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ABSTRACT. Glucose oxidase (GOD) frorAspergillus nigeris an acidic dimeric enzyme having a high
degree of localization of negative charges on the enzyme surface and dimer interface. We have studied
the effect of monovalent cations on the structure and stability of GOD using various optical spectroscopic
techniques, limited proteolysis, size exclusion chromatography, differential scanning calorimetry, and
enzymic activity measurements. The monovalent cations were found to influence the enzymic activity
and tertiary structure of GOD, but no effect on the secondary structure of the enzyme was observed. The
monovalent cation-stabilized GOD was found to have a more compact dimeric structure but lower enzymic
activity than the native enzyme. The enzymKs for p-glucose was found to be slightly enhanced for

the monovalent cation-stabilized enzyme (maximum enhancement of about 35% for LiCl) as compared
to native GOD. Comparative denaturation studies on the native and monovalent cation-stabilized enzyme
demonstrated a significant resistance of cation-stabilized GOD to urea (about 50% residual activity at 6.5
M urea) and thermal denaturatioAT, maximum of 10°C compared to native enzyme). However, pH-
induced denaturation showed a destabilization of monovalent cation-stabilized GOD as compared to the
native enzyme. The effectiveness of monovalent cations in stabilizing GOD structure against urea and
thermal denaturation was found to follow the Hofmeister series>KNa" > Li*.

The complex three-dimensional structures of proteins are commercial importancel@). Industrially, it is being used
stabilized by a number of noncovalent interactions such asin the removal of glucose or oxygen from food products and
hydrogen bonds, van der Waals interactions, electrostaticin production of gluconic acid1@). The most important
interactions and the hydrophobic effect. One of the compo- application of glucose oxidase is as a molecular diagnostic
nents that is significantly important for stability and function tool. The enzyme is used in biosensors for the quantitative
of a protein is its ionic composition. Both short- and long- determination ob-glucose in samples such as body fluids,
range interactions contribute to the stability of proteibs ( foodstuffs, beverages, and fermentation produt& {6).

6). For most of the proteins, the charges are arranged on theSince the discovery that the enzyme is an antibiotic, shown
surface such that there are more attractive rather thansubsequently to be due to the peroxide formatibs,(there
repulsive electrostatic interactions)( However, many has been an ever increasing interest in glucose oxidase.
proteins contain clusters of positively or negatively charged  Glucose oxidase (GODB)rom Aspergillus niger,a ho-
residues, due to which there are more repulsive than attractivemodimer with a molecular mass of 160 kDa, is a glycoprotein
electrostatic interactions in these molecules. Recently re-with a carbohydrate content of 16% (w/w}g 19). The
ported studies have demonstrated that alleviating unfavorablecarbohydrate moiety is of high-mannose type, and the
surface interactions in proteins results in stabilization of oligomeric polysaccharide is covalently attached to polypep-
structure 8, 9). The most common methods used for tide chains via asparagine and serine or threonine residues
neutralization of surface charge interactions in a protein (20). The enzyme contains two tightly bound, but nonco-

molecule are site-directed mutations (selectivet)§, 9) valently linked, flavin adenine dinucleotide (FAD) molecules
and by either chemical modification of amino acids or ion per dimer 21, 22). These flavin cofactors are responsible
binding (nonselectively)10—12). for the oxidation-reduction properties of the enzyme. GOD

Glucose oxidaseftp-glucose:oxygen 1-oxidoreductase, is an acidic protein and shows resistance to SDS denaturation
EC 1.1.3.4) is a flavoprotein which catalyzes the oxidation at pH 6.0 even after prolonged incubation; however, at low
of B-p-glucose by molecular oxygen -gluconolactone,  pH (£4.3), itis susceptible to denaturatid8|. Dissociation
which subsequently hydrolyzes spontaneously to gluconic of the subunits of GOD has been reported to be possible
acid and hydrogen peroxide. The enzyme is of considerableonly under denaturing conditions and is accompanied by the

loss of cofactor FAD 23, 24).
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GOD is an acidic protein having a net negative charge at The 0.2 and 1 cm path length cuvettes were used for-190
neutral pH 23). We have carried out a systematic investiga- 250 and 256-500 nm, respectively. The results are expressed
tion on the monovalent cation-induced changes in confor- as the mean residual ellipticityd], which is defined as
mational and functional parameters of GOD. To determine 100yd(Ic), wheref,psis the observed ellipticity in degrees,
the effect of monovalent cation-induced structural changes c is the concentration in moles of residue per liter, &gl
on the enzyme stability, comparative studies on the thermal-,the length of the light path in centimeters. The enzyme
urea-, and pH-induced denaturation of native and monovalentsamples in increasing salt concentrations were prepared as

cation-stabilized GOD were carried out. described above. The CD spectra were measured at enzyme
concentrations of 0.75 and 6M for far- and near-UVv

EXPERIMENTAL PROCEDURES measurements, respectively. The values that were obtained

Materials were normalized by subtracting the baseline recorded for the

buffer having same concentration of salts under similar

All the chemicals, including GOD, were purchased from conditions. o .
Sigma Chemical Co. (St. Louis, MO) and were of the highest Size Exclusion Chromatograph®el filtration experiments

available purity. were carried out on a Sgp_erdex 200HR 10/30 _column
(manufacturer’s exclusion limit of 600 kDa for proteins) on
Methods AKTA FPLC (Amersham Pharmacia Biotech). The column

o ] . was equilibrated and run with sodium phosphate buffer [10
Purification of GOD.Commercial glucose oxidase (type m\ phosphate (pH 6.5)] containing the desired salt con-
X-S, Sigma Chemical Co.) was purified to homogeneity by centration at 25°C. The GOD solution (3.uM) was
ion-exchange chromatography followed by ammonium sul- jncubated at the desired salt concentratiand at 25°C.
fate precipitation. Briefly, GOD (+2 mg/mL) was dissolved  Two hundred microliters of this sample was loaded on the
in 10 mM phosphate (pH 6.0) and applied to a Hi-Trap Q ¢olumn and run at a flow rate of 0.3 mL/min, with detection
column (5 mL) (Amersham Pharmecia Biotech, Uppsala, 5t 280 nm.
Sweden) pre-equilibrated V\_/ith 10 mM phosphate (pH 60) Limited Proteolysis.The native ad 2 M NaCl-treated
The column was washed with 10 mM phosphate containing Gop samples were subjected to limited proteolysis with
100 mM NaCl (pH 6.0). The enzyme was eluted from the g pyilisin. GOD (3uM) dissolved in sodium phosphate buffer
column at a flow rate of 2.5 mL/min with a linear gradient [10 mM phosphate (pH 6.5)] in the presence and absence of
of 100 to 300 mM NaCl [in 10 mM phosphate buffer (bH 2 M NaCl was incubated fo2 h at 25°C followed by
6.0)]. Fractions containing GOD activity were pooled and jncypation with subtilisin (protease:enzyme weight ratio of
desalted. This partially purified enzyme was subjected to 47% 1:3) for 6 h at 25°C. Adding 2 mM PMSF to the reaction
ammonium sulfate precipitation. The precipitate was resus- mixture stopped the protease reaction. The samples were
pended in 10 mM phosphate buffer (pH 6.5) and dialyzed |5aded on a Superdex 200HR 10/30 column on AKTA FPLC.
overnight against the same buffer dt@with three changes  The column was pre-equilibrated and run with 10 mM
of buffer. The purity of the enzyme thus obtained was sodium phosphate (pH 6.5) at a flow rate of 0.3 mL/min,
evaluated on SDSPAGE followed by silver staining and  \yith detection at 280 nm for both the native and monovalent
was found to be about 99% pure. cation-stabilized GOD samples obtained after proteolysis.
Assay of Enzymic Acity. Glucose oxidase activity was Chemical Modification of Tryptophyl Residues by N-
determined by the colorimetric method using the coupled Bromosuccinimide (NBS) and Studies Using the Modified
peroxideD-dianisidine system25). Briefly, 2.5 mL of the  EnzymeThe NBS titration of native ah2 M NaCl-treated
O-dianisidine buffer mixture [0.1 mL of 1%-dianisidine GOD was carried out as described previoug§)( Briefly,
in 12 mL of 0.1 M potassium phosphate buffer (pH 6.5) GOD was dialyzed against pH 5.6 buffer (0.1 M sodium
saturated with oxygen within 30 min of use], 0.3 mL of 18% gacetate). The enzyme (34M) at pH 5.6 was incubated in
glucose (mutarotated for 6 h), and 0.1 mL of peroxidase (0.2 the presence and absené@d NaCl for 2 h. One milliliter
mg/mL) were taken. The mixture was thoroughly mixed, and of this enzyme solution was taken in a cuvette, and its
finally, 0.24 mL of GOD (0.27«M diluted 100 times just  apsorption at 280 nm and FAD fluorescence (as described
before taking measurements or mentioned otherwise) wasin the fluorescence measurement section) were measured.
added. The reaction mixture was incubated for 4 min, during For NBS modification, to this solution was added a desired
which the measurements were carried out by monitoring the yolume of 7 mM NBS to obtain a final NBS concentration
absorption at 460 nm and 2&. varying from 0 to 16QuM with a 2 mmcell at 25°C. After
Fluorescence Spectroscoplfluorescence spectra were each addition, the sample was incubated for 3 min with
recorded with a Perkin-Elmer LS 5B spectroluminescencem- intermittent shaking before measurements were taken. The
eter n a 5 mmpath length quartz cell. GOD in 10 mM  values observed for FAD fluorescence were corrected by
phosphate buffer (pH 6.5) was incubated in the presence ofsubtracting the effect of dilution due to NBS addition.
increasing salt concentrationsrf@ h at 25°C before the Cross-Linking Using Glutaraldehyd&o native and NaCl
spectra were recorded. The protein concentration was 3.0(0.5 and 2 M)-treated GOD (0.208/1) was added an aliquot
uM for all experiments, and the measurements were carried of 25% (w/v) glutaraldehyde to achieve a final glutaraldehyde
out at 25°C. For monitoring FAD fluorescence, the concentration of 1%. This sample was incubated at@5
excitation wavelength was 365 nm, and the spectra werefor 5 min followed by quenching the cross-linking reaction
recorded between 450 and 550 nm. by adding 2uL of f-mercaptoethanol. After incubation for
Circular Dichroism Measurement€CD measurements 20 min, 3uL of 10% aqueous sodium deoxycholate was
were made with a Jasco J500 spectropolarimeter &25  added. The pH of the reaction mixture was lowered+@%
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by addition of orthophosphoric acid that resulted in precipita-
tion of the cross-linked protein. After centrifugation (13837
at 4°C), the obtained precipitate was redissolved in 0.1 M
Tris-HCI (pH 8.0), 1% SDS, and 50 mM dithioerythritol and
heated at 96100 °C. SDS-PAGE was carried out on 8%
gels.

Differential Scanning CalorimetnAll calorimetric scans
were performed with a Microcal MC-2 differential scanning
calorimeter. The calorimetric unit was interfaced with an
IBM PC microcomputer using an A/D converter board (Data
Translator DT-2801) for automatic data collection and
analysis. The protein concentration used for these studies s s .
was 4.54M; a 1.3 mL sample was introduced into the sample 00 05 10
cell, and a similar amount of buffer was introduced into the NaClI M
reference cell. Samples were scanned at a rate GO80. Ficure 1: Effect of monovalent cations on the enzymic activity
The samples were degassed for 15 min at room temperatureéf glucose oxidase at pH 6.5 and Z5. Changes in enzymic activity

before being scanned in the calorimeter. Data reduction andOf GOD on treatment with increasing concentrations of NaCl. The
) inset shows the relative enzymic activity of the native and NaCl-,
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analysis were performed as described previoug.(All  kcl., and LiCl-stabilized enzyme (salt concentration kept constant

the scans were found to be irreversible under the experi-at 2 M). GOD in 10 mM phosphate buffer (pH 6.5) was incubated

mental conditions that were studied. with the desired concentration of saltrf h at 25°C followed by
Urea Denaturation StudieSOD (0.0124M) in 10 mM measurement of enzymic activity as mentioned in Experimental

; . rocedures. The data are expressed in terms of relative activity using
phosphate buffer (pH 6.5) was incubated in the presence ante activity of the native enzyme as a reference (100%).
absence ©2 M salt at 25°C for 2 h. Fifty microliters of
this solution was added to 25 of the buffer solution  pserved for GOD treated with other salts used in the study.
containing the desired urea concentratiod &M salt and  These results suggest that a minimum incubation time of 30

incubated fo 2 h at 25°C. The pH of solution was  min s sufficient for achieving equilibrium under any salt
maintained at 7.0. The final enzyme concentration was kept ~gndition that was studied.

constant at 0.00&M and enzymic activity measured as
mentioned above.
Thermal Denaturation Studie§&SOD (0.002uM) in 10

Effect of Monealent Cations on the Functional and
Structural Properties of GOD. Enzymic Adty. Enzyme
: ; activity can be regarded as the most sensitive probe for
mM phosphate buffer (pH 6.5) was incubated in the presencestudying the changes in the enzyme conformation during

and atl:r)]senpefc% l\t/l galtt ?r: 230(:. fodr t2 h. Thetse sfamgl(c)es ._various treatments as it reflects subtle readjustments at the
}Nﬁre der;)mcu aeh' atthe e?|re4 emperadu]rcg cI)Ir thm'nactive site, allowing very small conformational variations
oliowe yt_q_E[Jenc Ing n ice dor min, and finally, e ¢ an enzyme structure to be detected. Figure 1 shows the
enzymic ag ity yvas measured. ) effect of increasing concentrations of NaCl on the enzymic
pH Studieslonic strength buffers (0.1 M) of varying pH  a¢tivity of GOD. Addition of NaCl (even 0.02 M) was found
(3—10) [HCI/KCI (pH 1 and 2), citrate (pH-35), sodium 4 reduce the enzymic activity (82%) of GOD. Furthermore,
phosphate (pH 6 and 7), and glycine-KOH (pHE2)Jwere 4 gignificant effect on this decrease in enzymic activity of
prepared. GOD (0.012M) was incubated in the presence  Gop by NaCl was observed with an increase in NaCl
and absencefd M salt for 2 h. Fifty microliters of this  ncentration up to 2 M. However, a distinct effect of
enzyme solution was added to 25D of buffer solution of treatment of GOD with different monovalent cations on the
varying pH (pH of the solution maintained) for a further 2 555 of enzymatic activity was observed. For GOD treated
h. Enzymic activity of the resulting 0.002M enzyme  \ith 2 M KCI, NaCl, and LiCl, relative enzymic activities
solution was measured by the previously described method.t 5pout 95, 82, and 78%, respectively, compared to that of
RESULTS the native enzyme were observed (Figure 1 inset), indicating
that the decrease in enzymic activity of GOD on treatment
We have studied the effect of NaCl, KCI, and LiCl on the With various monovalent cations follows the ordet K Na*

structural and functional properties of GOD. As these salts > Li™.
contain the same anion (i.e., Glbut different monovalent As a decrease in enzymic activity of GOD was observed
cations such as K Na", and Li*, the various changes that on treatment with monovalent cation, studies were carried
are observed in the comparative study using these salts willout to determine whether this was a consequence of a
mainly be due to the different monovalent cations that are monovalent cation-induced conformational change in the
present in these salts. enzyme under these conditions or deactivation of the enzyme
Time-dependent changes in structural parameters anddue to the presence of these cations. It was observed that
enzymic activity of GOD at increasing salt concentrations the presence of 022 M NacCl, KClI, or LiCl in the assay
were monitored to standardize the incubation time required reaction mixture did not result in any change in the enzymic
for achieving equilibrium under these conditions. At 0.05, activity of native GOD; however, for the same salt concen-
0.5, ad 2 M NacCl, both the FAD fluorescence and enzymic tration in preincubations of the enzyme, a decrease in
activity were found to decrease up to 15 min only, and no enzymic activity was observed. These observations demon-
further change in the values was observed for increases instrate that NaCl, KCI, and LiCl induce conformational
time up b 6 h (data not shown). Similar results were also changes in GOD, leading to stabilization of a conformation
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which has reduced enzymic activity compared to the native
enzyme.

Changes in Molecular Propertie®ptical spectroscopic
studies on GOD in the presence of increasing monovalent
cation concentrations were performed to study their effect
on the structural properties of GOD.

Studies on various flavanoproteins have shown that
fluorescent prosthetic groups of FAD or FMN exhibit
different spectral characteristics in different proteins, reflect-
ing the specific environmental property of isoalloxazine,
which is the chromophore present in the molec@®.(For
this reason, the fluorescent FAD prosthetic group has been
used as a natural marker to probe the dynamical microen-
vironment of the flavin fluorophore in flavanoprotein9( - : ' : ' ; ' : .
30). GOD contains two tightly bound, but noncovalently ' ' [NaCll M ' '
linked, flavin adenine dinucleotide (FAD) molecules. For
native GOD, a significant fluorescence with an emisgigg | e)
at 524 nm corresponding to the FAD molecule present in e
the enzyme was observed (Figure 2A inset). The effect of 350 0
NaCl addition to the FAD micorenvironment of GOD is i
summarized in Figure 2A where changes in the FAD 3.0r
fluorescence intensity of GOD with increasing NaCl con- - e . e
centrations are depicted. Addition of increasing concentra- "o 2.5 i
tions of NaCl (in the range of ©2 M) to native GOD " : e P
resulted in quenching of FAD fluorescence with increases 2.0k o .
in NaCl concentration. The quenching of FAD fluorescence I o
observed in the presence of NaCl indicates that the FAD ’
cofactor present in the native enzyme exhibits a movement
to a more nonpolar environment in monovalent cation- L . L
stabilized GOD than in the native enzyme. 1% 25 50 75 100 125 150

The effect of monovalent cation-induced changes in GOD [KI] mM
conformation on the FAD microenvironment was further
studied by FAD fluorescence quenching using Kl. Figure N
2B shows the fractional fluorescence of FAD in native and 6r
2 M NaCl-stabilized GOD as a function of KI concentration.
A significant quenching of FAD fluorescence was observed
for both conformations of the enzyme; however, a difference
in the relationship between the decrease in FAD fluorescence -
intensity and the increase in the Kl concentration was
observed for the two conformations. For native GOD, a
nonlinear curve with a marked downward curvature was
observed as the Kl concentration was increased, indicating
the existence of more than one class of FAD residues having
quenching constants differing by a factor of 4 or more,
accessible to the quenche&1j. On the contrary, for 2 M , ) , , )
NaCl-stabilized GOD, under similar conditions a linear curve 190 200 210 220 230 240 250
with increasing Kl concentrations was observed, indicating Wavelength (nm)
the existence of a single class of FAD residues accessible toFicure 2: Changes in the structural properties of glucose oxidase
the quencher. These observations indicate that the FADin the presence of increasing concentrations of NaCl at pH 6.5 and

molecules are present in a significantly different microen- L5210 SRR, Concenyations as monitored by fluorescence
vironment in the native and monovalent cation-stabilized emission at 524 nm and excitation at 365 nm. The data are repre-

conformations of GOD. sented as a percentage of fluorescence taking the fluorescence of
To study the effect of NaCl on the secondary structure of native GOD to be 100%. The inset figure shows the FAD fluores-
GOD, far-UV CD studies on GOD in the presence and cence emission spectra of (0) native GOD and GOD in the presence

; _ ; of (1) 1 M NaCl and (2 2 M NaCl. (B) Sterr-Volmer plot of
absence of NaCl were carried out. In the far-UV region, 5% o o= quenching by K of native) and 2 M NaCl-

native GOD exhibited a CD spectrum indicating the presence stapjlized ®) GOD. Quenching with KI was performed at pH 6.5
of substantial o-helical conformation (Figure 2C). No  and 25°C by addition of 3uL of KI (4 M stock solution) to 700
significant change in ellipticity at 222 nm of native GOD uL of sample, to obtain a final KI concentration between 0 and

was observed on treatment with increasing concentrations200 MM, and monitoring the decrease in fluorescence emission at
. . : 24 nm. An enzyme concentration of«81 was used in the study.
of NaCl (Figure 2C inset), and for GOD in the presence of (C) Far-UV CD spectra of native-¢) and 2 M NaCl-stabilized

2 M NaCl, a far-UV CD spectrum similar to that of native (- -.) GOD. The inset shows the ellipticity at 222 nm observed for
GOD was observed. GOD in the presence of increasing concentrations of NaCl.
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corresponding to that of native GOD (as discussed in the
size exclusion chromatography section) with complete
absence of any fragmented polypeptide peak. A similar result
was observed for subtilisin treatmerftoM KCI and LiCl-
LA stabilized GOD (data not shown).
As no significant proteolysis of monovalent cation-
stabilized GOD was observed with subtilisin, the effect of
monovalent cations on the protease, subtilisin, was studied
_) to ensure that the loss of proteolysis of monovalent cation-
00 160 200 360 stabilized GOD by subtilisin is due to a change in the
Elution volume (ml) conformation of native GOD under these conditions and not
FiGURE 3: Size exclusion chromatographic profiles on a Superdex due to the loss of proteolytic activity of subtilisin under high-
200HR column for subtilisin-treated (A) native and) (BM NaCl- salt conditions. The proteolytic activity of subtilisin incubated
stabiliz_ed GOD at pH 6.5 and Z%&. The experimental details are  jn the presence and absende2oM NaCl was studied by
given in Experimental Procedures. following the proteolysis of a synthetic substrate Boc-Phe-
. . ) OMe with respect to time and monitoring the product
The comparative structural studies on native and monova-¢,mation by thin layer chromatography. The rate and extent
lent cation-stabilized GOD as reported above suggest that¢ proteolysis of Boc-Phe-OMe by native @2 M NaCl-

monovalent cations induce significant modification in the ~iad subtilisin were found to be similar, suggesting that
tertiary structure of native enzyme, whereas the secondaryg, yijisin treated wh 2 M NaCl has a proteolytic activity
structure of the enzyme is not much affected. similar to that of native protease. However, treatment of
Affinity of b-Glucose for the Enzymeis the enzymic  syptilisin with a very high concentration of NaCl (4 M) was
activity and the structural parameters of GOD were found found to produce significantly decreased proteolytic activity
to be Signiﬁcantly affected by monovalent CationS, the aff|n|ty as only about 50% proteo|ysis Of Boc_Phe_OMe as Compared
of p-glucose for native ah 2 M NaCl-, KCI-, and LiCl-  tg that of the native protease was observed under these
treated GOD was determined. The dissociation constant forcongitions (data not shown).
dissociation ob-glucose from the native enzyme was found  The observations presented above indicate that interaction
to be 31.25 mM, which is in accordance with the previously of monovalent cation with GOD leads to stabilization into a
reported value 32, 33). For 2 M NaCl-, KCI-, and LiCl-  gifferent conformation in which the sites for protease attack
treated GOD, the dissociation constantsdajlucose were  present in the native enzyme are hindered probably as a result
found to be 36.36, 38.46, and 43.47 mM, respectively. The of compaction of the enzyme conformation under these
slight enhancement in th&;, values foro-glucose observed  gnditions.
for monovalent cation-stabilized GOD suggests that the Effect of Tryptophan Modification by NBS on the Struc-
modification of enzyme conformation on treatment with g Properties of the Natie and Monealent Cation-
monovalent cation results in the alteration of functional gsiapilized EnzymeThe interaction between the flavin
properties of the enzyme. coenzyme and the aromatic amino acid in GOD has been
Effect of Monealent Cations on Molecular Dimensions.  extensively studied by fluorescence quenching and ultraviolet
Limited ProteolysisThe factors determining the vulnerability  spectroscopy26, 35, 36). Studies on NBS modification of
for proteolysis of a protein by protease depend on the trytophan residues present in native GOD have demonstrated
conformational parameters such as accessibility, segmentathat in the native conformation of the enzyme the tryptophan
motion, and protrusions. For this reason, limited proteolysis residue and FAD cofactor are in proximity, because of which
has been effectively used to monitor protein surface regions, there is quenching of FAD fluorescence as a result of
ligand-induced conformational changes, and protein folding resonance energy transfer between these two moi@&s (
and unfolding 84). When the protein is stabilized and Hence, a comparative study of the changes in FAD fluores-
destabilized as a result of folding and unfolding, the resulting cence intensity on NBS modification of tryptophan residues
conformational change must decrease and increase thén native and monovalent cation-stabilized GOD under
inherent susceptibility of the protein to proteolytic attack, similar conditions would provide useful information about
respectively. the proximity of the two moieties in the two conformations.
Figure 3 shows the proteolytic susceptibility of native and  Figure 4 summarizes the NBS titration for tryptophan
2 M NaCl-stabilized GOD to protease, subtilisin, as studied modification of the native ah2 M NaCl-stabilized GOD at
by analysis of the fragmentation profile by size exclusion pH 5.4 and its effect on FAD fluorescence. With increases
chromatography on the S-200 Superdex column. Size exclu-in NBS concentration, a decrease in absorbance at 280 nm
sion column chromatography of native GOD treated with as a result of modification of tryptophyl residues and an
subtilisin at pH 7.0 showed the presence of several peaksincrease in FAD fluorescence were observed under both
with significantly large retention volumes of19 mL conditions, indicating that in both conformations the FAD
compared to the native GOD (10.64 mL), indicating exten- fluorescence is quenched by tryptophan residues. Further-
sive fragmentation of the enzyme by protease into small more, a similar pattern of decrease in tryptophan absorbance
polypeptide fragments under these conditions. However, sizeat 280 nm (from 100 to 90%) was observed for both the
exclusion chromatography using buffer having no salt native and monovalent cation-stabilized GOD with increasing
(mentioned in Experimental Procedures) after subtilisin NBS concentrations, indicating a similar accessibility of
treatment of NaCl-stabilized GOD showed the presence of tryptophan residues to NBS in both conformations. However,
only a single peak having a retention time of 10.64 mL a significantly better enhancement of FAD fluorescence in

Optical Density (280 nm)
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cross-linked samples: (1) native, (2) GOD treated with 0.5 M NacCl,
at pH 5.6 at 25°C. The decrease in optical density at 280 nm and (3) GOD treated with 2.0 M NaCl along with (C) a non-cross-

(squares) and the increase in FAD fluorescence (circles) at 524/inked native GOD sample as a control.

nm were measured after mechanical stirring for 3 min at room ) . .
temperature. The white symbols represent data for native GOD andredl_Jced hydrodynamic radii for the NaC_"Stab|“29d confor-
the black symbols o2 M NaCl-stabilized GOD. The enzyme mation of GOD as compared to the native enzyme.

concentration used in the study wagM®l. Data are expressed as  Cross-Linking StudiesA significant reduction in the
the percent relative absorbance or fluorescence using optical dens'%ydrodynamic radii of monovalent cation-stabilized GOD
at 280 nm and fluorescence intensity at 524 nm for native and 2 M . .
NaCl-stabilized GOD individually as references (100%). as compared to nafive enzyme was observed by size
exclusion chromatography; two possible explanations arise
2 M NaCl-stabilized GOD compared to that of the native for this observation: (i) the enzyme is present in a mono-
enzyme under similar conditions was observed at all NBS meric configuration in monovalent cation-stabilized GOD
concentrations and was much more prominent at higher NBSand (ii) due to neutralization of negative charges present in
concentrations (above 60 uM). These observations col- native enzyme by monovalent cations the enzyme undergoes
lectively suggest that the reactive tryptophan residues in thecompaction, resulting in a decrease in the hydrodynamic
native a 2 M NaCl-stabilized conformations of GOD are radii, as has been pointed out in the above discussion. To
in a similar environment but there is a significantly better differentiate between these possibilities, cross-linking studies
quenching of FAD fluorescence by the tryptophyl moiety in using glutaraldehyde were carried out. The Figure 5 inset
the NacCl-stabilized conformation than in the native enzyme. shows the results of cross-linking studies. For native as well
As the efficiency of resonance energy transfer betweenas monovalent cation-stabilized GOD, the Coommassie-
the donor and acceptor depends on their distance in spacestained protein band corresponding to only dimers was
and has an inverse relationsh¥]), the better quenching of  observed, indicating that the monovalent cation treatment
FAD fluorescence by tryptophan observed for the NaCl- of GOD does not result in dissociation of native GOD.
stabilized conformation of GOD indicates that the tryptophan  The results of glutaraldehyde cross-linking along with the
and FAD moieties in the NaCl-stabilized conformation are size exclusion chromatography experiments reported above
in closer proximity than in the native enzyme. Such a suggest that the monovalent cation treatment of native GOD
situation can presumably be a result of a more compactdoes not induce dissociation of the native dimeric enzyme
structure of the cation-stabilized enzyme compared to native but results in stabilization of the dimeric structure which has
enzyme. a significantly more compact conformation than the native
Size Exclusion Chromatographiyor studying the effect  enzyme.
of monovalent cations on the molecular dimensions of native  Comparatve Denaturation Studies on Naé and Mon-
GOD, size exclusion chromatographic studies on the S-2000valent Cation-Stabilized GODThermal Denaturation.
Superdex column in the presence and absence of NaCl werel'hermal denaturation studies on native and salt-stabilized
carried out. Figure 5 summarizes the results of size exclusionconformations of GOD have been conducted by incubating
chromatographic experiments carried out on GOD in the the enzyme at variable temperatures for 30 min and evaluat-
presence and absence of NaCl at’@5 For native GOD, a  ing the denaturation of the enzyme by monitoring the loss
single peak at 10.64 mL was observed. Aldoldde< 158 in enzymic activity associated with the increase in temper-

FiIGURE 4: NBS titration of native ath 2 M NaCl-stabilized GOD

kDa) on the S-200 column under identical conditions
exhibited a single peak with a retention volume of 10.9 mL
which is slightly higher than the retention volume observed
for native GOD. As the reporteld, of native dimeric GOD

is 160 kDa (8, 19), these observations indicate that native
GOD under the conditions studied is in a dimeric configu-

ature. Figure 6 shows the effect of increasing temperature
on the loss of enzymatic activity in the temperature range
of 20—90°C. For both native ath2 M NaCl-stabilized GOD,

a sigmoidal decrease in enzymic activity with increasing

temperature was observed. However, a significant difference
in the temperature corresponding to half-denaturatio) (

ration. However, when GOD treated with either 0.5 or 2 M of the enzyme under these conditions was observed for the
NaCl was loaded on the same column and eluted, atwo conformations. For the native enzymeTa of about
significant enhancement in retention volume for the enzyme 57.5°C was observed under these conditions, whereas for
to 12.10 mL was observed. This increase in retention volume the 2 M NaCl-stabilized enzyme, an enhancement of about
for the NaCl-treated GOD is indicative of significantly 10 °C in T, (65 °C) was observed.
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by monitoring the changes in enzymic activity at increasing
urea concentrations. Figure 8 shows the effect of increasing
concentration of urea, in the concentration range-e7 0/,

on the enzymic activity of native @2 M NacCl-stabilized
GOD. For the native enzyme, an initial slight enhancement
in enzymic activity (maximum of 106%) at low urea
concentrations (82 M) followed by a steep decrease
(between 2 ath 4 M urea) and finally total loss of enzymic
activity at urea concentrations 4.5 M was observed. The
Ci2 (urea concentration required to bring about 50%
denaturation) for the native enzyme was found to be about
3.25 M. However, for NaCl-stabilized GOD, a large en-
hancement in enzymic activity (maximum to about 153%)
was observed at low (3 M) urea concentrations, and at
even 6.5 M urea, an enzymic activity of about 53% was
observed. These observations indicate that the NaCl-
stabilized GOD exhibits higher resistance to urea denaturation

the samples were incubated for 30 min and then the reactionsthan the native enzyme.

guenched for 4 min at 4C before the activity measurements were

carried out. The inset shows the effect of thermal denaturation, at

65 °C for 30 min, on native ah 2 M NaCl-, KCIl-, and
LiCl-stabilized GOD as observed by loss of enzymic activity. The
enzyme concentration used for the study was :88nL. Data
are expressed in terms of relative activity using the activity of native
and 2 M NacCl-stabilized GOD individually as references (100%).
The activity d 2 M NaCl-stabilized GOD corresponds to 80% of
that of native GOD.

The thermal stability of various monovalent cation-
stabilized GOD was also studied. The Figure 6 inset
summarizes the percent residual activity of LiCl-, NaCl-, and
KCl-stabilized GOD on heating at 65C for 30 min. For
LiCl-, NaCl-, and KCl-stabilized GOD, residual enzymatic
activities of 16, 58, and 79%, respectively, were observed.

The stability of various monovalent cation-stabilized GOD
against urea denaturation was studied by carrying out
denaturation of the enzyme at 6.5 M urea. The Figure 9 inset
summarizes the percent residual activity of LiCl-, NaCl-, and
KCl-stabilized GOD on denaturation in 6.5 M urea for 2 h.
For LiCl-stabilized GOD, a complete loss of enzymic activity
similar to that of the native enzyme was observed under these
conditions. A maximum of about 73% residual activity was
observed for KCl-stabilized GOD. Like thermal denaturation,
the effectiveness of various monovalent cations in stabilizing
the GOD against urea denaturation was found to follow the
order KF > Na* > Lit.

pH Denaturation Studies he pH-activity profile of the
native a 2 M NaCl-stabilized enzyme was determined at

On the basis of these observations, the effectiveness 0f25°C in the pH range of 310 and is summarized in Figure

monovalent cations in stabilizing GOD against thermal
denaturation at 65C was found to follow the order K>
Na" > Li™.

Differential Scanning CalorimetryDifferential scanning

9. The native enzyme exhibited considerable enzymic activity
in the pH range of 49 with a maximum at pH 5.7 which is

in agreement with the previous repor&8). However, for

the 2 M NaCl-treated enzyme, a significant decrease in the

calorimetric studies on GOD in the presence and absence ofoH range sensitivity to enzymic activity was observed. At

increasing concentrations of NaCl were carried out. Figure
7A shows the DSC curves for native GOD and that in the

presence of increasing NaCl concentrations. For native GOD,

a single transition curve with &, (temperature of the
midpoint of transition) of 66.82C was observed. In the
presence of NaCl, th&, of GOD was found to increase
with increases in NaCl concentration (Figure 7B), and at 2
M NacCl, aTn, of 74.07°C was observed. These observations

pH <5.0 and>8.0, no enzymic activity was observed for
these samples. Furthermore, the pH corresponding to the
enzymic activity maximum was found to be shifted to 6.5,
and under these conditions, an enhancement (maximum of
120% residual activity) in enzymic activity compared to that
of the native enzyme was observed. These observations
suggest that the NaCl-stabilized conformation of GOD is
more susceptible to both acidic and alkaline pH denaturation

demonstrate that NaCl-induced changes in GOD conforma-than the native enzyme.

tion result in stabilization of the enzyme against thermal
denaturation.

DSC studies were also carried out for the LiCl- and KCI-
stabilized GOD (salt concentration of 2 M). Figure 7C
summarizes thdp, values obtained for all these samples
under identical conditions. For LiCl-stabilized GOD, no
significant shift inT, (67.76°C) as compared to that of the
native enzyme (66.82C) was observed. A maximum shift
of 10°C in T, was observed for KCl-stabilized GOD (76.19

The stability of native and various monovalent cation-
stabilized GOD against pH denaturation was studied by
monitoring the loss of enzymic activity of these samples at
pH 5.0 relative to that of native GOD at pH 6.0 and is
summarized in the Figure 9 inset. For native GOD, no
significant loss of enzymic activity at pH 5.0 was observed.
However, for salt-stabilized GOD, a significant loss of
enzymic activity (minimum of about 70%) at pH 5.0 was
observed. Furthermore, the effectiveness of various cations

°C). On the basis of these observations, the effect of in stabilizing GOD against pH denaturation was found to

monovalent cation on stabilization of GOD against thermal
denaturation was found to follow the order k- Na™ >
Lit.

Urea DenaturationThe stability of native and monovalent

follow the sequence tfi > Na™ > K™,

DISCUSSION
Physiological environments typically contain monovalent

cation-stabilized GOD against urea denaturation was studiedcations such as Naor K* (at a concentration 0of0.1 M)
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Ficure 7: (A) Differential scanning calorimetric scans of native GOD in the presence of increasing concentrations of NaCl at pH 6.5.
Curves -4 represent DSC scans for native GOD and GOD in the presence of 0.05, 8.8, nNaCl, respectively. The curves are
displaced in theY-axis for the purpose of clarity. (B) Dependencelgfon NaCl concentration for GOD as obtained from the DSC curves
under these conditions. The experimental details are mentioned in Experimental Procedures. (C) Comparative s déitenative and

2 M NaCl-, KCI-, and LiCl-stabilized GOD at pH 6.5 as obtained from the DSC curves under these conditions.
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Ficure 8: Urea denaturation of native and monovalent cation- FIGURE 9: pH denaturation of native and monovalent cation-
stabilized GOD at pH 6.5. Urea unfolding transition of nati@g ( stabilized GOD. The pHactivity profile of native ad 2 M NaCl-

and 2 M NaCl-stabilized®) GOD at 25°C. At each given urea  stabilized GOD at 25C. The inset shows the GOD denaturation
concentration, the samples were incubated Zoh before the at pH 5.0 (2 h) for native ah2 M NaCl-, KCI-, and LiCl-stabilized
readings were taken. The inset shows the effect of urea denaturatiorenzyme as observed by loss of enzymic activity. The data are
at 6.5 M urea for 2 h, on native dr?2 M NaCl-, KCl-, and LiCl- expressed in terms of relative activity as mentioned in the legend
stabilized GOD as observed by loss of enzymic activity. The data of Figure 5.

are expressed in terms of relative activity as mentioned in the legend

of Figure 5. both the conformational and catalytic properties of several
which act as counterions for biomolecules such as proteinsenzymes. Pyruvate kinase was the first enzyme for which a
or enzymes. Monovalent cations have been shown to affectdependence of the enzymic activity on monovalent cations
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the dimeric interface and clusters of negative charges on
the surface of the enzyme molecule. The ionized carboxyl
groups present in GOD have been found to contribute
significantly to these negative charges as observed from
the crystal structure5@) and demonstrated experimentally
by modification of these groups using glycine methyl ester
(23).
Charge repulsion is one of the most important factors
determining the conformation and stability of a protesB)(
In a negatively charged protein like GOD, the enzyme
molecule will have more repulsive than attractive electrostatic
interactions at neutral pH. The repulsion between the
similarly charged groups present in the protein will be the
main force which would drive the protein to be stabilized
in a relatively open conformation under physiological
conditions. The stabilization of native GOD in an open
B conformation is supported by the extensive fragmentation
of native GOD by subtilisin into small polypeptides on
proteolytic digestion as reported in this paper. The interaction
of monovalent cations with negatively charged moieties
present in the native enzyme may help to compensate for
the shortage of basic residues in the enzyme resulting in
weakening of the repulsive electrostatic force present in the
native enzyme molecule, thus permitting forces favoring
compaction of the enzyme’s conformation to become strength-
ened and manifest themselves. The cation-induced compac-
tion of the GOD molecule is supported by the significant
reduction in the hydrodynamic radii of native GOD on
treatment with monovalent cations as observed by size
exclusion chromatography. Furthermore, the limited pro-
teolytic digestion studies using subtilisin showed that in
Ficure 10: Molecular surface of the GOD dimer Af nigercolored the monovalent cation-stabilized enzyme the protease is
e e ot Eovei kD et S iy NaCCESSIle o the prteolylc sies present n the native
moIechI)e in twcf)differenf orientations. The r?mlecular surface was €NZyme which pro.bably is a result of compaction Of_ the
displayed using GRASP. structure of GOD in the presence of monovalent cations.
A similar compaction of the protein conformation as a
was documented@). Since then, several enzymes have been result of cation binding to protein has been reported for two
shown to have an absolute requirement of alkali metal ions other acidic proteins, RNase T1 and acyl carrier protéin (
for activity (40). For some enzymes such as the tryptophan 44). These observations collectively suggest that cation-
synthasen,3, complex @1), PLP-dependent dialkylglycine  induced compaction of a polypeptide conformation is prob-
carboxylase42), pyruvate kinase4@d), and RNase T11(1), ably a universal phenomenon for acidic polypeptides and
monovalent cations have been shown to be affecting theproteins.
conformational and functional properties. The thermal stabil-  Besides having a significant role in the maintenance of
ity of proteins has also been reported to be influenced by the quaternary structure of the enzyme, the negative charges
cations. Acyl carrier proteirdd), alkaline phosphotasé¥), present in native GOD also seem to have an important role
thermolysin 46), paravalbumin 47), and yeast alcohol  in the modulation of enzymic activity. The enzymatic activity
dehydrogenase | (ADH}@) are some of the proteins which  of monovalent cation-stabilized GOD was found to be
have been shown to be much more stable in the presence o§jgnificantly reduced (depending on the cation studied) as
ions. Although there is no common understanding of the compared to that of the native enzyme. Comparative studies
stabilization and destabilization of proteins by ons, a number on the enzyme’Km for g|ucose showed that a Significant]y
of possible mechanisms such as specific and nonspecificenhanced, (16—-35% depending on the monovalent cation
binding of ions to the protein molecules, electrostatic that was studied) as compared to native GOD was observed
shielding of charges, etc., have been propod€e-12). for the monovalent cation-stabilized enzyme. However, a
GOD is an acidic enzyme having an acidic to basic amino straightforward correlation between the enhancemeH.in
acid residue ratio of 3.440). At pH 7.7, the enzyme has a and the decrease in enzymatic activity was not observed as
charge of—77 (50). The crystal structure of deglycosylated K, values of 38.46 and 36 mM and residual enzymatic
GOD has recently been reporte8l). The electrostatic  activities of 95 and 82% were observed M KCI- and
surface potential of GOD from this crystal structure as NaCl-stabilized GOD, respectively. These observations sug-
obtained by GRASP5Q) is shown in panels A and B of gest that enhancement i, is not the sole reason for the
Figure 10. The enzyme has a predominant negative chargdoss of enzymatic activity observed for the monovalent
with a high concentration of negative charges localized in cation-stabilized enzyme.
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Previous studies have demonstrated that the enzymic 14. Rohr, M., Kubicek, C. P., and Kominek, J. (1983) in
activity of GOD can be modulated or completely lost on
either protonation at low pH or chemically blocking of the

carboxy groups present on the amino acid side chain by

glycine methyl ester23). These observations suggest that

neutralization of negative charges present in the side chain 1

carboxy groups in GOD leads to loss of enzymic activity of

GOD. Hence, it seems that interaction of monovalent cations
with carboxy groups present in native GOD leads to 17.
neutralization of negative charge, and as a consequence, there1

is a significant loss of enzymic activity.

The stabilizing or destabilizing effects of salts on proteins 19

arise either by effects on water structure or by interaction

with charged groups. The stabilizing effects of salts on 20.

protein follow the Hofmeister series. According to the
lyotropic series of Hofmeisteb@), it is possible to classify

the

ions following their ability to organize the water

as follows: C$ > K™ > Na' > Li*. If the degree of
organization of water molecules influences enzyme stability
in general and GOD in particular, the stabilizing effect

induced using these ions ought to evolve in the same order 5
as this series. The stability of GOD against thermal and urea
denaturation as reported in this paper was found to increase
in proportion to the ability of these monovalent cations to  26.
organize water, thus indicating that the stability of the GOD  27.
structure provided by monovalent cations depends on their

ability to organize the water molecules. This is further
supported by the comparative stability study of GOD in

water as reported earlieb%), where it was demonstrated
that GOD in deuterium oxide is far more resistant to thermal
denaturation than GOD in water.
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