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ABSTRACT. We have carried out a systematic study on the guanidinium chloride- and urea-induced unfolding
of glucose oxidase fromspergillus nigeran acidic dimeric enzyme, using various optical spectroscopic
techniques, enzymatic activity measurements, glutaraldehyde cross-linking, and differential scanning
calorimetry. The urea-induced unfolding of GOD was a two-state process with dissociation and unfolding
of the native dimeric enzyme molecule occurring in a single step. On the contrary, the GdmCl-induced
unfolding of GOD was a multiphasic process with stabilization of a conformation more compact than the
native enzyme at low GdmCI concentrations and dissociation along with unfolding of enzyme at higher
concentrations of GAmCI. The GdmCI-stabilized compact dimeric intermediate of GOD showed an enhanced
stability against thermal and urea denaturation as compared to the native GOD dimer. Comparative studies
on GOD using GdmCI and NaCl demonstrated that binding of the Gehition to the enzyme results in
stabilization of the compact dimeric intermediate of the enzyme at low GdmCI concentrations. An interesting
observation was that a slight difference in the concentration of urea and GdmCI associated with the unfolding
of GOD was observed, which is in violation of the 2-fold rule for urea and GdmCI denaturation of proteins.
This is the first report where violation of the 2-fold rule has been observed for a multimeric protein.

The conformational stability of multimeric proteins can Since the discovery of the enzyme as an antibiotic, shown
be measured by equilibrium unfolding studies using urea andsubsequently to be due to the peroxide formatib),(there
GdmcClI} the two agents commonly employed as protein has been an ever-increasing interest in glucose oxidase.
denaturants. Analysis of the solvent denaturant curves using Glucose oxidase (GOD) frospergillus nigera homo-
these denaturants can provide a measure of the conformadimer of molecular mass 160 kDa, is a glycoprotein with a
tional stability of the protein; 2). Protein unfolding/folding carbohydrate content of 16% (w/w)%, 16). The carbohy-
studies in GdmCI and urea solutions have focused on thedrate moiety is of the high-mannose type, and the oligomeric
identification of equilibrium and kinetic intermediate3~ polysaccharide is covalently attached to polypeptide chains
6) The denaturant-induced unfolding of Iarge or multimeric vyja asparagine and serine or threonine resid[]_@);A (The
enzymes has mostly been found to be a multiphasic processenzyme contains two tightly bound but noncovalently linked
with the stabilization of partially folded intermediates— flavin—adenine dinucleotides (FAD) per dimet§ 19).

9). These flavin cofactors are responsible for the oxidation

Glucose oxidasefp-glucose:oxygen 1-oxidoreductase, reduction properties of the enzyme. GOD is an acidic protein
EC 1.1.3.4) is a flavoprotein which catalyzes the oxidation and shows resistance to SDS denaturation at pH 6.0;
of B-p-glucose by molecular oxygen @-gluconolactone,  however, at low pH (4.3 and below) it is susceptible to
which subsequently hydrolyzes spontaneously to gluconic denaturationZ0). Dissociation of the subunits of GOD has
acid and hydrogen peroxide. The enzyme is of considerablepeen reported to be possible only under denaturing conditions
commercial importancel(). Industrially it is being used in  and is accompanied by the loss of cofactor FAID, (21).
the removal of glucose or oxygen from food products and e have studied the structural and functional changes
in production of gluconic acid(l). The most important  4gsociated with GdmCI- and urea-induced unfolding of the
application of glucose oxidase is as a molecular diagnostic gimeric enzyme GOD. Significantly different pathways of
tool as the enzyme is used in biosensors for the quantitativegop unfolding were observed for the two denaturants. To
determination ob-glucose in samples _such as body fluids, \nderstand the underlying mechanism of GdmCl-induced
foodstuffs, beverages, and fermentation produt® {3). compaction of native GOD, comparative studies with NaCl
were carried out.
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Methods analysis. The protein concentration used for these studies
was 4.54M; a 1.3 mL sample was introduced into the sample
cell, and a similar amount of buffer was introduced into the
reference cell. Samples were scanned at a rate SOH0.
The samples were degassed for 15 min at room temperature
before being scanned in the calorimeter. Data reduction and
analysis were performed as described earl2).(All the
scans were found to be irreversible under the experimental
conditions studied.

Size-Exclusion Chromatograpt@el filtration experiments

ere carried out on a Superdex 200HR 10/30 column
manufacturer’s exclusion limit 600 kDa for proteins) on

Purification of GOD.Commercial glucose oxidase (type
X-S, Sigma Chemical Co.) was purified to homogeneity by
ion-exchange chromatography followed by ammonium sul-
fate precipitation as described previousB2). The purity
of the purified enzyme was evaluated on SEFFAGE 23)
followed by silver staining and was found to be about 99%
pure.

Guanidinium Chloride and Urea Denaturation of GOD.
GOD dissolved in sodium phosphate buffer (10 mM, pH 6.5)
in the presence and absence of increasing concentrations o

GdmCl or urea was incubatedrf@ h at 25°C before the AKTA FPLC (Amersham Pharmacia Biotech, Sweden). The

measurements were made. ) . column was equilibrated and run with sodium phosphate
Assay of Enzymatic Aetty. Glucose oxidase activity was  p gar (10 mM, pH 6.5) containing the desired GdmCl or

deterr_nined'by_ thg colorimetric metho'd using t_he coupled | re4 concentration at 2. The GOD solution (#M) was
peroxideb-dianisidine system as described previou®9)(  jhcypated at the desired GdmCl or urea concentration for
Fluorescgnce Speptroscopyluorescence spect_ra Were 12 h at 25°C. Then 20QuL of this sample was loaded on
recordgd with a Perkin-Elmer LS 50B spectrolu_mmescence the column and run at 25C: a flow rate of 0.3 mL/min
meter h a 5 mmpath-length quartz cell. GOD in 10 MM \ith detection at 280 nm.
phosphate buffer, pH 6.5, was incubated in the presence of
increasing GdmCI or urea concentrations foh at 25°C RESULTS
before the spectra were recorded. The protein concentration ) )
was 3.0uM for all experiments, and the measurements were ~We have studied the effect of GdmCl- and urea-induced
carried out at 25C. For monitoring tryptophan and FAD changes on the structural and functional properties of GOD.
fluorescence, excitation wavelengths of 290 and 365 nm, Time-dependent changes in structural parameters and
respectively, were used, and the spectra were recordedenzymatic activity of GOD at increasing GdmCl or urea
between 300 and 430 nm and between 450 and 550 nmconcentrations (0.5, 2.5, and 5 M) were monitored to
respectively. standardize the incubation time required for achieving
Circular Dichroism MeasurementsCD measurements €quilibrium under these conditions. Under all of the condi-
were made with a Jasco J80O spectropolarimeter calibratedions studied, the changes occurred within maximum of 1 h
with ammonium ¢)-10-camphorsulfonate. The results are With no further alteration up to 12 h (data not shown). These
expressed as the mean residual ellipticig], [which is observations demonstrate that an incubation tif#& b is
defined as §] = 1009.,d(IC), Where Oqps is the observed  sufficient for achieving equilibrium under any condition of
ellipticity in degrees,c is the concentration in moles of denaturant studied.
residue per liter, and is the length of the light path in Changes in Molecular Properties of GOD Associated with
centimeters. The CD spectra were measured at an enzymésdmCl-Induced Unfoldingznzyme activity can be regarded
concentration of 0.7xM with a 1 mmcell at 25°C. The as the most sensitive probe to study the changes in the
values obtained were normalized by subtracting the baselineenzyme conformation during various treatments as it reflects
recorded for the buffer having the same concentration of subtle readjustments at the active site, allowing very small
denaturant under similar conditions. conformational variations of an enzyme structure to be
Cross-Linking Using Glutaraldehyd@o native and Gd- ~ detected. Figure 1A shows the effect of increasing concentra-
mCl- or urea-treated (2 h at Z&) GOD (0.2084M) was tions of GAmCI on the enzymatic activity of GOD. A
added an aliquot of 25% (m/v) glutaraldehyde so as to make sigmoidal dependence of enzymatic activity on GdmCl
a final concentration of 1% glutaraldehyde. This sample was concentration was observed. No significant effect of denatur-
incubated at 25C for 5 min followed by quenching the ant on enzymatic activity of native GOD was observed up
cross-linking reaction by addition of 97 mM glycine. For to about 1.75 M GdmCI. However, between 2 and 4 M
salt-treated samples buffer exchange was carried out for theGdmCI, a steep decrease in enzymatic activity (from 100%
removal of salts. After 20 min incubation 2L of 10% to about 1%) and a complete loss of enzymatic activity above
aqueous sodium deoxycholate was added. The pH of theS M GdmCI were observed.
reaction mixture was lowered to—2.5 by addition of Optical spectroscopic studies on GOD in the presence of
orthophosphoric acid (85%) that resulted in precipitation of increasing GdmCI concentrations were performed to study
the cross-linked protein. After centrifugation (13234 °C, the effect of denaturant on the structural properties of GOD.
20 min) the obtained precipitate was redissolved in 0.1 M The spectral parameters of tryptophan fluorescence emis-
Tris-HCI, pH 8.0, 1% SDS, and 50 mM dithiothreitol and sion such as position, shape, and intensity are dependent on
heated at 96100°C. Samples were analyzed by 6% SBS  the electronic and dynamic properties of the chromophore
PAGE @3). environment; hence, steady-state tryptophan fluorescence has
Differential Scanning CalorimetnAll calorimetric scans been extensively used to obtain information on the structural
were performed with a Microcal MC-2 differential scanning and dynamical properties of the prote2b]. The modifica-
calorimeter. The calorimetric unit was interfaced to an IBM tion of the microenvironment of tryptophan residues of GOD
PC microcomputer using an A/D converter board (Data due to denaturants has been monitored by studying changes
Translator DT-2801) for automatic data collection and in the intensity and wavelength of emission maximaaf)
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Ficure 1: Changes in functional and structural properties of glucose oxidase in the presence of increasing concentrations of GdmCl at pH
6.5 and 25'C. (A) Changes in enzymatic activity of GOD on treatment with increasing concentrations of GdmCI. GOD in 10 mM phosphate
buffer, pH 6.5, was incubated with the desired concentration of Gdm@ foat 25°C, followed by measurement of enzymatic activity

as described in Experimental Procedures. The data in the figure are expressed in terms of relative activity using the activity of the native
enzyme as reference (100%). (B) Changes in tryptophan fluorescence of GOD on treatment with increasing GdmCI concentrations as
monitored by fluorescence intensity at emission wavelength maxima under different conditions; exei28@mm. The data are represented

as the percentage of fluorescence, taking fluorescence of native GOD as 100%. (C) Changes in FAD fluorescence of GOD on treatment
with increasing GdmCI concentrations as monitored by fluorescence emission at 524 nm; ex<it886nmm. The data are represented

as the percentage of fluorescence, taking fluorescence of native GOD as 100%. (D) GdmCl-induced changes in the secondary structure of
GOD as monitored by following changes in ellipticity at 222 nm obtained from the far-UV CD curves of GOD at increasing concentrations

of GAmCI. The data are represented as the percentage of ellipticity at 222 nm, taking the value observed for native GOD as 100%. (E)
GdmCl-induced unfolding transition of GOD as obtained from enzymatic activity (panel A), FAD fluorescence (panel C), and ellipticity at
222 nm (panel D). A linear extrapolation of the baselines in the pre- and posttransitional regions was used to determine the fraction of
folded protein within the transition region by assuming a two-state mechanism of unfolding. The symbols are the same as in panels A, C,
and D.
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of tryptophan fluorescence as a function of denaturant fluorescence was observed both in the filtrate (49% relative
concentration. Figure 1B illustrates changes in the tryptophanfluorescence) and that associated with the enzyme (51%
fluorescence intensity of GOD at increasing GdmCI con- relative fluorescence). However, for increases in GdmClI
centrations. For native GOD, significant tryptophan fluores- concentrations to 6 M, all of the FAD fluorescence was found
cence with emissiofinax at 329 nm was observed. The buried (98% relative fluorescence) in the filtrate. These observations
tryptophan residues in the folded protein show the fluores- demonstrate that denaturation of GOD with high GdmCI
cence emissioimax at 330-340 nm @6); hence, in native  concentrations results in a complete dissociation of FAD
GOD the tryptophan moieties are buried in the hydrophobic from the enzyme.
core of the protein. Between 0 and 1.75 M GdmCl, Far-UV CD studies on GdmCl-induced unfolding of GOD
guenching of tryptophan fluorescence intensity without any were carried out to study the effect of GAmCI on the
change in emissiohnax Of the native enzyme was observed. secondary structure of the enzyme. In the far-UV region,
The quenching of tryptophan fluorescence of native GOD the CD spectrum of native GOD shows the presence of
has been reported to occur due to compaction of the nativesubstantiala-helical conformation Z2). Figure 1D sum-
conformation of the enzyme®); hence, treatment of GOD  marizes the effect of increasing GdmCI concentrations on
with low concentrations of GAmCI induces compaction of the ellipticity at 222 nm for native GOD. Up to a GdmClI
the native conformation of the enzyme. For increases in concentration of about 1.5 M, no significant change in
GdmCl concentration between 2 and 6 M, a significant ellipticity at 222 nm of native GOD was observed. However,
enhancement in the tryptophan fluorescence along with abetween GdmCI concentrations of-3 M, a large gradual
shift in emissionAmax to about 355 nm was observed. decrease in ellipticity at 222 nm from 100% to almost
Normally, exposed tryptophan residues in the unfolded complete loss of signal was observed. These observations
protein show emission maxima between 348 and 356 nm suggest that treatment of GOD with higher GAmCI concen-
(26); hence, treatment of GOD with higher concentrations trations results in complete unfolding of the enzyme.
of GdmCI results in exposure of the buried tryptophan  Changes in the molecular properties of GOD such as
moieties present in native GOD to the solvent. Such a enzymatic activity, CD ellipticity at 222 nm, and FAD
situation can happen only when the denaturant inducesfluorescence at increasing GdmCI concentrations however
unfolding of GOD. showed a sigmoidal dependence, but the profiles were not
Studies on various flavanoproteins have reported that thesuperimposable (Figure 1E), which suggests that GdmCI-
fluorescent prosthetic groups FAD or FMN exhibit different induced unfolding of GOD is a multiphasic process with
spectral characteristics in different proteins, reflecting the stabilization of intermediates. An experimental support for
specific environmental property of isoalloxazine, which is this suggestion comes from the tryptophan fluorescence
the chromophore present in the molec®@( For this reason  studies (Figure 1B) where a biphasic profile, suggesting the
the FAD group has been used as a natural marker to probestabilization of an intermediate, was observed for GdmClI
the dynamical microenvironment of the flavin fluorophore denaturation of GOD.
in flavanoproteinsZ8, 29). GOD contains two tightly bound Changes in Molecular Properties of GOD Associated with
but noncovalently linked flaviradenine dinucleotide (FAD)  Urea-Induced Unfolding Although urea and GdmCI are
molecules. For the native enzyme, a significant fluorescencebelieved to have similar modes of action, GdmCI is a
with the emissionnax at 524 nm corresponding to a FAD  monovalent salt that has both ionic and chaotropic effects
molecule present in the enzyme was observed. The effect of(31—33), whereas urea has only chaotropic effects. Thus urea
addition of denaturants on the FAD microenvironment of is an ideal control agent for distinguishing between the ionic
GOD is summarized in Figure 1C where changes in FAD and chaotropic effects of GdmCI.
fluorescence intensity of GOD with increasing GdmCl  Figure 2 summarizes the urea-induced changes in structural
concentrations are depicted. A sigmoidal dependence of FADand functional properties of GOD as studied by changes in
fluorescence intensity with GdmCI concentration was ob- enzymatic activity, FAD and tryptophan fluorescence, and
served. No significant change in FAD fluorescence of the CD ellipticity at 222 nm at increasing urea concentrations.
native enzyme was observed up to GdmCI concentrations No significant change in enzymatic activity of native GOD
of 1.5 M. However, between 2 dn6 M GdmCI a large  was observed upt2 M urea (Figure 2A). However, between
enhancement (about 12 times) in FAD fluorescence intensity 2 and 5 M urea, a sharp decrease in enzymatic activity from
was observed. Enhancement of FAD fluorescence intensity 100% to about 5% and abew M urea a complete loss of
of GOD has been associated with dissociation of the FAD enzymatic activity were observed (Figure 2A).
molecule from the enzyme as a result of denaturation of the Like enzymatic activity, a sigmoidal dependence of
enzyme 23, 30). For this reason studies were carried out to tryptophan fluorescence of GOD with increasing urea
ensure that GdmCl-induced unfolding of GOD results in concentrations was observed (Figure 2B). A slight linear
dissociation of the FAD molecule from the enzyme. The increase in tryptophan fluorescence of native GOD without
GdmCl (at increasing concentration) treated GOD samplesany shift in emissioimax (329 nm) was observed between
were concentrated on a Centricon of 3 kDa cutoff, and the 0 and 2 M urea concentration. A significant enhancement in
presence of FAD in free form (in filtrate) and protein-bound tryptophan fluorescence with a shift in emissibgy from
form (in protein fraction) was monitored by fluorescence 329 to 355 nm was observed between @ &M urea, which
spectroscopy. Up to 1.5 M GdmClI, all of the FAD fluores- indicates that treatment of GOD with high concentrations
cence was found (98% relative fluorescence) associated withof urea leads to unfolding of the enzyme (as discussed for
the enzyme, and only background fluorescence (about 2%GdmCl).
relative fluorescence) was observed in the filtrate. For 3.0 For FAD fluorescence also a sigmoidal dependence of
M GdmCl-treated GOD an almost equal amount of FAD fluorescence intensity with increasing urea concentration was
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Ficure 2: Changes in functional and structural properties of glucose oxidase in the presence of increasing concentrations of urea at pH 6.5
and 25°C. (A) Changes in enzymatic activity of GOD on treatment with increasing concentrations of urea. GOD in 10 mM phosphate
buffer, pH 6.5, was incubated with the desired concentration of ume2 foat 25°C, followed by measurement of enzymatic activity as
described in Experimental Procedures. The data in the figure are expressed in terms of relative activity using the activity of the native
enzyme as reference (100%). (B) Changes in tryptophan fluorescence of GOD on treatment with increasing urea concentrations as monitored
by fluorescence intensity at emission wavelength maxima under different conditions; excita2@tnm. The data are represented as the
percentage of fluorescence, taking fluorescence of native GOD as 100%. (C) Changes in FAD fluorescence of GOD on treatment with
increasing urea concentrations as monitored by fluorescence emission at 524 nm; ex<ita@dmm. The data are represented as the
percentage of fluorescence, taking fluorescence of native GOD as 100%. (D) Urea-induced changes in the secondary structure of GOD as
monitored by following changes in ellipticity at 222 nm from the far-UV CD curves of GOD at increasing concentrations of urea. The data
are represented as the percentage of ellipticity at 222 nm, taking the value observed for native GOD as 100%. (E) Urea-induced unfolding
transition of GOD as obtained from enzymatic activity (panel A), tryptophan fluorescence (panel B), FAD fluorescence (panel C), and
ellipticity at 222 nm (panel D). The fraction of native enzyme was calculated as described in Figure 1D. The symbols are the same as in
panels A-D.
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[Salt]Mm Ficure 4: Urea-induced unfolding transition of native (filled

squares), 0.5 M NaCl-treated GOD (filled triangles), and 0.5 M
(open circles) ath 2 M GdmCl-treated GOD (filled circles) at 25
°C. A linear extrapolation of the baselines in the pre- and

Ficure 3: Dependence of GdmCIl and NaCl of the thermal
stabilities of GOD. The midpoints of thermal denaturation transi-
tions are shown as a function of the concentration of added salts. . ) . .
The transitions are in the presence of NaCl (filled squares) and PoSttransitional regions was used to determine the fraction of
GdmCl (filled circles). In the experiment denoted by open circles Unfolded protein within the transition region by assuming a two-
0.1, 0.3, and 0.5 M GdmCl was added to the 0.5 M NaCl-treated State mechanism of unfolding.

GOD sample. The values represent the mee8D of four different

experiments. the enzyme at all concentrations, and a particularly strong

increase inTy, was found on treatment of the enzyme with

observed. No significant enhancement of FAD fluorescence 0—0.5 M NacCl; however, between 0.5 &2 M NaCl a
intensity was observed up to about 1.75 M urea concentra-significantly lesser increase ifi, was observed (Figure 3
tion. However, between urea concentrations-062M there and ref22). This reflects that the NaCl-induced stabilization
was a large enhancement in FAD fluorescence intensity of GOD probably has a contribution of two components:
(about 14 times). Studies on FAD dissociation from GOD cation binding to the native enzyme as well as a general
(as described for GAmCI above) on treatment with urea stabilizing effect of monovalent cations on the enzyme. For
showed that upat2 M urea the FAD molecule is associated GdmCl at low concentrations (between 0 and 0.3 M) an
with the enzyme (98% relative FAD fluorescence). However, enhancement iy, similar to that for NaCl, under similar
treatment wih 6 M urea resulted in complete dissociation concentrations, was observed. Between 0.3 and 0.5 M GdmCl
of FAD (only 2% relative FAD fluorescence associated with no further enhancement if, was observed. For 0.5 M
the enzyme) from GOD. GdmcCl, a significantly lessery, than that for 0.5 M NaCl-

The urea-induced changes in the secondary structure oftreated GOD was observed, suggesting that NaCl treatment
GOD were studied by monitoring changes in CD ellipticity results in greater stabilization of enzyme against thermal
at 222 nm at increasing urea concentrations and are sum-denaturation as compared to GdmCI treatment. At 1 and 2
marized in Figure 2D. A sigmoidal dependence of decreaseM GdmCI the denaturing effect of denaturant predominated,
in ellipticity at 222 nm with increasing concentrations of urea and a decrease ify, with increasing GdmCI concentrations
was observed with no change in value observed for the nativewas observed. However, up L M GdmCI concentration,
enzyme upa 2 M urea. However, between 2é6 M urea the observed value for tHi, was higher (minimum of about
a large decrease in ellipticity value at 222 nm and a complete4 °C) than that of native GOD, but f@ M GdmCl-treated
loss of signal aboy 6 M urea were observed. These GOD a slight decrease i, (about 5°C) as compared to
observations suggest that higher concentrations of uréa (  native GOD was observed.
M) induce complete unfolding of GOD. For GdmCI denaturation of NaCl (0.5 M) stabilized GOD,

The urea denaturation profile of GOD as studied by between 0.3 and 1.5 M GdmCl, a linear decreasg,jwith
monitoring the changes in all of the four techniques studied, increasing GdmCI concentrations was observed. These
i.e., enzymatic activity, FAD and tryptophan fluorescence, observations demonstrate that, unlike in the case of native
and CD ellipticity at 222 nm at increasing urea concentra- enzyme where low concentrations of GAmCI (up to 0.5 M)
tions, showed a superimposable profile (Figure 2E). This induce stabilization of enzyme, for 0.5 M NacCl-treated
suggests that the urea denaturation of GOD is a two-stateenzyme similar concentrations of the GdmCI induced
process where the dissociation and unfolding of the native destabilization of the enzyme. These results provide strong
dimer occurs in a single step. &, of about 3.65 M urea  support for the assumption that the stabilization of GOD by
was associated with urea unfolding of GOD. low concentrations of NaCl and GdmCI occurs by the same

Dependence on NaCl and GdmCI of the Thermal Stability mechanism, probably by binding to the common cation-
of GOD. For demonstrating directly the unusual effects of binding site.
low GdmCI concentrations on the stability of GOD, we Urea Denaturation Studie$he urea denaturation of native
compared thermal unfolding transitions of native GOD on and 0.5 M NaCl- and 0.5 a2 M GdmCl-treated GOD was
treatment with GAMCI or NaCl. Figure 3 shows hevalues carried out to study the effect of GdmCI and NaCl treatment
obtained from DSC experiments on native GOD as a function on the stabilization of the enzyme. Figure 4 shows the
of NaCl and GdmCI concentrations and 0.5 M NaCl-treated enhancement in population of the unfolded enzyme with
GOD as a function of GdmCI concentrations. NaCl stabilizes increasing urea concentrations as obtained from the changes
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3 a S-200 superdex column in the presence and absence of
/ \ GdmCl were carried out. Figure 5 summarizes the results of
/ \ 5 size-exclusion chromatographic experiments carried out on
GOD in the presence and absence of GdmCI at@5For
native GOD, a single peak at 12.15 mL was observed.
Aldolase,M; 158 kDa, on a S-200 column under identical
1 conditions showed a single peak with a retention volume of
12.40 mL, which is slightly higher compared to the retention
volume observed for native GOD. As the reportdd of
Elution Volume native dimeric GOD is 160 kDadl§, 16), these observations
FIGURE5: Size-exclusion chromatographic profiles on a Superdex indicate that native GOD under the conditions studied is in
Zgog'g gﬁé“rznsﬂ éorﬂqgﬂt‘aff gﬂ%gﬁ%a:w dthgirlgcz;thati)\i/Liezne?n GESDe r"?‘t a dimeric configuration. However, when GOD treated with
Pnental Procedures. Curvgs—:ﬂ represent samplegs of native,po.l 0.1 M GdmCl Wa_s Ioadeq on the same column and eluted,
M GdmCl-treated GOD, and aldolase (standard), respectively. ~@n enhancement in retention volume for the enzyme to 12.75
mL was observed. This increase in retention volume for the
in FAD fluorescence intensity for these samples. For native GdmCl-treated GOD is indicative of reduced hydrodynamic
GOD, a urea concentration of about 3.65 M was associatedradii for the GdmClI-stabilized conformation of GOD as
with 50% denaturation of the enzyme. However, for 0.5 M compared to the native enzyme. A similar reduction in
GdmCI- or NaCl-treated GOD an enhancement of about 0.5 hydrodynamic radii of native GOD on treatment with the
M (4.25 M) and 2.7 M (6 M), respectively, in urea monovalent cation has been reported earlier by us and was
concentration as compared to native GOD was required fordemonstrated to be due to compaction of the native confor-
50% denaturation of the enzyme. These observations dem-mation of the native enzym@%). These observations suggest
onstrate that treatment of GOD with GdmCI or NaCl (0.5 that GOD on treatment with low concentrations of GdmClI
M) results in enhanced stability of the enzyme against ureaundergoes compaction of conformation.
denaturation. However, for same concentration of NaCl and  Cross-Linking StudiesThe effect of urea and GdmcCl
GdmCl, a higher stabilization of the enzyme against urea denaturation on the subunit structure of GOD was studied
denaturation was observed for NaCl treatment. These ob-by carrying out glutaraldehyde cross-linking experiments.
servations along with the results of thermal denaturation Figure 6 shows the results of cross-linking of native and
(reported above) demonstrate that as compared to GdmCldenaturant-treated GOD. For native as well as GdmCI- or
the NaCl treatment of GOD results in greater stabilization urea-treated GOD (upt2 M denaturant concentration) the
of the enzyme. Fo2 M GdmCl-treated GOD, a profile  protein band of glutaraldehyde cross-linked samples corre-
similar to that for the native enzyme was observed. Similar sponding to only dimers was observed. However, for GOD
results were observed when CD ellipticity changes at 222 treated with higher concentrations of urea or GdmcClI (5 or 6
nm under similar conditions were monitored. M) only protein bands corresponding to monomers were
Size-Exclusion Chromatographiyor studying the effect  observed.
of low concentrations of GAmCI on the molecular dimensions  The results of glutaraldehyde cross-linking along with the
of native GOD, size-exclusion chromatographic studies on size-exclusion chromatography experiments suggest that

Absorbance (280nm)

0.0 5.0 10.0 15.0 20.0

[a] [B]
1 2 3 4
1 2 3 4
- - -
™ . -
[c] _ D]
1 2 3 4 1 2 3 4
-
- - -
- - -

Ficure 6: SDS-PAGE profile of glutaraldehyde cross-linked GdmCl-treated GOD (panels A and B) and urea-treated GOD (panels C and
D). In all of the panels lanes 1 and 2 represent native and glutaraldehyde cross-linked native GOD samples, respectively. In panels A and
C lanes 3 and 4 represent 1dap M denaturant-treated GOD samples, respectively. In panels B and D lanes 3 and 4 represent 5 and 6 M
denaturant-treated GOD samples, respectively.
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Table 1: Comparison of Urea and Guanidinium Chlor@lgValues for Proteins

oligomeric Cn Cm Cm (urea)/
protein state (urea, M) (GdmCl, M) Cm (GdmCI) ref
vitronectin tetramer 6 2.8 21 35
phosphofructokinase tetramer 2.8 0.6 4.6 36
triosephosphate isomerase dimer >6.0 1.4 >4.3 8
ceratinase dimer 5.2 2.0 2.6 37
glucose oxidase dimer 3.6 3 1.2 this paper
bovine growth hormone dimer 8.3 3.8 2.1 38
invertase dimer 5.25 1.6 3.28 39
glutathione transferase dimer 55 15 3.66 40
RNase T1 monomer 4.6 2.9 1.59 31
RNase A monomer 6.6 3.0 2.2 31
maltose binding protein monomer 35 1.05 3.33 41
ubiquitin monomer 3 3.9 0.77 32
GdmCl 0.2M or 0.1 M GdmCl resulted in an increase in fiig of RNase
. NaCl 0.5M T1; however, the enhancement in thermostability for GdmCI
Native GOD . . .

( Dimer) Compact Dimer was significantly smaller than that for NaCl. These observa-
tions were interpreted in terms of stabilization by cation’(Na
and Gdm) binding to the negatively charged moieties of

Urea 6M CAmCl 6M the RNase T1 molecule.

We have earlier demonstrated that binding of monovalent

Unfolded Monomer _ cations to GOD induces a compaction in the native confor-

Elr(lsfgleEin7:ofSc§geE)matlc diagram of GdmCl- and urea-induced mation of the enzyme with an enhanced stability against
9 ' thermal and urea denaturatid2?j. The comparative studies

with GdmCI and NaCl on GOD, as reported above, helped
to clarify the mechanism of stabilization of GOD by low

concentrations of GdmCI. NaCl stabilizes GOD against

thermal denaturation presumably in a 2-fold manner. Binding

treatment of native GOD with low concentrations (up to 0.5
M) of GAmCI induces compaction of the native conformation
of the enzyme only. However, treatment with higher
concentrations of GAMCI or urea results in dissociation of

GOD. to one or few sites with fairly high affinity leads to a strong
increase in stability of the enzyme between 0 and 0.5 M
DISCUSSION salt. Additional weak interactions and/or indirect, solvent-

mediated effects lead to a continuing but smaller increase
in stability at higher salt concentrations (between 0.5 and 2
‘™) (22). Denaturation studies (both thermal and urea, Figures
3 and 4) indicate that GOD is indeed stabilized by NaCl or
low concentrations of GdmCI, and hence the mechanism of
stabilization of GOD by these molecules is closely related
and mutually exclusive, probably due to cation binding. The
suppression of the stabilizing effect of GdAmCI on thermal
denaturation of GOD by addition of about 0.5 M NaCl
(Figure 3) provides strong support for this suggestion. Hence,
it seems that at low GdmCI concentrations the strong

GdmCl displayed two opposing functions on the folding sfcabili;ation by de_cation binding to negatively charged
and stability of GOD. At low concentrations @ M), sites in _GOD dominates and corr_]pen_sates the _general
GdmCl acted as a structure-stabilizing additive. It induced denaturation effect of GdmCl. A stabilization of proteins by
compaction of the native conformation of the enzyme and Onic denaturants could be a fairly common process, because
enhanced the stability of the enzyme against thermal andProteins frequently contain ion binding sites of varying
urea denaturation. However, at higher denaturant concentra2ffinity and specificity. However, such additional stabilization
tions, the strong destabilization character of GdmCl was iS not easily detected in single GdmCl-induced unfolding
observed, and it behaved like a classical denaturant inducing€xPeriments, since the denaturing effect clearly dominates
extensive unfolding of the enzyme. There are several reportsin the region of the cooperative transition. It can, however,
of GdmCI and urea providing different estimates for the be detected easily by a simple direct experimental approach
conformational stability of a proteir8(, 32). In some cases where the thermal transition of the protein is measured in
these differences have been attributed to the ionic nature ofthe presence of small concentrations of denaturants. The
GdmCl. GdmCI is an electrolyte with akp of about 11, denaturing effect of GdmCI on folded proteins increases
which means that at pH values below this the GdmCl linearly with concentration as observed for GOD, at higher
molecule will be present in a fully dissociated form, i.e., as GdmCI concentrations (this paper), and various other proteins
Gdm* and CF. The presence of these ions would influence (31). These different stabilizing and destabilizing effects of
the stabilizing properties of proteins/enzymes. Mayr and GdmCI on GOD are apparently additive and lead to the
Schmid B1) studied the effect of GdmCI and NaCl on the observed complex dependence of the GAmCI concentration
thermostabilities of RNase T1. Addition of 6-1 M NaCl on the stability.

Guanidine hydrochloride and urea are the most common
chemical denaturants that are used for protein denaturation
The conformational stability of multimeric proteins can be
measured by equilibrium unfolding studies in urea or GdmClI
solutions. The unfolding of GOD in urea and GdmCI
suggests dramatically different unfolding pathways and
mechanisms for the two denaturants. The two possible
unfolding pathways in urea and GdmCI are represented
schematically in Figure 7. The urea unfolding of GOD was
found to occur by a two-state mechanism with dimer
dissociation and enzyme unfolding occurring in a single step.



GdmCI- and Urea-Induced Denaturation

GdmCl is believed to be a much better denaturant than 12. Turner, A. P. F., Karube, 1.,

urea, implying that lower concentrations are required to
unfold a protein by GdmCI than urea. For most monomeric
proteins, GdMCI has been found to be approximately 2.3

times as effective a denaturant as urea, since for these

proteins unfolding in urea occurs at a concentration twice
that required in the case of GdmCI; this is suggestive of a
“2-fold rule” (33, 34) (Table 1). Multimeric proteins, on the
other hand, have a higher rati&Cj(urea)/ C,(GdmCI)]
(Table 1), which suggests that multimeric proteins are much
more susceptible to GdmCI denaturation. Although for
proteins with non-two-state transitions tg value may not

be an accurate measure of the stability to the chaotrope,

however, it does provide some indications for the differences
in the interactions of the denaturants with different classes

of proteins. Interestingly, the results presented above show

that GOD is certainly an exception to the 2-fold rule of urea

and GdmCI denaturation mentioned above. Figures 1D and

2D present the results of denaturation of GOD at pH 6.5 as
monitored by the change in enzymatic activity and FAD
fluorescence. The midpoint of the transition for urea unfold-
ing was 3.65 M, and that for GdAmCI w& M (as observed
by FAD fluorescence spectroscopy). For small monomeric
proteins violation of the 2-fold rule of urea and GdmCI

denaturation has been observed in some cases, such as RNasgg.

T1 and ubiquitin (Table 1), but GOD seems to be the first

multimeric protein for which such an observation is being 27.

reported.
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