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The acid-induced unfolding of bovine liver glutamate dehydrogenase (GDH) was
studied using various spectroscopic methods such as far- and near-UV circular
dichroism (CD), intrinsic and 1l-anilino naphthalene-8-sulphonate (ANS) extrinsic
fluorescence spectroscopy, light scattering and fluorescence quenching in 20 mM
mixed buffer at various pHs. CD spectra show that at pH 3.5, GDH retains its
secondary structure substantially, whereas its tertiary structure content is reduced
considerably. Intrinsic fluorescence of GDH and ANS binding suggest that, at pH 3.5,
the hydrophobic surface of enzyme is more exposed in comparison to the native
form. Acrylamide quenching indicates more exposure of tryptophan residues of
enzyme at pH 3.5 in comparison to pH 7.5. Another partially unfolded intermediate
was detected at pH 5.0, which with its ANS binding capacity lies between the pH 3.5
intermediate and the native form of the enzyme. Gel filtration results revealed that
the enzyme at pH 3.5 is dissociated into trimeric species whereas it exists as hexamer
at pH 7.5 and 5.0. All the data taken together suggest the existence of two partially
unfolded states of GDH at moderate acidic pHs which may be considered as molten

and pre-molten globule-like states.
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Protein folding is the process by which the amino-acid
sequence of a protein determines its three-dimensional
conformation (I). Protein folding is considered as the
translation of the second-half of the genetic code since it
directs a disordered polypeptide chain to a specific native
state (2). There are several reports concerning that
polypeptide chains can adopt three-dimensional conforma-
tions which are different from the functional and native
conformation of proteins (3-7). It is well known that
protein folding proceeds through few intermediates which
can accumulate during the folding process. For under-
standing the principles governing protein folding it is
important to study these partially folded intermediates
(8, 9). A common intermediate, which populated during
the early stage of protein folding, is referred as molten
globule (10). According to Ptitsyn’s (11) definition of the
molten globule, the key characteristics of these intermedi-
ates are substantial secondary structure, a high compact-
ness without a rigid packing inside the molecule and a
substantial increase of fluctuations of side chains as well
as of larger parts of the molecule. These partially folded
intermediates can also be formed upon mild denaturing

*To  whom correspondence should  be addressed.
Tel:  +98-831-4274545, Fax: +98-831-4274545, E-mail:
sirousghobadi@yahoo.com ghobadi@sci.razi.ac.ir

Vol. 142, No. 2, 2007

conditions, such as, moderately low or high pH, high
temperatures or mild concentrations of chemical denatur-
ants (7). Several studies are performed with monomeric
proteins and results have improved our knowledge about
the protein folding problem and folding intermediates
(12-16). However, similar studies on oligomeric proteins
are not so much. On the other hand, whereas some
reports are concerning chemical (17), thermal (I18) and
mild denaturation (19) of bovine liver glutamate dehy-
drogenase (GDH), there is no report on acid-induced
denaturation of this enzyme in the literature. So, this kind
of study may provide insight regarding the tertiary and
quaternary interactions as well as finding intermediate(s)
during the probable protein disassembly and reconstitu-
tion. In addition, it may provide comparison between acid-
induced unfolding of the bovine liver enzyme and
previously reported thermostable counterpart (20).

In this study, protein folding/unfolding at acidic pH
has been examined using bovine liver GDH [L-glutamate:
NAD-(p)* oxidoreductase (deaminating), EC 1.4.1.3].
This enzyme is composed of six identical subunits with
a molecular mass of 336kDa (21) and catalyses the
reversible reductive amination of o-ketoglutarate to
L-glutamate using ammonia as the source of amine and
NAD(P)H as the coenzyme (22). The results indicated the
existence of an intermediate with molten globule-like
properties at acidic pH with considerable secondary
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structure and relatively more exposed hydrophobic sur-
face as judged by fluorescence, circular dichroism (CD)
and 1-anilino naphthalene-8-sulphonate (ANS) bind-
ing studies. Another intermediate has also been observed
which may be considered as a pre-molten globule-like
intermediate.

MATERIALS AND METHODS

Bovine liver GDH was purchased from Boehringer
Manheim (Germany) as a solution in 50% glycerol
(Type II). Nicotinamide adenine dinucleotide reduced
(NADH), o-ketoglutarate, ANS and IgG were obtained
from sigma (St Louis, MO, USA). All other chemicals
were of analytical grade from Merck (Darmstadt,
Germany) and solutions were prepared in double-
distilled water. Mixed buffer (20 mM) containing glycine,
acetate, phosphate and Tris at various pHs was used as
the buffer. For all experiments, prior to use, the enzyme
solution was dialysed at 4°C for 24h with several
changes of buffer, then centrifuged for 20min at
15,000r.p.m. to remove any precipitate. Enzyme and
NADH concentration were measured spectrophotometri-
cally using  €950=0.97mg 'mlem™? (23) and
€340=6.22mM tem™! (24), respectively. All experiments
were carried out at 25°C.

Enzyme Assay—Activity of native, acid denatured and
refolded GDH was determined from the decrement in the
absorption at 340 nm following the oxidation of NADH at
25°C using a Cary-100 Bio (Varian) UV-Vis spectro-
photometer with jacketed cell holders. The temperature
was regulated by an external thermostated water
circulator. The assays were carried out in the presence
of 5.6mM a-ketoglutarate, 55.5mM NH,C], 0.2mM
EDTA and 0.1mM NADH in the mixed buffer pH 7.5.
The final volume was 800ul. The reaction started by
adding enzyme to provide a final concentration of about
2 x 10~ *mg/ml. This condition provided a rate of 0.04 dA/min
which remains linear for at least 1.5 min (22).

Preparation of the Acid Denatured Intermediates—
Acid-induced unfolding of GDH was carried out in 20 mM
solution of mixed buffer at various pHs. In order to
assess the reversibility of acid denaturation, acid-induced
denatured GDH at acidic pHs were diluted 30-fold by
20 mM mixed buffer, pH 7.5 and refolding of enzyme was
studied by activity measurements and recording fluores-
cence emission spectrum.

Intrinsic and Extrinsic Fluorescence Measurements—
Fluorescence measurements were performed on a Varian
Cary Eclipse spectrofluorimeter with jacketed cell
holders. The temperature was regulated by an external
thermostated water circulator. GDH at pH 7.5 as well as
acid-induced denatured forms were excited at 292nm
and the intrinsic emission spectra were recorded between
305 and 405 nm. The excitation and emission slit widths
were set at 5 and 10nm, respectively. In all the
fluorescence experiments, the protein concentration was
0.02mg/ml and recording the emission spectra was done
after incubation of enzyme solutions in appropriate
buffer at 25°C, otherwise stated.

Extrinsic fluorescence was measured using ANS as an
extrinsic fluor. ANS binding was monitored by recording
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the ANS emission at various pHs between 410 and 590 nm
which was excited at 380 nm. The concentration of protein
was 0.06 UM and the final concentration of ANS in the
enzyme solutions was 3 uM. The molar ratio of protein to
ANS was 1 : 50. In fluorescence energy transfer measure-
ments, GDH at various pHs was excited at 292nm
and the NADH emission peak intensity was recorded at
455 nm. The concentration of NADH was 0.1 mM.

Acrylamide  Quenching—Fluorescence  quenching
experiments were carried out by addition of aliquots of
acrylamide stock solution (10 M) to the protein solution
(0.02 mg/ml) which previously incubated at pHs 7.5, 5.0
and 3.5. The enzyme was excited at 292nm and the
emission spectra were scanned between 310 and 410 nm.
The decrease in fluorescence intensity at A, of emission
was analysed according to the Stern—Volmer equation;
Fy/F =1+K,, [Q] in which, Fy and F are the fluorescence
intensities at an appropriate wavelength in the absence
and presence of quencher, respectively, K, is the
Stern—Volmer constant, and [Q] is the molar concentra-
tion of the quencher (25). The intrinsic protein fluores-
cence, F, was corrected for acrylamide inner filter effect,
f, the later being defined as shown in the following
equation, f=10"*%2 ysing ¢ as the extinction coefficient
for acrylamide at the measured wavelength.

Circular Dichroism Measurements—CD spectra were
recorded on a JASCO (Tokyo, Japan) J-810 spectro-
polarimeter at protein concentration of 0.3 and 1.5 mg/ml
for far-UV and near-UV, respectively. The results
are expressed as molar ellipticity, [0] (deg cm?dmol™b),
based on a mean amino acid residue weight (MRW)
assuming average weight of 111.0. The molar ellipticity
was determined to be [0],=(0x100 MRW)/(cl),
where c¢ is the protein concentration in milligrams
per millilitre, 1 is the light pathlength in centimetre,
and 0 is the measured ellipticity in degrees at a given
wavelength. The instrument was calibrated with
(+)-10-camphorsulphonic  acid, assuming [0]s9; =
7820 degcm?dmol™! (26), and with JASCO standard
non-hygroscopic ammonium (+)-10-camphorsulphonate,
assuming [0]290.5="7910 deg cm?®dmol ! (27). Noise in the
data was smoothed using JASCO J-810 software, includ-
ing the fast Fourier-transform noise reduction routine,
which allows the enhancement of most noisy spectra
without peak shape distortion.

Light Scattering Measurements—Rayleigh light scat-
tering experiments were carried out on Varian Cary
Eclipse spectrofluorimeter to follow protein aggregation.
The partially folded enzyme at the concentration of
0.02 mg/ml in mixed buffer at pHs 3.5 and 5.0 as well as
the enzyme sample at pH 7.5 were placed in the cuvette
and the time-dependent change in scattering intensity
was followed (28). The excitation and emission wave-
lengths were set at 450 and 455 nm, respectively and the
excitation and emission slit widths were set at 5 and
10 nm, respectively.

Size Exclusion Chromatography—In order to study the
probable subunit assembly changes in the enzyme, GDH
(4 mg/ml) samples which previously incubated at pHs 7.5,
5.0 and 3.5 were applied onto a Sephacryl-S 200 gel
chromatography column previously equilibrated with
mixed buffer with appropriate pH. Runs were carried
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Fig. 1. (A) Fluorescence emission spectra of GDH at
different pHs; pH 7.5 (1), pH 6.0 (2), pH 5.5 (3), pH 5.0 (4),
pH 4.5 (5), pH 4.0 (6), pH 3.5 (7) and pH 3.0 (8). (B) The effect of
pH upon the fluorescence emission ratio F330/F350 of GDH at
different temperatures; 25°C (small filled square), 30°C (filled
diamond), 40°C (filled triangle), 50°C (large filled square) and
60°C (open square). The enzyme was excited at 292nm.
(For more details please see MATERIALS AND METHODS).

out at 4°C with a flow rate of 0.3 ml/min with monitoring
the absorption at 280nm. The size of column was
30cm x 0.9cm in height and diameter, respectively.
Catalase (230kDa), IgG (168kDa) and ovalbumin
(45kDa) at concentrations of 0.5, 1.5 and 1.5mg/ml,
respectively were used as molecular mass standards
for detecting the subunit assembly states of GDH at
various pHs.

RESULTS

Fluorescence Measurement of pH-induced Denatured
GDH—The intrinsic tryptophan fluorescence spectra of
GDH at various pH values are presented in Fig. 1A.
As can be seen, with lowering of pH, intrinsic fluores-
cence of GDH decreases. In proteins, the intrinsic
fluorescence of tryptophan is highly sensitive to the
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polarity of its environment. Each subunit of bovine liver
GDH contains three tryptophan residues (29). The
emission spectrum of GDH at pH 7.5 shows a maximum
at 338nm which suggests non-polar surrounding envir-
onment of buried tryptophans of the enzyme. The ratio of
the fluorescence intensity of GDH at 330 and 350nm
was measured at different pH values to detect small
changes in the emission maximum as well as the effect
of temperature and the results are shown in Fig. 1B.
A decrease in F330/350 ratio is indicative of a red shift
whereas an increase in the ratio signifies a blue shift
(30). With lowering of pH there is a decrease in the ratio,
suggesting that at acidic pH, there are some changes in
the tertiary (or quaternary) structure of enzyme result-
ing in the exposure of the buried tryptophans to the
polar solvent. It is noteworthy that at pHs 3.5 and 5.0, no
significant change in the F330/350 ratio of enzyme is
observed in the temperature range of 25-60°C (with the
exception of 60°C at acidic pHs), revealing that at these
two pH values the enzyme exists as stable intermediate
states in the N<«D transition. Similar results are
reported previously for glucose/xylose isomerase upon
lowering the pH at different temperatures (31). It has
been proposed that upon acid-titration of proteins,
intramolecular charge repulsions are the driving force
for the partial unfolding of the molecule (32). Similar
results have been reported for acidic titration of
apomyoglobin (33), glucose/xylose isomerase (31), stem
bromelain (34), bovine growth hormone (35) and Bacillus
amyloliquefaciens a-amylase (36).

ANS and NADH Binding—The binding of ANS to
GDH at various pHs was investigated by spectrofluori-
metry, as illustrated in Fig. 2A. ANS itself has a very
weak fluorescence in aqueous solutions, but its fluores-
cence intensity increases in a hydrophobic environment.
Thus, ANS binding study is a convenient way to show
the existence of the surface hydrophobic patches as
well as to detect non-native, intermediate conformations
of globular proteins (19, 36, 37). The fluorescence
emission spectrum of ANS displays an increase in
the emission intensity and a blue shift of the maximum
emission wavelength (from 522nm to 470nm) as the pH
decreases. Variation of ANS maximum emission upon
binding to enzyme at various pHs is shown in Fig. 2B. As
can be seen, the surface hydrophobicity of the enzyme
must be increased in acidic pHs which results in higher
ANS binding and subsequent more intense fluorescence.
Note that the emission intensity of ANS-protein at
pH 3.5 is greater than its intensity at pHs 3.0 and 4.0
as well as all other pHs. These observations suggest the
presence of a larger number of solvent-accessible non-
polar clusters in GDH at pH 3.5 as more ANS molecules
bind to its hydrophobic surface.

To explore the effect of pH on the NADH binding
properties of GDH, fluorescence energy transfer experi-
ments were carried out by exciting GDH and recording
the NADH fluorescence emission spectra. It is known
that the emission of NADH increases upon binding to
proteins. Figure. 2C shows the NADH fluorescence
intensity decreases by lowering the pH and indicates
that at acidic pHs, the conformation of enzyme is
changed and NADH binding site became disturbed.
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Fig. 2. (A) The fluorescence emission spectra; of 3uM ANS
alone (1) and in the presence of 0.06 uM GDH at pH 7.5 (2),
pH 6.0 (3), pH 5.5 (4), pH 5.0 (5), pH 4.5 (6), pH 3.0 (7), pH 4.0
(8) and pH 3.5 (9). (B) The effect of pH on the ANS fluorescence
intensity which bound to GDH. (C) The effect of pH on the
NADH fluorescence energy transfer. Studies were carried out by
excitation the enzyme at 292nm and recording NADH emission
at the maximum emission value. (For more details please see
MATERIALS AND METHODS).
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Circular dichroism Measurements—For monitoring the
effects of pH on the secondary and tertiary structures of
enzyme, CD measurements were performed in the far-
and near-UV regions, respectively. Since Tris has a high
absorption of UV wavelengths below 200nm, the CD
spectra have been recorded in the 200-250nm range.
The far-UV CD spectra of GDH at various pHs are shown
in Fig. 3A. As can be seen, far-UV CD spectrum of GDH
at pH 7.5 exhibited double minima at 208 and 222nm,
typical of a protein with o-helical structure. The far-UV
CD changes observed over pH 7.5-3.0 are mainly
characterized by decrease of negative ellipticities at
208 nm and 222 nm, where the latter is more pronounced.
These results show that in acidic conditions, in spite of
some loss of o-helix content, GDH retains its secondary
structure substantially. The variation of [0]s22 upon pH
alteration is depicted in Fig. 3B. It is obvious that loss of
secondary structure proceeds through a cooperative
transition, as judged by its sigmoidal curve, with
pH 5.0 as the midpoint of the transition. The near-UV
CD spectrum, which characterizes the tertiary structure
of GDH, at pH 7.5 (as the native form), pH 5.0 (the form
which exists as the secondary structure transition
midpoint) and pH 3.5 (the most ANS-bound acidic form)
are shown in Fig. 3C. The spectrum of GDH in the near-
UV region which is determined by the conformation of
aromatic residues has marked differences upon pH
changing. The CD signals in the near-UV region at
pH 3.5 and 5.0 are lower than the measured one at
pH 7.5, suggesting that decreasing the pH induces a
looser and more flexible environment nearby the aro-
matic residues (38). Therefore, acid-denatured GDH
retains pronounced secondary structure, while the near-
UV CD spectrum and intrinsic fluorescence of acid-
induced partially folded states are essentially featureless.
The above results as well as the ANS binding results
indicate that at low pH (3.5), GDH adopts, as do many
other proteins (31-36), the features of the molten globule
state which characterized as a structural intermediate; it
has a substantial secondary structure, but its tertiary
structure is less organized and fluctuating in respect to
the native state (39).

Fluorescence Quenching by Acrylamide—Acrylamide is
an effective quencher of tryptophan fluorescence and due
to its relatively polar nature, it cannot quench the
fluorescence of completely buried tryptophan residues,
but quenches the surface exposed and partially buried
tryptophan residues (36, 40). This property of acrylamide
enables us to assess the relative solvent exposure of
different types of tryptophans. Figure 4 illustrates
acrylamide quenching of intrinsic fluorescence of GDH
in pHs 3.5 and 5.0 in comparison to pH 7.5 as judged by
Stern—Volmer plot. The quenching constants (K, values)
calculated for pHs 7.5, 5.0 and 3.5 were 2.6, 3.2 and
5.7 MY, respectively. The Stern—Volmer plot indicates
that the aromatic amino acids at pHs 3.5 and 5.0 are
more exposed in comparison to the native folded
conformation at pH 7.5 and the extent of aromatic
residues exposure at pH 3.5 is substantially more than
pH 5.0. So, the extent of tryptophan fluorescence
quenching by acrylamide at pH 3.5 is more than
pHs 5.0 and 7.5.
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Fig. 3. (A) Far-UV CD spectra of GDH (0.3mg/ml) at
different pHs; pH 7.5 (1), pH 6.0 (2), pH 5.0 (3.0), pH 4.0 (4),
pH 3.5 (5) and pH 3.0 (6).(B) Variation of [0]se2 at various pH
values. (C) Near-UV CD spectra of GDH (1.5 mg/ml) at different
pHs; pH 7.5 (-), pH 5.0 (--) and pH 3.5 (---). (For more details
please see MATERIALS AND METHODS).

Size Exclusion Chromatography—To characterize the
structural changes induced by mild acidic conditions,
previously incubated GDH samples at pHs 7.5, 5.0 and
3.5 were applied onto a Sephacryl-S 200 gel
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Fig. 4. Stern-Volmer plot of GDH fluorescence quenching
by acrylamide. Fluorescence quenching at pH 7.5 (filled
triangle), pH 5.0 (filled square) and pH 3.5 (filled diamond).
(For more details please see MATERIALS AND METHODS).

chromatography column. The column was equilibrated
with appropriate mixed buffer, previously. The results of
gel filtration are illustrated in Fig. 5. Figure. 5A shows
the chromatogram of GDH at pH 7.5. As can be seen,
there are three peaks, a major peak (which is located at
about 8ml of elution volume) and two minor peaks
(which are located at about 15 and 17ml of elution
volume, respectively) in the chromatogram of enzyme at
pH 7.5. These three peaks (denoted as I, II and III) can
be ascribed to hexameric (336kDa), trimeric (168 kDa)
and monomeric (56 kDa) forms of GDH, respectively, as
judged by the position of the elution volumes of catalase
(230kDa), IgG (168kDa) and ovalbumin (45kDa) which
are denoted as peaks I (8.5ml), II (15ml) and III
(17.5ml), respectively and represented in Fig. 5B.
However, due to limitations of Sephacryl-S 200 for
detection of molecular masses >250kDa, peak I may
comprise of some GDH aggregates with higher molecular
weights, in addition to the hexameric form which we are
interested in. Based on the size exclusion chromatogra-
phy results, it seems that the predominant form of GDH
at pH 7.5 is the hexameric form of the enzyme (Fig. 5A).
However, chromatogram of GDH at pH 3.5 (Fig. 5C)
indicates decrement of peak I and increment of peak II.
We can infer that at pH 3.5, the predominant form of
enzyme is its trimeric form as its peak coincides to the
peak of IgG (Fig. 5B) with the same molecular weight.
The chromatogram of GDH at pH 5.0 is essentially the
same as its chromatogram at pH 7.5 (data not shown),
which implies no dissociation of the hexameric form
occurs at this pH. Note that the position of the peak II,
the predominant form of enzyme at pH 3.5, is somewhat
shifted to less elution volumes in respect to its position at
pH 7.5. This shift can be ascribed to the more extended
tertiary structure of enzyme at pH 3.5, a result which
also has been obtained in ANS binding, acrylamide
quenching as well as CD measurements.

Aggregation Measurements—Rayleigh light scattering
measurements were carried out to determine the aggre-
gation status of intermediates in the acid-induced
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Fig. 5. (A) Chromatograms of gel filtration of GDH
incubated at pH 7.5, (B) Catalase, IgG and ovalbumin as the
mass standard markers and (C) GDH at pH 3.5. (For more
details please see MATERIALS AND METHODS).

unfolding of GDH as well as the native form. As depicted
in Fig. 6, GDH at pH 5.0 showed a marked increase in
scattering suggesting existence of aggregation at this pH,
whereas no significant scattering occurred in GDH
solutions at pHs 7.5 and 3.5.
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Fig. 6. Light scattering profile of GDH as a function of
time at different pHs; pH 7.5 (filled diamond), pH 5.0 (filled
triangle) and pH 3.5 (filled square). (For more details please see
MATERIALS AND METHODS).

Refolding of Enzyme—In order to deduce whether or
not, partially unfolded acidic-intermediates of enzyme
can be refolded back to the native form (at pH 7.5),
refolding studies were carried out. Aliquots of GDH
which has been incubated at pH 3.5 over a 60-min
period, was up taken at appropriate time intervals and
its residual activity was measured. The results are
shown in Fig. 7A. It is obvious that re-activation of
enzyme is time-dependent and its dependency is propor-
tional to the length of incubation time at pH 3.5,
inversely (Fig. 7A). Within a short range of time
(1-5min), a refolding yield >70% was measured whereas
on longer incubation periods (>5min) a substantial
decrease in the refolding yield was observed probably
due to irreversible misfolding of partially unfolded
molecules. Similar results were obtained for GDH
which incubated at pH 5.0 (data not shown). Intrinsic
fluorescence emission spectra of refolded enzyme are
shown in Fig.7B. Fluorescence emission spectra were
recorded after diluting the previously incubated enzyme
at pHs 5.0 and 3.5 for 5min. It is obvious that enzyme
regains its structure to a high extent, as can be inferred
from fluorescence intensity of the refolded enzyme
especially for pH 5.0 in which only refolding process
occurs. Refolding of the enzyme which incubated at pH
3.5 involves refolding the subunits accompanied by their
reassembling to the hexameric array of enzyme.

DISCUSSION

Protein denaturation can be performed upon denaturing
conditions such as low or high temperatures, low or high
pH values, using high concentrations of chemical
denaturants and so on. It has been shown that whereas
chemical denaturants such as guanidine hydrochloride or
urea disrupts the three-dimensional structure of proteins
completely (17, 41), acid-induced denaturation cannot do
so and leaves some residual structures (3-6). On the
other hand, the behaviour of various proteins upon acid-
induced denaturation is different. Some of them are
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Fig. 7. (A) Effect of buffer dilution (pH 7.5) on reactiva-
tion of GDH which previously incubated at pH 3.5 as a
function of time. (B) Fluorescence spectra of refolded enzyme.
GDH previously incubated for 5min at pH 3.5 (1) and pH 5.0 (2)
were diluted by the mixed buffer, pH 7.5. Fluorescence spectra
of the native enzyme at pH 7.5 (3). (For more details please see
MATERIALS AND METHODS).

resistant to acid-induced denaturation, whereas some
others undergo transition to an intermediate structure
which is known as molten globule state. The third group
first adopts an extended conformation and then under-
goes a transition to a molten globule state (42).
Interestingly, there is not a unique molten globule
state upon acid-titration of various proteins, and various
molten globule states are reported in which the extent of
organization depends mainly on the protein (3, 11).

Our results indicate the formation of two partially
unfolded intermediates at pHs 5.0 and 3.5 while the
latter appears to have the characteristics of the molten
globule state. CD results revealed that this intermediate
has a high content of secondary structure whereas most
of its tertiary structure has been lost. As ANS binding to
this partially unfolded state is maximal in the pH range
of 3.0-7.5, it seems that this intermediate has the
highest surface hydrophobicity in this pH range.
Acrylamide quenching of the intermediate at pH 3.5 is
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also higher than the other pHs, suggesting the most
exposure of tryptophans in this pH. Size-exclusion
chromatography analysis clearly shows the existence of
trimers as the predominant form of the enzyme at
pH 3.5, in spite of the presence of enzyme as a hexameric
assembly of subunits at pHs 7.5 and 5.0. Other reports
on thermal denaturation of bovine liver GDH (18) and
mild denaturation using non-ionic detergent (octyl gluco-
side) (19), have been emphasized on a hexameric
assembly of GDH at the molten globule state as well as
acid-induced denaturation report on hyperthermophilic
archaeon Pyrococcus furiosus GDH (20). Dissociation of
hexamer to monomers occurs only below pH 2.0 in the
latter case, which can be ascribed to higher stability of
the hyperthermophilic enzyme in comparison to its
mesophilic counterpart.

Another partially unfolded state was characterized on
the midpoint of transition from the native form to the
molten globule state as well as from monitoring the effect
of pH upon the F330/F350 ratio of the enzyme at
different temperatures. This state retains its secondary
and tertiary structure considerably, in comparison to the
molten globule state. Its ANS binding capacity is lower
than the molten globule state but is higher than the
native enzyme. Furthermore, its tryptophans exposure
lies between the native’s and the molten globule’s states,
as judged by acrylamide quenching and is able to
aggregate. These findings led us to consider the pH 5.0
partially unfolded state as an intermediate between the
native and the molten globule states of the enzyme. Since
catalytic activity of enzyme is strictly related to the
presence of the hexameric assembly, refolding studies
confirm the reversibility of acid-induced denaturation of
GDH, at least for short incubation periods.

All the above data together let us conclude that while
in the thermal denaturation (18) and non-ionic detergent
(octyl glucoside) mild-denaturation (19) of bovine liver
GDH, the formation of the molten globule state is
straightforward; in mild-acidic denaturation, a partially
unfolded intermediate is formed (prior to molten globule
formation) which may be considered as a pre-molten
globule-like state, a situation which has been observed
previously for some proteins such as glucose/xylose
isomerase (31).
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