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Glutamate dehydrogenase (GDH) has been extensively studied for more than 50 years. Of
particular interest is the fact that, while considered by most to be a ‘housekeeping’ enzyme,
the animal form of GDH is heavily regulated by a wide array of allosteric effectors and
exhibits extensive inter-subunit communication. While the chemical mechanism for GDH
has remained unchanged through epochs of evolution, it was not clear how or why animals
needed to evolve such a finely tuned form of this enzyme. As reviewed here, recent studies
have begun to elucidate these issues. Allosteric regulation first appears in the Ciliates and
may have arisen to accommaodate evolutionary changes in organelle function. The
occurrence of allosteric regulation appears to be coincident with the formation of an
‘antenna’ like feature rising off the tops of the subunits that may be necessary to facilitate
regulation. In animals, this regulation further evolved as GDH became integrated into a
number of other regulatory pathways. In particular, mutations in GDH that abrogate GTP
inhibition result in dangerously high serum levels of insulin and ammonium. Therefore,
allosteric regulation of GDH plays an important role in insulin homeostasis. Finally, several
compounds have been identified that block GDH-mediated insulin secretion that may be to
not only find use in treating these insulin disorders but to kill tumors that require glutamine
metabolism for cellular energy.

Homotropic and heterotropic regulation of GDH

Glutamate dehydrogenase (GDH) is found in nearly all living organisms and catalyzes the
reversible oxidative deamination of L-glutamate to 2-oxoglutarate using NAD(P)* as
coenzyme (Hudson and Daniel, 1993). This homohexameric enzyme has subunits comprised
of ~450 and ~500 amino acids in bacteria and animals, respectively. In eukaryotic
organisms, GDH resides within the inner mitochondrial matrix where it catabolizes
glutamate to feed 2-oxoglutarate to the Krebs cycle. Although there is some debate as to the
directionality of the reaction, the high Km for ammonium in the reductive amination
reaction seems to prohibit the reverse reaction under normal conditions in most organisms
(Smith et al., 1975). Even in plants, recent 15N incorporation studies in the presence of
excess ammonium have shown that GDH functions in the oxidative deamination reaction
(Aubert et al., 2001). However, some bacteria may use GDH rather than the normal
glutamine synthetase-glutamate synthase (GS-GOGAT) pathway to fix nitrogen under high
ammonia conditions (Kanamori et al., 1987). Under most in-vitro conditions, coenzyme
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release is the rate-limiting step, particularly at higher substrate concentrations (diFranco,
1974). Since the major allosteric regulators noted below all seem to act by either promoting
or inhibiting product release, it seems highly likely this is the rate-limiting step in vivo as
well.

GDH from animals, but not other kingdoms (Frieden, 1965), is allosterically regulated by a
wide array of ligands (Bailey et al., 1982; Dieter et al., 1981; Frieden, 1959a, 1965; Sener
and Malaisse, 1980; Tomkins et al., 1962; Yielding and Tomkins, 1961). GTP (Dieter et al.,
1981; lwatsubo and Pantaloni, 1967; Koberstein and Sund, 1973) is a potent inhibitor of the
reaction and acts by increasing the binding affinity for the product, thereby decreasing
enzymatic turnover (Koberstein and Sund, 1973). ATP is also an inhibitor of the enzyme,
albeit with ~100-fold lower affinity than GTP (Frieden, 1965). In both the reductive
amination and the oxidative deamination reactions, the enzyme is inhibited by high substrate
concentrations in a pH dependent manner (Bailey et al., 1982). In the case of the oxidative
deamination reaction, this is due to the product, 2-oxoglutarate, being replaced by glutamate
before the reduced coenzyme is able to dissociate from the active site. Reduced coenzyme
binds very tightly in this abortive complex (GDH-NAD(P)H-Glu) and must dissociate before
catalytic turnover can continue. ADP is an activator of GDH (Bailey et al., 1982; Frieden,
1965; lwatsubo and Pantaloni, 1967; Koberstein and Sund, 1973; Markau et al., 1972) that
likely acts by helping to resolve these abortive complexes by decreasing the affinity of the
coenzyme and substrate to the active site (Bailey et al., 1982). This is in direct contrast to
the effects of GTP that enhances substrate and coenzyme binding to the active site. The fact
that ADP decreases substrate affinity for the enzyme leads to rather complex regulation.
ADP affects GDH activity in a continuum ranging from activation under conditions where
abortive complexes tend to form, to inhibition at conditions where substrate and coenzyme
bind poorly (Bailey et al., 1982). ATP is similarly complex in that it at low concentrations it
activates like ADP but at high concentrations it apparently binds to the GTP site and inhibits
the reaction (e.g. (Banerjee et al., 2003)). There is very strong mutual antagonism between
ADP and GTP and it seems likely that, in vivo, GTP and ADP largely act to finely regulate
GDH activity via this competition. Leucine is a poor substrate for GDH and an allosteric
activator for the enzyme (Yielding and Tomkins, 1961). Its activation is akin to ADP but
acts at site distinct from ADP (Prough et al., 1973). As discussed below, leucine activation
of GDH may play a larger role in GDH regulation than implied by its rather high EDsy.
Palmitoyl CoA (Fahien and Kmiotek, 1981), steroid hormones (Yielding et al., 1960), and
diethylstilbestrol (Tomkins et al., 1962) (DES) are also potent inhibitors. GDH also has a
second binding site for NADH that has been suggested to inhibit the enzyme and bind
synergistically with GTP (Frieden, 1958, 1959a, b). However, NADH inhibition alone only
occurs at high, non-physiological concentrations. Therefore, it may be that the binding
synergism between GTP and NADH is more important in vivo than NADH inhibition alone.

Mammalian GDH also exhibits unusual homotropic regulation with regard to coenzyme, but
with an unclear physiological purpose. Negative cooperativity is observed as ‘breaks’ in
Lineweaver-Burk plots with NAD(P)* varied (Engel and Dalziel, 1969). Subsequent studies
demonstrated that coenzyme (NAD(P)(H)) binding to the initial subunits weakens the
affinity to subsequent subunits (Bell and Dalziel, 1973; Melzi-D’eril and Dalziel, 1973).
This process involves the substrate since negative cooperativity has been shown to be
dependent upon the substituent at the a-carbon of the substrate backbone (Bell et al., 1985).
Negative cooperativity, in general, is thought to help the enzyme maintain a uniform
catalytic rate as coenzyme or substrate concentrations vary in vivo (Koshland, 1996).
However, it is also possible that negative cooperativity is a consequence of inter-subunit
communication that is used for other purposes rather than regulation in its own right. This
seems to be more likely since the ratios of the various forms of coenzyme do not vary to a
very large degree in vivo. With GDH, this communication is made evident by abrupt and
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striking changes in the circular dichroism and fluorescence spectra when GDH is half
saturated (Bell and Dalziel, 1973) and from chemical modification studies demonstrating
that the loss of enzymatic activity is extremely disproportional to the number of subunits
modified (Piszkiewicz and Smith, 1971; Rasool et al., 1976; Syed and Engel, 1984).
Therefore, it is clear that there is extensive inter-subunit communication in animal GDH
and, as shown below, such communication is essential for catalysis and regulation.

Atomic structure of animal GDH

Mammalian GDH (Figure 1) is arranged as two trimers stacked directly on top of each other
(Banerjee et al., 2003;Peterson and Smith, 1999;Smith et al., 2001;Smith et al., 2002). Each
subunit is composed of three domains (Banerjee et al., 2003;Peterson and Smith, 1999;Smith
et al., 2001;Smith et al., 2002). The first domain makes extensive contacts with the subunit
from the other trimer (e.g. the blue and light blue subunits in Figure 1). Resting on top of
this domain is the *NAD binding domain’ that has the conserved nucleotide-binding motif.
Rising above these two domains is a long protrusion, ‘antenna’, that is a helix-loop-helix
composed of ~50 residues. From sequence alignments, this feature is not found in bacteria,
plants, fungi, and the vast majority of protists. The antenna from each subunit lies
immediately behind the adjacent, counter-clockwise neighbor within the trimer. That these
intertwined antennae are only found in the forms of GDH allosterically regulated by
numerous ligands, leads to the obvious suggestion that it plays a unique and major role in
animal GDH regulation.

From the structures of a number of GDH/ligand complexes, we developed a model whereby
GDH performs a complex network of motions during catalytic turnover (Banerjee et al.,
2003; Li et al., 2009; Peterson and Smith, 1999; Smith et al., 2001; Smith et al., 2002; Smith
and Stanley, 2008). Substrate binds to the deep recesses of the cleft between the NAD
binding domain and the lower domain. Coenzyme binds along the NAD binding domain
surface of the cleft. Upon binding, the NAD binding domain rotates by ~18° to firmly close
down upon the substrate and coenzyme. As the catalytic cleft closes, the base of each of the
long ascending helices in the antenna appears to rotate out in a counter-clockwise manner to
push against the ‘pivot” helix of the adjacent subunit. There is a short helix in the descending
loop of the antenna that becomes distended as the mouth closes in a manner akin to an
extending spring. The “pivot helix’ rotates in a counter clockwise manner along the helical
axes as well as rotating counter clockwise around the trimer 3-fold axis. Finally, the entire
hexamer seems to ‘exhale’, or compress, as the mouth closes. This compression is where the
three stacked dimers draw closer to each other, drawing the 2-fold related subunits closer
and compressing the inner core. Therefore, it is clear that the conformational changes
associated with, and necessary for, catalysis involve the entire hexamer. This not only might
explain the complex kinetic behavior such as negative cooperativity, but also creates a
number of potential binding sites for allosteric regulators.

The importance of these complex conformational changes has been borne out by the
structures of various GDH-ligand complexes (Figures 1 and 2) that demonstrate that
allosteric regulators bind to key junctions in this network of structural transitions. GTP binds
to the side of the ‘jaw’ of each subunit. As the NAD binding domain closes, a space opens
between the pivot helix and the back of the NAD domain. This affords enough space for
GTP to bind mainly via interactions with its triphosphate moiety (Peterson and Smith, 1999;
Smith et al., 2001). In contrast, ADP binds behind the NAD binding domain immediately
under the pivot helix (Banerjee et al., 2003). We have shown that R463 on the pivot helix is
essential to ADP activation in that the R463A mutation abrogates ADP-mediated activation
without affecting ADP binding (Banerjee et al., 2003). We propose that ADP may activate
by helping the catalytic cleft to open by interacting with the pivot helix as it rotates during

Neurochem Int. Author manuscript; available in PMC 2012 September 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 4

the opening and closing of the catalytic cleft. In essence, ADP and GTP cause opposite
effects on the dynamics of the enzyme upon binding to their respective sites. GTP ‘waits’
for the catalytic cleft to close, binds to its allosteric site, and inhibits the enzyme by making
it harder for it to release the products of the reaction. In contrast, we propose that ADP binds
to the back of the pivot helix and, via interactions with residues such as R463, decreases the
energy required to open the catalytic cleft and release product. This is consistent with the
binding and regulatory antagonism observed between these two allosteric regulators. In
terms of in-vivo activity, these two regulators essentially act as energy switches for the
enzyme. When the mitochondria are at a high-energy state and rich in triphosphates, GDH is
inhibited by GTP and, to a lesser extent, ATP. When the mitochondria are low in energy, the
elevated ADP levels activate GDH to catabolize glutamate and feed the Krebs cycle with 2-
oxoglutarate. Therefore, in vivo, GDH is kept in a tense state where activity is finely tuned
depending upon subtle changes in the ADP/GTP ratios. The binding locations and modes of
action of other regulators such as leucine and palmitoyl CoA are not clear, but, as detailed
below, may play a role in insulin homeostasis.

ADP/second NADH site paradox

Perhaps one of the most confusing regulator sites is the ADP activation site. What makes
this site complex is that NADH also binds to this allosteric site but causes inhibition. In spite
of having atomic details as to the interaction of these ligands with the enzyme, it is not at all
clear how these regulators can cause opposite effects upon binding to the same site.

The existence of a second NADH binding site per subunit was demonstrated both kinetically
and by binding analysis (Frieden, 1959a, b; Shafer et al., 1972). It was observed that NADH
alone binds with a stoichiometry of 7-8 molecules per hexamer. In the presence of
glutamate, NADH binds more tightly and the stoichiometry increases to 12 per hexamer
(Shafer et al., 1972). Similarly, GTP also increases the affinity and binding stoichiometry
(Koberstein and Sund, 1973). This second coenzyme site strongly favors NADH over
NADPH with Kd’s of 57uM and 700uM, respectively. In the case of oxidized coenzyme,
NAD*, two binding sites were also observed. While the recent structures of the various
complexes have demonstrated that ADP and NAD(H) bind to the same site (Banerjee et al.,
2003; Smith et al., 2001), this was first suggested by ADP binding competition with NAD*
(Limuti, 1983) and NADH (Dieter et al., 1981). Further, these binding studies provided
direct evidence that GTP and glutamate enhance binding of NADH to a second site and
ADP blocks binding of both NAD* and NADH to a second site. A number of chemical
reagents affect NADH inhibition by binding to disparate sites of the enzyme; the antenna
(TNBS (Goldin and Frieden, 1971), FSBA {Pal, 1975 #548; Schmidt, 1984 #2658}), the
core of the hexamer (FSBAzA (Dombrowski et al., 1992), FSBA (Pal et al., 1975; Schmidt
and Colman, 1984)), and the outer portion of the NAD binding domain (6-BDB-TADP
(Batra and Colman, 1986)). These results demonstrate that a number of regions distal to the
NADH binding site are involved in NADH inhibition. Since, in general terms, NADPH is
involved in anabolic reactions in the cell while NADH is important for catabolic processes,
it is possible that this regulation offers a feedback mechanism to curtail glutamate oxidation
when catabolic reductive potentials (NADH) are high.

In nearly every way, ADP acts in a manner opposite to NADH binding to this site. While
GTP and glutamate bind synergistically with NADH to inhibit GDH, ADP activates the
reaction by decreasing the affinity of the enzyme for coenzyme at the active site. It should
be noted that substrate (2-oxoglutarate) inhibition in the reductive amination reaction is only
observed using NADH as coenzyme. This was suggested to be due to the fact that NADH,
not NADPH, binds to the second, inhibitory coenzyme site. Further, it was suggested that
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ADP activation under these conditions was due to ADP displacement of NADH from the
second allosteric site (Frieden, 1965).

The structures of GDH complexed with NADH, NADPH, and NAD have all been
determined (Smith et al., 2001). Because NADH (but not NADPH) has been suggested to be
an inhibitor of the reaction, it is somewhat surprising that it binds to the ADP activation site
(Banerjee et al., 2003). The adenosine-ribose moiety location exactly matched that of ADP.
The electron density of the ribose-nicotinamide moiety was much weaker and was initially
build in two alternative conformations. However, the stronger density for this portion of
NADH suggests that it points down into the interface between adjacent subunits. As
predicted from the binding studies reviewed above, NADPH was found bound to the active
site but not the second, allosteric site. From the preferred orientation, this is likely due to the
fact that there is not enough room to accommodate the additional phosphate on the ribose
ring that is buried at the subunit interface.

NAD™* was found to bind in a manner essentially identical to NADH (Smith et al., 2001).
From steady state kinetic analysis, it was initially thought that NAD* binding to this second
site causes activation of the enzyme (Frieden, 1959a), even though NADH causes apparent
inhibition. However, subsequent studies demonstrated that this apparent activation was due
to negatively cooperative binding with respect to coenzyme (Dalziel and Engel, 1968).
Therefore, it is not clear what difference there might be, if any, between NAD* and NADH
binding to GDH at this location. It is interesting to note that modification of the ADP site
with an ADP analog did not eliminate NADH inhibition (Wrzeszczynski and Colman,
1994). Perhaps this is due to the nicotinamide moiety still binding to the pocket between the
subunits in spite of AMPSBDB being bound to R459. As will be detailed below, recent
studies on new GDH inhibitors have shown that compounds binding to subunit interfaces
can be potent inhibitors of the enzyme. Perhaps the ribose-nicotinamide moiety is acting in a
similar manner.

The physiological role of ADP activation is easily understood; when the energy level of the
mitochondria is low and ADP levels are high, the catabolism of glutamate is facilitated for
energy production. However, the possible in-vivo role of NADH inhibition is less clear. In
mammalian mitochondria, assuming a matrix volume of 1ul/mg of protein, the
concentrations of NAD(H) and NADP(H) are approximately 0.5-2.0mM (Lenartowicz,
1990). However, activity of the transhydrogenase transfers much of the reductive power of
NADH to NADPH. Using metabolite indicators, the mitochondrial NADH/NAD™ ratio was
estimated to be ~0.2 and the NADPH/NADP™ ratio was ~200 (Hoek and Rydstrom, 1988).
In experiments on submitochondrial particles, the energy-linked transhydrogenase was
found to maintain NADP up to 500 times more reduced than NAD (Rydstrom et al., 1970).
These results suggest that the range of NADH concentration is ~0.083-0.33mM. NADH
inhibition is observed at concentrations above 0.2mM (e.g. see (Batra and Colman, 1986)),
but only reaches ~50% inhibition at 1mM NADH. Therefore, if NADH inhibition is
physiologically relevant, it seems more likely that its purpose is to synergistically enhance
GTP inhibition; under conditions of high reductive potential, NADH acts with GTP to keep
GDH in a tonic state.

At an atomic level, there is a very clear delineation between ligands binding to the open and
closed conformations. NADH alone only binds to the active site. When glutamate is added,
the catalytic cleft closes and NADH is able to bind to the second, allosteric site. Further, the
GTP binding site collapses when the catalytic cleft opens and therefore GTP also favors the
closed conformation. Therefore, the synergism between NADH and GTP is likely due to
both ligands binding to, and stabilizing the closed conformation. Again, this supports the
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contention that NADH inhibition alone may not have a significant physiological role, but
rather its main function is the enhancement of GTP inhibition.

Role of GDH regulation in vivo

While GDH has been studied for more than 50 years, it was not at all clear why a ‘house
keeping’ enzyme needed such complex allosteric regulation in animals. More recent studies
have shown that GDH sits at a crucial intersection for several metabolic pathways and
therefore requires fine-tuned regulation. In particular, it is clear that GDH is intimately
involved in insulin homeostasis. The connection between GDH and insulin regulation was
initially found with a nonmetabolizable analog of leucine (Sener and Malaisse, 1980; Sener
etal., 1981), BCH (B-2-aminobicycle (2.2.1)-heptane-2-carboxylic acid). These studies
demonstrated that activation of GDH was tightly correlated with increased glutaminolysis
and release of insulin. In addition, it has also been noted that factors that regulate GDH also
affect insulin secretion (Fahien et al., 1988). Subsequently, it was postulated that glutamine
could also play a secondary messenger role and that GDH plays a role in its regulation (Li et
al., 2004; Li et al., 2003; Stanley, 2000). The in-vivo importance of GDH in glucose
homeostasis was demonstrated by the finding that a genetic hypoglycemic disorder, the
hyperinsulinemia/hyperammonemia (HHS) syndrome, is caused by loss of GTP regulation
(MacMullen et al., 2001; Stanley et al., 2000; Stanley et al., 1998). Children with HHS have
increased B-cell responsiveness to leucine and susceptibility to hypoglycemia following high
protein meals (Hsu et al., 2001). This is likely due to uncontrolled catabolism of amino acids
yielding high ATP levels that stimulate insulin secretion as well as high serum ammonium
levels.

The loss of GTP inhibition, observed in HHS, results in profound effects on several major
organs (Figure 3). As noted above, dysregulated GDH causes pancreatic tissue to secrete
more insulin than is needed, thereby decreasing blood glucose levels to dangerous levels. In
the liver and/or the kidneys, the hyperactive GDH diminishes the pool of glutamate, thereby
producing excessive ammonium. This hyperammonemia is further exacerbated since the
lower glutamate concentrations also decreases the production of N-acetyl-glutamate that is a
necessary activator for carbamoylphosphate synthetase (CPS) that is in the ureagenesis
pathway. Together, these effects elevate serum ammonium concentrations to extremely high
levels. While the glucose and ammonium levels in patients with HHS are alone sufficient to
potentially cause damage to the CNS, recent studies have suggested a high correlation
between HHS and childhood-onset epilepsy, learning disabilities, and seizures (Bahi-
Buisson et al., 2008). Some of these pathologies have been shown to be unrelated to serum
glucose and ammonium levels. This is not entirely surprising considering the importance of
glutamate and its derivative, y-aminobutyric acid, as neurotransmitters. The current
treatment for HHS is to pharmaceutically control insulin secretion (e.g. diazoxide, a
potassium channel activator) but this does not address the liver and CNS problems.
Therefore, there is a significant need to develop a new inhibitor of GDH that acts
independently of the GTP affinity site.

Other forms of GDH regulation

There is evidence that GDH activity in vivo might be modulated by covalent modifications
in the mitochondria. In recent studies, it has been suggested that sirtuin 4 (SIRT4) may
inhibit GDH activity by ADP-ribosylation (Haigis et al., 2006). SIRT4 has been suggested
to be a mitochondrial protein (Michishita et al., 2005) and does not display NAD-dependent
deacetylase activity but instead uses NAD to ADP-ribosylate GDH. Typically, this NAD-
dependent acetylase can occur at arginine, cysteine, and histidine residues. In SIRT4
deficient insulinoma cells, GDH is activated, and, akin to HHS, causes hypersensitivity to
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amino acid stimulated insulin secretion. A similar effect is seen in wild-type mice that are on
a calorie-restricted diet, where repression of GDH by ADP-ribosylation is removed and the
B cells are hypersensitive to glutamine and leucine stimulation. This is entirely consistent
with the pattern of GDH allosteric regulation where it appears that GDH is kept very tightly
controlled in vivo and repression is only relieved when energy sources other than amino
acids are depleted. In this case, the NAD*:NADH ratio may play a role in this regulation.

In recent work, it has also been suggested that GDH activity may also be modulated by
protein-protein associations within the mitochondria (Li et al., 2010). Several cases of
hyperinsulinism have been described that were associated with a deficiency of a
mitochondrial fatty acid B-oxidation enzyme, short-chain 3-hydroxyacyl-CoA
dehydrogenase (SCHAD). SCHAD catalyzes the third step in the B-oxidation cycle for
medium and short chain 3-hydroxy fatty acyl-CoAs. Other genetic disorders of
mitochondrial fatty acid oxidation do not cause hyperinsulinism (Stanley et al., 2006).
Interestingly, insulin dysregulation in SCHAD deficiency has shown to be associated with
sensitivity to protein-induced hypoglycemia much like HHS (Kapoor et al., 2009). The
mechanism of this form of insulin dysregulation was examined in mice with knockout of the
hadh gene (hadh—/-). Similar to the SCHAD deficient children, the hadh—/— mice had
reduced levels of plasma glucose and elevated plasma insulin levels and were hypersensitive
to orally administered amino acid with decrease of glucose level and elevation of insulin.
Specificially, leucine, glutamine and alanine are responsible for amino acid hypersensitivity
in islets. hadh—/— islets have lower intracellular glutamate and aspartate levels that can be
prevented by high glucose. hadh—/— islets also have increased [U-14C]glutamine oxidation.
In contrast, hadh—/— mice have similar glucose tolerance and insulin sensitivity compared to
controls. Perifused hadh—/— islets showed no differences from controls in response to
glucose-stimulated insulin secretion, even with addition of either a medium-chain fatty acid
(octanoate) or a long-chain fatty acid (palmitate). Pull-down experiments with SCHAD,
anti-SCHAD, or anti-GDH antibodies showed protein-protein interactions between SCHAD
and GDH. GDH enzyme kinetics of hadh—/— islets showed an increase in GDH affinity for
its substrate, alpha-ketoglutarate. Together, these studies indicate that SCHAD deficiency
causes hyperinsulinism by release of SCHAD inhibition of GDH likely due to the loss of
protein-protein interactions.

Role and evolution of the antenna domain

There are two general locations for the GDH HHS mutants that abrogate GTP inhibition
(Figure 4); immediately adjacent to the GTP binding site and in the antenna region. The
effects on GTP inhibition due to the first group of mutations likely have direct effects on
GTP binding. Most of the mutations either eliminate the basic charge character in the GTP
binding site or place bulky side chains that sterically interfere with GTP binding. The second
group of mutations (underlined labels in Figure 4) is harder to understand in that none of the
mutated residues interact with bound GTP. Most of mutations lie in the short helix in the
descending strand of the antenna. From our structural studies, this helix unwinds like a
stretched spring when the catalytic cleft is closed and ‘rewinds’ upon cleft opening (Smith et
al., 2002). It is possible that these mutations affect those conformational transitions. Since
this section is immediately attached to the pivot helix, it is also possible that these mutations
block the opening of the cleft between the pivot helix and the coenzyme-binding domain
that is necessary for GTP binding. However, the remaining two mutations in this group
(N410 and L413) lie on the major, ascending helix in the antenna and point towards the
center of the antenna. This suggests that the effect of these antenna mutations may be more
complex that just indirectly affecting the GTP binding site within a particular subunit. The
ascending helixes of the antennae within the trimers of the hexamer wrap around each other
and rotate back and forth as the active sites open and close. These mutations may be
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affecting that particular ‘washing machine like’ motion. It is therefore possible that antennae
interactions between the subunits within the trimers are necessary to effectively
communicate GTP inhibition. Indeed, it may be these types of inter-subunit communications
that give rise to negative cooperativity reviewed above.

It is clear that the antenna is a feature essential for allosteric regulation. However, the next
question is when and why did it evolve. Genomics studies demonstrated that, in fact, the
antenna first appeared in the Ciliates within the Protista. From sequence alignments, it is
apparent that these organisms have an antenna that is slightly smaller than that found in the
Animalia kingdom. Notably, other members of the Protista, such as trypanosomes, have
GDH nearly identical to bacterial forms (Allen et al., 2004). Therefore, the Ciliates are an
unexpected ‘missing link’ between animals and the other kingdoms with regard to the
evolution of GDH allostery.

To better understand the connection between the antenna and GDH regulation, the allosteric
behavior of several forms of GDH was examined (Allen et al., 2004). In this regard,
Tetrahymena GDH is indeed between the Protista and Animalia kingdoms (Table 1); it is
activated by ADP, inhibited by palmitoyl CoA, but unaffected by GTP and leucine.
Interestingly, the lack of leucine activation of Tetrahymena GDH suggests, but does not
prove, that there could indeed be a binding site for leucine other than just the active site
since the catalytic site is highly conserved amongst the GDH’s from all sources. To directly
ascertain which allosteric regulators require the antenna, the antenna was removed from
human GDH and replaced with the short loop found in bacterial GDH. This should not
directly affect GTP and ADP binding because none of the contact residues for these
regulators reside on the antenna. However, the ‘antenna-less’ form of human GDH lost all
forms of regulation except leucine activation. When the antenna from Tetrahymena GDH
was spliced onto the main body of human GDH, this hybrid GDH exhibited all of the
allosteric regulation found in human GDH. This demonstrates that, if the allosteric regulator
sites exist on the main body of the enzyme, the Tetrahymena antenna is capable of
communicating the associated regulation among the subunits. This is fairly strong evidence
that the antenna evolved for inter-subunit communication that is necessary for effective
allosteric regulation.

While this better explains the function of the antenna, it does not explain why the Ciliates
were the only early eukaryotes to require such regulation. One explanation may be that GDH
allostery evolved in response to the changing functions of the cellular organelles (Allen et
al., 2004). In the other eukaryotes, all fatty acid oxidation occurs in the peroxisomes
(Erdmann et al., 1997; Gerhardt, 1992). In the Ciliates, fatty acid oxidation is shared
between the peroxisomes and the mitochondria (Blum, 1973; Muller et al., 1968) and
eventually in animals all of the medium and long chain fatty oxidation occurs in the
mitochondria (Hashimoto, 1999; Reddy and Mannaerts, 1994). From the pattern of
regulation in Ciliates, it seems that if the mitochondria have sufficient levels of fatty acids,
then the catabolism of amino acids is blocked. Only when the mitochondria are in a low
energy state (high ADP), will amino acids be catabolized.

The causal link between the loss of GTP inhibition and the hypersecretion of insulin
suggests that animals further evolved the allostery created in the Ciliates to link GDH-
mediated amino acid oxidation with insulin homeostasis. Thus, GDH is activated when
amino acids (protein) are ingested to promote insulin secretion and appropriate anabolic
effects on peripheral tissues; in the glucose-fed state, GDH is inhibited in pancreas perhaps
to redirect amino acids into glutamine synthesis in order to amplify insulin release.
Similarly, adjustment of hepatic GDH allows amino acid degradation to be suppressed when
other fuels, such as fatty acid are available, but to be increased when protein (amino acids)
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are ingested and surplus amino acids can be oxidized. To this end, mammals developed
leucine activation and GTP inhibition while using the antenna architecture created by the
Ciliates. The choice of leucine as a regulator is likely not an accident, because leucine is the
most abundant amino acid in protein (10%) and provides a good measure of protein
abundance. Similarly, the marked sensitivity of GDH for GTP over ATP is also with good
purpose. Most of the ATP in the mitochondria is produced from oxidative phosphorylation
that is driven by the potential across the mitochondrial membrane created by NADH
oxidation. Therefore, the number of ATP molecules generated from one turn of the TCA
cycle can vary between 1 and 29. In contrast, one GTP is generated per turn of the TCA
cycle and therefore, with the slow mitocondria/cytoplasm exchange rate, the GTP/GDP ratio
is much better metric of TCA cycle activity than the ATP/ADP ratio. Indeed, recent results
have demonstrated that mitochondrial GTP, but not ATP, regulates glucose-stimulated
insulin secretion (Kibbey et al., 2007). This is also consistent with the HHS disorder in that
without GTP inhibition of GDH, glutamate will be catabolized in an uncontrolled manner,
the TCA cycle will generate more GTP, and more insulin will be released. Therefore, the
addition of GTP and leucine regulation to GDH makes it acutely sensitive to amino acid and
glucose catabolism with obvious implications for insulin homeostasis.

Development of novel GDH inhibitors

As discussed above, the HHS is a multi-organ disorder that needs to be treated with
compounds that directly target the dysregulated form of GDH rather than just the insulin
hypersecretion effects in the pancreas. To this end, we have been working to create agents
that can directly and systemically control the dysregulated HHS form of GDH to alleviate all
HHS-related pathologies. Along the way, studies on these compounds are elucidating the
molecular details of GDH allostery and the role that GDH regulation plays in vivo.

We used two approaches to find new inhibitors for GDH. From some very old publications
(Konayagi and Minowada, 1933), it was suggested that the polyphenols from green tea
might be efficacious in treating diabetes and therefore the effects of this class of compounds
were tested on GDH (Li et al., 281). Subsequently, a more systematic screen was performed
using ~30,000 compounds (Li et al., 2007). For these latter studies very high glutamate and
coenzyme concentrations were used to search for allosteric inhibitors that were not substrate
or coenzyme analogs. In this way, it was hoped that whatever compounds were identified,
they would not interfere with other metabolic processes that use these common substrates
and cofactors. A number of compounds were found to have sub-micromolar EDgg’s.
Importantly, the active green tea compounds we found previously (EGCG and ECG) also
appeared in the screen while the inactive compounds (e.g. EC) were similarly inactive in this
screen.

Shown in Figure 5 is a summary of our most active compounds thus far. It should be noted
that, as with all screening results, there was concern as to the specificity of these
compounds. For example, hits from screens could aggregate the enzyme or cause
irreversible denaturation in a non-specific manner. In the case of aggregation, none of these
compounds caused changes in the aggregation state as per dynamic light scattering
measurements. Further, GDH crystallized in the presence of high concentrations of all of the
active compounds shown in Figure 5 and we have determined the structures of GDH
complexed with hexachlorophene, bithionol, GW5074, and EGC. In the case of possible
denaturation, the inhibitory effects of these compounds are completely reversed by either
dialysis or dilution during activity measurements. Therefore, none of our active compounds
are false positives or non-specific inhibitors, as is commonly found in high throughput
screening.
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Structures of GDH complexed with hexachlorophene, biothionol, and

GW5074

Six molecules of hexachlorophene (HCP) form a ring in the inner cavity of the hexamer.
These six drug molecules alternate between two different conformations around the ring
(figure 5). One conformer is relatively flat and tucks into a pocket at the interface between
diagonal subunits. Essentially, the symmetrical HCP binds at the interface between two-fold
related subunits with one ring interacting with one subunit and the other ring interacting
with the other. The majority of the interactions between HCP and GDH are hydrophobic, but
there is also an almost ‘chain link’ of aromatic stacking interactions. The two rings of HCP
in this first orientation approximately stack against two Y190 sidechains from diagonally
adjacent subunits rather than the two subunits stacked on top of each other. The interactions
between the other HCP conformer and GDH are also symmetrical with each HCP ring
making the same hydrophobic interactions with the two diagonal subunits. The hydrophobic
pocket for this orientation is mainly comprised of M150, 1187, Y190 and the methylene side
chain atoms from T186 and K154. There are also approximate stacking interactions among
the bound HCP molecules. As shown in figure 5, the top ring of one conformer interacts
with the bottom ring of the other.

Bithionol and GW5074 do not bind to the same site as HCP. The electron densities of the
drugs agreed well with the structures of the compounds; bithionol has a marked kink
between the two rings while GW5074 has a planar structure. While HCP binds to the inner
core, these two drugs bind halfway between the core and the exterior of the hexamer. Unlike
HCP, each of the six drug molecules are associated with separate subunits rather than one
molecule contacting two symmetrical sites simultaneously. Instead, two drug molecules
form pairs that are related by the hexameric two-fold axes. The binding environments of the
two drugs are nearly identical. Residues 138-155 of the glutamate-binding domain form an
a-helix that makes most of the contact between diagonal subunits and draw closer together
when the catalytic cleft is closed. These two drugs stack against each other and interact with
hydrophaobic residues and the aliphatic portions of the polar and charged side chains of
residues K143, R146, R147, and M150. These drugs, therefore, appear to directly bind to the
area that compresses during mouth closure.

There are some differences, however, in the interactions between GW5074 and bithionol
and GDH. The acidic brominated phenol group in GW5074 points towards R147 while the
planar heteroaromatic fused ring stacks against the planar guanidinium head group of R146.
The latter aromatic ring — guanidinium head group interaction is commonly observed in
proteins (Flocco and Mowbray, 1994). In the case of the halogenated, biphenolic compound,
bithionol, one of the two aromatic rings is approximately planar to the guanidinium head
group of R146, but does not stack nearly to the degree as GW5074. The two hydroxyl
groups of the acidic phenol rings point toward the head group of R147 in a manner similar,
but not identical to that of GW5074. Nevertheless, it is interesting that both of these
phenolic compounds bind within this cluster of lysine and arginine residues.

As discussed above, the core of GDH expands and contracts as the catalytic mouth opens
and closes, respectively. The stacked dimers effectively act like a single rigid body because
of the extensive B-sheet interactions at the dimer interface. During mouth opening and
closing, the distance between these dimers change by up to 4% while the distance between
the subunits within the dimer change by ~0.1%. The binding locations for these drugs are
right in the middle of these conformational changes in that GW5074 and bithionol bind
between two pairs of helices that form the dimer-dimer interface and HCP forms dimer-
dimer interactions in the core of the enzyme. Therefore, it seems highly likely that these
compounds are inhibiting the enzyme by ‘wedging’ into these junction points and keeping
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the stacked dimers from being able to freely move. This would explain how these
compounds are able to inhibit catalytic turnover while being bound distal to the active and
regulatory sites.

Effects of polyphenols on GDH activity in-vitro and in-situ

Green tea is a significant source of a type of flavonoids called catechins; epigallocatechin
gallate (EGCG), epigallocatechin (EGC), epicatechin gallate (ECG), and epicatechin (EC).
One 200 ml cup of green tea supplies 140, 65, 28, and 17 mg of these polyphenols,
respectively (Yang and Wang, 1993). Of the four major catechins found in green tea, only
two showed inhibitory activity against GDH; ECG and EGCG. Essentially, activity of this
family of compounds is dependent upon the presence of the third ring structure, the gallate,
on the flavonoid moiety. EGCG and ECG allosterically inhibit purified animal GDH in-vitro
with a nanomolar EDsq. Since EC or EGC were not active against GDH, but have the same
anti-oxidant activity as ECG and EGCG, the anti-oxidant property of these catechins cannot
be relevant to GDH inhibition. As mentioned above, neither ECG nor EGCG aggregate or
denature the enzyme. EGCG inhibition is non-competitive and allosteric since leucine,
BCH, and ADP can all abrogate this inhibition. As reviewed above, the antenna is necessary
for GTP inhibition and ADP activation (Allen et al., 2004). Similarly, EGCG does not
inhibit the ‘antenna-less’ form of GDH, thus is further evidence that EGCG is a specific and
allosteric inhibitor. Most importantly, EGCG inhibits HHS GDH mutants as effectively as
wild type (Li et al., 281), making it a possible therapeutic lead compound.

The next step was to ascertain whether EGCG was active in tissue. Studies have
demonstrated that GDH plays a major role in leucine stimulated insulin secretion (LSIS) by
controlling glutaminolysis (Li et al., 2004; Li et al., 2003). Therefore, EGCG was tested on
pancreatic p-cells using the perifusion assay (Li et al., 281). Importantly, EGCG, but not
EGC, blocked the GDH-mediated stimulation of insulin secretion by the p-cells but did not
affect insulin secretion, glucose oxidation, or cellular respiration during glucose stimulation
where GDH is known to not play a major role in the regulation of insulin secretion.
Therefore, EGCG is indeed a specific inhibitor of GDH both in-vitro and in-situ and
ongoing studies are evaluating whether it will be similarly active in vivo.

Other uses for GDH inhibitors

More recent studies have demonstrated that pharmaceutically inhibiting GDH activity is not
only needed in controlling HHS but may be useful in treating other diseases as well. Studies
on glioblastoma cells have demonstrated that EGCG inhibition of GDH may have a role in
antitumor therapy. Increased glucose and glutamine utilization are hallmarks of tumor
metabolism (DeBerardinis et al., 2008; Kim and Dang, 2006). The phosphatidylinositol 3'-
kinase/Akt pathway is enhanced in many human tumors and up-regulates glucose uptake
and utilization (Bauer et al., 2005; Elstrom et al., 2004). c-Myc, on the other hand, up-
regulates glutamine utilization by increasing cell surface transporters and enzymes (Gao et
al., 2009; Wise et al., 2008). At least in-vitro, the enhanced utilization of one of these carbon
sources also makes the cells sensitive to its withdrawal (Buzzai et al., 2005; Wise et al.,
2008). Extending upon all of these results and from our demonstration that EGCG inhibits
GDH activity in tissue, the DeBerardinis laboratory tested the effects of this catechin on
glioblastoma cells. They demonstrated that EGCG sensitizes glioblastoma cells to glucose
withdrawal and to inhibitors of Akt signaling and glycolysis (Yang et al., 2009). Indeed, the
addition of EGCG mirrored the effects of knocking out GDH in the tissue. Therefore, these
results suggest that anti-cancer therapy that combines GDH inhibitors with those that inhibit
glucose utilization could be very effective in treating tumors.
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Work from the Blenis group (Choo et al., 2010) also demonstrated EGCG inhibition of
GDH activity may be useful in treating the tuberous sclerosis complex (TSC) disorder. The
TSC disorder is characterized by benign tumors due to the loss of either TSC1 or TSC2 and
the subsequent hyperactivation of the mammalian target of rapamycin (mTOR). The
deregulation of mTOR is associated with a number of disorders including neurological
dysfunction, cancer, and inflammation (Shaw, 2006). Inhibitors of mTOR can decrease the
size of TSC associated tumors, but only in a cytostatic manner. Similar to the findings of the
DeBerardinis group and the glioblastoma cells, the TSC1/2 —/— cells are hypersensitive to
glucose deprivation and highly dependent on GDH mediated catabolism of glutamine.
Nearly all of the TSC1/2 —/— cells that were deprived of glucose and given rapamycin died
upon administration of EGCG. As expected, this cytoxic effect of EGCG was reversed if
GDH mediated oxidation of glutamate was circumvented by the addition of 2-oxoglutarate,
pyruvate, or aminooxyacetate. As noted by the authors, attempts to make glutamine analogs
to inhibit glutamate oxidation have only yielded toxic compounds, presumably because of its
effects on numerous pathways. Therefore, our new allosteric GDH inhibitors are more likely
to produce families of safer compounds.

Research Highlights
«  Animal glutamate dehydrogenase is a homohexamer.
¢ Only animal GDH has a large antenna protruding from both ends.
e Loss of allosteric regulation leads to insulin dysregulation
e Compounds from green tea (EGCG and ECG) block GDH activity

¢ Regulation is likely mediated by changes in protein dynamics.
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Figure 1.

Atomic structure of animal glutamate dehydrogenase. This is a ribbon diagram of bovine
glutamate dehydrogenase complexed with glutamate (yellow), NADH, and the inhibitor
GTP (brown). There are two molecules of NADH bound; one at the active site (grey) and
one at the allosteric inhibitory site (cyan). ADP also binds at this second NADH site and
activates the enzyme. The ribbons are colored according to three pairs of dimers with shades
of blue, red, and green.
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Figure 2.

Atomic details of the ADP and GTP allosteric regulatory sites on animal GDH. In these
figures, the residue numbering of human GDH is used. The side chains that form hydrogen
bonds with the ligands are represented by sticks and colored according to atom type.
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Figure 3.

Overview of the multi-organ effects of HHS. The top figure shows that the loss of GTP
inhibition increases the flux of glutamate through GDH. The resulting stimulation of Krebs
cycle activity results in higher a ATP:ADP ratio and causes degranulation of the p-cells. The
middle figure shows that in the liver and/or the kidneys, the increased activity of GDH
diminishes the glutamate pool that results in lower N-acetylglutamate levels followed by a
loss of carbamoyl phosphate synthetase activation. This leads to higher serum ammonium
levels not only due to the deamination of glutamate but also the decrease in urea synthesis.
The bottom panel shows the large number of glutamate dependent ion channels involved in
neuronal synapsis and the role that glial cells play in glutamate recycling. Unregulated GDH
will very likely affect glutamate homeostasis.
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Figure 4.

Locations of the HHS mutations. Shown here is a ribbon diagram of one GDH subunit. The
side chains of the known HHS mutations are represented as stick figures colored according
to the atom type. The numbering used here correlates to the human GDH amino acid
sequence. The structure of bound GTP is shown as a brown stick figure. The residues with
underlined labels are those that are not in contact with the bound GTP and are clustered
around the antenna region.
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Figure 5.

Structures of some of the new and novel inhibitors for GDH. The compounds fall into three
general classes; the tea polyphenols, large soluble compounds, and small hydrophobic
molecules. The three polyphenols highlighted in yellow do not inhibit GDH activity even at
high concentrations even though they have essentially the same chemical properties.
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Figure 6.

Locations of the binding sites for the small hydrophobic compounds. On the left, the orange
and mauve molecules at the GDH two-fold axes represent the pair of drugs bound at the
expansion point between the dimers of GDH subunits. The figure on the right is a top-down
view of the core of the enzyme showing the relative locations of bithionol and
hexachlorophene. Hexachlorophene also binds as three pairs of molecules that are
represented by cyan and black molecules.
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Figure 7.

Effects of polyphenols on GDH. A) Using steady-state kinetic assays on purified enzyme,
this figure shows that only EGCG and ECG inhibit the enzyme with nanomolar ED5g’s
while the chemically similar compounds, EC and EGC, had no effect on GDH activity. B)
This figure shows that EGCG inhibits five different GDH mutants that lead to the HHS
syndrome. Also shown here is the fact that Tetrahymena GDH, that has an antenna and
activated by ADP, is also affected by EGCG. However, if the antenna is removed from
human GDH and replaced by the short loop found in bacterial sources, EGCG has no effect
on the enzyme. C) Using B-cell islet perifusion assays, EGCG clearly blocks GDH-
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mediated, BCH stimulation of insulin secretion in a dose-dependent manner. Importantly,
EGC, that was shown to be in active in figure (B), has no effect on insulin secretion.
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Allosteric properties of four different forms of GDH; human GDH (hGDH), human GDH with the antenna

replaced by a loop found in bacterial GDH (Antenna-less hGDH), Tetrahymena GDH (tGDH), and

Tetrahymena GDH with the antenna replaced with that found in human GDH (tGDH with hGDH antenna).

hGDH

Antenna-less hGDH

tGDH

tGDH with hGDH antenna

GTP inhibition

+

+

PalmCoA inhibition

+

+

+

ADP activation

+

+

+

Leucine activation
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