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ABSTRACT: We have employed differential scanning calorimetry (DSC) to investigate the thermally induced
unfolding of native Cu,Zn-superoxide dismutase (SOD), the apoprotein derived from native SOD, and the
zinc-substituted derivatives of the apoprotein. We observe two overlapping melting transitions for native
bovine SOD with heat capacity maxima at temperatures (7,) of 89 and 96 °C when a scanning rate of
0.82 deg/min is employed. By contrast, the dithionite-reduced native SOD (which contains Cu* rather
than Cu?*) exhibits only a single transition at 96 °C. Significantly, we find that the concentration of O,
present in native SOD samples influences the relative magnitudes of the 89 and 96 °C peaks. Specifically,
the lower temperature transition becomes less pronounced as the concentration of O, in the sample decreases.
On the basis of these observations, we propose that the lower temperature peak corresponds to the melting
of the oxidized native protein, while the higher temperature peak reflects the melting of the reduced native
protein, which forms spontaneously during the heating process. Our interpretation profoundly differs from
that of Lepock et al. [Lepock, J. R., Arnold, L. D, Torrie, B. H., Andrews, B., & Kruuv, J. (1985) Arch.
Biochem. Biophys. 241, 243-251], who have proposed that the low-temperature transition corresponds to
the reduced form of the protein. We present evidence that suggests that their experiments were complicated
by the presence of potassium ferrocyanide, which, in addition to reducing the cupric center, also perturbs
the protein. In contrast to native SOD, we observe that apo-SOD melts monophasically with a T, of only
57 °C at the identical scan rate used for melting the native protein. This result demonstrates that metal
ions play a significant role in enhancing the thermal stability of native SOD. A series of DSC melts on
apo-SOD as a function of added Zn?* reveals that binding of the first 2 equiv of Zn?* ions induces most
of the overall thermal stabilization observed for the binding of a total of four Zn** ions to the SOD protein
dimer. While not altering the peak area, addition of the third and fourth equivalents of Zn2* does cause
the melting transition to sharpen and to exhibit a small increase in T,;. We also find that the DSC melting
profiles for SOD exhibit a strong dependence on scan rate. Such a scan rate dependence can occur when
the overall process is kinetically limited and/or irreversible. Consequently, we have considered these
possibilities in our interpretation of the calorimetric data.

Native bovine copper-zinc superoxide dismutase (Cu'l;-
Zn,SOD)! is a dimer of identical subunits, each of which
contains one Cu’* and one Zn®* ion and has an approximate
M, of 16000 (Valentine et al., 1981). The X-ray crystal
structure at 2-A resolution (Tainer et al., 1982) shows a
globular protein with each subunit comprised of eight anti-
parallel §-strands, one disulfide linkage, and a metal binding
region in which the Cu?* and Zn?* ions are bridged by a
histidyl imidazolate which holds them 6.3 A apart. In addition

*Supported by USPHS Grants GM-28222 (J.8.V.) and GM-23509
and GM-34469 (K.J.B.).
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to the bridging histidyl imidazolate, the Cu?* ion is coordinated
to three histidyl ligands and a water molecule while the Zn?*
ion is coordinated to an aspartyl carboxylate group and two
histidyl imidazoles (Figure 1). The subunits are strongly

! Abbreviations: Cu,Zn-SOD, native form of cuprozinc superoxide
dismutase as isolated from bovine liver. In general, X,Y,SOD signifies
those derivatives of the native protein in which the metal ions X and Y
have been substituted for Cul! and Zn'",, respectively (X and Y may be
the same). All metal ion oxidation states are assumed to be 2+ unless
noted otherwise. E,Zn,SOD denotes that protein derivative which is free
of metal ions in the copper sites (E = empty).

© 1988 American Chemical Society



DSC OF CU,ZN-SOD

\
G Bro
Y 4
Ve
, GLY
\ / LYS

Cu / — | LYsS
Yy 8 ‘, \
N 1 A \\\ }oew
PRO PH\E ~-ARGY ~”
GLY ASN SER
4 \
*SER PRO~LEU

FIGURE 1: Schematic representation of the metal binding region of
Cu,Zn-SOD.

associated by noncovalent interactions between residues that
occur in a predominantly hydrophobic region of each subunit.?

The primary biological function of the superoxide dismutases
remains the subject of some controversy (Fridovich, 1981; Fee,
1981). In addition, it is not at all clear what role the zinc ion
plays in the native protein, since its removal has little effect
on SOD activity (Pantoliano et al., 1982a). NMR experi-
ments, however, have shown that the presence of Zn?* ion
influences the structure of the metal binding region of the
protein (Cass et al., 1979; Lippard et al., 1977). It has been
demonstrated that addition of 2 equiv of Zn?* jon per protein
dimer (i.e., one per subunit) to the apoprotein causes the
conformation of the metal binding region to change to one
closely resembling that of the reduced native protein. We have
been interested in determining the effect of metal ion binding
not only on the local conformation of the metal binding region
of the protein but also on the global thermal stability of the
entire protein structure.

The work of Forman and Fridovich (1973) and others
(Stellwagen & Wilgus, 1978; Simonyan & Nalbandyan, 1975)
demonstrates that the protein exhibits a high thermal stability
that is large and very sensitive to metal content. For example,
Forman and Fridovich found that heating of the apoprotein
at 49.4 °C and pH 7.8 for 10 min followed by reconstitution
with Cu®* and Zn?* causes 50% of the original activity to be
lost. By contrast, the native protein under identical conditions
requires heating at 77.2 °C for 10 min to cause loss of half
of its activity. The zinc-only derivative was reported to be even
less stable than the metal-free form. More recently, Lepock
et al. (1985) used differential scanning calorimetry (DSC),
to reexamine the thermal stability of the bovine protein as a
function of metal content. They concluded, in agreement with
Forman and Fridovich, that the native form is thermally more
stable than the metal-free protein. However, the melting
temperature values reported by Lepock et al. for the native
protein and apoprotein are significantly higher than those noted
by Forman and Fridovich. Lepock et al. also reported that
the zinc-only derivative has a thermal stability between those
of the native and the apo forms, in contrast to the result of
Forman and Fridovich. In addition, Lepock and co-workers
observed that the denaturation of the native protein consists
of two transitions of different melting temperatures. They

2 Attempts by several investigators have failed to produce stable mo-
nomers of this protein except under denaturing conditions. See pp
300-305 of Valentine et al. (1981).
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assigned the lower temperature transition to that of the de-
naturation of a reduced form of the native protein, which
contains Cu* rather than Cu?*. In this work, we present
evidence that indicates that this assignment is wrong. Lepock
et al. based their interpretation on the observation that, in the
presence of 4 mM potassium ferrocyanide, the denaturation
of the holoprotein appears to occur in a single transition and
that the melting temperature of this transition is similar to
that of the low temperature denaturing form. We believe that
their measurements were complicated by the fact potassium
ferrocyanide not only reduces the cupric center but also per-
turbs the protein. The studies of Lepock et al. were further
limited by the fact that they conducted their measurements
at only one pH and at only one DSC scan rate.

In the work reported here, we have employed a more sen-
sitive scanning calorimeter and have conducted our mea-
surements at several scan rates. As described below, our results
allow us to clarify the nature of the thermal denaturation of
bovine Cu,Zn-SOD and to quantify the dependence of the
melting behavior on metal content, in particular, the effect
of zinc binding on the thermal stability of the protein. Sig-
nificantly, our results are qualitatively and quantitatively
different from those of previous investigators.

MATERIALS AND METHODS

Proteins and Derivatives. Bovine liver Cu,Zn-SOD was
obtained from Diagnostic Data, Inc. (Mountain View, CA),
as a lyophilized powder. Protein concentrations of native
bovine SOD were determined spectrophotometrically, with
€58nm = 10300 M~! cm™. Reduced native bovine liver SOD
was prepared in an inert atmosphere chamber by reduction
of native SOD with an approximately 10-fold excess of sodium
dithionite in 0.1 M sodium acetate buffer, pH 5.5. Excess
dithionite was removed by dialysis against three 1.0-L changes
of buffer. Reduction by the direct addition of a small excess
of dithionite was also employed. The preparation of the
apo-SOD has been described previously (Pantoliano et al.,
1982b, 1983), and concentrations were determined by the
Lowry assay (Lowry et al., 1951) with a solution of native
bovine liver SOD of known concentration for the protein
standard. The zinc-containing derivatives were prepared by
the direct addition of a buffered solution of 1.53 mM
Zn(NO,), (pH 5.5, 100 mM acetate) to an identically buffered
apo-SOD solution. Yeast Cu,Zn-SOD was obtained from
Pharmacia Copenhagen, and equine liver SOD was a generous
gift from Dr. Konrad Lerch. Concentrations of these protein
samples were also assayed by the Lowry method with bovine
SOD as a standard. Zinc concentrations were confirmed with
a Perkin-Elmer 603 atomic absorption spectrometer. To study
the influence of dioxygen, lyophilized native SOD was dissolved
in buffer and then loaded and sealed in the DSC cells under
an inert atmosphere, either argon or a mixture of argon (90%)
and hydrogen (10%), or under dioxygen.

Reagents. Glacial acetic acid, sodium acetate, dibasic so-
dium phosphate, monobasic potassium phosphate, potassium
ferrohexacyanide, and the disodium salt of ethylenediamine-
tetraacetic acid (EDTA) were obtained from Mallinckrodt,
AR grade, and used without further purification. HEPES
buffer [N-(2-hydroxyethyl)piperazine-N’-2-ethanesulfonic
acid] was obtained from Sigma and used as received. Tech-
nical-grade sodium hydrosulfite (sodium dithionite, Na,S,0,)
was used as obtained from Aldrich. The water used for
preparing buffers and other solutions was triply deionized in
a Barnstead Nanopure water system.

Calorimetry. Calorimetric measurements were made with
a Microcal MC-1 differential scanning calorimeter equipped
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FIGURE 2: DSC scans of native bovine Cu,Zn-SOD and reduced native
bovine Cu,Zn-SOD. (A) 0.154 mM native bovine SOD sealed in the
DSC cells under a normal atmosphere. (B) (trace i) 0.125 mM SOD
sealed in the DSC cells under an inert atmosphere (90% argon and
10% hydrogen); (trace ii) 0.125 mM SOD reduced by dialysis against
50 mM of sodium dithionite and sealed under the same atmosphere
as in (i).

Al

with removable hasteloy cells. Each cell was filled to a volume
of 0.7 mL. The sample cell contained the protein in buffer
solution while the reference cell contained the dialyzate buffer.
The temperature was increased from about 15 to 105 °C at
various heating rates ranging from 0.19 to 1.62 deg/min.
When time-dependent effects were not being investigated, a
scan rate of 0.82 deg/min was employed.

Differentical scanning calorimetry (Tsong et al., 1970;
Breslauer et al., 1975; Privalov & Potekhin, 1986) provides
a temperature-dependent measure of the heat capacity dif-
ference between a dilute biopolymer solution and a dialyzate
buffer solution. The reference and sample cells are slowly and
simultaneously heated at a constant rate while the differential
power required to keep the cells at the same temperature is
recorded. Endothermic processes are indicated by an increase
in the power to sample cell required to keep the two cells at
the same temperature. An electrical calibration peak provides
the proportionality constant needed to convert differential
power to differential heat. The area under a peak, normalized
for protein concentration, is proportional to the transition or
denaturation enthalpy AH, at the melting temperature T},
For convenience, we define T, as the temperature at the peak
maximum, although this does not always correspond exactly
with 50% completion of a transition. Peak areas were de-
termined with a Gelman Instrument Co. compensating polar
planimeter (Model 399231).

RESULTS AND DISCUSSION

Native Protein

Figure 2A shows the DSC profile we measured for native
bovine Cull,Zn,SOD in 100 mM sodium acetate buffer at pH
5.5. We determined this profile at a scan rate of 0.82 deg/min.
Inspection of this DSC profile reveals two partially resolved
transitions with maxima at 89 and 96 °C. Although no at-
tempt was made to deconvolute these transitions, we find that
the relative intensities of these peaks vary with scan rate.
Specifically, with increasing scan rate, the lower temperature
peak dramatically increases while the higher temperature
endotherm slightly decreases. The net result of these two
effects is that the total area under both peaks increases with
increasing scan rate. This dependence is illustrated in Figure
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FIGURE 3: Total molar enthalpy of denaturation (includes area beneath
both overlapping peaks) for native bovine Cu,Zn-SOD as a function
of scan rate. Samples consisted of 0.14 mM native protein in a pH
5.5, 0.1 M acetate buffer.
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FIGURE 4: (A) Endotherms of native Cu,Zn-SOD at different protein
concentrations in a 0.1 M acetate buffer, pH 5.5. The protein con-
centrations for these samples were 0.35 (top), 0.13 (middle), and 0.02
mM (bottom). Note that the fraction of the scan associated with the
higher temperature transition increases with concentration. The gain
was increased by a factor of 4 for the bottom trace. (B) DSC scans
of native bovine Cu,Zn-SOD in 0.1 M acetate buffer, pH 5.5. Trace
iis of 0.10 mM protein in the presence of 4.0 mM K4[Fe(CN),], and
trace ii is of 0.35 mM protein in a solution sealed under O,.

3 by a plot of total transition enthalpy versus scan rate. This
scan rate dependent behavior is consistent with a model in
which the species responsible for the higher temperature en-
dotherm is formed by a relatively slow chemical process or
processes from the species responsible for the lower temper-
ature peak. We will elaborate on this model later in the paper.

In contrast to the dependence on scan rate, an increase in
protein concentration causes an increase in the relative intensity
of the peak that corresponds to the thermally more stable form.
This behavior is illustrated in Figure 4A by a family of con-
centration-dependent DSC curves. Significantly, the higher
temperature transition exhibits a T}, that is identical with the
T,, we measure for the reduced protein, Cu',Zn,SOD, pre-
pared by reaction with ascorbate or with dithionite (cf. Figure
2B, trace ii). Taken together, our scan rate dependent and
concentration-dependent data suggest that the low-temperature
transition corresponds to the native protein, while the high-
temperature transition reflects melting of the reduced form
of the protein. This reduced form is apparently produced by
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the autoreduction of the native protein during the heating
process.

To test our interpretation of the biphasic DSC profile of
native Cu'',Zn,SOD, we also conducted a series of calorimetric
measurements in which we controlled the amount of dioxygen
in the DSC sample by equilibrating identical protein solutions
with air, argon, or pure O, and sealing them in the DSC cell
under each atmosphere. Native SOD dissolved in buffer and
sealed in the DSC cell under air exhibited biphasic melting
in which the lower temperature transition was predominant
(Figure 2A). When sealed under an inert atmosphere (90%
Ar, 10% H,), native SOD again exhibited biphasic melting,
but with an increase in the intensity of the higher temperature
(96 °C) peak (compare the DSC profile in Figure 2A with
curve i in Figure 2B). Saturation of a native SOD sample with
dioxygen causes the intensity of the lower temperature (89 °C)
peak to increase relative to that observed for an identical
sample sealed under air. A DSC scan of a protein sample
saturated with O, is illustrated in Figure 4B, trace ii (see also
Figure 4A, top trace for corresponding air sample). Com-
parisons between the DSC melting profiles of dithionite-re-
duced Cu,Zn-SOD, native SOD, and the dioxygen-saturated
native sample support our contention that the biphasic melting
behavior of native SOD reflects thermally induced reduction
of copper with the higher temperature peak corresponding to
the reduced form.

As noted in the introduction, our results differ from those
of Lepock and co-workers (1985), who concluded that the
reduced form of the protein was associated with the low-tem-
perature transition. We attribute this disparity to the fact that
they used ferrohexacyanide to reduce the copper center (Vi-
glino et al., 1985). In fact, we have determined that the
presence during a DSC scan of either cyanide or ferrohexa-
cyanide in solution with the native protein causes the two
transitions to coalesce into a single broad endotherm exhibiting
a steadily decreasing melting temperature that is dependent
on the concentration of the added ferrocyanide or cyanide (see
Figure 4B, trace i). On the basis of this result, we believe that
the measurements of Lepock et al. were influenced by an
association of ferrohexacyanide or cyanide with the protein
rather than resulting from the reduction of the copper center.

Our proposal of the thermally induced reduction of the Cu?*
site is consistent with the previous electron paramagnetic
resonance (EPR) results of Simonyan and Nalbandyan (1975).
These investigators reported that heating bovine erythrocyte
Cu,Zn-SOD at 100 °C for 5 min in phosphate buffer at pH
7.2 diminished the copper(II) EPR intensity of the protein.
Upon reoxidation, the EPR spectrum of the “regenerated”
native SOD differed from that of the “original” native SOD,
thereby indicating that the protein environment around the
copper had been irreversibly altered.

It is interesting to speculate about the source of the increased
thermal stability of reduced SOD, i.e., Cul,Zn,SOD, compared
to native oxidized SOD, i.e., Cu'',Zn,SOD. A number of
experiments suggest that the imidazolate bridge between the
Cu?* and the Zn?* is broken in the reduced protein (Bailey
et al.,, 1980). Such a change might remove a constraint im-
posed by the configuration of the metal binding region, thereby
allowing the overall conformation of the protein to relax to
a thermally more stable configuration. However, we recognize
that reduction of the cupric site alters not only the initial state
but also the final melted state of the protein. When the X-ray
crystal structure of the reduced form of the protein becomes
available, it will be possible to evaluate more critically the
molecular origins of its increased thermal stability.
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FIGURE 5: (Bottom panel) The observed melting temperatures as-
sociated the biphasic melting of native Cu,Zn-SOD as functions of
the natural log of the scan rate (deg/min). The protein was dissolved
in a 0.1 M acetate buffer, pH 5.5. Open symbols refer to the low-
temperature transition, and the solid symbols refer to the higher
temperature transition. (Top panel) The observed melting temperature
of apo-SOD as a function of the natural log of scan rate (deg/min):
(solid symbols) 0.1 M acetate, pH 5.5; (open symbols) 0.1 M HEPES,
pH 6.5; (crossed symbols) 0.1 M HEPES, pH 8.0.

Influence of Scan Rate and Protein Concentration on the
Observed Melting Temperature. The DSC profiles of native
bovine SOD were examined over a 20-fold concentration range,
0.024-0.48 mM. The melting temperatures did not vary with
protein concentration. However, as mentioned above, the
relative fraction of reduced protein increases with protein
concentration. By contrast with the concentration independ-
ence of T,,, we find that the T,’s are very sensitive to the scan
rate (see the bottom panel of Figure 5). Two possible ex-
planations can be proposed to rationalize this T, sensitivity
to scan rate. (1) The scan rates are too high to allow the
denaturing protein to reach equilibrium at each temperature
of the DSC scan. Or (2) the denaturation of native SOD is
irreversible; that is, the native or initial state cannot be attained
again after melting, under the conditions of this study. In
connection with the latter possibility, it should be noted that
under all conditions employed here rescanning each sample
revealed that the native protein denatured irreversibly, even
when the scan was stopped halfway through an endotherm.

Under certain conditions, however, irreversible protein de-
naturations can be thermodynamically interpreted (Privalov
& Potekhin, 1986). To analyze thermodynamically the ir-
reversible nature of SOD melting, we follow assumptions
similar to those used by Sturtevant and co-workers (Edge et
al., 1985). Their approach for thermodynamic analysis of
irreversible denaturation is based on a computer simulation
of a model protein system that first denatures in a rapid and
reversible fashion and then undergoes a slow irreversible step,
such as aggregation. The high scan rate sensitivity we observe
for the T, of SOD suggests that the irreversible step in the
melting of SOD occurs too rapidly to allow for a simple
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FIGURE 6: (Bottom panel) Melting temperature dependence on pH
for Cu,Zn-SOD. The buffer was 0.1 M acetate for pHs <6 and 0.1
M HEPES for pHs 26.0. The open and closed symbols refer to the
higher and lower temperature peaks, respectively (see text). (Top
panel) Melting temperature dependence on pH for apo-SOD: (solid
symbols) 0.1 M acetate at pHs <6.0 and 0.1 phosphate at pHs 26.0;
(open symbols) 0.1 M HEPES.

thermodynamic analysis. In fact, the logarithmic nature of
the T, dependence on scan rate is consistent with a first-order
irreversible denaturation (Fujita et al., 1979; Nakamura et
al., 1980).

We also observe that the total enthalpy of denaturation
increases with the scan rate, as illustrated in Figure 3. Since
the melting temperature also increases with the scan rate, the
observed enthalpy of denaturation can be said to increase with
the melting temperature as well. This increase in the enthalpy
may be attributed to the difference in heat capacity (AC,)
between the native and denatured forms. However, since we
are not able to assign the heat capacity and the enthalpy
changes for the irreversible step, it would be inappropriate to
attempt a quantitative interpretation of the apparent increase
in the enthalpies of denaturation we measure.

Influence of pH. We find the DSC melting profiles of
bovine Cu,Zn-SOD to be very sensitive to pH. As shown in
the bottom panel of Figure 6, the qualitative characteristics
of two overlapping endotherms remain the same at pHs less
than 8, but the temperatures of the heat capacity maxima (7T7,)
vary greatly from lows of 66.8 and 79 °C at pH 3.8 to a
plateau which appears from pH 5.0 to pH 8.0. Above pH 8.0,
the peaks coalesce to form a single endotherm. If the pH is
increased further, the T, of the single endotherm decreases.
As we noted previously, the denaturation of bovine SOD is
irreversible throughout the pH range studied. Precipitation
accompanies denaturation at pHs between 5.0 and 7.5.

For a reversible transition, the melting temperature of
protein denaturation may be dependent on pH if there is a net
gain or loss of protons during the transition (Fukada et al.,
1983). In such cases, the inverse of the melting temperature
will typically show a linear dependence on pH (Calderon et
al.,, 1985). In an irreversible system, where aggregation might

ROE ET AL.

be the irreversible process, one might expect a pH dependence
in which a T, minimum is reached near the isoelectric point
of the native (or the unfolded) protein. This behavior can be
explained as a minimization of intermolecular electrostatic
repulsions near the p/ (Privalov & Potekhin, 1986). However,
we observe that the melting temperatures of SOD reach a
plateau beginning at pH 5.0. This pH value is very close to
Cu,Zn-SOD’s isoelectric point of 4.95 (Bannister et al., 1971).
This pH dependence of SOD melting is opposite to what would
be consistent with aggregation; nonetheless, any pH depen-
dence suggests that electrostatic considerations must be im-
portant in the thermal denaturation of SOD.

Native Yeast and Native Equine Liver Cu,Zn-SOD’s. We
find that native yeast, Cu,Zn-SOD, in 100 mM sodium acetate
at pH 5.5, melts at 82 °C with a shoulder at 77 °C. This
biphasic melting is similar to the melting behavior we observed
for the bovine protein. Significantly, however, the native yeast
protein melts at a lower temperature than the corresponding
bovine protein. DSC scans of the yeast protein under argon
and under O, yield results similar to that of bovine SOD.
Specifically, the low-temperature transition (77 °C for yeast)
increases in intensity under dioxygen while the higher tem-
perature peak at 82 °C increases in intensity under an argon
atmosphere. These results suggest that the temperature-de-
pendent reduction we have proposed for native bovine SOD
also may occur with the yeast enzyme. Thus, for both native
proteins, we propose that the low-temperature transition
corresponds to the oxidized protein while the high-temperature
transition is due to the denaturation of the reduced form of
yeast SOD. However, unlike the behavior we observe for
bovine protein, yeast Cu,Zn-SOD does not precipitate after
DSC scans at pH 5.5.

Equine liver SOD exhibits quite different melting behavior
compared with both bovine and yeast SOD’s. Specifically,
equine liver SOD melts and precipitates in a single broad
transition centered about 93 °C at pH 5.5. Furthermore, this
transition is not altered when the protein is sealed under argon
or dioxygen atmospheres. The similarity in the melting profiles
of the reduced and oxidized forms for equine Cu,Zn-SOD can
be explained in either of two ways. The thermal stability of
the equine protein, in contrast to that of the bovine or yeast
protein, may not depend strongly on the oxidation state of the
copper. Alternatively, the thermally induced reduction of the
oxidized forms may be completed before the melting tem-
perature is reached. However, the extreme broadness of the
equine transition compared with the bovine and yeast tran-
sitions makes interpretation difficult.

The similarity in the high degree of thermal stability we
observe for bovine SOD (T,’s of 89 and 96 °C) and equine
SOD (T, of 93 °C) is not surprising considering that the
amino acid sequences of these proteins show a homology of
80% (Lerch & Ammer, 1981). By contrast, we find that yeast
Cu,Zn-SOD, which is only 50% homologous with the bovine
protein, denatures at a significantly lower temperature (7,’s
of 77 and 82 °C). Our results with yeast Cu,Zn-SOD, as well
as those for the bovine protein, are significantly different than
those reported by Arnold and Lepock (1982). In particular,
they observed a T, of 88 °C for the yeast enzyme, whereas
we measure the reduced yeast SOD transition at 82 °C. This
disparity in observed T, values in part may reflect differences
in pH (pH 7.4 vs. pH 5.5) in addition to differences in scan
rate. Arnold and Lepock employed a scan rate of 2.5 deg/min.
in their study while we used 0.82 deg/min. If the denaturation
of the yeast protein is a relatively slow process, an increase
in the scan rate would result in an increase of the measured
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FIGURE 7: DSC traces of native bovine Cu,Zn-SOD (top) and the
metal-free protein (apo-SOD) in 0.1 M acetate, pH 5.5.

melting temperature (Fujita et al., 1979). Arnold and Lepock
(1982) also observed a second transition at 77 °C which they
attributed to a new hybrid dimer. This peak appears only after
a cycle of heating beyond the 7., and upon cooling. We also
observe two transitions in the initial heating and cooling cycle,
but we interpret them as consequences of a different process,
i.e., the thermally induced reduction of the yeast SOD.

Apoprotein

Occupancy of the Metal Binding Sites Increases the
Thermal Stability of the Apoprotein. Removal of metal ions
from bovine Cu,Zn-SOD, to form the apoprotein, dramatically
decreases the thermal stability of the protein. Specifically,
as illustrated in Figure 7, the thermally induced unfolding of
apo-SOD in 100 mM sodium acetate buffer, pH 5.5, occurs
as a single transition with a 7T, of only 57 °C at the scan rate
of 0.82 deg/min. This T, of only 57 °C for the apoprotein
should be compared with a T, of 89 °C for the oxidized native
bovine Cu,Zn-SOD in which the metal binding sites are fully
occupied.

Apo-SOD Renatures at pH 3.8. Recall that the native
holoprotein irreversibly denatures under all experimental
conditions studied. By contrast, the denaturation of the
apoprotein at pH 3.8 in 100 mM acetate is partially reversible,
even after four scanning cycles. Specifically, when a 0.30 mM
solution of apo-SOD is scanned and rescanned from 15 to 60
°C at a rate of 0.82 deg/min under the above conditions, the
DSC trace of the fourth scan retains 14% of the area of the
initial scan. The percentage of the transition that is reversible
appears to be dependent on the concentration of the protein,
the scan rate, and the temperature at which the scan is halted.
Increases in protein concentration and final scan temperature
both independently decrease the percentage of protein that
renatures. By contrast, an increase in scan rate causes an
increase in the percentage of protein that renatures. For
example, when two identical samples are heated to 55 °C at
0.39 and 1.62 deg/min, 44% and 68% renatures, respectively
(Figure 8).

Influence of Protein Concentration. We examined the DSC
melting profile of apo-SOD at pH 5.5 over a 10-fold con-
centration range (0.032-0.32 mM protein). The melting
temperature and the molar enthalpy of denaturation did not
vary with the protein concentration. We conclude from these
results that the denaturation step of apo-SOD is first order
in protein concentration over the range studied.

Scan Rate Increases the Observed Melting Temperature
of Apo-SOD. The top panel of Figure 5 shows plots of Ty,
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FIGURE 8: DSC traces of two identical 0.27 mM apo-SOD samples
in 0.1 M acetate, pH 3.8, at different scan rates. (A) was measured
at a rate of 0.39 deg/min and (B) at 1.62 deg/min. The upper curve
in each panel is of the initial scan, and the lower curve is of the second
scan of each sample.

versus In (scan rate) of the apoprotein at three pHs. This
sensitivity to the scan rate is similar to that which we observe
for the native protein. As with the native protein, such a
dependence on scan rate suggests either that the overall melting
process involves an irreversible step or that the scan rates were
too fast to allow proper equilibration of the system at each
temperature. In the case of apo-SOD melting at pH 3.8, we
have noted that partial reversibility is observed, but the com-
plete renaturation and denaturation processes are too slow for
equilibration even at our slowest scan rate of 0.19 deg/min.
At the other pHs studied (see the top panel of Figure 5), we
find no indication of reversibility. These results suggest that
the observed dependence on scan rate is a consequence of a
kinetically controlled process.

One possible model for the melting behavior of the met-
al-free SOD at pH 3.8 involves two steps, a reversible protein
unfolding followed by a slower but irreversible process such
as aggregation. This scheme, which has been used by others
including Edge et al. (1985) to interpret DSC data on irre-
versible systems, is illustrated as

fast slow
N=D—A

where N denotes the native or folded form of the protein, D
denotes the denatured form, and A denotes the aggregated
form. In this model, the native form of the protein is in a fast
equilibrium with the denatured form. During a DSC tem-
perature scan, the relative fraction of protein in the native form
decreases as the fraction of the denatured form increases. This
denaturation transition corresponds to the first, reversible step
of the two-step melting process. If the second, irreversible step
is slow (e.g., aggregation), then a significant fraction of the
total protein will renature from the unfolded state. When the
scan is complete and the sample is cooled, we observe several
characteristics of the melting behavior of apo-SOD that are
consistent with the scheme for melting noted above: (1) the
sample does renature to some degree; (2) the fraction of the
sample which renatures depends on the rate of scan, the or-
iginal concentration of the protein, and the temperature at
which the scan is halted.

Since we do not observe reversibility for the protein melting
under conditions other than pH 3.8 and demetallation, it would
be inappropriate for us to interpret the native Cu,Zn-SOD
melting behavior in terms of this simple two-step model. In
fact, a simple one-step, irreversible process also is consistent
with the data we measure for irreversible Cu,Zn-SOD melting.
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FIGURE 9: DSC scans of apo-SOD with increasing amounts of Zn**
added. The protein concentration was 0.128 mM buffered in 100 mM
acetate at pH 5.5. In (A), the sample is apo-SOD with no Zn?* added.
In (B-G), 0.5, 1.0, 1.5, 2.1, 3.1, and 4.1 equiv of Zn?* per protein
dimer had been added to the apoprotein sample. The gain for (G)
had been decreased by a factor of 2. Electrical calibration pulses have
been deleted for clarity and replaced by dotted lines.

Influence of pH. As with the native protein, the melting
temperature we measure for the apo-SOD transition is very
pH sensitive (see the top panel of Figure 6). At a scan rate
of 0.82 deg/min, the T, of the apoprotein reaches a maximum
of 58 °C between pH 5.5 and pH 6.0 in acetate buffer. The
native protein shows similar behavior by reaching a maximum
melting temperature at a pH only about 0.5 unit lower. By
contrast with the pH-dependent behavior, the addition of metal
ions greatly affects other melting properties of SOD. The
similarity in pH dependence between the native and metal-free
forms of SOD may suggest similar mechanisms of protein
melting. Unfortunately, the isoelectric point of the apoprotein
is not known, so that further comparison is difficult. Nev-
ertheless, the similarity in the pH dependence of the melting
behavior of both the native and metal-free forms of SOD may
reflect a similar electrostatic potential on the surface of the
protein. The calculations of Klapper et al. (1986) have in-
dicated that the surface of Cu,Zn-SOD possesses a negatively
charged electric field. This negative field on the exterior of
the protein may not be perturbed greatly by the demetallation
of the native enzyme, since demetallation affects the potential
of a fairly small region of the protein, namely, the active site,
which is not located on the surface.

Zinc-Substituted Derivatives

Quantifying the Stabilizing Influence of Zn**. Spectra B-G
of Figure 9 show a series of DSC scans on apoprotein solutions
to which variable amounts of zinc ion have been added. NMR
studies have demonstrated previously that under comparable
conditions essentially all the added Zn?* ion (up to 4 equiv
per apoprotein dimer) is bound by the protein (Hirose et al.,
1984; Cass et al., 1979; Lippard et al., 1977). Several sig-
nificant features of the results illustrated in Figure 9 should
be noted. (1) Addition of 1 equiv of Zn?* per dimer (Figure
9C) causes the apoprotein peak to be diminished by approx-
imately 50% with a new peak appearing at 72 °C. We in-
terpret this result as reflecting a one-to-one mixture of the
apoprotein and the two-Zn?* derivative. (2) The disappearance
of the apoprotein peak and the full development of the higher
temperature peak are complete after addition of two zinc ions
per protein dimer (see Figure 9E), i.e., at 1 equiv of zinc per
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subunit. (3) Successive additions of zinc ion above 2 equiv
per protein dimer (Figure 9F,G) causes a gradual change in
the shape of the transition (it becomes sharper) and a shift
of the T, from 72 to 79 °C. However, upon the addition of
zinc ions beyond 2 equiv, the area beneath the transition curve
(AH) remains constant (see below). In other words, E,Zn,-
SOD and Zn,Zn,SOD exhibit nearly the same melting be-
havior when characterized by denaturation enthalpies and
melting temperatures. (4) Addition of more than 4 equiv of
Zn?* has little or no effect on the DSC profile. This obser-
vation suggests that nonspecific binding of zinc to the protein,
if it does occur under these conditions, does not further increase
the thermal stability of Zn,Zn,SOD or otherwise influence
its melting behavior.

The results listed above are consistent with an interpretation
in which the binding of the first 2 equiv of Zn?* to the metal
sites of the dimer are not statistical. Instead, a two-Zn?* dimer
is preferentially formed in a cooperative manner between the
subunits. (Presumably E,Zn,SOD represents this two-Zn?*
dimer where one zinc ion is bound at the zinc site of each of
the two subunits.) If zinc binding to the zinc sites were not
cooperative, then we would expect to observe three DSC
transitions during the Zn?* titration of SOD. These theoretical
transitions would correspond to the apoprotein and the one-zinc
and the two-zinc derivatives. Obviously, this expectation
assumes that the three transitions can be resolved.

The denaturations of the apo and zinc-substituted forms of
SOD under the conditions of the zing titration are irreversible.
Consequently, our thermodynamic interpretation of the zinc
binding equilibria should be viewed with caution. In fact, an
alternative denaturation mechanism also is consistent with our
results. This mechanism requires the apo-SOD and zinc de-
rivatives to denature as well as individual subunits. However,
totally independent denaturation of both subunits requires
either that the unfolding of one subunit has no effect on the
remaining associated unit or that the protein monomerizes
prior to denaturation. The former assumption is highly un-
likely because the two subunits are associated by strong hy-
drophobic interactions. Consequently, one would expect that
the denaturation of one subunit would dramatically affect the
structure of the second. Monomerization of the protein under
these conditions also is unlikely considering studies which have
demonstrated the strength of subunit association (Valentine
et al., 1981).

Zn** Binding Increases the Denaturation Enthalpy. The
overall transition enthalpies obtained from the areas under the
apoprotein peak and the higher temperature peak (i.e., the zinc
derivatives) are plotted in Figure 10 as a function of added
zinc ion. These representations of the data illustrate two
important points: (1) the apoprotein has all but disappeared
after addition of only 2 equiv of zinc per dimer, and (2) the
large metal-induced increase in denaturation enthalpy is
complete after addition of only 2 equiv of zinc per dimer.
These results further support our conclusion that a two-zinc
dimer is formed rather than a collection of dimers containing
zinc distributed in a statistical fashion between the two zinc
sites. Moreover, the AH, is nearly constant at ratios of
zinc-to-dimer greater than 2, as reflected by the plateau region
in Figure 10. This result suggests that two zinc ions are
sufficient to induce nearly all of the stabilization provided by
binding up to four zinc ions. In fact, under one set of identical
conditions SOD derivatives which have two or more equivalents
of bound zinc have melting enthalpies (AHy) identical within
experimental error to that of native Cu,Zn-SOD. Specifically,
when the DSC scans are carried out at a scan rate of 0.82
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FIGURE 10: Plots of the normalized transition enthalpies (AHj, kcal
mol™! dimer™) calculated for the apo-SOD endotherm as it disappeared
(open symbols) and for the high-temperature (72-79 °C) peak as it
increased (solid symbols) as functions of added Zn2*. The total protein
concentration varied from 0.125 to 0.128 mM and was buffered in
100 mM acetate at pH 5.5.

deg/min and a pH of 5.5 in 100 mM acetate buffer, and with
a protein concentration near 0.15 mM, the zinc derivatives,
which have two or more bound equivalents, exhibit AH’s of
279 £ 13 kcal/mol (an average of six trials) as compared to
the AH4 of 280 £ 15 kcal/mol (an average of five trials)
measured from scans of the native fully metallated protein,
Cu,Zn-SOD.

We also have employed titration calorimetry (both iso-
thermal and isoperibol) to monitor the binding of zinc ions
by apo-SOD. These studies reveal that the binding of the first
two zinc ions per protein dimer is a strongly exothermic pro-
cess. We observed no further heat effect upon the addition
of the third and fourth equivalents of Zn?* (unpublished data).
These titration calorimetric results are consistent with the DSC
data shown in Figure 10, which demonstrate that only the first
2 equiv of added Zn?* contribute significantly to the enthalpic
stabilization.

Cass et al. (1979) and Lippard et al. (1977) have reported
that the NMR spectrum of apo-SOD after addition of 1 equiv
of Zn* per protein dimer is a superposition of the spectrum
of apo-SOD and that of the two-zinc derivative. These in-
vestigators interpret their results as indicating that the metal
binding region of an apoprotein subunit is not substantially
affected when zinc is bound to the other subunit. However,
their results also are consistent with cooperative binding of
the first two zinc ions by SOD. Either interpretation ade-
quately explains the NMR data. The NMR work of Lippard
and co-workers also showed that all 4 equiv of zinc added to
the protein solution affect the NMR of SOD, thereby sug-
gesting that all the zinc is bound at the active site. On the
basis of this NMR study, we have assumed a model in which
the first 4 equiv of zinc bind to the metal binding region, rather
than a model in which two zinc ions bind tightly at the metal
binding region while the remaining two zincs associated with
some other region of the protein. However, it should be noted
that the NMR study was carried out in phosphate buffer,
whereas this calorimetric study was conducted in acetate
buffer.

Comparison with DSC Studies on Alkaline Phosphatase.
It is of interest to compare our results with previously published
DSC studies on alkaline phosphatase (AP) (Chlebowski &
Mabrey, 1977; Chlebowski et al., 1979). Like SOD, AP also
is a dimeric protein containing multiple metal ion binding sites.
The apo-AP dimer melts at 57.5 °C while the native protein
is thermally more stable, melting in a biphasic process with
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melting transitions at 89.8 and 90.0 °C, when a scanning rate
of 1 deg/min is employed. A zinc titration of the apoenzyme
monitored by DSC shows only two discrete transitions cor-
responding to apo-AP and Zn,-AP. A plot of the decrease
in AHj for apo-AP or the increase in AH| for zinc-bound AP
versus the equivalents of Zn?* ions added per dimer is linear
and breaks at two Zn?* per dimer. This result suggests that
Zn?* binds to apo-AP in a cooperative manner. Successive
additions of either Zn?* or Mn?* increase the T, values slightly
{(~5 °C) and also increse the enthalpies of denaturation
slightly. These results closely parallel our own work on SOD
and suggest a general role for the influence of certain metal
ions on the thermal stability and melting behavior of biomo-
lecules.

Nature of Transitions

We have calculated van’t Hoff enthalpies from the SOD
melting curves using the expression (Privalov, 1979)

AHVH = 4RTm2(ACp(max)/AHd)

This calculation assumes a two-state, reversible transition. The
resulting model-dependent van’t Hoff enthalpies can be com-
pared with the model-independent calorimetric enthalpies
(AH,) by using the ratio AHy/AH,y. If a transition occurs
in a single step, this ratio is unity (i.e., the van’t Hoff and the
calorimetric denaturation enthalpies are equal). For the
partially reversible denaturation of apo-SOD at pH 3.8, this
ratiois 1.1 (an average of five trials). This value implies that
under these conditions the denaturation of the entire SOD
dimer is a cooperative process that approaches two-state be-
havior. However, this analysis is only strictly appropriate for
reversible denaturations. Sturtevant and co-workers have
shown that this thermodynamic formulation can be applied
to irreversible cases, when certain assumptions are made (Edge
et al., 1985). Following their treatment, we have analyzed
the melting profiles of the four-zinc derivative, the reduced
native form, and the apoprotein at pH 5.5. All three forms
exhibit AHy/AH,y ratios of 1.3. As in the partially reversible
case, these ratios suggest that a significant fraction of these
three forms of the protein denatures in a concerted fashion.
However, because of the irreversible nature of these protein
systems, the calorimetric data must be viewed with caution.
We have not conducted a similar treatment on the DSC
profiles of the native (oxidized) form because of the presence
of the second overlapping endotherm. In this work, we have
not attempted to deconvolute these overlapping heat capacity
curves.

CONCLUSIONS

The results we have presented here indicate that the general
melting behavior and the thermal stability of SOD are very
sensitive to the degree of demetallation and pH. The scan rate
dependence of the DSC endotherms and the irreversible nature
of SOD denaturation (except for the yeast protein and the
demetallated bovine protein at pH 3.8) require that the melting
behavior of SOD be analyzed by models which account for
potential kinetic (e.g., slow aggregation) as well as thermo-
dynamic influences.

Significantly, we also have shown that the biphasic nature
of native SOD reflects the thermally induced reduction of the
cupric center, with the higher temperature transition corre-
sponding to the melting of the reduced species. We have
quantified the zinc ion induced thermal stabilization of the
protein at pH 5.5 and have shown that most of this stabilization
results from the binding of the first 2 equiv of Zn?* by the
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protein. In addition, we have shown that the melting behavior
of the zinc derivatives is consistent with cooperative or pairwise
binding of the first 2 equiv of zinc. This last conclusion should
be viewed as tentative, since the denaturation of the zinc
derivatives is not reversible.

Registry No. Cu,Zn-SOD, 9054-89-1.
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