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Chemical unfolding of bovine testicular hyaluronidase (HAase) has been studied by fluorescence
spectroscopy and Fourier transformed infrared spectroscopy (FTIR). Thermodynamic parameters
were determined for unfolding HAase from changes in the intrinsic fluorescence emission intensity
and the formations of several possible unfolding intermediates have been identified. This was further
confirmed by representation of fluorescence data in terms of ‘phase diagram’. The secondary structures
of HAase have been assigned and semiquantitatively estimated from the FTIR. The occurrence of
conformational change during chemical unfolding as judged by fluorescence and FTIR spectroscopy
indicated that the unfolding of HAase may not follow the typical two-state model.
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INTRODUCTION

The term hyaluronidase has been used to denote
a group of enzymes form different sources that cat-
alyze the depolymerization of hyaluronate (HA), a cer-
tain acidic glycosaminoglycans [1]. HA composed of
repeating disaccharide units of D-glucuronic acid and
N-acetyl-D-glucosamine is now recognized as a major
participant in such important biological processes as
cell motility, proliferation, differentiation, and migra-
tion [2]. There are three main groups of enzymes with
this specificity, but with different reaction mechanisms,
ie., (i) testicular-type hyaluronidase (hyaluronoglu-
cosaminidase; hyaluronate 4-glycanohydrolase, EC
3.2.1.35), (ii) leech hyaluronidase (hyaluronate gly-
canohydrolase, EC 3.2.1.36), and (iii) bacterial
hyaluronidase (hyaluronate lyase EC 4.2.2.1) [3]. The
HAase present in various mammalian tissues, belonging
to the first group, are of particular biological interest since
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they have been demonstrated to be involved in the patho-
physiology of many human disorders such as cancer and
rheumatoid arthritis [4]. The level of HAase was signifi-
cantly increased in breast tumor metastases as compared
to primary tumor [5]. Due to their physiological impor-
tance, the features for the unfolding of HAase have in-
creasingly attracted attention.

The major goal of this study was to clarify the un-
folding features of HAase induced by guanidinium chlo-
ride (GdnHCI) and urea. Chemical denaturants such as
GdnHCI and urea are widely used for study of the ther-
modynamics of protein unfolding [6]. Results of unfold-
ing experiments were carry out in the presence or absence
of reductants [7]. The unfolding behavior of the HAase
induced by GdnHCI and urea in the presence or absence
of 2-mercaptoethanol has been analyzed by monitoring
intrinsic fluorescence, including emission intensity, shift
of Amax and parameter A value which is characteristic
of the energy range and the vibronic progression of the
fluorescence spectra [8]. The formation of possible un-
folding intermediates was further confirmed by represen-
tation of intrinsic fluorescence data in terms of a ‘phase
diagram’, i.e., I, versus/,, dependence, where/,, and/;,
are the fluorescence emission intensity values measured at
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wavelengths A, and X, under different experimental con-
ditions [9].

The developments in FTIR spectroscopy of proteins
have led to their successful application to study the sec-
ondary structures of proteins, and satisfactory results have
been obtained for the contents of different secondary
structures compared with the structures in the crystalline
state by X-ray diffraction studies [10]. One of the advan-
tages of this method is its sensitivity for slight change
of protein conformation. It is the purpose of the present
study to examine the changes in the secondary structures
of HAase during chemical unfolding [11].

Chemical unfolding is a useful technique to deter-
mine the modification of the protein stability by effect
of the medium conditions, or recently by the mutation of
amino acids from the wild-type protein. The unfolded state
of a protein is an ensemble of microscopic conformations.
To further elucidate the structural features of HAase, the
unfolding process was investigated using very sensitive
measurements of protein intrinsic fluorescence and FTIR
spectroscopy.

MATERIALS AND METHODS

Materials

Bovine testicular HAase (EC 3.2.1.35; 300 NFU/mg)
was purchased from Sigma. Co. D,O was bought from
Johnson Matthey Co. All other chemicals were of analyt-
ical reagent grade. All aqueous solutions were prepared
using water filtered through a Milli-Q water system (Mil-
lipore, Bedford, MA, USA).

Equilibrium Unfolding Experiments

HAase was dissolved in 0.1 M sodium phosphate
buffer (pH 5.8) [12] and the final protein concentration
was 0.1 mg/mL for the fluorescence experiments. Small
aliquots of this stock solution were added to the reaction
mixture containing the desired concentrations of GdnHCl
or urea in the presence or absence of the reductant (0.5 mM
2-mercaptoethanol). Protein solutions were incubated at
4°C for 12 hr to reach the equilibrium.

Emission Fluorescence Spectra of Unfolded HAase

The fluorescence measurements were performed on
an F-4500 spectrofluorimeter (Hitachi, Japan) at 25°C.
The sample was excited at 295 nm where tryptophan
residue is excited. Both the excitation and emission slits
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were set at 5 nm. The energy range and vibronic progres-
sion of the fluorescence spectra were characterized by the
parameter A = (I320/365)295, Where I3, and I365 are fluo-
rescence intensities at 320 and 365 nm, respectively [9].

‘Phase Diagram’ Method

The ‘phase diagram’ method, which was elaborated
by Burstein for the analysis of fluorescence data, is ex-
tremely sensitive for the detection of any intermediate
state [7,9]. The essence of this method is to build up the
diagram of I, versus [,,, where I;; and I, are the flu-
orescence intensity values measured on wavelengths 1|
and A, under different experimental conditions for a pro-
tein undergoing structural transformations. Fluorescence
intensity was recorded at 320 and 365 nm (the same as for
parameter A).

It has been noted that the dependence of
I(A1) =f(I(X,)) will be linear if changes in the protein
environment lead to all-or-none transition between two
different conformations. In the context of protein, all-
or-none should be identified as structurally all-native or
non-native. The thermodynamics of such a structural tran-
sition is two-state [13]. On the other hand, non-linearity
of this function reflects the sequential character of struc-
tural transformations. Moreover, each linear portion of
the I(A1) =f(I(A;)) dependence will describe individual
all-or-none transitions.

Fourier Transformed Infrared Spectroscopy Study
of HAase Secondary Structure

HAase was dissolved in D,O with different concen-
trations of GdnHCI for measurements of FTIR spectra
obtained with a NEXUS 670 (Thermo Nicolet) infrared
spectrophotometer. The final concentration of protein was
7.5 mg/mL. The sample chamber was thoroughly dried by
a current of dry air for 1 hr before the commencement of
spectral scan. The spectra were usually scanned 64 times
in the experiment [14].

Difference spectra for protein were generated by sub-
traction of the spectra of buffer from the observed spectra
of the protein solution to satisfy the criterion that a straight
baseline was obtained from 2000 to 1800 cm™! [15]. The
Fourier self-deconvolution was performed using a Bio-
Red program with EZ OMNIC Version 5.2.

RESULTS AND DISCUSSION

Intrinsic Fluorescence

Fluorescence emission spectra of HAase measured
in different conditions are shown in Fig. 1. Native HAase
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Fig. 1. Fluorescence emission spectra of HAase excited at 295 nm.
(1) no denaturant; (2) 6 M GdnHCI; (3) 6 M GdnHCI, 0.5 mM 2-
mercaptoethanol; (4) 8 M urea; (5) 8 M urea, 0.5 mM 2-mercaptoethanol.

contains more than thirty tryptophan residues located dis-
persedly around the protein [16]. At 25°C HAase has
fluorescence maximum at 332 nm, indicating that tryp-
tophan residues are rather protected from the aqueous
solvent [17]. After 8.0 M urea was added, the A,  shifts
to 340 nm, due to an increase in tryptophan residues expo-
sure. This effect is even greater in 6.0 M GdnHCI, where
the tryptophan residues are mostly exposed to water (max-
imum at 347 nm). As commonly found, GdnHCl is a
stronger denaturant than urea [18]. Samples unfolded by
urea have a little higher fluorescence intensities compared
to native HAase, while the ones unfolded by GdnHCI
are much lower. Reductant does not hamper these shifts
of Amax since there is nearly the same increase in tryp-
tophan residues exposure in the presence or absence of
0.5 mM 2-mercaptoethanol. The changes of fluorescence
intensity effect by 2-mercaptoethanol have been taken
out.

The maximum emission Ap.x Was monitored at dif-
ferent concentrations of denaturant and unfolding curves
were built in Fig. 2. Urea mainly destroys the hydropho-
bic chains that keep the stability of protein structure. The
fluorescence intensity may increase slightly than native
HAase along with the weakening of hydrophobic property.
Whereas GdnHCI contains positively charged guanidine
group, inter- or intra-molecular hydrogen bonds could
be cleaved and rearranged [19]. Therefore, the extent of
GdnHCl induced unfolding is much greater than urea. The
tryptophan residues are at their greatest exposure to the
environment [20] with Ay« of 347 nm after addition of
6.0 M GdnHCI. The conformation of HAase is stable in
GdnHCI below 0.2 M, corresponding to the native state.
Between 1.0 and 3.5 M GdnHCl a modest change in tryp-
tophan residue environment is observed. There is a small
increase in Agmax from 332 nm to 333 nm, which indicated
that the protein is reasonably stabile over this range of
denaturant concentrations. Another important stable in-
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Fig. 2. Amax shift of unfolding curve. (1) GdnHCl induced; (2) GdnHCl
induced, contain 0.5 mM 2-mercaptoethanol; (3) urea induced; (4) urea
induced, contain 0.5 mM 2-mercaptoethanol.

termediate state with A, of 342 nm is visible in about
4.0 M GdnHCI. A similar intermediate state with A, of
333 nm is still visible by treatment of HAase with 3.0 M
urea. However, in this case, the tryptophan residues could
not reach the greatest exposure till in 8.0 M urea.

Figure 2 also shows HAase unfolding in the pres-
ence of the reductant (0.5 mM 2-mercaptoethanol). The
extent of unfolding is basically close to the correspond-
ing samples without the reductant. Interestingly, all the
stable intermediate states are inconspicuous in 0.5 mM
2-mercaptoethanol.

Figure 3 illustrates GdnHCI induced changes in pa-
rameter A (A =I3/[365, which is characteristic of the
shape and the position of the fluorescence spectra [9]),
of HAase over a wide range of denaturant concentrations
in the presence or absence of the reductant. Parameter A
gradually decreases and reaches a plateau in the vicin-
ity of 0.1-1.0 M GdnHCI. However, a further increase
of denaturant concentration leads to a pronounced de-
crease in the parameter A value, which is over at 4.0—
5.0 M GdnHCI. Thus, data for the GdnHCI dependence
of parameter A reflect an accumulation of two interme-
diates, maximally populated in the vicinity of 1.0 M and
4.0 M GdnHCI, respectively. Nevertheless, there is no vis-
ible plateau in the decrease of parameter A when adding
0.5 mM 2-mercaptoethanol. Figure 3B shows a similar
parameter A curve obtained by the treatment of HAase
with urea. The plateau in 3.0-4.0 M urea also becomes
invisible when adding 0.5 mM 2-mercaptoethanol.

Non-linear least-squares have been used to fit « (the
unfolded fraction) versus the denaturant concentration
curves. The concentration of the denaturant at the mid-
point of unfolding (Cy,) was determined applying the fol-
lowing equation:

FS—F

o= —— 1
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Fig. 3. GdnHCI induced changes in intrinsic fluorescence parame-
ter A. Fluorescence was excited at 295 nm. Protein concentration was
0.1 mg/mL. Protein was incubated in 0.1 M sodium phosphate buffer
pH 5.8 in the presence of the desired GdnHCI concentration at 4°C for
12 hr to reach the equilibrium. Measurements were carried out at 25°C.
The figure represents results of at least three independent experiments.

where, Fy and F} are the fluorescence intensity maximum
of the native (in the absence of denaturant) and unfolded
states (at high denaturant concentration), respectively and
F; is the fluorescence of the protein at i concentration
of denaturant [21]. According to Eq. (1), the data of «
versus GdnHCI concentration were shown in Fig. 4, which
showed that HAase had achieved its completed unfolded
state accompanied by hydrophobic residues exposure in
6 M GdnHCIl.

1.01
0.8
0.6
0.4
0.24
0.0

Unfolded Fraction of protein a

0 1 2 3 4 5 6
GdnHCI concentration (M)

Fig. 4. GdnHCI unfolded fraction of HAase. Protein concentration was
0.1 mg/mL. The buffers used are the same as those shown in Fig. 3.
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‘Phase Diagram’ Analysis of HAase Fluorescence
Spectra

The essence of this method is to build up the dia-
gram of I,, versusl,,. As the fluorescence intensity is the
extensive parameter, it will describe any two-component
system by a simple relationship:

I(A) =a+bI(Xy) )
where
Iy(Ay) — Ii(Ay)
=I(rx)— —L(A
= — 1o
and

Ly = L)
L) — L1 (A2)
where /(A1) and I, (A) are the fluorescence intensities
of the first and second components at given wavelength.
In application to protein unfolding, Eq. (2) predicts that
the dependence I(A;) =f(I(X,)) will be linear if changes
in protein environment lead to the all-or-none transition
between two different conformations. Alternatively, the
non-linearity of this function reflects the sequential char-
acter of structural transformations. Moreover, each linear
portion of the I(x;) =f(I(1,)) dependence will describe
an individual all-or-none transition [9,13,22]. In principle
X1 and A, are arbitrary wavelengths of the fluorescence
spectra, but in practice such diagrams will be more in-
formative if 1| and A, will be on different slopes of the
spectra such as 320 and 365 nm.

Figure 5 gives additional support to the idea that
GdnHCI induced unfolding of HAase is an exception-
ally complex process. This figure was designed using the
method of ‘phase diagram.’ It clearly shows that the phase
diagram plotted for the GdnHCI induced unfolding of
HAase consists of three linear parts, in which the con-
centration of GdnHCl is 0-1.0 M, 1.04.0 M, 4.0-6.0 M,
respectively. This reflects the existence of at least three
independent transitions separating four different confor-
mational states, including native state, unfolded state, and
two possible intermediate states, and further corroborates
the results of Anyax shift and parameter A value. Similarly,
when adding 0.5 mM 2-mercaptoethanol, the intermediate
state in 1.0 M GdnHCI was invisible. Interestingly, Amax
shift and parameter A value did not detect the intermedi-
ate state populated in the vicinity of 4.0 M GdnHCl in the
presence of 0.5 mM 2-mercaptoethanol.

Native HAase is a single polypeptide contains two
disulfide bonds [16] that contribute for the stability of sec-
ondary structure. 2-Mercaptoethanol can cleave the disul-
fide bonds, and it may go against the formations of several
possible unfolding intermediates.
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Fig. 5. Phase diagram representing the unfolding of HAase induced
by an increase in GdnHCl concentration. GdnHCI concentration values
are indicated in the vicinity of the corresponding symbol. (A) contain
GdnHCI only; (B) contain 0.5 mM 2-mercaptoethanol and GdnHCI.
Each straight line represents an all-or-none transition between two con-
formers. N and U denote native and unfolded protein respectively; MG
and PMG denote two possible intermediate states.

FTIR Spectra of HAase

The infrared chemical denaturation studies of HAase
were performed in different GdnHCI concentration. The
gradual changes in amide I’ of the original spectra after
digital subtraction of HAase with increasing denaturant
concentrations are shown in Fig. 6. The peak of the orig-
inal amide I’ shift to lower wave numbers and becomes
more unsymmetric during denaturation, indicating struc-
tural changes.

The major band in amide I' of native HAase (no
denaturant, 25°C) is at 1643.1 cm™!, resulting from the
strong hydrogen bonding interaction [23]. The band height
decreases with the increase of GdnHCl concentration. The
transition occurs between 0 M and 3.0 M GdnHCI con-
centration, and the peak of amide I shifts to1641.2 cm™".

Figure 7 shows the effect of different concentration
of GdnHCl on the amide I" in Fourier self-deconvolution
spectra in 1700-1600 cm~! region of HAase in D,O
buffer. Based upon many previous studies [24-26], the
amide I’ band components of protein can be assigned as
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Fig. 6. Original FTIR spectrum of HAase in D,O of (1) 0 M; (2) 0.5 M;
3) 1.O0M; 4) 1.5 M; (5) 2.0 M; (6) 3.0 M GdnHCI. Concentration of
HAase was 7.5 mg/mL.

follows: The bands at 1633.4, 1645, 1652.7 cm™! are as-
signed to extended strand, irregular (random) structures
and a-helix structures, respectively. The bands at 1664.3
and 1689.4 cm™! are assigned to turn structures.

The spectra of chemical denatured state show the
following characteristics. There are several almost en-
tirely distributed component bands. The lower height and
broader halfwidth of these bands indicate the absence of
typical regular structures [27]. In other words, all of the
fine structures, such as «-helix and turns, decrease at high
concentration of GdnHCL

An interesting phenomenon attracts our attention that
the whole area of original amide I' decreases with the
increase of GdnHCI concentration accompanying the un-
folding of HAase. This result can be partly explained by
the difference in absorption coefficients for the structures
atdifferent GdnHCl concentration. It also suggests that the
absorption coefficients of unordered structures are lower
than those of ordered structures.
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Fig. 7. Fourier self-deconvolution spectrum of HAase. (1) 0 M; (2)
0.5M;(3) 1.0M; (4) 1.5 M; (5) 2.0 M; (6) 3.0 M GdnHCI. Concentration
of HAase was 7.5 mg/mL.
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Thus, our data are consistent with the whole process
of chemical induced unfolding of HAase, which takes into
account both structural perturbations and disintegration.
This unfolding process includes native state, two inter-
mediate states and unfolded state. The first intermediate
state may be the molten globule monomer with partial «-
helix and turns breakdown. The second intermediate state
may be the pre-molten globule more close to unfolded
state, which majority of the secondary structure has been
disintegrated.

CONCLUSION

Unfolding of HAase induced by chemical denatu-
rants was studied. The results of the fluorescence spectra
show that this process involves at least two possible in-
termediate states, which accompanied a complete loss of
the unique secondary structure, and pronounced red shift
of the intrinsic fluorescence spectra. The FTIR spectra
study afforded us an opportunity to further characterize
the unfolding properties of different secondary structures
of HAase. The use of Fourier self-deconvolution spectra
indicates all of the fine structures decrease at high denat-
urant concentration.
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