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ABSTRACT: Glutamate dehydrogenase (GDH) is found in all organisms and catalyzes the oxidative
deamination of glutamate to 2-oxoglutarate. While this enzyme does not exhibit allosteric regulation in
plants, bacteria, or fungi, its activity is tightly controlled by a number of compounds in mammals. We
have previously shown that this regulation plays an important role in insulin homeostasis in humans and
evolved concomitantly with a 48-residue “antenna” structure. As shown here, the antenna and some of
the allosteric regulation first appears in the Ciliates. This primitive regulation is mediated by fatty acids
and likely reflects the gradual movement of fatty acid oxidation from the peroxisomes to the mitochondria
as the Ciliates evolved away from plants, fungi, and other protists. Mutagenesis studies where the antenna
is deleted support this contention by demonstrating that the antenna is essential for fatty acid regulation.
When the antenna from the Ciliates is spliced onto human GDH, it was found to fully communicate all
aspects of mammalian regulation. Therefore, we propose that glutamate dehydrogenase regulation of insulin
secretion is a example of exaptation at the molecular level where the antenna and associated fatty acid
regulation was created to accommodate the changes in organelle function in the Ciliates and then later
used to link amino acid catabolism and/or regulation of intracellular glutamate/glutamine levels in the
pancreaticâ cells with insulin homeostasis in mammals.

Glutamate dehydrogenase (GDH)1 is found in all organ-
isms and catalyzes the reversible oxidative deamination of
L-glutamate to 2-oxoglutarate using NAD(H) and/or NADP-
(H) as a coenzyme (1). However, only mammalian GDH
has been shown to exhibit complex allosteric regulation. The
structures of several bacterial (2-5) and mammalian (6-9)
forms of the enzyme have been determined to date. Despite
modest homology, they share a number of important
structural features. All of these enzymes are homohexameric,
exhibiting 32 symmetry, and the first∼200 residues form
the core, “glutamate-binding” domain. On top of this domain
is a “NAD-binding” domain that rotates∼20° during
catalysis (7). Unique to the animal structures, there is a 48-
residue “antenna” that protrudes above this NAD-binding
domain (Figure 1). The three antennae within the trimers

intertwine and move with respect to each other as the NAD-
binding domain opens and closes (7).

In mammalian GDH, the rate-limiting step changes
depending upon the enzymatic conditions. At neutral pH and
low coenzyme and substrate concentrations, the rate-limiting
step is hydride-transfer and/or the conformational changes
associated with this process (e.g., the movement of the NAD-
binding domain). In the oxidative deamination reaction at
high pH and high substrate concentrations, glutamate binds
to the enzyme before the NAD(P)H molecule dissociates
from the catalytic cleft, thereby forming a tightly bound
NAD(P)H‚GLU abortive complex. Under these conditions,
hydride transfer is no longer rate-limiting but rather the
release and reconciliation of the abortive complex. In the
reductive amination reaction, the analogous NAD(P)+‚RKG
abortive complex is formed at high substrate concentrations
and low pH (10).

The two major opposing allosteric regulators, ADP and
GTP, appear to exert their effects via these abortive
complexes. ADP is an activator believed to act, at least in
part, by destabilizing the abortive complex (11, 12). In
contrast, GTP is a potent inhibitor and is thought to act by
stabilizing abortive complexes (13). GTP binding is antago-
nized by phosphate (14) and ADP (15) but is proposed to
be synergistic with NADH bound in a noncatalytic site (14).
Finally, ADP and GTP bind in an antagonistic manner (15)
either because of steric competition or because of competing
effects on abortive complex formation. In our previous
structural studies, we proposed that these regulators cause
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these effects by modulating the dynamics of the movement
of the NAD-binding domain (7, 8).

A major complication to analysis of GDH has been that
bovine GDH has a second coenzyme site on each subunit.
This site binds NAD(H)∼10-fold better than NADP(H) (16,
17), with the reduced form binding better than the oxidized
form (18). Reduced coenzyme binding inhibits the reaction
(16, 17), while oxidized coenzyme binding has been sug-
gested to cause activation (19). These results are hard to
reconcile because our structural work has shown that both
NAD and NADH bind to the same site (9). Another point
of contention is that NADH binds to the second coenzyme
site with an affinity of∼60 µM (17), yet NADH inhibition
of the steady-state reaction is only observed at very high
concentrations (∼1 mM) of NADH (17, 20, 21). Therefore,
it is not clear whether NADH inhibition is due to NADH
binding to the second coenzyme site and whether such
inhibition is physiologically relevant.

Leucine, as well as some other monocarboxylic acids, have
been shown to activate mammalian GDH (22) by increasing
the rate-limiting step of coenzyme release in a manner similar
to ADP (23). However, because ADP and leucine activation
were shown to be synergistic, these activators apparently do
not bind to the same site (23). Because leucine is a weak
substrate for GDH, clearly one binding site is the active site.
The major question is whether there is a second, allosteric,
leucine-binding site. Palmitoyl-CoA (24) and diethylstil-
bestrol (25) are inhibitors of mammalian GDH, but nothing
is known about their binding location.

Our recent studies on the hyperinsulinism and hyperam-
monemia (HI/HA) syndrome in humans have suggested one
possible role for complex mammalian allosteric regulation.
HI/HA is caused by mutations in GDH that cause the loss
of GTP inhibition (26, 27). It was further suggested that, in
the â cells of the pancreas, the increased glutamate to
2-oxoglutarate conversion will increase the respiration rate
via the Krebs cycle, thereby increasing the ATP/ADP ratio.
This, in turn, leads to inhibition of K+-channel activity and
results in excessive release of insulin. Studies using isolated
islets from normal animals show that leucine, unlike all other
amino acids, only provokes insulin secretion when added to
islets that have been deprived of glucose for more than 120
min. This suggests that leucine stimulation requires a “run-
down” of â-cell energy levels. That is, incubation in the
absence of glucose presumably lowers the phosphate poten-
tial and, according to our current model for GDH regulation,
releases both GTP- and ATP-mediated inhibition. This
concept is further supported by reports that leucine also
stimulates glutamate oxidation by isolated islets (28). These
observations implicate GDH as the key sensor for protein-
mediated insulin secretion, analogous to the role of glucoki-
nase as the sensor for glucose-regulated insulin secretion (29).

The purpose of the work described here is to use an
evolutionary approach to better understand the structure/
function relationships of mammalian glutamate dehydroge-
nase by studying how its allosteric features have developed
over the epochs. As is shown here, GDH from the Ciliates
is an evolutionary intermediate between animals and the other

FIGURE 1: Structure of mammalian GDH. (A) Shown here is a ribbon diagram of the entire hexamer with the subunits represented by
different colors. (B) One of the six subunits of bGDH with the 3-fold axis approximately vertical on the page toward the left-hand side of
the figure. The 2-fold axes are perpendicular to the 3-fold and at the bottom of the figure. The glutamate-binding domain, NAD-binding
domain, antenna, and pivot helix are colored blue, orange, mauve, and green, respectively. The space-filling structures of bound GTP,
ADP, NADH, and glutamate are colored red, green, silver, and yellow, respectively.
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kingdoms. From the recently released results of theTetrahy-
mena Genome Project (www.lifesci.ucsb.edu/∼genome/
Tetrahymena), we observe thatTetrahymena thermophila
GDH (tGDH) is predicted to have an antenna-like protrusion
similar to that found in animal GDH. Like mammalian GDH,
tGDH exhibits ADP activation and inhibition by palmatoyl
CoA. However, like bacterial GDH, tGDH is coenzyme-
specific [NAD(H)] and is not regulated by GTP or leucine.
Mutagenesis studies on human GDH clearly demonstrate that
the antenna structure is required for GTP, ADP, and
palmitoyl-CoA regulation. When the Ciliate antenna is
spliced onto mammalian GDH, the hybrid form of the
enzyme has a fully functional repertoire of mammalian
allostery. Therefore, Ciliate GDH was capable of being
regulated by GTP, but apparently, there was no selective
pressure to create the GTP-binding site. Because GTP and
leucine have been shown to be crucial for GDH-mediated
regulation of insulin secretion, we propose that allostery in
GDH was created in two major steps that were due to
different evolutionary pressures. The Ciliates first created
the antenna to link fatty oxidation to amino acid catabolism
becauseâ-oxidation of fatty acids moved from the peroxi-
somes to the mitochondria. The second step of evolution was
to add leucine and GTP regulation because animals needed
to use GDH to link insulin homeostasis with amino acid
catabolism and/or to regulate intracellular concentrations of
glutamine/glutamate within theâ cells of the pancreas.

MATERIALS AND METHODS

tGDH Production. T. thermophilawas cultured in SSP
media (2% peptone, 0.1% yeast extract, 0.2% glucose, and
0.003% sequestrene) containing 50µg/mL ampicillin at room
temperature for 2-3 days. The cells were harvested by
centrifugation at 4K rpm in a Beckman JLA-9.100 rotor for
20 min. The cell pellets were resuspended in lysis buffer
containing 0.1 M sodium phosphate at pH 7.0, 0.1 M KCl,
2 mM EDTA, 1 mM phenyl methylsulfonylfloride, and 5
mM EGTA. The cells were lysed by sonication, and the
cellular debris was removed by centrifugation. The super-
natant was pooled, and the DNA was precipitated by the
addition of protamine sulfate to a final concentration of 0.2%.
After the precipitate was removed by centrifugation, the
supernatant was pooled and the enzyme precipitated at 4°C
overnight with a 60% (final concentration) of ammonium
sulfate. The tGDH activity was found to be stable for long
periods of time under these conditions. The protein precipi-
tate was then collected by centrifugation, and the pellet was
resuspended in 0.1 M sodium phosphate buffer at pH 7.0
that contained freshly prepared protease inhibitor cocktail
(Sigma Corporation) and dialyzed against the same.

The enzyme was rapidly purified using three chromatog-
raphy steps. The majority of the initial contaminants were
removed using a Pharmacia HiTrap Blue HP column. The
dialyzed sample was loaded and washed in the same 0.1 M
sodium phosphate buffer at pH 7.0 that contained the protease
cocktail. GDH was eluted from the column using a gradient
of NaCl that went from 0 to 2 M in 30 mL. GDHactivity of
the various fractions were measured via the oxidative
deamination reaction using 1 mM NAD and 40 mM
glutamate in 0.1 M sodium phosphate buffer at pH 7.0. The
fractions containing GDH activity were pooled and dialyzed
overnight against 20 mM sodium phosphate buffer at pH

7.0. Mono-Q anion-exchange chromatography was then
performed using a NaCl gradient that went from 0 to 1 M in
20 min at a flow rate of 1 mL/min. Fractions exhibiting GDH
activity were pooled and examined using SDS-PAGE
analysis. The final step in purification was size-exclusion
chromatography using a 300 mL, S-300 Sephadex size-
exclusion column and 0.1 M sodium phosphate buffer at pH
7.0 and at a flow rate of 1.5 mL/min. The active fractions
were found to be pure according to both SDS-PAGE and
MALDI analysis. Immediately after purification, the tGDH
was stored as a 60% (NH4)2SO4 suspension.

Kinetic Analyses.The bovine GDH (bGDH) used in these
studies was obtained as an aqueous (NH4)2SO4 suspension
from Sigma-Aldrich Chemical Co. Prior to kinetic analysis,
aliquots of both tGDH and bGDH were extensively dialyzed
against 0.1 M sodium phosphate buffer at pH 7.0 that
contained 1 mM EDTA. The enzyme concentrations were
adjusted to 1 mg/mL, and the amount of enzyme added to
the reaction mixture was adjusted to yield optimal steady-
state velocity measurements. Coenzyme and ADP solutions
were made immediately prior to use. Enzyme assays were
performed by monitoring reduced coenzyme absorbance at
340 nm using a Shamadzu UV-1601 spectrophotometer. All
reactions were performed in 3 mL volumes in 0.1 M sodium
phosphate buffer at the pH noted in the figure captions. The
oxidative deamination reactions were performed at pH 8.0
in the presence of 50 mM glutamate and 0.2 mM NAD. The
reductive amination reactions were performed at pH 7.0 in
the presence of 0.1 mM NADH, 50 mM NH4Cl, and 5 mM
2-oxoglutarate. Data were analyzed using GraphPad Prism
(www.graphpad.com).

2′-(or-3′)-O-(Trinitrophenyl) Adenosine 5′-Diphosphate
(TNP-ADP) Binding Analyses.Previous studies have shown
that TNP-ADP binds to and activates mammalian GDH with
an efficacy comparable to authentic ADP (30). Therefore,
TNP-ADP was employed here to measure ADP-binding
affinity to wild-type bGDH and the R463A hGDH mutant.
Purified R463A hGDH and bGDH samples were dialyzed
extensively against 0.1 M sodium phosphate buffer at pH
7.0 that contained 1 mM EDTA, and the protein concentra-
tions were adjusted to 0.33 mg/mL assuming an extinction
coefficient of 0.93 mL cm-1 mg-1. Titration of binding sites
was measured fluorometrically by successive additions of
TNP-ADP to the same cuvette, and the fluorescence intensity
was recorded after each addition. Fluorescence intensity was
measured using a Cary Eclipse fluorometer with the excita-
tion and emission wavelengths set at 408 and 540 nm,
respectively. The slit widths for both settings were 10 nm,
and each fluorescence reading was averaged over 5 s. The
data were analyzed using Graphpad Prism to correct for the
slight nonlinearity at higher TNP-ADP concentrations caused
by inner-filter effects, and then the∆F profiles were fitted
to the binding equilibrium equation (∆F ) [TNP-ADP]Bmax/
(Kd + [TNP-ADP])) using nonlinear regression analysis.

Cloning an “Antenna-less” Form of hGDH.The hGDH
antenna was replaced with the corresponding region from
Clostridium symbiosumGDH (cGDH) using the overhanging,
overlapping PCR technique, and the primers are shown in
Table 1. The nucleotides underlined in this table represent
the loop that cGDH has instead of the antenna. In the PCR
1 reaction, the GDH wild-type mature nucleotide sequence
in the pET21a(+) vector was used as a template. The
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pET21a(+) upstream primer and antisense overhanging
primer were used to amplify GDH from upstream of the N
terminus of GDH to the start of the antenna (residue 398).
During this process, the 5′ section of antisense primer coding
for the cGDH connection peptide (underlined) overhung and
the remaining primer bases annealed to the GDH template.
In the PCR 2 reaction, a sense overhanging primer and pET
T7 terminator primer were applied to the segment of GDH
downstream of the antenna region (residue 449) and con-
tinued until the vector T7 terminator region. In the PCR 3
reaction, equal amounts of the products from the first two
reactions were added together and 7 cycles of a fill-in PCR
reaction was used. This fragment was then amplified using
the sense primer from the PCR 1 reaction and the antisense
primer from the PCR 2 reaction. Using theNdeI site at the
5′ region andNotI site at the 3′ region in this fragment, this
modified form of hGDH was ligated into the pET21a(+)
vector. The resulting “antenna-less” form of GDH was then
expressed and purified as previously described (31).

Cloning the Ciliate/hGDH Hybrid.For this construct, the
antenna-less plasmid was used as a PCR template. In the
first PCR reaction, the sense paramecium GDH (pGDH)
antenna primer (Table 2) was used with antisense T7
terminator primer (Table 1) to combine the C-terminal
portion of the pGDH antenna with the C-terminal portion
of hGDH. The N-terminal portion of hGDH and the pGDH
antenna were combined using the sense vector upstream
primer (Table 1) and the antisense pGDH antenna primer.
These two fragments were combined with a fill-in PCR
reaction and amplified using the sense vector upstream
primer and the antisense T7 terminator primer. As above,
this modified form of hGDH was ligated into the pET21a-
(+) vector, and this hybrid form of GDH was expressed and
purified as previously described (31).

RESULTS

Comparison of Ciliate and Mammalian GDH Sequences.
Using the results from theTetrahymenaGenome Project,
annotated fragments of tGDH were aligned to human GDH.
As shown in Figure 2, tGDH is 41% identical and 58%
similar to hGDH and 61% identical and 75% similar to
paramecium GDH. It should be noted that the N-terminal
portion of pGDH is missing from the database sequence. In
the case of tGDH, the sequence shown has a calculated
molecular weight of 53 767 Da, and the major peak from
MALDI analysis had a molecular weight of 53 660 Da (data
not shown). Therefore, the sequence shown here is likely to
be that of the mature protein after mitochondrial import and

processing. As was previously noted in the case of pGDH
(8), the major feature in tGDH that makes it more like hGDH
than bacterial GDH is the antenna domain.

There are, however, several regions of key differences
between the amino acid sequences of GDH from Ciliates
and animals as denoted by arrows in Figure 2. From the
sequence alignment, it seemed unlikely that Ciliate GDH can
bind GTP. The majority of the interactions between mam-
malian GDH and GTP are between basic residues and the
γ-phosphate of GTP (9). In Figure 2, three of the more
crucial residues are denoted by arrows 1-3. These three basic
residues in hGDH are either acidic or hydrophobic residues
in Ciliate GDH, and therefore, it seemed unlikely that GTP
could bind to and inhibit Ciliate GDH. In particular, it should
be noted that H454 (arrow 3) is one of the sites of point
mutations that leads to the loss of GTP inhibition in HI/HA
patients (32).

From the sequence alignments, it was less clear whether
Ciliate GDH could bind ADP. In contrast to GTP, the
majority of the ADP interactions with mammalian GDH are
via the purine ring (8, 9). Our previous studies had shown
that R463 on the pivot helix rotated down onto the bound
ADP as the catalytic mouth opens (8). This interaction is
important in mammalian GDH because we have shown that
the R463A mutation blocks ADP activation (31). However,
R463 is replaced by a valine in both pGDH and tGDH (arrow
4). From this alone, it would follow that Ciliate GDH would
not be affected by ADP; however, this was not the case as
detailed below. Finally, the outermost tip of the antenna in
Ciliate GDH is seven residues shorter than that found in
mammalian GDH (arrow 5). This could be of significance
because chemical modification of this region in bGDH affects
allostery (33).

Examination of NegatiVe CooperatiVity and Substrate
Inhibition in the OxidatiVe Deamination Reaction.Mam-
malian glutamate dehydrogenase exhibits significant devia-
tions from Michaelis-Menton kinetics. When NAD or
NADP is varied in the oxidative deamination reaction, there
are significant breaks in the Lineweaver-Burke plots that
have been ascribed to negative cooperative binding of the
coenzyme to the enzyme (34-37). As shown in Figure 3
and summarized in Table 3, tGDH exhibits similar behavior
with a break from linearity occurring at∼0.2 µM NAD.
However, the change inKm for NAD is not nearly as
pronounced in tGDH as it is in bGDH; an approximate 2-fold
versus 6-fold change inKm. While these differences might
be ascribed to nonidentical antenna domains, it should be
noted that an 8-fold change in theKm for NAD was

Table 1: PCR Primer Sequences for the Hybrid Construct

PCR 1 sense vector upstream primer 5′-atgccggccacgatgcgtccggcgtaga-3′
antisense overhanging primer 5′-cttcctctgctgtaccgctgacatgatttagattcttcag-3′

PCR 2 sense overhanging primer 5′-gctggacagcagaggaagagaaagacatcgtgcactctggcttg-3′
antisense T7 terminator primer 5′-gctagttattgctcagcgg-3′

PCR 3 sense vector upstream primer of PCR 1 5′-atgccggccacgatgcgtccggcgtaga-3′
antisense T7 terminator primer of PCR 2 5′-gctagttattgctcagcgg-3′

Table 2: PCR Primer Sequences for theCiliate Hybrid Construct

sense pGDH antenna primer 5′-ggc tat tca aat ttc tac tgg ttt gag agt aga tgt tac caa aaa cca aca agc
tgc caa act tct tga agg tcc ttc aGG AGA AAG ACA TCG TGC-3′

antisense pGDH antenna primer 5′- act ctc aaa cca gta gaa att tga ata gcc tct agc aat ttg tatttg gaa gtt
tct tcc cat ctt ctg gtcatt ctt ccA TTT AGA TTC AAC CAC T-3′
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previously reported for cGDH, a form of GDH that does
not have an antenna (38). Another notable deviation from
Michaelis-Menton kinetics with mammalian GDH is sub-
strate inhibition by glutamate at pH 8.0 (10). As shown in
Figure 3 and summarized in Table 4, tGDH is very similar
to mammalian GDH in this regard as well. A slight deviation
from linearity was also observed at high glutamate concen-

trations with cGDH at high pH (38). Therefore, it is possible
that these two anomalies in steady-state kinetics may not be
a manifestation of the antenna domain.

Effects of Allosteric Regulators on tGDH ActiVity. Steady-
state analyses of the effects of allosteric regulators demon-
strate that tGDH is an intermediate between bacterial and
mammalian forms of the enzyme (Figure 4 and Table 5).

FIGURE 2: Sequence alignment of hGDH (Genbank accession number BC040132), tGDH, and pGDH (Genbank accession number
AAG15493). In this figure, the sequences were aligned using BLAST. Immediately below the alignments are lines, cylinders, and arrows
representing random coils, helices, andâ sheets, respectively, based on the structure of apo hGDH. The coloring of these secondary structures
is the same domain-based coloring scheme as used in Figure 1. The residues that are identical among the three forms of GDH are highlighted
in yellow, and those that are similar are highlighted in pale green. The green “A”s, red “G”s, and blue “P”s, immediately above some of
the aligned residues, denote residues involved in ADP, GTP, and the ribose-phosphate of NADPH, respectively. Arrows labeled 1-3 are
the residues that are likely to be responsible for the lack of GTP binding in tGDH. In bGDH, these residues are involved inγ-phosphate
interactions. The arrow labeled “3” is the location of one of the HI/HA mutations (H454Y) that is responsible for the abrogation of GTP
inhibition. The arrow labeled “4” is the location of our previous site-directed mutation (R463A) that abrogated ADP activation. Finally, the
arrow labeled “5” shows that the tip of the protista antenna region is significantly shorter than that of mammalian GDH.
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Like mammalian GDH, tGDH is inhibited by palmitoyl-CoA
(Figure 4D) and activated by ADP (Figure 4A). In the case
of ADP, the apparent binding constant and maximal activa-
tion are nearly identical to that of bGDH. Therefore, despite
the fact that the residue equivalent to the essential R463 is
a valine in the Ciliates, ADP is as effective in activating
tGDH as bGDH. In contrast, palmitoyl-CoA inhibits bGDH
to more than 98%, while it only inhibits tGDH by∼60%.
With palmitoyl-CoA, there is a slight activation of the wild-
type enzyme in this oxidative deamination reaction at very
low concentrations. This was not observed in the case of
tGDH, nor was it as pronounced in the reductive amination
reaction for wild-type GDH (Figure 5D). The reason for
differences in palmitoyl-CoA sensitivity may be due to the
differences in the antenna domain. Because these allosteric
regulators do no affect bacterial GDH, it appears that this

regulation evolved first and concomitantly with the antenna
feature.

Like bacterial GDH, tGDH is insensitive to both GTP and
leucine regulation. Even at millimolar concentrations, GTP
did not inhibit tGDH (Figure 4C). This is not unexpected
because, relative to mammalian GDH, there is a loss in the
γ-phosphate-binding environment in Ciliate GDH (arrow
1-3 of Figure 2). In addition, tGDH is also insensitive to
activation by leucine (Figure 4D). There is a slight increase
in the apparent activity of tGDH at 20 mM leucine, but this
is likely due to the fact that leucine is also a weak substrate
for GDH. This suggests that GTP and leucine regulation are
relatively newly acquired traits in animals. These results are
particularly interesting in that both leucine and GTP regula-
tion have been shown to be important in GDH-linked
regulation of insulin secretion (39-42).

While is clear that tGDH is regulated by ADP and
palmitoyl-CoA, it was not clear whether these regulators
exhibited any interplay. As shown in Figure 4E, wild-type
bGDH is strongly inhibited by palmitoyl-CoA, and this
inhibition is completely abrogated by ADP at about 100µM.
However, in tGDH, ADP does not seem to be able to
overcome palmitoyl-CoA inhibition to the same extent. This
is somewhat consistent with the fact that tGDH is less
sensitive to palmitoyl-CoA and suggests that the interplay
between these modulators is not as fully developed as it is
in mammalian GDH. Furthermore, this suggests that the
Ciliates created this form of allosteric regulation but that it
continued to be refined by animals, perhaps through further
evolution of the antenna structure.

The Binding of TNP-ADP to bGDH and the R463A Mutant
of hGDH. Our previous studies showed that the R463A
mutation did not affect the structure of hGDH, but it did
abrogate ADP activation (8). In our model of ADP activation,
we propose that ADP does not lock the enzyme into an
activated state but rather facilitates the opening of the
catalytic cleft to release the product. This, we propose, is
mediated by interaction between R463 on the pivot helix
and the bound ADP as the catalytic cleft opens. Therefore,
this mutation would not be expected to affect ADP binding
but would be unable to activate without the interaction with
R463. However, the fact that tGDH has a VAL at the

FIGURE 3: Examination of negative cooperativity and substrate inhibition in the oxidative deamination reaction. On the left is a Lineweaver-
Burke plot of the oxidative deamination reaction at varied NAD concentrations. As has been previously observed (34, 37), there is a
marked break in this plot at∼0.2 µM and a hallmark of negatively cooperative binding of NAD. Therefore, the data were divided into two
regions forKm andVmax calculations and are summarized in Table 3. On the right is a plot of the velocity of the steady-state velocity at
various glutamate concentrations. As has been previously observed for mammalian GDH (10), there is apparent substrate inhibition at high
glutamate concentrations. Here, the data were fitted to a two-site binding equation as summarized in Table 4. In both graphs, the tGDH
velocities have been multiplied by 3 for presentation purposes.

Table 3: Summary of Kinetic Analysis of the Oxidative
Deamination Reaction at Varied NAD Concentrations as Shown in
Figure 3a

enzyme [NAD] range Km (µM) Vmax (µM/min)

bGDH high [NAD] 0.357 (0.041) 7.22 (0.31)
low [NAD] 0.061 (0.018) 3.49 (0.27)

tGDH high [NAD] 0.097 (0.013) 1.94 (0.05)
low [NAD] 0.046 (0.005) 1.62 (0.10)

a Linear regression analysis results of two regions of the NAD-varied
Lineweaver-Burke plots. The numbers in parentheses show the
standard error in the various calculated values.

Table 4: Summary of Kinetic Analysis of the Oxidative
Deamination Reaction at Varied Glutamate Concentrations as
Shown in Figure 3a

enzyme Vmax (µM/min) Ka (mM) Ki (mM)

bGDH 2.09 (0.06) 0.92 (0.26) 238 (28)
tGDH 0.69 (0.04) 0.46 (0.75) 291 (55)

a These data were analyzed using nonlinear regression analysis using
the following equation:V ) (Vmax[GLU])/(Ka + [GLU](1 + [GLU]/
Ki)), whereVmax is the maximum velocity of the reaction,Ka is the
apparent disassociation constant for glutamate, andKi is the apparent
disassociation constant for glutamate during the substrate inhibition
phase of the reaction. The numbers in parentheses represent the standard
error in the various values.
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corresponding position for R463 yet is still activated by ADP
calls into some question as to whether R463A might, in fact,
block ADP binding. Therefore, we measured ADP binding
to the R463A mutant of hGDH using the fluorescent ADP
analogue, TNP-ADP. TNP-ADP has been previously shown
to bind to GDH and causes similar activation as authentic
ADP (30). As shown in Figure 5, the fluorescence of TNP-
ADP is enhanced upon binding to the enzyme. It is also clear
that the binding affinity of TNP-ADP to the R463A mutant

is identical to that of wild-type bGDH. Interestingly, the
maximum fluorescence enhancement appears to be almost
twice as large in wild-type enzyme compared to that of the
R463A mutant. This is not entirely surprising because the
R463A mutation is expected to change the environment
around the TNP moiety. Therefore, all of the data presented
to date are consistent with our proposed mechanism for ADP
activation. However, it is not clear how tGDH is activated
by ADP when it has a VAL at the position equivalent to

FIGURE 4: Allosteric regulation of tGDH activity in the oxidative deamination reaction. (A-D) Effects of known mammalian allosteric
regulators on purified bGDH and tGDH. Note that tGDH is not sensitive to either leucine or GTP regulation, but the effects of ADP are
nearly identical to mammalian GDH. In the case of palmitoyl-CoA (E), tGDH is less sensitive than mammalian GDH. It should be noted
that very low concentrations of palmitoyl-CoA appear to slightly activate bGDH under these conditions. This is not observed in the reductive
amination reaction (see Figure 5D). To further probe the ADP/palmitoyl-CoA regulation, the abrogation of palmitoyl-CoA regulation was
examined (E). As shown here, ADP is more effective at removing palmitoyl-CoA inhibition in mammalian GDH than in tGDH. A summary
of the curve-fitting analyses is shown in Table 5.
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R463. It is possible that the alignment shown in Figure 2 is
off in this region or that the mechanism of ADP activation
in tGDH is somewhat different compared to mammalian
GDH. In either case, these possible differences may lead to
the relative inability of ADP to reverse the effects of
palmitoyl-CoA inhibition in tGDH.

Effects of Allosteric Regulators on an Antenna-less Form
of hGDH. It has been shown that bacterial GDH is
unregulated (1) and also lacks the antenna structure (2, 6).
Our previous structural studies have shown that ADP and
GTP regulatory sites lie on the main body of the enzyme
(Figure 1) and not on the antenna (8, 9). Therefore, the
possible role of the antenna in allosteric regulation remained
unclear. A number of HI/HA mutations lie in the antenna
even though those residues are not involved in the binding
of regulatory ligands (43). To directly ascertain the role of
the antenna in allosteric regulation, the antenna was geneti-

cally removed in hGDH and replace with the corresponding
short loop from cGDH. As shown in Figure 6, this has a
profound effect on the regulation of hGDH. Even though
the antenna does not contact either the GTP or ADP sites
(9), the removal of the antenna eliminates the regulation by
both ligands. From our previous studies, none of the HI/HA
mutations were shown to affect palmitoyl-CoA inhibition
(31), whereas here, it is apparent that the removal of the
antenna eliminates this regulation. Interestingly, neither the
HI/HA mutations (31) nor the loss of the antenna domain
affects leucine activation. Together, this implies that the
antenna is crucial for ADP, GTP, and palmitoyl-CoA
regulation but that leucine activation occurs via a separate
mechanism. It is possible that leucine activation is due to it
binding to the active site and directly interfering with abortive
complex formation or facilitating product release. Neverthe-
less, it is apparent that leucine activation is not dependent
upon the antenna and thatT. thermophiliadid not apparently
need to evolve such regulation.

Effects of Allosteric Regulators on a Ciliate/hGDH Hybrid.
The results described above demonstrate that the antenna is
crucial for allosteric regulation. However, it is not clear
whether the antenna in tGDH has evolved enough to
communicate all of the allosteric regulation normally found
in mammalian GDH. To directly test for this, the antenna of
hGDH was replaced with Ciliate (paramecium) GDH. As
shown in Figure 7, the antenna is functionally similar but
not identical to the normal mammalian antenna. ADP
regulation of the hybrid enzyme closely mirrors that of wild-
type hGDH (Figure 7A). This is consistent with the results
shown in Figure 4A, showing that ADP regulation of tGDH
is the same as mammalian GDH. Figure 7B shows that
leucine can activate the hybrid enzyme but to a slightly lesser
extent than wild-type hGDH. This is not surprising given
the fact that removal of the antenna did not abrogate leucine
activation but did dampen its effects. However, as shown in
Figure 7C, it is apparent that the Ciliate antenna can
communicate GTP inhibition even though tGDH in its
entirety is not regulated by GTP. It is important to note,
however, that the apparent binding efficacy is about 1 order
of magnitude weaker in the hybrid compared to wild-type
mammalian GDH. Similarly, the hybrid enzyme is inhibited
by palmitoyl-CoA, but the efficacy is at least 1 order of
magnitude weaker than the wild type. Interestingly, tGDH

Table 5: Summary of Inhibition and Activation Constants for the
Various Forms of GDHa

enzyme ligand Ka

Amax
(%) Ki

Imax
(%)

bGDH ADP 31(6)µM 128(5)
GTP 150(10)µM 96(2)
leucine 1.7(0.2) mM 50(1.2)

tGDH ADP 15(3)µM 130(4)
GTP NC NC
leucine NC NC

hGDH ADP 18(1.0)µM 129(2)
GTP 0.1(0.01)µM 97(2)
leucine 2.4(0.7) mM 73(9)

hybrid ADP 47(20)µM 164(28)
GTP 0.87(0.29)µM 95(5)
leucine 0.43(0.14) mM 28(2)

antenna-less ADP NC NC
GTP NC NC
leucine 0.52(0.20) mM 39(4)

a These values are derived from nonlinear regression analysis of the
data shown in Figures 4, 6, and 7. For leucine and ADP activation, the
following equation was used:V ) (100%+ Amax[leucine or ADP])/
(Ka + [leucine or ADP]), whereV, Amax, andKa represent the steady-
state velocity, maximum activation, and apparent allosteric ligand
disassociation constant, respectively. For GTP inhibition, the following
equation was used for fitting:V ) (100%- Imax[GTP])/(Ki + [GTP]),
whereImax andKi represent the maximum inhibition and apparent GTP
disassociation constant, respectively. NC denotes the lack of conver-
gence during fitting. It should also be noted that the analyses of the
palmatoyl CoA data are not shown because the biphasic curves could
not be satisfactorily fitted to a two-site binding equation.

FIGURE 5: Binding of TNP-ADP to bGDH and the R463A mutant of hGDH. (A) Fluorescence of sequential additions of TNP-ADP to the
buffer, bGDH, and R463A after correcting inner-filter effects. Note the fluorescence enhancement upon binding to the enzyme. (B)∆F
(FTNP-ADP‚GDH - FTNP-ADP) at varying concentrations of TNP-ADP. The lines represent the results of nonlinear curve fitting to the equilibrium
binding equation.
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was also found to have a dampened response to palmitoyl-
CoA compared to mammalian GDH.

CONCLUSIONS

These results show that the antenna and allostery evolved
in steps during the development of multicellular animals.

ADP ActiVation.ADP activation appears to have evolved
concomitantly with the antenna in the Ciliates. It is clear
that this is the most primitive form of allosteric activation,
and the antenna-less mutant clearly demonstrates that it is
dependent upon the antenna. This is despite the fact that ADP
binds directly beneath the pivot helix and does not contact
any portion of the antenna. Interestingly, ADP activation
alone appears to have been fully evolved in the Ciliates. One
possible interpretation for this activation is that, at this stage
of evolution, the Ciliates found it necessary to turn on amino
acid catabolism when the energy state of the mitochondria
was low. However, the interplay between ADP and palmi-
toyl-CoA regulation may have been further refined in
mammals. ADP effects on animal GDH are very complex
(10). In the absence of other regulators such as GTP, ADP
appears to mainly activate the enzyme at high substrate
concentrations, where abortive complexes are expected to
make product release the rate-limiting step. Therefore, the
loss of ADP activation when the antenna is removed could
be indirectly due to the effects on abortive complex forma-

tion. However, previous work suggests that even bacterial
GDH exhibits substrate and coenzyme inhibition (38), and
therefore, the antenna may not be relevant to abortive
complex formation. Finally, as shown in Figure 4E, the main
role of ADP in ViVo may not be so much activation of the
enzyme on its own but rather the abrogation of the effects
of other allosteric regulators such as palmitoyl-CoA and GTP.

Palmitoyl-CoA Inhibition.Palmitoyl-CoA inhibition is the
most primitive form of allosteric inhibition and appears to
also be dependent upon the antenna domain. Previous studies
have shown that mutations in the GTP- and ADP-binding
regions do not affect palmitoyl-CoA inhibition (31). How-
ever, it is clearly shown here that removal of the antenna
completely abrogates palmitoyl-CoA inhibition. Further,
transplanting the Ciliate antenna onto hGDH attenuates the
palmitoyl-CoA response of mammalian GDH, making it
more similar to tGDH. While we do not yet know the
location of the palmitoyl-CoA-binding site, it is tempting to
speculate that palmitoyl-CoA might be binding to the antenna
domain and inhibited by affecting the conformational changes
associated with the opening and closing of the catalytic cleft
(7).

Leucine ActiVation. Leucine activation appears to be a
more recent evolutionary development. It is clear that tGDH
is not activated by leucine and that deletion of the antenna
in hGDH does not affect leucine activation. This demon-

FIGURE 6: Effects of the antenna deletion mutation on mammalian GDH regulation in the reductive amination reaction. As shown here,
deletion of the antenna eliminates ADP activation (A), GTP inhibition (C) and palmitoyl-CoA inhibition (D). While this form of hGDH is
still activated by leucine, its effects are markedly dampened (B). A summary of the curve-fitting analyses is shown in Table 5.
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strates that leucine does not bind to or depend on the antenna
domain for activity. Therefore, it appears that leucine
regulation was not a driving force for the evolution of the
antenna and appears to have been “layered on” after its
formation. It is important to note that leucine has been shown
to stimulate insulin secretion presumably via GDH activation
(41), and therefore, a different set of evolutionary pressures
appear to have been at work creating leucine activation.

GTP Inhibition.It is also clear from these results that the
antenna was not evolved to facilitate GTP inhibition because
tGDH is completely insensitive to GTP. However, as the
antenna deletion and a number of the HI/HA mutations have
shown (31, 40, 43), the antenna is clearly essential to
communicate this inhibition. The hybrid studies also show
that the Ciliate antenna is fully capable of facilitating this
inhibition but that the Ciliates apparently did not find the
need to develop the appropriate GTP-binding site at the base
of the antenna domain. Therefore, it is clear that the Ciliates
developed the architecture necessary for GTP inhibition prior
to its evolutionary need in animals. One possible reason for
the evolution of GTP inhibition comes from our previous
studies on the HI/HA syndrome that demonstrate how crucial
the inhibition of GDH by GTP is in the maintenance of
insulin homeostasis in mammals (32).

SUMMARY

Together, these results suggest a process of GDH evolu-
tion. Evolving away from plants, fungi, bacteria, and other
protists, the Ciliates created this∼50-residue antenna domain.
The antenna is not involved in the ADP-binding site (8),
but the inner hydrophobic regions of this domain may contain
the palmitoyl-CoA-binding site. Nevertheless, the antenna
itself is crucial for the creation of both palmitoyl-CoA and
ADP regulation. Our previous structural studies have shown
that the antennae from subunits within the trimer intertwine
and undergo conformational changes as the active-site clefts
open and close during the catalytic cycle (6-9). While the
exact mechanism for how the antenna plays such a crucial
role in allostery is not clear, the effects of the antenna
deletion mutation make it apparent that the subunit com-
munication that occurs during allosteric regulation must be
occurring within the trimer rather than across the trimer-
trimer interface.

The results shown here demonstrate that the Ciliates
created an antenna that is fully capable of communication
and that all of the allosteric regulation subsequently evolved
in mammals but did not find the need for such regulation.
The hybrid studies show that the Ciliates could have used
their antennae for GTP regulation, but from the sequence

FIGURE 7: Effects of replacing the antenna in hGDH with that from pGDH. This hybrid enzyme appears to have the full complement of
mammalian allosteric regulation. While the effects of ADP on the hybrid enzyme are identical to those of wild-type hGDH (A), this
mutation appears to affect the extent of leucine activation (B) and the apparent binding constants for both GTP and palmitoyl-CoA (C and
D). A summary of the curve-fitting analyses is shown in Table 5.
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alignments, it is apparent that they had not yet evolved the
GTP-binding site on the top of the NAD-binding domain to
accommodate it. However, the hybrid is less sensitive to GTP
inhibition than wild-type hGDH, suggesting that the antenna
itself was further refined in mammals. This is consistent with
the differences between animals and Ciliates in the sequence
and length of the antenna.

Exaptation is a term coined to describe the adoption of a
characteristic used in an ancestral form into a new, different
use in a descendant form (44). For example, ancestors to
birds were flightless, reptile-like creatures with very light
“honeycomb” bones. Through exaptation, the bones of these
“flightless birds” became the lightweight skeletal specializa-
tions that were later used to accommodate flight in “true
birds.” GTP inhibition, therefore, appears to be an example
of exaptation at the molecular level because the antenna was
not originally evolved in the Ciliates for the purpose of GTP
regulation. However, mammals used this existing structure
to add an additional layer of regulation, GTP inhibition. GTP
inhibition is clearly important as is made evident by the fact
that the loss of this regulation is the root cause of the HI/
HA syndrome (45).

While these results suggest a process for the evolution of
allosteric regulation of GDH, it does not explain why this
evolution was first initiated in the Ciliates. The development
of palmitoyl-CoA regulation may be an important clue as to
this evolutionary pressure. The results presented here dem-
onstrate that the first inhibitor for GDH was palmitoyl-CoA
and that this regulation is entirely dependent upon the
antenna. The reason for the appearance of this regulation
may be due to the changes in organelle function as the
Ciliates and animals evolved away from the other kingdoms.
In plants (46, 47) and fungi (48), fatty acid oxidation occurs
entirely in the peroxisomes. In contrast, animals perform
â-oxidation of medium and long chain fatty acids mainly in
the mitochondria, while the very long chain fatty acids are
catabolized in the peroxisomes (49, 50). The Ciliates are
somewhere between these two groups withâ-oxidation
occurring in both the peroxisomes and the mitochondria (51,
52). Indeed, it was suggested in this earlier work thatT.
thermophiliamight have developed new metabolic regula-
tions in the mitochondria that allowed for the evolutionary
loss of glyoxylate cycle enzymes from the peroxisomes (51).
Interestingly, Kinetoplastida (e.g., Trypanosome) GDH does
not have an antenna and is very homologous to bacterial
GDH [70% identical toE. coli (53)]. While these organisms
are also members of the Protista kingdom, their metabolic
compartmentalization is more like plants with their special-
ized peroxisomes called glycosomes (54, 55). Therefore, we
propose that the antenna evolved to link fatty acid and amino
acid catabolism in the mitochondria. The evolutionary
pressure for this linkage came from the fact that, as animals
began to evolve, fatty oxidation began to move from the
peroxisomes to the mitochondria. Combined with ADP
activation, the organism could now activate amino acid
oxidation only when the energy state of the mitochondria
was low and alternative energy sources such as fatty acids
had been depleted.

We propose that the next evolutionary step from the Ciliate
to the highly complex mammalian form of GDH is an
example of exaptation where the antenna, derived from the
evolutionary pressures caused by changes in organelle

function, is further developed to link GDH activity with
insulin homeostasis. As animals evolved, the mitochondria
became the major location for oxidation. In particular, the
majority of fatty acid oxidation moved to the mitochondria
and became entirely controlled by the carnitine palmitoyl
transferase system that is in turn regulated by glucose and
insulin levels (56). Similarly, as GDH evolved, GTP inhibi-
tion and leucine activation were added to the list of
regulators. In the case of GTP, the results presented here
clearly demonstrate that this inhibition is entirely dependent
upon the recently evolved antenna. From studies on the HI/
HA syndrome, it is clear that the loss of GTP inhibition of
GDH causes a profound increase in insulin secretion. In both
normal and HI/HA pancreatic tissue, leucine stimulates
insulin secretion through the activation of GDH (41).
Furthermore, it has been suggested that glutamine/glutamate
acts as a secondary messenger in glucose-stimulated insulin
exocytosis and GDH plays a crucial role in regulating its
intracellular concentrations (41, 57, 58). It appears, therefore,
that the creation of GTP and leucine regulation was not
accidental but was necessary for insulin homeostasis. There-
fore, we propose that the antenna and associated regulation
evolved in response to changes in organelle function and
was then used for regulation of insulin homeostasis in an
example of exaptation at the molecular level. Studies are
underway to test some of these ideas by better understanding
why the Ciliates did not need the GTP and leucine regulation
and what would be the consequence of losing ADP and
palmitoyl-CoA regulation.
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