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ABSTRACT. Glutamate dehydrogenase (GDH) has been shown to play a regulatory role in insulin secretion
by pancreatigi-cells. The most compelling evidence of this comes from features of the hyperinsulism/
hyperammonemia (HI/HA) syndrome where a dominant mutation causes the loss of inhibition by GTP,
and from studies that link leucine (and its analogue BCH) activation of GDH to stimulation of insulin
secretion. This suggests that GDH may represent a new and novel drug target to control a variety of
insulin disorders. Recently we demonstrated that a subset of green tea polyphenols are potent inhibitors
of glutamate dehydrogenase in vitro and can efficaciously block BCH stimulation of insulin secretion. In
these current studies, we extend our search for GDH inhibitors using high throughput methods to pan
through more than 27,000 compounds. A number of known and new inhibitors were identified wyith 1C

in the low micromolar range. These new inhibitors were found to act via apparently different mechanisms
with some inhibiting the reaction in a positively cooperative manner, the inhibition by only some of the
compounds was reversed by ADP, and one compound was found to stabilize the enzyme against thermal
denaturation. Therefore, these new compounds not only are new leads in the treatment of hyperactive
GDH but also are useful in dissecting the complex allosteric nature of the enzyme.

Mitochondrial GDH (Figure 1) catalyzes the oxidative responsiveness to leucine and susceptibility to hypoglycemia
deamination of -glutamate and exhibits complex regulation following high protein mealsi@3). During glucose-stimulated
in mammals through inhibition by palmitoyl CoA, GTP, and insulin secretion, it has been proposed that the generation
ATP, and activation by ADP and leucin&(The connection  of high energy phosphates inhibits GDH and promotes
between GDH and insulin regulation was initially established conversion of glutamate to glutamine which, alone or
using a nonmetabolizable analogue of leuci2e3)j, BCH combined, may amplify release of insulif, @).
(B-2-aminobicycle [2.2.1]heptane-2-carboxylic acid). These  |n our recent study, we demonstrated that EGCG specif-
studies demonstrated that activation of GDH was tightly ically and allosterically inhibits GDH and, in turn, affects
correlated with increased glutaminolysis. In addition, it has insulin secretion by pancreatif-cells. Kinetic analysis
also been noted that factors that regulate GDH may affectdemonstrated that epigallocatechin gallate (EGCG) and
insulin secretion4). It was suggested that glutamate serves epicatechin gallate (ECG), but not epigallocatechin (EGC)
as a mitochondrial intracellular messenger when glucose isand epicatechin (EC), inhibit purified GDH with nanomolar
being oxidized and that the GDH participates in this process |Cses (14). This inhibition is dependent upon the antenna-
by synthesizing glutamat®), However, the hypothesis that  |ike protrusion on the enzyme but is unlikely to bind to the
GDH, with a very highKy, for ammonium, functions inthe  GTP inhibitory site since EGCG inhibits forms of GDH with
reductive amination reaction in vivo is controversié).( nonfunctional GTP sites. Studies with pancreaiicells
Subsequently, it was postulated that glutamine could also demonstrated that EGCG specifically affects insulin secretion
play a secondary messenger role and that GDH plays a roleunder conditions where GDH is known to be important for
in its regulation 7—9). glucose homeostasis.

The in vivo importance of GDH in glucose homeostasis | this current study, we have extended the search for
was demonstrated by the discovery that a genetic hypo-peyw and novel inhibitors of GDH. Of the more than
glycemic disorder, the hyperinsulinemia/hyperammonemia 30,000 compounds tested, a number of new, potent inhib-
(HI/HA) syndrome, is caused by dysregulation of GDH jtors were found. However, not all appear to act on GDH
(10—-12). Therefore, allosteric regulation of GDH is central i, the same manner. Some were found to inhibit the en-
to understanding the response of fieell to the cellular  zyme in a positively cooperative manner. Only in some
fuel state. Children with HI/HA have increasgicell  cases was the inhibition reversed by the allosteric acti-

vator, ADP, as was the case with EGCG. Only one
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Ficure 1: The structure of glutamate dehydrogenase. Shown here is a stereo diagram of GDH with the location of some of the various
ligands denoted. The subunits of this homohexameric enzyme are represented by ribbon diagrams with differing colors. Coenzyme, glutamate,
the inhibitor GTP, and the activator ADP are represented by space filling models colored mauve, yellow, red, and green, respectively. It
should be noted, however, that this is a composite structure since ADP and GTP cannot bind simultaneously.

MATERIALS AND METHODS Kinetic AnalysesPrior to kinetic analysis, aliquots of GDH
were extensively dialyzed against 0.1 M sodium phosphate
High Throughput AnalysiS'he bovine GDH (bGDH) used  pyffer, pH 7.0, that contained 1 mM EDTA. The enzyme
for these assays was obtained from Sigma Aldrich Chemical concentration was adjusted to 1 mg/mL and the amount of
Co. as a concentrated stock solution preserved with 50%enzyme added to the reaction mixture was adjusted to yield
glycerol. GDH was diluted to a final concentration of 0.06 optimal steady-state velocities. All solutions were made
mg/mL in 0.1 M sodium phosphate buffer, pH 7.5. The immediately prior to use. Enzyme assays were performed
substrate mix consisted of 1.6 mM NAD and 100 mM by monitoring reduced coenzyme production at 340 nm using
L-glutamate in 0.1 M sodium phosphate buffer, pH 7.5. The g Beckman Coulter DUS00 spectrophotometer.
stop solution for this reaction was 0.8% sodium dodecyl  The IGs for the top eleven compounds were measured
sulfate in water. Using a Multidrop Combi with stackers in the oxidative deamination direction in 0.1 M sodium
(Thermo Labsystems, Franklin, MA), 4Q of the substrate  phosphate buffer, pH 8.0, using 50 mM sodium glutamate
mix was added to 384 well polystyrene NUNC plates (Nalge and 0.2 mM NAD'. Initially, all of the curves were fitted to
Nunc International, Rochester, NY). Using randomly selected a hyperbolic inhibition function:
libraries of compounds dissolved in DMSO and CyBi-Well
pinning robot (CyBio Corp., Jena, Germany), Al1of each % velocitv= 100%— Vi[drug]
test compound was added to the well. This yielded a final % velocity = 100% ICs, + [drug]
concentration of~13 uM of test compound and-0.13%
DMSO in the reaction mix after the enzyme was added. The where theV; is the maximum inhibition caused by the drug

()

reaction was then initiated by the addition of 2D of the (%) and 1Gy is the concentration of drug that causes half-
enzyme solution and incubated at room temperature for 1 h.maximal inhibition of the reaction. As discussed in the results
The reaction was quenched by the addition of20of the below, the data collected on a number of the compounds

stop solution, and the plates were read at 360 nm using thedid not obey this simple mass action equation and therefore
Synergy HT (BioTek, Winooski, VT). Normally, NADH  a modified Hill equation 15) was applied:

production is monitored at 340 nm, but the longer wavelength

was used to reduce the interference caused by the polystyrene ) Vi[drug]h

plates. In the absence of inhibitors, this yielded an OD of % velocity = 100%— C "+ rdrual

~1.0 and the addition of 0.2% DMSO to the reaction mix Cso T [drug]
had no effect on GDH activity. As a control, 0.2 mM GTP HereV,
was added and yielded an OD of0.1 after the 1 h
incubation. When the screen results of the inhibited and
uninhibited reactions are compared, tiZ& value was
calculated to be~0.87 using eq 1.

3)

and IGyg are as described above ahds the Hill
coefficient. Data was fitted using the nonlinear regression
routines in the program Prism 4 (GraphPad Software, Inc.).
Analysis of the effects of the various compounds on GDH
kinetics is complicated by the fact that the steady-state
reaction does not obey MichaetliMenten behavior when
- (1 — (3(STD1+ STD2)) (1) either glutamate or coenzyme is varied in the reaction. When
(MEAN1 — MEAN2) NAD(P)* is varied in the oxidative deamination reaction,
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there is pronounced negative cooperativity. Therefore, thethe ADP activation and Aghx is the maximum amount of
velocities of the reaction at varied NADand drug concen-  activation of the reaction caused by ADP.

trations were analyzed using the Hill equation: Binding StudiesAt an excitation wavelength of 365 nm,
BSB has an emission maximum at 520 nm. Upon the addition
. Ve NAD 11" of enzyme, the fluorescence is enhanced and blue-shifted to
velocity = (4) 475 nm. Therefore for binding experiments, the excitation

h +1h
Kos + [NAD] wavelength was 365 nm and the emission wavelength was

475 nm. The binding equilibrium constant was measured by
monitoring the change in fluorescence. Because of limited
solubility, the concentration of BSB was fixed and GDH was
added to the cuvette. The GDH had been extensively dialyzed
against 0.1 M sodium phosphate buffer, pH 7.0, that
contained 1 mM EDTA and the protein concentrations were
adjusted to the noted final concentrations assuming an
extinction coefficient of 0.93 mL/camg. BSB binding was
measured fluorometrically by successive additions of GDH

Here,Vmaxis the maximum velocity of the reaction ahds
the Hill coefficient. Note that that th&o £" term is not the
same as &, value. The data was directly fitted to this
equation using the nonlinear regression algorithms in the
program Prism 4.

In the case of glutamate-varied analysis, there is strong
substrate inhibition at high glutamate concentrations. For this
equation, a modified version of the Monod equation was used

(16): to the same cuvette, and the fluorescence intensity was
V, ,[GLU] recorded after each addition. Fluorescence intensity was

velocity = ma 5 (5) measured using a Cary Eclipse fluorometer with excitation

K., + [GLU] + [GLU]“/K, and emission slit widths set to 5 nm, and each fluorescence

reading was averaged over 0.1 s. The problem with this
HereVmax is the apparent maximum velocity in the absence experimental design was the fact that the initial additions of
of substrate inhibitionKr is the apparent Michaelis constant GDH were nearly all saturated with ligand. Therefore, the
for glutamate, and; is the apparent substrate inhibition data was analyzed using a modified version of previously
coefficient. It should be noted, however, that this is an described equatiori) that does not assume that the bound
empirical description of the inhibition of the reaction at high enzyme concentration is negligible compared to the total
glutamate concentrations. Equation 5 is a derivative of that enzyme pool:
for an uncompetitive inhibitor, and therefore inhibition is

caused by the binding of a second substrate molecule after —b—+/b?— 4a[GDH]
the first molecule is bound to the active site. In the case of F=Fx + F, (7)
GDH, substrate inhibition is due to the binding of glutamate 2a

to the active site before the reduced coenzyme disassociates h

from the prior turnover eventl{). Further, the binding of where

NAD(P)H from the GDHGLU-NAD(P)H is much tighter _

than of the GDHaKG-NAD(P)H complex. Therefore, eq 5 b= ~(Kq + [drug, + [GDH])

reflects the concentration dependency of the glutamate a= [drug],

inhibition but does not fully describe its complexity. Nev-

ertheless, while thi; values determined using this equation |n this equation,Fo is the initial fluorescence of the

do not truly represent thi; for glutamate inhibition, they  compound before GDH is added, [drug]is the initial

are useful in ascertaining whether the drugs affect overall concentration of drug in the cuvette, arféha is the

substrate inhibition and help remove the effects of substrateflyorescence of the drug after it has all bound to GDH. The

inhibition from the curve fitting results at lower glutamate data was fit to the above equation using the program Prism.

concentrations. Isothermal Titration Calorimetry (ITC)ATA binding
ADP Actiation StudiesADP activation is hlgh'y depend- assays were performed USiﬂg UM Samp|es of bGDH that

ent upon pH and substrate concentratiods) (and is  had been dialyzed against 100 mM sodium phosphate buffer,

efficacious at a”osterica”y abrogating the effects of inhibitors pH 7.0. ITC measurements were carried out on a MicroCal

such as EGCG (e.gl14)). To delineate possible differences vp-|TC titration calorimeter (MicroCal, Inc., Northampton,

in the mode of action of the various inhibitors, the ability of MA) The protein Samp|es were p|aced in the reaction cell,

ADP to reverse the inhibition caused by these compoundsand a 2.0 mM solution of ATA was used in the injection
was examined. For these assays, (0 of a 1 mg/mL syringe.

solution of GDH was added to 1 mL cuvettes containing 25 Al titrations were performed at 38C. After the temper-
mM L-glutamate, 0.2 mM NAD in 0.1 M sodium phosphate  ature was equilibrated, successive injections of ATA were
buffer, pH 8.0 and the production of NADH was monitored made into the reaction cell in 1L while stirring at 260
spectrophotometrically at 340 nm. Since the compounds rpm to ensure a complete equilibration. The resulting heat
inhibited the reaction to varying degrees, the data for each of reaction was measured in 29 consecutive injections at 400
were also graphed as percentage of activity in the absences time intervals. Control experiments to determine the heat
of ADP. The data was then analyzed using the formula  absorbed due to dilution of the ATA solution were carried
out with identical injections in the absence of protein. These
AClye{ADP] (6) values were then used to normalize the binding data. The
(Kyet T [ADP]) titration data were curve-fitted to models that assumed either
one or two classes of non-interacting binding sites using a
whereK, is the apparent binding constant associated with nonlinear least-squares algorithm in the MicroCal Origin

% activity = 100+
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software package. The binding enthalpy chand¢ asso- 25

ciation constanK, and the binding stoichiometry were

all refined during the least-squares minimization process. For . Test Compounds

this fitting process, an accurate measure of ligand concentra- . DMSO Controls

tion is required. However, ATA is notorious for being a - Verified Compounds

mixture of different polymeric states. In order to obtain a

quality fit of a single site model to the data, it was nec-

essary to adjust the apparent concentration of ATA down t0 zgcorea }

0.24 mM. 25 20 5 A 5 ; 0 15 20 25
Thermal Denaturation Studie$he effects of the various ; '

ZscoreB

compounds on GDH thermal stability were assayed at 50 o

°C and 54°C depending upon the compound being analyzed. 88 s 107
A 1 mg/mL solution of GDH in 0.1 M sodium phosphate, s 15+
pH 7.0, was incubated in the presence of 0.1 mM drug at :

the noted temperatures. At varying times, 40 of this 2 gY 201
mixture was removed and the activity of the enzyme was ™ 25

measured in 1 mL cuvettes containing 25 mM sodium
L-glutamate, 0.2 mM NAD in 0.1 M sodium phosphate  Ficure 2: High throughput screening for glutamate dehydrogenase
buffer, pH 8.0, and the production of NADH was monitored inhibitors. The effect of each compound on GDH activity was

: . : measure in duplicate and plotted here as a function of the two Zscore
spectrophotometrically at 340 nm. At this concentration of values. The DMSO controls are represented by blue dots, the red

drug, some of the compound was carried over from the qots represent the test compounds, and the black dots represent
incubation aliquot and caused inhibition of the enzymatic those that were further analyzed in these studies. The numbering

reaction. Therefore, the data was normalized to the enzymaticused to identify the black dots corresponds to the compound
activity before heat treatment and analyzed using least-dentification used in Figure 2.

squares fitting to a simple exponential decay formula: . .
compounds were further examined using the 1 mL cuvette

assay, and none were shown to activate the reaction.

Figure 3 shows a summary of the activity of a number of
the compounds identified in the high throughput screen. It
is important to note that some known inhibitors of GDH were
RESULTS also found to be potent inhibitors in this high throughput

screen. Most notably, diethylstilbestrol, epigallocatechin-3-

The hyperinsulinism/hyperammonemia syndrome (HI/HA) monogallate (EGCG) and a digallate derivative were found
is directly caused by the hyperactivity of GDH that stems to be potent inhibitors. Furthermore, and as we had previ-
from genetic defects that abrogate GTP inhibition. The ously found, epicatechin (EC) was not active against GDH
overriding goal here is to find novel compounds that may (14). At first glance, it appears that polyaromatic compounds
ameliorate some of these symptoms by modulating the have the highest activity. However, there are apparently other
hyperactive GDH in these patients. To this end, the assayimportant factors governing activity since compounds such
was designed to look for inhibitors of the oxidative deami- as epigallocatechin (EGC) and EC did not exhibit activity
nation reaction. To eliminate possible molecular mimics of while the closely related epicatechins (EGCG, epicatechin-
the substrate or coenzyme, the assay was performed at higl3-monogallate, and epigallocatechin 3,5-digallate) did. As
glutamate and NAD concentrations at a pH where their shown in Figures 2 and 3, there is a general agreement
binding is strongest (pH 8.0). Further, it is at these conditions between the composite Zscore for the compounds and the
that other known allosteric inhibitors (e.g., GTP) exhibit their strength of the inhibition in the 1 mL assays. It should be
highest activity. noted that there are still a number of hits shown in Figure 2

Using the high throughput screening facilities at the Broad that have not yet been confirmed with traditional kinetic
Institute, approximately 27,000 compounds were tested for assays and will be the subject of future studies.
the ability to inhibit GDH activity. Each assay was performed  While the estimated I values are summarized in Figure
in duplicate with DMSO controls on each plate in addition 3, the details of the dose-dependent inhibition are shown in
to control plates composed entirely of DMSO. The raw data Figure 4 and summarized in Table 1. When the data was
was processed using the in-house services at the Smalbanalyzed using the simple hyperbolic equation 2, it was
Molecule Screening Center at the Broad Institute. Figure 2 immediately apparent that most of these compounds do not
is a scatter plot of the Zscore from each of the duplicate exhibit a simple pattern of dose-dependent inhibition. As
assays. In this inhibition assay, “hits” should have large shown in the expanded view in Figure 4, the inhibition of
negative composite scores. It should be noted that the datssome of the compounds had a sigmoidal shape that was
also splays in the positive direction along tkendY axes indicative of positive cooperativity. When the modified Hill
and that there are a significant number of compounds with equation was used instead (eq 3), the data was well
high positive composite Zscores. Both effects are more thanrepresented by the fitted curve. Approximately half of the
likely due to two sources of artificially high OD readings; compounds had Hill coefficients o¥1.0 and therefore did
the SDS stop solution occasionally formed bubbles in the not exhibit any apparent cooperativity. However, ATA, HCP,
well that scatter light, and some of the tested compounds bithionol, metergoline, calmidazolium, and BH3I all had Hill
absorb strongly at 360 nm. Indeed, a number of these coefficients much larger than 1.0 and significantly sigmoidal

% activity =100 e * (8)

whereK is the decay constant aricequals time.
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cl
HoN

1 Aurintricarboxylic acid 2 Hexachlorophene 3,56W5074 4 Bithionol
Zscore -33 Zscore -30 Zscore -25, -18 Zscore -20
IC50 1.2 uM IC5 1.7 uM ICsy 1.5, 2,6 UM ICs5y 5.5 uM

Br

H Br
Br
6 CK2 inhibitor 7 BSB 8 Leoidin 9 Erythrosin B
Zscore -17 Zscore -9 Zscore -15 Zscore -26
ICs; 15.8 LM ICs, 6.4 UM ICs, ND ICso >50uM
Cl

Cl

3

10 Metergoline M Diethylstilbestrol 12 Ccllalmidazolium 13BH31-2
Zscore -9 Zscore -8 Zscore -11 Zscore -11
ICsy 32.8 UM IC50 1.7 UM ICso 7.7 UM ICs5q 3.7 uM

OH OH

OH

14 suloctidil 15 Ethaverine 16 Epigallocatechin 17 Epigallocatechin-
Zscore -7 hydrochloride 3,5-digallate 3-monogallate
IC5y 13.8 uM Zscore -13 Zscore -15 Zscore -14

ICo ND IC5o ND IC5y 0.5uM

[o]
H

OH
poa
OH
18 Epicatechin?H 19 Epigallocatechin 20 Epicatechin 21 Gallic Acid
3-monogallate Zscore ND Zscore O Zscore 0
Zscore ND IC5 NA IC5 NA IC5, 80uM

IC5 0.5uM

Ficure 3: Structures and activities of some of the compounds tested against GDH. Shown here are a number of the newly identified
inhibitors against GDH as well as previously published work with their associated overall Zscoresandli@s.

shaped dose-dependency curves. This suggests that theg@ocess, the maximum inhibition for all of the compounds
compounds do not all have the same effect on GDH. It should was allowed to vary during the fitting process and, in all
be noted that, as evidence for the quality of the curve fitting cases, inhibition was-100%.
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Ficure 4. The dose dependent inhibition of GDH activity by the top eleven compounds identified in the high throughput screen. Shown
here is the dose dependent inhibition of GDH activity for the best compounds identified in the high throughput screen. The lines represent
the results of nonlinear least-squares fitting using a modification of the Hill equation (eq 3). On the right is an expanded view of two of
the active compounds showing that fitting the data to a simple hyperbolic function (dashed line) does not sufficiently describe the dose-
dependent inhibition.

Table 1: Summary of the Nonlinear Curve Fitting Results of the Various Compounds Using the Modified Hill Equatior? (Eq 3)

compound Imax (%0) Ki («M) Hill coefficient R? pharmaceutical target
ATA 94 (3.1) 1.1 (0.09) 1.7 (0.19) 0.97 nuclease inhibit8)(
hexachlorophene 99 (1.1) 4.0 (0.08) 2.9 (0.17) 0.99 topical antiseptic
GW5074 100 (2.1) 1.5(0.13) 0.98 (0.07) 0.99 cRafl kinase inhib&o)r (
cRafl Inhibitor 100 (1.3) 2.6 (0.12) 0.99 (0.04) 1.00 cRafl kinase inhib&0r (
bithionol 89 (3.4) 5.5(0.37) 2.4 (0.38) 0.95 antihelmintic, fungicidal
CK2 Inhibitor 101 (2.0) 16. (1.1) 0.89 (0.06) 0.99 ATP/GTP-competitive inhibitor of casein kina3&;31)
metergoline 99 (2.3) 33.(3.0) 2.3(0.36) 0.94 serotonin receptor antagd)ist (
calmidazolium 98 (1.7) 7.7 (0.22) 1.7 (0.08) 1.00 inhibitor of calmodulin-regulated enzyaRes (
BH3I 99 (2.5) 3.7 (0.09) 2.5(0.13) 1.00 blocks BH3 domain and Bcl-xL interac8dh (
sulocitidil 99 (1.1) 14.(0.83) 1.1 (0.10) 0.98 calcium channel bloc&8), @nticoagulant, vasodilator
BSB 98 (1.5) 6.4 (0.32) 1.5(0.11) 0.99 binds to amyloid plaqB&} (

aThe values in parentheses denote the standard error of the fitted parameters.

These results suggested that all of the compounds are notommunication that is responsible for negative cooperativity.
inhibiting GDH in the same manner. To further analyze this, BSB yielded the clearest results in that increasing concentra-
several of the more potent compounds were selected fortions of the drug decreased th&.x and theK, for the
further steady-state analysis. These studies are shown irreaction. HCP also clearly decreasedVhg;for the reaction
Figure 5 and summarized in Tables 2 and 3. To complicate but the effects on th&,, for NAD* are less clear. At the
this analysis is the fact that GDH does not follow the highest drug concentration, HCP also appears to decrease
expected MichaelisMenten behavior. In the oxidative both theKy and theVmax for the NAD' varied steady-state
deamination reaction, high glutamate concentrations causereaction. The results for ATA are similar to those with HCP.
substrate inhibition 8) and there is marked negative Nevertheless, it is highly unlikely that these compounds act
cooperativity when NAD(P) is varied in the steady-state as competitive inhibitors to coenzyme.
reaction R0—23). Rather than trying to ascertain the effects  The steady-state kinetic analysis of the glutamate-varied
of the drugs using rather narrow concentration ranges of reaction also suggests that these compounds are not affecting
coenzyme and substrate, the data was analyzed usinghe enzyme in the same manner (Figures 5B, D, and F). The
nonlinear regression analysis. initial velocity for the reaction is significantly inhibited at

For analysis of the steady-state reaction at varied coenzymehigh glutamate concentrations, and therefore a modified
concentration (Figure 5A, C, E), a modified version of the version of the Monod equation was uséd)(for analysis
Hill equation was used (eq 4). It should be noted, however, (eq 5). For the nonlinear regression analysis, the apparent
that theKo <" values for NAD are higher than previously binding constant for the substrate inhibitidG {n eq 5) was
publishedKy, values under similar conditions (e.g18)). allowed to vary for each dataset and was also globally refined
This is likely due to the fact that the two apparent binding to a single value. The constrained refinement yielded superior
constants are not mathematically equivalent. One problemR? values for the curve fitting process. From this, it is
with the Hill equation is that a small change in the Hill apparent that the substrate inhibition is essentially unaffected
coefficient has an exponential effect. To help compensate by the compounds. However, from the results of the analysis
for this, all of the data was curve-fitted at the same time (Table 3), it appears that the larger, polymeric compounds,
while globally fitting the Hill coefficient. This, in fact, ATA and BSB, increase th&, for glutamate while the
yielded betterR? values for fitting than when the Hill  smaller, hydrophobic, hexachlorophene either does not affect
coefficient was refined independently for each data set. This the Ky, for glutamate or causes a slight decrease. This effect
suggests that none of the three compounds affect the subuniis further examined in Figure 6. For this figure, the velocities
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Ficure 5: Effects of several of the more potent drugs on glutamate and coenzyme varied steady-state kinetics of the oxidative deamination
reaction. The figures on the left side of this page represent steady-state velocities at varied coenzyme concentration, and the figures on the
right are of the glutamate varied studies. The effects of ATA, HCP, and BSB are shown in the top, middle, and bottom figures, respectively.
The data for the coenzyme varied experiments were fitted to the modified Hill equation (eq 4) while the modified Monod equation (eq 5)
was used to describe the substrate inhibition observed in the glutamate varied studies.

of the reactions at the highest drug concentration were ATA and BSB tend to form larger polymers in solution
compared to the velocities of the reactions in the absence ofand, from their action on other targets, appear to bind to
drug. From this figure, it is apparent that ATA and BCB are large oligomers. Therefore, there was some concern as to
less effective at higher glutamate concentrations. This, the specificity of their interactions with GDH. To that end,
combined with the fact that these drugs increasekthéor binding studies were performed on both ATA and BSB. Both
glutamate, suggests an antagonism between these drugs andolecules are fluorescent and therefore were first analyzed
glutamate. This is not the case for coenzyme (Table 2). In using fluorescence titration experiments. ATA was found to
contrast, hexachlorophene appears to be more efficacious asot be suitable since it, by itself, tends to exhibit enhanced
the glutamate concentration is increased. From these resultsfluorescence in a concentration dependent manner. BSB
it appears that ATA and BSB disrupt the GENMAD "-GLU binding followed classic saturation behavior, and the data
complex while hexachlorophene promotes its formation. In was well described by the modified saturation formula
the case of the latter, it may be that, like GTP, hexachlo- (Figure 7, eq 7). Thé&, for the interaction was calculated
rophene promotes the formation of the abortive complex to be 1.5uM (£0.4 uM), and theR? for the fitting process
(GDH-NADH-GLU). was 1.00. This binding constant is within an order of
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Table 2: The Effects of the Inhibitors on the Oxidative Deamination Reaction at Varying Coenzyme Conceatrations

[ATA]
ouM 0.8uM 1.9uM 2.5uM 3.5uM
Vinax (ODsagdmin) 1.90 (0.31) 1.49 (0.22) 1.37 (0.22) 1.54 (0.31) 1.52 (0.37)
Hill coefficient 0.52 (0.011) 0.52 (0.011) 0.52 (0.011) 0.52 (0.011) 0.52 (0.011)
Ko.g'for NAD* (mM) 11.9(5.2) 8.9 (3.6) 9.3 (4.0) 14.0(7.2) 17.8 (10.6)
R2 1.00 0.99 1.00 1.00 1.00
[HCP]
ouM 1.8uM 2.5uM 3.0uM 3.3uM
Vinax (OD 340/min) 1.90 (0.31) 1.83(0.37) 1.81(0.51) 1.43(0.41) 0.87 (0.16)
Hill coefficient 0.52 (0.011) 0.52 (0.011) 0.52 (0.011) 0.52 (0.011) 0.52 (0.011)
Ko.d"for NAD* (mM) 21.5(17.0) 16.0 (8.4) 25.3(17.3) 21.3(14.6) 7.7 (3.6)
R? 1.00 1.00 1.00 1.00 1.00
[BSB]
ouM 3.0uM 7.0uM 14.0uM
Vinax (ODsagdmin) 1.62 (0.25) 1.35(0.19) 0.92 (0.12) 0.52 (0.067)
Hill coefficient 0.52 (0.011) 0.52 (0.011) 0.52 (0.011) 0.52 (0.011)
Kog' for NAD™ (mM) 9.7 (4.1) 7.8 (3.0) 5.4(2.0) 3.0(1.1)
R? 1.0 1.0 1.0 1.0

aThis is a summary of the data shown in Figure 5 and fitted to eq 4. For this analysis, the Hill coefficient was refined globally to a single value

using all of the datasets. Note that tKg<" term is not the same aska, value.

Table 3: The Effects of the Inhibitors on the Oxidative Deamination Reaction at Varying Glutamate Concendtrations

[ATA]
0ouM 0.8uM 1.9uM 2.5uM 3.5uM
Vimax (ODsad/min) 0.22 (0.002) 0.20 (0.002) 0.19 (0.002) 0.18 (0.002) 0.16 (0.003)
Km (MM) 0.89 (0.05) 0.99 (0.06) 1.2 (0.07) 1.5(0.10) 3.0(0.23)
i 696(45) 696(45) 696(45) 696(45) 696(45)
R2 0.99 0.99 0.99 0.99 0.99
[HCP]
0ouM 1.0uM 1.8uM 2.5uM 3.4uM
Vinax (ODsagdmin) 0.22 (0.002) 0.21 (0.002) 0.20 (0.002) 0.18 (0.002) 0.12 (0.002)
Km (MM) 0.89 (0.05) 0.98 (0.05) 0.96 (0.05) 0.81 (0.05) 0.65 (0.06)
i 595 (37) 595 (37) 595 (37) 595 (37) 595 (37)
R2 0.99 0.99 0.98 0.99 0.96
[BSB]
ouM 3.0uM 7.0uM 14.0uM
Vimax (ODzsd/min) 0.21 (0.002) 0.19 (0.002) 0.14 (0.002) 0.11 (0.002)
Km (MM) 1.0 (0.06) 1.2 (0.06) 1.3(0.10) 1.7 (0.19)
Ki 598(45) 598(45) 598(45) 598(45)
R? 0.99 0.99 0.98 0.98

aThis is a summary of the data shown in Figure 5 and fitted to eq 5. For this analysis, the apparent substrate inhibition binding<Gpnstant (
refined globally to a single value using all of the datasets.

magnitude of thék; measure by steady-state analysis (Table ADP activation is very sensitive to pH and the concen-
1). ATA is more soluble than BSB and therefore amenable tration of coenzyme and substrati8). For example, ADP

to other methods for measuring binding constants such ascan actually inhibit the oxidative deamination reaction at
isothermal calorimetry titration. As shown in Figure 8, ATA pH 6.0 @8). In vivo, it seems likely that ADP functions
binding also showed classical saturation binding with a largely to attenuate the effects of inhibitors such as palmit-
calculated binding constant of 4:M. This is consistent with oyl CoA and GTP. To help tease out possible differences
the Ki measured kinetically. In both cases, the binding was in the mode of action of the various compounds, the effects
well described by a single site, non-interacting binding model of ADP on these inhibitors were analyzed. Figure 9 dis-
as apposed to the apparent positive cooperative effectplays this data two different ways. On the left are the raw
observed in the steady-state analysis (Figure 4). This suggestselocity measurements as the concentration of ADP is
that the drug binding to the enzyme alone is different than increased. Notably, the velocities au® ADP differ be-
binding to the catalytic complex. Nevertheless, these binding cause the activity of the drugs varies widely. The data is
experiments demonstrate that these compounds do indeed@lso plotted as a function of percent activity in the absence
bind in a specific manner with association constants con- of ADP. This helps to normalize the various experiments so
sistent with the measured kinetic EB. that the ADP abrogation of drug inhibition could be directly



New Classes of GDH Inhibitors Biochemistry, Vol. 46, No. 51, 20075097

Time (min)
80 0 66 132 198
0.2 i T T T T T T T ‘_
704 0~0‘_ T 444444804808 080084 ]
2] "[T[TIT ]
-0.4 - ]
> 601 8 0.6 ]
2 2 08 ]
< 50, 8 104 ]
= O 2] ]
Q 14 h
401 B35 UM ATA IS ]
-e-3.4 UM HCP 16 ]
-*14 yM BSB -1.8 7 ]
301 -2.0 54— T T T T T T T 3
04 4
_ (LI I
S S S S AP £ ] ]
RUIRVARN Vv RSB A G % 10 b
[Glutamate] (mM) .GC_>, 15 :
£ 151 .
Ficure 6: The effects of glutamate concentrations on GDH 5 1 .
inhibition. Shown here is a summary of Figures 5 B, D, and F as o 207 ]
the percent GDH activity at the highest concentrations of ATA, S 5] i
HCP, and BSB as the concentration of glutamate is increased. § 1 1
T -30 - i
o 1 J
2,61 < 35 q
n T T T T T T T T T
24 0 2 4 6 8
2.21 Molar Ratio
—~ 2.0 . N . o
[ FiIGURE 8: Isothermal calorimetry titration analysis of ATA binding.
= 1.8 Shown here are the ITC results of ATA binding to GDH. The top
< 16 figure shows the raw data, and the figure at the bottom shows the
' summary of the data along with the curve fitting results.
1.47
1.21 differences among these compounds may be more due to
10 . . . . efficacy rather than mode of action.

1 2 3 4 5 6

(GDH] (M) The NAD binding domain of GDH undergoes a large

Ficure 7: Fluorescence binding analysis of BSB. Shown here is conformational change duriﬂg Catalyt@c tu!’nover. Previously
the change in fluorescence of BSB as the concentration of GDH we SqueStefd that_ allosteric regulation is e_XaCted through
is increased. The line represents the curve fitting results using control of this motion 24, 25). In other studies, we have
eq 8. shown that antiviral drugs to human rhinovirus act by
stabilizing the virion and preventing conformational changes

compared. The nonlinear regression analysis is summarized26, 27). Therefore, the effects of these drugs on GDH
in Table 4. thermal stability were examined (Figure 10). This figure

There appears to be a continuum with regard to ADP shows the data in terms of raw velocity (top) and as a
abrogation of drug inhibition. At either end of this spectrum percentage of activity before heat treatment (bottom). The
are ATA and GW5074. Both of these compounds are potent initial velocity is lower with some drugs because some drug
inhibitors of GDH, and sufficient amounts of drug were is carried over from the high temperature incubation to the
added to inhibit the reaction by nearly 75%. As summarized €nzymatic assay. From preliminary studies, ATA was found
in Table 4, at this concentration, ATA increases kg of to stabilize GDH and therefore the assay was also performed
ADP by 10-fold and the apparent maximum activation also at a slightly higher temperature to exemplify this (right side
by about 10-fold. Or, to put it another way, ADP is very of Figure 10). The effects of the drugs on the rate of
efficacious at removing ATA inhibition, and from extrapola- denaturation are summarized in Table 5. Contrary to our
tion, it seems that ADP could nearly remove ATA inhibition initial hypothesis, many of the compounds caused a marked
at high enough concentrations. The ADP concentrations destabilization of GDH. The most potent of these compounds
shown here are at the limit of what can be used since atare DES and palmitoyl CoA. These compounds increased
higher concentrations it starts to compete with coenzyme for the sensitivity of GDH to thermal denaturation by nearly a
the active site. This is very much the same as what we factor of 10. Calmidazolium and hexachlorophene had little
observed in the case of EGC®4]. In stark contrast to ATA, to no effect on GDH stability and may have slightly stabi-
GWH5074 is relatively unaffected by ADP. Using the more lized the enzyme. Most of the other compounds affect
reliable curve fitting results at BM GW5074, the apparent  the half-life of GDH by about a factor of 2. ATA is very
binding constants of, and the extent of activation by, ADP different than all of the other compounds in that it in-
are essentially the same as they are in the absence of drugcreases the stability of GDH by approximately 4-fold.
Other than perhaps DES, the other compounds seem to beConsistent with the other experiments, these results strongly
more akin to ATA than GW5074 in that their inhibitory imply that these compounds are not acting via the same
effects all seem to be well reversed by ADP. Any more subtle mechanism.
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Ficure 9: Effects of ADP on the inhibition of the various compounds. On the left is the raw data showing the effects of ADP on the
velocity of the GDH catalyzed oxidative deamination reaction. On the right, the same data has been normalized and presented as a percentage
of the velocity at zero ADP concentrations. The curves shown in this figure are the results of nonlinear regression analysis using eq 6.

Table 4: ADP Reversal of Inhibition of the Various Compouhds comp_ounq mi_ght be mimicking purine_s and pyri_midines.
— CK2-inhibitor is a cell-permeable and highly selective ATP/
compound [drug]#M) activation (%) KactADP (uM) R?

GTP competitive inhibitor of casein kinase-21j. Against

2;?/\%3%4 . % ((éi)) 4% ((3-12%) %E;i this target, it has &; of ~1 uM and likely has activity due
GW5074 8 34 (2.0) 31(9.2) 0.90 to its similarity to a purine ring. GW5074 is a c-Rafl
hexachlorophene 3 92 (4.4) 89 (15) 0.97 inhibitor with an EGy of ~10 nM. Similar to the CK2
ATA 8 207 (17) 222 (49) 0.96 inhibitor, this compound is probably active due to the purine
gitshéono' 1(5) 1%" ((11;)) i ((3-22)) 8-83 analogue at the one end (Figure 3). _

BH3l 10 140 (5_'9) 34 (7.0) 0.95 A ;ec_ond group o_f actlve_co_mpounds act on _thelr targets
DES ) 64 (2.0) 19(3.4) 0.96 by binding to protein-protein interfaces. BSB is able to

a Shown here is a summary of the data shown in Figure 9, fitted to permeate |IV|ng Ce"S’, cross ,the bloebra}ln barr',er' and b'nd
eq 6. to intracellular amyloid peptides associated with Alzheimer’s
disease3?2). In addition, BSB was shown to inhibit a cellular
model for transmissible spongiform encephalophathy with
DISCUSSION an EDy of ~1.4 uM (33). BH3I-2 inhibits the interaction

Hyperinsulinism/hyperammonemia in humans is associatedbetween the BH3 domain and Bcl-xB4) with aK; of ~4—6
with dysregulation of GDH10—12). The mutations leading ~ uM. It is tempting to speculate that these compounds might
to this phenotype either directly alter the GTP binding site interfere with the large domain motion associated with
or appear to affect the ability of this inhibitor to exert its catalytic turnover by binding to, for example, the back of
effects. Our previous studies demonstrated that some of thethe NAD binding domain (Figure 1).
polyphenols found in green tea are able to inhibit both the Interestingly, a number of these GDH inhibitors also have
wild type and HI/HA forms of GDH in vitro as well as block  activity on systems related to calcium binding and uptake.
the GDH mediated process of BCH stimulation of insulin Ethaverine is structurally related to verapamil, and both are
secretion in situ. It was clear from these studies that the L-type calcium channel inhibitor86). However, verapamil
observed inhibition was specific to EGCG and ECG and did not significantly inhibit GDH activity in this screen (data
independent of the antioxidant activity of these compounds not shown). Suloctidil is also a calcium channel blocks) (
(14). However, while these compounds are safe for con- that also can inhibit caspase-37f. Calmidazolium is a
sumption, they are cleared from the serum in relatively short calmodulin antagonist that has a number of activities
order. Therefore, the current studies were undertaken toincluding the inhibition of calcium channels3§), and
identify inhibitors that might have superior pharmokinetics calcium-dependent kinase39. It is not at all clear what
and to identify a cluster of active compounds for quantitative the GDH might have in common with calcium channels.
structure-activity relationships. Along the way, it was hoped The remaining compounds have a wide range of pharma-
that such analysis would tease out the mechanisms ofceutical activities, but all are polyaromatics. Metergoline is
regulation in this complex enzyme. a nonselective serotonin receptor antagonist, known to have

Of the most active compounds, a number of them have an effect on SHT1A, 5HT1D and S5HT2C recepto4§,(41).
similar known pharmaceutical activities. It should be noted Diethylstilbestrol is a synthetic nonsteroidal substance with
that none of the compounds either aggregated or disruptedestrogenic properties4®) and used in the treatment of
this hexameric enzyme according to dynamic light scattering prostatic cancer. Hexachlorophene and the very similar
experiments (data not shown). The first group of active bithionol both have general bactericidal and fungicidal
compounds likely inhibits GDH by interacting with one of activity, but their exact mechanism of action is unknown.
the several purine binding sites (ADP, GTP, or coenzyme Finally, the catechins are polyphenolic compounds with
binding sites). Aurintricarboxylic acid (ATA) is an inhibitor ~ strong antioxidant activity. However, inhibitory activity
of nucleases28) and topoisomerase®9) and has been against GDH is limited to ECGC and ECG and apparently
shown to inhibit proteir-nucleic acid interaction80). From unrelated to the antioxidant activity. Interestingly, gallate is
the structure (Figure 3), it is not clear what aspect of the not at all active and yet hexachlorophene and bithionol, with
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Ficure 10: The effects of the inhibitors on GDH thermal stability. The top figures show the activity of the enzyme at various times at 50
°C (left) and 54 (right) in the presence of various compounds. Since there was some carryover inhibition due to the drug added during the
incubation, the bottom two figures show the same data normalized to the velocity before the incubation at high temperature was initiated.
The curves show the results of the linear-regression analysis using eq 7.

Table 5: The Effects of the Inhibitors on the Thermal Stability of

GDH?

compound rate (mi)  R?>  half-life (min) temp ¢C)
no drug 0.020 (0.001) 0.99 345 50
bithionol 0.048 (0.002) 0.99 14.4 50
diethystilbestrol  0.202 (0.017) 0.98 3.4 50
palmitoyl COoA  0.169 (0.011) 0.99 4.1 50
CK2 inhibitor 0.048 (0.003) 0.98 14.4 50
GW5074 0.084 (0.016) 0.87 8.2 50
BH3I-2 0.046 (0.006) 0.90 15.0 50
calmidazolium 0.017 (0.031) 0.82 40.6 50
no drug 0.127 (0.019) 0.93 5.4 54
hexachlorophene 0.113(0.007) 0.98 6.1 54
ATA 0.028 (0.002) 0.94 24.6 54

aThis is a summary of the data shown in Figure 10 and fitted to

eq7.

compounds subjected to detailed analysis exhibited signs of
competitive inhibition.

Out of the compounds that were further studied, it is
particularly interesting that most appear to affect the enzyme
in a positively cooperative manner. This, in effect, causes a
sudden and rapid increase in inhibition as the drug reached
the apparenkK;. Interestingly, GW5074 and CK2 inhibitor
did not fit this pattern. Indeed, GW5074 was accidentally
tested twice under the name C-Rafl inhibitor and consistently
yielded the same Hill coefficient. In contrast, higher Hill
coefficients are associated with the more hydrophobic
compounds. Perhaps, these compounds are intercalating into
the enzyme and this process is easier once several molecules
have already bound. It is more difficult to interpret the ATA
and BSB apparent cooperativity since these compounds tend

two phenolic groups, are. This seems to suggest that twoto readily polymerize in solution.

phenolic groups with this approximate spacing are a mini-

Kinetic analysis of GDH is difficult because the enzyme

mum requirement for activity. Owing to the rather diverse does not exhibit classical Michaeli#lenten behavior in a
chemical nature and pharmaceutical activities of these number of aspects. In the oxidative deamination reaction,
compounds, it would not be surprising if these compounds the GDH exhibits marked negative cooperativity with respect
bound to a number of sites and/or exerted their inhibitory to coenzyme. While most of the previous steady-state kinetic
effects on the enzyme in different ways.
Since GDH utilizes commonly found substrate, glutamate, Lineweavefr-Burk plots, we have employed the Hill equation

and coenzymes, NAD(P)it was essential to design the high

analyses relied on interpretation of linearized rate data via

to better assess the mode of inhibition and possible effects

throughput screen to avoid selection of substrate andon non-Michaelis-Menten kinetics such as substrate inhibi-

coenzyme analogues. To that end, very high concentrationstion and negative cooperativity. From the results presented
of both coenzyme and substrate were used during thehere, the data is well described by the mathematical models
screening. This proved to be efficacious in that none of the and represents a superior way to describe these complex
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kinetic phenomena. The assay conditions for the high inhibition is indeed caused by binding to this sie3); The
throughput screen were performed at very high glutamate EDso for ADP is more than 20 times higher than that for
and coenzyme concentrations to avoid identifying ligands GW5074. Perhaps, under these conditions, ADP was not
that might mimic substrate and coenzyme. From these resultsantagonistic to GW5074 since it was not able to effectively
(Figure 5 and Tables 2 and 3) it is apparent that this compete for binding. Circumstantial support for this pos-
accomplished that goal. None of the compounds tested weresibility comes from the fact that GW5074 does not affect
apparently purely competitive inhibitors of the reaction. the apparent binding constant of ADP in the kinetic assays.
Further, none of the compounds eliminated the negative The second class of inhibitors is the large, polyphenolic
cooperativity or substrate inhibition observed in the oxidative structures represented by EGCG, ATA, and BSB. ATA
deamination reaction. Interestingly, BSB and ATA are less interferes with protein/RNA interactions, and BSB interacts
efficacious at the very high glutamate concentrations where with amyloid polymers. The binding results clearly demon-
marked substrate inhibition occurs and cause a significantstrate that ATA and BSB interact in a highly specific manner
increase in the&,, for glutamate. This suggests that these with GDH as does the specificity of ECGG and ECG for
inhibitors may act by interfering with the formation of the GDH over EC and EGC. Both ATA and BSB show apparent
catalytic complex while compounds like hexachlorophene cooperative inhibitory effects but not quite as strongly as
appear to enhance the formation of the catalytic (and likely do some of the smaller compounds such as hexachlorophene.
abortive) complexes. Unlike GW5074, the effects of ATA, BSB, and EGCE4

The effects of ADP on the various compounds clearly are strongly abrogated by ADP. It should also be noted that
demonstrate that not all act via the same mechanism andall three compounds form larger polymers in solution. At
likely bind to different locations on the enzyme. ADP least for EGCG, it is known that the larger polymers also
exhibits complex kinetic effects on GDH.§). Essentially, have inhibitory activity {4). We also know that at least
ADP is most efficacious under conditions where product EGCG can inhibit the HI/HA forms of GDH that have a
release is greatly inhibited by abortive complex formation. nonfunctional GTP inhibition site and that EGCG requires
When conditions are such that there is weak binding of the antenna for activityl@). The other interesting common
substrate/coenzyme, then ADP can actually inhibit the feature of ATA and BSB is that the inhibition appears to be
reaction (8). We suggested that ADP acts by binding behind weaker at higher glutamate concentrations (Figure 6), sug-
the NAD binding domain and facilitating the opening of the gesting that these compounds may affect the formation of
catalytic cleft (Figure 1 and ref4@)). Similarly, ADP the catalytic complex perhaps by interfering with the closing
abrogation of inhibitor effects is complex and cannot always of the catalytic cleft. This could explain why ADP is such
be ascribed to a direct competition. For example, we know an effective antagonist since we have previously suggested
that ADP @3) and GTP 24) bind to separate locations on that it acts by facilitating the opening of the catalytic cleft
GDH and yet are antagonists. ADP also reverses the effectg43). Perhaps ATA stabilizes GDH against thermal dena-
of EGCG (14) and palmitoyl CoA 44), and yet genetically  turation by binding between the domains of this rather mobile
removal of the antenna (Figure 1) also eliminates ADP enzyme.
activation, GTP inhibition, and palmitoyl CoA inhibitiod4) The final class of compounds is represented by bithionol
in spite of it not being directly involved in either GTP or and hexachlorophene. Similar to ATA and BSB, these
ADP binding. With nearly all of the drugs, ADP is a highly compounds appear to act in a cooperative manner (Table
efficacious antagonist except for GW5074, a known ATP/ 1). Unlike ATA, BSB, and EGCG, these compounds do not
GTP analogue. form large polymers in solution and may be homologues of

Therefore, putting all of the results together, there are the previously identified inhibitor diethylstilbestrokg).
apparently at least three general classes of compounds. Th€ommon to the larger compounds, these have at least two
first group is best represented by GW5074. Unlike the other aromatic rings. Notably, the single ring phenol, gallate
inhibitors described here, it does not affect the enzyme in (Figure 3), is inactive and yet has the anti-oxidative activity
an apparent positive cooperative manner, but like most of of EGCG. It is possible that these smaller compounds bind
the other drugs, it does seem to somewhat accelerate thermdb the same or similar sites as ATA and BSB, but do so in
inactivation of the enzyme. Also unique to GW5074 is that a monovalent manner. It is not clear whether palmitoyl CoA
it is a specific kinase inhibitor and one end has the generalbelongs in this group, but like EGCG, the presence of
shape of a purine. The question, however, is whether it likely the antenna is necessary for inhibitio#d). Interestingly,
binds to the ADP site or to the GTP site? We know that suloctidil has a single aromatic group but has an aliphatic
GTP binding is heavily dominated by the triphosphate moiety chain similar to palmitoyl CoA.
as clearly demonstrated by the fact that GMP and GDP have As has been shown in numerous studies over the past 40
little to no effect on the enzyme4). GW5074 clearly does  years, GDH is an extremely complex enzyme with a network
not have an obvious portion of the molecule that would of allosteric regulation that is not readily dissected. Full
mimic the triphosphate of GTP. In contrast to GTP, ADP understanding of how these various compounds inhibit GDH
binds to its site via extensive interactions with the purine activity will more than likely require the structures of the
ring (43), and we suggested that it activates via phosphate enzyme/drug complexes, but such details will greatly elu-
interactions with a lysine residue on the pivot hel. In cidate the subunit communications associated with enzymatic
a seeming paradox, we have shown that a second moleculeatalysis and regulation.
of NADH also binds to the ADP site4@) and yet it has
been suggested to inhibit the enzyn#b{48). Perhaps ACKNOWLEDGMENT
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