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ABSTRACT: This review is an exhaustive description of the biochemistry and enzy-
mology of all 17 known NAD(P)*-amino acid dehydrogenases. These enzymes catalyze
the oxidative deamination of an amino acid to its keto acid and ammonia, with the
concomitant reduction of either NAD* or NADP"*. These enzymes have many important
applications in industrial and medical settings and have been the object of prodigious
enzymological research. This article describes all that is known about the poorly
characterized members of the family and contains detailed information on the better
characterized enzymes, including valine, phenylalanine, leucine, alanine, and glutamate
dehydrogenases. The latter three enzymes have been the subject of extensive
enzymological experimentation, and, consequently, their chemical mechanisms are
discussed. The three-dimensional structure of the Clostridium symbiosum glutamate
dehydrogenase has been determined recently and remains the only structure known of
any amino acid dehydrogenase. The three-dimensional structure and its implications to
the chemical mechanisms and rate-limiting steps of the amino acid dehydrogenase
family are discussed.
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|. GENERAL DESCRIPTION OF
AMINO ACID
DEHYDROGENASES

The amino acid dehydrogenases (EC
1.4.1.X) are a family of enzymes that are
part of the oxidoreductase superfamily.
They catalyze the removal of the amino
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group, generally from an L-amino acid, with
the formation of the corresponding keto
acid and with the concomitant reduction of
NAD(P)*. The general formula for this re-
action can be written as shown in Scheme 1.
Any molecule can be considered an amino
acid if it has an amino group and a car-
boxylic acid. Most amino acid dehydro-
genases are specific for the o-amino acids

415

RIGHTS

i,



+H + H(d)awN +

‘seseuaboipAyap pioe ouluwe Jo uofjoee) [Bleusr)

pioy ol

0D
©)

~0
I
o)

\I +

‘L ANIHOS
ploy oulwy
———
FYHN —~—— O%H + oo 8 + ,(d)avN
S / )
e’ H
@Iz

*Ajuo asn feuossad o4

ZT/.0/T0 uoe[oxsboH ow e\ Ag Wodafedsylestewlioul woly papeojumog ABojolg Jends oA pue Asiwsyoolg Ul SMaIASY [edni)d

416

ir

RIGHTS



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by Malmo Hogskola on 01/07/12

For personal use only.

TABLE 1

List of NAD(P)*-Dependent Amino Acid
Dehydrogenases Listed in the 1992 Enzyme

Nomenclature Catalog

Substrate

Alanine
L-Amino Acid (general)

L-erythro-3,5-Diaminohexanoate
2,4-Diaminopentanoate

meso-Diaminopimelate
Glutamate

Glycine

Leucine

Lysine (x-deaminating)
Lysine (e-deaminating)
N-Methylalanine
Phenylalanine

Serine

Tryptophan

Valine

incorporated into proteins, but others are
known that operate on J3- and g-amino ac-
ids, for example. These enzymes are found
in an extensive number of diverse prokary-
otic and eukaryotic organisms. In this re-
view, the oxidative deamination of the
amino acid substrate will be defined as the
forward direction, and the reductive
amination of the keto acid will be referred
to as the reverse direction.

Amino acid dehydrogenases are cat-
egorized based on the specificity they dis-
play toward their amino acid substrate.
Currently there are 17 different enzymes
listed in the 1992 Enzyme Nomenclature
catalog (see Table 1). This review will
present what is known about each of these
17 different enzymes. The sections dis-
cussing the less well-characterized enzymes
will often present all that is known about
them. The sections discussing the best char-
acterized enzymes; leucine, alanine, and
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glutamate dehydrogenases are nearly com-
plete summaries, but are not strictly ex-
haustive. The individual section on
glutamate dehydrogenase in particular fo-
cuses mainly on mechanism since there are
two reviews available that describe this
amino acid dehydrogenase fairly compre-
hensively (Smith et al., 1975; Hudson and
Daniel, 1993). There are two short, general
reviews on amino acid dehydrogenases that
have recently appeared (Hummel and Kula,
1989; Ohshima and Soda, 1990).

il. FUNCTIONS OF AMINO ACID
DEHYDROGENASES

Amino acid dehydrogenases are im-
portant enzymes that exist at the interface
of nitrogen and carbon metabolism. Before
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the carbon skeleton of an amino acid can
be metabolized for energy through the gly-
colytic or TCA cycle reactions, the amino
group must first be removed. This can be
accomplished by pyridoxyl phosphate-de-
pendent transaminases, which transfer the
amino group from one amino acid to an-
other, usually glutamate, a predominant
nitrogen storage molecule of the cell (see
Scheme 2). A second method is to employ
a deaminases such as phenylalanine-am-
monia lyase, or aspartase, which do not
change the oxidation level of the substrate
(see Scheme 3). The third option is to use
an amino acid dehydrogenase. These en-
zymes have the advantage of removing the
amino group as free ammonia, which can
then be used by the cell in diverse ways. In
addition, the amino acid dehydrogenases
couple deamination to the production of a
reduced nucleotide, which can be subse-
quently used in a variety of energy requir-
ing processes. Amino acid dehydrogenases,
like the transaminases and hydrolases, op-
erate reversibly, and are capable of seques-
tering ammonia by incorporation into an
amino acid. This occurs in certain nitrogen
fixing organisms, as well as others when
their levels of free ammonia are high.
The amino acid dehydrogenases have
been studied intensively because of their
ubiquitous distribution and also because of
a number of potential industrial applica-
tions. They have been used in the design of
biosensors, where they can monitor the
levels of free amino acids in solution, espe-
cially in screening blood serum for elevated
levels of amino acids associated with cer-
tain diseases. The amino acid dehydrogen-
ases have also been used in the industrial
synthesis of amino acids. Since these en-
zymes act stereospecifically, they produce
the pure, natural L-isomer of the amino

418

acids, which are important for pharmaceu-
tical and dietary consumption purposes.

lil. SPECIFIC EXAMPLES OF
AMINO ACID
DEHYDROGENASES

A. Poorly Characterized Amino
Acid Dehydrogenases

There are a number of amino acid de-
hydrogenases listed in Enzyme Nomen-
clature for which there is very little pub-
lished literature. These ten enzymes are
summarized here, in most cases with all
available pertinent information known
about them. This first section will cover
the amino acid dehydrogenases that use
serine, tryptophan, L-amino, glycine,
N-methylalanine, vL-erythro-3,5-diam-
inohexanoate, 2,4-diaminopentanoate,
lysine, lysine €-, and meso-o,e-di-
aminopimelate as their substrates.

1. Serine Dehydrogenase

A single Russian report on serine dehy-
drogenase (1.4.1.7) demonstrated the NAD*-
specific deamination of serine to 3-hy-
droxypyruvate (Kretovich and Stepanovick,
1966). The protein, isolated from parsley
leaves, was reported to be very labile. The
enzyme has an optimum pH of 10 in the
direction of serine synthesis, and the activ-
ity could be inhibited by 5 pM p-chloro-
mercuribenzoate, a sulfhydryl alkylating
agent. Two K values were reported; that
of hydroxypyruvate (0.5 pM) and of am-
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SCHEME 3. General reaction of amino acid lyases.

monia (15 pM). No other reports of this
activity from any source have appeared
since this report.

2. Tryptophan Dehydrogenase

Tryptophan dehydrogenase (1.4.1.19)
has also been poorly characterized, with
the only example of this enzyme being
isolated from spinach leaves (Vackova
etal.,, 1985). It catalyzes the NAD*-or
NADP+-specific conversion of tryptophan
into (indol-3-yl)pyruvate. The researchers
noted that the activity was higher in chlo-
roplasts than in mitochondria, and that it
could be increased by the addition of cal-
cium ions.

3. L-Amino Acid Dehydrogenase

L-amino acid dehydrogenase (1.4.1.5)
was isolated from Clostridium sporogenes
and is specific for NADP* as a substrate
(Nisman and Mager, 1952). Although no
quantitation was provided, the authors re-
port a broad specificity for amino acid sub-
strates. The amino acid substrates, listed in
order of descending activity, are L-alanine
> L-norleucine > L-leucine > L-isoleucine >
L-valine. The lack of a serious character-
ization of this enzyme leads one to suspect
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that this may simply be an alanine dehy-
drogenase.

4. Glycine Dehydrogenase

Another poorly characterized enzyme
is glycine dehydrogenase (1.4.1.10) iso-
lated from Mycobacterium tuberculosis
(H;;R,) (Goldman, 1959). This enzyme is
NAD*-specific and catalyzes the oxidative
deamination of glycine to form glyoxylate.
The enzyme displays noncompetitive inhi-
bition by serine vs. glyoxylate with steady-
state kinetic constants of K, = 4.4 mM and
K; =3.6 mM, exhibits a K, for glyoxylate =
0.22 mM and a K, for ammonia = 2.9 M.
The enzyme is optimally active for glycine
synthesis at pH = 6.4, and a K =23x% 101t
M? was reported (Goldman, 1959).

5. N-Methyl-L-Alanine
Dehydrogenase

An unusual amino acid dehydrogenase
has been isolated from Pseudomonas MS
(Lin and Wagner, 1975) that catalyzes the
formation of N-methyl-L-alanine from pyru-
vate and methylamine, rather than the usual
amino acid dehydrogenase substrate, am-
monia. The authors speculated that the or-
ganism uses this enzyme to sequester
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potentially toxic methylamine, and subse-
quently catabolize it by a 1-carbon folate-
dependent process. The enzyme was puri-
fied from authentic alanine dehydrogenase,
and did not exhibit activity using ammonia
as a substrate. The protein has a native
molecular weight of 77 kDa, and a subunit
molecular weight of 36.5 kDa, suggesting
it exists in solution as a homodimer. It is
NADP+-specific, and can use alternate keto
acid substrates such as oxaloacetate (64%
of the rate of pyruvate) and o-ketobutyrate
(14%). Its pH optimum is 8.4, in the direc-
tion of N-methyl-L-alanine oxidation, and
is unstable unless DTT is present in solu-
tion. The steady-state K’s at pH 8.5 for
substrates are NADPH = 0.035 mM, pyru-
vate = 15 mM, and methylamine =75 mM.

6. Diaminohexanoate and
Diaminopentanoate
Dehydrogenases

The following two amino acid dehy-
drogenases have similar substrates, but are
poorly characterized. These enzymes have
been reviewed by Stadtman (1973). The
first is L-erythro-3,5-diaminohexanoate
dehydrogenase (1.4.1.11), which converts
this substrate into (§)-5-amino-3-keto-
hexanoate, illustrated in Scheme 4. It is the
only amino acid dehydrogenase known to
react with a J-amino acid. Two forms of
this enzyme have been studied. One was
isolated from Clostridium SB4, and is used
by the organism in lysine catabolism (Baker
et al.,, 1972). The protein is a tetramer of
140 kDa, composed of 37 kDa subunits,
however active dimers are formed at high
pH, or low ionic strength, and are about
one third as active as the tetramer. The

enzyme has an optimum pH of 7.0 for
amino acid synthesis, and 8.9 for amino
acid oxidation. The K., is 4 x 10 M?
favoring amino acid formation, a value
higher than that of other general amino
acid dehydrogenases. The kinetic param-
eters exhibited by substrates are NAD* =
0.28 mM, diaminohexanoate = 0.18 mM,
NADH = 0.074 mM, 5-amino-3-keto-
hexanoate = 0.26 mM, and ammonia =
140 mM. The inhibition constants of two
noncompetitive inhibitors were measured,
D-erythro-3,5-diaminohexanoate (K, =
0.5 mM) and b,L-erythro-3,5-diamino-
hexanoate (K| = 1.2 mM). The authors noted
the enzyme’s discrimination between amino
acid substrate analogs. The enzyme is
NAD*-specific, but does use the analog
3-acetylpyridine NAD* (70%). The kinetic
mechanism of the enzyme was partially
determined, with NAD* binding first, fol-
lowed by diaminohexanoate. After cataly-
sis, the order of product release was not
determined, except that NADH release was
confirmed to occur last.

The other example of a diamino-
hexanote dehydrogenase was isolated from
C. sticklandii (Baker and van der Drift,
1974). This protein was quite different from
the C. SB4 example. The protein exhibits a
native molecule weight of 79 kDa, and
consists of two 39 kDa subunits. It also had
a number of regulatory properties, not seen
with the C. SB4 enzyme. These include
inhibition by ATP and GTP, which sup-
ports the enzyme’s role in lysine fermenta-
tion. Inhibition by the end products of lysine
fermentation, 5-amino-3-ketohexanoate and
ATP, suggests that regulation of this en-
zyme is crucial to balancing the use of
lysine for production of NAD(P)H and other
cellular needs. In addition, each subunit
has two nucleotide binding sites, one being
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regulatory in nature, and the other in the
catalytic site. Divalent cations were shown
to activate the enzyme at high pH, and the
enzyme has a pH optimum of 8.9 for amino
acid oxidation, similar to the C. SB4 en-
zyme. The nucleotide specificity was broad,
with NAD*, NADP*, and alternate nucle-
otides being used including, 3-acetyl-
pyridineNAD* (10% of V of NAD*) and
deaminoNAD* (25% of V of NAD*), The
K ’s for the reaction are NAD* = 0.3 mM
(V = 15.9 units/mg), NADP* = 0.03 mM
(V = 17.1 units/mg), diaminohexanoate =
0.16 mM. The authors studied a number of
reaction inhibitors, such as p-erythro-3,5-
diaminohexanoate, K;= 0.1 mM. They
found that good inhibitors had a terminal
CH,CH(NH,)CH, configuration, which was
more important than chain length.

The second type of enzyme of this pair
is known as 2,4-diaminopentanoate dehy-
drogenase (1.4.1.12), which is one of the
few amino acid dehydrogenases that cata-
lyzes the deamination of an oi-amino acid
at other than the g-position. This enzyme
is involved in ornithine degradation, but
may also play arole in lysine fermentation
because of its ability to use 2,5-diamino-
hexanoate as an alternate substrate. The
activity is known as C, activity when 2,4-
diaminopentanoate is used, with the sub-
script denoting the position of the deami-
nation. In this case, the product is
2-amino-4-ketopentanoate, as shown in
Scheme 5. If 2,5-diaminohexanoate is used,
the enzyme is known as a C; enzyme, since
the product is 2-amino-5-ketohexanoate.
This product cyclizes non-enzymatically
to Al-pyrroline-2-methyl-5-carboxylic acid,
illustrated in Scheme 6. In comparison,
the previously discussed L-erythro-3,5-
diaminohexanoate dehydrogenase is a C,
enzyme since it deaminates at the 3 posi-
tion to form 5-amino-3-ketohexanoate.

Two examples of diaminopentanoate
dehydrogenase are known. The first was
isolated from C. sticklandii (Tsuda and
Friedmann, 1970). The reactionhas a K=
1.04 X104 M?, favoring amino acid syn-
thesis, and the pH optimum for amino acid
oxidation is 8.8. The enzyme displays only
slight preferences for NADP*, and exhibits
Michaelis constants for NAD+* = 1.8 mM,
NADP+= 0.15 mM, and diaminopen-
tanoate = 1.8 mM. If the slow substrate 2,5-
diaminohexanoate is used the K ’s are:
NAD* = 3.3 mM, NADP* = 0.28 mM, and
diaminohexanoate = 2.5 mM. Although the
Michaelis constants for these two substrates
are similar, the velocity for the diamino-
hexanoate reaction is only 0.1% that of
diaminopentanoate (Stadtman, 1973). The
quaternary structure was reported by
Somack and Costilow (1973) as being a
72 kDa dimer of 40 kDa subunits. They
also showed that the enzyme had catalyti-
cally important sulfhydryl groups through
alkylation-inactivation experiments. Other
examples of this enzyme have been dem-
onstrated from C. SB4 and ME, but these
have not yet been characterized (Stadtman,
1973).

7. Lysine Dehydrogenase
(a Deaminating)

Two examples of amino acid dehydro-
genases that use L-lysine as an oxidizable
substrate have been reported. The most
poorly characterized is lysine dehydrogen-
ase (1.4.1.15), which catalyzes the oxida-
tive deamination of the o-amino group.
The single report on this enzyme (Sivaram
and Sharma, 1966) reported its isolation
from human liver, and showed that it uses
NAD, however, NADP* was not tested as
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a substrate. In addition, the product was
not characterized, which raises the possi-
bility that the enzyme is operating on the
€-amino group, an activity which has been
positively demonstrated by a number of
authors (see below).

8. Lysine Dehydrogenase
(e Deaminating)

A number of reports have been pub-
lished on lysine e-dehydrogenase (1.4.1.18),
which deaminates the side chain 6-amino
group of L-lysine to form a-aminoadipate
d-semialdehyde, which non-enzymatically
cyclizes to form Al-piperidine-6-carboxy-
late, detailed in Scheme 7. Most work has
been done on the enzyme isolated from
Agrobacterium tumefaciens, where it is
important in lysine catabolism, and can be
induced by adding lysine to the growth
media (Misono and Nagasaki, 1983). It has
been shown to be a 70 kDa dimer of 39
kDa subunits (Misono et al., 1985). How-
ever, exogenously added lysine can induce
the reversible formation of higher activity
tetramers (Misono et al.,, 1989a). This
interconversion may be due to a second
binding site for lysine. Modification of the
protein with Ellman’s reagent, 5,5'-
dithiobis(2-nitrobenzoate), prevents this
interconversion from occurring (Misono
et al., 1989a). More evidence for an activa-
tor binding site comes from studies on com-
pounds that were activators but neither
substrates nor inhibitors. Molecules such
as 6-amino-caproate, 7-aminoheptanoate,
8-aminooctanoate, p,L-o-hydroxy-n-
caproate, and L-phenyllactate could acti-
vate the enzyme, which led the authors to
conclude that the activator molecule must
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be monocarboxylic with a hydrophobic side
chain. Monoamines or N-acetyl derivatives
of L-lysine did not activate the enzyme
(Hashimoto et al., 1989a). Binding studies
were used to show that there were two
activator binding sites per dimer, but only
one catalytic site (Hashimoto et al., 1989a).
Thus, the tetrameric form of the enzyme
would have two active sites and four acti-
vator binding sites (Hashimoto et al.,
1989a).

In the direction of amino acid oxida-
tion, the pH optimum was 9.7 (Misono and
Nagasaki, 1982). The enzyme is NAD*-
specific, but alternate nucleotide substrates
are tolerated, including deaminoNAD*
(42%), 3-acetylpyridineNAD* (16%),
pyridine aldehydeNAD* (0.26%), and
thioNAD* (0.19%) (Misono et al., 1989a).
The stereospecificity of hydride transfer
was shown to be pro-R specific (Hashimoto
etal.,, 1989b), which is very unusual as
most of the amino acid dehydrogenases
have been shown to be pro-S specific, with
the notable exception being alanine dehy-
drogenase. L-Lysine was the preferred
substrate, with only a single lysine analog,
S-(B-aminoethyl)-L-cysteine, used to any
degree (2.9%) (Misono et al., 1985). The
Michaelis constants for the natural
substrates are NAD* = 0.059 mM and
L-lysine = 1.5 mM (Misono et al., 1985).

The only additional report of lysine
g-dehydrogenase was from the yeast Can-
dida albicans (Hammer et al., 1991). The
authors noted the enzyme has a native
molecular weight of 87 kDa, and a pH
optimum of 9.5 for amino acid oxidation,
but could be completely inhibited by the
mercuricals, HgCl, and p-chloromercuri-
benzoate. In terms of its substrate specific-
ity, the yeast enzyme is radically different
from the bacterial form of the enzyme. The
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yeast enzyme is specific for NADP*, ex-
hibiting a K, of 0.071 mM. The K, for
L-lysine is 0.87 mM, but this enzyme ex-
hibits a broad specificity for amino acid
substrate. The maximum rates of substrate
analog oxidation compared to L-lysine’s
activity are: S-(B-aminoethyl)L-cysteine
(42%), L-leucine (21%), 6-hydroxylysine
(21%), L-ornithine (14%), and L-isoleucine
(5%).

9. Diaminopimelate
Dehydrogenase

Probably the most unusual amino acid
dehydrogenase is diaminopimelate p-de-
hydrogenase (1.4.1.16), which is specific
for a p-stereocenter, converting meso-2,6-
diaminopimelate into L-2-amino-6-keto-
heptanedioate (Misono et al., 1979), see
Scheme 8. The first report of this enzyme
activity was from Bacillus sphaericus
(Misono et al., 1976), but extensive work
has also been done on the enzyme from
Corynebacterium glutamicum, including
sequencing the gene encoding the enzyme
(Ishino et al., 1987). The enzyme is used in
this organism as an alternate pathway for
lysine synthesis. Quantitative analysis
showed that 30% of synthesized lysine
came from this anabolic route, while the
rest came from succinylated intermediates
(Sonntag et al., 1993).

The Bacillus enzyme is an 80 kDa dimer
of 41 kDa subunits (Misono and Soda,
1980a), similar to the Corynebacterium
enzyme, which is a 70 kDa dimer of 39
kDa subunits (Misono et al., 1986a). Both
enzymes have similar pH optima for amino
acid oxidation of 10.5 and 9.8, respectively
(Misono and Soda, 1980b; Misono et al.,
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1986a). The Corynebacterium enzyme has
an optimum pH of 7.9 for the amino acid
synthetic reaction. The Bacillus enzyme
could be inactived by mercurials, includ-
ing HgCl, and p-chloromercuribenzoate
(Misono and Soda, 1980a). Additional ex-
perimentation showed that each subunit of
the enzyme had a single reactive cysteine
residue and an intrasubunit disulfide
(Misono etal., 1981). The authors sug-
gested that the reactive cysteine is not in-
volved in catalysis, but rather is positioned
near the active site allowing bulky modifi-
cation molecules, like p-CMB or DTNB,
to prevent substrate binding at the active
site and causing the loss of activity (Misono
etal., 1981). The ch of this enzyme was
determined to be 4.46 x10'* M? (Misono
and Soda, 1980a), making amino acid syn-
thesis extremely favorable. This enzyme is
one of the few amino acid dehydrogenases
that clearly function in vivo in the direction
of the favorable thermodynamic equilib-
rium (Sonntag et al., 1993). The unusually
low K, for ammonia (36 mM) when com-
pared with most amino acid dehydrogena-
ses may be a reflection of this cellular func-
tion (Sonntag et al., 1993).

The Bacillus enzyme exhibits Michae-
lis constants for diaminopimelate =2.5 mM
and NADP* = 0.00083 mM (Misono et al.,
1980b). The enzyme was shown to be spe-
cific for NADP*, and for the mese form of
diaminopimelate; neither L,L- nor p,p-iso-
mers were substrates (Misono et al., 1976).
The kinetic mechanism of the enzyme is
ordered sequential with NADP* and
diaminopimelate binding in that order, and
ammonia, ketopimelate, and NADPH be-
ing released in that order (Misono and Soda,
1980a). One product inhibition pattern (keto
acid as inhibitor vs. diaminopimelate) was
noncompetitive, instead of the expected
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uncompetitive pattern. This result may
be due to the keto acid binding to the
E - NADP* complex. These authors also
determined that the enzyme was pro-S spe-
cific and exhibited a large but unquantitated
primary deuterium isotope effect on hy-
dride transfer (Misono and Soda, 1980a).
Detailed enzymology was not performed
on the Corynebacterium enzyme, but its
Michaelis constants were reported as
NADP* = 0.12 mM, diaminopimelate =
3.1 mM, ammonia = 36 mM, ketopime-
late = 0.28 mM, and NADPH = 0.13 mM
(Misono et al., 1986a).

Two brief reports appeared on the
diaminopimelate dehydrogenases isolated
from soybeans (Wenko et al., 1985) and a
Brevibacterium sp. (Misono et al., 1986b).
Little is known about the soybean enzyme,
but it has an unusual monomeric quater-
nary structure of 67 kDa molecular
weight. The pH optimum (8.0) for amino
acid oxidation is also different. The
Brevibacterium enzyme has been more
extensively characterized. It has a dimeric
structure, with a native molecular weight
of 70 kDa and a subunit molecular weight
of 39 kDa. The pH optimum for amino
acid oxidation is 10.5 and for the reverse
reaction it is 8.5. The enzyme was shown
to be NADP* specific having a K, =
0.14 mM. Other kinetic constants are
diaminopimelate = 6.25 mM, ammonia =
62.5 mM, keto acid = 0.21 mM, and
NADPH = 0.23 mM.

B. Valine Dehydrogenase

Valine dehydrogenase (1.4.1.8) has
drawn considerable enzymological atten-
tion because many of the purified enzymes
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have come from Streptomyces species,
where it is important in the synthetic path-
way of the oligoketide antibiotic tylosin
(Figure 1) (Omura et al., 1983; Priestley
and Robinson, 1989). Valine is deaminated
and decarboxylated to form iso-butyrate,
and then isomerized to n-butyrate, which is
a direct precursor for protylonolide bio-
synthesis (Omuraet al., 1983).In S. fradiae,
valine dehydrogenase activity, and hence
protylosin levels, are controlled by the
amount of ammonia in the medium (Omura
et al., 1983).

Valine dehydrogenase, along with leu-
cine dehydrogenase, belongs to a group of
amino acid dehydrogenases that has speci-
ficity for branched-chain amino acid sub-
strates. The differences between these two
enzymes is in their order of preference for
the substrates valine and leucine. They are
unique enzymes in S. aureofaciens, since
valine and isoleucine were effective induc-
ers of the enzyme, but leucine was not
(Vancurovi et al., 1988a). Valine dehydro-
genase is crucial in Streptomyces’ ability
to use valine as a sole nitrogen source,
since disrupting the vdh encoding the va-
line dehydrogenase gene caused a loss of
this ability (Tang and Hutchinson, 1993).
One gene encoding valine dehydrogenase
from Streptomyces coelicolor has been se-
quenced (Tang and Hutchinson, 1993), and
has a 55 to 60% identity with the protein
sequences of Bacillus leucine and phenyl-
alanine dehydrogenases, including the char-
acteristic consensus sequence involved in
dinucleotide substrate binding.

The characteristics of each of the en-
zymes isolated from the four Strepromyces
sources, and the Alcaligenes faecalis en-
zyme, are presented in Table 2. The qua-
ternary structure of each of these enzymes
is diverse, with most being dimers, but
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TABLE 2
Properties of Valine Dehydrogenases

Parameter S. aureofaciens S. coelicolor 8. fradlae  S. cinnamon.  A. faecalls
Native MW 118 kDa 70 215 88 72
Subunit MW 28 kDa 41 18 41 40
4" Structure Tetramer Dimer Dodecamer Dimer Dimer
Nucleotide

specificity NAD+ NAD* NAD(P)* NAD* NAD*
pH optimum
for amino acid:
Oxidation 10.7 10.5 10.6 10.5 10.8
Reduction 9.0 8.0 8.8 9.5 8.8
K, NAD* mM 0.10 0.17 0.03 0.18 0.05
K, valine mM 2.5 10.0 1.0 1.3 23
K., amm. mM 18 — 22 55 250
K., keto mM 1.25 0.6 0.8 0.8 0.8
K, NADH 0.023 0.093 0.050 0.074 0.087
Inhibited by: Mercurials — Mercurials Mercurials Mercurials
Stereospecific-

ity of hydride

transfer — — —_ pro-S pro-S
% Rate of:
NAD+ 100 100 100 100 100
AcetyINAD+* 100 —_ 65 — 714
ThioNAD+* 0 — 0 — —
DeaminoNAD+ 84 —_ 94 —_ 440
AidehydeNAD+ 37 — 0 - 173
NGD+ 72 —_ 93 — —
DeamidoNAD+ 0 — — — —_
Acetyldeamido-

NAD+ — — — — 150
% Rate of:
Valine 100 100 100 100 100
Isoleucine a7 28 29 2 72
Norvaline 43 —_ o8 26 44
Leucine 36 8 25 14 73
L-o-

aminobutyrate 17 130 69 24 33
Norleucine 11 —_ 52 3 16
Alanine 2 5 15 —_ -
Cysteine — 3 —_ —_ —
Methionine — — — — 2
tert-p,L-

leucine — — — — 22
% Rate of:
Ketoisvalerate 100 —_ 100 82 100
Ketobutyrate 48 —_ 78 218 22
Ketoisocaproate 38 —_ 20 42 58
Keto-p-methyl-

n-valerate 22 —_ 23 —_ 68
Ketovalerate — — 80 100 5
Ketocaproate — — 44 39 6
Pyruvate — — 32 3 2

Note: References are S. aureofaciens (Vancurova et al., 1988a); S. coelicolor (Navarrete et al., 1990);
S. fradiae (Omura et al., 1983; Vancura et al., 1988); S. cinnamonensis (Priestiey and Robinson, 1989);
A. faecalis (Ohshima and Soda, 1993).
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tetramers and dodecamers have been de-
tected. The nucleotide specificities and pH
optima of all valine dehydrogenases are
generally the same. The Streptomyces en-
zymes, however, share an unusually low
K,, value for ammonia, which may reflect
valine dehydrogenases’ special requirement
in antibiotic biosynthesis (Vancura et al.,
1988). The A. faecalis enzyme has a K,
value for ammonia much higher and closer
to that observed for other amino acid dehy-
drogenases. An important listing in Table
2 is the amino acid preferences for each of
these enzymes. These data show that each
of these enzymes have distinct preferences
for branched-chain substrates; however, all
exhibit the highest preference for valine.
Steady-state kinetic mechanisms have
been determined for the valine dehydrogen-
ases of S. cinnamonensis (Priestley and
Robinson, 1989) and A. faecalis (Ohshima
and Soda, 1993). Both exhibit ordered se-
quential addition of NAD* and valine. Fol-
lowing catalysis, the Streptomyces enzymes
continue with the sequential release of prod-
ucts; ammonia, keto acid, and NADH. The
Alcaligenes enzyme, however, exhibits a
random order of release of ammonia and
keto acid, followed by the release of NADH.

C. Phenylalanine
Dehydrogenase

Phenylalanine dehydrogenase (1.4.1.20),
discovered in 1984, is the most recently
discovered amino acid dehydrogenase;
however, since its discovery the enzyme
has been the focus of numerous studies.
This is largely due to its potential impor-
tance as a commercial method of produc-
ing L-phenylalanine, a component of the

artificial sweetener aspartame (L-aspartate-
L-phenylalanine-1-methyl ester, or Nutra-
Sweet). The enyzme is rarely detected,
except in Gram-positive nocardioforms,
where it is used in the catabolism of
L-phenylalanine. The enzyme has been par-
tially purified from a Brevibacterium spe-
cies (Hummel et al., 1984), where it was
discovered first, and subsequently from
Sporosarcina ureae (Asano and Nakazawa,
198S5), Bacillus sphaericus (Asano et al.,
1987a) B. badius (Asano et al., 1987b)
Rhodococcus maris (Misono et al., 1989b),
Rh. sp. M4 (Hummel et al., 1987), Nocardia
sp. 239 (de Boer et al., 1989), and
Thermoactinomyces intermedius (Ohshima
et al., 1991), a thermophilic organism. In
some cases, enzyme activity is inducible
by addition of L-phenylalanine to the me-
dium and can also be induced by other
amino acids, such as p-phenylalanine and
L-histidine (Hummel et al., 1984, 1987).
The genes for four phenylalanine de-
hydrogenases have been cloned and se-
quenced. Two reports, for the B. sphaericus
(Okazaki etal., 1988) and the S. ureae
(Hibino et al., 1990) phenylalanine dehy-
drogenase gene recently appeared. The
paper describing the T. intermedius se-
quence (Takada et al., 1991), additionally
compared the gene and protein sequences
of the T. intermedius enzyme to the Bacil-
lus and Sporosarcina sequences with 56%
and 42% homology at the amino acid level,
respectively (Takada et al., 1991). The au-
thors suggested that the enzyme is com-
posed of two domains, the N-terminal do-
main responsible for amino acid binding
and the C-terminal domain responsible for
nucleotide binding. The fourth phenylala-
nine dehydrogenase sequence reported,
from Rh. sp. M4, presents a detailed com-
parative analysis of a number of different
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amino acid dehydrogenases (Brunhuber
et al., 1994). In this report, the protein se-
quences of the phenylalanine dehydrogen-
ases from B. sphaericus, T. intermedius,
Rh. M4, and the sequence of leucine dehy-
drogenase from B. stearothermophilus were
shown to be between 32 and 53% identical
(Brunhuber et al., 1994). The same com-
parisons with a number of glutamate and
alanine dehydrogenases showed signifi-
cantly lower identity (less than 29%). The
conserved residues in the amino acid sub-
strate binding domain of phenylalanine,
leucine, glutamate, and alanine dehydrogen-
ases were compared in detail, and sugges-
tions were made concerning residues that
may be involved in general amino acid
binding, and in amino acid discrimination
(Brunhuber et al., 1994). This kind of se-
quence alignment information has been
used in attempts to change the substrate
specificity of T. intermedius phenylalanine
dehydrogenase from L-phenylalanine to
L-leucine (Kataoka et al., 1993).

Phenylalanine dehydrogenases do not
share a common quaternary structure. The
first enzymes described from S. ureae,
B. sphaericus, and B. badius were shown
to exhibit native molecular weights of 305,
340, and 335 kDa, respectively, and were
shown to be octomers (Asano and Naka-
zawa, 1985; Asano et al., 1987a, b). Since
then, nearly every other possible quater-
nary structure has been found. The
Thermoactinomyces enzyme is a 270 kDa
hexamer (Ohshima, et al., 1991), the RA.
sp M4 enzyme is a 150 kDa tetramer
(Brunhuber et al., 1994), the Rh. maris
enzyme is a 70 kDa dimer (Misono et al.,
1989b), and the Nocardia enzyme is a
42 kDa monomer (Boer et al., 1989). None
of the phenylalanine dehydrogenases have
yet been structurally characterized by X-ray
crystallography.
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All phenylalanine dehydrogenases are
NAD*-specific. Alternate nucleotide sub-
strates have been tested with the Rh. maris
enzyme and the relative rates are similar to
those seen for other amino acid dehydro-
genases. The relative rates were: NAD*,
100%; 3-acetylpyridineNAD*, 241%;
thioNAD*, 101%; deaminoNAD*, 86%;
and pyridine aldehydeNAD*, 9% (Misono
et al., 1989b). Phenylalanine dehydrogen-
ases are very selective for phenylalanine,
and occasionally tolerate tyrosine and its
corresponding keto acid, p-hydroxy-
phenylpyruvate, as a substrate. The rela-
tive rates for a variety of amino acid sub-
strates are listed in Table 3. Also listed in
this table are the reported Michaelis con-
stants for the phenylalanine dehydrogen-
ases. In addition to these, the constants for
the Brevibacterium enzyme are, NAD* =
0.125 mM, L-phenylalanine = 0.385 mM,
NADH = 0.047 mM, phenylpyruvate =
0.177 mM, and ammonia = 431 mM
(Hummel et al., 1986).

The optimal reaction conditions for the
phenylalanine dehydrogenases mirror those
for the amino acid dehydrogenase family
as a whole. Where it was tested, sulfthy-
dryl-modifying agents have been shown to
inhibit the enzymatic reaction (Asano et al.,
1987a, b; Misono et al., 1989b). The pH
optima for both forward and reverse reac-
tions are high, as listed in Table 3. The pH
optima for the Brevibacterium enzyme were
reported to be 8.5 for reductive amination
and 10.5 for oxidative deamination
(Hummel et al., 1984). As with other amino
acid dehydrogenases, phenylalanine dehy-
drogenases have equilibrium constants that
lie far toward amino acid synthesis, despite
their predominantly catabolic roles. The
equilibrium constant reported for the
B. sphaericus enzyme was reported to be
1.4 X 1015 M2 (Asano et al., 1987a), while
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the Nocardia enzyme has been reported to
have a K, of 3.2 X108 M? (Boer etal.,
1989).

The stereochemistry of hydride trans-
fer has been determined for the B. sphaer-
icus and Thermoactinomyces enzymes
(Asanoet al., 1987a; Ohshima et al., 1991).
In both cases, the pro-S hydrogen of NADH
was transferred to generate [2-H]-L-phe-
nylalanine, placing the phenylalanine de-
hydrogenases among the majority of amino
acid dehydrogenases. Two steady-state ki-
netic mechanisms have been described for
phenylalanine dehydrogenases. The Rh.
maris enzyme exhibits an ordered sequen-
tial mechanism with NAD* and L-phenyla-
lanine binding in that order, and with am-
monia, phenylpyruvate, and NADH
released in that order (Misono et al., 1989b).
This mechanism is consistent with those
reported for valine dehydrogenase from S.
cinnamonensis and diaminopimelate dehy-
drogenase from B. sphaericus. Misono and
coworkers note that one product inhibition
pattern (L-phenylalanine was used as an
inhibitor against phenylpyruvate) showed
a noncompetitive inhibition pattern, rather
than the expected uncompetitive inhibition
pattern. They suggest that L-phenylalanine
may form dead-end complexes with the
E - NADH form of the enzyme. This same
discrepancy has been observed in the va-
line and diaminopimelate dehydrogenase
kinetic mechanisms.

The second kinetic mechanism deter-
mined for phenylalanine dehydrogenases
is from the thermophile, Thermoactino-
myces, and is slightly different from the
other mechanisms. In this case the order of
substrate binding is the same, but the order
of release was observed to be phenyl-
pyruvate, ammonia, and NADH (Ohshima
et al., 1991). This conclusion was drawn
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from both initial velocity and product inhi-
bition experiments, but the authors did not
comment on the somewhat unusual mecha-
nism.

D. Leucine Dehydrogenase

The leucine dehydrogenases (1.4.1.9)
have been relatively well characterized from
an enzymological perspective. All of the
purified examples have come from Bacil-
lus species, namely, B. cereus, B. subtilis,
B. sphaericus, and B. stearothermophilus,
the latter being a thermophilic species.
These enzymes are likely to be physiologi-
cally important in the catabolism of
branched chain amino acids. In B. subtilis,
the enzyme can be induced when isoleu-
cine or valine are present in the growth
medium (Obermeier and Poralla, 1976).
The enzyme also plays an important role in
bacterial spore germination, allowing leu-
cine to be used as a nitrogen and carbon
source. Only the B. stearothermophilus
gene has been sequenced (Nagata et al.,
1988). Sequence comparisons between this
enzyme and other amino acid dehydro-
genases revealed the typical residues of a
Rossmann fold in the C-terminal domain.
The N-terminal domain, responsible for
amino acid binding, has many residues in
common with other amino acid dehydro-
genases (Brunhuber et al., 1994).

The quaternary structures of leucine
dehydrogenase are not simple. The
B. sphaericus and B. stearothermophilus
enzymes are both hexamers of 245 and
300 kDa, respectively (Ohshima et al.,
1978, 1985), while the B. cereus enzyme is
an octomer, based on electron microscopy
(Liinsdorf and Tsai, 1985). The latter au-
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thors suggest that the B. cereus quaternary
structure consists of two staggered rings of
four subunits each. The B. sphaericus en-
zyme has been crystallized recently, and
preliminary X-ray crystallographic inves-
tigations suggest an octomeric structure
(Turnbull et al., 1994) in conflict with the
hexameric structure suggested by Ohshima
et al. (1982).

All of the leucine dehydrogenases
studied are NAD*-specific. Alternate nucle-
otides were tested with the B. sphaericus
enzyme and the relative rates of reaction
are: NAD* (100%), acetylpyridineNAD*
(166%), deaminoNAD* (81%), acetyl-
pyridinedeaminoNAD* (100%), pyridine
aldehydeNAD* (19%), and thioNAD* (21%)
(Ohshimaet al., 1978). The preferred amino
acid substrate is always leucine, but other
branched chained amino acids are accepted
as substrates. For example, the B. subtilis
enzyme shows a substrate preference for
leucine (100%), valine (81%), isoleucine
(64%), norleucine (24%), and norvaline
(21%) (Zink and Sanwal, 1962). Other en-
zyme sources display similar preferences.
The relative rates for the B. sphaericus en-
zyme were leucine (100%), valine (74%),
isoleucine (58%), norvaline (41%), L-O-

TABLE 4

aminobutyrate (14%), norleucine (10%), y-
methylallylglycine (8%), and tert-p,L-leucine
(2%) (Ohshima et al., 1978). The Michaelis
constants for each of these enzymes’ sub-
strates are shown in Table 4.

The thermodynamic equilibrium for the
reaction favors amino acid synthesis. The
K,, for the B. cereus enzyme was deter-
mined to be 11.1 x10* M? (Sanwal and
Zink, 1961). The optimal pHs for amino
acid oxidation are generally high (11.3 for
B. cereus, 10.7 for B. sphaericus, and 11.0
for B. stearothermophilus) and slightly
lower for amino acid synthesis (9.3 for
B. sphaericus, and 9.7 for B. stearothermo-
philus). Interestingly, when the keto ana-
log of valine, ketoisovalerate, was used
with the B. stearothermophilus enzyme,
the pH optimum for amino acid synthesis
was lowered to 8.8 (Ohshima et al., 1985).
Sulfhydryl-modifying agents were shown
to inactivate both the B. cereus and
B. sphaericus dehydrogenases (Sanwal and
Zink, 1961; Ohshima et al., 1978), and it
was also shown that the B. sphaericus en-
zyme could be inactivated by pyridoxal
phosphate (Ohshima et al., 1978).

Detailed enzymological characteriza-
tion has been performed on the B. sphaer-

Michaelis Constants for Leucine Dehydrogenases

Parameter B. cereus B. subtilis B. sphaericus B. stearo.

K., NAD+ 0.16 mM 0.16
K, leucine 6.2 6.2
Kn,ammonia 13 13
K., keto acid 2.2 3.3
K. NADH 0.10 0.12

0.39 0.49
1.0 4.4
200 —
0.31 —
0.04 —

Note: References are B. cereus (Sanwal and Zink, 1961); B. subtilis (Zink
and Sanwal, 1962); B. sphaericus (Ohshima et al., 1978);
B. stearothermophilus (Ohshima et al., 1985).
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icus and B. stearothermophilus enzymes.
It was determined that the B. sphaericus
enzyme exhibits pro-S stereospecificity for
hydride transfer, and that its kinetic mecha-
nism is sequential ordered Bi-Ter with
NAD* and leucine binding in that order,
followed by ammonia, keto acid, and
NADH release (Ohshima et al., 1978). The
B. stearothermophilus kinetic mechanism
was shown to be identical to the B. sphaer-
icus enzyme (Sekimoto et al., 1993). The
authors noted that when leucine was used
as a product inhibitor vs. the correspond-
ing keto acid, the inhibition pattern was
noncompetitive, instead of the expected
uncompetitive pattern, indicating that leu-
cine could bind to the E - NADH complex
and form the dead-end complex.
Pyridoxal phosphate was used in modi-
fication experiments with the B. stearo-
thermophilus enzyme, where the reagent
can form Schiff bases with reactive lysine
residues. The enzyme was shown to be
inactivated by modification of K80, the
lysine conserved in amino acid dehydroge-
nases in the “GGGK” region (Matsuyama
et al., 1992; Brunhuber et al., 1994). The
optimal pH for inactivation was 8.5 and the
enzyme could be protected from inactiva-
tion by either NAD* and leucine or NADH
alone. NAD* alone did not afford signifi-
cant protection (Matsuyama et al., 1992),
and modification did not inhibit NADH
from binding. To confirm these findings, a
K80A mutant was prepared; it exhibited
lower levels of activity, which were not
sensitive to PLP modification. The func-
tion of this lysine residue in catalysis could
either involve the formation of a Schiff
base with the keto acid, or it could partici-
pate in acid/base chemistry. Matsuyama
and coworkers (1992) suggested the latter
as more likely based on their observations
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that at either alkaline pH values or in the
presence of added primary amines some of
the activity of the K80A mutant was re-
stored.

To understand the chemical mechanism
of this enzyme, the pH dependence of the
kinetic constants, V and V/K, were mea-
sured (Sekimoto et al., 1993) for the wild
type enzyme and K80A, K80N, and K80OR
mutants. The wild type enzyme exhibits
V/K eucine PK values of 8.9 and 10.7, while
the V profile depends on one group exhib-
iting pK values of 8.6. The group at 8.9/8.6
was assigned to K80, due to its inactivation
pK of 8.5, which is very similar to the pH
profile values. This pK was shifted higher
in the V/K,,,.n. profile of the K80A and
K80N mutants (to 9.4 and 9.3, respectively).
Curiously, the arginine mutant has a lower
pK = 8.1. The authors concluded that
lysine80 is acting as a general base to raise
the nucleophilicity of an attacking water
molecule. This conclusion was compatible
with solvent kinetic isotope effect experi-
ments (Sekimoto et al., 1993), where the
wild-type enzyme had a small solvent ki-
netic isotope effect of 1.32, whereas the
K80A mutant had a solvent kinetic isotope
effect of 3.18, suggesting that without lysine
80 enhancing the nucleophilicity of a water
molecule, its attack on the imino acid inter-
mediate became a rate-limiting step.

The second pK value of 10.7 seen in
the V/K profile for the wild-type enzyme
was not seen in the K8OA and K80ON mu-
tants, and was shifted to 11.1 in the K8OR
mutant. The residue responsible for this
pK was suggested to be involved in bind-
ing of the keto acid substrate based on
other data from a pK, profile performed
with the competitive inhibitor isocaproate,
which had a pK at 10.1 for the wild type
enzyme, and 10.5 for the K80OA mutant.
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The authors assign the V/K pK to the con-
served lysine residue found at position
68. This suggestion was confirmed by
Sekimoto and co-workers (1994) by gener-
ating K68A and K68R mutants. These
mutants lost the high pK value seen in the
wild type enzyme pH profiles. The authors

- also observed an unexpected loss of activ-

ity in the direction of oxidative deamina-
tion, which they explained was due to an
altered active site environment.

Based on these observations, Sekimoto
et al. (1993) propose a model for the chemi-
cal mechanism of leucine dehydrogenase
(Figure 2). In the forward direction after
NAD* binds, leucine is bound with its car-
boxyl group hydrogen-bonded to K68.
Hydride transfer from the Ca position of
the L-amino acid to NAD* forms the imino
acid intermediate and NADH. An active
site water molecule is hydrogen bonded to
K80, activating it, and enhancing its attack
at the a-carbon of the leucine amino acid
forming a carbinolamine. This intermedi-
ate decomposes to the keto acid and am-
monia. The authors note that their model
and supporting data are very similar to the
mechanism proposed for glutamate dehy-
drogenase (see below).

E. Alanine Dehydrogenase

This enzyme (1.4.1.1) has been one of
the most extensively studied amino acid
dehydrogenases since its discovery in Ba-
cillus subtilis in 1955 (Wiame and Piérard,
1955). The enzyme has subsequently
been purified from many different species
of Bacillus where it has a role in spore
germination (Yoshida and Freese, 1964;
O’Connor and Halvorson, 1961; McCormick

and Halvorson, 1964; McCowen and
Phibbs, 1974). The cells could be rescued,
and caused to germinate, by the addition
of pyruvate, which suggests that the func-
tion of alanine dehydrogenase in germi-
nating spores is the production of energy,
both directly via formation of NADH, and
indirectly since pyruvate directly enters
the TCA cycle and can be oxidized with
the production of NADH (Siranosian et al.,
1993), and at the same time free ammonia
is generated. It was also shown geneti-
cally that sporulation was defective when
the alanine dehydrogenase gene was dis-
rupted (Siranosian et al., 1993). Alanine
dehydrogenase levels are controlled both
by the amount of alanine in the medium
and by sporulation (Siranosian et al.,
1993).

Alanine dehydrogenase has been iso-
lated from other organisms that have dif-
ferent metabolic uses for the enzyme, in-
cluding nitrogen assimilation. Nitrogen
fixing organisms, after converting N, gas
into ammonia, need to store ammonia. The
most common way is through the glut-
amine synthetase/glutamate synthase (GS/
GOGAT) pathway, however at high am-
monia concentrations, many organisms
employ a second pathway that uses
glutamate dehydrogenase to store nitro-
gen. Organisms lacking glutamate dehy-
drogenase, however, will use alanine de-
hydrogenase for the same function
(Murrell and Dalton, 1983). The nitrogen-
fixing bacteria in soybean nodules,
Bradyrhizobium japonicum, and the ni-
trogen-fixing, blue-green alga, Anabaena
cylindrica, are examples of organisms that
use alanine dehydrogenase in this way;
the enzyme has been purified from both
of these sources (Smith and Emerich,
1993a; Rowell and Stewart, 1976). The
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FIGURE 2. Chemical mechanism of leucine dehydrogenase (adapted from Sekimoto et al.,
1993).

role of this enzyme in Pseudomonas sp. otroph uses the enzyme to store ammonia
MA is similar to its role in these nitrogen- generated from the degradation of meth-
fixing organisms. This obligate methyl- ylamine (Bellion and Tan, 1987).

440

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by Mamo Hogskola on 01/07/12

For personal use only.

Alanine dehydrogenase has been found
in numerous other organisms where its
function is less clear, and may simply be
involved in the interconversion of alanine
and pyruvate. An interesting source of the
enzyme is Mycobacterium tuberculosis,
where the enzyme is expressed at high lev-
els, compared to M. bovis BCG, which
contains no detectable enzyme (Goldman,
1959; Andersen et al., 1992). Its function
in M. tuberculosis may be in cell wall syn-
thesis, where p-alanine is a component of
the peptidoglycan layer (Andersen et al.,
1992). The enzyme has also been purified
from the halophiles, Halobacterium
cutirubrum (Kim and Fitt, 1977) and H.
salinarium, (Keradjopoulos and Holldorf,
1979), and from thermophiles Thermus
thermophilus (Vdli et al., 1980). The en-
zyme has also been purified from Propioni-
bacterium freudenreichii (Crow, 1987) and

- Streptomyces aureofaciens (Vancurovi

et al., 1988b).

Four alanine dehydrogenase gene se- -

quences have been determined; one from
M. tuberculosis (Andersen et al., 1992),
and three others from Bacillus species.
The amino acid sequence of the enzyme
from B. subtilis was reported to be 65%
and 66% identical to the predicted amino
acid sequences of the B. sphaericus (strain
IFO 3525) and B. stearothermophilus
genes (Siranosian et al., 1993). The latter
two amino acid sequences were 73% ho-
mologous to each other, but showed low
levels of homology to other enzymes in
the database (Kuroda et al., 1990). The
authors of this report describe the C-ter-
minal domain to be the nucleotide-bind-
ing domain, and the N-terminal domain to
be the catalytic domain, as has been sug-
gested for other amino acid dehydrogen-
ases.

There have been no reports of crystal
structures for alanine dehydrogenases, lim-
iting our information about their tertiary
structures. Crystallization may be compli-
cated by the quaternary structures of these
dehydrogenases. The enzymes from
B. subtilis, B. cereus, B. sphaericus,
B. stearothermophilus, as well as Myco-
bacterium, Thermus, and Anabaena spe-
cies are all hexamers. (Yoshida and Freese,
1970; Porumb et al., 1987; Ohshima et al.,
1990; Kuroda et al., 1990; Andersen et al.,
1992; Valiet al., 1980; Rowell and Stewart,
1976). Other enzymes exhibit a variety of
structures; those from Bradyrhizobium and
Pseudomonas are tetrameric structures,
while both Halobacterium enzymes are
monomers (Smith and Emerich, 1993a;
Bellion and Tan, 1987; Kim and Fitt, 1977,
Keradjopoulos and Holldorf, 1979). The
enzyme purified from §. aureofaciens is an
octomer (Vancurovi et al., 1988b).

All of the purified alanine dehydroge-
nases are NAD*-specific, but there are no
reports on the nucleotide specificity of these
enzymes. The K, of the reaction was mea-
sured with the M. tuberculosis enzyme,
and a value of 5.5 x10-1! M? was reported
(Goldman, 1959). The two Halobacterium
enzymes are unusual in their requirements
for monovalent cations for full activity.
The H. salinarium enzyme is activated
nonspecifically by cations (Keradjopoulos
and Holldorf, 1979), while the H. cutiru-
brum enzyme is nonspecifically activated
by monovalent cations in the reverse reac-
tion, but has an absolute requirement for
potassium in the amino acid oxidative re-
action (Kim and Fitt, 1977).

Alanine dehydrogenase is well known
for its unusual pro-R hydride transfer ste-
reochemistry, first reported for the
B. subtilis enzyme (Alizade et al., 1975)
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and later reported for the B. sphaericus
IFO 3525 enzyme (Ohshima and Soda,
1979). This feature makes alanine dehy-
drogenase and lysine e-dehydrogenase the
only amino acid dehydrogenases that ex-
hibit the pro-R stereochemistry.

The kinetic mechanisms of alanine
dehydrogenase are not all alike. A prelimi-
nary analysis was performed on the en-
zyme from Propionibacterium that sug-
gested the very unusual order of binding of
alanine and NAD", followed by the ran-
dom release of pyruvate and NADH, fol-
lowed by the ordered release of ammonia
(Crow, 1987). A preliminary analysis was
also performed on the Mycobacterium en-
zyme, and the order suggested was again
alanine and NAD* binding in that order,
followed by the ordered release of NADH,
pyruvate, and ammonia (Goldman, 1959).
The enzyme from Bradyrhizobium has
undergone a much more rigorous treatment
(Smith and Emerich, 1993b). The authors
show that the kinetic mechanism for the
enzyme from this nitrogen fixing organism
is a rapid-equilibrivm ordered one, with
the binding of the substrate ammonia being
at thermodynamic equilibrium. The order
of addition follows a Ter-Bi Theorell-
Chance mechanism, with NADH binding
first, followed by the equilibrium binding
of ammonia. Pyruvate binds and alanine is
released as the first product, followed by
the release of NAD*. The authors suggest
this type of mechanism is ideal for the
local environment of the enzyme, where a
high concentration of ammonia exists (es-
timated to be 12 mM). The authors also
noted that pyruvate could bind to the
E - NAD* complex, forming a dead-end
complex (Smith and Emerich, 1993b).

The B. subtilis enzyme has had a full
enzymological characterization (Grimshaw

444

and Cleland, 1981; Grimshaw et al., 1981).
At low pH, the kinetic mechanism was
proposed to be ordered sequential with
NAD* and alanine binding in that order,
followed by ammonia, pyruvate, and
NADH release. It was shown however, that
the E - NAD* complex must first isomerize
to E* . NAD* before it can bind alanine.
Combination of alanine with E - NAD*
leads to substrate inhibition due to the in-
hibition of subsequent isomerization. This
inhibition occurs with alanine in its zwitter-
ionic state and with an enzymic group of
pK =7.5 in its deprotonated state. The pos-
sibility of an isomerization phenomenon
was suggested previously for the B. cereus
enzyme, where it was noted that a kineti-
cally significant isomerization could ac-
count for the observed enhanced rate of
enzyme reactivation when NADH was
bound (Porumb et al., 1987). The Kkinetic
mechanism of the B. subtilis enzyme is
complicated at pH values above 10.9, where
NAD* binding becomes equilibrium or-
dered with the enzyme. Additionally, at
pH values above 9.35, alanine is non-
enzymatically converted into imino-
pyruvate, complicating the measure of re-
action rates (Grimshaw and Cleland, 1981).
These authors also suggested that ammo-
nia does not bind to the active site but
rather reacts with the enzyme-bound keto
acid based on the observation that all of the
bimolecular rate constants approach diffu-
sion limited values at optimal states of
enzyme and substrate ionization, except
for the V/K of ammonia (Grimshaw and
Cleland, 1981).

The chemical mechanism was deter-
mined for the B. subtilis enzyme using a
combination of pH analysis and isotope
effects (Grimshaw et al., 1981). Alanine
was shown to be a “sticky” substrate,
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whereas serine, a slow substrate, was not.
Ammonia, not ammonium ion, and the
monoanionic form of the amino acid are
the true substrates. A lysine on the enzyme
with a pK = 9.0-9.6 in the E - NAD* com-
plex and pK >10.0 in the E - NADH com-
plex binds the carboxyl group of the amino
acid/keto acid substrate. A histidine of pK
~7.0 in both the E - NAD* and E - NADH
complexes participates in acid/base chemis-
try, being unprotonated in the forward reac-
tion and protonated in the reverse reaction.

The model in Figure 3 has alanine
bound as a monoanion with its carboxyl
group interacting with an active site lysine.
NAD* oxidizes alanine to form imino-
pyruvate, after it is brought into proximity
to alanine by a conformational change.
Water, activated by an adjacent histidine
functioning as a base, now attacks the
iminopyruvate from the same side. The
protonated histidine donates a proton to the
neutral amino group of the newly formed
carbinolamine. The deprotonated histidine
then removes a proton from the hydroxyl
group of the carbinolamine, initiating the
expulsion of ammonia, forming pyruvate.
The identity of the active site lysine and
histidine residues have been tentatively

assigned based on the B. sphaericus gene

sequence (Kuroda et al., 1990). These au-
thors suggest the lysine in question is
Lys156 which is part of the “GGGK” motif,
a fingerprint region conserved in all amino
acid dehydrogenase substrate-binding do-
mains. They propose that the conserved
His153 is the histidine performing acid/
base chemistry. No other studies, such as
site-directed mutagenesis, have been per-
formed to confirm these predictions. This
assignment to lysinel56 contradicts that
suggested for leucine dehydrogenase, where
the “GGGK?” lysine is given a catalytic,

rather than a binding role (Sekimoto et al.,
1993).

The relative rates of chemical steps
within the proposed mechanism discussed
above were extended using detailed iso-
tope effect methodologies (Weiss et al.,
1988). In the reverse reaction, it was shown
that the chemical steps involved in
carbinolamine formation, imine formation,
and reduction of imine to amino acid were
equally rate-limiting. In the overall reac-
tion, the release of oxidized nucleotide was
suggested to be the rate-limiting step; when
alternate nucleotides or substrates were
used, hydride transfer began to limit V
for these slower substrates.

F. Glutamate Dehydrogenase

The discussion of glutamate dehydro-
genases will not be as inclusive or histori-
cally exhaustive as the discussions in pre-
vious sections, due to the wealth of
information present in the literature. This
section will only summarize some of the
general aspects of the enzyme and then
discuss the mechanistic and structural stud-
ies of the bovine liver and Clostridium

symbiosum enzymes. The reader is referred

to two general and more complete reviews
(Smith et al.,, 1975; Hudson and Daniel,
1993).

Glutamate dehydrogenase has been
demonstrated in nearly every organism,
because of its critical role at the crossroads
between nitrogen and carbon metabolism.
The enzyme can be used to assimilate free
ammonia into the cell’s nitrogen-storage
molecule, glutamate. This system is used
when free ammonia levels are high. When
ammonia levels are low, cells use a
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FIGURE 3. Chemical mechanism of alanine dehydrogenase (Adapted from Grimshaw et al.,
1981).

glutamine synthetase/glutamate synthase hydrogenase, and so is able to operate more

system, since glutamine synthetase has a efficiently at low concentrations of ammo-
lower K, for ammonia than glutamate de- nia. Alternatively, glutamate dehydrogen-
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ase may also be used in a catabolic fashion,
degrading excess glutamate to the TCA
cycle intermediate, o-ketoglutarate, which
becomes available for energy generation.

There are three types of glutamate de-
hydrogenases; those which are NAD*-spe-
cific (1.4.1.2), NADP+*-specific (1.4.1.4),
or have mixed specificity (1.4.1.3). Usu-
ally, NADP+*-specific enzymes are used for
anabolic functions, that is, the formation of
glutamate, and NAD*-specific enzymes are
used for glutamate degradation. This strat-
egy accords with the usual biosynthetic
and catabolic function which NADP* and
NAD*, respectively, are conscripted for.
The mixed type of enzyme is found in the
mitochondrial matrix of all animal tissue
types. There are little, if any, differences in
the properties of the enzyme isolated from
various tissue sources. There is also re-
markable similarity between various ani-
mal sources (Smith et al.,, 1975). Higher
fungi express separate NAD*- and NADP*-
specific forms of the enzyme, while lower
fungi have only the NAD*-specific enzyme.
Bacteria generally express a single enzyme,
and they can be either NAD*- or NADP*-
specific. Plants express separate NAD*- and
NADP+*-specific enzymes which are com-
partmentalized into their mitochondria and
chloroplasts (Smith et al., 1975).

The mixed-specificity enzymes from
animals are subject to extensive allosteric
control, and a recent review suggests at
Jeast three different sites for effector bind-
ing in addition to the active site (Hudson
and Daniel, 1993). The most well described
effectors are ADP, which enhances activ-
ity, and GTP, which decreases it. NAD*,
NADH, and NADPH can also alter the
enzyme’s activity, as can the hormones
diethylstilbestrol, estradiol, progesterone,
A*-androstene-3,17-dione, testosterone, and

thyroxine (Hudson and Daniel, 1993).
Amino acids such as leucine, isoleucine,
and methionine are known to stimulate the
enzyme (Hudson and Daniel, 1993). A dif-
ferent method of enzymatic control is the
enzyme’s tendency to aggregate into linear
rods when protein concentrations or ionic
strength levels are high. The concentra-
tions of glutamate dehydrogenases in most
cells exceed the critical polymerization
concentration; however, not all cells have
a high enough level of enzyme, and some
species of mammals have glutamate dehy-
drogenases that do not polymerize at all
(Smith et al., 1975). The allosteric effec-
tors that modify activity, also modulate the
degree of aggregation. Added to these vari-
ous layers of control are potential allosteric
interactions between subunits of the
hexameric oligomer, reinforcing the criti-
cal importance of this enzyme in the cell.
In lower organisms, the level of activity of
glutamate dehydrogenase is controlled
through expression of its gene. This type of
control is especially evident if an organism
has both NAD*- and NADP+*-specific forms
of the enzyme, where the ratio of gene
expression oscillates depending on cellular
conditions (Smith et al., 1975).
Glutamate dehydrogenases have a na-
tive molecular weight of about 330 kDa
and are usually hexamers. Notable excep-
tions are some fungal NAD*-specific en-
zymes, which are tetramers of approxi-
mately 100 kDa subunit native molecular
weights. For the majority of glutamate de-
hydrogenases, the pH optima for reductive
amination lies between pH 7.6 and 8.0,
while the corresponding optima for oxida-
tive deamination are between 8.5 and 9.0.
All glutamate dehydrogenases exhibit pro-
S hydride specificity, and those studied
have a random kinetic mechanism of
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substrate addition and product release.
The K,, values for NAD* or NADP*,
o-ketoglutarate, and NADPH are remark-
ably similar regardless of source, whereas
the steady-state values for glutamate, am-
monia, and NADH differ widely (Hudson
and Daniel, 1993).

The remainder of this section will dis-
cuss the mechanistic and structural aspects
of two specific glutamate dehydrogenases,
bovine liver and C. symbiosum. The former
has historically been the focus of enzymo-
logical studies particularly since its amino
acid sequence was determined (Moon and
Smith, 1973), whereas the latter has been
the first glutamate dehydrogenase to have
its three-dimensional structure solved by
X-ray crystallography (Baker et al., 1992).

The kinetic mechanism of glutamate
dehydrogenase has been the subject of sub-
stantial debate. To minimize ambiguity,
most well-characterized enzymes have not
had kinetic studies determined in the pres-
ence of added allosteric effectors, and as-
says are performed with NADP(H) rather
than NAD(H), since the latter acts as an

effector. Steady-state enzymological stud--

ies use dilute solution of protein, avoiding
aggregation. Despite these precautions, the
enzyme did not reveal its kinetic mechan-
ism easily. Initially it was proposed that
the kinetic mechanism was random
(Hudson and Daniel, 1993); however, a
rigorous study of the kinetic mechanism
using product and dead-end inhibitors (Rife
and Cleland, 1980a) suggested that while
NADP* and glutamate binding were ran-
dom, the preferred mechanism binds
NADP first to the free enzyme. The order
of release of products was ordered with
ammonia, o-ketoglutarate, and NADPH
released in that order. The possibility of a
random release of o-ketoglutarate and

NADPH, with the favored pathway releas-
ing keto acid first, could not be ruled out,
however, because of evidence for anE - o-
ketoglutarate complex (Rife and Cleland,
1980a). The use of monocarboxylic alter-
nate substrates changed the kinetic mechan-
ism to a rapid equilibrium ordered one,
where the keto acid was in equilibrium
between its bound and free states. This
observation was confirmed in an indepen-
dent study of the steady-state reaction that
focused strictly on the alternate substrate
norvaline (LiMuti and Bell, 1983).

Rife and Cleland (1980a) also describe
some of the reasons for the substrate inhi-
bition seen with glutamate dehydrogenase.
Substrate inhibition by o-ketoglutarate is
due to the formation of an E - NADP*- «-
ketoglutarate dead-end complex. A pre-
steady-state study suggested the formation
of the same complex could explain the
substrate inhibition by a-ketoglutarate, but
also suggested the formation of an abortive
E - o-ketoglutarate complex (Colen, 1978).
It was claimed that most of the substrate
inhibition comes from the ternary dead-
end complex, which exhibits the character-
istics of a slow, tight binding inhibitor.

The steady-state reaction is also inhib-
ited by ammonia. The nature of this inhibi-
tion was investigated by Brown et al.
(1979). These authors noted that before
steady-state turnover is achieved there is a
pre-steady-state burst of product, a phe-
nomenon that had been reported earlier
through pioneering work by Iwatsubo and
others (Jallon et al., 1975; di Franco and
Iwatsubo, 1971). The pre-steady state burst
reflects the slow release of reduced nucle-
otide before catalysis can continue. The
strong binding of NADPH is well known
(Rife and Cleland, 1980a), and its release
is probably the rate-limiting step in the
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overall reaction. When the reaction was
studied at inhibitory concentrations of
ammonia, the size of product burst was
decreased (Brown et al., 1979). Ammonia
was also shown to be a noncompetitive
inhibitor vs. glutamate when concentrations
of glutamate and ammonia were high
(Brown et al., 1979). These results
prompted these authors to add steps to the
product release section of the kinetic
mechanism, which permits ammonia bind-
ing to the enzyme and inhibits the reaction.

The findings of the Colen and Brown
studies can be summarized in Scheme 9
where E = enzyme; O = oxidized nucle-
otide; G = glutamate; N = ammonia; K =
o-ketoglutarate; R = reduced nucleotide.
The double bars without arrowheads indi-
cate complexes that are in equilibrium with
each other. This mechanism does not cor-
respond precisely to that proposed by Rife
and Cleland (1980a), who commented that
ammonia displayed greater affinity for the
enzyme when dicarboxylic substrates were
used, compared to monocarboxylic sub-
strates,

Rife and Cleland (1980b) also investi-
gated the chemical mechanism of bovine
liver glutamate dehydrogenase. They stud-
ied the pH dependence of the steady-state
kinetic parameters, V and V/K, with all of
the natural substrates of the reaction, plus
some alternate, monocarboxylic substrates,
and dead-end inhibitors. Their observations
can be summarized as follows. An enzy-
mic carboxylic group of pK = 5.2 must be
protonated for efficient binding of both
mono- and dicarboxylic substrates in the
reverse reaction, and unprotonated in the
forward reaction. A lysine residue of pK =
7.8 in the reverse reaction and pK =
8.7-9.3 in the forward reaction must be
protonated for dicarboxylic substrates and

unprotonated for monocarboxylic sub-
strates. This group likely binds the y-car-
boxyl group of the o-ketoglutarate sub-
strate. The amino acid substrate must bind
with its amino group protonated, and am-
monia, not ammeonium ion, is the substrate
for the reaction. Finally, a lysine of pK>
10.5 must be protonated for catalysis in the
reverse direction, while in the forward di-

rection it must be unprotonated and exhib-

its a pK value of 7.6 to 8.0. This catalytic
lysine has since been assigned in an X-ray
crystallography model (see below) to
Lys126, that is, the lysine that is part of the
“GGGK” motif widely conserved within
the amino acid dehydrogenases (Brunhuber
et al., 1994). The assignment of this abnor-
mally low pK positively confirms the sus-
picion of its catalytic importance put forth
since its initial observation by E. L. Smith
(Smith et al., 1970).

These data were compiled to generate
a model for the chemical mechanism that
has been generally accepted (Figure 4). In
the direction of amino acid synthesis,
o-ketoglutarate binds to E - NADPH with
its y-carboxyl to a protonated lysine. An
active site carboxyl must be protonated to
maintain proper active site conformations.
Ammonia now enters the active site and
reacts with the o-keto group. The a-carbo-
nyl oxygen accepts a proton from an active
site lysine, forming the carbinolamine. The
carbonyl oxygen then accepts a second
proton from the enzymic carboxyl, which
concurrently abstracts a proton from the
substrate’s amine. The carbinolamine col-
lapses to the imine, with the concommitant
release of a water molecule. The imine is
reduced by NADPH to form an unpro-
tonated amino acid, which is protonated by
the active site carboxyl, and is released as
the protonated amino acid product.
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FIGURE 4. Chemical mechanism of glutamate dehydrogenase.
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This model was evaluated using pro-
line and its keto acid. This alternate sub-
strate tests only the redox portion of the
model, since it exists as an imine. Srinivasan
and Fisher (1985) determined pH profiles
and primary deuterium isotope effects for
this substrate. They saw a larger isotope
effect on the reduction of this substrate
(3.9, reverse reaction; >3, forward reac-
tion) than Rife and Cleland (1980a) saw
with glutamate (about 1.2), indicating that
hydride transfer chemistry is more rate-
limiting with this alternate substrate.
Srinivasan and Fisher also observed that
the keto acid must be protonated for activ-
ity, proline must be deprotonated for activ-
ity, and that an enzymic group of pK = 8.6
enhanced the rate of the reaction when
unprotonated.

The authors used their results to com-
ment on the model of the chemical mecha-
nism of glutamate dehydrogenase using
glutamate. Once the intermediate, o-
iminoglutarate is formed in the active site
it must be protonated to undergo oxidation
by bound nucleotide. This conclusion
agrees with the model postulated by Rife
and Cleland (1980b). Conversely, glutamate
must bind and react in its deprotonated
form, which is opposite to the earlier sug-
gestion. The authors concluded that neither
the y-carboxy! of the substrate, nor the other
enzymic active site residues, are necessary
for redox chemistry.

Srinivasan and Fisher (1985) modified
the Rife and Cleland model at a stage after
the initial formation of the carbinolamine
(Figure 5). In the next step, the active site
lysine removes a proton from the amine,
and the carbinolamine then collapses into
the imine with the hydroxyl-o-carbon bond
cleaved with the removal of a proton from
the active site carboxyl. At this point the
protonated imine is reduced by NADPH
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and the unprotonated amino acid is then
released as product.

The revised model was clarified and
extended by other investigations. In the
forward direction, the model does not
specify whether water must enter the ac-
tive site before ammonia release as was
suggested by Fisher etal. (1987). They
concluded that if water is not available for
direct attack, the intermediate would have
to form a Schiff base with an enzymic
residue. Carbonyl addition by an enzymic
group was shown not to occur through
experiments with o-ketoglutarate and its
competitive inhibitor, oxalylglycine.
Oxalylglycine forms the same hydrogen
bonds as o-ketoglutarate, but cannot un-
dergo any carbonyl additions because its
carbony! group is part of an amide group.
In the kinetic experiments performed,
oxalylglycine behaved the same as a-keto-
glutarate, eliminating the possibility of any
kinetically significant carbonyl addition
reactions. In order to prove that water must
bind to the active site before ammonia elimi-
nation, Srinivasan et al. (1988) measured
the rate of '*0 carbonyl exchange on
o-ketoglutarate. If a enzymic Schiff base
did form, isotopic exchange should take
place; however, insignificant exchange
occurred unless ammonia was added to the
reaction, ruling out enzymic Schiff base
formation. The authors also noted that the
Y-carboxyl of the substrate does not par-
ticipate in catalysis (for example, in an
intramolecular, cyclic manner), since no
differences were observed in the rates of
model nonenzymatic dehydration reactions
with the hydrated forms of a-ketoglutarate
or pyruvate, which lacks a second carboxyl
group (Srinivasan et al., 1988).

The relative rates of the chemical steps
in the model were compared using isotope
effects (Weiss et al., 1988). In the reverse
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reaction, it was shown that hydride transfer and the release of glutamate product. The

was not as rate-limiting as the steps for use of alternate keto acid substrates, such
carbinolamine formation, imine formation, as a-ketovalerate, causes hydride transfer
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to become more rate limiting, and can be
made even more rate limiting if the alter-
nate nucleotide acetylpyridineNAD* is
used. However, the alternate nucleotide,
thioNAD", causes carbinolamine formation
to become largely rate limiting, indepen-
dent of which keto acid substrate is used.
The non-rate-limiting nature of the
hydride transfer step in the overall mecha-
nism was previously noted (Rife and
Cleland, 1980a). Slow steps occurring af-
ter the pre-steady-state burst of product
and during the attainment of the steady
state, mask the primary deuterium isotope
effect measured in steady-state experiments.
While the results from the study of Weiss
et al. (1988) suggest that slow product re-
lease is the cause of the masking, Rife and
Cleland (1980a) noted that the primary
deuterium isotope effect remains low even
during the initial burst of product forma-
tion, indicating that there are isotopically
insensitive steps in this stage that are slow
and could mask the isotope effect.
Pre-steady-state techniques were
used by Fisher et al. (1992) to identify a
slow proton release step occurring before
hydride transfer in the ternary E - NADP+-
glutamate complex. This slow step was
seen before in an earlier study (Fisher et al.,
1980), but its chemical description was not
clear. This proton release could also be
observed when competitive inhibitors,
which do not undergo catalysis, were used.
This observation ruled out the possibility
of the released proton coming from the
amino group of the substrate. The authors
suggest that the proton release is triggered
either by a conformation change upon ter-
nary complex formation or a change in an
enzymic pK upon teary complex formation.
Further pre-steady-state experiments
refined the enzyme’s chemical mechanism

454

(Figure 6). Singh et al. (1993) propose that
glutamate binds to an open conformation
of the E - NADP* complex by binding its
carboxyls to protonated Lys114 (o-car-
boxyl) and Lys90 (y-carboxyl). The next
step is a conformational change, in which
bulk solvent is expelled from the active
site, and glutamate and the nicotinamide
ring are brought into catalytic proximity.
The slow loss of a proton also occurs in
this step, released from Lys126, which then
allows the residue to bind a water mol-
ecule. This water molecule will later nu-
cleophilically attack the imine intermedi-
ate, and is bound before ammonia release,
as verified by other experiments mentioned
above (Fisheret al., 1987, Srinivasan et al.,
1988). These steps all occur before hydride
transfer occurs, even in the initial burst
phase of product formation, and can ac-
count for the masking of the primary deu-
terium isotope effect on hydride transfer.

The mechanism of the C. symbiosum
glutamate dehydrogenase has not been as
thoroughly studied as that for the liver en-
zyme, but its kinetic mechanism has been
investigated and some chemical modifica-
tion studies have been performed. Although
this strict anaerobe’s glutamate dehydro-
genase is not regulated by complex allos-
teric effectors, its kinetic mechanism has
not been trivial to elucidate. Steady-state
kinetics were used to characterize this en-
zyme, and it was found to be NAD* depen-
dent, although it could use acetylpyri-
dineNAD* and deaminoNAD* as well as
the natural substrate. The enzyme is essen-
tially L-glutamate specific (Syed et al.,
1991), and experiments suggested that the
kinetic mechanism was random for both
substrate binding and product release. The
authors concede, however, that their data
are not unambiguous, and product release
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FIGURE 6. Model of pre-steady-state chemical mechanism.

could be rapid-equilibrium random (Syed
et al., 1991). They also noticed a biphasic
rate for glutamate dehydrogenase, which
depended on the concentration of NAD*, a
phenomenon that had been observed for
other glutamate dehydrogenase sources, but
is unexplained (Syed et al., 1991).

The C. symbiosum enzyme was sub-
jected to pyridoxal phosphate modification,
and three lysines were found to react with
this reagent (Lilley and Engel, 1988). These
lysines (Lys89, Lys114, Lys125) are lo-
cated in the amino acid binding pocket
of the enzyme as observed in the X-ray
crystal structure (see below). The modifi-
cations could be prevented by incubation
with the substrates, and NAD+, NADH,
glutamate, succinate, and o-ketoglutarate
could all partially protect the enzyme, but
the highest level of protection was offered
by NADH and o-ketoglutarate (Lilley and
Engel, 1992). Although all three lysines
could be modified, once a particular lysine
was modified, the others became unreactive

toward further modification, indicating the
proximity of three residues to each other
(Lilley and Engel, 1992). The enzyme was
also reacted with sulfhydryl modifying
agents (Syed et al., 1994), and only one of
the two cysteines in each subunit could be
modified with either pCMB or DTNB,
while other modification agents were inef-
fective. The modified cysteine (Cys320)
lies within the active site, but is not neces-
sary for catalysis, since mutating the resi-
due to serine, threonine, or alanine did not
affect activity (Syed et al., 1994). The au-
thors suggested the bulky modification
agent inactivates the enzyme by sterically
intruding on the active site. The enzyme
could be protected against thiol modifica-
tion by substrates, with the best protection
observed in the presence of NADH and
glutamate (Syed et al., 1994).

The mechanism of substrate binding
was studied using stopped-flow techniques
(Basso et al., 1993). The intrinsic enzyme
fluorescence changed little upon formation
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of either the E - NAD* or E - glutamate
complexes, but when the ternary complex
was generated there was a significant
change in fluorescence. Measuring this
change with different orders of substrate
addition allowed the authors to suggest the
kinetic mechanism was rapid equilibrium
random. Furthermore, binding of the first
substrate synergistically enhanced the bind-
ing efficiency of the second, with E - NAD*
formation being the preferred pathway
(Basso et al., 1993). Pre-steady state ex-
periments showed that there was no burst
of product formation before steady-state
rates were achieved, unlike the bovine liver
enzyme. This observation, coupled with
their fluorescence studies, led the authors
to suggest that there is a rate-limiting step
present between ternary complex forma-
tion and hydride transfer, postulated to be
a slow conformational change (Basso et al.,
1993). This phenomenon may be related to
another study that showed that the enzyme
could have two states of activity (Syed and
Engel, 1990). At low pH, the enzyme has
a higher rate of activity than at higher pHs.
The change in activity was not due to pro-
tein aggregation, but could be enhanced by
ionic strength, temperature, and substrate
binding, particularly o-ketoglutarate and
nucleotide. The authors suggest the differ-
ent states of protein activity may be due to
a slow pH-dependent conformational
change (Syed and Engel, 1990). This step
could be similar to the one proposed for
bovine liver enzyme (Singh et al., 1993).
The Clostridium enzyme has become
of great significance to the amino acid de-
hydrogenase family because it was the first,
and presently only, enzyme to be crystal-
lized and have its three-dimensional struc-
ture solved. Bovine liver enzyme crystalli-
zation has been hampered by its tendency
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to aggregate under high protein conditions.
The Clostridium enzyme also has the ad-
vantage that it is not subject to allosteric
regulation. Extensive sequence compari-
sons, however, have shown that the
hexameric glutamate dehydrogenases share
significant homology with each other, im-
plying that the information gleaned from
the structural description of the Clostridium
enzyme could be used as a paradigm for
other glutamate dehydrogenases, and pos-
sibly other amino acid dehydrogenases
(Teller et al., 1992),

In a preliminary note, Rice et al. (1985)
reported their successful crystallization of
native Clostridium glutamate dehydrogen-
ase from 35 to 45% ammonium sulfate at
pHs 6 to 8. Large thombohedral crystals
could be cut from crystal clusters. These
crystals existed in a C2 space group, with
unit cell dimensions of a= 147 A, b=
151 A, c =108 A, and B = 140°. This re-
port was followed by a model of the struc-
ture at 6 A resolution (Rice et al., 1987).
This structure was based on the native data
set, plus two mercury heavy atom deriva-
tives that crystallized in the same mono-
clinic C2 space group. The authors found
that three subunits of the hexamer were in
the asymmetric unit, and the hexamer is a
squat cylinder 108 A in height and has a
44 A radius. The authors also collected a
data set of the crystals with NAD* soaked
into them.

The authors’ model showed that the
protein was approximately 55% o.-helix and
consisted of two globular domains sepa-
rated by a deep cleft, which presumably is
the active site (Rice etal., 1987). The
N-terminal domain (domain A or I) makes
most of the intersubunit contacts within the
hexamer. It was also implied that this do-
main binds the amino acid substrate. The
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C-terminal domain (domain B or IT) binds
NAD* in the intrasubunit cleft, and NAD*
is bound in a position similar to that seen
for other NAD*-dependent dehydrogenases.
Binding of NAD* caused no large changes
in the apoprotein structure (Rice et al.,
1987).

The model was refined to 1.96 A with
a R factor = 0.227 (Baker etal., 1992).
With this model, clear fitting of the main
chain atoms into electron density was pos-
sible, including positioning of side chains.
The hexamer is arranged in a cylindrical
shape formed by a dimer of trimers with a
center cavity 11 A wide, which is lined by
hydrophilic residues. The monomer con-
sists of 17 o-helices and 13 B-strands.
Domain I begins with five helices, fol-
lowed by two antiparallel 3-strands, then a
B-sheet containing both parallel and anti-
parallel strands, flanked by a-helices. Do-
main Il consists of a B-sheet of six parallel
and one antiparallel B-strands, flanked by
o-helices, similar to the NAD*-binding
domains of other dehydrogenases, the so-
called Rossmann fold, with the exception
that here one of the strands’ direction is
reversed. The connections between the two
domains of each subunit are limited to just
two helices and a peptide loop, potentially
allowing freedom of movement between
domains (Baker et al., 1992).

The bound NAD* molecule was clearly
seen in this model. Both the adenine and
nicotinamide ribose rings are bound in a
C2’ endo position. The nicotinamide ring
is bound in the syn position about the gly-
cosidic bond because of specific contacts
made between the enzyme and the carbox-
amide moiety. This mode of binding packs
the re face on the ring against the enzyme
surface with the pro-R hydrogen shielded
by a methyl group. The si face of the ring

is adjacent to the large cleft in the protein,
but the C, carbon of the nicotinamide ring
is at least 6.3 A away from a putative
glutamate-binding site, thus precluding
catalysis from occurring in this configura-
tion (Baker et al., 1992). NADP+ is dis-
criminated against, because the presence
of a 2’ phosphate is not accommodated by
an appropriate pocket on the enzyme sur-
face. ‘

New crystals were grown by using
L-glutamate as the precipitant (Stillman
etal., 1992). These crystals existed in a
R32 space group, different from the one
seen in the native and NAD* bound crys-
tals. The cell dimensions are a=b = 162 A,
c=103 A, a.= B =90°, y= 120°. In addition
there was only 1 subunit per asymmetric unit.
The authors believed that such a radical
change in crystal space groups could only
come from a conformational change in the
protein. This report preceded a full three-
dimensional structural determination with
glutamate bound, at 1.9 A resolution and aR
factor of 0.171 (Stillman et al., 1993). The
structure was solved using two heavy atom
derivatives, pCMBS and K,Pt(CN)4, which
when soaked into the crystal could cause the
space group change from C2 to R32, just
as glutamate could (Stillman et al., 1993).

The model showed that with glutamate
bound, the enzyme changes to a closed
conformation that excludes bulk solvent
from the cleft. This makes the active site
more hydrophobic and better suited for
hydride transfer. One ordered water mol-
ecule is left at the active site and is bound
to the neutral side chain of Lys125.
Glutamate lies in the cleft bound to domain
L. Its y-carboxyl group is bound to Lys89 as
well as Ser380. In the NAD* bound model,
Lys113 makes contact with Asn373, which
is in domain II. With glutamate, the side
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chain of Lys113 moves signiticantly to bind
the a-carboxyl group of glutamate, but the
closed conformation of the protein brings
Asn373 into a new position which allows it
to contact Lys113. The C; and C, atoms of
glutamate make van der Waals contacts
with V377 and A163.

The model shows how the heavy atom
derivatives can stabilize the closed confor-
mation of the enzyme. Pt(CN), molecules
bind in the same pocket as glutamate, while
mercury binds to Cys320, which is not
directly in the active site, but can be modi-
fied by bulky reagents, inactivating the
enzyme (Syed et al., 1994).

The principal interactions between the
enzyme and NAD* are not significantly
different in the closed conformation of the
enzyme. Modeling NAD* into the active
site of the closed conformation, however,
shows that the C, atom is 4.0 A away from
the a-carbon of glutamate. While this is
closer than the 7.4 A distance in the open
conformation, it is still too far for efficient
hydride transfer. The authors speculate that
when the ternary complex forms, there must
be additional, slight conformational changes
that will bring the C, atom of the nicotina-
mide ring within a catalytically appropri-
ate, but unspecified, distance to the aC of
glutamate (Stillman et al., 1993).

From their models of the open and
closed conformations of the enzyme, plus
the limited enzymological information for
this enzyme, the authors propose a model
for the chemical mechanism of the enzyme
that is somewhat different from the revised
models of Rife and Cleland (see above).
When viewed from the reverse direction,
this model begins with o-ketoglutarate
bound with its side chain carboxyl bound
to Lys89 and its a-carboxyl bound to
Lys113. Free ammonia attacks the keto
acid’s a-carbon and the carbonyl oxygen

1S protonated by Aspled, a residue con-
served among glutamate dehydrogenases
and present in the proper position for this
role in the crystal structure (Stillman et al.,
1993). Asp165 triggers the carbinolamine
collapse to the imine by removing a proton
from the amine moiety and the substrate
oxygen leaves as water by abstracting a
second proton from Lys125. The imine is
then reduced by NADH, and the nitrogen
is protonated by Asp165 to form the zwit-
terionic form of L-glutamate.

A D165S mutant enzyme was gener-
ated and kinetic studies showed that it dis-
played less activity than the normal en-
zyme, but bound its substrates with the
same affinity, except for ammonia, which
had a substantially larger K, (Dean et al.,
1994). These data were used to confirm
Aspl165 catalytic role in the chemical
mechanism,

The authors note that Lys125, which
has a low pK value, is essential in activat-
ing the ordered water molecule in the ac-
tive site, where it behaves as a nucleophile
in the forward direction. When this occurs,
Lys125 is protonated and must lose this
proton in order to bind a second water
molecule for the next round of catalysis.
This step may actually be quite slow and
may account for the proton burst seen in
the pre-steady-state experiments with bo-
vine liver glutamate dehydrogenase (Singh
et al., 1993).

IV. CONCLUSIONS

Although the amino acid dehydrogen-
ases occupy only a small comer of the
pyridine nucleotide-dependent dehydroge-
nase world, they have many important in-
dustrial and medical applications, and have
served as a fascinating landscape for
enzymological research. The best charac-
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FIGURE 8. Chemical mechanism of giutamate dehydrogenase based on X-ray crystallo-

graphic evidence.

terized of these enzymes have revealed
homologous amino acid sequences that
allow for the identification of conserved
residues involved in the catalysis of iden-
tical reactions, while also indicating how
a progenitor enzyme can be adapted to
use different types of substrates. Despite
performing similar chemistry on their re-
spective amino acid substrates, the details
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of leucine, alanine, and glutamate chemi-
cal mechanisms and their rate determin-
ing steps have been revealed as subtly
different. Because a wealth of enzymo-
logical data are available on this class of
enzymes, and a three dimensional struc-
ture has recently been determined, serious
structure/function relationships can be
undertaken. This enzyme family provides
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