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Abstract

In this work, we re-examine the previously reported phenomenon of the creation of a superactive
glutamate dehydrogenase by proteolytic modification by chymotrypsin and explore the various
discrepancies that came to light during those studies. We find that superactivation is caused by
cleavage at the N terminus of the protein and not the C-terminal allosteric site, as has previously been
suggested. N-terminal sequencing reveals that TLCK-treated chymotrypsin cleaves bovine glutamate
dehydrogenase at phenylalanine 10. We suggest that trypsin contamination in nontreated chymotrypsin
may have led to the production of the larger 4–5 kDa digestion product, previously misinterpreted as
having caused the activation. In line with some previous studies, we can confirm that GTP inhibition is
attenuated to some extent by the proteolysis, while ADP activation is almost abolished. Utilizing the
recently solved structures of bovine glutamate dehydrogenase, we illustrate the cleavage points.
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The glutamate dehydrogenase of bovine liver, readily
available commercially in a pure form from the 1950s
onward, attracted the interest of enzymologists over many
years because of its interesting and complex regulatory
behavior (Olson and Anfinsen 1953; Talal and Tomkins
1964; Yielding et al. 1964; Engel and Dalziel 1969;
Huang and Frieden 1969) cited by Monod et al. (1963)
as one of the striking examples to establish the reality of
allosteric control. Specifically, in addition to homotropic
allosteric behavior with the oxidized and reduced coen-
zymes (Olson and Anfinsen 1953; Yielding et al. 1964;

Huang and Frieden 1969), the enzyme also exhibited
potent inhibition by GTP and activation by ADP (Wolff
1962; Hershko and Kindler 1966). This led to much
experimentation and controversy over the number and
location of nucleotide sites and the relationship between
them (Markau et al. 1971; Koberstein and Sund 1973;
Bayley and O’Neill 1980). Chemical modification experi-
ments (Colman and Frieden 1966; Price and Radda 1969;
Coffee et al. 1971) uniformly showed that the response to
purine nucleotides was associated with the C-terminal 50
amino acids of the protein, a finding that correlated well
with the finding that homologous GDHs of prokaryotes
and fungi lacked both the 50-amino acid section and the
regulation by GTP/ADP (Wootton et al. 1974; Mattaj
et al. 1982). Latterly, the recent solution of the three-
dimensional structure of bovine GDH (Peterson and
Smith 1999) has revealed that these 50 amino acids form
an ‘‘antenna’’ protruding from the main body of the hexa-
meric structure and totally missing in various other solved
GDH structures (Rice et al. 1987; Stillman et al. 1995).
This antenna is suggested to have been ‘‘exapted’’ from its
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original function linking fatty acid oxidation to amino acid
catabolism in Ciliates (Allen et al. 2004).

Against this background, we have re-examined a
remarkable series of findings on the results of partial
proteolysis of bovine GDH. Initially, Beynon and Kay
(1976), using bovine GDH as one of a series of proteinase
substrates in an exploration of differential intracellular
protein turnover, were surprised to discover that treatment
with chymotrypsin resulted in a gradual three- to fourfold

activation, in parallel with a decrease of about 5 kDa in
the size of the main protein band seen in SDS-PAGE.
They reported that the proteolysed enzyme was desensi-
tized to ADP. Although it apparently retained the GTP
response, it appeared possible that a domain responsible
for ADP activation was being physically cleaved off the
enzyme molecule (Aitchison and Engel 1980).

Subsequent experiments by Aitchison and Engel
(1983) showed that, despite the proteolytic clip revealed

Figure 1. Activation of bovine glutamate dehydrogenase by digestion with TLCK-treated chymotrypsin. GDH (1 mg/mL) was

incubated with 0.2 mg/mL TLCK-treated chymotrypsin (Mr ¼ 25,700) in 0.1 M phosphate buffer, pH 7.0 at 30°C. At the time points

indicated in A by the labels a–f, samples were removed for assay of dehydrogenase activity (A) as described in Materials and Methods,

utilizing NADP+ as the cofactor, and for SDS-PAGE analysis (B). For the latter purpose, 50-mL samples were treated with PMSF

before being loaded onto a 12% SDS-PAGE gel. The commercial GDH (Mr ¼ 55,600) also contains BSA (Mr ¼ 66,400), added by the

manufacturer as a stabilizing agent. Broad-range molecular weight markers were loaded in the first lane in B. Visible bands are rabbit

muscle myosin (212,000), Escherichia coli MBP-b-galactosidase fusion (158,194), E. coli b-galactosidase (116,351), rabbit muscle

phosphorylase b (97,184), BSA (66,409), bovine glutamic dehydrogenase (55,561), E. coli MBP2 (maltose binding protein) (42,710),

E. coli thioredoxin reductase (34,622), E. coli triosephosphate isomerase (26,972), soybean trypsin inhibitor (20,100), and chicken egg-

white lysozyme (14,313). Three marker sizes are shown with arrows. (C) Graph shows an activation time course similar to that in A, but

in this case, activity was measured with glutamate and NAD+ at pH 8.5. (D) A control incubation of BSA with chymotrypsin under the

same conditions. Lanes 1 and 4 contain broad-range markers, lane 2 contains just chymotrypsin, and lane 3 contains chymotrypsin

incubated with BSA for 40 min.

Activating glutamate dehydrogenase by proteolysis
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by SDS-PAGE, the native Mr was unchanged, so that
the putative 5-kDa fragment evidently remained non-
covalently attached. They also showed that the concept
of desensitization was an oversimplification, and that
the qualitative result depended critically on the conditions
of assay—pH, coenzyme concentration, and use of NAD+

or NADP+, etc.
Beynon and Kay (1976) had also noted a slow decline

in activity following the initial activation, correlating
with evident extensive further proteolysis. In a subse-
quent study, Place and Beynon (1982) showed that this
decline varied with the batch of chymotrypsin and could
be completely eliminated by using TLCK-treated chymo-
trypsin, being apparently due to the combined action of
chymotrypsin and small amounts of contaminating tryp-
sin. They did not comment, however, on a puzzling
difference in the Mr of the proteolytic fragments as com-
pared with the original report (Beynon and Kay 1976):
The new SDS-PAGE results appeared to show removal of
a much smaller fragment (1–2 kDa) to give a protein with
a major band at ;53 kDa and still showing the kinetic
activation. These authors concluded that ‘‘chymotryptic
digestion generates a ‘superactive’ form that is quite
stable to further digestion’’ (by chymotrypsin), but that
the addition of small amounts of trypsin to this stable
species results in rapid inactivation. The apparent effect
of trypsin was also of interest, given earlier reports that
this proteinase was responsible for cleavage of the N-
terminal amino acids (Hucho et al. 1975), a complication
in the purification of GDH (McCarthy et al. 1980).

In the absence of protein chemical analysis, this series
of observations left a puzzle as to the nature of these pro-
teolytic changes, and in particular, as to the relationship

of the reported small (1–2 kDa) and large (4–6 kDa)
chymotryptic fragments. With the availability at last of a
three-dimensional framework (Peterson and Smith 1999)
to aid interpretation, it seemed desirable to establish at
which end of the protein molecule the crucial cleavage
occurs. With this information, it might now be possible to
interpret the basis of the observed dramatic alteration in
kinetic properties. In addition to the recent availability of
the crystallographic structure, a recent revival of interest
in the activity and allosteric properties of mammalian
glutamate dehydrogenase has centered on the discovery
that regulatory mutations of the glutamate dehydrogenase
gene may cause hyperinsulinism and hyperammonemia
in infants (Stanley et al. 1998). These disease-causing
mutations impair enzyme sensitivity to allosteric inhibi-
tion by GTP and ATP, resulting in a gain of function
(MacMullen et al. 2001). Haigis et al. (2006) also high-
lighted the importance of glutamate dehydrogenase and
its down-regulation by ADP-ribosylation as important
steps in the cell mechanism of regulating insulin excre-
tion by pancreatic b cells.

Results and Discussion

Cleavage of GDH with TLCK-chymotrypsin

Figures 1 and 2 illustrate how chymotrypsin cleaves
bovine glutamate dehydrogenase in such a fashion as
to cause a rise in activity with NADP+ and NAD+ as
coenzyme, but it is clear that the cleavage profiles differ
depending on the grade of chymotrypsin utilized. Chy-
motrypsin is usually sold in two forms, one treated with
TLCK, which will irreversibly inhibit trypsin, and also an

Figure 2. Activation of bovine glutamate dehydrogenase by digestion with untreated chymotrypsin. GDH (Mr ¼ 55,561) (0.5 mg/mL)

was incubated with 0.2 mg/mL chymotrypsin (Mr ¼ 25,700), in 0.1 M phosphate buffer (pH 7.0) at 30°C. Dehydrogenase activity was

periodically assayed (A) as described in Materials and Methods, utilizing NADP+ as the cofactor. Samples (50 uL) were also removed

for treatment with PMSF before being loaded onto 12% SDS-PAGE gels. (B) Broad-range molecular weight markers (as in Fig. 1)

were loaded in the first lane.
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untreated preparation, in which trace contamination by
trypsin from the pancreatic source material might be
expected. In both incubations there is a marked activa-
tion, over threefold in the NADP+ assay with TLCK-
treated chymotrypsin. The distinguishing aspect with
untreated chymotrypsin is that the activation is followed
by a decrease in activity, accompanied by simultaneous
formation of a GDH band at ;51 kDa. There is no sign of
this band in the incubation with TLCK-treated chymo-
trypsin, and Figure 1A suggests that the cleavage asso-
ciated with the activation causes very little change in the
size of the larger fragment, implying cleavage close to
one end of the protein.

The initial reports of both Beynon and Kay (1976)
and Aitchison and Engel (1980) correlated the activation
seen in all studies with the appearance of a GDH band
shortened by 4–5 kDa. However, the present result
strongly indicates that the activation does not require that
cleavage. Instead, the chymotryptic cleavage responsible
for the activation causes only a small Mr change, and the
51-kDa fragment is only seen when contaminating trypsin
is not inactivated, correlating, in fact, with the secondary
inactivation also reported by Place and Beynon (1982).
Although the latter authors do not comment on it, the
fragment size visible in their gels is changed as compared
with the earlier study, and is consistent with the small
change seen here. In Figure 2, the maximum level of
activation achieved is lower (2.4-fold), and this is pre-
sumably accounted for by the secondary inactivation.
Figure 1C indicates that it is possible also to get an

increase in activity with NAD+ as coenzyme, but this
activation is only of the order of about 250%.

Comparison of effects of chymotrypsin and trypsin
separately and sequentially

To highlight the differing individual effects of treatment
with either protease, GDH was partially digested with
trypsin and separately with chymotrypsin (TLCK treated)
for 90 min before being run far down on a 10% SDS-
PAGE gel (Fig. 3). This reveals firstly that the main
enzyme band after digestion with trypsin (lane 4) is
definitely smaller than after digestion with chymotrypsin
alone (lane 2), and is 3–4 kDa smaller than undigested
protein (lane 1). The size of the main large fragment in
chymotrypsin-digested GDH seems to be as shown in the
gels of Place and Beynon (1982), about 1 kDa smaller
than the uncleaved protein subunit. This gel also suggests
no further change in the size of the main band upon
subsequent treatment of trypsin-digested GDH with chy-
motrypsin (lane 5). Limited trypsin digestion, in such a
way as to produce the band in lane 4 of Figure 3, did not
affect the activity of the enzyme with NAD+ or NADP+,
and there was no observable effect on allosteric regula-
tion. However, upon subsequent treatment with chymo-
trypsin, this trypsin-digested enzyme did not show
activation, but instead lost activity of up to 50% with
NAD+ within an hour (Table 1). The SDS-PAGE gel
would suggest that this is not due to a further partial
proteolysis, and it might instead reflect more extensive
degradation of a portion of the enzyme, yielding small,
inactive peptide fragments.

N-terminal sequencing analysis

In the present study, Edman sequencing of a TLCK-
chymotrypsin and trypsin digest was carried out to estab-
lish which of the termini was actually cleaved (Table 2).
Undigested GDH was also N-terminally sequenced to
first establish that the protein was indeed intact at the N-
terminal, given that previous studies by McCarthy and

Figure 3. Ten percent SDS-PAGE displaying the effect of digestion by

chymotrypsin and trypsin, separately and in combination, on bovine GDH.

Lane 1 shows undigested GDH (55,561), lane 2 is GDH digested with

chymotrypsin (200 mg/mL), lane 3 is GDH digested with chymotrypsin

followed by trypsin (50 mg/mL), lane 4 shows GDH after trypsin digestion

only, lane 5 is the result of trypsin digestion, followed by chymotrypsin.

No attempt was made to remove BSA, the uppermost band (66,409) in all

five tracks. The proteolytic enzymes were allowed to run off the gel.

Table 1. Percentage activity with both oxidized coenzymes after
digestion with trypsin first, and then, subsequently, chymotrypsin

NADP+ Undigested 100

After trypsin only 95–100

After chymotrypsin 96%

NAD+ Undigested 100

After trypsin only 95–100

After chymotrypsin 47%

The limited trypsin digest was halted by the addition of PMSF, which was
then allowed to degrade before chymotrypsin was added. Activity was
assayed in 40 mM L-glutamate, 1 mM NAD(P)+ at pH 8.5.

Activating glutamate dehydrogenase by proteolysis
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Tipton (1985) revealed that the first four amino acids
are lost in many commercial preparations. The first six
amino acids of the GDH cleaved by chymotrypsin were
revealed to be K-M-V-E-G-F, establishing that treatment
of GDH with that protease causes cleavage of the en-
zymes at the –COOH end of phenylalanine 10. The loss of
the first 10 amino acids of bovine GDH would represent a
loss in MW of 1225.2 Da, which approximates to what
is seen in SDS-PAGE, and the final residues of the
C-terminal would seem to be inaccessible for cleavage
(Banerjee et al. 2003). The Edman analysis also gave a
clear indication of a clean N-terminal cut after limited
trypsin treatment: The N-terminal sequence of E-T-E-E-
Q-K-R places the tryptic cleavage as occurring between
arginine 35 and glutamate 36, on an exposed loop after
the first a-helix of the glutamate (substrate)-binding
domain. This would reduce the relative molecular mass
of the principal polypeptide of the bovine GDH subunit
by 4090. Figure 4 illustrates where this proteolysis takes
place in the three-dimensional structure. The fact that
both cleavages occur at the N-terminal end of the protein
accounts for the fact that chymotrypsin added after
trypsin produces no further decrease in the size of the
main GDH protein band.

Effect of chymotryptic cut on heterotropic
allosteric effects

As stated earlier, the specific activity of GDH after
chymotrypsin cleavage increased over threefold with

NADP+, while a lesser increase was observed with NAD+.
We have found that it is still possible to bring about an
80% inhibition of this superactivated enzyme by GTP, but
the concentration of effector required to achieve such
inhibition is increased two- to threefold (Fig. 5A,B). This
holds true for activity assays carried out with both NAD+

and NADP+ at pH 8.5 and would seem to run contrary to
earlier reports of Aitchison and Engel (1983), who stated
that GTP inhibition of the superactive form was almost
abolished at pH 8. Under the limited experimental con-
ditions studied here, and as reported earlier (Place and
Beynon 1983), ADP activation was much more greatly
affected by the chymotryptic cleavage (Fig. 5C,D).

McCarthy and Tipton (1985) highlighted only minor
kinetic effects on bovine GDH of losing the first four
residues. The much greater effect of chymotryptic diges-
tion may result from loss of critical contacts formed
by some of the residues from 6 to10 in untreated GDH.
Attributing particular significance to any one specific con-
tact may be risky, but some of the most obvious inter-
actions can be observed in Figure 6A. It appears possible
that the N-terminal amino acids, which form part of the
glutamate-binding domain, can make critical contact with
overhanging loops of the coenzyme-binding domain. The
crystal structure reveals interactions occurring between
aspartate 6, asparagine 7, and lysine 329. It is also ob-
vious that the two phenylalanine residues at 9 and 10 rest

Table 2. Results of Edman degradation for TLCK chymotrypsin-
cut, trypsin-cut, and intact GDH protein

Entries in the three columns indicate the order and picomolar amounts of

the first six amino acids. Below these tabulated results is a listing of the

first 50 amino acids of bovine GDH, aligned with an indication of their

secondary structure taken from the high-resolution X-ray crystallographic

structure. Arrows give an indication of where the chymotrypsin (Chymo)

and trypsin (Tryp) cleave the enzyme.

Figure 4. PyMOL (DeLano Scientific) cartoon representation of a

monomer from beef GDH in its open domain conformation. Highlighted

in red are the first 10 amino acids, which we have revealed to be the

fragment cleaved by chymotrypsin. Highlighted in a blue color are the

subsequent amino acids 11–35. Limited cleavage by trypsin produces a

new N-terminal sequence beginning at amino acid 36.

Carrigan and Engel
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on either side of the third helix of the glutamate-binding
domain (Fig. 6B), and it is just as plausible to believe that
the loss of these might contribute to the reported kinetic
effects.

Aitchison and Engel (1983) reported that the 4-kDa
fragment, now definitely identified as the first a-helix of
bovine GDH, could not be separated on a gel-filtration
column, and this may account for why limited trypsin
digestion in the absence of chymotrypsin has no signifi-
cant effect on enzyme functionality.

Possible structural basis of kinetic activation

In the oxidative deamination reaction at high pH and
high substrate concentrations, glutamate is thought to
bind to the enzyme before the NAD(P)H molecule
dissociates from the catalytic cleft, thereby forming a
tightly bound NAD(P)H-GLU abortive complex (George
and Bell 1980). Under these conditions, hydride transfer
is no longer rate-limiting, but rather the release of co-
enzyme from this abortive complex. In the reductive
amination reaction, the analogous NAD(P)+ketoglutarate
abortive complex is formed at high substrate concentra-
tions and low pH (Bailey et al. 1982). It has been pro-

posed that ADP and GTP realize their allosteric behavior
on the basis of their interaction and effect with these
abortive complexes (Pantaloni and Iwatsubo 1967; George
and Bell 1980). In the case of GTP, a stabilizing effect
seems to lead to an inhibition, while ADP, by binding
behind the pivot helix of bovine GDH, will promote the
disruption of the abortive complex, and thus, allow the
enzyme rate to increase. Here, we raise the possibility that
any increase in activity observed upon the chymotryptic
digestion of the enzyme is also possibly due to disruption of
the rate-limiting enzyme–substrate complex. It is interesting
to note that Aitchison and Engel (1983) also found that there
was no increase in kinetic activity in the situations where
the coenzyme concentration was kept at 20 mM.

Conclusion

These studies show that previous suggestions, that acti-
vation of bovine glutamate dehydrogenase by partial
proteolysis and concomitant decrease in, or loss of
allosteric properties, were caused by cleavage/removal
of an allosteric binding domain, are unfounded. Although
such a domain is indeed formed by the C-terminal 50
residues, the key cleavage resulting in activation is at the

Figure 5. Enzymes that have been treated with chymotrypsin to reveal an increase in activity at pH 8.5 also have an altered response to

their allosteric effectors. A and B demonstrate the response of the uncleaved (filled circles) and cleaved (open circles) enzyme to GTP

with (A) NAD+ and (B) NADP+ as the cofactor. (C,D) Results for the same enzyme samples assayed for ADP response with NAD+ and

NADP+, respectively.

Activating glutamate dehydrogenase by proteolysis
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other end of the GDH polypeptide chain. Further, it is
now clear that the major kinetic effect on the enzyme is
due to cleavage between residues 10 and 11, and not, as
previously thought, to cleavage or removal of a much
larger fragment. The formation of the latter fragment was
clearly due instead to trace contamination with trypsin
with the relative levels of the two proteinases, presumably
accounting for the apparent dominance of a fragment 4–
5 kDa smaller than the native subunit in the early studies
(Beynon and Kay 1976; Aitchison and Engel 1983).

The present results are interesting in view of studies on
two isozymes of human GDH (glud1 and glud2), which
differ by just 15 amino acids (Shashidharan et al. 1994).
In those studies it was found that a combination of muta-
tions, many outside of the allosteric regions, seems to be re-
sponsible for the altered GTP and ADP sensitivity of the
two enzymes (Plaitakis et al. 2003; Kanavouras et al. 2007).

Finally, since virtually all of the voluminous literature
on bovine GDH has been based on studies of commer-
cially prepared enzyme, and since different commercial
preparations do not behave identically in proteolysis
experiments, there is clearly a need to check some of
the key observations using enzyme that can be shown to
be homogeneous at the N terminus.

Materials and Methods

Materials

The study was initially complicated by the realization that
responses to partial proteolysis differed between GDH prepara-
tions from different commercial sources, and that even from a
single source, they varied over a period of years, possibly re-
flecting changes in production or storage procedures. For the
main study reported here, preparations of bovine liver glutamate
dehydrogenase were obtained from Biozyme Laboratories, Ltd.,
in lyophilized form and stabilized with ADP and BSA. Sigma
currently also provides enzyme precipitated in ammonium
sulphate and free of BSA, but this was found not to be inhibited
to the same extent by GTP, nor activated by chymotryptic
cleavage in the same manner as lyophilized forms. This
is possibly unsurprising, given that proteolytic cleavage of
GDH stored in ammonium sulphate was a problem highlighted
in previous work (Place and Beynon 1983). L-glutamate, a-
chymotrypsin (TLCK treated and untreated), DPCC-treated
trypsin, and the protease inhibitor, phenylmethylsulphonyl
fluoride, were obtained from Sigma-Aldrich. NAD+ and NADP+

at >98% purity were obtained from Apollo Scientific. Wide-
range protein molecular weight markers were from New
England BioLabs.

Assay of glutamate dehydrogenase

The activity of glutamate dehydrogenase was measured with
40 mM L-glutamate and 1 mM NAD(P)+ in 0.1 M pyrophosphate
buffer, pH 8.5, using a Cary 50 Spec uv-vis spectrophotometer
(Varian, Inc.)

Digestion of glutamate dehydrogenase and BSA

Glutamate dehydrogenase was first separated from ADP pre-
sent in the commercial preparation by the use of a PD-10
desalting column (Amersham Sciences). Before most experi-
ments, much of the BSA was also removed by binding the GDH
to a Q-Sepharose column equilibrated with 20 mM Tris buffer
at pH 7.4, washing with 20 mM Tris, and then eluting the GDH
with a salt gradient of 0–0.5 mM NaCl. The eluate was pre-
cipitated with 60% ammonium sulphate, but dialyzed against
phosphate buffer within 2 d. This step did not remove all of the
BSA, but made it easier to identify the relevant bands after
proteolytic cleavage. Proteolytic incubations were conducted at
30°C in 500 mL of 0.1 M potassium phosphate buffer (pH 7.0).
GDH concentrations were ca. 500 mg/mL, with chymotrypsin
concentration set to about 200 mg/mL. BSA was also incubated
for 40 min with an equal concentration of chymotrypsin as a
control (Fig. 1D). The DPCC-trypsin digest was carried out with
a concentration of 50 mg/mL protease and was typically allowed

Figure 6. (A) Close-up of an N-terminal interaction in a domain from

1HWY, a domain with bound glutamate, NADH, and GTP. Highlighted in

red are aspartate 6, and asparagine 7, and the prominent lysine 329 (in

blue) of the coenzyme-binding domain, which are all within 3.5 Å of each

other. (B) PyMOL (DeLano Scientific) cartoon displaying a close-up of the

N-terminal of bovine GDH (1HWY), and in particular, amino acids 1–10

in red with the F9 and F10 in stick form. These phenylalanine residues lie

on either side of the third helix of the glutamate-binding domain, and the

peptide bond between residues 10 and 11 is the site of cleavage by

chymotrypsin.

Carrigan and Engel

1352 Protein Science, vol. 17

JOBNAME: PROSCI 17#8 2008 PAGE: 7 OUTPUT: Saturday July 5 18:40:05 2008

csh/PROSCI/164284/ps034785

Fig. 6 live 4/C



to proceed for 1 h. In all of the proteolytic incubations, samples
were taken out at intervals and treated with PMSF (0.5 mM), a
potent inhibitor of both chymotrypsin and trypsin, and then
immediately assayed for activity and kept for SDS-PAGE
analysis. In situations where a trypsin digest was subsequently
treated with chymotrypsin, at least 6 h were allowed to pass to
allow excess PMSF to hydrolyze. Absorption coefficients
(A280

1%) of 15.4 and 20.0 were used to calculate the concen-
trations of trypsin and chymotrypsin, respectively. Protein
fragments to undergo N-terminal sequencing were electroblot-
ted from an SDS-PAGE gel onto PVDF membrane and stained
according to the method of Matsudaira (1987).
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