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Abstract

Superoxide dismutases (SODs), which are the first line of cellular defense against the toxic effects of reactive oxygen species, are
metalloenzymes that catalyze the disproportionation of superoxide radicals to produce oxygen and hydrogen peroxide. Although much effort has
been devoted to the folding mechanisms of Cu/Zn-SODs, little is known about the folding of Fe-SODs. In this research, the equilibrium unfolding
and refolding of TcSOD, a tetrameric hyperthermostable Fe-SOD, were investigated by circular dichroism, intrinsic fluorescence, ANS
fluorescence, size-exclusion chromatography and cross-linking experiments. The results herein suggested that the guanidine hydrochloride-
induced unfolding of TcSOD involved a stable monomeric intermediate and a possible tetrameric intermediate. The Gibbs free energy of TcSOD
dissociation was about 3-fold larger than that of the monomeric intermediate unfolding, which suggested that the quaternary structure plays a
crucial role in TcSOD stability. A comparison of the thermodynamic parameters between TcSOD and other SODs also suggested that the stability
of quaternary structure might be responsible for the hyperthemostability of TcSOD.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Reactive oxygen species (ROS) are generated as toxic
byproducts of normal cellular metabolism, and superoxide is
among the most abundant ROS produced by the mitochondria
[1]. ROS can damage cellular macromolecules and has been
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related to numerous diseases [1,2]. To protect against these toxic
compounds, all organisms have evolved effective response
systems and enzymes of antioxidative defense. Superoxide
dismutases (SODs, EC 1.15.1.1), which are the first line of
cellular defense against the toxic effects of ROS [3], are
metalloenzymes that catalyze the disproportionation of super-
oxide radicals to produce oxygen and hydrogen peroxide
through a one-electron redox cycle [4,5]. SODs exist widely in
both prokaryotic and eukaryotic organisms [6,7], and can be
classified into four types depending on the metal selectivity: Cu/
Zn-, Mn-, Fe- and Ni-SOD [8,9]. Among them, Cu/Zn-SOD has
been characterized in many organisms from Escherichia coli to
human beings, while Ni-SOD is a recently characterized species
[10]. Cu/Zn-SOD is primarily in cytoplasm [11], and is the most
studied one, since more than 100 genetic mutations have been
related to amyotrophic lateral sclerosis (ALS) [12]. Mn-SOD is
mainly found in eukaryotic mitochondria, while Fe-SOD is
prevalently found in prokaryotes [7,13]. Fe- and Mn-SODs
share a high homology in the amino acid sequence, have similar
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three-dimensional structures, and are supposed to have a com-
mon origin different from Cu/Zn-SOD [14,15].

Many Fe-SODs from hyperthermophiles (for example,
Aquifex pyrophilus, Sulfolobus solfataricus, Sulfolobus acid-
ocaldarius and Pyrobaculum aerophilum) have been purified
and characterized [9,16,17], and the three-dimensional struc-
tures of several Fe-SODs have been solved to analyze the
structural basis for their thermostability [15,16,18]. Unlike the
thoroughly studied Cu/Zn-SOD [19–25], little is known about
the folding mechanisms and pathways of Fe- or Mn-SOD. In
this research, TcSOD, a newly characterized hyperthermophilic
Fe-SOD from Tengchong, China [26], was used as a model
protein to investigate the unfolding pathway of tetrameric Fe-
SOD. TcSOD has about 80% sequence homology with the
thermostable Fe-SOD from A. pyrophilus (ApSOD) [15,17] and
its thermostability is similar to ApSOD [26]. The results herein
suggested that the guanidine hydrochloride (GdnHCl)-induced
unfolding of TcSOD involved a stable monomeric intermediate
and a possible tetrameric intermediate. When the unfolding tran-
sition was fitted to a three-state process, the Gibbs free energy of
TcSOD dissociation was much higher than that of the monomeric
intermediate unfolding, which suggested that the quaternary
structure plays a crucial role in TcSOD stability. A comparison of
the unfolding mechanisms between TcSOD and other SODs in-
dicated that the dissociation of the TcSOD was about 6kcal/mol
larger than that of HSOD or PlSOD [20–22]. This suggested that
the stability of the quaternary structure might be responsible for
the hyperthermostability of TcSOD.

2. Materials and methods

2.1. Chemicals

GdnHCl, 8-anilino-1-naphthalenesulfonic-acid (ANS) and sodium dodecyl
sulfate (SDS) were purchased form Sigma Chemical Co. All other chemicals
were local products of analytical grade.

2.2. Expression and purification of the recombinant TcSOD

TcSOD was expressed in E. coli BL21 with pET28a plasmid and purified
by Ni-NTA affinity chromatography as described previously [26]. The SOD
activity was measured according to the pyrogallol method [27]. The purity of the
final products was above 99% estimated according to SDS-PAGE and size
exclusion chromatography analysis. The protein concentrations were deter-
mined by the Bradford method using bovine serum albumin as a standard [28].
The SOD activity was defined as the amount of enzyme that inhibits the
autoxidation of pyrogallol by 50%. The metal content of TcSOD was measured
by atomic absorption spectrophotometer or inductively coupled plasma high
resolution mass spectrometry at the Analytical Center of Tsinghua University
using a protein concentration of about 0.1mg/ml [26].

2.3. Unfolding and refolding of TcSOD

The unfolding of TcSOD was performed by incubating the purified protein
in 50 mM Tris–HCl buffer, pH 7.4, containing different concentrations of
GdnHCl for 12 h at 4 °C. As for the refolding experiments, the purified TcSOD
was first completely denatured with 6 M GdnHCl for 12 h. Then the equilibrium
refolding was carried out by dilution of the denatured samples with refolding
buffer (50 mM Tris–HCl, pH 7.4) at 25 °C for 24 h. The final concentrations
of GdnHCl varied from 0.4–5.8 M. The final concentration of the protein was
0.33 mg/ml for both the unfolding and refolding experiments. The residual or
recovered enzymatic activity was measured at 25 °C.
2.4. Size-exclusion chromatography

The size-exclusion chromatography (SEC) analysis of the samples was the
same as described previously [29]. In brief, gel filtration experiments were
carried out on a Superdex 200HR 10/30 column on an AKTA FPLC (Amersham
Pharmacia Biotech, Sweden). The column was pre-equilibrated with sodium
phosphate buffer (20 mM, pH 7.4) containing the given concentrations of
GdnHCl, and then about 100 µl protein solutions were injected into the column.
All samples were run at a flow rate of 0.5 ml/min at 16 °C.

2.5. Spectroscopic experiments

All spectroscopic experiments were performed at 25 °C with a protein
concentration of 0.33 mg/ml. Details regarding the spectroscopic experiments
were the same as those described previously [29,30]. The circular dichroism
(CD) spectra were recorded on a Jasco J-710 spectropolarimeter (Jasco Corp.,
Tokyo, Japan) with a 1mm pathlength cell over a wavelength range of 190–250 nm.
The resultant spectra were obtained by the subtraction of the control. The
fluorescence spectra were measured on an F-2500 fluorescence spectropho-
tometer (Hitachi Ltd., Tokyo, Japan) with a 5-nm slit width for both excitation
and emission. The intrinsic fluorescence was measured with an excitation
wavelength of 290 nm and an emission wavelength ranging from 300 to 400 nm.
The ANS binding affinity to TcSOD at various concentration of GdnHCl was
monitored with an excitation wavelength of 380 nm and an emission wavelength
ranging from 400 to 600 nm. The final concentration of ANS was 20 μM.

2.6. Parameter A and phase diagram analysis

Parameter A, which is the ratio of the intensity at 320 nm to that at 365 nm of
the intrinsic fluorescence (I320/I365), is the characteristic of the shape and
position of the fluorescence spectrum [31]. Parameter A analysis has been
successfully used in monitoring protein conformational changes [32,33], and
was also used in this research to detect the structural changes of TcSOD during
denaturation and renaturation. The phase diagram analysis of the intrinsic
fluorescence, which is a sensitive tool to detect folding intermediates, was
carried out as described previously [32,34]. In brief, the phase diagram was
constructed by the fluorescence intensity at 320 nm versus that at 365 nm at
different GdnHCl concentrations. The fluorescence data were normalized by the
corresponding intensity of the spectra recorded in buffers without the addition of
GdnHCl. In the diagram, a straight line reflects an “all-or-none” process, while
the non-linearity between I320 and I365 implies that the structural transition
involves folding intermediate(s). For the latter case, the joint position of the two
lines indicates that an intermediate appeared at the corresponding concentration
of GdnHCl.

2.7. Cross-linking experiments by glutaraldehyde

The protein samples were the same as those for protein unfolding studies
described above. The cross-linking experiments were conducted by mixing
400 µl proteins solutions denatured in various amounts of GdnHCl with 60 µl
freshly prepared glutaraldehyde solutions. The concentration of the protein was
0.25 mg/ml, while that of glutaraldehyde was 2.3%. The reaction buffer was
20 mM sodium phosphate buffer, pH 7.4. After 5 min treatment at room
temperature, the reaction was terminated by the addition of 30 µl Tris–HCl
with a concentration of 1 M (pH 8.0). Then the samples were dialyzed against
20 mM sodium phosphate buffer (pH 7.4) overnight. Finally, the samples were
concentrated to a volume of 300 µl with a speed vacuum concentrator
(SAVANT, Thermo Life Sciences, USA). The oligomeric states of the proteins
were checked by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) using
12.5% separating gel in the reducing conditions.

3. Results

First of all, the inactivation of TcSOD induced by GdnHCl
was explored by monitoring the residual activity in various
amounts of GdnHCl. As presented in Fig. 1, the activity



Fig. 1. Inactivation of TcSOD by GdnHCl. The enzyme was dissolved in 50 mM
Tris–HCl buffer, pH 7.4, in the presence of increasing concentration of GdnHCl.
The final protein concentration was 0.33 mg/ml.
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decreased continuously when the enzyme was incubated in
buffers in the presence of increasing concentrations of GdnHCl.
The enzyme could retain most of its activity (N 90%) when the
Fig. 2. Unfolding (open symbols) and refolding (filled symbols) of TcSOD monitor
intensity (C) of the intrinsic fluorescence, and ANS fluorescence intensity at 470 nm
the fitting results are presented as solid lines. For the unfolding experiments, the prot
concentrations of GdnHCl for 12 h at 4 °C. For the refolding experiments, the protein
achieved by dilution of the fully-denatured protein into the refolding buffer (50 mM T
was 0.33 mg/ml. All spectroscopic experiments were carried out at 25 °C.
GdnHCl concentration was below 0.5 M, while a steep decrease
of the enzymatic activity was observed when the GdnHCl con-
centration was between 0.5 and 1.4 M GdnHCl. The enzyme
was almost fully inactivated in about 2 M GdnHCl, and the
midpoint of TcSOD inactivation was about 1.2 M GdnHCl. No
significant difference was observed for samples with varying
enzyme concentrations, which suggested that the inactivation of
TcSOD by GdnHCl might be independent of the enzyme con-
centration. When 6 M GdnHCl-denatured TcSOD was refolded
in buffers containing 0.4 M GdnHCl at room temperature for
24 h, about 50% activity could be recovered (data not shown),
indicating that the folding of TcSOD in GdnHCl was more like
to be partially reversible.

CD, intrinsic and extrinsic fluorescence were performed to
monitor the secondary and tertiary structural changes during
TcSOD folding. As presented in Fig. 2A, the change of the
secondary structure was an obvious two-stage process with in-
creasing concentrations of GdnHCl. The first transition ap-
peared from 1.8 M to 2.8 M GdnHCl, while the second occurred
from 4.0 M to 5.2 M GdnHCl. This observation suggested that a
stable unfolding intermediate existed at GdnHCl concentrations
ed by the ellipticity at 222 nm (A), the emission maximum wavelength (B) and
(D). The data in panels A and B were fitted by the equations listed in Table 1 and
ein was incubated in 50 mM Tris–HCl buffer, pH 7.4, in the presence of various
was fully denatured in 6 M GdnHCl for 12 h, and then equilibrium refolding was
ris–HCl, pH 7.4) containing 0.4–5.8 M GdnHCl. The final protein concentration



Fig. 3. Parameter A (A) and phase diagram (B) analysis of the intrinsic
fluorescence spectra of TcSOD during unfolding (open symbols) and refolding
(filled symbols). The parameter A was obtained by dividing the fluorescence
intensity at 320 nm (I320) by that at 365 nm (I365). The phase diagram was
constructed by monitoring the changes of I365 as a function of I320. The solid
line in panel A represents the curve fitting results using the equations listed in
Table 1.
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of around 3.5 M. The recovery of the secondary structure also
revealed a similar two-stage process with the accumulation of a
refolding intermediate. The minor deviation between the two
curves suggested that the folding of TcSOD was mainly
reversible, which is consistent with the activity results described
above.

The emission maximum wavelength of the intrinsic fluo-
rescence (Emax) of the native TcSOD was found to be about
337.5 nm, which suggested that most of the Trp residues in
TcSOD were exposed to bonded waters [32,33,35]. This ob-
servation is consistent with the modeling structure of TcSOD
[26]. Different from the three-state unfolding reflected by the
CD result (Fig. 2A), the change of the emission Emax was more
like a two-state transition. The emission Emax red-shifted about
2.5 nm when the GdnHCl concentration was increased from 0 M
to 4 M (Fig. 2B), indicating that only minor changes occurred in
the microenvironments of the Trp residues. A significant red-
shift from 340 nm to 350 nm of the emission Emax appeared
when the protein denatured in 4.2–5.2 M GdnHCl, suggesting
that the Trp residues were fully exposed to solvent when the
GdnHCl concentration was above 5.2 M. The emission intensity
of the intrinsic fluorescence was found to increase at GdnHCl
concentrations above 1.8 M, reaching its maximum at ∼ 2.8 M
GdnHCl, and decreasing gradually when the GdnHCl concen-
tration was above 4.0 M. This suggested an intermediate might
be populated at GdnHCl concentrations of around 3.5 M, which
is similar to the results obtained from CD data. Moreover, the
refolding data coincided well with that of the unfolding of
TcSOD as monitored by intrinsic fluorescence. ANS is a fluo-
rescent probe that has been widely used to monitor the hydro-
phobic exposure of proteins [36]. As shown in Fig. 2D, the ANS
fluorescence intensity at 470 nm increased as the GdnHCl
concentration increased, and reached a maximum at about 3.0 M
GdnHCl. In addition to the peak at 3.0 MGdnHCl, several small
peaks or shoulders could also be identified. However, the
overall increase of the ANS fluorescence intensity was less than
1.8-fold of the native protein, which suggested that no sig-
nificant increase in hydrophobic exposure of TcSOD was in-
duced by the denaturation of GdnHCl.

The dissimilarity in the changes of the emission Emax value
and intensity (Fig. 2B and C) might be caused by the inability
of these two analyzing methods to reflect the change of the
shape of the intrinsic fluorescence spectra. To more precisely
characterize the folding transitions of TcSOD, the intrinsic
fluorescence spectra were further analyzed by parameter A and
phase diagram. Parameter A, which is obtained by the dividing
of the intensity at 320 nm by that at 365 nm, has long been used
to reflect the shape and position of the Trp fluorescence spectra
[31,33]. As shown in Fig. 3A, the parameter A data indicated
that the change of the intrinsic fluorescence was a typical three-
state process with an intermediate accumulated at GdnHCl
concentrations between 2.8 M and 3.8 M. Furthermore, the
phase diagram, a sensitive tool to characterize the folding
intermediate(s) [32,34], was constructed by monitoring the
change of the intensity at 365 nm as a function of that at 320 nm
(Fig. 3B). Two linear parts, corresponding to GdnHCl
concentrations of about 0–3.0 and 4.0–6.0 M, respectively,
could be identified for both the unfolding and refolding
transitions. Thus the phase diagram analysis also suggested that
a stable intermediate was populated during the folding of
TcSOD.

To determine the dissociation of TcSOD during GdnHCl-
induced unfolding, size-exclusion chromatography (SEC)
analysis and cross-linking by glutaraldehyde was performed
for samples in the presence of increasing concentration of
GdnHCl. The typical SEC profiles are presented in Fig. 4A,
and the changes of the peak position and area are summarized
in Fig. 4C and D. Native TcSOD mainly existed as a tetramer
with a molecular weight of about 112 kDa, which is confirmed
by the glutaraldehyde cross-linking experiments (Fig. 4B). It
eluted as a single peak centered at 13.0 ml in the SEC profile
(Fig. 4A), which is consistent with the previous observation
[26]. With the increase of GdnHCl concentration, the elution
volume of the native protein decreased slightly (about 0.2 ml).



Fig. 4. TcSOD unfolding characterized by SEC and SDS-PAGE analysis. (A) The elution profiles of TcSOD denatured in 0.0, 0.8, 2.0, 3.0, 4.0 and 6.0 M GdnHCl,
respectively. Peaks I–IV correspond to the native protein, the monomeric intermediate and two fully-unfolded states. The final protein concentration was 0.33 mg/ml.
(B) Dissociation of TcSOD during GdnHCl-induced unfolding monitored by SDS-PAGE of the cross-linked protein by glutaraldehyde. Lanes 1 and 3–8 show
the samples pretreated with the cross-linking reagent glutaraldehyde containing 0, 1, 2, 3, 4, 5 and 6 M GdnHCl, respectively. Lane 2 is the protein standards:
β-galactosidase from E. coli (116 kDa), serum albumin from bovine (66 kDa), ovalbumin from chicken egg white (45 kDa), lactate dehydrogenase from porcine muscle
(35 kDa), andREase Bsp981 fromE. coli (25 kDa). (C) Change of the elution volumes of peak I (open squares), II (open circles), III (filled circles) and IV (filled squares)
marked in panel A. (D) Relative areas of peak I (open squares) and II (open circles) as a function of GdnHCl concentration.
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Meanwhile, a new peak at about 14 ml appeared when the
GdnHCl concentration was above 0.8 M. In 3.0 M GdnHCl,
the peak corresponding to the native TcSOD totally dis-
appeared and a single peak eluted at 13.0 ml was observed. The
cross-link experiments suggested that a stable monomeric
intermediate was populated at this GdnHCl concentration
(Fig. 4B). Moreover, as shown in Fig. 4D, the dissociation of
the native TcSOD was accompanied with the formation of this
monomeric intermediate. A Similar tetramer to monomer
transition could also be characterized by the cross-linking
experiments over the GdnHCl concentration ranging from
2.0 M to 4.0 M. It is worthy noting that the bands over 200 kDa
existed in the gel might be formed by the non-specific
intermolecular cross-linking of the TcSOD monomers. A band
centered at around 56 kDa, which is corresponded to the
dimeric form, was observed for samples denatured in all
GdnHCl concentrations probably resulted from the GdnHCl
dependence on the efficiency of the cross-linking reaction.
This deduction was confirmed by the fact that no dimeric
intermediate could be characterized from the SEC and
spectroscopic experiments.
The spectroscopic experiments (Fig. 2) indicated that the
protein was fully denatured when the GdnHCl concentration
reached 6.0 M. However, two peaks could be identified with
different elution volumes (11.0 ml and 9.2 ml). Meanwhile, the
protein was dominated by the monomeric form as observed in
the SDS-PAGE of the cross-linked sample. Thus the
appearance of the two peaks in the SEC profile suggested
that the 6.0 M GdnHCl-denatured protein might exist in two
distinct states. The metal content of the purified TcSOD was
about 0.516 atom per subunit, while it was about 0.404 atom
per subunit for the 6.0 M GdnHCl-denatured state as measured
by inductively coupled plasma high resolution mass spectro-
metry. The native protein contained a relative lower iron
content compared to the optimal value of 1 atom per subunit,
which was caused by the loss of iron during dialysis, puri-
fication or storage [26]. The loss of the coordinated metal ions
during purification has also been observed in ApSOD [15,17],
which suggested that the iron ion was not tightly associated
with Fe-SOD. Nevertheless, the data suggested that iron could
bind to the fully-denatured state of TcSOD with a similar
affinity to the native state. Thus it is possible that the two peaks



Table 2
Thermodynamic parameters of the three-state unfolding of TcSOD

Protein Probe DGH2O
NI

(kcal/
mol)

mNI

(kcal/
mol M)

DGH2O
IU

(kcal/
mol)

mIU

(kcal/
mol M)

DGH2O
NU

(kcal/
mol)

TcSOD CD 18.3±0.3 3.6±0.2 6.2±0.3 1.3±0.06 43±2
Emax n.d. n.d. 7.0±0.2 1.5±0.1 n.d.
Parameter A 12.4±0.6 1.4±0.1 8.0±0.4 1.8±0.1 44±2

PlSOD
[20]

11.9±0.5 2.9±0.2 5.4±0.5 1.2±0.1 22.7±1.5

HSOD
[21]

11.8±0.5 0.86±0.05 8.4±0.5 1.8±0.1 28.6±0.7

n.d.: not determined.
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in the SEC profile of TcSOD in 6.0 M GdnHCl were in
different metal coordination state.

4. Discussion

4.1. Folding of TcSOD involves a stable monomeric intermediate

The existence of a stable monomeric intermediate has been
characterized in the folding of many multimeric proteins [37–41],
while the lack of the population of any monomeric forms has also
been observed [21,30,42]. As for the tetrameric TcSOD, although
the changes of the emission Em revealed an apparent two-state
transition (Fig. 2B), the change of the CD signal (Fig. 2A) was
found to be a typical three-state process during the GdnHCl-
induced unfolding and refolding. The dissimilarity between the
emission Em and CD curves strongly suggested that an inter-
mediate state was populated during TcSOD folding. This con-
clusionwas further verified by themore sensitive Trp fluorescence
analytical methods (Fig. 3). The spectral analysis indicated that the
intermediate statewasmainly accumulated between 2.8 and 3.8M
GdnHCl. The SEC and cross-linking experiments indicated that
this intermediate was in a monomeric state (Fig. 4). Thus the
folding of TcSOD could be described as a two-step process

N4 X 4I X 4U

where N4 is the native tetrameric protein [26], I is the monomeric
intermediate, and U is the fully-denatured state. The dissociation
Table 1
Equations used for the fitting of the equibrium unfolding of TcSOD to a three-state

N4↔4I 4I↔4U

fI + fN=1 fU+ fI =

fI ¼ I½ �
P

fI ¼ I½ �
P

fN ¼ 4 N4½ �
P

fU ¼ U½
P

KNI ¼ I½ �4
N4½ � ¼

4P3f 4I
1� fI

KIU ¼

fI ¼ y� yN
yI � yN

fU ¼ y
yU

DGNI ¼ �RT ln KNI ¼ �RT ln
4P3f 4I
1� fI

� �
DGIU ¼

DGNI ¼ DGH2O
NI � mNI GdmHCl½ � DGIU ¼

DGH2O
NU ¼ DGH2O

NI þ 4DGH2O
IU

Abbreviations used are: N4, native tetrameric TcSOD; I, monomeric intermediate; U,
are the corresponding fractional amplitudes.
of the N4, the formation of I (Fig. 4D), and the loss of enzymatic
activity (Fig. 1) were found to be synchronous, which suggested
that the tetrameric structure was essential for the efficient catalysis
of TcSOD. This observation coincided with the structural study
results that a large substrate entry is formed by the subunits of
TcSOD or ApSOD [15,26].

The data in Figs. 2A, B and 3Awere used for the calculation
of the Gibbs free energy of TcSOD unfolding using the equations
listed in Table 1. Since GdnHCl-induced denaturation monitored
by the Em of the intrinsic fluorescence was an apparent two-state
process, the Gibbs free energy of the dissociation of the native
protein DGH2O

NI

� �
was more reliable when obtained from the

transition monitored by CD spectroscopy. The free energy of the
unfolding of the monomeric intermediate DGH2O

IU

� �
obtained

from the Em of the intrinsic fluorescence was similar to that from
model

1 1

2

� 3

U½ �
I½ � ¼

fU
1� fU

4

� yI
� yI

5

�RT ln KIU ¼ �RT ln
fU

1� fU

� � 6

DGH2O
IU � mIU GdmHCl½ � 7

8

unfolded state. yN, yI, yU are the measured signals of each species, while fN, fI, fU
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the CD, suggesting that the change in the intrinsic fluorescence
mainly reflected the I ↔ U transition. Importantly, the DGH2O

NI
value in the absence of GdnHCl (Table 2), which implied that
the quaternary structure provided the main contribution to the
stability of TcSOD against GdnHCl denaturation. The coeffi-
cients of GdnHCl concentration dependence of the N4 ↔ 4I
transition (mNI) was also found to be about 3-fold larger than that
of the I ↔ U transition (mIU), suggesting that the amount of
protein surface exposed to solvent upon unfolding is greater for
the I ↔ U transition [43]. Moreover, The DGH2O

NU values cal-
culated by CD and parameter A data were coincident, which was
nearly 2-fold larger than those of PlSOD andHSOD [20,21]. The
two characteristic concentrations of GdnHCl, f N

− 1(0.5), at which
half of the TcSODwere dissociated into monomer intermediates,
and f U

− 1(0.5), at which half of the intermediates were unfolded,
were calculated from Eq. 7 and were 2.2 M and 4.6 M, re-
spectively. It is worth noting that the midpoint of TcSOD
inactivation by GdnHCl was 1.3 ± 0.1 M when the data in Fig. 1
were fitted to a two-state model. This value was smaller than the
calculated f N

− 1(0.5) value, which suggested that the inactivation
Fig. 5. A comparison of the CD (A) and intrinsic fluorescence (B) spectra of the
native state, unfolding intermediate in 3.4 M GdnHCl, and unfolded state in 6 M
GdnHCl of TcSOD. Details regarding the sample preparation and spectroscopic
experiments were the same as those described in Fig. 2.

Fig. 6. A comparison of the crystal structures of the hyperthermophilic Fe-SOD
from A. pyrophilus (A, PDB ID 1COJ) and human Cu/Zn-SOD (B, PDB ID
1HL5).
was prior to the dissociation of TcSOD during GdnHCl-induced
unfolding.

4.2. Characteristics of the intermediate and unfolded state

Fig. 5 shows a comparison of the CD and intrinsic fluo-
rescence spectra of the three populated states (N, I and U) during
TcSOD unfolding. The ellipticity of the monomeric intermediate
was about 70% of the native enzyme (Fig. 5A), indicating that
considerable amounts of native secondary structures were
maintained in the intermediate. The CD spectrum of the native
protein contained two obvious negative peaks at about 208 nm
and 222 nm, which was consistent with the findings that the
structure of TcSOD is composed of large amounts of α-helices
[26]. However, the CD spectrum of the intermediate indicated
that the intermediate was dominated by β-sheet structures. The
dissimilarity in the characteristics of the CD spectra between the
native and intermediate states suggested that the dissociation
might be accompanied by the unfolding of some of the α-helices
of TcSOD. This deduction was also consistent with the fact
that the α-helices contribute to the inter-subunit interactions in
TcSOD [15,26].

Structure modeling indicated that TcSOD and A. pyrophilus
SOD (ApSOD) share a high structural similarity [15,26], and
the crystal structure of the tetrameric ApSOD is presented in
Fig. 6A. Each subunit of TcSOD is composed of two domains:
the N-terminal domain consisting of two long antiparallel
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α-helices, and theC-terminal domain containing a centralβ-sheet
surrounded by five α-helices. Moreover, each subunit has three
Trp residues, all of which are located in the C-terminal domain
[26]. Among them, Trp110 and Trp191 are located on the helices
of the C-terminal domain, and are in a water-accessible
microenvironment. Trp127 is located on the first β-strand of
the central β-sheet, and is buried in the hydrophobic core of the
C-terminal domain. The distinct distribution of these Trp
residues provides a sensitive tool in monitoring the structural
changes of the C-terminal domain. As shown in Figs. 2 and 5,
the intrinsic fluorescence of TcSOD was centered at 337.5 nm,
which was close to the value of the fluorephore exposed to
bonded water [35]. The small contribution of the Trp in the
hydrophobic microenvironment (Trp 127) to the fluorescence of
TcSOD suggested that the fluorescence of the Trp127 was
partially quenched in the native protein. This deduction was
further confirmed by the about 150% intensity increase of the
intrinsic fluorescence of the intermediate compared to that of the
native state. The emission Em of the intermediate was 340 nm,
indicating that all the Trp residues in the intermediate were
exposed to bonded water. Thus the folding intermediate could be
characterized as a state with about 30% decline in native
secondary structures and with a less compact structure in the
C-terminal domain.

CDexperiments (Fig. 2) indicated that the protein lostmost of its
native secondary structures, and was mainly composed of random
coils under the same conditions (Fig. 5). Meanwhile, the emission
Em of the Trp fluorescence of the 6 M GdnHCl-denatured protein
was at about 350 nm, suggesting that most of the Trp residues were
fully exposed to solvent [35]. These spectroscopic experiments
suggested that TcSOD was fully denatured in 6 M GdnHCl.
Interestingly, two distinct peakswere observed in the SECprofile of
the protein denatured in 6 M GdnHCl (Fig. 4A). Furthermore, the
mass spectrometry analysis indicated that the 6 M GdnHCl-
denatured state contains about 0.404 iron per subunit. Thus the
existence of two peaks appearing at different elution volumes in the
SEC profile implied that the denatured state of TcSOD might be
composed of two populated species with different metal coordina-
tion states. Further research is in progress to investigate the effects
of Fe2+-coordination on TcSOD folding and stability.

4.3. A tetrameric folding intermediate might exist during the
GdnHCl-induced folding of TcSOD

The existence of the multimeric folding intermediate has been
characterized in many proteins (for example, [44–47]). A
tetrameric intermediate (N4

⁎) might also exist during the GdnHCl-
induced folding of TcSOD. The ellipticity (Fig. 2A) of TcSOD
increased slightly in low concentrations of GdnHCl, which implied
that structural rearrangement was induced by the chemical
denaturant. Similar increase of the CD signal was also observed
in the unfolding of other proteins [48,49]. Meanwhile, a peak at
around 1.0MGdnHCl could be identified in the ANS fluorescence
data shown in Fig. 2D. A small platform around 1.0 M GdnHCl
could also be observed in the Parameter A data (Fig. 3A).
Furthermore, the elution time of the tetrameric native protein
(Fig. 4C) revealed a typical two-state process, suggesting that a
tetrameric intermediate with dissimilar molecular volume to the
native state might form at GdnHCl concentrations above 1.0 M. It
seems that a tetrameric folding intermediate accumulated at about
1.0MGdnHCl. However, this multimeric state was not as stable as
the monomeric intermediate, and was difficult to trap since it
appeared at a GdnHCl concentration where the enzyme was in
equilibrium in the tetrameric andmonomeric states. The reason that
this tetrameric intermediate could not be identified by intrinsic
fluorescence (Figs. 2B, C and 3) might have been that the low
concentrations of GdnHCl had little effects on the structure of the
C-terminal domain of TcSOD. This tetrameric state could be
characterized as an active state (Fig. 1) with subtle perturbation of
the secondary structure compositions (Fig. 2A), an intact C-
terminal domain (Fig. 2B andC), slightly loose quaternary structure
(Fig. 4C), and∼150% increase in hydrophobic exposure (Fig. 2D).
Then the folding of TcSOD could be described as a four-state
process

N4 X N
⁎
4 X 4I X 4U:

4.4. Comparison of the folding pathways of TcSOD and other
SODs
As mentioned in the introduction, of the four types of SODs,
the folding mechanisms of Cu/Zn-SOD are the best studied.
Similar to the folding of TcSOD, a stable monomeric inter-
mediate has also been characterized in the folding of Cu/Zn-
SOD [19–22,50]. It seems that such a three-state folding
mechanism with the appearance of a monomeric intermediate
(N↔ I↔U) was common among the SOD family. However, the
properties of the folding intermediate of Fe- and Cu/Zn-SOD
are quite different. The folding intermediate of Cu/Zn-SOD is
characterized by a minor change in the CD signal and a gradual
change in the fluorescence emission [20,21], while that of
TcSOD is identified by a minor change in the Trp fluorescence
and about 30% decline in the ellipticity (Fig. 2). These dif-
ferences which might arise from the dissimilarity in their
sequence and structure (Fig. 6) [14,15]. The dimeric Cu/Zn-
SOD from all species contains a conserved Greek-key β-barrel
made up of eight antiparallel β-strands [51,52], while the
structure of the tetrameric Fe-SOD is composed of a central β-
sheet in the C-terminal domain surrounded by α-helices
[15,26]. It is possible that most of the secondary structures
were maintained in the intermediate of the Cu/Zn-SOD. As for
TcSOD, the spectroscopic experiments suggested that the
unfolding of the helices might occur earlier at low concentra-
tions of GdnHCl, while the unfolding of the central β-sheet
might be the final step of TcSOD unfolding. The conclusion that
the central β-sheet is crucial for protein stabilization has also
been observed in many other proteins (for example, [33,45]).

The quaternary structure is suggested to be crucial to the stability
of both Cu/Zn-SOD and Fe-SOD. It has been found that the Gibbs
free energy of human Cu/Zn-SOD dissociation was about 2-fold
greater than the unfolding of the monomeric intermediate [20].
Similarly, the results herein also indicated that the Gibbs free
energy of the N4↔4I transition was about 3-fold larger than the
I↔U transition. It seems that the quaternary structure provided a
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major contribution to the stability of all multimeric SODs. This
observation coincided with the proposal that oligemerization is
crucial to protein structure, function and stability [40,42,53,54].
Moreover, the monomeric intermediate of TcSOD was populated
between 3 M to 3.8 M GdnHCl, while it appeared between 4 M to
5 M GdnHCl for human Cu/Zn-SOD. The values of the
thermodynamic parameter of the unfolding of the monomeric
intermediate of TcSOD (Table 2) was found to be similar to those of
Cu/Zn-SOD from human (HSOD) and Photobacterium leiognathi
(PlSOD), while that of the dissociation of the multimeric protein
was about 6 kcal/mol larger than that of HSOD or PlSOD [20–22].
This suggested that TcSOD was more stable than the other two
SODs, and the quaternary structure was responsible for its high
stability. Considering that TcSOD is a hyperthermostable
enzyme but HSOD or PlSOD are not, it seems that the
hyperthermophilic property of TcSODmight be arisen from the
stability of its tetrameric structure. The observation that the
inter-subunit association is a principal factor for protein
stability has also been verified in the hyperthermostable Fe-
SOD from A. pyrophilus [15] and other proteins [37–
42,21,30,45]. As mentioned above, the three-state folding
mechanisms might be common among SOD proteins, and the
major difference might be the properties of the intermediate
state or N↔ I transition. It seems that the tight quaternary
structure enabled the hyperthermostable Fe-SODs function
correctly under extreme environments. Further research is
needed to provide a detailed understanding of the structural and
folding basis of hyperthermostable SODs.
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