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The unfolding and refolding of two multidomain oxido-
reductases, bovine liver catalase and flavoprotein bovine
milk xanthine oxidase (XO), have been analyzed by fluor-
escence spectroscopy, circular dichroism, and activity
measurements. Two intermediates, a partially folded
active dimer disassembled from the native tetramer and a
partially folded inactivated monomer, are found to exist
in the conformational changes of catalase induced by gua-
nidine hydrochloride (GdnHCI). Similarly, two intermedi-
ates, an active, compacted intermediate bound by flavin
adenine dinucleotide (FAD) partially and an inactive flex-
ible intermediate with FAD completely dissociated, exist
in the conformational changes of XO induced by
GdnHCL The activity regains completely and an enhance-
ment in activity compared with the native catalase or
native XO is observed by dilution of catalase or XO incu-
bated with GdnHCI at concentrations not >0.5 or 1.8 M
into the refolding buffer, but the yield of reactivation for
catalase or XO is zero when the concentration of GAnHCI
is >1.5 or 3.0 M. The addition of FAD provides a remark-
able protection against the inactivation of XO by GdnHCI
under mild denaturing conditions, and the conformational
change of XO is irreversible after FAD has been removed
in the presence of a strong denaturing agent. These find-
ings provide impetus for exploring the influences of cofac-
tors such as FAD on the structure—function relationship
of xanthine oxidoreductases.

Keywords ~ catalase; xanthine oxidase; protein folding;
fluorescence spectroscopy; enzymatic activity

Received: August 12, 2009 Accepted: October 25, 2009

Introduction

Catalase (hydrogen peroxide: hydrogen peroxide-oxido-
reductase) is a heme-containing, highly active, and ubiqui-
tous enzyme that occurs in almost all aerobically respiring
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organisms [1,2]. This enzyme functions in two ways: cataly-
tically, decomposing hydrogen peroxide (H,0,) into mol-
ecular oxygen and water without the production of free
radicals, and peroxidatively, oxidizing alcohols, formate or
nitrite using H,O, [1—4]. Catalase is thus able to protect the
cells from the toxic effects of H,O, [3,4]. Bovine liver cata-
lase is a 243-kDa homotetramer containing 84 tyrosine resi-
dues and 24 tryptophan residues, and each monomer
contains a high-spin Fe(Ill) protoporphyrin IX [5]. The
denaturant-induced unfolding of catalase has been found to
be a multiphasic process with stabilization of several unique
oligomeric intermediates [3], and the presence of surfactants
has been observed to affect the cold denaturation of
catalase [6].

Xanthine oxidoreductase enzymes can exist in two enzy-
matic forms: xanthine dehydrogenase (XDH) and xanthine
oxidase (XO) [7]. Each subunit of both forms contains four
redox centers, one molybdenum (VI) center, two iron-
sulphur (2Fe-2S) clusters, and one flavin adenine dinucleo-
tide (FAD) unit [8—10]. Xanthine oxidoreductase exists
mostly as XDH in the cell but can be readily converted to
the oxidase form XO by oxidation of sulfhydryl residues
or by proteolysis under pathological conditions [9]. XO is
an important enzyme in the purine metabolism that cata-
lyzes xanthine to uric acid in the presence of oxygen,
leading to the formation of superoxide anion radical and
H,O, [8-10]. Therefore, one of the products of
XO-catalyzed reaction is the substrate of catalase-catalyzed
reaction.

The full amino acid sequences of xanthine oxidoreduc-
tase enzymes from various sources have been deduced by
sequencing of the respective cDNAs or genes [9]. They all
consist of approximately 1330 amino acids and are highly
homologous with, e.g. the bovine milk enzyme (1332 resi-
dues) showing 90% sequence identity to the human liver
enzyme (1333 residues) [11,12]. Limited proteolysis of
mammalian XO with trypsin cleaves the enzyme into three
fragments of 20, 40, and 85kDa [9,11]. Comparative
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sequence alignment has indicated that the two iron sulfur
centers are located in the N-terminal 20-kDa fragment,
FAD in the intermediate 40-kDa fragment, and the molyb-
denum center in the C-terminal 85-kDa fragment [9,11,13].

Tryptophan is a very useful intrinsic probe since its
emission fluorescence spectrum varied with the molecular
environment of the side chain, and has been widely
employed in the field of protein folding [3,14,15]. FAD not
only situates in the heart of the active site of XO and
XDH, but is also a naturally fluorescent group-emitting
green light [16]. The intensity of FAD fluorescence con-
siderably increases when the protein has been denatured
and can serve as a criterion of enzyme nativity [17].

One of the major goals of this research is to clarify the
multiple unfolding processes or distinct unfolding states (or
forms) of multidomain enzymes. In this study, the unfold-
ing and refolding of two multidomain oxidoreductases,
bovine liver catalase and flavoprotein bovine milk XO,
were analyzed by fluorescence spectroscopy, -circular
dichroism (CD), and activity measurements using guani-
dine hydrochloride (GdnHCI) as a denaturant. Two inter-
mediates including a partially folded active intermediate
were found to exist in the conformational changes of both
catalase and XO induced by GdnHCI. Information obtained
from this study will be helpful to the understanding of the
structure—function relationship of these two multidomain
oxidoreductases.

Materials and Methods

Materials

Bovine liver catalase (Sigma-Aldrich Co., St. Louis, USA)
was used without further purification. The Al%lcm value of
13.5 at 405 nm [18] was used for protein concentration
measurements, and the activity of catalase was measured at
405nm by the absorbance of a stable complex of
ammonium molybdate with H,O, remained after the
decomposition of H,O, catalyzed by catalase [19]. Bovine
milk XO was purified from fresh bovine milk as described
by Ozer et al. [20] and the A,g0/A4s0 ratio was 5.7. Purified
XO showed only a single protein band on the native PAGE
gel (Fig. 1) and no partially nicked peptide was observed.
The concentration of XO was determined using a molar
extinction coefficient of 37,800 M~ ! cm™ ' at 450 nm
[7,21] and the activity of the enzyme was measured spec-
trophotometrically by monitoring the formation of uric acid
from xanthine at 295 nm in the presence of oxygen [21].
The electron transfer activity of XO from xanthine
(0.03 mM) to the artificial substrate 2,6-dichlorophenolin-
dophenol (DCPIP) was determined spectrophotometrically
by monitoring the absorbance of DCPIP (0.05 mM) at
600 nm [22]. Catalase and XO were incubated in various
concentrations of GdnHCI at 4°C overnight; the activities

Figure 1 XO protein staining on 8% native polyacrylamide gel
Extracted filtrate was loaded on lane 1, and DEAE-Sepharose eluate was
applied to lanes 2 and 3 under nonreduced conditions. Proteins in the
gel were visualized by Coomassie Blue staining.

of both enzymes were determined at 25°C in the assay
mixtures containing the same concentration of GdnHCI as
in the original incubation. Xanthine and DCPIP were
obtained from Sigma and ultra pure GdnHCl was pur-
chased from Promega (Promega, Madison, USA). All other
chemicals used were made in China and of analytical
grade. The reagents were prepared in 200 mM sodium
phosphate buffer (pH 7.4) for denaturation and renaturation
of catalase, and 100 mM sodium phosphate buffer (pH
7.4) for XO, and these sodium phosphate buffers was also
used for catalase and XO activity assays.

Intrinsic fluorescence spectroscopy

Intrinsic  fluorescence spectroscopic experiments on the
unfolding of catalase and XO induced by GdnHCI at
different concentrations were carried out at 25°C using a
LS-55 luminescence spectrometer (PerkinElmer Life
Sciences, Shelton, USA). The excitation wavelength at 280
and 295nm was used for the intrinsic fluorescence
measurements of catalase and XO, respectively, and the
fluorescence spectra were recorded between 300 and
400 nm. For measurement of FAD fluorescence, the exci-
tation wavelength was 450 nm and the emission data were
collected between 500 and 600 nm. The excitation and
emission slits were 5 and 10 nm, respectively, and the scan
speed was 100 nm/min. Assays in the absence of catalase
and XO were performed to correct for GdnHCI emission
fluorescence intensities.

‘Phase diagram’ method
The ‘phase diagram’ method is a sensitive approach for the
detection of unfolding/refolding intermediates of proteins
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[14,15,23-28]. The essence of this method is to build up
the diagram of /(A;) versus /();), where /(A1) and /(A,) are
the spectral intensity values measured on wavelengths A;
and A, under different experimental conditions for a
protein undergoing structural transformations. As spectral
intensity is an extensive parameter, it will describe any
two-component system by a simple Equation (1):

) =a+b1(%) (1)

where a and b are the intercept and slope of a plot of /()
against /(),), respectively, and are defined by Equations
(2) and (3):

a=n) - 2= A @)
bzlz(/\l>—ll()\l) (3)

where /;(A;) and L»()A,) are the spectral intensities of the
first and second components measured on wavelength Ay,
respectively, and /1(A,) and /5(A;) are those of the first and
second components measured on wavelength A,, respect-
ively. In principle, A; and A, are arbitrary wavelengths of
the spectrum, but in practice such diagrams will be more
informative if A; and A, will be on different slopes of the
spectrum such as 320 and 365 nm for fluorescence spectra.
It has been noted that application of this method to protein
unfolding/refolding predicts that the dependence of I35
versus I35 will be linear if changes in the protein environ-
ment lead to all-or-none transition between two different
conformations [14,15,23-26]. Here, I3, and Iz¢5 are the
intrinsic fluorescence intensity values measured on wave-
lengths 320 and 365 nm under different experimental con-
ditions for a protein undergoing structural transformations.
On the other hand, non-linearity of this function reflects
the sequential character of structural transformations.
Moreover, each linear portion will describe an individual
all-or-none transition. This method was employed here to
detect the existence of intermediates during the unfolding
of catalase and XO induced by GdnHCI. Furthermore, a
mixed phase diagram based on flavin fluorescence intensity
and far-UV CD data of XO was constructed to analyze the
conformational transition of XO induced by GdnHCI.

Fluorescence quenching measurement

Intrinsic fluorescence quenching of XO was measured by
the addition of acrylamide. The concentration of XO used
in quenching experiments was 0.17 wM. Eight molar of
acrylamide was prepared freshly in 100 mM sodium phos-
phate buffer at pH 7.4. XO (600 1) denatured in different
concentrations of GdnHCI was placed in a 0.1-cm-path
length cuvette and the initial fluorescence emission
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intensity (Fy) was recorded. Quenching titrations with
acrylamide were performed with sequentially added
aliquots (2 pl) of the quencher stock solutions to the
samples and gently stirred, giving a final quencher concen-
tration ranging from 0.02 to 0.30 M. The excitation wave-
length was set at 295 nm, and the corresponding emission
wavelength was at 340 nm. Assays in the absence of XO
were performed in order to correct for GdnHCI background
fluorescence intensities. The fluorescence quenching data
in the presence of acrylamide were analyzed by fitting to
Stern—Volmer equation [Equation (4)] [15,29-31]:

% =1+ Ksv[Q] (4)

where F, and F are the fluorescence intensities in the
absence and presence of quencher, [(] is the concentration
of the quenchers, and Kgy is the Stern—Volmer quenching
constant. In a protein which contains several tryptophan
residues, the presence of two classes of tryptophan residues
(exposed and buried) is reflected in the Stern—Volmer plot,
and the Kgy values from Stern—Volmer equation can be
used for estimating the exposed tryptophan residues in the
protein [29,31].

CD measurement

CD spectra were obtained by using a Jasco J-810 spectro-
polarimeter (Jasco Corporation, Tokyo, Japan) with a ther-
mostated cell holder. A quartz cell with a 1-mm light path
length was used for measurements in the far-UV region.
The final concentrations of XO were kept at 0.73 wM for
far-UV CD. Each CD spectrum was an average of three
scans and was taken from 200 to 250 nm with a scanning
rate of 50 nm/min. Assays in the absence of XO were per-
formed in order to correct for GdnHCI background CD
signal. Corrected spectra were obtained by subtracting the
control from sample measurements. The mean residue
ellipticity [0] (deg cm® dmol ') was calculated using
Equation (5):

0] = Oobs MRW
10 e

(5)

where 6, 1s the observed ellipticity in degrees, MRW the
mean residue molecular weight (108.9 Da for XO), [ the
path length in cm, and ¢ the protein concentration in g/ml.
Measurements were made at 25°C.

Results

Effects of GdnHCI on the activities of catalase and XO
Enzymatic activity can be regarded as the most sensitive
probe for studying protein folding and unfolding, because
it reflects subtle readjustments at the active site, allowing
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Figure 2 Activity changes of catalase and XO at different concentrations of GdnHCI

The remaining activity (A) and refolding yield (B) of bovine

liver catalase, and the remaining activity (C) and refolding yield (D) of bovine milk XO in the absence (open circle) and in the presence of FAD (solid
square) at different concentrations of GdnHCI. The inset shows the remaining activity of XO in the absence (open circle) and in the presence of DCPIP
(solid square). The concentrations of catalase were 7.6 uM (A) and 5.4 uM (B), respectively. The concentrations of XO were 0.015—0.030 wM. The
refolding was monitored by recovery of enzymatic activity as a percentage of native enzyme activity. Measurements were carried out at 25°C. The data

with the error bars were expressed as mean + SD (n = 3).

very small conformational variations of an enzyme struc-
ture to be detected [3]. Figure 2(A,C) show the alterations
in enzymatic activity of catalase and XO, respectively, as a
function of GdnHCI concentration during unfolding. Below
0.5M GdnHCI] catalase showed peculiar behaviors.
Namely, at 0.3 M GdnHCI the activity of catalase increased
to about 15% above the native level, and then gradually
decreased below the native level as the concentration of
GdnHCI was increased to 0.8 M. A complete loss of enzy-
matic activity was observed when the concentration of
GdnHCI reaches 1.5 M [Fig. 2(A)]. Similarly, an enhance-
ment in the XO activity (maximum ~130%) compared
with the native XO was observed when the concentration
of GdnHCI is not >0.2 M. The activity decreased gradu-
ally when the concentration of GdnHCI is >0.2 M, and a
complete loss of enzymatic activity was observed when
3.0 M GdnHCI is reached [Fig. 2(C)]. The addition of
FAD afforded a remarkable protection against the inacti-
vation of XO by GdnHCI under mildly denaturing con-
ditions, in which an enhancement in xanthine oxygen
reductase activity (maximum ~140%) compared with the
native XO was observed, but could not protect against the

inactivation when 3.0 M GdnHCI is reached [Fig. 2(C)].
These results suggest that conformational changes of XO
may occur subsequent to flavin loss and is irreversible after
FAD has been removed in the presence of a strong denatur-
ing agent. In order to find out which domain is responsible
for the activity change of XO, XO activity was further
measured using various electron acceptors such as DCPIP
which is molybdenum dependent but not FAD dependent.
As shown in the inset of Fig. 2(C), the addition of DCPIP
also afforded a remarkable protection against the inacti-
vation of XO by GdnHCI under mildly denaturing con-
ditions, but could not protect against the inactivation when
3.0 M GdnHClI is reached. The above results indicate that
the activity change of XO induced by GdnHCI (including
an enhancement of XO activity by low concentrations of
GdnHCI) is dependent on both the FAD domain and the
molybdopterin-binding domain.

For studying the reversibility of the GdnHCl-denatured
catalase and XO, refolding studies were performed. The
two enzymes were incubated with increasing concentrations
of GdnHCI for 15 h at 4°C, and then diluted 20 fold (for
catalase) and 60 fold (for XO) into phosphate buffer (pH
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Figure 3 Structural changes of catalase and XO at different concentrations of GdnHCI

Wavelength (nm)

[GdnHCI] (M)

Structural changes of catalase (A) and XO (B) at different

concentrations of GdnHCI monitored by intrinsic fluorescence emission. Denaturant concentration values in M are indicated in the vicinity of the
corresponding curve. (C) Effect of GdnHCI on fluorescence maximum emission wavelength of both enzymes. The excitation wavelengths were 280 and
295 nm for catalase and XO respectively, and the emission data were collected between 300 and 400 nm.

7.4) and placed for 4 h at 4°C. The extent of renaturation
of both enzymes was judged by the recovery of enzymatic
activity. Figure 2(B,D) show the refolding yields of
GdnHCl-treated catalase and XO samples. As shown in
Fig. 2(B), an enhancement in activity (maximum ~110%)
compared with the native catalase was observed by dilution
of catalase incubated with GdnHCI at concentrations not
>(0.5 M into the refolding buffer, but the yield of reactiva-
tion was zero when the concentration of GdnHCI is
>1.8 M. As shown in Fig. 2(D), the activity regained com-
pletely and an enhancement in activity (maximum
~130%) compared with the native XO was observed by
dilution of XO incubated with GdnHCI at concentrations
not >2.0 M into the refolding buffer, but the yield of reac-
tivation was zero when the concentration of GdnHCI is
>3.0 M either in the absence or in the presence of FAD.
These observations demonstrated that complete refolding to
native catalase and XO could be achieved after denatura-
tion of both enzymes with low or intermediate denaturant
concentrations, whereas denaturation at high denaturant
concentrations was irreversible, resulting in the inability to
recover native protein upon refolding. Besides, the loss of
activity for XO induced by GdnHCI was associated with
flavin released. Once FAD was dissociated from the
enzyme induced by GdnHCI, the activity was lost
irreversibly.

Two intermediates exist in the conformational

changes of catalase and XO

Since the spectral parameters of fluorescence emission
spectra such as position, shape, and intensity are dependent
on the electronic and dynamic properties of the chromo-
phore environments, steady state fluorescence has been
extensively used to obtain the information on the structural
and dynamic properties of a protein [18]. Figure 3(A,C)
summarizes the effects of increasing GdnHCI on the fluor-
escence spectra of native catalase. As shown in Fig. 3(A),
the fluorescence emission peak of catalase was decreasing
with the increasing concentration of GdnHCI, and the

Acta Biochim Biophys Sin (2010) | Volume 42 | Issue 1 | Page 34

emission maximum of the protein was red-shifted gradually
between 0.65 and 6.0 M GdnHCI. As shown in Fig. 3(C),
an obvious plateau region representing the first confor-
mational transition of catalase was observed between 0 and
0.65M GdnHCIl. The second transition was observed
between 0.65 and 2.5 M GdnHCI. When the concentration
of GdnHCI increased up to 6.0 M, the emission maximum
was red-shifted to 356 nm, indicating the third transition.
This indicated that the unfolding of catalase induced by
GdnHCI was not an all-or-none transition procedure but
followed a four-state model.

The modification of microenvironment of aromatic resi-
dues of XO due to denaturants has been studied by moni-
toring the changes in intensity and emission maximum as a
function of denaturant concentrations [29]. The contri-
bution of tryptophan and FAD to the total fluorescence of
the protein was significant when XO was excited at 295
and 450 nm. Figure 3(B,C) shows GdnHCl-induced
changes in tryptophan emission wavelength of XO over a
wide range of denaturant concentrations. As shown in
Fig. 3(C), the tryptophan emission maximum of XO was
blue-shifted from 341 nm of the native form to 330 nm of
a partially folded intermediate with the concentration of
GdnHCI increasing from 0 to 1.5M, indicating that
tryptophan residues were gradually buried in a more hydro-
phobic environment within such a concentration range of
denaturant. When the concentration of GdnHCl is >1.5M
however, the tryptophan emission maximum of XO was
red-shifted from 330 nm of a partially folded intermediate
to 348 nm of another intermediate at 3.0 M GdnHC], indi-
cating that tryptophan residues were gradually expose to a
more hydrophilic environment under such conditions.
Complete unfolding of XO occurred at 4.0 M GdnHCI.
The above results indicated that the unfolding of XO
induced by GdnHCI also followed a four-state model.

Figure 4(A) shows a phase diagram representing the
unfolding of catalase induced by GdnHCI, designed using
the ‘phase diagram’ method of fluorescence. As shown in
Fig. 4(A), the conformational transition from the native
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20
Flavin fluorescence intensity

Figure 4 Phase diagrams representing the unfolding of catalase and XO induced by GdnHCI denaturant concentration values in M are indicated in
the vicinity of the corresponding symbol. (A) A phase diagram based on intrinsic fluorescence intensity of catalase measured on wavelengths 320 and
365 nm. Each straight line represents an all-or-none transition between two conformers of catalase, denoted as N (the native tetramer), I; (partially folded
active intermediate), I, (partially folded inactivated monomer) and U (the unfolded state). (B) A phase diagram based on the intrinsic fluorescence
intensity of XO measured on wavelengths 320 and 365 nm. (C) A ‘mixed’ phase diagram based on the flavin fluorescence intensity of XO and far-UV
CD data ([6],,,). Each straight line represents an all-or-none transition between two conformers of XO, denoted as N (the native state), I; (intermediate

bound by FAD partially), [, (intermediate with FAD completely dissociated) and U (the unfolded state).

tetramer (N) to the first intermediate I; of catalase occurred
in the concentration range of GdnHCI from 0 to 0.65 M,
and the second transition from I; to the second intermediate
I, of catalase took place between 0.65 and 2.5 M GdnHCL
The third transition from I, to the completed unfolded state
(U) occurred between 2.5 and 6.0 M GdnHCI. The above
results once again indicated that the unfolding of catalase
followed a four-state model. Similarly, two intermediates
existed in the conformational changes of XO induced by
GdnHCI. As shown in Fig. 4(B,C), the conformational tran-
sition from the native state (N) to the first intermediate I, of
XO, bound by FAD partially, occurred in the concentration
range of GdnHCI from 0 to 1.5 M. The second transition
from I, to the second intermediate I, of XO, with FAD
completely dissociated, took place between 1.5 and 3.0 M
GdnHCI. The third transition from I, to the unfolded state
(U) occurred between 3.0 and 6.0 M GdnHCI. These results
once again indicated that the unfolding of XO followed a
four-state model.

25 = -

20 - -

Flavin fluorescence intensity >

2 3 4
[GdnHCI] (M)

T : T X T ;i T

The intensity of FAD fluorescence remarkably increases
when a FAD-containing protein is denatured with FAD
gradually dissociated [16,17]. Figure 5(A) summarizes the
effect of GdnHCI on flavin fluorescence intensity of XO. At
low concentrations of GdnHCI (0—1.0 M), the flavin fluor-
escence intensity did not change compared with the native
enzyme, indicating that such low concentrations of GdnHCI
could not induce FAD to dissociate from XO. An increase
in GdnHCI concentration from 1.0 to 3.0 M resulted in a
strong increase in FAD fluorescence intensity, indicating
that FAD was gradually dissociated from the first intermedi-
ate of XO, forming the second intermediate. Further increas-
ing GdnHCI concentration up to 6.0 M showed no further
change in flavin fluorescence intensity, indicating that FAD
was completely dissociated from both the second intermedi-
ate and the unfolded state of XO [Fig. 5(A)].

Acrylamide quenches the fluorescence of surface-
exposed and partially buried tryptophan residues but not
those buried in the hydrophobic core of a protein.

FJF

T T L] T v
0.10 0.15 0.20 0.25
[Acrylamide] (M)

T
0.00 0.05

Figure 5 Flavin fluorescence change and acrylamide quenching of tryptophan fluorescence of XO induced by GAnHCl (A) Effect of GdnHCI

on flavin fluorescence intensity of XO. The excitation wavelength was 450 nm and the emission data were collected between 500 and 600 nm. (B)
Stern—Volmer plots of acrylamide quenching of tryptophan fluorescence of XO in the absence (open circle) and presence of GdnHCL. The
concentrations of GdnHCI were 1.5 (solid square), 2.0 (open square), and 4.0 (solid circle) M, respectively. The excitation wavelength was 295 nm and
the concentration of XO was 0.17 wM. Experiments were performed at 25°C.
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Figure 6 GdnHCl-induced secondary structural changes of XO (A) Far-UV CD spectra of XO. Curves a, b, ¢, d, e, f, and g represent the spectra of
native XO and XO in the presence of 0.2, 1.0, 1.8, 2.5, 3.0, and 4.0 M GdnHCI, respectively. (B) Effect of GdnHCI on the a-helical content of XO,
studied by monitoring the CD signal at 222 nm. The concentration of XO was 0.73 wM. Experiments were performed at 25°C.

Therefore, acrylamide quenching has been used to provide
insights into conformational changes of proteins by
probing the solvent accessibility of fluorescent moieties
[15,29-31]. Figure 5(B) shows Stern—Volmer plots for
the tryptophan fluorescence quenching of XO by acryl-
amide at different concentrations of GdnHCIl. Stern—
Volmer quenching constants (Kgy) can be obtained from
the slope of each linear relationship. As shown in
Fig. 5(B), native XO was characterized by a Kgy of
4.55 4+ 0.08 M, indicating five of nine tryptophan resi-
dues of native XO, a rigid globular protein, were exposed
to a more hydrophilic environment. A small decrease in the
solvent accessibility of tryptophan residues was observed at
1.5 and 2.0 M GdnHCI showing only four of nine trypto-
phan residues of the first intermediate of XO were exposed
to a more hydrophilic environment [Fig. 5(B)], which is
consistent with the data from the intrinsic fluorescence
experiments [Fig. 3(C)]. The unfolded state of XO,
induced by 4.0 M GdnHCI, was characterized by a Kgy of
8.98 + 0.44 M, indicating that all of the nine tryptophan
residues of XO [28] were exposed to a more hydrophilic
environment, in perfect agreement with the data from the
intrinsic fluorescence experiments [Fig. 3(C)].

The effect of increasing GdnHCI concentration on the
secondary structure of XO was investigated by far-UV CD.
Figure 6(A) shows the Far-UV CD spectra of XO in the
presence of GdnHCI at different concentrations, and
Fig. 6(B) displays GdnHCI concentration dependence of
the a-helical content of XO. In the far-UV region, native
XO showed a CD spectrum indicating the presence of sub-
stantial o-helical conformation [Fig. 6(A)]. The relative
change in the a-helical content of XO, represented by the
relative change in ellipticity of the enzyme at 222 nm, was
calculated from the CD spectra. As shown in Fig. 6(B), the
absolute value of [60],,, of XO in the presence of 1.0—
1.5M GdnHCI was larger than that in the absence of
GdnHCI, indicating that the a-helical content of the first
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intermediate of XO was larger than that of native XO. An
increase in GdnHCI concentration from 1.5 to 3.0 M
resulted in a steep decrease in the a-helical content of XO,
indicating that the a-helical content of the second inter-
mediate of XO was much smaller than that of the native
XO. The absolute value of [6],,, of XO in the presence of
4.0-6.0M GdnHCI was very small, indicating the
unfolded state of the protein only contained a very small
amount of secondary structures (Fig. 6).

All the above results demonstrate that two structurally
distinct species exist in the conformational changes of XO
induced by GdnHCI. One species populates around 1.5 M
GdnHCI characterized as a compacted intermediate bound
by FAD partially, whose a-helical conformation is richer
than that of the native XO, and the other accumulates
around 3.0 GdnHCI characterized as a flexible intermediate
with FAD completely dissociated and contains only a
small amount of secondary structures.

Discussion

A novel finding of this work is that low concentrations of
GdnHCI can activate both catalase and XO to some extent.
GdnHCI is an electrolyte with a pK, of ~11. Thus, at
physiological pH, at which our experiments were per-
formed, the GdnHCl molecule will be present in a
fully dissociated form as a Gdn" cation and Cl~ anion.
Protein stabilization/activation by GdnHCI originates from
(1) protein stiffening or entropic effect due to the cross-
linking action of GdnH" cations and/or (ii) electrostatic
effect due to the interaction of Cl , and also possibly of
GdnH™", with charged groups of the protein [32—36]. It has
been reported that GdnHCI exerts dual effects on the
tryptophan synthase a3, complex as a cation activator and
as a modulator of the active site conformation [34]. An
enhancement in the catalase/XO activity (maximum
~115%/130%) compared with the native catalase/XO was

20z 11dy 61 U0 1saNb Aq ££8/0€/L/2F/aI0IMe/Sqqe/Woo"dno"olwapede//:sdny Wwolj papeojumoq



Structural and functional changes of catalase and XO

observed in the presence of low concentrations of GdnHCI,
but the addition of NaCl up to 1.0 M had no obvious effect
on the activities of both catalase and XO (data not shown).
These results suggested that low concentrations of GdnHCI
activated these two multidomain oxidoreductases predomi-
nantly by entropic effect, modulating the active site confor-
mation of both enzymes, and electrostatic interactions did
not play an important role in such processes. Interestingly,
the influence of GdnHCI on the conformation and activity
of XO has been reported by a recent paper [37]. XO
activity in the presence of NAD™ appears to be increased
by the treatment of low concentrations of GdnHCI [37],
supporting the observation mentioned above. Furthermore,
according to the three dimensional structures of XO deter-
mined by X-ray crystallography [9] and conformational
changes particularly on XO (this work and [37]), we pro-
posed that low concentrations of GdnHCI could induce
structural changes of the FAD and molybdopterin domains
of XO mainly by entropic effect, resulting in a dramatic
change of the FAD-approaching active site loop’s confor-
mation and an enhancement of XO activity.

Our data provide evidence that the equilibrium unfolding
of catalase and XO in GdnHCI follows a similar pathway.
The unfolding of catalase induced by GdnHCI followed a
four-state model. With increasing the concentration of
GdnHCI from 0 to 0.65, 2.5 and 6.0 M, the conformation
of catalase is changed from the native tetramer into a par-
tially folded active dimer (maximum 115%), which is dis-
assembled from the native tetramer and activated by
GdnHCI, a partially folded inactivated monomer and the
unfolded state, respectively. The unfolding of XO induced
by GdnHCI also followed a four-state model. With increas-
ing concentration of GdnHCI from 0 to 1.5, 3.0 and 6.0 M,
the conformation of XO is changed from the native state
bound by FAD completely into an active, compacted inter-
mediate bound by FAD partially and activated by GdnHCI,
an inactive flexible intermediate with FAD completely dis-
sociated and the unfolded state, respectively. The formation
of these two intermediates during XO unfolding is possibly
attributed to the existence of cofactors such as FAD. The
partial dissociation and complete dissociation of FAD from
XO could induce remarkable conformational changes in
the enzyme. It has been reported that XO activity in the
presence of NAD" is decreased drastically when 3.0 M
GdnHCI is reached, presumably because of extensive
protein unfolding induced by high concentrations of
GdnHCI [37]. When nuclear magnetic resonance data for
several small proteins are combined with hydrodynamic
and small-angle X-ray scattering data, the picture emerges
that protein chains are relatively compact under mild dena-
turing conditions, forming intermediates sometimes
referred to as molten globules [38—40]. In the present
study, we observed such a compacted intermediate for a

big protein, XO, under mild denaturing conditions, whose
a-helical conformation was even richer than that of the
native XO and was bound by FAD partially.

In conclusion, two intermediates including a partially
folded active intermediate exist in the conformational
changes of both catalase and XO induced by GdnHCI. The
addition of FAD affords a remarkable protection against
XO inactivation by GdnHCI under mildly denaturing con-
ditions. These findings provide impetus for exploring the
influences of cofactors such as FAD on the structure—
function relationship of xanthine oxidoreductases.
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