT (Toney & Kirsch, 1991). Therefore, more 2.4/37 (Y70F) in the presence of phenylalanine and phe-
careful and quantitative analyses are required to discuss thenylpyruvate and 0.74/74 (WT) and 0.84/92 (Y70F) in the
involvement of Tyr70 in the stabilization of the quinonoid presence of aspartate and oxalacetate (the number indicates
intermediates produced kB+hydroxy amino acids. the percentage of each species in the total enzyme species).
The pH dependency of the spectra of Y70F ArAT showed Then, using the relationshiBes, — Ges, = RT IN([ES ]ed
that the X, value of the PLP-Lys258 Schiff base is 7.50 [ES;]eq), the values of the free energy difference were
(data not shown), whereas that of WT ArAT is 6.65 (Hayashi calculated and are shown in Figure 3.
etal.,, 1993). The reason for this anomalously highyalue The quinonoid intermediate is stabilized by 14 and 20 kJ
is yet to be clarified. The protonated form of the PLP  mol~* by the addition of the8-hydroxy group (to form the
Lys258 aldimine of ArAT is an unreactive species that does erythro configuration) to phenylalanine and aspartate, re-
not bind the substrate amino acids (Iwasaki et al., 1994). As spectively (comparison of “EOH S” and “E-=OH HO—-S”
a consequence, a shift in the aldiminig;pirectly affects in Figure 3). These values can be compared to the
the substrate binding step, although it does not directly affect stabilization energy of 19 kJ midl brought about by the
the following chemical steps once the amino acids are bound-hydroxy group of HOAsp in the quinonoid intermediate
to the enzyme. The fast-phase reactions of Y70F ArAT with of the HOAsp-AspAT complex (Hayashi & Kagamiyama,
HOPhe and HOAsp were analyzed similarly to those of WT 1995). When the hydroxy group of Tyr70 was removed (i.e.,
ArAT (Table 1). Addition of thepj-hydroxy group to changing “E-OH” to “E” in Figure 3) the quinonoid
phenylalanine or aspartate altered the binding of these aminaintermediates produced from HOPhe and HOAsp were
acids to both WT and Y70F ArATSs, as indicated by #g destabilized by 5.6 and 5.0 kJ mé&l respectively (compari-
values for phenylalanine and aspartate &advalues for son of “E HO-S” and “E-OH HO—S" in Figure 3), whereas
HOPhe and HOAsp (Tables 1 and 2). These effects, the energy levels of the quinonoid intermediates produced
produced by the hydroxy-group addition/deletion events in from normal substrates were essentially unchanged (com-
the enzyme and substrates, should affect the free energy leveparison of “E S” and “E-OH S” in Figure 3). These results
of the quinonoid intermediate (EfSrelative to that of the indicate that the phenolic hydroxy group of Tyr70 does not
free enzyme plus (quasi)substrate{ES). Therefore, it is stabilize the quinonoid intermediate in the reaction with
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Ficure 2: Absorption spectra of WT (A and C) and Y70F (B and D) ArATs in the presence of 20 mM phenylalanine and 5 mM
phenylpyruvate (A and B) or 80 mM aspartate and 10 mM oxalacetate (C and D). The spectra were taken in 50 mM HEPES-NaOH buffer,
pH 8.0, containing 0.1 M KCl, at 25C, with 20uM enzymes. The spectra between 320 and 550 nm have been fitted with six lognormal
distribution curves, which are denoted by solid lines, using PeakFit (ver. 3.18, Jandel Scientific, San Rafael, CA). The summation curves
pass close to the experimental points).( The rightmost band in each panel represents the quinonoid intermediate, and the value of the
height was used to calculate the abundance of the species. These values are 2.7% (A), 2.4% (B), 0.74% (C), and 0.84% (D) of the total
enzyme molecules and are calculated using the molar absorptivity values of 4700t (determined for the quinonoid structures
produced from HOPhe and ArAT) at 499 nm for A and B, and 43 008 tin—! (determined for the quinonoid structures produced from
HOAsp and ArAT) at 496 nm for C and D. This is because the true molar absorptivity values for the quinonoid absorption in this figure
cannot be obtained by kinetic analysis of the reactions of WT and Y70F ArAT with normal substrates, as has been observed for the relevant
reactions in AspAT (Hayashi & Kagamiyama, 1995).

normal substrates aspartate and phenylalanine, but its interaclarger than that of HOPhe by 6.6 kJ mbl Second, although
tion with the-hydroxy groups of HOPhe and HOAsp causes the addition of thes-hydroxy group to aspartate increased
stabilization of the quinonoid intermediate by 5.6 and 5.0 slightly the affinity of the amino acid for ArAT, the addition
kJ mol?, respectively. The remaining 8.4 kJ mb{HOPhe) of the B-hydroxy group to phenylalanine decreased the
and 15 kJ mol* (HOAsp) of the stabilization energies of affinity of the amino acid (Tables 1 and 2). In the model of
the quinonoid intermediates are considered to be obtainedthe quinonoid intermediate of HOAsp with ArAT, the
through interactions of thg8-hydroxy group with other  S-hydroxy group lies in the plane of thfiecarboxylate group,
residues in the active site. The similarity of the reactions to and the distance betweer'®f the s-hydroxy group and
the reaction of HOAsp with AspAT suggests that the residue O°! of the 8-carboxylate group of HOAsp is 2.7 A (Figure
is most probably the protonatedamino group of Lys258  4A). Therefore, thg8-carboxylate group of HOAsp can be
(Hayashi & Kagamiyama, 1995). These discussions are ininvolved in the hydrogen bonding network that stabilizes the
agreement with the model shown in Figure 4, which was quinonoid intermediate. If the negative charge of the
drawn according to the model of the quinonoid structure of S-carboxylate group stabilizes the overall network by
the HOAsp-AspAT complex (Hayashi & Kagamiyama, electrostatic interaction with the positive charge of the amino
1995). In this model, both the hydrogen bond between the group of Lys258, we can expect a larger stabilization energy
p-hydroxy group of HOPhe or HOAsp and Tyr70 and that provided by the3-carboxylate group of HOAsp. Further-
between thgg-hydroxy group and the amino group of Lys258 more, this @'—0°! interaction may also contribute to
stabilize the quinonoid intermediate. increasing the affinity of HOAsp for ArAT by enforcing the
In spite of the overall similarity in the mode of reaction CP—C torsion angle of HOAsp preferable for the binding
with ArAT between HOPhe and HOAsp, there were some to the active site of ArAT. Th@-hydroxy group of HOPhe
distinct differences. First, the quinonoid stabilization energy is supposed to have an adverse effect. The unfavorable
provided by the interaction of thghydroxy group of HOAsp interaction between th@-hydroxy group and the phenyl ring
with the e-amino group of Lys258, as calculated above, is would destabilize the conformation of HOPhe shown in
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15 15 substrates phenylalanine and aspartate are recognized by
ArAT in the same way as those of HOPhe and HOAsp, we
_ 10 - 10 can expect that both the side chain of the substrate pheny-
S E s - lalanine and that of the substrate aspartate are located near
_E, 54 E-O s " - 5 Arg292 when they are bound to ArAT. Thus the role of
; H Arg292 in the recognition of the two sets of substrates, the
s 0 -0 one aromatic substrates and the other dicarboxylic substrates,
© | E HO-§ —— _ is the next focus of this study.
@ s -3 Arg292 Is Responsible for the Recognition of Both the
) 10 E-g ---HO-§ . —_— 10 Carboxylic and Aromatic Side Chains of Substratésorder
to determine the commitment of Arg292 to the recognition
5 15 of dicarboxylic and aromatic substrates, the effect of mutation
Aromatic  Dicarboxylic of the residue on the kinetic parameters for these substrates
Substrates  Substrates was studied (Table 3). All three mutant enzymes, R292A,

FiIGURE 3: Free energy levels of the quinonoid intermediatesES R292L, and R292K ArATs, reacted with aspartate very
formed from the reactions of WT and Y70F ArAT with aromatic slowly. The apparent rate constants for the half reactions
(S:prsgr?;‘t?: g)nhde?ﬁyglAasrg)ne ?Rg l;:(e)ghe%)e?gg %\32{2‘?’{&5l;?(fgrﬁt;sshowed no saturation of aspartate concentration, showing that
aldimine (ES) for these reactions are taken as zero, and the valuesthe Kf]’ value for aspartate is greatly increased by these
relative to these free energy levels are shown. For the reactionsmutations. Theke./Km values for aspartate of R292A and
with HOPhe and HOAsp, the values are calculated from the kinetic R292L ArATs were lower by 19fold, and that of R292K
parametersk(, andk-;) shown in Table 1. For the reactions with  ArAT was lower by 10-fold, than that of WT ArAT. This
phenylalanine and aspartate, the free energy levels are calc_:ulateqjea“y indicates that the guanidinium group of Arg292 is
using thekgy values (forwar_d and reverse)_of th_e h_alf-reactl_ons indispensable for the recoanition of aspartate as the substrate
(Table 2) and the populations of the quinonoid intermediates 'NdISP o gniti pa ubstrate,
obtained from Figure 2. The method of calculations is described and even the positively charged ammonium group of a lysine
in Hayashi and Kagamiyama (1995). Beside the free energy levelsresidue only partially substitutes for the function of the

are shown the enzymgquasi)substrate interactions schematically. guanidinium group. X-ray crystallographic studies of ASpAT
E—OH, WT ArAT; E, Y70F ArAT, HO=S, HOPhe or HOASP: S, omplexed with 2-methylaspartate show a bifurcated hydro-
phenylalanine or aspartate. . S

gen bond connecting the guanidinium group of Arg292 and
Figure 4B. A similar interaction is expected in the Michaelis the g-carboxylate group, in addition to that connecting
or the external aldimine complex, and this would decrease Arg386 and then-carboxylate group (Arnone et al., 1985;
the affinity of HOPhe for ArAT compared with that of Jansonius et al., 1985; Okamoto et al., 1994). For the
phenylalanine. Therefore, the quantitative differences in the interaction of thex-carboxylate group of aspartate and the
kinetic (or thermodynamic) parameters between the HGPhe guanidinium group of Arg386 of AspAT, a lysine residue
ArAT and the HOAsp-ArAT reactions can also be under- could not substitute for the function of the arginine residue
stood within the framework of the model shown in Figure (Inoue et al., 1989), and this was considered to be due to
4. In the model, the structures of HOPhe and HOAsp are the inability of a lysine residue to form the strong bifurcated
almost superimposable. Because it is reasonable to assumbaydrogen bond with a carboxylate group. Therefore, it is
that the phenyl group and the carboxylate group of the normal reasonable to consider that, like the reaction of aspartate with

Lys288 Ala289 Lys288 Ala289

FiGUrRe 4: Proposed active-site structures of the HOASpAT (A) and HOPhe-ArAT (B) complexes, which were drawn according to

the CHARMm-minimized model structure of the HOAsAspAT complex (Hayashi & Kagamiyama, 1995). In B, the torsion angles of

the side chain of Arg292 were changed manually to avoid contact with the phenyl group of HOPhe and other residues. As the result, the
side chain of Arg292 points outward, with its guanidinium group being able to interact with the solvent. Important hydrogen bonds are
shown with dashed lines.
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Table 3: Kinetic Parameters and the Aldimink.mf WT and distance from the polypeptide main chain, only the guani-
Arg292 Mutant ArATS dinium group (of arginine) can maintain the proper confor-
mation of the side chain of the residue 292 suitable for

WTb R292A R292L R292K - L )
accommodating the aromatic ring of the substrates. This
asﬁcafate 200 e s s advantage of the guanidinium group over the ammonium
K;? 50 ns ns ns group may be ascribed to the ability of the guanidinium group
Keal K8 58 000 0.13 0.17 0.97  to form a larger number of hydrogen bonds with other groups
Phen}ellalanine and/or solvent water molecules than the ammonium group
E:F 1200 1300 12 v (for the structure of a probable interaction of Arg292 with
KafKed 1200000 190000 100000 14000 solvent, refer to Figure 4B).
tyrosine Although the above mechanism can explain the recognition
'&caf 50883 503 g 653’ p 71g’ o of aromatic substrates involving Arg292, there are still
kc:!ng 600 000 130 000 270 000 79 000 unsolved prqblems. In parncular, itis yet to be known why
tryptophan ArAT recognizes aromatic substrates far more efficiently than
Keaf 350 270 230 320 AspAT, while the residues directly interacting with the
Ko 0.68 5.9 6.3 39 substrates are completely conserved among ArAT and
KealKi? 510000 46000 87000 8200 AspAT. In AspAT, the R292L mutation increased thg/
aldimine Ka 6.65 6.75 6.75 6.47 K, values of the enzyme toward aromatic amino acids by

aThe kinetic parameters were obtained from the single-turnover almost 10-fold (Hayashi et al., 1989). Although tkg,
reactions in 50 mM HEPES-NaOH buffer, pH 8.0, containing 0.1 M ya|yes for these reactions have not been obtained, the adverse
KCI at 25°C. The [K, values of the PLPLys258 aldimine were  — ogra0ts of R292L mutation on ArAT and AspAT suggest
obtained in solutions containing 50 mM buffer component(s) and 0.1 . . -
M KCl at 25 °C (see Materials and Method$)Taken from Hayashi  differences between the two enzymes in the binding mode
et al. (1993)¢ns, saturation was not observed at the aspartate Of the aromatic substrates and/or movement of the Arg292
concentration of 50 mM?¢ Owing to the low solubility of tyrosine (up side chain upon aromatic-substrate binding. The weak
to 2 mM), the \_/alues of the parameters of the mutant ArATs for tyrosine f’:lctivities of AspAT toward aromatic amino acids can be
T o enemetes. 1 o vates obxpiained mosty by the hycrophobic imteractons betrieen
R292L. and 200 & and 2.8 mM for R292K. The SD values of the the enzyme and the amino acids, without taking into account
other kinetic parameters were less than 10% of the fitted vafies.  the ring aromaticity of aromatic amino acids (Kuramitsu et
st finmM.9In M~ s al., 1990). The slope of the plots of theG:* values for

transamination of a variety of amino acids as a function of

AspAT, the s-carboxylate group of the substrate aspartate accessible surface area showed that the active site of ArAT
is recognized by ArAT through the guanidiniuroarboxylate is 1.4 times more hydrophobic than that of AspAT, and this
hydrogen bond between the substrate and Arg292. in part accounts for the high activity of ArAT toward

Thek.yvalues of R292A, and R292L ArATs for aromatic aromatic amino acids (Hayashi et al., 1993). However, the
amino acids are almost equal to those of the wild-type AG:* values for aromatic amino acids were considerably
enzyme, but th&, values were increased by about B0- lower (by about 20 kJ mol) than the values estimated by
fold by these mutations. This indicates that the side chain extrapolating the slope of the plots for nonaromatic neutral
of Arg292 is at least partially involved in the recognition of amino acids to the region for aromatic amino acid substrates
the aromatic ring of the substrates. The side chain of a (Hayashi et al., 1993). This suggests that, in addition to the
leucine residue resembles the aliphatic portion of the side hydrophobicity of the active site of ArAT, the aromaticity
chain of an arginine residue, although the former has an extraof the side chain of the aromatic substrates contributes to
methyl group. Therefore, the increadédvalues of R292L the binding of these substrates to the ArAT active site. With
ArAT for aromatic substrates suggest the involvement of the regard to this, it is interesting to consider the possibility that
guanidinium group of Arg292 in the recognition of aromatic the guanidinium group directly interacts with the aromatic
substrates. Then it is of great interest to examine the effectring of substrates. The amir@romatic interactions have
of replacement of Arg292 by a lysine residue, which has a been well documented in protein side chains and in model
positive charge similar in position to that of an arginine compounds (Burley & Petsko, 1986; Levitt & Pertuz, 1988;
residue. Like the R292A and R292L mutation, the R292K Rodman et al., 1993). Recent statistical analysis of high-
mutation did not essentially alter the, values toward resolution crystal structures of non-homologous proteins
aromatic substrates. However, R292K mutation increasedindicated that the arginine side chain is more favorable for
the Ky, values for phenylalanine, tyrosine, and tryptophan interacting with the aromatic rings of phenylalanine and
by 100-, 11-, and 57-fold, respectively; the increases were tyrosine than the lysine side chain because the guanidinium
much more prominent than those caused by R292A or R292L group of an arginine residue can maintain the hydrogen bonds
mutation (Table 3). Thelfy, value of the aldimine formed  with other groups by forming a stacked conformation with
between PLP and Lys258 was decreased by almost 0.2 pHaromatic rings (Mitchell et al., 1994). These findings are
unit upon R292K mutation, whereas R292A or R292L consistent with the notion that th€, values for aromatic
mutation increased the value by 0.1 pH unit, reflecting the substrates are increased, either by removing the guanidinium
removal of the positive charge of the guanidinium group group (R292A and R292L mutations) that interacts with the
(Table 3). This indicates that the ammonium group of aromatic ring or by replacing the guanidinium group with
Lys292 lies closer to the Lys258LP aldimine than the an ammonium group (R292K mutation). However, the
guanidinium group of Arg292 and suggests that the am- stacked geometry of Arg292 and the aromatic ring of the
monium group undergoes unfavorable interaction with the substrates was found to be unfavorable when the structure
aromatic ring of substrates. Although both an arginine and of the ArAT—aromatic amino acid complex was modeled
a lysine residue has a positive charge at almost the sameon the closed form of AspAT (Figure 4B), for either the
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side chain of Trp140 or that of Leu18 will interfere with the Metzler, D. E., Eds.) pp 138154, John Wiley & Sons, New
guanidinium group of Arg292 in the stacked geometry.  York.

Leul8 is located just after the N-termiralhelix of ASpAT Burley, S. K., & Petsko, G. A. (1986jEBS Lett 203, 139-143.
and belongs to the small domain, which on substrate binding Fotheringham, I. G., Dacey, S. A., Taylor, P. P., Smith, T. J.,
moves toward the large domain to form the closed structure Eg\?vt;r%S'\A.RG.MFIEI!g)SléE-O E@?'T?ﬁl%ﬁé&j frker' D.M., &
of AspAT. If we assume that ArAT allows flexible o ; C e '

movement in the region around Leul8, we can expect aHang_ségg;lG" & Schimmel, P. R. (1968) Phys Chem 70,
different way of side-chain packing around the substrate :

. ) . . ) Hammes, G. G., & Schimmel, P. R. (1970)Tihe EnzymefBoyer,
aromatic ring, which will make possible the stacked argin- " p p Ed.) pp 67114, AcademiC(Presgl New Y)grkeléB y

ine_—aromatic interactions. A difference in the l\_l-terminal Hayashi, H., & Kagamiyama, H. (199Bjochemistry 349413

region between ArAT and AspAT may then explain the high 9423,

efficiency of ArAT toward aromatic substrates. Hayashi, H., Kuramitsu, S., Inoue, Y., Morino, Y., & Kagamiyama,
Recently, Onuffer et al. (1995) showed that AspAT H. (1989)Biochem Biophys Res Commun 159, 337—342.

designed to increase the hydrophobicity of the active site Hayashi, H., Inoue, K, Nagata, T., Kuramitsu, S., & Kagamiyama,

by mutating six residues located near the active site to those - (1993)Biochemistry 3212229-12239. o

of ArAT has increased activity toward aromatic amino acids '"oUe: Y., Kuramitsu, S., Inoue, K., Kagamiyama, H., Hiromi, K.,

. L : Tanase, S., & Morino, Y. (1989). Biol. Chem 264, 9673~
without loss of AspAT activity. This hexamutant AspAT 9281.3& ’ fino, Y. (1989). Bi ’

did bind_phenylpropionate, an phenylalanine analog Known yasaki M., Hayashi, H., & Kagamiyama, H. (1L99%)Biochem

to bind tightly to ArAT (Hayashi et al., 1993; Iwasaki et al., 115, 156-161.

1994), and X-ray crystallographic analysis of the complex jyaxger, J., Solmajer, T., & Jansonius, J. N. (198EBS Lett 306,

showed that the analog’s phenyl group displaces the side 234-238.

chain of Arg292 (Malashkevich et al., 1995). The resultant Jansonius, J. N., Eichele, G., Ford, G. C., Picot, D., Thaller, C., &

position of the phenyl group is similar to that shown in Figure ~ Vincent, M. (1985) inTransaminase¢Christen, P., & Metzler,

4B, and the guanidinium group of Arg292 locates just at  P- E., Eds.) pp 109137, John Wiley & Sons, New York.

the entrance of the active site and forms several hydrogenJenkins, W. T. (1979Anal Biochem 93, 134-138.

bonds with solvent water molecules. If we consider this Jones, J. H. (1979) ifomprehensie Organic ChemistryBarton,

hexamutant AspAT as the model for ArAT, we can expect D. 258'?@5‘6403'"5#;/?/' a[)rh'oﬁds%;/sd'Oz)(f(c)srgthgr:?nd' . O., Ed.),

that the aliphatic portion of the ArAT Arg292 side chain Ki PP > Terg T .
L ! . irsch, J. F., Eichele, G., Ford, G. C., Vincent, M. G., Jansonius,

remains in the active site and forms a part of the wall of the " ;'\’ ‘Genring, H., & Christen, P. (1983)Mol. Biol. 174, 497—

active site, excluding water molecules which otherwise 525,

interfere with the aromatic ring of the substrates when they kehler, E., Seville, M., Jger, J., Fotheringham, I., Hunter, M.,

bind to the active site of ArAT. This structure, analogous  Edwards, M., Jansonius, J. N., & Kirschner, K. (198#)chem-

to that shown in Figure 4B, does not support the “argirine istry 33 90-97.

aromatic interaction” mechanism discussed above. However,Kuramitsu, S., Inoue, K., Ogawa, T., Ogawa, H., & Kagamiyama,

these findings are observed on the protein scaffold of AspAT, ‘ H. (1_:’85)2'0‘3:_em E'OEhySH Res ﬁ?r‘;‘_'m””M13_3 133_129'}(

and do not rule out the possibility that multiple side-chain furamisu, ., Hiromi, K., Aayashi, H., Morno, ., ag-

differences between ArAT and AspAT and the resultant amiyama, H. (1990Biochemistry 29546_9_ 5476.

alterations in the backbone structure can cause ArAT to allow -€Vith M-, & Pertuz, M. F. (1988)). Mol. Biol. 201, 751-754,

some specific interactions between Arg292 and the aromaticMaliashkevich, V. N., Onuffer, J. J., Kirsch, J. ., & Jansonius, J.

. . . N. (1995)Nat Struct Biol. 2, 548-553.
ring of the substrates. It is even possible to relate the lack Metzler, C. M., Viswanath, R., & Metzler, D. E. (1991) Biol.

of the aromatie-guanidinium interaction to the relatively low Chem 266, 9374-9381.
catalytlc efficiency of the hexamutant ASPAT toward aro- Mitchell, J. B., Nandi, C. L., McDonald, I. K., Thornton, J. M., &
matic substrates (10-fold lowdt./Kr, values compared to Price, S. L. (1994). Mol. Biol. 239, 315-331.

Fhose of ArAT): X-ray crystallographic Stut_iies on ArAT = okamoto, A., Higuchi, T., Hirotsu, K., Kuramitsu, S., & Kag-
itself, although it resists all efforts at crystallization to date,  amiyama, H. (1994). Biochem 116, 95-107.

is still required to elucidate the mechanism of the substrate Onuffer, J. J., Ton, B. T., Klement, I., & Kirsch, J. F. (199%ptein
recognition of ArAT. Sci 4, 1743-1749.

Conclusions The present study showed that the system- Ovchinnikov, Yu., Egorov, C. A., Aldanova, N. A,, Feigina, M.
. . . . Yu., Lipkin, V. M., Abdulaev, N. G., Grishin, E. V., Kiselev,
atic hydroxy-group add|t|0n/dele_t|on studies on both _t_he_ A. P., Modyanov, N. N., Braunstein, A. E., Polyanovsky, O. L.,
substrates and the enzyme protein, and the resultant artificial & Nosikov, V. V. (1973)FEBS Lett 29, 31—34.
formation/removal of hydrogen bonds between the enzyme powgell, J. T., & Morrison, J. F. (197&ur. J. Biochem 87, 391—
protein and reaction intermediates, clearly located the site 400.
of ArAT that accommodates the aromatic side chain of Rodman, D. A., Suzuki, S., Suenram, R. D., Lovas, F. J., Dasgupta,
aromatic substrates. The site overlaps that occupied by the S., Goddard, W. A, Ill, & Blake, G. A. (1993Yature 362735~
distal carboxylate group of dicarboxylic substrates. Mu-
tagenesis studies on Arg292 showed that Arg292 is both theSeville, M., Vincent, M. G., & Hahn, K. (1988Biochemistry 27
binding residue for the distal carboxylate group of dicar- 8344-8349.

boxylic substrates and the residue involved in the recognition 12Ylor, J. E., Metzler, D. E., & Amone, A. (1990) Mitamin B6
of tl)1/e aromatic side chain of aromatic substrates ’ (Dakshinamurti, K., Ed ) Annals of the New York Academy of
: Sciences, Vol. 585, pp 5867, New York Academy of Sciences,

New York.
REFERENCES Toney, M. D., & Kirsch, J. F. (19918iochemistry 307456-7461.

Armone, A., Rogers, P. H., Hyde, C. C., Briley, P. D., Metzler, C. Ulevitch, R. J., & Kallen, R. G. (197Biochemistry 164350-4354.
M., & Metzler, D. E. (1985) inTransaminase§Christen, P., & B1960390V



