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Mammalian glutamate dehydrogenase (GDH) is a housekeep-
ing enzyme central to the metabolism of glutamate. Its activity is
potently inhibited by GTP (IC;, = 0.1-0.3 M) and thought to
be controlled by the need of the cell in ATP. Estrogens are also
known to inhibit mammalian GDH, but at relatively high con-
centrations. Because, in addition to this housekeeping human
(h) GDH1, humans have acquired via a duplication event an
hGDH2 isoform expressed in human cortical astrocytes, we
tested here the interaction of estrogens with the two human
isoenzymes. The results showed that, under base-line condi-
tions, diethylstilbestrol potently inhibited hGDH2 (IC;, =
0.08 = 0.01 um) and with ~18-fold lower affinity hGDH1
(IC50 = 1.67 %= 0.06 pM; p < 0.001). Similarly, 173-estradiol
showed a ~18-fold higher affinity for hGDH2 (IC;, = 1.53 *
0.24 pum) than for hGDH1 (IC,, = 26.94 %= 1.07 uMm; p < 0.001).
Also, estriol and progesterone were more potent inhibitors of
hGDH2 than hGDHLI. Structure/function analyses revealed that
the evolutionary R443S substitution, which confers low basal
activity, was largely responsible for sensitivity of hGDH2 to
estrogens. Inhibition of both human GDHs by estrogens was
inversely related to their state of activation induced by ADP,
with the slope of this correlation being steeper for hGDH2 than
for hGDH1. Also, the study of hGDH1 and hGDH2 mutants
displaying different states of activation revealed that the affinity
of estrogen for these enzymes correlated inversely (R = 0.99; p =
0.0001) with basal catalytic activity. Because astrocytes are
known to synthesize estrogens, these hormones, by interacting
potently with hGDH2 in its closed state, may contribute to reg-
ulation of glutamate metabolism in brain.

Female hormones are known to exert multiple physiological
actions by binding to the estrogen receptors present in many
cells (1). This binding triggers downstream signaling cascades,
initiating gene transcriptions that regulate cell growth, migra-
tion, and other functions (1, 2). However, in addition to affect-
ing nuclear DNA processes, estrogens can also act via non-
genomic mechanisms (3-5), including direct actions on
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metabolic enzymes (6, 7). Of these, mammalian glutamate
dehydrogenase (GDH)? (EC 1.4.1.3) was originally shown to be
modified by estrogens (8, 9). The enzyme catalyzes the revers-
ible interconversion of glutamate to a-ketoglutarate and
ammonia using NAD(H) or NADP(H) as cofactors, thus linking
amino acid and carbohydrate metabolism. Because inhibition
of mammalian GDH was obtained at estrogen concentrations
(e.g. IC5, = ~30.0 uM for 17 B-estradiol) higher than those pres-
ent in mammalian tissues (1, 10), the physiological relevance of
these effects remains uncertain.

Whereas previous investigations employed bovine liver
GDH that is encoded by the single functional GLUD gene pres-
entin all mammals (11), humans and the great apes possess two
GDH-specific genes of distinct molecular biologic origin: an
intron-containing GLUDI gene (located on the 10" chromo-
some) that encodes the housekeeping hGDH1 and an X-linked
intronless GLUD2 gene that encodes the hGDH2 isoform
expressed in neural and testicular tissues (12). There is evolu-
tionary evidence that the GLUDI gene was retro-posed
<23,000,000 years ago to the X chromosome, where it gave rise
to the GLUD?2 gene via random mutations and natural selection
(13). As a result, the hGDH1 and hGDH2 are highly homolo-
gous, sharing in their mature form all but 15 of their 505 amino
acid residues.

Despite their homology, hGDH1 and hGDH2 show distinct
regulatory properties and relative resistance to thermal inacti-
vation. Although hGDHI is potently inhibited by GTP (IC;, =
0.1-0.3 uM), hGDH2 has dissociated its function from GTP
control (IC,, = ~100 um) because of evolutionary replacement
of Gly**® by Ala (14). Instead, regulation of hGDH2 is achieved
via a novel molecular mechanism that mainly resulted from
evolutionary substitution of Ser for Arg**® (15). In the absence
of allosteric effectors, hGDH2 assumes a closed state associated
with little catalytic activity while remaining remarkably respon-
sive to activation by ADP and/or 1-leucine (16).

Although the teleological need for duplication of human
GDH has not been fully understood, there is evidence that the
two human isoenzymes serve distinct cellular functions, with
hGDHI1 being involved in cellular energetics and hGDH2 being
involved in metabolic recycling processes (17). Specifically,
hGDH]1, which is mainly activated by ADP and inhibited by
GTP, is thought to be controlled by the need of the cell for ATP
(18). This view has been supported by the discovery of gain-of-
function mutations in the GLUDI gene that attenuate GTP

2 The abbreviations used are: GDH, glutamate dehydrogenase; DES, diethyl-
stilbestrol; h, human; TRA, triethanolamine.
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inhibition (19). In patients harboring these mutations, the over-
active hGDHI leads to excessive insulin release as a result of
enhanced ATP synthesis in pancreatic 8 cells (20). On the other
hand, hGDH2, which is specifically expressed in human cere-
bral cortical astrocytes and in testicular Sertoli cells, is thought
to be involved in the production of metabolites essential to the
supportive role of cells (21). Previous studies have shown that
cultured astrocytes provide neurons with lactate that largely
derives from the tricarboxylic acid cycle via conversion of glu-
tamate to a-ketoglutarate (GDH reaction) (22). Dissociation of
hGDH2 function from GTP control may permit the enzyme to
metabolize glutamate even when an enhanced tricarboxylic
acid cycle generates GTP levels sufficient to completely inacti-
vate the housekeeping hGDH1 (23).

In light of these considerations, we sought here to investigate
whether the interaction of steroid hormones with hGDH2 is
distinct from that of hGDHI. For this, we obtained wild-type
hGDH1 and hGDH2 in recombinant forms by expression of the
GLUDI and GLUD2 cDNA in Sf21 cells, respectively, and
tested the effect of female hormones on these enzymes. Func-
tional analyses, using either crude cell extracts or highly puri-
fied GDH reparations obtained from these extracts, unexpect-
edly revealed that estrogens interacted more potently with the
neural and testicular tissue-specific isoenzyme (hGDH2) than
with the widely expressed hGDH1. To elucidate the molecular
mechanisms that render hGDH2 sensitive to estrogens, we per-
formed site-directed mutagenesis of the GLUDI and the
GLUD2 cDNAs. The results obtained and their implications for
the biological function of these compounds are presented
below.

EXPERIMENTAL PROCEDURES

Materials—Sf21 cells and the baculovirus expression vectors
were obtained from Invitrogen. The media for the Sf21 insect
cells and fetal calf serum were from Invitrogen. Modified bacu-
lovirus (BaculoGold) was obtained from BD Pharmigen (San
Diego, CA). NADPH, ADP, and GTP (lithium salt) were from
Roche Applied Science. Phenylsepharose high performance
was from Amersham Biosciences/GE Healthcare, and hydroxy-
apatite Bio-Gel HT was from Bio-Rad. The steroid hormones
used in these studies were from Sigma-Aldrich.

Expression of Recombinant Proteins—Wild-type GLUD1 and
GLUD?2 cDNAs, cloned in pVL1393 vector, were expressed in
Sf21 cells using the baculovirus expression system, as previ-
ously described (12). The Sf21 cells (of the insect Spodoptera
frugiperda) were cotransfected with the plasmid DNA
(pVL1393 vector containing the GLUDI or GLUD2 ¢cDNA
insert) and modified baculovirus DNA and incubated at 27 °C
for 5 days. The cultured cells were harvested 5 days post-infec-
tion and used for extracting the recombinant GDH proteins.
For this, the cultured cells were homogenized in a buffer con-
taining 0.05 M Tris-HCl, pH 7.4, 1% Triton X-100, 0.1 mMm phen-
ylmethylsulfonyl fluoride, and 0.5 M NaCl. The resulting whole
homogenate was centrifuged at 7000 X gat 4 °C for 10 min, and
the supernatant was used for studies employing crude extracts.
Protein determination was done using the Lowry method.

Enzyme Purification—GDH was purified from Sf21 cell
extracts using a previously described method (24), which
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involves ammonium sulfate fractionation and hydrophobic
interaction and hydroxyapatite chromatography. Peak GDH
activity fractions from the hydroxyapatite column were used
for studying the purity of the GDH protein using SDS-PAGE
according to the Laemmli procedure. GDH preparations puri-
fied to homogeneity were used for enzyme assays. Protein con-
centration of samples was determined densitometrically on
stained SDS-PAGE gels, using bovine serum albumin as a
standard.

Enzyme Assays and Regulation Studies—Enzyme activity was
assayed spectrophotometrically (at 340 nm) in the direction of
reductive amination of a-ketoglutarate. The reaction mixture
of 1 ml contained 50 mM triethanolamine (TRA) buffer, pH 8.0,
100 mMm ammonium acetate, 100 um NADPH (except as indi-
cated), and 2.6 mm EDTA. Enzyme reaction was initiated by
adding a-ketoglutarate to 8 mm (except as indicated). Initial
rates (enzyme velocity during the first 30 s after initiation of the
reaction) were recorded. Wild-type and mutant hGDH1 pro-
teins were studied in parallel. Kinetic analyses were performed
to determine the Michaelis-Menten constant (K,,,) for a-keto-
glutarate and NADPH. Several sets of experiments were per-
formed for each purified enzyme. In each of these experiments,
a-ketoglutarate varied from 0.4 to 8.0 mm, whereas ADP con-
centration was kept constant at 0 (base line), 25, or 250 pm.
NADPH varied from 10 to 400 uMm, whereas the ADP concen-
tration was kept constant at 1.0 mm. Regulation of the human
recombinant GDHs by estrogens was studied by adding each
hormone into the reaction mixture while keeping the other
substrates constant. The concentration of diethylstilbestrol
(DES) ranged from 0 to 50 um, whereas that of 173-estradiol
and estriol was varied from 0 to 500 um. Progesterone was var-
ied from 0 to 2000 um.

Site-directed Mutagenesis of the GLUDI cDNA—A GLUDI
DNA, cloned in pBSKII+ vector, was mutagenized at sites dif-
fering between hGDH1 and hGDH2 using the Gene Editor
Mutagenesis system according to the manufacturer’s protocol
(Promega, Madison, WI). In each of these sites, the amino acid
residue present in hGDH2 replaced the corresponding amino
acid of hGDHI1. To create the double mutant R443S/G456A, a
GLUDI ¢cDNA with the G456A mutation underwent a second
mutagenesis step in which the Arg at position 443 was replaced
by Ser. To obtain the hGDH2 mutant proteins, a GLUD2 cDNA
cloned in pBSKII+ vector was mutagenized at selected sites. All
of the plasmids containing the GLUDI1 or GLUD2 mutants
were then amplified by T4 DNA polymerase (nicks were ligated
by T4 DNA ligase) and used to transform the BMH 71-18 mutS
strain of Escherichia coli. The cells were grown in the presence
of an appropriate antibiotic selection mix; plasmid DNA was
isolated and used to transform the JM109 strain of E. coli. Sub-
sequently, the mutated cDNAs were subcloned in pVL1393
vector, which was used for the expression in Sf21 cells, as
described above. The obtained mutant GDH isoproteins were
studied in crude extracts. Selected mutants were also further
purified and studied with respect to their kinetic and regulatory
characteristics. Mutated and wild-type human enzymes were
studied in parallel.

Statistical Analyses—All of the statistical analyses on the
obtained data and plotting were performed using the Origin
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TABLE 1

Inhibition of wild-type and mutant hGDH1 and hGDH2 by DES in
crude extracts

For obtaining the hGDH1 mutants, the GLUDI1 cDNA was mutagenized at sites at
which hGDH]1 differs from hGDH2. In each of these sites, the amino acid residue
present in the GLUD2 GDH replaced the corresponding amino acid of the GLUDI
enzyme. For obtaining the S443R-hGDH2 reverse mutant, the GLUD2 cDNA was
used as template. Wild-type and mutated cDNAs were expressed in Sf21 cells.
Crude homogenates of these cells were used for assaying GDH activity (in the
direction of reductive amination of a-ketoglutarate in TRA buffer, pH 8.0) in the
absence or in the presence of increasing concentrations of DES. ADP concentration
was kept constant at 1 mm. The DES IC,, (* S.E.) values were calculated from
representative inhibitory curves for each enzyme using the Origin Program. The
number in parentheses represents the number of experimental determinations. p
values refer to comparison of the DES IC,, of the wild-type and S443R mutant
hGDH?2 and of each hGDH1 mutant with that of the wild-type hGDH1 using Stu-
dent’s ¢ test. Mutations in hGDHI that significantly increased the DES ICy,, as well
as the wild-type hGDH2 and its S443R mutant, are shown in bold type, whereas the
R443S hGDH1 mutation that decreased the DES IC,, is shown in bold and italic
type. For each enzyme, two to six additional independent experiments were per-
formed, yielding similar results.

Enzyme DESIC,,at 1 mm ADP
M
WT hGDH1 32.40 = 1.77 (27)
E34K-hGDH1 24.22 * 3.24 (24)
R39E-hGDH1 51.52 * 4.32 (27); <0.01

D142E-hGDH1
1166V-hGDH1
S174N-hGDH1
G247R-hGDH1
A321V-hGDH1
$331T-hGDH1
M370L-hGDH1
M415L-hGDH1
R443S-hGDH1
G456A-hGDH1
R470H-hGDH1
N498S-hGDH1
WT hGDH2
S443R-hGDH2

29.87 + 3.15 (24)

40.92 = 2.60 (27)

61.44 * 3.82 (27); <0.0001
41.89 = 3.21 (24)

44.12 = 2.90 (24)

34.85 + 4.15 (21)

52.90 * 3.39 (30); <0.001
24.29 + 2.50 (30)

1.89 * 0.11 (24); <0.0001
60.67 * 3.44 (21); <0.0001
39.01 * 2.39 (24)

26.45 *+ 2.35 (26)
10.06 = 1.27 (36); <0.0001
91.33 * 9.05 (33); <0.0001

Program (MicroCal Software, Northampton, MA). The differ-
ences in kinetic and allosteric behavior were evaluated using
Student’s ¢ test. The IC,, and SC, values were determined
graphically.

RESULTS

Production of Recombinant Wild-type and Mutant hGDH1
and hGDH2 and Their Modification by Estrogens in Crude
Extracts—Expression of the wild-type GLUDI1 and GLUD?2
c¢DNAs in Sf21 cells produced catalytically active hGDH1 and
hGDH?2 as previously described (12). Functional assays (per-
formed at 1.0 mm ADP) using crude homogenates of the cul-
tured cells revealed that estrogens, in a concentration-depen-
dent manner, inhibited the wild-type hGDH2 more potently
than the wild-type hGDH1 (Table 1). To determine the amino
acid residue(s) responsible for the sensitivity of hGDH2 to
estrogens, we mutagenized the wild-type hGDHI at residues
that differ from those of hGDH2 and studied the obtained
recombinant mutant proteins. As shown in Table 1 and Fig. 1, a
total of 14 single amino mutants of hGDH1 were obtained.
Functional analyses of the recombinant mutants, obtained by
expression of the mutant DNAs in Sf21 cells, revealed that sub-
stitution of Ser for Arg**® was the single amino acid change that
conferred a marked sensitivity to estrogens (Table 1); however,
the sensitivity of the R443S mutant to estrogens exceeded that
of the wild-type hGDH2 (Table 1). On the other hand, the sub-
stitution of Gln for Arg®®, Asn for Ser'”*, Leu for Met®”°, and
Ala for Gly**® in hGDH1 had a moderate opposite effect, ren-
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FIGURE 1. Location of the introduced mutations in hGDH1 (A) and in
hGDH2 (B). Shown is a cartoon diagram of the apo form of human GDH1
(Protein Data Bank entry 1LIF). For simplicity, only one of six subunits that
compose the GDH hexamer are shown (in green), including its NAD *-binding
domain, the glutamate-binding domain, the active site, the pivot helix, and
theantenna. In A, the evolutionary mutation (R443S) that renders the enzyme
markedly sensitive to estrogens is shown in red, whereas mutations that
decrease estrogen sensitivity are shown in purple. Residues, mutation of
which has no significant effect on estrogen sensitivity, are shown in blue. The
antenna of an adjacent subunit, on the ascending helix of which Ser*®®
(orange) is located, is shown in yellow. As described in the text, Arg**® from
one subunit is connected with hydrogen bonds with Ser*®® of the adjacent
subunit. In B, residues in the pivot helix and the junction of the pivot helix with
the antenna, mutation of which in hGDH2 decreases basal activity (K450E,
H454Y, and S448P) are shown in red. Residues in the antenna, mutation of
whichin hGDH2 increases basal activity (Q441R and S445L), are shown in blue.
The reverse residue 443 mutation in hGDH2 (S443R) that markedly increases
basal activity is shown in purple.

dering the enzyme somewhat less sensitive to estrogens (Table
1). Nine other amino acid substitutions in hGDH1 had no sig-
nificant effects on the estrogen sensitivity of this enzyme (Table
1). That substitution of Ser for Arg**® is responsible for the
sensitivity of the wild-type hGDH2 to estrogens was confirmed
by reverse mutagenesis experiments (using the GLUD?2 instead
of the GLUDI gene as template) in which the Ser**® of hGDH2
was replaced by Arg. Functional analyses of the S443R-hGDH2
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TABLE 2
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Inhibition of purified wild-type hGDH1 and hGDH2 and mutant R443S and R443S/G456A-hGDH1 by female steroidal hormones

The IC,, (= S.E.) values were calculated from the inhibitory curves for each enzyme using the Origin Program. Highly purified enzyme preparations were used for these
experiments as described under “Experimental Procedures.” GDH activity was determined in the direction of reductive amination of a-ketoglutarate in TRA buffer, pH 8.0,
in the presence of increasing concentrations of female steroidal hormones. DES was varied from 0 to 50 uM, 173-estradiol and estriol from 0 to 500 uM, and progesterone
from 0 to 2000 uM . Estrogen inhibitory curves for the recombinant enzymes were obtained either in the absence of ADP (No ADP) or in the presence of 0.1 and 1.0 mm ADP.
The R443S single mutant and the R443S/G456A double mutant were only tested at 0.1 and 1.0 mm ADP, because these enzymes were relatively unstable when assayed

without ADP.
IC;, (M)
DES 17 B-Estradiol Estriol Progesterone
M
No ADP
Wild-type hGDH1 1.67 + 0.06 26.94 *+ 1.07 144.77 + 18.87 118.78 = 3.63
Wild-type hGDH2 0.08 = 0.01¢ 1.53 £ 0.24° 11.34 + 0.74" 12.31 * 2.64°
0.1 mm ADP
Wild-type hGDH1 7.06 = 0.41 69.23 = 1.31 315.53 * 26.19 596.39 = 50.87
R443S-hGDH1 0.49 = 0.03“ 2.22 +0.76* 2.27 = 0.09* 8.61 = 1.23%
R443S/G456A-hGDH1 4.36 + 0.36"
Wild-type hGDH2 1.05 £ 0.09* 15.10 = 1.22“ 188.72 + 17.92¢ 58.86 = 24.52”
1 mm ADP
Wild-type hGDH1 26.50 * 2.24 127.42 *+ 10.38 398.39 = 9.66 743.54 * 145.98
R443S-hGDH1 2.19 = 0.14¢ 14.81 + 1.05% 42.71 *+ 6.98% 78.57 = 9.19%
R443S/G456A-hGDH1 6.35 = 0.69“ 68.75 * 7.40%
Wild-type hGDH2 8.38 = 0.86° 104.40 *+ 32.55 274.90 * 9.19" 39221 * 8.92¢

“p < 0.001 compared with the wild-type hGDH1 studied in the presence of the same ADP concentration.
 p < 0.01 compared with the wild-type hGDH1 studied in the presence of the same ADP concentration.
¢ p < 0.05 compared with the wild-type hGDH1 studied in the presence of the same ADP concentration.

mutant showed that the introduced Arg**® not only abrogated

the sensitivity of hGDH2 to estrogens (Table 1 and supple-
mental Fig. S1) but also increased its basal activity from 4 to
~60% of maximal. As such, the basal activity of the S443R-
hGDH?2 mutant became even higher than that of the wild-type
hGDH1 (35-40% of maximal). These data provide additional
evidence that replacement of Ser for Arg**® was the key evolu-
tionary change that diminished the basal activity of hGDH2,
thus providing this enzyme with a novel molecular mechanism
for regulating its activity.

Modification of Purified Wild-type hGDHI and hGDH?2 by
Estrogens—The R443S hGDH1 mutant, the wild-type hGDH1,
and the wild-type hGDH2 were purified to homogeneity and
used for additional studies. Functional analyses of the purified
enzymes confirmed the data obtained on crude extracts by
showing that estrogens interacted more potently with the wild-
type hGDH2 than with the wild-type hGDH1 (Table 2 and Fig.
2). Thus, in the absence of ADP, the wild-type hGDH2 was
~18-fold more sensitive to DES (IC;, = 0.08 = 0.01 um) than
the wild-type hGDH1 (IC,, = 1.67 %= 0.06 um; p < 0.001)
(Table 2). However, in the presence of 0.1 or 1.0 mm ADP, the
wild-type hGDH2 was ~7- and ~4-fold more sensitive to DES,
respectively, than the wild-type hGDH1 (Table 2). Similarly,
17B-estradiol showed a ~18-fold higher affinity for hGDH2
(IC, = 1.53 % 0.24 pm) than for hGDH1 (IC,, = 26.94 * 1.07
uM; p < 0.001) (Table 2). As with DES, this differential sensi-
tivity to 17B-estradiol was less pronounced when inhibitory
assays were performed in the presence of 0.1 or 1.0 mm ADP
(Fig. 2 and Table 2). Also, estriol and progesterone inhibited the
wild-type hGDH2 more strongly than wild-type hGDH]1, but at
higher concentrations than those required for DES or for 173-
estradiol (Table 2). Study of the inhibitory curves of the wild-
type hGDH1 and hGDH2 at specific ADP concentrations (Fig.
3) revealed that modification of these enzyme by estrogens cor-
related inversely with their catalytic activity levels (measured
prior to the addition of the female hormones) (R = 0.9845 for
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FIGURE 2. Inhibition of purified recombinant wild-type hGDH1 and
hGDH2 and the R443S, R443S/G456A, and S409R hGDH1 mutants by
17 B-estradiol in the presence of 0.1 mm ADP. GDH activity was measured
in the direction of reductive amination of a-ketoglutarate in the presence of
increasing concentrations of 173-estradiol (0-125 um). The data points rep-
resent the mean values of three experimental determinations and are
expressed as percentages of GDH activity measured at 0.1 mm ADP in the
absence of 17B-estradiol.

the wild-type hGDH1 and R = 0.9935 for hGDH?2). As shown in
Fig. 3, the obtained regression line for the wild-type hGDH2
was significantly steeper than that for the wild-type hGDH]1,
indicating that the estrogen effect is more strongly linked to the
state of activation of hGDH2 than that of hGDHI. Because
hGDHL1 activity is subject to negative modulation by GTP, we
sought to determine whether the presence of inhibitory con-
centrations of GTP alters the sensitivity of the enzyme to estro-
gens. The results revealed that, in the absence of ADP, inhibi-
tory concentrations of GTP had no effect on the modulation of
hGDHI1 activity by estrogens (supplemental Fig. S24). How-
ever, at 1.0 mm ADP, the presence of inhibitory concentrations
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FIGURE 3. Estrogen inhibition of wild-type hGDH1 and hGDH2 at differ-
ent activation states induced by ADP. The y axis shows the catalytic activity
(expressed as percentages of maximal obtained at 1.0 mm ADP) displayed by
each recombinant enzyme at the specific concentration of ADP prior to the
addition of DES. The x axis shows the DES ICs, (*+ S.E.) values for each of the
wild-type enzymes. ADP concentrations were varied from 0 to 100 um (num-
bers next to the data points). The enzyme assays were performed in the direc-
tion of a-ketoglutarate reductive amination in TRA buffer, pH 8.0, as
described under “Experimental Procedures.” The R correlation coefficient and
P (probability that R is 0) values of the linear regression were calculated using
the Origin Program. The slope of the regression line (= S.E.) is given below as
the rate of change of enzyme basal activity (expressed as percentages of
maximal) per increase in DES IC;,: slope for hGDH1, 14.35 = 1.14 (R = 0.9845,
P < 0.0001); and slope for hGDH2, 51.16 = 2.60 (R = 0.9935, P < 0.0001).

of GTP potentiated the interaction of estrogens with the wild-
type hGDH1 (supplemental Fig. S2B).

Modification of Kinetic Properties of Wild-type hGDHI and
hGDH?2 by Estrogens—Kinetic analyses performed by varying
the levels of the enzyme substrates in the presence of inhibitory
concentrations of DES revealed that the K, for a-ketoglutarate,
NH,, or glutamate was not altered by the inhibitor. However,
kinetic analyses of NADPH binding in the presence of DES
concentrations sufficient to decrease the activity of hGDH1 or
hGDH2 by 50% (IC, for each of the wild-type enzymes)
revealed that the estrogen provoked enzyme inhibition by
excess cofactor (NADPH > 100 um). In contrast, in the absence
of DES, we observed no enzyme inhibition by excess cofactor
(studied up to 400 um of NADPH) of either wild-type hGDH1
or hGDH2 (supplemental Fig. S3).

Substitution of Ser for Arg**® is Responsible for the Sensitivity
of hGDH?2 to Estrogens—Functional analyses of the purified
R443S-hGDHI1 revealed that this mutant was 14 —32-fold more
sensitive to estrogens than the wild-type hGDH1, thus confirm-
ing results obtained on crude cell extracts (Table 2 and Fig. 2).
Also, the purified R443S-hGDH1 mutant was substantially
more sensitive to estrogens than the purified wild-type hGDH2,
thus confirming data obtained with the use of crude cell
extracts (Table 1). To test whether the drastic effect of the
R443S change is modified by other amino acid substitutions, as
shown in crude extracts (Table 1), we studied a double mutant
of hGDH1 that carries the R443S and the G456A change in the
same amino acid chain. As shown in Table 1, the G456A single
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amino acid change has an opposite effect, rendering hGDH1
less sensitive to estrogens (by ~2-fold). Functional assays of the
recombinant R443S/G456A-hGDH1 enzyme, purified to
homogeneity, revealed that the sensitivity of this double mutant
to estrogens was intermediate between that of the R443S single
mutant and the wild-type hGDH2 (Table 2 and Fig. 2). As such,
these data are consistent with the thesis that, whereas the
R443S change was largely responsible for the sensitivity of the
wild-type hGDH2 to estrogens, its drastic effect is modified by
the opposing moderate influences of four other amino acid sub-
stitutions acquired during the evolution of hGDH2.

Study of hGDHI1 and hGDH2 Mutants Reveals that Sensitiv-
ity to Estrogens Correlates Inversely with their Specific Basal
Activity—Because the R443S mutant displays a fraction of the
basal activity of the wild-type hGDHI1, we sought to test
whether other single amino acid substitutions in hGDH1 that
decrease basal activity alter sensitivity to estrogen hormones.
Initially, we studied the S409(R/D) hGDH1 mutants, which,
similar to the R443S hGDH1 mutant, show low basal activity.?
Introduction of Arg at residue 409 is thought to disrupt side
chain bonds in the antenna region between Arg**® of one sub-
unit and Ser*® of the adjacent subunit (15). Functional analyses
of the expressed enzyme, purified to homogeneity, revealed
that the S409R-hGDH1 mutant was indeed much more sensi-
tive to estrogens than the wild-type hGDH1 (Fig. 2), thus sup-
porting the possibility that estrogen interaction with GDH is
potentiated by a closed enzyme conformation. This possibility
was further tested by studying several hGDH2 mutants
obtained by mutagenesis of residues in the regulatory domain
of GLUD?2 that affect basal activity (25) (Fig. 1). In this regard,
we have previously shown that substitution of Glu for Lys**° or
Tyr for His***, residues located in the pivot helix, diminished
the basal activity of hGDH2 (25). On the other hand, replace-
ment of Gln**' by Arg or Ser**® by Leu, residues located in the
antenna, enhanced the basal activity of hGDH2 (25). A third
mutant located in the junction of the antenna with the pivot
helix (Ser448Pro) (Fig. 1) decreased basal activity. The study of
estrogen interaction with these mutants revealed that all three
mutations that depressed basal activity (K450E, H454Y, and
$448P) made hGDH2 more sensitive to estrogens, whereas the
two mutations that enhanced basal activity (Q441R and S445L)
attenuated estrogen inhibition (Fig. 4). Regression analyses
revealed that inhibition of mutant and wild-type hGDH2 by
DES correlated inversely with their catalytic activity levels (R =
0.9660) (Fig. 4). Similarly, regression analyses involving the
wild-type hGDHI1 and several of its mutants revealed that mod-
ification of these enzymes by estrogens correlated inversely
with their basal activity levels (R = 0.9864) (Fig. 5 and
supplemental Fig. S4). In addition, the sensitivity of these
enzymes to estrogens correlated significantly with their relative
resistance to thermal inactivation (R = 0.9772) (supplemen-
tal Fig. S5).

3V. Mastorodemos, K. Kanavouras, M. Providaki, M. Kokkinidis, and A.
Plaitakis, unpublished data.
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FIGURE 4. Regression analysis of DES IC;, for the wild-type hGDH2 and
its mutants versus the basal catalytic activities of the recombinant
enzymes. The y axis shows the catalytic activity (expressed as percentages of
maximal) displayed by each recombinant enzyme prior to the addition of
DES, measured either in the absence of ADP (basal activity) (Q441R, S443R,
S445L, and S448P mutants and wild-type hGDH2) or in the presence of 0.3 mm
ADP (K450E and H454Y mutants and wild-type hGDH?2). At lower concentra-
tions of ADP (0.1 or 0.2 mwm), the K450E and H454Y mutants displayed very
little measurable activity in the absence of ADP. For reasons of comparison,
the DES IC5, for the wild-type hGDH2 was also obtained in the presence of 0.3
mm ADP. The x axis shows the DES IC,, values for each recombinant enzyme,
in logarithmic scale. The R correlation coefficient and P (probability that Ris 0)
values of the linear regression were calculated using the Origin program
(R = 0.9660, P < 0.0001).
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FIGURE 5. Regression analysis of DES IC;, for the wild-type hGDH1 and its
mutants versus the catalytic activities of the recombinant enzymes. They
axis shows the catalytic activity displayed by each recombinant enzyme prior
to the addition of DES expressed as percentages of maximal activity. The DES
IC5, values were calculated from the inhibitory curves for each of the recom-
binant enzyme using the Origin Program and are shown on the x axis, in
logarithmic scale. The wild-type hGDH1 enzyme and its S409D and R443S/
G456A mutants were studied either under basal conditions (no ADP) or in the
presence of 0.1 mm ADP. However, the R443S mutant, which displayed very
little activity under base-line conditions, was studied only in the presence of
0.1 mm ADP. The R correlation coefficient and P (probability that Ris 0) values
of the linear regression were calculated using the Origin program (R = 0.9864,
P < 0.0001).

DISCUSSION
Here we report that estrogens inhibit the wild-type hGDH2

with a greater potency than the wild-type GDHLI. To elucidate
the molecular basis of these interactions, we studied several
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mutants of hGDH1, obtained by amino acid substitutions at
hGDHLI1 residues that differ from those of hGDH2. The results
showed that replacement of Arg**® by Ser was the only evolu-
tionary amino acid change that made the enzyme markedly
sensitive to estrogens; however, the R443S mutant proved to be
substantially more sensitive to estrogens than the wild-type
hGDH2. These differences between wild-type hGDH2 and
the R443S mutant were explained by the study of additional
single amino acid substitutions acquired during the evolution
of hGDH2, which revealed that four such changes (R39Q,
S174N, M370L, and G456A) reduced the sensitivity of the
enzyme to estrogens. Consistent with this possibility are data
obtained here by the study of a double hGDH1 mutant that
carries the R443S and G456A changes in the same amino acid
chain. As described under “Results,” the sensitivity of this dou-
ble mutant to estrogens was intermediate between that of the
R443S single mutant and the wild-type hGDH2. Hence,
whereas the R443S was the single amino acid change that ren-
dered the wild-type hGDH2 sensitive to estrogens, its drastic
effect is modified by the moderate opposing influences of the
four other amino acid substitutions acquired during the evolu-
tion of hGDH2. Three of these residues are located on strategic
sites of the enzyme: R39Q is located at the back of the antenna
(near the ADP-binding site), S174N is located at the entrance
of the catalytic cleft, and G456A is located on the pivot helix
(Fig. 1).

Structural analyses of the R443S mutant have suggested that
introduction of Ser*** disrupts side chain bonds in the antenna
between Arg**? of one subunit and Ser*®® of the adjacent sub-
unit, leading to a closed conformation (15). This possibility is
supported by additional studies® showing that substituting Arg
for Ser®®®, which also disrupts the above side chain bonds,
diminishes basal activity. In light of this, we studied here the
interaction of estrogens with the S409R-hGDH1 mutant and
found that this change also made the enzyme sensitive to estro-
gens. We then studied additional mutations in hGDH1 and
hGDH2 that affect the catalytic function of these enzymes and
showed that the sensitivity of these mutants to estrogens cor-
related inversely with their basal activity levels. As such,
whereas mutations that render the enzyme sensitive to estro-
gen involve different amino acid residues, the common denom-
inator here is that these substitutions decrease catalytic activity
by favoring a “closed state.” Additional observations showing
that the sensitivity of the wild-type hGDH1 and hGDH2 to
estrogens correlated inversely with their state of activation
induced by various ADP concentrations are consistent with this
model because ADP is known to activate GDH by helping the
catalytic cleft to open. Moreover, our data showing that the
regression line (correlating estrogen sensitivity with basal activ-
ity levels) for hGDH2 was significantly steeper than that for
hGDH1 suggest that the estrogen effect is more strongly linked
to the state of activation of hGDH2 than to that of hGDHI.

Previous studies have shown that GTP, a selective inhibitor
of hGDH]1, binds to both the closed and the open state of the
enzyme, promoting a closed conformation (26). At the struc-
tural level, GTP is shown to occupy the space behind the NAD™
domain, when it rotates during catalysis to close the active site
(26). This in turn prevents the NAD™ domain from moving
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back to open the catalytic cleft (26). To explore whether GTP
binding alters the estrogen sensitivity of hGDH1, we obtained
estrogen inhibitory curves in the presence of GTP. The results
revealed that inhibitory concentrations of GTP had no effect on
the modulation of hGDH1 activity by estrogens. Only when the
GTP effect was partially counteracted by ADP did the presence
of GTP modify estrogen regulation. As such, our observations
suggest that estrogen inhibition of human GDHs does not
require the GTP sites to be functional.

Although inhibition of mammalian GDH by estrogens was
one of the earliest observations on the direct effects of these
hormones on metabolic enzymes (27), modification of F,F,
ATPase (an enzyme central in ATP production or hydrolysis)
by estrogens has received attention lately (6, 7). It is presently
unclear, however, whether these direct effects are biologically
relevant, because the concentrations required for inhibition of
bovine liver GDH (hGDHI in the human) or of F)F; ATPase
(26-145 M) are above the physiological levels of these hor-
mones. In light of these considerations, the present findings,
showing that hGDH2 is much more sensitive to estrogens than
hGDHI1 or F F, ATPase, suggest that these hormones may tar-
get hGDH2 preferentially.

It has been argued (17) that hGDH2 has adapted to the
unique environment that prevails in the nerve tissue in which
GTP levels are higher than those found in other tissues. More-
over, resistance to GTP inhibition may allow hGDH2 to func-
tion in nerve terminals even when the tricarboxylic acid cycle
generates GTP levels sufficient to inhibit hGDH1 (23). Because
the sensitivity of hGDH2 to estrogens relates to the propensity
of the enzyme to assume under base-line conditions a closed
conformation and because ADP antagonizes estrogen inhibi-
tion by helping the catalytic cleft to open, regulation of hGDH2
may be achieved by the opposing actions of estrogens and ADP,
akin to the regulation of hGDHI1 by the antagonistic effects of
GTP and ADP (16).

Our observations showing that the affinity of DES for
hGDH2 (IC;, = 0.08 um) is comparable with that of GTP for
hGDH1 (IC;, = 0.1- 0.3 um) suggest that regulation of hGDH2
by estrogens is physiologically relevant. Tissue fractionation
studies (28) have shown that progesterone levels are relatively
high in the mitochondria, where hGDH2 is located (29). In
females, the plasma levels of free estradiol vary markedly during
their menstrual cycle (0.15-2.0 nm) (1). Only during pregnancy
do these levels (0.13 M) approach those required for inhibition
of the wild-type hGDH2 under base-line conditions. Whereas
the levels of circulating estrogens in nonpregnant women are
below those used here to inactivate hGDH2, there is evidence
for extensive local biosynthesis in the central nervous system
and other tissues and that this synthesis could raise estrogen to
levels higher than those of serum (30). In the brain, astrocytes,
the cells that express hGDH2, are the only neural cells capable
of synthesizing estrogens from androstenedione (31); they
express both 17B-hydroxysteroid dehydrogenase and P450-
aromatase. Astrocytes also express the enzyme glutamine syn-
thetase (32) that catalyzes conversion of glutamate taken up by
astrocytes to glutamine, which is then exported to neurons to
be used as a precursor of transmitter glutamate. As such, pre-
vention of glutamate oxidative dehydrogenation by estrogens
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(via inhibition of hGDH2) may permit a larger fraction of glu-
tamate to be converted via glutamine synthetase to glutamine.
Previous studies have shown that estrogens increase the expres-
sion of glutamine synthetase (33). These observations, taken
together, suggest that astrocytes may modulate glutamatergic
mechanisms by regulating their estrogen production. More-
over, inhibition of hGDH2 by estrogens may provide a mecha-
nism by which these hormones protect against glutamate exci-
totoxicity and oxidative stress as discussed below.

Although the leads provided by the present studies need to be
further pursued, there is evidence that whereas control of GDH
velocity is of importance for cell functions, deregulation of this
enzyme may lead to disease processes in the human. As noted
above, regulatory mutations in the hGDHI1 gene that attenuate
GTP inhibition lead to hyperinsulinism/hyperammonemia
syndrome characterized by hypoglycemic episodes that often
follow intake of L-leucine (stimulates the overactive enzyme). In
addition, patients harboring these mutations suffer from sei-
zures that may be independent from their hypoglycaemic epi-
sodes (19). These observations, taken together with recent find-
ings showing that overexpression of GDH1 in mice results in
age-dependent degenerative changes in the CA1 region of the
hippocampus (34), suggest that a tight regulation of GDH activ-
ity is of importance for nerve tissue function and degeneration.
Regarding deregulation of hGDH2 in human disorders, recent
studies revealed that patients with Parkinson disease, who were
hemizygous for T1492G polymorphism in the GLUD2 gene,
experienced onset of their disease 813 years earlier than
patients with other genotypes in two populations of diverse
genetic background (35). However, female Parkinson disease
patients who were heterozygous for this allele were protected.
The T1492G polymorphism is within the coding region of the
GLUD?2 gene and results in the substitution of Ala for Ser*** in
the regulatory domain of hGDH2 (35). The S445A variant,
obtained in recombinant form by expressing the T1492G-
GLUD2 cDNA in Sf21 cells, displayed enhanced basal activity
that was sensitive to inhibition by estrogens (35). As such, the
protection of female heterozygotes (for T1492G polymor-
phism) from the gain-of-function properties of the S445A
hGDH2 variant has been attributed to estrogen inhibition of
the overactive enzyme (35). Also, independent studies have
provided evidence that female hormones protect from Parkin-
son disease (36) and that apoptosis of dopaminergic neurons
occurs in aromatase knock-out mice in the male (37). These
observations suggest that inhibition of mitochondrial gluta-
mate oxidative dehydrogenation by estrogens may account, at
least in part, for their neuroprotective actions. Moreover,
because mitochondrial glutamate oxidation is associated with
increased hydroxyl-radical formation in an animal model of
Parkinson disease (38), the ability of estrogens to modify the
mitochondrial glutamate metabolism may in part account for
their protective effects against oxidative stress. Hence, elucidat-
ing the mechanisms by which estrogens regulate GDH activity
may have important implications for understanding the role of
these hormones in cell biology in health and disease and for the
development of novel therapeutic approaches to human degen-
erative disorders.
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