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Abstract We have studied the stereospecificities of various
pyridoxal 5'-phosphate (PLP) dependent enzymes for the
hydrogen transfer between the C-4' of a bound coenzyme and
the C-2 of a substrate in the transamination catalyzed by the
enzymes. Stereospecificities reflect the structures of enzyme
active-sites, in particular the geometrical relationship between
the coenzyme-substrate Schiff base and the active site base
participating in an a-hydrogen abstraction. The PLP enzymes
studied so far catalyze only a si-face specific (pro-S) hydrogen
transfer. This stereochemical finding suggests that the PLP
enzymes have the same topological active-site structures, and
that the PLP enzymes have evolved divergently from a common
ancestral protein. However, we found that p-amino acid
aminotransferase, branched chain L-amino acid aminotransferase,
and 4-amino-4-deoxychorismate lyase, which have significant
sequence homology with one another, catalyze a re-face specific
(pro-R) hydrogen transfer. We also showed that PLP-dependent
amino acid racemases, which have no sequence homology with
any aminotransferases, catalyze a non-stereospecific hydrogen
transfer: the hydrogen transfer occurs on both faces of the
planar intermediate. Crystallographical studies have shown that
the catalytic base is situated on the re-face of the C-4' of the
bound coenzyme in D-amino acid aminotransferase and
branched chain 1-amino acid aminotransferase, whereas the
catalytic base is situated on the si-face in other aminotransferases
(such as L-aspartate aminotransferase) catalyzing the si-face
hydrogen transfer. Thus, we have clarified the stereospecificities
of PLP enzymes in relation with the primary structures and
three-dimensional structures of the enzymes. The characteristic
stereospecificities of these enzymes for the hydrogen transfer
suggest the convergent evolution of PLP enzymes.
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Pyridoxal 5'-phosphate (PLP) enzymes participate in
various significant reactions of amino acid metabolism:
PLP is the most versatile coenzyme, and catalyzes a variety
of reactions including transamination, decarboxylation,
racemization, aldol condensation, o, -elimination and the
B,y-elimination of amino acids [5,9]. The chemical
mechanism for PLP enzyme reactions was first studied in
the early 1950s by Metzler er al. [34] and Braunstein et al.
[4]. Based on stereochemical studies from the standpoint
of molecular orbital theory, Dunathan and Voet (1974)
proposed that PLP enzymes have evolved from a common
ancestral protein [10]. More than 300 PLP enzymes have
been identified and characterized, and primary structures of
many of them have been determined. Recently, the three-
dimensional structures of about 20 different kinds of PLP
enzymes have been shown. This structural information on
PLP enzymes has accordingly enabled discussion on their
molecular evolution. Christen and his coworkers divided
aminotransferases into four subgroups on the basis of their
primary structures, hydropathy patterns, and secondary
structures [33]. They categorized PLP enzymes into three
families (o, B, and y) on the basis of their regio-
specificities [1]. More recently, Grishin et al. (1995)
classified PLP enzymes into seven fold types using a
highly progressed protein alignment method based on their
structural and hydrophobicity characteristics [16]. Comparison
of amino acid sequences and protein folds has shown
that PLP enzymes are of a multiple evolutionary origin
(Table 1).

The stereospecificities of PLP enzymes which catalyze
transamination for a hydrogen transfer between a coenzyme
and a substrate coincide well with their primary structure
characteristics. The stereochemistry of a reaction is one of
criteria of molecular evolution. In this paper, we review the
stereospecificities for the hydrogen transfer of PLP enzymes
and the relationship between these stereospecificities, and
the primary and tertiary structures.



696  JHEE et al.

Table 1. Families of PLP enzymes with reported three-dimensional structures.

Fold type* Enzyme Family® Stereospecificity Reference
I L-Aspartate aminotransferase o si (28]

Ornithine aminotransferase o si [43]
w-Amino acid: pyruvate aminotransferase o [57]
Dialkylglycine decarboxylase o [55]
Prokaryotic ornithine decarboxylase (37, 38]
Tyrosine phenol-lyase o [3]
Tryptophanase o si [23]
Cystathionine [-lyase Y [7]
Glutamate-1-semialdehyde aminomutase [17]
Aromatic amino acid aminotransferase o [40]
Phosphoserine aminotransferase’ o si
Serine hydroxymethyltransferase a si [41]
8-Amino-7-oxononanoate synthase o 2]
Cystathionine-y-synthase [8]

I Tryptophan synthase B subunit B si [19]
Threonine deaminase [13]
O-Acetylserine sulfhydrylase B [6]

I Alanine racemase both [42]
Eukaryotic ornithine decarboxylase’

v p-Amino acid aminotransferase re [43]
Branched-chain L-amino acid aminotransferase re [39]

Folds of PLP enzymes as defined by [16].
*Family of PLP enzymes as defined by [1].

‘PDB coordinate was released as the code number 1BT4. The title is ‘Phosphoserine Aminotransferase from Bacillus circulans subsp. Alkalophilus’ and the

authors are G. Hester, T. N. Luong, M. Moser, and J. N. Jansonius.

“Grishin, N. V. et al. 1998. Abstr. Annual Meet. Protein Society, San Diego, USA, p. 144.

Mechanism of Aminotransferase Reactions and the
Stereochemistry of Their Hydrogen Transfer

The general mechanism of aminotransferase reactions is
shown in Fig. 1. PLP binds to the enzyme protein through
a Schiff base (internal Schiff base) formation with the e-
amino group of an active-site lysyl residue (Fig. 1A). The
pyridine nitrogen of the bound PLP is then protonated in
usual physiological conditions. The addition of a substrate
amino acid to the holoenzyme causes a transaldimination
forming the external Schiff base with the substrate (Fig.
1B). The next step is crucial to determine the kind of
reactions. One of the three bonds belonging to the ¢.-carbon
atom of the amino acid moiety is cleaved, and an anionic
intermediate is formed (Fig. 1C). The scissile bond of the
external aldimine intermediate must be oriented perpendicular
to the coenzyme planar n-bonding system to maximize the
G- orbital overlap in the transition state [9]) as recognized
by crystallographic studies of PLP enzymes [28, 37, 55].
The a-hydrogen is initially abstracted from the amino acid
moiety of the external Schiff base complex (Figs. 1B, 1C,
and 2) to form a planar intermediate (Fig. 1C). The
abstracted hydrogen is then transferred to C-4' of the
bound coenzyme to form a ketimine intermediate through
an active-site base (Fig. 1D). The transfer of hydrogen
between C-2 of the substrate moiety and C-4' of the
coenzyme is characteristic of enzymatic transamination.
The ketimine intermediate (Fig. 1D) is then hydrolyzed to

pyridoxamine 5'-phosphate (PMP) and a keto acid (Fig.
1E). A half reaction of transamination, i.e., the conversion
of an amino acid to a keto acid, is thus completed. The
other half reaction, the formation of a new amino acid
from a keto acid including the regeneration of PLP,
proceeds according to the reverse process.

During the process of hydrogen transfer to or from the
C-4' of the coenzyme (Fig. 1C), three stereochemical
possibilities exist: the hydrogen is either stereospecifically
transferred on the re- or si-face of the plane (re- and si-
faces are defined in relation to the C-4' of the coenzyme as
the center of the plane) of the conjugated n-systern of the
cofactor-substrate imine, or transferred non-stereospecifically
onto both faces (Fig. 3). In the aminotransferase reactions,
the Co-H bond that is either broken or formed is situated
perpendicular to the pyridine ring as described above (Fig
2). The hydrogen transfer is regarded as a suprafacial
transfer through a single catalytic base [9]. Accordingly,
the pro-S hydrogen or pro-R hydrogen is transferred onto
the si- or re-face, respectively. The stereospecificities of
various aminotransferases for hydrogen transfer have been
previously examined [10]. Although three manners of
hydrogen transfer are possible, hydrogen is merely added or
removed to or from the si-face in transaminations catalyzed
by L-aspartate aminotransferase, L-alanine aminotrarsferase,
dialkylamino acid aminotransferase, pyridoxamine pyruvate
aminotransferase, L-glutamate decarboxylase, L-tryptophan
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Fig. 2. Specific orientation on the Coi-N bond in the external
aldimine intermediate determines which bond is labilized.

In the reaction of transamination, the conformation in which hydrogen is
held perpendicular to the plane of the pyridine ring maximizes orbital
overlap between the nascent carbanion and the © system of the aldimine.
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Fig. 3. Hydrogen transfer stereospecificity.

synthase, and L-serine hydroxymethyltransferase. The last
three enzymes are not aminotransferases; however, they
catalyze the transamination as a side reaction. These
results suggest a similarity in the active site structure of
these seven enzymes. Consequently, Dunathan proposed a
hypothesis in which all PLP enzymes have most likely
evolved divergently from a common ancestral protein [10].

Evolution of Aminotransferases

Aminotransferases, which form one of the largest groups
of PLP enzymes, can be divided into four subgroups based
on their primary structures [33]. Subgroup i: aspartate
aminotransferase (AspAT), alanine aminotransferase, tyrosine
aminotransferase, histidinol-phosphate aminotransferase,
and phenylalanine aminotransferase; subgroup ii: ornithine
S-aminotransferase (OAT), acetylornithine aminotransferase,
w-amino acid:pyruvate aminotransferase (w-APT), -
aminobutyrate aminotransferase, and 7,8-diaminopelargonate
aminotransferase; subgroup iii: D-amino acid aminotransferase
(p-AAT) and branched-chain 1-amino acid aminotransferase
(BCAT); and subgroup iv: serine aminotransferase and
phosphoserine aminotransferase (PSAT). The (N-1) profile
analysis suggests that aminotransferases belonging to
subgroups (i), (ii), and (iv) are significantly similar to each
other [33]. However, the primary structures of p-AAT [33]
and BCAT [29] of subgroup iii, which also show a
significant similarity to each other [52], are quite distinct
from those of other aminotransferases. Furthermore,
Goldsmith et al. recently classified p-AAT and BCAT as
Fold type IV and other aminotransferases as Fold type I
(Table 1) [16}. Dunathan studied the evolution of PLP
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enzymes based on their stercospecificities for hydrogen
transfer. However, AspAT and alanine aminotransferase of
subgroup i are the only aminotransferases whose
stereospecificities for hydrogen transfer and evolutionary
pedigree have been clarified based on their primary structures.
We were particularly interested in the stereospecificities for
hydrogen transfer of aminotransferases belonging to

Methods of Determination of the Stereospecificity for
the C-4' Hydrogen Transfer in Transamination

The stereospecificity for the hydrogen transfer in enzymatic
transamination has been studied by analyzing the position
of the *H or °H introduced into the PMP formed by the half
reaction between the PLP form of enzyme and the labeled
amino donor in “H,0 or *H,0, respectively. However, when
*H is used, this conventional method is time-consuming,
needs a large amount of enzyme, and leads to the
production of radioactive waste. Thus, a simpler method
was developed for the determination of stereospecificity
[59]. In addition to other aminotransferases, various PLP
enzymes such as kynureninase [44] can intrinsically catalyze
transamination, as either a main reaction or a side reaction
between substrate amino acids and the bound PLP to form
PMP. In a reverse transamination reaction of bound PMP
with an amino acceptor, a PLP form is produced. [4-
*HIPMP randomly labeled was prepared according to the
reported method [54]. (4'-S)-[4-"H]PMP and (4'-R)-[4'-
*HIPMP were prepared based on the stereospecific exchange
of the C-4' hydrogen of PMP catalyzed by AspAT and
BCAT, respectively [59]. The apo-form of the enzyme was
incubated with (4'-S)-[4'-"H]PMP or (4-R)-[4-"H]PMP to
produce the PMP form enzyme, which was then incubated
with an amino acceptor. In the course of the conversion of
the PMP form to the PLP form, one of the two C-4'
hydrogens of the coenzyme was abstracted and transferred
to the C-2 of the acceptor moiety. However, most of the
hydrogens abstracted were exchanged with the solvent
hydrogen during the transfer [9]. Thus, we can determine
the stereospecificity for the hydrogen transfer by measuring
the amount of tritium released into the solvent from the
(4'-S)-[4'"HIPMP or (4'-R)-[4'’"HIPMP during the reaction.
The subtraction of the remaining amount of radioactivity
in the lyophilized reaction mixture from that initially found
in the PMP indicates the amount of tritium released from
the C-4' of the PMP. If tritium is released only from the
(4-S)-[4-"H]PMP, the hydrogen transfer occurs on the si-
face of the intermediate plane. Conversely, if tritium is
released from the (4'-R)-[4'"H]PMP, the hydrogen is
transferred on the re-face (Fig 3). With stereospecifically
tritiated PMPs, we showed the hydrogen transfer
stereospecificities of OAT from Bacillus sp. YM-2 [24] as
belonging to subgroup ii, D-AAT from Bacillus sp. YM-1
[53], BCAT from E. coli [29] as belonging to subgroup iii,

Table 2. Stereospecificitiecs for hydrogen transfer of
aminotransferases.
(4'S)-[4"HIPMP* (4'R)-[4-H]PMP*
Aminotransferases *H-released" *H-released
dpm %d dpm %

apo-Aspartate AT 1,209 50.0 0 0
apo-Ornithine AT 1,746 72.2 0 0
apo-D-Amino Acid AT 36 1.5 1,681 78.6
apo-BCAT" 232 9.6 1,233 57.6
apo-Phosphoserine AT 1,985 82.1 79 3.7

“The intial radioactivity in the reaction mixture was 2,418 dpm.

°The intial radioactivity in the reaction mixture was 2,139 dpm.

“Vaporable radioactivity.

‘Ratio of radioactivity released to that initially added in the reaction
mixture.

‘Branched-chain L.-Amino Acid Aminotransferase.

111 D-Amino acid AT
Branched-Chain AT

I AspAT
II. OAT
IV. Phosphoserine AT

Fig. 4. Orientation of the catalytic Base (-B:) with the coenzyme
in the active sites of the aminotransferases.

and PSAT from E. coli [50] as belonging to subgroup iv.
As shown in Table 2, *H was released specifically from’
(4'-S)-[4'-*H]PMP in the reactions with OAT [24], PSAT
(Jhee, K.-H., T. Yoshimura, N. Esaki, and K. Soda. in
preparation), and AspAT [59]. In contrast, ’H was released
exclusively from (4'-R)-[4'-’H]PMP in the reactions with
D-AAT and BCAT [59]. This indicates that only the
enzymes belonging to subgroup iii catalyze a re-face
hydrogen transfer (Fig. 4).

Stereochemistry of Aminotransferase Reactions

D-AAT and BCAT are the first examples of PLP enzymes
that catalyze a re-face hydrogen transfer. This suggests that
the catalytic bases for the hydrogen transfer of both
enzymes are situated on the re-face of the plane of the
conjugated n-system of the external Schiff base intermediate
(Fig. 4). The stereostructures of p-AAT and BCAT, in
particular the topographic arrangement of the catalytic
base to the C-4' of the intermediate, are opposite to those
of AspAT, OAT, and PSAT (Fig. 5). The active-sites
Lys258 of AspAT, Lys292 of OAT, and Lys197 of PSAT
participating in the o-hydrogen abstraction are located on
the si-face of the coenzyme-substrate Schiff base plane.
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Ala racemase (II1)

D-AAT (IV, iii)

Fig. 5. Schematic representation of the overall fold of the
aminotransferases and alanine racemase (Ala racemase).

Only one subunit is shown. AspAT, OAT, PSAT, o-AAT, and Ala racemase
consist of 2 identical subunits, and BCAT consists of 6 identical subunits.
The capital and small numbers in parentheses indicate the fold type and
subgroup of each aminotransferase (see Table | and Fig. 4). The overall
structures of subgroups i, ii, and iv (AspAT, OAT, and PSAT) are quite
similar to one another, and those of p-AAT and BCAT exhibit almost the
same characteristics. Ala racemase (fold type III) has a totally different
fold type from others. PLP and active site lysyl residues (K258; AspAT,

BCAT (IV, iii)

K292; OAT, K197; PSAT, K145; p-AAT, K159; BCAT, K39; Ala

racemase) are shown in black and blue. Lysyl residues of AspAT, OAT, and
PSAT are located on the si-face of the planar pyridine ring of PLP and
those of p-AAT, BCAT, and Ala racemase are on the re-face (see text).
Each 3-D structure was taken from the Brookhaven Protein Data Bank
(PDB) under the code names of 1ASN for the AspAT, 10AT for the OAT,
1BT4 for the PSAT, 4DAA for the o-AAT, 1A3G for the BCAT, and 1SFT
for the Ala racemase. This figure was produced by RasMol software.

The Lys145 of p-AAT and Lys159 of BCAT, which are
bound with PLP, are both regarded as catalytic bases, and
are situated on the reverse face, namely, the re-face of the
Schiff base plane (Fig. 5). The fold types of AspAT
(subgroup i), OAT (subgroup ii), ®-APT (subgroup ii), and
PSAT (subgroup iv) resemble one another [47], and are
classified into fold type family I. However, the fold types
of D-AAT and BCAT are completely different from those
of any other PLP enzymes, and are classified into family
IV (Table 1, Fig. 5). Therefore, the classifications of
aminotransferases based on primary structure, three
dimensional structure, and the stereochemistry of hydrogen
transfer coincide with one another. As suggested by
Dunathan, the stereospecificity of PLP enzymes for a
hydrogen transfer probably reflects their molecular evolution.
The present findings suggest the convergent evolution of
aminotransferases.

Stereospecificity for a Hydrogen Transfer in
Transamination Catalyzed by Amino Acid Racemases

We studied the stereochemistry of a C-4' hydrogen transfer
in a transamination catalyzed by amino acid racemases

Table 3. Stereospecificities for hydrogen transfer of amino acid
racemases.

(4'S)-[4'-’H]PMP*
*H-released"

(4'R)-[4'-’H]PMP*

Racemases 3H-released
dpm % dpm %
apo-AAR’ 666 43 655 49
apo-AAR’ 668 43 715 53
apo-AAR’ 675 44 627 47
apo-AR® 513 31 1,193 80
apo-FAR" 526 34 1,421 84

“The intial radioactivity in the reaction mixture was 1,540 dpm.

"The intial radioactivity in the reaction mixture was 1,340 dpm.
‘Vaporable radioactivity.

“‘Amino acid racemase from Pseudomonas putida [30].

‘Amino acid racemase from Pseudomonas striata [45].

‘Amino acid racemase from Aeromonas punctata [21].

tAlanine racemase from Bacillus stearothermophilus [20].
"Fragmentary alanine racemase from Bacillus stearothermophilus [56}.

from various sources. The hydrogen transfer in side-
reaction transaminations catalyzed by amino acid racemases
was expected to be non-stereospecific, if the reaction
proceeded through the proposed reaction mechanism [12].
Racemization requires both deprotonation and reprotonation
from both the re- and si-faces of the same carbon atom of
the substrate. We studied the stereospecificity of amino acid
racemases with low substrate specificity of Pseudomonas
putida [2], Ps. striata (8], and Aeromonas punctata [30],
and alanine racemase of Bacillus stearothermophilus [45]
and its fragmentary form [21] for the hydrogen transfer by
the same method as that used for aminotransferases. As
shown in Table 3, tritium was released from both (4-S)- and
(4'-R)-[4-’H]PMP into the solvent, even in transamination
catalyzed by these racemases [31]. This shows that these
amino acid racemases catalyze the non-stereospecific
hydrogen transfer between the coenzyme and the substrates.
Alanine racemase of B. stearothermophilus and eukaryotic
ornithine decarboxylase were classified into fold type III
(Table 1). Accordingly, it is interesting to study the
hydrogen transfer stereospecificity of eukaryotic ornithine
decarboxylase. A crystallographic study of alanine racemase
revealed that the active-site base Lys39 is situated on the
opposite side of the PLP ring on which the active-site
Lys258 side chain is located in AspAT [24]. PLP-binding
lysyl residues are found in similar locations in both alanine
racemase and D-AAT when the three-dimensional structures
of both enzymes are superimposed. The Lys145 in p-AAT
is situated on the re-face of the intermediate plane, and
participates in the pro-R hydrogen transfer at C-4' (Figs. 4,
5). The active site Lys39 is also located on the re-face in
the alanine racemase (Fig. 5), and its non-stereospecific
hydrogen transfer most probably supports the participation
of two bases in the o-hydrogen abstraction which occur on
both faces of the intermediate plane. Ringe and coworkers
suggested that the OH group of Tyr265, which is from
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Fig. 6. Stereodiagram of the Ala racemase active site.

A. Ala racemase without substrate (PDB code, 1SFT) [42]. B. 1-
Aminoethylphosphonic acid (substrate analogue)-PLP aldimine structure
(PDB code, 1BDO) [46]. The putative catalytic residues Tyr265' (' indicates
another subunit) and Lys39 are shown. The important difference between
structures A and B is that the Lys39 and Tyr265' residues have shifted
position due to the presence of a cofactor derivative (see text).

another subunit, probably functions as the second base in
the active site [42]. A crystallographic study of the alanine
racemase in the presence of a substrate analogue (1-
aminoethylphosphonic acid: L-Ala-P) showed that the
putative second base Tyr265' is appropriately positioned
for an o-hydrogen abstraction from an L-enantiomer in the
active site. Tyr265' is located at a distance of 3.2 A from
the o-carbon of L-Ala-P, in a position to act as a general
base (Fig. 6) [46]. However, there is no direct evidence to
show that the alanine racemase reaction follows a double
base mechanism.

Stereospecificity for the Hydrogen Transfer in a
Transamination Half Reaction Catalyzed by Lyases

Besides aminotransferases and amino acid racemases, various
other PLP enzymes such as aspartate B-decarboxylase and
kynureninase catalyze transamination as a side reaction [35].
The hydrogen transfer stereospecificities of L-glutamate
decarboxylase, L-tryptophan synthase, and L-serine
hydroxymethyltransferase in transaminations have been
determined as si-face specific [10]. We studied the

Table 4. Stereospecificities of SACL, ADCL, tryptophanase,
and tryptophan synthase for the C-4' hydrogen withdrawal from
PMP in the half reaction.

(4'S)-[4-*H]PMP* (4'R)-[4-"H]PMP®
*H-releasedc *H-released

Reaction system

dpm % dpm %

apo-SACL’ 1,551 43 0 0
+pyruvate

apo-ADCL* 0 0 2,381 66
+pyruvate

apo-tryptophanase+ 2,850 79 0 0
pyruvate

apo-tryptophan synthase 2,705 75 0 0
+pyruvate

**The intial radioactivity in the reaction mixture was 3,608 dpm.
“Vaporable radioactivity.

‘S-Alkylcysteine o,-lyase [26].

‘4-Amino-4-deoxychorismate lyase [14, 32].

stereospecificities for the hydrogen transfer of 4-amino-4-
deoxychorismate lyase (ADCL) of E. coli (Jhee, K.-H., T.
Yoshimura, N. Esaki, and K. Soda, in preparation),
tryptophanase of E. coli [51], tryptophan synthase of
Salmonella typhimurium [36], and S-alkylcysteine o,3-lyase
(SACL) of Bacillus sp. [26], which catalyze the side-
reaction transamination between bound PMP and PLP, by
the same method as that used for aminotransferases.
Tryptophan synthase (which was shown to be si-face
specific [36]) was used as a control for the stereospecificity
assay. This enzyme exhibits a high sequence homology
with tryptophanase. Among these PLP enzymes, ADCL in
particular was interesting because of its significant ssquence
homology with D-AAT (23% with the enzyme from B. sp
YM-1) and BCAT (21% with the enzyme from the E. coli)
[48]. Bacterial ADCL (pabC) is a key enzyme along with
p-aminobenzoate synthase (pabA and pabB proteins) in the
biosynthesis of p-aminobenzoate from chorismate and
glutamine. It catalyzes the conversion of 4-amino-4-
deoxychorismate (ADC) to p-aminobenzoate and pyruvate
[14]. A reciprocal profile analysis gave Z scores greater
than 13.5 between ADCL and the aminotransferases of
subgroup iii [32]. A Z score value higher than 6 indicates a
definitive structural relationship between the target and the
probe sequences [15]. Accordingly, this high Z score
indicates that ADCL is closely related in structure to the
aminotransferases of subgroup iii, which contains D-AAT
and BCAT, but is different from other aminotransferases.
ADCL is also categorized as fold type IV which contains
D-AAT and BCAT [16]. We studied the stereospecificities
for the hydrogen transfer of PLP-dependent lyases. When
(4'S)-[4'-"H] PMP or (4'R)-[4'-*H] PMP was incubated with
the apo-forms of SACL, tryptophanase, and tryptophan
synthase in the presence of pyruvate, tritium was exclusively
released from (4'S)-[4'-"H] PMP into the solvents except
for ADCL (Table 4). Accordingly, in the reactions with
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Fig. 7. Circular dichroism spectra of (A) ADCL, (B) p-AAT
[53], and (C) BCAT [47].

CD spectra were taken in (A) 20 mM potassium phosphate buffer (pH 8.0)
with an enzyme concentration of 5.1 mg/ml, (B) 50mM potassium
phosphate buffer (pH 7.4) with an enzyme concentration of 5.7 mg/ml, (C)
20 mM HEPES buffer (pH 8.0) containing 0.1 M KCl] with an enzyme
concentration of 0.46 mg/ml. All CD spectra were taken at 25°C.

SACL, tryptophanase, and tryptophan synthase, pro-§ C-4'
hydrogen of PMP is transferred to C-2 of pyruvate in a
half reaction. Conversely, pro-R hydrogen is transferred
in the ADCL reaction. ADCL is the first example of
PLP-dependent lyase which catalyzes a re-face hydrogen
transfer in a side-reaction transamination. Control
experiments were simultaneously performed to exclude the
possibility that the observed exchanges were due to a non-
enzymatic transamination between PMP and pyruvate.
Although the transaminations by SACL, tryptophanase,
and ADCL are not their main physiological reactions, but
rather side-reactions as described above, they probably
play an important role in the regulatory mechanism of
activities [35].

Circular Dichroism Spectrum of ADCL

The circular dichroism (CD) spectrum of ADCL showed a
negative band in the wavelength region around 410 nm
where the absorption maxima of D-AAT and BCAT were
found (Fig. 7). Accordingly, the structural environment of
the coenzyme in ADCL is probably similar to those of b-
AAT and BCAT.

CONCLUSION

We found the occurrence of three types of PLP enzymes
from the viewpoint of the stereospecificity for the
hydrogen transfer between the bound coenzyme C-4' and
the substrate amino acid C-2: The enzymes catalyze
either stereospecifically the hydrogen transfer on the si- or
re-face of the intermediate plane, or non-stereospecifically
on both faces. The primary and three-dimensional
structures of the PLP enzymes studied so far are
consistent with their hydrogen transfer stereospecificities.
The PLP enzymes that show the same hydrogen transfer
stereospecificity probably evolved from a common ancestral
protein.

Abbreviations: AspAT, aspartate aminotransferase;
BCAT, branched-chain L-amino acid aminotransferase; p-
AAT, p-amino acid aminotransferase; OAT, ornithine -
aminotransferase; ®©-APT, ®-amino acid:pyruvate
aminotransferase; PSAT, phosphoserine aminotransferase;
ADCL, 4-amino-4-deoxychorismate lyase; SACL, S-
alkylcysteine o, B-lyase; PLP, pyndoxamme S'-phosphate;
PMP, pyridoxamine 5'-phosphate

Note Added in Proof

After completion of this review, further relevant papers
have been published [11, 18, 27,49, 58]. Double base
mechanism of alanine racemase have been reported by the
two groups [49, 58].
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