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Abstract Chemical modification of lysine residues in glucose
oxidase was carried out using citraconic anhydride. Modifica-
tion brought about changes in the kinetic properties of the en-
zyme as evident by substantial lowering of V.« and K. En-
hancement of tryptophan fluorescence was observed with a
dramatic change in its pH dependence due to modification.
Near- and far-UV circular dichroism spectra of the native and
modified forms suggested formation of molten globule-like
structures, further supported by 8-anilino-1-naphthalenesulfonic
acid fluorescence which indicated higher exposure of hydropho-
bic residues as a result of chemical modification.

© 2004 Published by Elsevier B.V. on behalf of the Federation
of European Biochemical Societies.
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1. Introduction

Glucose oxidase (B-p-glucose:oxygen-1-oxidoreductase, EC
1.1.3.4) catalyzes the oxidation of B-p-glucose to d-gluconate,
coupled with reduction of O, to H,O; [1,2]. The enzyme is
found in a number of fungal sources and is composed of two
identical subunits with 2 mol of flavin adenine dinucleotide
(FAD) located inside deep pockets in the protein structure [3].
FAD stabilizes the three-dimensional structure of the enzyme,
is bound very tightly and cannot be removed by dialysis at
neutral pH [4]. Glucose oxidase from Aspergillus niger, used in
the present study, is a dimer of MW 160 kDa with a pH
optimum of 5.5 and a pI of 4.2 [5].

It is now generally accepted that denatured proteins can
exist in a wide range of structures in terms of compactness
and residual secondary structure. Moreover, some of these
forms may contain essentially as much secondary structure
as the native state. The term ‘molten globule’ was first used
in the literature by Ohgushi and Wada to describe the acid-
denatured state of cytochrome ¢ [6]. The denatured protein
resembled the compact state with native-like secondary struc-
ture but little or no native-like tertiary structure, and a sig-
nificant exposure of hydrophobic surface [7]. Such compact
denatured states have been observed for a large number of
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Abbreviations: ANS, 8-anilino-1-naphthalenesulfonic acid; CD, cir-
cular dichroism; FAD, flavin adenine dinucleotide

proteins, and it is assumed that most, if not all, proteins can
form such species if the appropriate experimental conditions
can be provided. Accordingly, a number of proteins have been
found to be transformed into the molten globule state either
at low pH [8] or at intermediate concentrations of guanidine
hydrochloride [9].

Chemical modification of proteins has been used as a tool
for studying localization of individual amino acids, their par-
ticipation in the maintenance of the native conformation [10],
their stabilization [11] and conversion to molten globule struc-
tures [12]. In the present report, modification of €-amino
groups of lysine residues in glucose oxidase has been per-
formed using citraconic anhydride. Changes in the kinetic
properties, the circular dichroism (CD) spectra, intrinsic and
extrinsic fluorescence suggest formation of molten globule-like
structures in the protein brought about by chemical modifica-
tion. The procedure has already been found useful in connec-
tion with increasing exposure of hydrophobic residues in the
enzyme for improvement of its interaction with a hydrophobic
support [13].

2. Materials and methods

2.1. Materials

Glucose oxidase, citraconic anhydride and all other biochemicals
were purchased from Sigma (St. Louis, MO, USA). All chemicals
were of analytical reagent grade. Reproducibility of the data presented
in this article was confirmed by repeating the experiments at least
twice.

2.2. Protein concentration
Concentrations of native and modified forms of glucose oxidase
were determined by the Lowry method [14].

2.3. Fluorescence measurements

Tryptophyl fluorescence was measured on a Hitachi MPF-4 appa-
ratus. The excitation wavelength was set at 295 nm and the emission
spectra were obtained. To study the effect of pH on protein fluores-
cence, a buffer mixture containing glycine (pK, 2.34, 9.6), succinate
(pKa 4.21), MES (pK, 6.1) each at 10 mM concentration adjusted to
the required pH was used.

Extrinsic fluorescence studies were carried out as outlined earlier
[15-17], using 8-anilino-1-naphthalenesulfonic acid (ANS) as a fluo-
rescence probe. Measurements were taken on the same spectrofluo-
rometer as used for intrinsic fluorescence studies. All experiments were
carried out at 25°C with ANS and protein concentrations of 50 uM
and 50 pg/ml in 0.1 M phosphate buffer. An excitation wavelength of
350 nm was used.

2.4. Enzyme assay

Enzymatic activity of native and modified glucose oxidase was de-
termined by a colorimetric method using a coupled assay [18,19]. 10 ul
glucose solution (18% w/v) and 0.5 U of peroxidase were added to 1.0
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Fig. 1. Double reciprocal plots for native (A) and modified (a)
glucose oxidase at several concentrations of glucose. Further details
are described in the text.

ml of 0.1 M phosphate buffer, containing 1% O-dianisidine, pH 6.0.
The reaction was started by addition of 10 ul of glucose oxidase
(2.5 U) and the rate of increase in absorbance at 460 nm was deter-
mined.

2.5. Modification of lysine residues

Modification was carried out using citraconic anhydride as a spe-
cific blocking agent for lysine residues and following the procedure
described by Dixon and Perham [20]. The protein was used at 4 mg/ml
concentration in 10 ml of 100 mM borate (pH 8.0) and the process
was followed at room temperature by step-wise addition of 3 ul ali-
quots of the modifier while maintaining the pH of the stirred solution
at 8.0 by the addition of 2 M NaOH. The reaction was complete upon
addition of 15 pl of citraconic anhydride in a total time of 30 min, at
which point the pH of the solution remained stable. The reaction
mixture was then dialyzed extensively against 100 mM phosphate,
pH 6.0. Isoelectric focusing runs were carried out according to O’Far-
rell [21].

To determine the number of modified lysine residues, the number of
free amino groups was measured following the method described by
Fields [22]. The sample was first dialyzed in 0.1 M borate buffer, pH
9.5 and the final protein concentration was adjusted to 0.1 mg/ml.
From a total of 30 lysine residues about 15 residues were found to
be modified following the procedure described above.

2.6. Electrophoretic procedure

Sodium dodecyl sulfate gel electrophoresis (SDS-PAGE) was per-
formed using 13.5% acrylamide gel without B-mercaptoethanol ac-
cording to Laemmli [23]. Gels were stained with Coomassie brilliant
blue R250 and, when desired, scanned using a Hellena densitometer.
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Fig. 2. Far-UV CD spectra (A)
Section 2.
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2.7. CD measurements

CD spectra were recorded on a JASCO J-715 spectropolarimeter
(Japan) using solutions with protein concentrations about 0.2 and 1.5
mg/ml for far- and near-UV regions respectively. Results are ex-
pressed as molar ellipticity, [6] (deg cm? dmol™'), based on a mean
amino acid residue weight (MRW) of 110 for glucose oxidase. The
molar ellipticity was determined as [6], = (60X 100MRW)/(cl), where ¢
is the protein concentration in mg/ml, / is the light path length in
centimeters, and 6 is the measured ellipticity in degrees at a wave-
length A. The instrument was calibrated with (+)-10-camphorsulfonic
acid, assuming [f]re; = 7820 deg cm?® dmol™!, and with JASCO stan-
dard non-hydroscopic ammonium (+)-10-camphorsulphonate, assum-
ing [6la90.5 = 7910 deg cm? dmol ™! [24]. The data were smoothed using
the fast Fourier transform noise reduction routine which allows en-
hancement of most noisy spectra without distorting their peak shapes.

3. Results and discussion

Modification of lysine residues was carried out using citra-
conic anhydride and following the procedure described in
Section 2. Initial activity measurements showed that the enzy-
matic potential is substantially diminished upon modification.
Analysis of kinetic data presented in Fig. 1 indicated that the
loss of activity coincides with an appreciable decrease in Ky, in
addition to Viyax: the K, from 66.6 mM to 22.7 mM and the
Viax from 0.2 to 0.05 pmol/min. These alterations in kinetic
parameters suggested possible structural changes in the pro-
tein molecule upon modification. SDS-PAGE, run under non-
reducing conditions, indicated that modification does not alter
the association state of the protein. The far-UV and near-UV
CD spectra of the native and modified forms were also taken
which reflected substantial changes in the tertiary structure of
the protein without significant changes in its secondary struc-
ture (Fig. 2). A clear improvement in conformational stability
of the protein was observed upon modification. This was sug-
gested by lowering of ellipticity as indicated by near-UV CD
spectra taken in the presence of high concentrations of urea
(Fig. 3) and an increase in Ty, of 3.5°C. Another approach
taken in this investigation involved intrinsic fluorescence stud-
ies. As indicated in Fig. 4 enhancement of fluorescence coin-
cided with a red shift upon modification of the enzyme. Fur-
thermore, the nature of the dependence of fluorescence on pH
was dramatically altered (Fig. 5). For the native enzyme, the
spectra taken at various pH values indicated red shifts of the
emission spectra in acid and alkaline pH ranges (results not
shown), with minimum fluorescence at pH 6.0. On the other
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Fig. 3. Near-UV CD spectra of native (A) and modified (B) glucose oxidase in the presence of different concentrations of urea. (1) 0 M urea,

(2) 2 M urea, (3) 4 M urea.

hand, the modified form showed a maximum amount of fluo-
rescence at this pH.

Modification of e-amino groups of lysine residues (Scheme
1) alters a positive charge (pK= 10) to a negative charge (car-
boxylic group, with a much lower pK). Thus at pH 6.0, at
which most of the experiments were carried out, there is
clearly the possibility for a reverse of charge at the modified
residues as also confirmed by a decrease in the p/ of the native
protein upon its treatment with citraconic anhydride. It may
therefore be suggested that the dramatic change in pH depen-
dence of intrinsic fluorescence (Fig. 5) occurs as a result of
protein modification due to changes in the net charge, by
introduction of additional negative charges in the protein mol-
ecule (Scheme 1).

Accordingly, it is assumed that protonation or ionization of
the titratable groups of certain amino acids (such as tyrosine,
lysine and arginine), considered important in this connection,
is significantly altered [25,26]. This would result in a different
pattern of conformational changes in the protein structures
(native and modified) with respect to changes in pH, followed
by alteration of the microenvironment of excitable tryptophan
residue(s), as supported by an obvious change in the emission
maximum (Fig. 4). Alternatively, the results presented may be
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Fig. 4. Effect of lysine modification on intrinsic fluorescence. The
tryptophan fluorescence spectra for native and modified forms were
measured upon excitation at 295 nm at 25°C. Further details are
provided in Section 2.

explained in terms of the quenching effect of charged carboxyl
and/or amino groups. Thus for the native enzyme, it is pro-
posed that pH values relatively more acidic or more alkaline
than pH 6 result in these quenchers being displaced farther
away from the tryptophan residue(s) and thereby in fluores-
cence enhancement. For the modified enzyme, the situation is
reversed due to changes brought about by its modification
discussed above (Scheme 1). A similar pattern in the depen-
dence of the fluorescence of the native protein on pH changes,
observed here, has been reported for anticoagulation factor I
from Agkistrodon acutus venom [27].

The type of changes observed in the CD spectra upon mod-
ification of glucose oxidase suggests possible formation of
molten-like structures (Fig. 2). The transition to the molten
globule state has been shown to be accompanied by loss of
tertiary interactions whereas most of the secondary structure
is preserved. This is manifested by the disappearance of the
CD bands in the near-UV region and the virtually unchanged
CD spectrum in the far-UV region [28,29]. It has been estab-
lished that the semi-flexible structure of the molten globular
state permits exposure of hydrophobic groups in the protein
structure. Accordingly, to test a higher exposure of the hydro-
phobic sites upon modification of the enzyme, ANS was used
as a hydrophobic reporter group. This probe has been found
to provide a particularly useful test for the molten globule
state [16]. It is bound to the equilibrium molten globule
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Fig. 5. pH dependence of intrinsic fluorescence for native (a) and
modified (a) glucose oxidase. For additional details, see legend to
Fig. 3 and Section 2.
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Scheme 1.

much more strongly than the native and the unfolded states
with a dramatic increase in its fluorescence intensity [15-17].

In the present study we observed, as expected, a clear en-
hancement of ANS fluorescence upon modification of glucose
oxidase (Fig. 6). However, the typically high enhancement
reported for other proteins [30,31] was not observed here.
This is probably due to the fact that ANS itself carries a
negative charge at the pH of the experiment and, upon mod-
ification of the enzyme (pI 4.2), additional negative charges
are introduced (Scheme 1 and p/ determination). It is there-
fore suggested that had it not been for such repulsive electro-
static interactions, the typically higher enhancement reported
for other proteins would have been obtained. Similar sugges-
tions have been made in the literature [32]. Some quenching of
fluorescence by FAD may also occur.

In conclusion, the results presented in this study suggest
formation of molten globule-like intermediate structures in
glucose oxidase upon its chemical modification.
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