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ABSTRACT: The unfolding of holo and apo forms of human Cu/Zn superoxide dismutase by guanidine
hydrochloride has been investigated by steady-state and dynamic fluorescence. In agreement with previous
observations, a stabilizing effect of the metal ions on the protein tertiary structure was apparent from
comparison of apo- and holoproteins, which both showed a sharp sigmoidal transition though at different
denaturant concentrations. The transition was also followed by circular dichroism to check the extent of
secondary structure present at each denaturant concentration. The results are incompatible with a simple
two-state mechanism for denaturation. The occurrence of a more complicated process is supported by the
emission decay properties of the single tryptophanyl residue at different denaturant concentrations. A
complex decay function, namely, two discrete exponentials or a continuous distribution of lifetimes, was
always required to fit the data. In particular, the width of the lifetime distribution, which is maximum
at the transition midpoint, reflects heterogeneity of the tryptophan microenvironment and thus the presence
of different species along the denaturation pathway. Intheunfolded state, the width of the lifetime distribution
is broader than in the folded state probably because the tryptophan residue is affected by a larger number
of local conformations. The dissociation of the dimer was also studied by varying the protein concentration
at different denaturant concentrations. This process affects primarly the surface of the protein rather than
its secondary structure as shown by a comparison between the tryptophan emission decay and circular
dichroism data under the same conditions. Another consequence of dissociation is a greater instability in
the structure of the monomers, which are more easily unfolded. This finding lends support to the idea that

the quaternary structure is crucial for the stability of oligomeric proteins.

The stability of globular proteins is a relevant problem in
biophysics. The analysis of the denaturation curves obtained
using various denaturing agents (urea, guanidine, heat, acids,
pressure) and different techniques (circular dichroism, cal-
orimetry, fluorescence, nuclear magnetic resonance) (Pace,
1986) is useful to investigate the chemical and physical
properties of the folded and unfolded states and hence to get
information about the mechanism of folding (Creighton, 1978).
Recently it was suggested that the classical two-state theory
of unfolding for small globular proteins is not appropriate to
describe the process of denaturation and a new general “step-
wise” mechanism for protein folding was proposed (Kim &
Baldwin, 1982; Ptitsyn et al., 1990; Jaenicke, 1991).

As a matter of fact, the presence of stable structural
intermediate(s) between the native and the unfolded state has
been revealed and characterized with various methodologies
for at least three different proteins (Kuwajima, 1977; Dol-
gikhetal,, 1981, 1984; Holladay et al., 1974). It was pointed
out that relevant volume and surface effects, which charac-
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terize these intermediate species, are taking place during the
unfolding transition. In the case of oligomeric proteins,
however, the mechanism of unfolding is even more complicated
because monomerization can occur. In particular, it would
be interesting to know if the two processes take place at the
same time. Knowledge of these details will bring important
information about protein stability.

Time-resolved fluorescence spectroscopy and anisotropy
decay studies are well-established methods to characterize
the conformational transition occurring during the unfolding
process. Furthermore, fluorescence lifetimes and rotational
correlation times of intrinsic probes, like tryptophan or ty-
rosine residues, belong to the same time scale of local protein
motions and fluctuations (Beechem & Brand, 1985; Weber,
1953; Karplus & Petsko, 1990). Thus, a description of
processes involving the dynamics of the microenvironment of
the fluorophore as well as those concerning the protein as a
whole is accessible using dynamic fluorescence methods.
Traditionally, the fluorescence intensity decays were analyzed
using a sum of discrete exponentials. This model was generally
interpreted by assuming that different discrete species are
simultaneously present in solution. Recent improvements in
technology and in computer analysis have suggested the
possibility of describing protein fluorescence decay using
continuous distributions of lifetimes (Alcala et al., 1987a,b,c;
Libertini & Small, 1989). This approach has already been
used in the case of apomyoglobin (Bismuto et al., 1988) and
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human superoxide dismutase (Rosatoet al., 1990a,b) toexplain
the effect of temperature on the protein subconformations. It
has been found that the width of the lifetime distribution
increases upon denaturation and that the distribution width
can be used as an indicator of the number of protein
conformations. On the other hand, the distribution analysis
failed in describing the unfolding of ribonuclease T; by tem-
perature and guanidine hydrochloride (GdHCI)! (Gryczyn-
skietal., 1988). However,itshould be noted that the properties
of the tryptophan in native ribonuclease T; are completely
different from those of the same probe in the other two proteins.
In fact, in ribonuclease T, it is buried inside the protein in
a highly hydrophobic region that provides the conditions for
a homogeneous fluorescence decay. Furthermore, anisotro-
py decay measurements showed that this tryptophan residue
is immobile at room temperature (James et al., 1985). These
examples clearly show that the adequacy of discrete or
continuous decay models is related to the specific chemico-
physical properties of the sample under scrutiny.

In this paper, we have studied the GdHCl-induced unfolding
of HSOD, a dimeric protein composed of two identical
subunits, each containing a single tryptophan residue exposed
to the solvent. The stability of a cognate protein, bovine su-
peroxide dismutase, in the presence of 8.0 M urea (Mali-
nowski & Fridovich, 1979) and SDS (Forman & Fridovich,
1973) hasalready beenreported. The conformational stability
of the enzyme seems to be a common feature of all Cu/Zn
SODs, which have large structural homology (Getzoff et al.,
1989).

Toinvestigate the unfolding mechanism of HSOD, we have
measured the steady-state and time-resolved intrinsic fluo-
rescence as a function of GAHCI concentration. The fluo-
rescence decay of this protein has been fitted with a continuous
distribution of lifetimes or with a sum of two discrete expo-
nentials. A comparison between the two models is reported
and discussed in terms of mathematical, statistical, and
physical considerations. In addition, steady-state anisotropy
and anisotropy decay data have been collected at different
denaturation stages. The structural transition was also
followed by circular dichroism. All these data give new
information about the stability and denaturation mechanism
of HSOD. Altogether, theyqualify time-resolved fluorescence
as a valuable method for identification of metastable protein
conformers.

MATERIALS AND METHODS

Sample Preparation. HSOD was purified from human
erythrocytes (Bannister & Bannister, 1984). Metal-depleted
HSOD was prepared by dialyzing the protein against 1 mM
EDTA in 0.05 M sodium acetate buffer, pH 3.5, for 24 h and
then for 12 h at pH 7.6. The samples used for fluorescence
experiments were dissolved in 0.01 M potassium phosphate
buffer, pH 7.6. For denaturation experiments, each sample
was prepared by diluting 0.3 mL of protein stock solution to
2mL with GdHCl-containing buffer. Allmeasurements were
carried out at 20 °C after 20-h incubation in the presence of
GdHCI at 4 °C. Ultrapure GdHCI was purchased from
United States Biochemical and tested for purity in spectral
absorption and fluorescence.

Fluorescence Measurements. Proteinunfolding curves were
recorded by measuring the steady-state intrinsic fluorescence

1 Abbreviations: CD, circular dichroism; HSOD, human superoxide
dismutase; GAHCI, guanidine hydrochloride; SDS, sodium dodecyl sulfate;
EDTA, ethylenediaminetetraacetic acid; DTT, dithiothreitol.
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FIGURE 1: Dependence of fluorescence intensity (a) and steady-
state anisotropy (b) on GAHCI concentration for holo-HSOD (filled
symbols) and apo-HSOD (open symbols).

and the fluorescence polarization at various concentrations of
GdHCI using a single-photon-counting (ISS, Inc., Cham-
paign, IL; Model GREG PC) or a Jobin-Yvon Model 3D
spectrofluorometer.

Frequency domain techniques were used to measure the
intrinsic fluorescence decay and the fluorescence depolar-
ization of the protein in the range 10-240 MHz (Gratton et
al., 1984). Thelightsource wasa high-repetition mode-locked
Nd-Yaglaser, and the harmonic content of the laser was used
as previously described (Gratton & Linkeman, 1983). Ex-
citation was at 295 nm (through a polarizer oriented at the
“magic angle”) while emission was observed througha WG335
cutoff filter to remove scattered light. Data analysis was
performed by minimizing the reduced x2 with a routine based
on the Marquardt algorithm using the Globals Unlimited
software (Beechem & Gratton, 1988).

Except for dissociation measurements, all fluorescence
experiments were performed using samples in the absorbance
range 0.04-0.10 at 295 nm. The experiments at high
concentration were performed using special cuvettes (3 X 3
mm) with two dark faces to avoid muitipie reflection.

Circular Dichroism Measurements. Circular dichroism
measurements were carried out using a Jobin—Yvon CD VI
spectropolarimeter. The sample holder was thermostated at
20 °C using an external bath circulator. All samples were in
the concentration range 0.1-1.0 mg/mL, and the measure-
ments were performed in 1.0-cm quartz cuvettes.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were carried out at 10 °C and 52 000 rpm on a
Spinco Model E ultracentrifuge equipped with a tempera-
turecontrol unit. Protein concentrations were varied between
4.8 and 5.3 mg/mL. The sedimentation coefficients were
evaluated from the maximum ordinate of the schlieren peak
and were reduced to syo,w by standard procedures.

RESULTS

Steady-State Measurements. Fluorescence emission spec-
tra of native and metal-depleted HSOD have already been
reported (Rosato et al., 1990b). Both spectra are structure-
less, centered at 344 nm, and essentially similar to that of
N-acetyltryptophanamide in the same buffer. Their intensity
isreported in Figure 1a as a function of GAdHCl concentration.
Figure 1b shows the steady-state fluorescence anisotropy of
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FiGURE2: (a) Dependence of the fluorescence lifetime (filled symbols)
and its long component fraction (open symbols) on GdHCI
concentration: discretelifetimes model. (b) Dependence of the width
of the Lorentzian function on denaturant concentration: continuous
distribution of lifetimes model. Bottom: comparison of the discrete
and distributed lifetime models at 0.0, 4.0, and 6.5 M GdHCI
concentration. The values of x2 reported in (a) and (b) correspond
to the best global fit obtained with each model.

the same samples. The anisotropy for N-acetyltryptophan-
amide in buffer was » = 0.003 % 0.001. According to the
anisotropy data, holo- and apoprotein forms are completely
unfolded by GAHCI at 6.0 and 3.0 M, respectively, indicating
a significant stabilizing effect of the metal ions.
Time-Resolved Fluorescence. Fluorescence decay data,
obtained using frequency domain techniques, were fitted using
different models, namely, one- and two-exponential functions
or a continuous distribution of lifetimes (Rosato et al.,
1990a,b). By comparison of the x2 values and of the pattern
of weighted residuals in the different fits, it was again found
that the fluorescence decay of the HSOD samples always
requires a complex fit. From the point of view of statistics,
the simplest satisfactory fit is the unimodal distributed Lorent-
zian lifetime model (Rosatoetal., 1990a,b). Infact, it requires
only two independent parameters (center and width) while
three parameters are used for a double-exponential function
(twolifetimes values and the relative fraction). Both methods
were used to fit the fluorescence decays of HSOD at various
GdHCl concentrations. Figure 2a,bshows the results obtained
according to the two models. The bottom part of Figure 2
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FIGURE 3: Dependence of the Lorentzian distribution center (a) and
width (b) on GAHCI concentration for holo-HSOD (filled symbols)
and apo-HSOD (open symbols).
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FIGURE 4: Rotational correlation times of holo-HSOD measured as
a function of GdHCI concentration. Inset: experimental (filled
symbols) and calculated (open symbois) steady-state fluorescence
anisotropy of holo-HSOD as a function of GdHCI concentration.
The steady-state anysotropy was calculated on the basis of the dynamic
anysotropy values shown in the main panel.

shows that mathematically they are quite equivalent. In fact,
the width of the distribution increases whenever the ratio of
the relative fractions of the two discrete lifetimes decreases.
As the x2 value is not improved by adding a new parameter,
we adopted the continuous lifetime distribution model in the
interpretation of the data. Furthermore, while the presence
of two discrete lifetimes in the native protein is tenable, in the
denatured samples it would require the presence of a
contaminant species. Figure 3a shows the variation of the
lifetime distribution center as a function of the denaturant
concentration. Sigmoidal transition curves as a function of
GdHCI concentration are observed for both protein forms.
The dependence of the distribution width on the GdHCI
concentration is shown in Figure 3b.

Anisotropy Decay Measurements. The anisotropy decay
of HSOD has been measured at different points of the
unfolding curve. At least two rotational correlation times
were required to fit the data for both native and GdHCI-
treated samples (Figure 4). Native HSOD shows a long
rotational component of 15.9 ns and a short component of
0.09 ns. The slow rotation is compatible with the tumbling
of a molecule of M, 33 000. The calculated rotational lifetime
for an equivalent rigid sphere would be 13 ns, while HSOD
is in fact a prolate ellipsoid. The short component is in the
range expected for local, fast rotation of the indolyl side chain
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FiGure 5: CD spectra for holo-HSOD (solid lines) and apo-HSOD
(dashed lines) in 0.0 M GdHCI (1), 5.5 M GdHCIl (2), and 6.0 M
GdHCI plus DTT (3). Inset: CD intensity at 215 nm for holo-
HSOD (filled symbols) and apo-HSOD (open symbols) as a function
of GAHCl concentration. Thetriangle (A) corresponds to thesamples
in 6.0 M GdHCI plus DTT.

(Munro et al., 1979). The rotational rates obtained from
anisotropy decay measurements were used to calculate the
steady-state fluorescence anisotropy of holo-HSOD as a
function of GAHCI concentration. The close agreement of
calculated and observed values of the steady-state anisotropy
is shown in the inset of Figure 4. It should be noted that at
high denaturant concentration the two rotational times
approach each other, making the attribution of each species
less certain.

Circular Dichroism Experiments. CD spectra of HSOD
between 200 and 250 nm were recorded at different GAHCI
concentrations. Apo-HSOD hasa broader spectrum and does
not contain the copper-related peak at =230 nm. The data
show that holo- and apoprotein samples show a residual di-
chroism even at 6.0 and 5.0 M GdHCI, respectively. This is
probably due to the disulfide bond present in each subunit
since the signal is completely lost upon addition of DTT (final
concentration =~ 1 mM) (Figure 5).

Analytical Ultracentrifugation. Nativeand 3.5M GdHCI-
treated HSOD samples were run in an analytical ultracen-
trifuge to monitor the quaternary structure during unfolding.
Both nativeapo-HSOD and holo-HSOD in 10 mM phosphate
buffer, pH 7.6, at =11 °C sediment as a single peak (Figure
6, top panel) of 2.48 and 2.88 S, respectively, as expected for
their molecular weight value (=33 000). No evidence for
higher aggregates was found.

The sedimentation velocity pattern of the holoprotein in
3.5 M GdHCI shows instead a very broad peak sedimenting
faster than that of apo-HSOD at the same denaturant
concentration (Figure 6, bottom panel). Even though a
thorough correction for the viscosity was not attempted, apo-
HSOD seems to be completely dissociated into largely
denatured subunits not sedimenting at this velocity and solvent
viscosity, while holo-HSOD still sediments as an heterogeneous
peak in which both monomeric and dimeric protein molecules
are probably present.

Kinetics of HSOD Denaturation. The kinetics of HSOD
denaturation were studied by mixing rapidly (=5s) the protein
with GdHCI to final concentration of 6.5 M following the
fluorescence change with time (Figure 7, dotted line).
Attempts to fit these data with one- or two-exponential
(continuous line) equations were not satisfactory as shown by
the respective weighted residuals (Figure 7).

A mathematically better fitting was only obtained using a
physically meaningless three-exponential equation (not shown).
Qualitatively similar results were obtained at 3.5 M GdHCI.
Altogether, these data rule out a simple one-step and even a
two-steps process for the denaturation of HSOD.

Biochemistry, Vol. 31, No. 32, 1992 7227

FIGURE 6: (Top) Sedimentation patterns of apo-HSOD (top curve)
and holo-HSOD (bottom curve) in 10 mM phosphate buffer, pH 7.6
at11°C. (Bottom) Sedimentation patterns of apo-HSOD (top curve)
and holo-HSOD (bottom curve) in 3.5 M GdHCI (same condition
as in top panel). Photographs taken 179 (top panel) and 100 min
(bottom panel) after reaching full speed (52 000 rpm). The sedi-
mentation direction was from left to right.
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Ficure 7: Kinetics of HSOD denaturation is 6.5 M GdHCI. The
solid line represents a fit for a two-exponential model: F(r) =
32.6e 0086 _ 356,3¢0-006' + 975.1 (x? = 3.5). In the central part of
the figure, the weighted residuals relative to the fit are shown.

Monomerizationof HSOD. Inorder to test for the presence
of a monomer—dimer equilibrium, suggested by analytical ul-
tracentrifugation experiments, spectroscopic data were taken
at different protein concentrations. The steady-state anisot-
ropy and CD signal at 215 nm of holo-HSOD in 3.5 M Gd-
HCI as a function of protein concentration are reported in
Figure 8. The span of concentrations was ~300 times. The
data clearly show that monomerization is occurring without
any change in the secondary structure of the protein as the
anisotropy drops dramatically while the CD signal is constant
over the concentrations studied. The anisotropy data were
fitted using a simple two-state model (solid line) following the
equilibrium reaction:

[D] <> 2[M]

Using a Marquardt algorithm and a value of the dimer
steady-state anysotropy r¢ = 0.190 £ 0.002 (see Figure 1b),
the dissociation constant at 3.5 M GdHCI was calculated to
be 41 £ 8 uM. The asymptotic value at low protein
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concentration, ry = 0.098 £ 0.003, was also calculated with
the same fitting function (Figure 8). Similar experiments
were performed at 2.0 and 5.5 M GdHCI. All the data are
reported in Figure 9a.

The dissociation was also monitored using dynamic fluo-
rescence. In particular, the width of the lifetime distribution
is very sensitive to the dissociation process (Figure 9b), while
the center of the distribution is not affected by the protein
concentration (data not shown).

DISCUSSION

ProteinStability. Crystallographic and calorimetric studies
on HSOD (Parge et al., 1986; Biliaderis et al., 1987) have
demonstrated that this dimeric enzyme is very stable and that
Cu and Zn ions play a relevant role in keeping the native
structure. HSOD, like the homologous bovine enzyme, is
structured into domains connected by hydrophobic, electro-
static, and covalent bonds (Getzoff et al., 1989; Tainer et al.,
1982). Inagreement with these data, we have demonstrated
that 6 M GdHCI is required to unfold holo-HSOD while a
lower concentration (3.5 M) is needed to unfold the metal-
depleted form, as detected by steady-state fluorescence and
anisotropy measurements. The effect of GAHClon the protein
structure may also be monitored by anisotropy decay mea-
surements. In particular, information about the shape of the
macromolecule can be obtained from the long rotational
correlation time. This parameter decreases very quickly above

Mei et al.

1 M GdHC], suggesting that a loosening of the protein in the
dimeric form may occur beyond this concentration. Fur-
thermore, the presence or absence of the metals affects the
rotational lifetime of native HSOD while the unfolded samples
show similar values (Table I). This result suggests that the
metals may influence the tryptophan mobility, making the
protein molecule more rigid. A comparison of fluorescence
and CD data confirms this hypothesis. Two experimental
evidences show that the removal of metals modifies the mobility
of the tryptophan-containing domain but not the secondary
structure of the protein. First, the CD spectra of holo- and
apoprotein samples have the same minimum at =210 nm.
Second, the same amount of GdHCI is required to destroy
completely the secondary structure of both protein forms
(Figure 5) while apo-HSOD and holo-HSOD show transitions
monitored by fluorescence at different denaturant concen-
trations, respectively.

Heterogeneity of the Tryptophan Microenvironment. A
protein can be considered a complex physical system fluc-
tuating among a large number of similar conformational sub-
states (Austin et al.,, 1975). In particular, both local and
global small motions have been discussed in terms of inter-
converting processes among substates (Ansari et al., 1985;
Hong et al., 1990). The time scale of interconversion is
characteristic for each protein and is affected by the same
factors that influence the stability of the macromolecular
structure (i.e., temperature, pH, denaturants). We would
like to suggest that the width of the lifetime distribution
recovered from the fit of the fluorescence decay data indeed
reflects the number of protein conformational substates and/
or the fluctuations of the protein. This hypothesis for HSOD
can be defended on the basis of the following observations.

First, let us consider the ratio between the widths of apo-
and holo-HSOD in buffer. This ratio is about 1.6, suggesting
that the heterogeneity of the fluorophore microenvironment
is greater in the metal-depleted molecule, as expected on the
basis of structural considerations. This is further confirmed
by the broader peak of sedimentation of apo-HSOD observed
in the analytical ultracentrifugation experiments (Figure 6a)
and by the difference in rotational correlation times (Table
I).

Second, the unfolded state is always characterized by a
distribution of lifetimes broader than that of native state
(Figure 3b). This finding suggests that the fluorophore
experiences a larger number of environments in the unfolded
state because of the loss of a defined three-dimensional
structure.

Insightsinto the Denaturation Mechanism of HSOD. The
denaturation mechanism of a protein can be described either
as a two-state process or as a multistate process. The former

“hypothesis requires that only the folded and the completely

unfolded conformations are present in solution during the
denaturation process. This model has been extensively
developed in the case of small globular proteins (Privalov,
1979) for which a simple sigmoidal transition curve should be
expected. On the other hand, the multistate model requires
the presence of at least an intermediate form sometimes
described as a “molten globule” (Ptitsyn et al., 1990). Inthe
case of HSOD, the data reported above indicate a more
complicated denaturation mechanism.

First, the dependence of the width of the lifetime distribution
on the denaturant concentration cannot be explained in terms
of folded and unfolded molecules only. In fact, if the
fluorescence decay at each denaturant concentration is fitted
by the sum of two distributions (corresponding to native and
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Table I:  Anisotropy Decay Parameters®
one rotation two rotations
sample x? L ro X2 o, &, rn r T
holo-HSOD 3.9 16.6 0.23 2.0 15.9 0.09 0.22 0.06 0.28
apo-HSOD 2.8 11.9 0.22 22 13.8 0.16 0.21 0.07 0.28
holo + 6.5 M GdHCI 7.9 1.2 0.20 1.3 3.7 0.40 0.13 0.15 0.28
apo + 3.0 M GdHCI 10.2 1.6 0.15 3.5 4.1 0.22 0.07 0.21 0.28

¢ &, &), and &,, rotational correlation times in nanoseconds (6%, 6®; ~ £0.5 ns; §&, ~ £0.03 ns). ro, 71, and r,, zero-time anisotropies (57 ~ %£0.02).

x2, reduced x2.

Table II: Fluorescence Decay Parameters of Holo-HSOD in

GdHCl1

two fixed
GdHCl one Lorentzian fit? Lorentzians fit?

(M) x? C W x? Fy
0.0 1.3 2.20 0.40 i3 1.00
1.0 1.6 1.99 0.39 1.8 1.00
2.0 1.6 2.07 0.44 55 0.92
3.0 14 2.21 0.59 10.8 0.89
40 2.5 2.49 0.82 17.9 0.71
4.5 1.9 2.84 0.90 8.8 0.40
5.0 1.6 3.13 0.81 2.6 0.17
6.0 1.4 3.28 0.67 2.4 0.04
6.5 1.6 3.35 0.68 1.6 0.00

2 Phase and modulation data are fitted with a single Lorentzian-shaped
continuous distribution of lifetimes. (C = center of Lorentzian in
nanoseconds, 6C = 0.02 ns; W = width of Lorentzian in nanoseconds, W
= 0.03 ns). ¢ Phase and modulation data are fitted with the sum of the
Lorentzian relative to the native protein (L;, C; = 2.20 ns, W) = 0.40
ns) plus that relative to the unfolded one (L3, C; = 3.35 ns, W, = 0.68
ns). F) = fraction of fluorescence relative to L;. x2 = reduced x2.

denatured species), the value of the x2 is always higher than
that obtained with a single Lorentzian fit (Table II). An
attempt totake into accounta first-order (linear) perturbation
due to guanidine gave much higher x2 values (data not shown).

Second, HSOD is a dimeric enzyme, and as demonstrated
by ultracentrifugation and protein concentration dependent
experiments, monomeric species are appearing along the
denaturation pathway. These species, whose secondary
structure is still that of native molecules, should have peculiar
characteristics that can strongly influence the fluorescence
emission decay. In fact, the two subunits of HSOD are held
together by interactions occurring between two highly hy-
drophobic regions of the monomers. These regions ar¢
completely exposed to the solvent when the dimer splits into
halves. Thus, it is not surprising that the tertiary structure
of the isolated subunit may be different with respect to the
native conformation, inducing a relevant surface tension that
affects the tryptophan microenvironment. While the mean
lifetime is unchanged upon dilution of the samples, an increase
in heterogeneity of the fluorescence decay is shown by the
broadening of the distribution. The transition is shifted to
higher protein concentrations by increasing the amount of
denaturant (Figure 9b).

As the CD signal at 3.5 M GdHCl is nearly two-thirds that
of the native sample (Figure 5, inset), one should assume that
part of the molecules are already unfolded at this denaturant
concentration. On the other hand, we have shown that no
further decrease of the CD signal is observed upon diluting
the sample and therefore the fraction of unfolded molecules
is not increased.

Kinetic data on this denaturation process (Figure 7)
confirmed the complexity of the system, because any attempt
to fit these data with simple one- or two-step mechanisms was
unsuccessful.

These data, together with previous observations on the
stability of the protein and the presence of multiple subcon-
formations aiso in the native state, allowed us to establish a
model for the unfolding mechanism of HSOD. According to
this model, the addition of increasing amounts of GdHCI to
the protein shifts the monomer—dimer equilibrium toward the
monomers. Atthesametime,duetothesurfacetensiondriven
by hydrophobic interactions, some of the monomers (i.¢., the
most unstable species) collapse to the completely unfolded
forms. Overall, the following reactions take place:

[D] «2[M] —2[U]

where [U] represents the concentration of unfolded molecules.
It should be noted that the second step may also occur at low
denaturant concentration in parallel with the dimer dissoci-
ation. Thiseffect does not allow us toisolate the two processes.

The instability of some monomeric species is clearly the
most relevant feature of this mechanism. In fact, it suggests
an explanation for the wide occurrence of oligomeric proteins
in biological systems. The rationale of quaternary structure
in nonallosteric proteins would be the stabilization of the
conformation of the subunits in a more rigid and compact
system.
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