
UNCORRECTED P
ROOF

The Structure of Apo Human Glutamate
Dehydrogenase Details Subunit Communication
and Allostery

Thomas J. Smith1*, Timothy Schmidt1, Jie Fang2, Jane Wu3

Gary Siuzdak3 and Charles A. Stanley2

1Donald Danforth Plant
Science Center, 975 North
Warson Road, St. Louis, MO
63132, USA

2Division of Endocrinology
The Children’s Hospital of
Philadelphia, Philadelphia, PA
19104, USA

3The Scripps Research Institute
Center for Mass Spectrometry
and Department of Molecular
Biology, BCC157, 10550 North
Torrey Pines Road, La Jolla, CA
92037, USA

The structure of human glutamate dehydrogenase (GDH) has been deter-
mined in the absence of active site and regulatory ligands. Compared to
the structures of bovine GDH that were complexed with coenzyme and
substrate, the NAD binding domain is rotated away from the glutamate-
binding domain. The electron density of this domain is more disordered
the further it is from the pivot helix. Mass spectrometry results suggest
that this is likely due to the apo form being more dynamic than the closed
form. The antenna undergoes significant conformational changes as the
catalytic cleft opens. The ascending helix in the antenna moves in a clock-
wise manner and the helix in the descending strand contracts in a manner
akin to the relaxation of an extended spring. A number of spontaneous
mutations in this antenna region cause the hyperinsulinism/hyper-
ammonemia syndrome by decreasing GDH sensitivity to the inhibitor,
GTP. Since these residues do not directly contact the bound GTP, the con-
formational changes in the antenna are apparently crucial to GTP
inhibition. In the open conformation, the GTP binding site is distorted
such that it can no longer bind GTP. In contrast, ADP binding benefits by
the opening of the catalytic cleft since R463 on the pivot helix is pushed
into contact distance with the b-phosphate of ADP. These results support
the previous proposal that purines regulate GDH activity by altering the
dynamics of the NAD binding domain. Finally, a possible structural
mechanism for negative cooperativity is presented.
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Introduction

Mammalian glutamate dehydrogenase (GDH)
catalyzes the reversible oxidative deamination of
L-glutamate to 2-oxoglutarate using NAD(P)(H) as
coenzyme. The enzyme is a homohexamer and
each subunit has a molecular mass of ,56 KDa.
The structures of several bovine glutamate
dehydrogenase (boGDH) complexes have been
determined.1,2 Each subunit is composed of
approximately three domains; the Glu binding
domain at the N terminus, the NAD binding

domain, and the antenna domain (Figure 1). The
48-residue antenna is not found in bacterial and
fungal GDHs and was thought to be involved in
allosteric regulation.1,2

The two major, opposing allosteric regulators,
ADP and GTP, appear to exert their effects via
abortive complexes (NAD(P)H·Glu and NAD-
(P)·aKG). ADP is an activator believed to act, at
least in part, by destabilizing abortive complexes.3,4

ADP also abrogates negative cooperativity.5 In con-
trast, GTP is a potent GDH inhibitor and is thought
to act by stabilizing abortive complexes.6 GTP
binding is antagonized by phosphate7 and ADP,8

but is synergistic with NADH bound in the non-
catalytic site.7 Finally, ADP and GTP bind in an
antagonistic manner8 where ADP and GTP bind
preferentially to the open and closed states,
respectively.1,2 The GTP site lies between the NAD
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binding domain and the antenna1,2 while the ADP
site is under the pivot helix and behind the Glu
binding domain.2,9

Bovine GDH has a second coenzyme site on each
subunit that binds NAD(H) , tenfold better than
NADP(H)10,11 with the reduced form binding better
than the oxidized form.12 It has been suggested that
reduced coenzyme at this site inhibits the
reaction10,11 while oxidized coenzyme binding
causes activation.13 Recent studies on several
boGDH complexes have shown that NAD(H), but
not NADP(H), binds to the putative ADP site.2

These studies also suggested that NADH inhibition
might not be due to NADH binding to this site.
Both coenzymes (i.e. NADP(H) and NAD(H))
exhibit strong negatively cooperative binding in
the presence of substrate in mammalian GDH.14,15

While this enzyme has been extensively studied
over the past five decades, several fundamental
issues remain. Firstly, the catalytic direction in vivo
remains highly controversial. Secondly, since there
are many pathways that can synthesize glutamate
and 2-oxoglutarate independent of GDH, it is
unclear as to why mammals produce such large
amounts of this mitochondrial enzyme. Finally,
only GDH from higher organisms is allosterically
regulated, but the reason for this is unknown.

Clues as to the physiological roles of GDH and
its allosteric regulation have recently been revealed
by the finding that the hyperinsulinism/hyper-
ammonemia (HI/HA) syndrome in humans is
caused by defects in GDH regulation.16,17 These
patients are heterozygous for mutant forms of
GDH that are unresponsive to the inhibitor, GTP.
The results from these studies suggested that
GDH mainly operates in the oxidative deamination

reaction in the pancreas and liver, and may be
involved in insulin homeostasis.

Presented here is the structure of human gluta-
mate dehydrogenase (huGDH) that was crystal-
lized in the absence of allosteric or active site
ligands and also studied in solution using protein
mass mapping.18 –24 In this apo form, the GTP bind-
ing site is distorted such that it is unlikely that GTP
can bind to the enzyme in this open conformation.
In contrast, the adenosine–ribose pocket in the
putative ADP binding site remains unchanged as
the catalytic cleft opens and it is likely that R463
forms a salt-bridge with the b-phosphate of ADP.
Structural changes were found in the descending
strand helix that may account for how subunits
communicate during negative cooperativity.
Finally, a number of HI/HA mutations are found
in this section of the antenna domain but none of
these residues contact GTP. Therefore, this subset
of HI/HA mutations may abrogate GTP inhibition
via interference with antenna-associated subunit
communication.

Results

Domain movement

Since HuGDH and boGDH share at least a 96%
sequence identity, it was not surprising that most
of the domain structures of these two enzymes are
identical (Figure 1). Unlike boGDH complexed
with active site ligands, the catalytic cleft of apo
huGDH is in the open conformation (Figures 1, 2,
and 4). A number of areas of this huGDH structure
are very disordered. The B values in the final

Figure 1. Ribbon diagram of the apo-huGDH structure. In this stereo image, the individual subunits are represented
in different colors. The 3-fold axis runs vertically through the middle of the model. The antenna region is not found in
bacterial or fungal GDH.
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model ranged from 2 to 100 Å2 with an average B
value of 54 Å2. As shown in Figures 2 and 3, the
two most disordered regions were at the top of
the NAD binding domain furthest from the pivot
helix and the first loop at the back of the gluta-
mate-binding domain connecting the a1 and a2
helices. While the density elsewhere in the model
allowed for unambiguous interpretation (Figure
3(a)), the model in these areas was built by placing
large sections of the secondary structure from the
boGDH model into the diffuse density (Figure 3(b)
and (c)). As shown in Figure 4, these disordered
regions were on the portions of the atomic struc-
ture that undergo the greatest displacement when
the catalytic cleft opens. It was possible that this
apparent disorder was due to different NAD bind-
ing domain orientations amongst the six subunits.
To test for this possibility, each of the six subunits
was divided into five domains roughly corre-
sponding to the glutamate-binding domain, the
NAD binding domain, the antenna, the pivot
helix, and the a-helix at the C terminus. This seg-
mented model was subjected to rigid body refine-
ment and then full refinement using X-PLOR. This
protocol greatly improved the refinement statistics.
While all segments could have shifted during this
procedure, only the NAD binding domain orien-
tation, relative to the Glu binding domain, differs
amongst the six subunits. Compared to the first
subunit, these deviations yielded displacements of
3.9, 4.1, 1.1, 1.3, and 2.0 Å at the outermost portions
of the NAD binding domain. While this protocol
improved the refinement and electron density for
these regions (Figure 3(b) and (c)), the B-values
still get progressively worse with increasing dis-
tance from the pivot helix (Figure 2). Therefore, it
is clear that each of the NAD binding domains are

in unique orientations and it appears that they are
more mobile than most of the rest of the structure.

The six glutamate-binding domains form the
core of the GDH hexamer. The conformation of
this central region does not change as the catalytic
mouth opens. Therefore, to illustrate the confor-
mational changes that occur as the NAD binding
domain moves, the glutamate binding domains of
the apo huGDH and complexed boGDH were
aligned as shown in Figure 4. The transition from
closed to open conformation starts with the move-
ment of the NAD binding domain away from
the Glu binding domain by ,188. In the previous
modeling exercise, the opening of the catalytic
cleft was simulated by rotating the NAD domain
about the long axis of the “pivot helix”. While this
general motion does indeed occur (Figure 4, move-
ment 1, 2), the entire NAD binding domain also
twists about the antenna in a clockwise direction.
This rotation is associated with a concomitant
clockwise twist in the ascending antenna helix
(Figure 4, movement 3). As the helix and the NAD
binding domain twist, the tip of the antenna
becomes mostly disordered and the helix on the
descending strand increases in length (Figure 4,
movement 4). In a manner not fully modeled in
the previous studies,2 the a1 and a2 helices appear
to be associated with the NAD binding domain
and undergo very large conformational changes.
The a1 helix appears to rotate about its center of
mass with the N terminus rotating up with the
NAD binding domain (Figure 4, movement 5).
This motion forces the a2 helix down in a clock-
wise direction (Figure 4, movement 6). All of these
conformational changes are absorbed before the
beginning of the first b-strand of the glutamate-
binding domain that remains fixed during these

Figure 2. B-value distribution in apo huGDH. Stereo view of the Ca backbone of one subunit of huGDH colorized
according to B-values. The B-values ranged from 2 Å2 (blue) to 100 Å2 (red). In this orientation, the 3-fold axis lies
approximately vertically along the right side of the Figure. The 2-fold related subunit lies horizontally towards the bot-
tom of the Figure. The most disordered regions are at the upper left portions of the NAD binding domain and the a1–
a2 loop at the back of the Glu binding domain. The white boxes outline the regions that have typical (b; Figure 3(a))
and poor (c; Figure 3(b) and (c)) electron density.
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movements. The density around the a1–a2 turn is
much weaker than in the “closed mouth” confor-
mation, suggesting that this region is more flexible
in the apo form.

What is particularly interesting is the change in
the helix in the descending strand of the antenna
(Figure 4, movement 4). It is important to note
that the electron density in this region is well
defined in both the apo and complex forms of the
enzyme. As the mouth opens, this region appears
to “recoil” in a manner akin to an extended spring
regaining its shape. This is made evident by the
fact that the hydrogen-bonding pattern is greatly
improved (Figure 5(a) and (b)) and the psi–phi
values of this helix in apo-GDH cluster more
tightly in the helical region of the Ramachandran

plot (Figure 5(c) and (d)). As shown in Figure 5,
G446 moves into a helical conformation as the
mouth opens. Interestingly, this is a region in
which a number of HI/HA mutations are found
(noted with asterisks in Figure 5(a) and (b) and
boxes in Figure 5(c) and (d)), yet none of these
residues contact the bound GTP.

Conformational flexibility

To examine further the dynamic nature of mam-
malian GDH, limited proteolysis was performed
on boGDH in the presence of various ligands and
the resulting protein fragments were analyzed
using mass spectrometry (Figure 6, Table 1). In the
absence of ligands, a major peak appears within

Figure 3. Example electron den-
sity in huGDH. (a) Electron density
and model of the ascending a helix
in the antenna domain. The density
shown here was 6-fold averaged
using a single mask and the pro-
gram RAVE. In this Figure, the
oxygen, nitrogen, and carbon
atoms are colored red, blue, and
yellow, respectively. The electron
density in this region, shown as a
gray cage, is typical of much of the
Glu binding, pivot helix, and
antenna domains. (b) Example of
electron density in the poorly
ordered regions. The density
shown here was 6-fold averaged
for ten cycles using a single mask
and the program RAVE. (c) In con-
trast to (b), the electron density
shown here was generated using a
separate mask for the NAD binding
domain. Note the marked improve-
ment and, hence, the justification of
using multiple domains for struc-
ture refinement.
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minutes corresponding to cleavage at R39 that lies
on the loop between a1 and a2 (Figure 4). This
peak was therefore used to monitor proteolytic
sensitivity.

From these results it is apparent that only active
site ligands can protect this loop from being
cleaved by trypsin. The complexes that best
abrogate cleavage are the NAD(P)H·Glu·GTP and
the NAD(P)H·Glu (samples 3, 4, 6, and 8). This
protective effect is unlikely due to coenzyme
binding to the regulatory site since NADPH,
which does not significantly bind to this site
under these conditions, protects the enzyme nearly
as well as NADH. GTP alone does not afford much
protection against tryptic digestion (sample 5).
NADH and glutamate alone are able to abrogate
proteolysis to some degree (samples 9 and 10,
respectively). These results suggest that the closed
mouth conformation exhibits less conformational
dynamics than the open mouth conformation.
Abortive complexes bind more tightly to the
enzyme than coenzyme or substrate alone. This
correlates well with the ability of these combi-
nations of ligands to protect the R39 site better
than either ligand alone. Interestingly, the
structure of the binary complex of csGDH has
been determined and the catalytic mouth is not
closed as tightly as that observed in the boGDH
ternary complexes.25,26 Therefore, these mass spec-
trometry results are consistent with the observation
that the electron density of the a1–a2 turn
becomes disordered in the apo structure and
suggests that the NAD binding domain is highly
mobile in the absence of active site ligands.

Conformational changes in the GTP site

In the previous modeling exercise, it was
assumed that the pivot helix moves with the NAD
binding domain and that together they rotate
about the long axis of the helix.2 However, as
shown in Figure 7(a), it is apparent that the NAD
binding domain actually twists about the pivot
helix. For these analyses, the open and closed con-
formations were aligned according to the pivot
helix. The GTP molecule shown in Figure 7 is
from the “closed conformation” of the boGDH·
NADH·Glu·GTP complex. It is clear from Figure
7(a) that this motion of the NAD binding domain
relative to the pivot helix directly affects the GTP
site. Some of the residues that contact the bound
GTP molecule in the boGDH·NADH·Glu·GTP
complex are further detailed in Figure 7(b). Resi-
dues that were found to be mutated in the HI/HA
syndrome are noted with asterisks. H454 and
H213 lie on the pivot helix and therefore their Ca

positions do not move appreciably during to the
alignment procedure. R265 normally stacks against
the purine ring and interacts with the g-phosphate
of the bound GTP. However, in this open confor-
mation, the stacking interaction is gone and the
side-chain is now too close to the g-phosphate. In
the closed conformation, R269 and R221 made
extensive interactions with the g-phosphate but
are now too far away to interact in the open confor-
mation. Interestingly, this movement about the
pivot helix moves the floor of the GTP binding
pocket (I216 and S217) up towards the GTP
molecule, thereby sterically blocking GTP binding.

Figure 4. Comparison between the open and closed conformations of mammalian GDH. Shown in this Figure are
single subunits of the boGDH·NADH·Glu·GTP complex in the closed mouth conformation (translucent red) and the
apo huGDH structure in the open mouth conformation (blue). The orientation in this Figure is with the 3-fold axis
lying approximately vertically along the left side of the Figure, and the nearest 2-fold axis lying horizontally along
the bottom of the Figure. The major site of trypsin cleavage is highlighted by the white ball at R39. The general domain
motions are highlighted by the white arrows.
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Therefore, it is quite apparent that GTP cannot
bind to GDH until the catalytic cleft closes. This is
consistent with the mass spectrometry results that
suggested that GTP did not affect the dynamic
nature of apo boGDH and that there is binding
synergism between the abortive complex and GTP.

Conformational changes in the ADP site

In the previous modeling exercise, it was
hypothesized that the pivot helix would rotate

about the long axis and this movement would
place R463 into contact with the b-phosphate of
ADP. As shown in Figure 8, this general motion
does indeed occur. For this analysis, the glutamate
binding domains of the apo and complex forms
were aligned. The ADP molecule shown in this
Figure is derived from the second bound NADH
molecule observed in the boGDH·NADH·Glu·GTP
complex.2 In this complex, the NADH molecule
adopted two different conformations: one where
the nicotinamide/ribose moiety pointed up

Figure 5. Changes in the con-
formation helix in the descend-
ing strand of the antenna.
Shown here is the confor-
mational change in the antenna
as the catalytic mouth moves
from the closed (a) to the open
(b) conformation. The carbon,
nitrogen, and oxygen atoms
are colored yellow, blue, and
red, respectively. The residues
that were found to mutate in
the HI/HA syndrome are
encircled by white boxes. Poss-
ible hydrogen bonds (N and O
atoms within a distance of 2.8
to 3.2 Å) are highlighted by
thin white tubes. Shown in (c)
and (d) are the Ramachandran
plots of the same helical region
in the closed and open forms,
respectively. The b-strand,
a-helical, and b-turn regions
are highlighted in red, green,
and blue, respectively. The
residues are labeled, with the
proline residues represented
by mauve squares, glycine
residues by orange spheres,
and all others by white spheres.
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towards the pivot helix and one where it pointed
down towards the intra-trimer subunit interface.2

The adenosine, ribose, and a-phosphate positions
were the same in both conformations. For the
b-phosphate shown in this model, the “up” confor-
mation was used since it made more contacts with
the surrounding protein. As shown in this Figure,
the contacts between ADP and GDH are mainly
mediated by the purine–ribose moieties. This
binding pocket does not change upon the opening
of the active site. The pivot helix draws closer to
the bound ADP by virtue of the clockwise rotation
about the antenna and moves R463 into salt-
bridging contact with the b-phosphate of the
bound ADP. This is entirely consistent with the
previous result demonstrating that a R463A
mutation abrogates ADP activation.9

Possible subunit communication

Since the six glutamate binding domains form an
apparently rigid core structure as the catalytic cleft
opens and closes, it seems likely that the subunit

communication responsible for negative coopera-
tivity occurs via intra-trimer contacts. Bacterial
GDH does not exhibit negative cooperativity and
does not have the antenna domain. Therefore, it
was concluded that the antenna might play a
major role in subunit communication.1,2 To exam-
ine further the changes in the intra-trimer contacts,
two of three trimeric subunits were aligned via the
ascending helices of the antenna in the A subunits
(Figure 9).

During negative cooperative binding of
coenzyme, the binding (and subsequent cleft
closure) occurs more facilely in the first subunit
than in subsequent subunits. What is not clear is
how this apparent asymmetric binding is imposed
in this symmetrical oligomer. It is clear that if one
subunit closes upon substrate and coenzyme, the
intra-trimer interface is greatly altered. As shown
in Figure 9, as one subunit (green) closes, the
NAD binding domain twists in a counter-
clockwise direction (arrow 1) and results in a
number of contortions in the helix. Perhaps most
importantly, closure of this subunit requires the
small helix on the descending strand to become
distorted and it is pushed into the antenna of the
adjacent subunit (arrow 2). This movement also
pushes the tip of the antenna up (arrow 3). How-
ever, this latter motion may not require much
energy since this region is very disordered in the
apo structure. In order for the adjacent subunit to
close, it needs to twist the antenna in a counter-
clockwise manner. It may be that the changes in
the descending strand of the first subunit make
this transformation energetically unfavorable in
adjacent subunits. It is interesting to note that
ADP abrogates negative cooperativity and binds
in the center of these conformational changes.

Hyperinsulinism/hyperammonemia mutations

Most of the HI/HA mutations are at residues
that make direct contact with the inhibitor GTP.1,2

However, a number of the HI/HA mutation sites
lie on the descending strand of the antenna that
do not contact the bound GTP. These latter antenna
mutations are summarized in Table 2. All of these
residues contact the adjacent subunit within the

Figure 6. MALDI-MS analysis of limited trypsin diges-
tion of boGDH in the presence of various allosteric and
active site ligands. (a) MALDI analysis of boGDH in the
absence of ligands (top) and in the presence of the
NADH, Glu, and GTP (bottom). The major peak down-
stream from the internal standard (I.S.) corresponds to
the 1–39 fragment and was used to monitor digestion.
(b) Integrated area of the 1–39 fragment peak compared
to the internal standard. The key to the sample number
is shown in Table 1. Note that the best protection of this
cleavage is afforded by active site ligands even though
the cleavage site is distal to the active site.

Table 1. Ligands added during MALDI-digestion
experiments

Sample
[Glu]
(mM)

[NAD(P)H]
(mM)

[GTP]
(mM)

[ADP]
(mM)

1 0 0 0 0
2 0 0 0 2.0
3 20 1.5 NADH 1.5 0
4 20 1.5 NADPH 1.5 0
5 0 0 1.5 0
6 20 1.5 NADPH 0 0
7 0 1.5 NADPH 0 0
8 20 1.5 NADH 0 0
9 0 1.5 NADH 0 0
10 20 0 0 0
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trimer. N410 and L413 lie on the ascending helix of
the antenna that undergoes the counter-clockwise
twist as the catalytic mouth opens. The remaining
residues lie in the helix of the descending strand
that lengthens as the catalytic mouth opens (Figure
5). Of these mutations, most lie in the portion of the
strand that undergoes the greatest conformational
changes. In particular, a number of mutations lie
at G446. Clearly, the loss of flexibility in this resi-
due will have a deleterious effect on the ability of
the antenna to undergo the required conformation-
al changes. According to various secondary struc-
ture prediction programs such as SSP,27 nearly all
of these mutations are predicted to stabilize the
helix. If this is indeed the case, then many of these
HI/HA mutations may stabilize the open mouth

conformation. This also suggests that somehow
GTP inhibition requires facile antenna deformation
as the mouth closes.

Discussion

As has been observed in bacterial glutamate
dehydrogenase, the NAD-binding domain clamps
down upon the glutamate-binding domain as sub-
strate and coenzyme bind in the catalytic cleft. It
is clear that, in the absence of active site ligands,
the “open mouth” conformation is preferred. In
this state, the NAD binding domain and the a1–
a2 loop are relatively mobile with the latter region
being particularly sensitive to trypsinolysis. This

Figure 7. Changes in the GTP site as the catalytic mouth opens. Shown here are three helices around the GTP binding
site in the open (mauve) and closed (white) conformations. For this analysis, the two NAD binding domains are
aligned according to the pivot helix. The bound GTP molecule from the boGDH·NADH·Glu·GTP complex is also
shown using the same color code as the other Figures with the exception that the phosphate molecules are colored
green. In this view, the antenna is on the right, and the catalytic mouth is towards the bottom. (b) A detailed view of
the changes in the GTP binding site as the catalytic mouth opens. Here, the side-chains of the closed conformations
colored in white and the open form side-chains are colored by atom type. The arrows denote motion as the catalytic
mouth opens. The mutation sites that cause the HI/HA syndrome are denoted by asterisks. As above, the two NAD
binding domains were aligned according to the pivot helix and the orientation is the same as in (a).
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the NAD binding domain is sampling several
different conformations. Upon substrate and
coenzyme binding, the additional energy drives
the catalytic mouth shut into a more rigid confor-
mation. Perhaps most importantly, the a-helix in
the descending strand is longer with better
geometry in the apo state than in the closed state.
From the location of several HI/HA mutations,
and their predicted effects on this helix, it appears
that GTP inhibition is at least partially dependent
on the ability of this helix to distort as the mouth
closes.

It is possible that the previous abortive complex
structures represent a “hyper-closed” mouth con-
formation. Substrate and coenzyme bind tighter in
the abortive complex than in the normal ternary
complex. This is consistent with the finding that
the catalytic cleft of these abortive complexes is
more tightly closed than in the bacterial binary
complexes.1 Such hyper-closure might make the
GTP binding site more available to GTP and there-
fore explain the synergism between the GTP bind-
ing site and the active site. Furthermore, it is
possible the subset of HI/HA mutations in the
helix of the descending strand stabilize this helical

Figure 9. Possible mechanism of antenna-mediated negative cooperativity. Shown in this Figure are two adjacent
subunits of the huGDH model (green and blue) aligned by one of the ascending antenna helices of the closed
boGDH model (orange and red). The 3-fold axis runs vertically through the middle of the Figure and the third subunit
of this trimer has been eliminated for clarity. The arrows indicate the conformational changes that occur as the first
subunit closes down upon the substrate and coenzyme. Note how the helix in the descending strand (movement 2)
becomes distorted and forced into the core of the antenna as the catalytic cleft closes.

Figure 8. Changes in the putative ADP binding pocket upon opening of the catalytic cleft. Shown in this Figure are
the changes in the binding environment of ADP. For this analysis, the Glu binding domain of the closed mouth form
of boGDH (pale blue) was aligned to that of the apo huGDH structure (mauve). The ADP molecule shown in this
Figure is derived from the second NADH molecule found in the boGDH·Glu·NADH·GTP structure but with the
nicotinamide–ribose moiety removed. The side-chains of the nearby pivot helix residues of the huGDH structure are
colored according to the atom type while those of the boGDH structure are shown in white. Note how the movement
of the pivot helix brings R463 and Q467 into close proximity to the b-phosphate of the bound ADP while the confor-
mation of the adenosine–ribose binding pocket remains relatively unchanged. This is consistent with the previous
finding that an R463A mutation abrogates ADP activation.
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region, thereby inhibiting hyper-closure. This
would be expected to have a deleterious effect on
GTP binding and inhibition. Alternatively, it may
be that these HI/HA mutations affect intra-trimer
communication that may be mediated by these
changes in the antenna and required for GTP
inhibition. Evidence of such communication is
found in that the heterotrimeric GDH made by the
HI/HA patients appears to exhibition a mono-
phasic rather than a biphasic response to GTP.9

These results suggest that the effects of the
mutations, and therefore the process of GTP
inhibition as well, are not isolated to individual
subunits.

These results are consistent with the previously
proposed model where GTP and ADP act by con-
trolling the dynamics of the NAD binding
domain.2 While many allosteric enzymes are often
described as existing in an inhibited (T) or acti-
vated (R) state, this is not appropriate in the case
of GDH. During catalysis, GDH needs to cycle
between the open and closed positions. Locking
the enzyme into one particular state will prevent
enzymatic turnover. The ADP site is available in
either the open or closed state. However, in the
open state, R463 is rotated about the antenna and
pivot axes such that it interacts with the b-phos-
phate of ADP. Such interaction may not lock the
enzyme into a particular conformation but rather
facilitate the opening of the catalytic cleft. Since
ADP has been shown to eliminate the formation
of abortive complexes,5 perhaps this interaction
prevents hyper-closure of the catalytic cleft. In con-
trast, GTP cannot bind to the apo state of the
enzyme. Once coenzyme and substrate are bound,
GTP binds and increases the apparent affinity by
preventing the opening of the catalytic cleft. In
this way, GTP and ADP bind antagonistically to
the enzyme since they have opposite effects on
NAD binding domain dynamics.

The large conformational change that occurs in
the antenna as the catalytic site opens and closes
may play a role in negative cooperativity. Since
the only structures determined to date have all
subunits in one conformation or another, one
can only surmise as to how closure of one sub-
unit will affect adjacent subunits. It may be that
as a subunit closes, the helix on the descending
strand distorts and moves towards the clock-

wise-related subunit. These new contacts may
make it more difficult for the adjacent subunit
to close its catalytic cleft, thereby causing nega-
tive cooperativity.

The structural changes in the antenna may
explain how negative cooperativity is exerted, but
does not explain why it occurs. There are at least
three reasons why GDH might exhibit negative
cooperativity:
(a) Negative cooperativity may be used by the
enzyme to insure a constant catalytic turnover
over a wide range of coenzyme concentrations.
Higher concentrations of coenzyme decrease bind-
ing constants and cause attenuated activity. How-
ever, it is not clear that coenzyme concentrations
in the mitochondria vary enough to require such
attenuation.

(b) Negative cooperativity may be used by the
enzyme to facilitate catalytic turnover via a recipro-
cating subunit mechanism.28,29 This model is simi-
lar to the ATPase mechanism where the energy of
product binding is transferred mechanically to
adjacent subunits to facilitate product release. The
structural changes observed in the antenna give
one possible mechanism as to how this mechanical
energy might be transferred from one subunit to
the next. However, it would follow that the
mammalian enzyme is more efficient than the bac-
terial form. It is not apparent that the mammalian
form is more efficient than the bacterial form, nor
is it clear why mammalian GDH would need to be
more efficient.
(c) Negative cooperativity may be a consequence of
the subunit communication needed to facilitate
heterotrophic allosteric regulation. This enzyme
acts like a motor with the NAD binding domain
rotating up and down during catalytic turnover
with GTP and ADP affecting the movement of this
domain. From the results on the HI/HA mutations,
it appears that the effects of these regulators are
not limited to the subunits to which they are
bound. Therefore, extensive subunit communi-
cation may exist to facilitate purine regulation but
result in negative cooperativity.

From the work on the HI/HA syndrome, it is
apparent that mammalian GDH plays a crucial
role in insulin homeostasis. As mammalian GDH
evolved from more primitive organisms, ADP and
GTP regulation was added. This regulation may
make GDH an energy sensor to help control
insulin secretion in the pancreas. From these
results, the antenna domain appears to play a
significant role in this process.

Materials and Methods

HuGDH expression

A full-length human GDH cDNA/pcDNA3 construct
was made as previously described.9 HuGDH was
co-expressed with the chaperone proteins, GroES and

Table 2. HI/HA mutations that lie in the antenna
domain

Residue HI/HA mutation

N410 T, Y
L413 V
F440 L
Q441 R
S445 L
G446 R, D, C, S, V
A447 T
S448 P
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GroEL, using pGroESL.9 The transformed bacteria were
grown in 15 l of LB broth at 37 8C to A600nm 0.6, and
induced with 0.5 mM of isopropyl-b-D-thiogalactoside
(IPTG) at 23 8C for 20 hours. The cells were pelleted at
8000g, and resuspended in GDH buffer (10 mM
NaKHPO4 (pH 7.4), 1 mM EDTA) with added 5 mM
DTT and Protease Inhibitor Cocktail Tablets (Boehringer,
Mannheim). Cells were lysed by sonication and solu-
bilized by adding 1% (v/v) Triton X-100.

Purification of expressed huGDH

The supernatant from 15 l of culture was bound onto
Q Sepharose Fast Flow anion exchange column
(Amersham-Pharmacia Biotech) with a bed volume of
100 ml, washed with eight liters of GDH buffer until the
A280nm was ,0.1, and then eluted with one liter (total
elution volume) of a linear NaCl gradient (20 mM to
250 mM in GDH buffer). Positive fractions were com-
bined, (NH4)2SO4 was added to a final concentration of
1.4 M, and then loaded onto an omega-aminopentyl
hydrophobic interaction column (Sigma) with a bed
volume 100 ml, and washed with three liters of 1.4 M
(NH4)2SO4 in GDH buffer until the A280nm was ,0.1.
GDH was eluted with 1.2 l (total elution volume) of a
linear gradient of (NH4)2SO4 (1.4 M to 0.7 M in GDH
buffer). Positive fractions were pooled, concentrated,
and desalted. The resulting GDH was bound to 5 ml of
GTP-agarose affinity resin (Sigma) and washed with
vacuum filtration. The resin-bound GDH was washed
ten times with 50 ml GDH buffer and eluted with 25 ml
200 mM NaCl in GDH buffer at 4 8C for five minutes.
The GDH fractions were pooled, desalted, and stored in
60% (NH4)2SO4 at 4 8C. The final yield of GDH activity
was 23% and ,12 mg/15 l. Purified GDH protein con-
centrations were determined by absorption at 280 nm
based on an extinction coefficient of 0.93 cm2/mg.
Bacterial GDH does not bind to the GTP affinity column,
as made evident by SDS-PAGE analysis, and therefore
did not pose a problem during purification.

Crystallization and data collection

HuGDH was crystallized using the vapor diffusion
method and sitting drop apparatus. The reservoir
solution contained 1% (w/v) octyl-b-glucopyranoside,
1 mM sodium azide, 50 mM sodium chloride, 8% (v/v)
methyl pentanediol, 0.1 M sodium phosphate (pH 7.3).
The solution of enzyme contained 18 mg/ml enzyme in
0.1 M sodium phosphate buffer (pH 7.0). The sitting
drop was composed of 1.1 ml water, 7.0 ml reservoir
solution, and 1.9 ml of the huGDH solution. Crystals
formed within two to three weeks. For data collection, a
crystal was chosen with dimensions of 0.3 mm along
two dimensions and 0.13 mm along the third. This
crystal was frozen in a liquid nitrogen stream using the
Oxford cryosystem. To prepare for freezing, the crystal
was transferred to solutions that contained increasing
concentrations of glycerol: 0, 2, 5, 10, 12.5, 15, 17.6, and
20%. The buffer used for these transfers contained 0.1 M
sodium phosphate buffer (pH 7.1), 1% octyl-b-gluco-
pyranoside, 0.08% methylpentanediol, 50 mM sodium
chloride, and 0.1 mM sodium azide. The crystal was
incubated for 20–30 minutes in each solution.

Data were collected using an R-Axis IV system
attached to a Rigaku X-ray generator. The crystal to film
distance was 250 mm and the oscillation angle was 0.88.
An exposure time of 30 minutes was used for each

frame and 1708 of reciprocal space was collected. The
Bragg intensities were integrated with the program
DENZO31 and scaled using the program, SCALEPACK.32

The crystal belongs to the triclinic space group with unit
cell dimensions of a ¼ 97:8 �A; b ¼ 98:8 �A; c ¼ 124:2 �A;
a ¼ 86:268; b ¼ 70:288; and g ¼ 60:348: The redundancy
for the data between 8 and 2.7 Å was 2.1. A summary of
the data statistics is shown in Table 3.

Structure determination

The structure was determined using the molecular
replacement method. From the cell dimensions and the
self-rotation function calculations, it was most likely
that there was a single hexamer in the triclinic cell. For
subsequent cross-rotation function searches, a “mock
open” model from previous boGDH studies was used.2

This model was created by aligning the NAD and gluta-
mate binding domains onto those of the apo Clostridium
symbiosum structure.33 Using the program X-PLOR,34 the
highest rotation function value was ,20% greater than
that of the next cluster. The mock apo model was rotated
to the appropriate orientation and subjected to rigid
body refinement in X-PLOR. The entire hexamer orien-
tation was refined and then each of the six subunits
were divided into five smaller domains and each domain
was independently subjected to rigid body refinement;
1–208, 209–390, 391–445, 446–475, and 476–501
(boGDH numbering). These domains roughly corre-
spond to the glutamate-binding domain, the NAD
binding domain, the antenna, the pivot helix, and the
descending helix at the carboxyl terminus, respectively.
The subunits were divided into these domains since it
seemed likely that the mock model was not entirely
accurate and it was also possible that subunits of this
negatively cooperative enzyme might not all have identi-
cal conformations. The initial R-factor was 50%, which
dropped to 47% after rigid body refinement, and then to
32% after ,60 cycles of energy minimization.

Upon examination of the model, it was initially
apparent that there were statistically insignificant struc-
tural differences among the six subunits and therefore
the electron density was 6-fold averaged using a single
mask and the program RAVE. The final averaging
statistics are shown in Table 4. While the outer regions
of the NAD binding domain and first turn at the N
terminus were disordered, the majority of the remaining
electron density was easily interpreted. The model was
then rebuilt using the program O and refined further
with X-PLOR. For subsequent refinement, the subunits
were divided into the same five domains used for rigid
body refinement and each domain was restrained
amongst the six subunits. Using 5% of the reflections,

Table 3. Data statistics

Resolution Rsym %Total No. reflections I/s

30.00–5.39 0.042 98.2 12,855 24.4
5.39–4.28 0.049 97.8 12,731 21.2
4.28–3.74 0.054 97.7 12,803 15.9
3.74–3.40 0.068 97.3 12,703 10.0
3.40–3.16 0.097 97.0 12,674 6.0
3.16–2.97 0.128 96.6 12,616 4.1
2.97–2.82 0.170 84.4 11,019 3.0
2.82–2.70 0.216 54.8 7168 2.2
Total 0.047 90.5 94,574 14.8
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randomly selected by the program X-PLOR, the current
model has an Rworking of 26.3% and Rfree of 30.2% using
reflections with an I/s greater than 2.0 (78,217 reflec-
tions) and within the resolution range of 2.7–8.0 Å. The
program PROCHECK35 was used to calculate the refine-
ment statistics summarized in Table 4.

MALDI experiments

BoGDH was dialyzed exhaustively against 0.1 M
sodium phosphate (pH 7.0) buffer that contained 10 mM
EDTA and adjusted to a final concentration of 1 mg/ml.
The trypsin to GDH ratio (w/w) was adjusted to 1:100.
Reaction volume was 21 ml, and 0.50 ml was removed
from the reaction at 60 minutes, placed directly on the
MALDI analysis plate, and allowed to dry before the
addition of matrix 0.5 ml of 3,5-dimethoxy-4-hydroxy
cinnamic acid (Aldrich) in a saturated solution of aceto-
nitrile:water (50:50) 0.25% trifluoroacetic acid. On-plate
digestions (data not shown) were performed at room
temperature by using a mass spectrometer sample plate
derivatized with trypsin (Intrinsic Bioprobes, Tempe,
AZ). MALDI-MS mass analysis was conducted by using
a Perceptive Biosystems (Framingham, MA) Voyager
Elite equipped with delayed extraction and a nitrogen
laser. Quantitative MALDI data was obtained using
ACTH as an internal standard. External calibration
typically was accurate to 0.05% and allowed unequivocal
assignment of most proteolytic fragments. The identity
of trypsin released fragments was determined by the
Protein Analysis Worksheet (PAWS, MacIntosh version
6.0b2, copyright 1995, Dr Ronald Beavis) available on
the Internet. MALDI-MS mass analysis was conducted
by using a Perceptive Biosystems Voyager Elite and a
Kratos Analytical Instruments MALDI-IV, both equipped
with delayed extraction and nitrogen lasers.

Protein Data Bank accession number

The coordinates for this structure have been deposited
to the Protein Data Bank and have been assigned the
accession number of 1L1F.

This work was supported by grants from the National
Institutes of Health (GM10704 and DK53012) to T.J.S. and
C.A.S., respectivley, and from the American Diabetes
Association to C.A.S. and T.J.S. (grant number

1320000170). The program MolView† was used to create
all of the Figures.30
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