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Abstract

To provide a framework for understanding the hyperthermostability of some rubredoxins, a comprehensive analysis of
the thermally induced denaturation of rubredoxin~Rd! from the mesophile,Clostridium pasteurianumwas undertaken.
Rds with three different metals in its M~SCys!4 site ~M 5 Fe31021, Zn21, or Cd21! were examined. Kinetics of metal
ion release were monitored anaerobically at several fixed temperatures between 40 and 1008C, and during progressive
heating of the iron-containing protein. Both methods gave a thermal stability of metal binding in the order Fe21 ,,
Fe31 , Zn21 , Cd21. The temperature at which half of the iron was released from the protein in temperature ramp
experiments was 698C for Fe21Rd and 838C for Fe31Rd. Temperature-dependent changes in the protein structure were
monitored by differential scanning calorimetry, tryptophan fluorescence, binding of a fluorescent hydrophobic probe,
and 1H NMR. Major but reversible structural changes, consisting of swelling of the hydrophobic core and opening of
a loop region, were found to occur at temperatures~50–708C! much lower than those required for loss of the metal ion.
For the three divalent metal ions, the results suggest that the onset of the reversible, lower-temperature structural changes
is dependent on the size of the MS4 site, whereas the final, irreversible loss of metal ion is dependent on the inherent
M-SCys bond strength. In the case of Fe31Rd, stoichiometric Fe310cysteine–ligand redox chemistry also occurs during
metal ion loss. The results indicate that thermally induced unfolding of the native Cp Rd must surmount a significant
kinetic barrier caused by stabilizing interactions both within the protein and within the M~SCys!4 site.
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Rubredoxins~Rds! constitute a group of bacterial and archaeal
iron–sulfur proteins of small size~;54 amino acid residues!,
containing a single, redox-active Fe~SCys!4 site. The precise role
of Rds in microbial physiology, especially in anaerobes, remains
unclear, although evidence for an electron transfer function has
been obtained~Gomes et al., 1997!. All Rds contain the struc-
tural motifs shown in Figure 1~Dauter et al., 1996!, namely,
two iron-coordinating CXXC loops~residues 6–9 and 39–42!, a
middle loop~residues 16–29!, a three-strandedb-sheet involving

both the N- and C-termini, and a hydrophobic core consisting of
residues Y0W4, Y11, Y13, F30, I33, W37, and F49~usingClos-
tridium pasteurianum~Cp! Rd sequence numbering!.

The issue of molecular determinants of thermostability in Rds
arose upon the discovery of extremely thermostable Rds from
hyperthermophiles, such asPyrococcus furiosus~Pf! ~Blake et al.,
1991; Day et al., 1992; Hausinger et al., 1996!. The secondary and
tertiary structures of Pf Rd are nearly superimposable on those of
the mesophilic Cp Rd. Introduction of the three-strandedb-sheet
sequence of Pf Rd into Cp Rd did not confer Pf Rd-like thermo-
stability ~Richie et al., 1996; Eidsness et al., 1997; Bau et al.,
1998!. Cavagnero et al. have reported that thermally induced un-
folding of Cp Fe31Rd is monophasic at pH 2, whereas that of Pf
Fe31Rd is multiphasic~Cavagnero et al., 1998a, 1998b!. Hiller
et al. found that the peptide NHs involved in N—H—S~Cys! hy-
drogen bonds of the Zn~SCys!4 site in zinc-substituted Pf Rd were
the most thermally stable to exchange with solvent protons~Hiller
et al., 1997!.
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In all of the aforementioned studies, the thermally induced de-
naturation of the Rds was irreversible. A recent report has shown
that a metal-free mutant of Pf Rd, in which all ligand cysteine
residues were mutated, unfolds reversibly with aTm of 828C ~Strop
& Mayo, 1999!, whereas an analogously mutated mesophilic Rd
remained unfolded even at 18C. These results indicate that the
metal site is the source of the irreversibility observed upon thermal
unfolding of Rds, but that it is not the source of the hyperthermo-
stability of Pf Rd.

Although iron is the only known native metal ion in Rd, ZnRd
is the major product of overexpression of Cp Rd inEscherichia
coli ~Richie et al., 1996!. Recently we showed that both Cd21 and
Zn21 can directly displace Fe21 from Rd in buffer at neutral pH
and room temperature in vitro without resorting to protein dena-
turation~Bonomi et al., 1998!. Direct quantitative displacement of
Zn21 by Cd21 was also shown for ZnRd upon incubation with a
modest excess of cadmium salts. This displacement order is con-
sistent with the expected trend in thiophilicity of these divalent
metal ions, i.e., Cd21 . Zn21 . Fe21 ~Werth & Johnson, 1990;
Pountney & Vasak, 1992; Brouwer, 1996; Bonomi et al., 1998!.
The crystal structure of Cp ZnRd is nearly superimposable on that
of the Cp FeRd~Dauter et al., 1996!. X-ray crystallographic~Dau-
ter et al., 1996! and1H-NMR studies~Richie et al., 1996; Eidsness
et al., 1997; Bertini et al., 1998! of Cp MRds~M 5 Fe, Zn, or Cd!
showed a significant expansion of the M~SCys!4 coordination sphere
for M 5 Cd ~Ayhan et al., 1996! vs. Zn or Fe, and other localized
rearrangements of side chains. Nondenaturing Cd21 displacement
of Zn21 in Cp Rd was found to occur without “unzipping” of the
b-sheet~Bonomi et al., 1998!. Thus, mostly local adjustments are

made to accommodate the larger Cd~SCys!4 site in Cp Rd without
significantly affecting overall protein structure or decreasing over-
all protein stability at room temperature.

To provide a basis for understanding the nature of the hyper-
thermostabilizing interactions in Pf Rd, we have attempted in this
work to define, characterize, and deconvolute the various steps in
thermal denaturation of the structurally very similar, but meso-
philic, Cp Rd near pH 7. Among the issues addressed are:~1! the
contribution of M~SCys!4 site stability to the protein’s thermal
stability, ~2! detection of partially unfolded forms of the protein,
~3! specific contributions of defined regions of the protein to ther-
mostability, ~4! solvent exposure of the hydrophobic core during
heating,~5! redox chemistry occurring upon Fe31 release, and~6!
the sequence of and relative kinetic barriers to processes~1!–~5!.

Results

Thermal stability of the M(SCys)4 site

All of the experiments described below were conducted under
anaerobic conditions in aqueous solutions buffered with 50 mM
Tris-HCl, pH 7.4. No correction was made for the temperature-
dependent pH of Tris buffer. Prolonged heating of the Cp MRds,
where M5 Fe21,31, Zn21, or Cd21, at temperatures higher than
70–908C resulted in the release of significant amounts of metal ion
from the M~SCys!4 sites at appreciable rates. Less than 10% of the
metal was released after 3 h incubation of ZnRd at 708C and of
CdRd at 808C. As shown in Figure 2, the proportion of metal ion
released from the MRds under comparable time and temperature
combinations at neutral pH and in the absence of chelating agents
follows the order Fe21 .. Fe31 . Zn21 . Cd21. The much lower
thermostability of the M~SCys!4 site for M 5 Fe21 in Cp Rd
correlates with our previous results from metal displacement ex-
periments carried out at room temperature~Bonomi et al., 1998!.
Identical results were obtained using either dithionite-reduced FeRd

Fig. 1. A diagram of the structure of Cp FeRd. The proteina-carbon
backbone is represented in lighter shade. The three-strandedb-sheet is on
the right, the two CXXC-containing loops are at the top, and the middle
loop is to the lower left. Several pertinent side chains are portrayed as wire
frame in the darker shade. Several sequence positions along the backbone
are labeled near their alpha carbons. Thin lines connecting the sphere
represent cysteine sulfur ligation to the iron atom. Dashed line represents
a hydrogen bond between the carboxylate of D19 and indole NH of W37.
The side chain of L41 has two rotamers in the crystal structure. The
drawings were generated with RASMOL~Sayle & Milner-White, 1995!
using coordinates in file 1IRO deposited in the Protein Data Bank~Dauter
et al., 1996!.

Fig. 2. Time course of metal ion release from MRds at 908C. Rd solutions
~0.02 mM in 50 mM Tris-HCl, pH 7.4! were heated anaerobically at 908C.
For M 5 Fe21, sodium dithionite was added to 2 mM prior to heating.
Aliquots were withdrawn at the times indicated by the data points, diluted
into cold buffer, and exhaustively buffer-exchanged in Centricont devices.
Residual metal content in the retentate~protein-bound metal! was deter-
mined by ICP-AE spectrometry. Full circles, Fe21; full triangles, Cd21;
open triangles, Zn21; open circles, Fe31.
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or FeRd, which had been photoreduced in the presence of 1mM
deazaflavin~not shown!, thus ruling out any direct effect of dithi-
onite on Fe21 release. We previously observed that reduction of
the Fe31 to Fe21 in FeRd was required for its displacement by
either Cd21 or Zn21 at room temperature~Bonomi et al., 1998!.
We attributed this requirement to the lower thiophilicity of Fe21

relative to Fe31. However, from the trend in thermally induced
metal ion loss shown listed above, it might be inferred that Fe31

has a lower affinity for Rd than does Cd21 or Zn21. As demon-
strated below, the source of this seeming discrepancy is reduction
of Fe31 upon its thermally induced release from oxidized Cp Rd.

A more detailed study of the thermally induced denaturation of
the Fe~SCys!4 site was carried out for the two redox forms of
FeRd. For oxidized FeRd, the characteristic visible absorption fea-
ture of the native Fe31~SCys!4 site at 492 nm was used to follow
the time course of its destruction at various temperatures, as shown
in Figure 3. No significant thermal perturbation of the character-
istic UV-Vis absorption spectrum of oxidized Cp FeRd, other than
its progressive loss of intensity was evident in these experiments,
confirming previous observations~Eidsness et al., 1997!. These
observations rule out the occurrence of any significant structural
alterations in the oxidized Fe~SCys!4 site prior to either its reduc-
tion or metal ion loss.

Most of the time courses shown in Figure 3 were found to
follow quite closely pseudo-first-order kinetics, although evi-
dences for a multiphasic behavior were evident at temperatures
between 80 and 908C, where several concomitant phenomena may
occur ~vide infra!.

Because there is no easily monitored absorbance in the colorless
solutions of the reduced Cp FeRd, we resorted to chelating the
released Fe21 with BPS, as in our previous kinetic studies on metal
substitution~Bonomi et al., 1998!. The temperature-dependent re-
lease of iron in the presence of BPS was also monitored for the
oxidized Cp FeRd. An approximation of the relative thermal sta-
bility of the native Fe21 vs. Fe31 metal sites in Rd is represented
by the results from temperature ramp experiments presented in
Figure 4. In these experiments, release of iron was monitored
continuously while progressively increasing the temperature of

the Rd solutions at the fixed rate of 0.58C min21. These temper-
ature ramp experiments confirm the lower thermal stability of the
Fe~SCys!4 site in reduced vs. oxidized FeRd. In the case of oxi-
dized FeRd, the nearly coincidental temperature-dependent loss of
A492 and formation of the colored Fe21~BPS! complex at 535 nm
confirms the absence of a direct role of BPS in iron release. This
coincidence also means that Fe31 must be rapidly reduced upon its
release from the oxidized Rd, because Fe31 does not form a red-
colored complex with BPS. From these experiments, it is also
possible to estimate a midpoint temperature for the thermally in-
duced metal ion release~Tm!. Taking into account the kinetic fac-
tors determined in the experiments presented below and the heating
rate~Riva & Schiraldi, 1993!, we estimatedTm to be 698C for the
reduced FeRd and 838C for the oxidized FeRd.

The temperature dependence of iron release from Cp Rd in
either oxidation state and in the presence of BPS are compared in
the Arrhenius plots of Figure 1S, where—for the sake of simplicity—
all the spectroscopic changes were fitted to apparent pseudo-first-
order kinetics. We found no appreciable difference between rate
constants for loss of iron from the oxidized FeRd in the presence
of BPS, measured by monitoring formation of the Fe21–BPS
complex, vs. the absence of BPS, measured as a decrease in
A492. Within the limitations inherent to the simplification of this
kinetic analysis, no appreciable difference is evident between the
Arrhenius activation energies measured for iron release from ox-
idized FeRd in the presence~72 kJ mol21! or absence of BPS
~70 kJ mol21!. This observation confirms that, under anaerobic
conditions, the thermally induced absorbance decrease for oxi-
dized Cp FeRd~Fig. 3!, which measures Fe31~SCys!4 site destruc-
tion, is accompanied by rapid release of Fe21 from the protein, and
that BPS does not actively remove iron from Rds even at elevated
temperatures. The relative lability of the iron in reduced Rd is also
confirmed by its Arrhenius plot, which shows a marked transition
temperature at 578C. Below this temperature, the estimatedEa for
Fe21 release is the same measured for the oxidized protein~i.e., 70
kJ mol21!, but increases to 250 kJ mol21 at higher temperature.

Fig. 3. Time course of absorbance changes during heating of Cp Fe31Rd.
The protein~0.01–0.02 mM in 50 mM Tris-HCl, pH 7.4! was incubated at
the various temperatures~in 8C! indicated next to each curve while con-
tinuously monitoring the absorbance at 492 nm.

Fig. 4. Absorbance changes upon progressive heating of oxidized and re-
duced FeRd. FeRd~0.01–0.02 mM in 50 mM Tris-HCl, pH 7.4! was heated
progressively from 20 to 1008C at heating rate of 0.58C0min. When ap-
propriate, the protein was reduced with 5 mM dithionite. When present,
BPS was 0.2 mM. Absorbance changes were monitored at either 535 nm
~reduced1 BPS and oxidized1 BPS!, or at 492 nm~oxidized, dashed
line!.
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Free thiol and metal content after heating MRds

Free –SH content in the Cp MRds was correlated with metal con-
tent after heating. The only cysteine residues in Cp Rd are the four
that provide ligands to the metal ion. The results listed in Table 1
show that four free –SH per mol of Rd were determined after
removal of the metal ion upon prolonged anaerobic heating of Cd-,
Zn- or dithionite-reduced FeRd. This free thiol0protein stoichiom-
etry rules out decomposition of cysteine to dehydroalanine or ox-
idation of thiols during thermally induced M21 release under our
anaerobic conditions. At lower temperatures and0or shorter heat-
ing times, the proportion of reactive thiols was consistent with four
thiols becoming accessible for each divalent metal ion lost. In the
case of oxidized FeRd, when the protein was heated anaerobically
long enough to induce complete loss of iron, we found three rather
than four reactive thiols in the residual protein. The most obvious
explanation for these results is formation of a disulfide via reduc-
tion of Fe31 upon heating of oxidized Rd. No evidence for poly-
meric forms of Rd was found in gel-permeation experiments carried
out on oxidized FeRd after prolonged heating and complete metal
ion loss, arguing against intermolecular disulfide formation~and
against any other type of heat-induced protein aggregation!.

Differential scanning calorimetry of Cp MRds

DSC, in principle, can directly measure heat capacity changes
associated with conformational transitions. The DSC tracings ob-
tained in anaerobic conditions for three of the four Cp MRds
investigated in this study are presented in Figure 5. The dithionite-
reduced FeRd did not show any appreciable DSC signal at tem-
peratures below those where thermal decomposition of dithionite
interferes with the measurements~;808C!. None of the MRds
showed the sharp endothermic peak typical of a cooperative ther-
mal transition between native and denatured states of a compact
globular protein~Privalov, 1979!. Instead, we observed only a
modification in the heat capacity~DCp!, which could be inter-
preted as due to an increased hydration of protein residues and0or
to an increased conformational freedom in the unfolded protein
~Sturtevant, 1977; Privalov, 1979; Privalov & Gill, 1989; Privalov
& Makhatadze, 1993; Barone et al., 1994!.

Despite the nonstandard shapes of the DSC curves, it is clear
that the temperatures required for the DSC transitions do not cor-
relate with those obtained from the metal ion release experiments
discussed above. Oxidized FeRd apparently undergoes conforma-
tional changes at the lowest transition temperature~526 1 8C! and
with the lowest change in specific heat capacity~DCp 5 8 6 2
J K21 mol21!. This transition temperature is far below that at which
half-release of iron occurs~838C! under comparable heating con-
ditions ~cf. Fig. 4!. CdRd shows a DSC transition at a temperature
significantly lower~726 1 8C! than that observed for ZnRd~946
1 8C!, but with a larger change in heat capacity~CdRd5 19 6 2
J K21 mol21; ZnRd 5 14 6 2 J K21 mol21!. The midpoint tem-
peratures for all the transitions observed in DSC are considerably
below those expected assuming that metal release is the event
corresponding to~or responsible for! unfolding of the protein. The
overallDdCp ~Td! effect, expressed in J K21 mol21 per aminoacid
residue, is 160 in Fe31Rd, 250 in ZnRd, and 357 in CdRd. Esti-
mates ofDdCp (Td! for other proteins are in the range of 50–110
J K21 mol21 per aminoacid residue~Privalov & Makhatadze, 1990!,

Table 1. Residual metal content and titratable thiols in Cp MRds heated at 908C for different times

Rd
Heating time

~h!
Residual metal

~moles0mol protein!
Titratable –SHa

~moles0mol protein!

Fe, reduced 3 0.036 0.02 3.826 0.23

Fe, oxidized None 1.026 0.06 0.086 0.04
3 0.616 0.05 1.156 0.34
8 0.026 0.01 2.916 0.11

Cd 3 0.826 0.13 0.626 0.11
8 0.226 0.07 3.226 0.18

Zn 3 0.706 0.08 1.226 0.14
8 0.116 0.11 3.826 0.21

Acid-prepared apoprotein None 0.026 0.01 4.066 0.18

aTitratable –SH was determined using Ellman’s chemistry~Ellman, 1959!, in the absence of denaturants. Residual metal content in
Rd was determined by ICP-AE after Centricont dialysis to remove unbound metal ion. Average values and standard deviation are for
three separate experiments. Apo-Rd was prepared by precipitating the native FeRd with 10% TCA, followed by two washes of the
precipitate with 1% TCA and redissolution in buffer.

Fig. 5. DSC tracings for Cp MRds. Rd solutions~0.4–0.5 mM in 50 mM
Tris-HCl, pH 7.4! were heated progressively at 0.58C0min.
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a portion of which was attributed to changes in the water-accessible
surface area upon unfolding, and the remainder to increased con-
formational freedom of the protein in the unfolded state. The rel-
ative contribution of the two effects is reportedly dependent on the
nature and size of the protein~Privalov & Makhatadze, 1992!.
Apparently, the nature of the metal ion in the M~SCys!4 site affects
the changes in residue solvation and0or in interconversion among
conformers upon heating.

In a separate experiment, oxidized FeRd was heated to 608C
under the DSC conditions~that is, enough to undergo the transition
reported in Fig. 5, but well below the temperature required for
significant iron release! and then rapidly cooled to 208C. This
temperature-cycled protein showed the same transition near 528C
when re-analyzed by DSC, and retained almost completely the
UV0Vis absorption features and intensities of the starting protein.
These observations indicate that the lower temperature structural
transitions of Fe31Rd observed by DSC are reversible, and not
accompanied by significant metal ion release.

ANS binding to heated MRds

To assess whether the thermally induced structural changes and
metal ion release corresponded to exposure of hydrophobic regions
of the protein structure, the Cp MRds were heated in the presence
of the fluorescent hydrophobic probe, ANS~Ptitsyn, 1992; Cairoli
et al., 1994!. Changes in the intensity of ANS fluorescence stem
from its binding to sufficiently exposed hydrophobic regions in
proteins. Due to overlap of the ANS emission maximum~480 nm!
with one of the absorbance maxima~492 nm! of oxidized FeRd,
and of the ANS excitation wavelength~390 nm! with the near-UV
absorption of dithionite, these experiments were limited to the Cd
and ZnRds. Fluorescence spectra of ANS in the presence of Cd or
ZnRds obtained at 208C and at 908C ~Fig. 2S in Supplementary
material in the Electronic Appendix! indicate a small but signifi-
cant increase in ANS fluorescence over background, which is at-
tributed to binding of the probe to newly exposed hydrophobic
regions on the protein surface. These changes were not observed
when heating mixtures of ANS and apoRd. The change in ANS
fluorescence during temperature ramp experiments carried out on
mixtures of either Cd or ZnRd and ANS under the same conditions
as used for metal ion release studies, is plotted in Figure 6.

The tracings in Figure 6 clearly indicate temperature-dependent
exposure of hydrophobic regions at a lower temperature for CdRd
than for ZnRd. The midpoint temperatures of the ANS transitions
observed for the Cd and ZnRds~;50 and;608C, respectively!
were far below those required for significant release of metal ion
~70 and 808C, respectively!, and were also lower than the temper-
atures at which DSC-detectable transitions occurred~cf. Fig. 5!.

Tryptophan fluorescence of heated MRds

W37 is the only Trp residue in Cp Rd and is located in a well-
defined hydrophobic core~cf. Fig. 1!. Tryptophan fluorescence
studies were, therefore, carried out to assess the involvement of
this region of Rd in the lower temperature transitions observed by
DSC and ANS fluorescence. Due to interfering background ab-
sorption of dithionite, we did not carry out these experiments on
reduced FeRd. Trp fluorescence spectra recorded for ZnRd, CdRd,
and Fe31Rd at 208C, at 1008C, and after cooling back to 208C are
shown in the appropriate panels of Figure 7. No modifications in
the position of the Trp emission maximum, which would indicate

Fig. 6. Fluorescence intensity changes upon progressive heating of mix-
tures of ANS and CdRd~open symbols! or ZnRd~full symbols!. Rd solu-
tions~0.01 mM in 50 mM Tris-HCl, pH 7.4, containing 0.1 mM ANS! were
heated progressively from 20 to 1008C at a rate of 0.58C0min. Fluores-
cence atlem5 480 nm was monitored continuously by usinglex5 390 nm.
The experimental tracings are corrected for the background increase in
fluorescence in heated ANS solutions.

Fig. 7. Effects of temperature on the W37 fluorescence spectra of Cp
MRds. Rds~5–8 mM in 50 mM Tris-HCl, pH 7.4! were heated progres-
sively from 20 to 1008C at a rate of 0.58C0min, and kept at 1008C for
5 min before being re-cooled to 208C at 108C0min. Shown are the emis-
sion spectra~lex5 298 nm! of the untreated protein at 208C ~full circles!,
the protein at 1008C ~open circles!, and the protein after re-cooling to 208C
~triangles!. Spectra obtained at intermediate temperatures are omitted for
clarity.

Thermal stability of metal-substituted rubredoxins 2417



a change in solvent exposure, were evident in spectra taken at 58C
intervals ~not shown! during heating of Zn and CdRd, but there
was an evident, temperature-dependent decrease of the fluores-
cence intensity. As shown in Figure 7, most of this intensity de-
crease in ZnRd and CdRd could be reversed upon cooling back to
208C, consistent with recovery of a native-like structure in that
portion of the protein that did not undergo irreversible modifica-
tions as a consequence of metal ion release.

In the case of the oxidized FeRd, a combination of the pro-
tein absorbance and the quenching effect of iron resulted in a
very low quantum yield for W37, and did not allow monitoring
of temperature-dependent changes in fluorescence other than a
modest intensity increase~Fig. 7! associated with iron release
~Cavagnero et al., 1998b!.

Under the conditions of these experiments~that included a 10 min
incubation at 1008C at the end of a 20–1008C temperature ramp
in 160 min!, an appreciable fraction of the iron was lost from the
oxidized FeRd~cf. Figs. 2, 3; Table 1!. After the residual protein
was cooled, its W37 fluorescence emission spectrum showed a
significantly red-shifted maximum~Fig. 7! likely as a consequence
of some exposure of the indole ring to solvent. The red-shifted
emission maximum of this “displaced” W37 was the only signal
present in the emission spectrum of an iron-depleted Rd obtained
by heat treatment of the oxidized FeRd, and was much less pro-
nounced in the spectra of metal-depleted Rds obtained by pro-
longed heating of Cd and ZnRd, or in the spectra of an apoprotein
obtained by TCA precipitation of oxidized FeRd~Fig. 3S in Sup-
plementary materials in the Electronic Appendix!. This compari-
son suggests that the W37 environment is considerably different in
the heat-treated oxidized FeRd than in the other heated MRds.

The emission intensities of the W37 fluorescence in Cd and
ZnRd during the temperature ramp experiments decreased contin-
uously with increasing temperature~above 308C!, and no inter-
mediate transitions were evident~Fig. 4S in Supplementary materials
in the Electronic Appendix!. These data indicate that, in Cd and
ZnRd, the reversible changes of the W37 fluorescence intensity
monitor only modifications in the contacts between the exposed
edge of the indole ring and surrounding molecules~including sol-
vent!, but not changes in contacts involving the indole ring faces,
as made evident by the absence of shifts in the emission maximum
~Fig. 7!.

Far-UV CD spectroscopy of heated MRds

Far-UV CD spectroscopy indicated essentially complete loss of
secondary structure when Cd or ZnRd were heated long enough to
result in complete metal ion release. The heated apoproteins had a
much lower content of residual secondary structure than a Rd
apoprotein obtained by TCA treatment at room temperature~Fig. 8!.

1H NMR of heated MRds

To provide more detailed information about the structural regions
of Cp Rd that are involved in these thermally induced changes, the
temperature dependences of selected resonances in the1H NMR
spectra of MRds was monitored. Due to paramagnetic broadening
of resonances for Fe31Rd, the experiments were limited to the Rds
containing Fe21, Zn21, and Cd21, the vast majority of whose1H
NMR resonances have been assigned~Richie et al., 1996; Eidsness
et al., 1997; Bertini et al., 1998; Bonomi et al., 1998!. As shown in
the three panels of Figure 9, several resonances are displaced or

reduced in intensity when the temperature is raised. In the cases of
Zn and CdRd, most of the distinguishing spectral features disap-
pear at 808C, but are almost fully recovered, both in position and
in intensity, upon re-cooling to 258C. This recovery indicates that
nearly all of the thermally induced structural modifications that
occur without metal ion release, are reversible.

Particularly notable are the well-resolved resonances of two side
chains in the hydrophobic core, namely, the indole ring NH of W37
~at 11.55 ppm for CdRd at room temperature! and thedCH3 of I33
~at 21.17 ppm for CdRd at room temperature!. The latter upfield
resonance position is most likely due to a ring current effect from
the nearby W37 indole side chain~cf. Fig. 1!. The positions of
these two resonances as a function of temperature are plotted in
Figure 10. The W37 indole NH resonance shifts at a somewhat
lower temperature in CdRd than in ZnRd, and completely disap-
pears at temperatures above 658C in CdRd or above 758C in
ZnRd. In contrast, the indole NH resonance is still present at 808C
in the spectrum of reduced FeRd. The disappearance of this reso-
nance probably occurs concomitantly with breakage of a hydrogen
bond between the W37 indole NH and a carboxylate oxygen of the
side chain of D19, thereby allowing the indole NH proton to ex-
change with solvent. The upfield shift of the I33dCH3 with in-
creasing temperature shows an almost perfect overlap in the case
of Zn and CdRd, including the change in slope at;658C. A much

Fig. 8. Far-UV CD spectra of Fe31Rd ~full triangles!, ZnRd~open circles!,
and CdRd~full circles!, ~A! before and~B! after treatment at 908C for 8 h.
The spectrum of Cp apoRd obtained as described in the footnote to Table 1
by TCA precipitation of Fe31Rd ~open triangles! is shown in the lower
panel for comparison. Proteins were;10 mM in 50 mM Tris-HCl pH 7.4.
Spectra were taken at 258C in 1 mm pathlength cells.
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shallower temperature dependence of the I33dCH3 resonance is
observed upon heating reduced FeRd. The relatively smooth and
monotonic temperature dependence of these resonances is most
likely due to rapid~on the NMR timescale! fluctuations among an
ensemble of protein conformers ranging from native to largely
unfolded but with the M~SCys!4 site intact.

In the Cd and ZnRd, a detailed analysis of the spectral region of
aliphatic side chains between 0 and 1.5 ppm indicates that reso-
nances attributable to residues V8 and L41 as well as to V44
undergo small but significant shifts with temperature~0.03–0.05 ppm
from 25 to 658C, as exemplified in Fig. 11 for CdRd!. The afore-
mentioned side chains lie close to the M~SCys!4 site~cf. Fig. 1!. In

Fig. 9. 1H-NMR spectra of Cp MRds at various temperatures. Spectra were taken on anaerobic solutions of 0.2–0.6 mM Rd in 5 mM
Tris-HCl, pH 7.4, containing 10% D2O ~v0v! and 5 mM sodium dithionite in the case of reduced FeRd. Spectra were obtained at 58C
intervals during progressive heating to 808C and after re-cooling to 258C. Heating rate was;1 8C0min. At each preset temperature,
about 5 min were allowed for thermal equilibration of the sample prior to spectral acquisition, which required 15–20 min for each preset
temperature.~Figure continues on facing pages.!
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the Cd- and ZnRds, only very modest temperature-dependent shifts
are observed for resonances of aliphatic residues located in other
regions of the protein, such as I12 and L52 on the middle and
C-terminal strands, respectively, of theb-sheet. Residual paramag-
netism prevented accurate measurements in this region for Fe21Rd.
Other resonances, in particular those of the backbone amide NHs,
almost completely disappear at high temperature~see the 808C
spectra in Fig. 9! indicating extensive breakage of hydrogen bonds.

When the NMR data are compared with those obtained by the
other methods, it appears that the transitions detectable by DSC in
Zn and CdRd occur only after complete exposure of the W37
indole ring edge to solvent and approximately coincide with the
onset of the I33-dCH3 NMR disappearance~presumably due to its

shifting to a position within the group of methyl resonances down-
field of 0 ppm!.

Discussion

The most pertinent data obtained in this work for the thermal
modifications of Cp MRds are collected in Table 2. The results
show that:~1! thermally induced “spontaneous” metal ion release
from MRds occurs during the last and irreversible step of protein
unfolding; ~2! thermally induced metal ion release occurs in the
order: Fe21 .. Fe31 . Cd21 . Zn21 ; ~3! the committed step in
release of iron from oxidized FeRd appears to be reduction of Fe31

to Fe21 and a corresponding 1:1 stoichiometric oxidation of cys-

Fig. 9. Continues.
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teine thiols, but no protein aggregation;~4! at temperatures below
those required for metal ion release, structural modifications occur
in the hydrophobic core and middle loop regions but not at the
M ~SCys!4 sites;~5! modifications of the protein structure occur at
lower temperature for CdRd than for ZnRd;~6! the acid-prepared
Cp apoRd does retain a large amount of secondary structure at
room temperature, whereas heat-prepared apoRds do not.

We interpret our results in a model for the thermal unfolding
process and subsequent metal ion loss in Fe21, Cd, and ZnRds
~i.e., in those Rds where no redox chemistry of the metal ion is
possible under anaerobic conditions! shown in Scheme 1. In this
scheme, reversible protein structural modifications and the irrevers-

ible events resulting in metal ion release occur in clearly distinct
temperature regimes.

The first event, occurring when temperature is increased, is
interpreted as a progressive “loosening” or “swelling” of the hy-
drophobic core of Rd, which includes W37 as a convenient marker
of structural integrity. Although this residue likely retains its orig-
inal orientation with respect to other nearby residues, major pro-
gressive changes are observed in the spectroscopic~fluorescence,
NMR! properties of W37.

These changes are reversible and do not detectably affect other
regions of the protein. As the temperature is raised above a definite
threshold~;508C for CdRd and;608C for ZnRd!, temperature-

Fig. 9. Continued.
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induced modifications become more extensive and apparently in-
volve other regions of the protein in addition to the hydrophobic
core. The temperature-dependent changes in1H NMR chemical
shifts of both I33dCH3 and the W37 indole ring NH become
steeper, and this latter signal eventually disappears, due to solvent
exposure. The solvent exposure of the W37 indole NH is likely due
to breakage of a hydrogen bond to the D19 carboxylate in the
middle loop. As a result, this loop may move away from the
hydrophobic core, thereby exposing the core to solvent. Previously
buried regions of the protein do indeed become solvent-exposed in
this temperature regime, as shown by DSC and by binding of the
ANS probe. The change in fluorescence intensity upon heating the
mixture of Rd and ANS is modest, as expected for such a small
protein~Ptitsyn, 1992! and is consistent with formation of hydro-
phobic patches having a limited surface and with the lack of ag-
gregation during heating observed by gel permeation~Iametti et al.,
1996, 1998!. Breakage of the W37 indole NH0D19-carboxylate
hydrogen bond had been predicted by molecular dynamics simu-
lations of thermal unfolding pathways for oxidized FeRds~Laza-
ridis et al., 1997!. In fact, our proposed progression of unfolding
events is remarkably similar to that obtained from these molecular
dynamics simulations, which treated the Fe-S bonds as covalent
and, therefore, nonbreakable.

The native Cp Rd structure also has several partially exposed
hydrophobic side chains, including those of V8, L41, and V44
~cf. Fig. 1!. As inferred from our NMR data, these side chains
undergo environmental changes upon increasing the temperature,

which are most likely due to increased solvent exposure. It is
possible that, above the temperature threshold indicated by ANS-
binding data~50–608C!, at least some of these residues become
nearly fully solvent exposed and, as is often observed for other
heat-treated proteins~Cairoli et al., 1994; Iametti et al., 1996!, that
they cluster themselves into discrete “hydrophobic patches” on the
protein surface. These transitions are completed just prior to the
onset of the likely more extensive modifications made evident by
DSC.

All of the thermally induced structural modifications so far dis-
cussed are attributable to “loosening” of several intramolecular
interactions, but are reversible upon lowering the temperature. While
these modifications do not directly involve the metal site, they
generally occur at lower temperatures in CdRd than in ZnRd. The
larger Cd21 ion may drive a “wedge” into the native structure,
allowing for easier thermally induced opening than for the smaller
Zn21 ion, despite the inherently weaker M-SCys ligation of the
latter. This size vs. thermal stability correlation also encompasses
reduced FeRd. Based on the higher temperature onset of changes
in the NMR spectrum, the intraprotein interactions are stronger for
M 5 Fe21 than for either Cd21 or Zn21. The X-ray crystal struc-
tures of Cp Rds show 0.08 Å shorter M-SCys distances for M5
Fe21 vs. Zn21 ~Dauter et al., 1996!. Thus, the smallest of the three

Fig. 10. Temperature dependence of the I33-dCH3 and the W37 indole
ring NH resonances in the1H NMR spectra of Cp MRds. Circles, CdRd;
triangles, ZnRd; squares, reduced FeRd.

Fig. 11. Aliphatic region of the1H-NMR spectra of Cp CdRd at the given
temperatures. Resonances at 258C were assigned according to Bonomi
et al. ~1998!.
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divalent M~SCys!4 sites, i.e., M5 Fe21, induces the strongest
intraprotein interactions in Cp Rd.

The final, irreversible phase of thermally induced Rd unfolding
could involve a structural modification of the M~SCys!4 site, for
which no direct evidence was detected. This hypothetical modifi-
cation should greatly facilitate metal ion release, which occurs in
the Cp Rds at significant rates only above;808C. Our results
indicate that metal ion release from Cp Zn and CdRd is dependent
mostly on the inherent metal–sulfur bond strength. We previously
proposed that protonation of the most solvent-exposed cysteinyl
sulfur ligand~Cys42! is responsible for the acid-induced release of
M21 from Cp MRds ~Bonomi et al., 1998!. Thus, H1 would
compete with M21 for the cysteinyl sulfur. Concomitant with metal
ion release at high temperature, the residual apoprotein unfolds
rapidly and completely in an irreversible process, as made evident
by intrinsic W37 fluorescence spectra and far-UV CD.

The same general pattern of events depicted above for Zn and
CdRd occurs upon heating reduced FeRd. However, some tem-
perature-dependent features of the NMR spectra of reduced FeRd
are different from those of Zn and CdRds. For example, changes in
the positions of either the W37 indole NH or the I33dCH3 reso-
nances were relatively limited, no sharp transitions in their tem-
perature dependences were evident, and the W37 indole NH signal
did not disappear completely even at 808C. Thus, the conforma-
tion of the hydrophobic core~including W37 and I33! of reduced
FeRd apparently remains more compact than that of Zn and CdRd
during heating. However, the weaker Fe21-SCys bonds result in
loss of M21 at a lower temperature, and this loss is rapidly fol-
lowed by unfolding of the apoprotein. Indeed, the transition ob-
served at 578C in the Arrhenius plot for iron release from reduced
FeRd~Fig. 1S in Supplementary material in the Electronic Appen-
dix!, indicating a sudden change in the reaction pathway, coincides
with the onset of thermal release of Fe21 in temperature-ramp
experiments~Fig. 4!. This coincidence confirms the kinetic nature
of the barrier to Fe21 release concomitant with protein unfolding.

We have demonstrated that under anaerobic conditions Fe31 is
reduced by cysteine thiols upon thermal denaturation of oxidized
Cp FeRd, and that the resulting Fe21 is rapidly released. It is worth
noting that, while release of iron from the protein during thermal
denaturation of oxidized FeRds has often been assumed, it had not

Table 2. Temperature parameters of molecular events detected by various methods during progressive heating of Mrdsa

Metal ion in Rd

Technique Molecular event Fe31 Fe21 Cd21 Zn21

UV0Vis, chemical analysis Metal release Tm 83 69 NDb ND
Tonset .60 .50 .80 .70

DSC Overall protein solvation Tm 52 None 72 94
ANS-binding Exposure of hydrophobic regions Tm ND ND 50 60
W37 fluorescence Modifications of indole ring environment ND ND PRc PR
1H-NMR Modifications of W37 indole NH environment ND PR PR PR

Exposure of W37 indole NH to solvent ND .80 70 80
Change in the temperature dependence of I33dCH3 shift ND None 65 65

aTemperatures are in8C.
bND, not detectable.
cPR, progressive from;25 to ;808C.

Scheme 1.A pictorial representation of the regions involved in structural
modifications during exposure of CdRd and ZnRd at increasing tempera-
ture. The technique used for detecting individual steps and the temperature
range in which they occur are given for each protein. Ribbon arrows
indicate regions of the protein that are involved in each denaturation step.
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heretofore been directly demonstrated. We suggest that inhibition
of the aforementioned Fe310thiolate redox chemistry by O2 ex-
plains the higher activation barrier measured by Cavagnero et al.
~1998a! for thermal denaturation of oxidized Cp FeRd in their
stirred, aerobic solutions~213 kJ mol21 between 60 and 808C vs.
70–72 kJ mol21 measured in this study!. The same inhibition would
also explain the much longer times~several hours! required for
loss of the UV-vis absorbance of oxidized Cp FeRd at 928C re-
ported by Eidsness et al.~1997!.

Nonnative Fe31~SCys!n species do not accumulate to any de-
tectable extent during thermal denaturation under either aerobic or
anaerobic conditions. This observation, coupled with the inhibition
by O2, suggests that reduction of Fe31 occurs in the rate-determining
step. Our@reactive thiol#0@released iron# stoichiometry for ther-
mally denatured oxidized Cp FeRd~Table 1! indicates that reduc-
tion of each Fe31 to Fe21 is accompanied by oxidation of one
thiol. Because no aggregation of the resulting apoRd was observed,
the oxidation product cannot be an intermolecular disulfide. A
solely intramolecular mechanism for this one-electron0two-electron
iron0thiol redox chemistry is not obvious to us. Wampler and
Neuhaus~1997! invoked an intermolecular autocatalytic mecha-
nism to fit the thermal denaturation kinetics of oxidized FeRds,
including that from Cp, in aerobic solutions. Under our anaerobic
conditions the time course of thermally induced Fe31~SCys!n site
destruction in Cp Rd was the same in either the presence or ab-
sence of the Fe21 chelator, BPS. Therefore, iron released from the
Rd does not appear to be a catalyst under our conditions. Inter-
protein interactions would then seem to be a viable alternative
explanation for the iron0thiol redox stoichiometry observed during
thermal denaturation of oxidized Cp FeRd.

The thermally prepared Cp apoRd does not show any residual
secondary structure at room temperature after metal ion loss, even
under anaerobic conditions. Conversely, the Cp apoRd prepared by
TCA precipitation at room temperature retains a considerable de-
gree of residual secondary structure at 258C. This last result ap-
pears to be in conflict with the results of Strop and Mayo~1999!,
who found that their cysteine–ligand mutated mesophilic apoRd
contained no detectable secondary structure even at 18C. This
apparent conflict likely stems at least in part from kinetically vs.
thermodynamically controlled protein denaturation. We propose
that incorporation of M21 into Cp Rd optimizes a large number of
interactions throughout the protein that together stabilize the native
folded structure. This set of interactions plus the inherent stability
of the M~SCys!4 site would increase the thermodynamic stability
of the native Cp MRd structure and also raise the activation barrier
to thermal unfolding. Thus, once folded into its native structure,
Cp Rd must have a significant activation barrier to complete un-
folding, even when the metal ion is removed.

The published thermal unfolding studies of native Pf Rd have
not resolved the kinetic versus thermodynamic contributions to its
hyperthermostability. DSC experiments gave~irreversible! unfold-
ing midpoint temperatures for Pf Fe21 and Fe31 Rds of 102 and
1138C, respectively~Klump et al., 1994!. Hydrogen exchange
measurements led to an estimatedTm close to 2008C for Pf ZnRd
~Hiller et al., 1997!. These temperatures are all significantly higher
than the reversibleTm of 828C for the cysteine–ligand-mutated Pf
apoRd~Strop & Mayo, 1999!. Thermal denaturation of oxidized Pf
FeRd in aerobic conditions between 60 and 808C was only mea-
surable at low pH~Cavagnero et al., 1998b!, and, here again, was
irreversible. Given our results showing much more rapid thermally
induced loss of iron from Cp Fe21 vs. Fe31Rd, a thermal dena-

turation study of reduced Pf FeRd, and Pf apoRd under anaerobic
conditions near neutral pH would seem to be worthwhile.

The relative thermal instability of reduced Cp FeRd in vitro may
have implications in vivo. FeRd, the biologically active form with
Em 5 255 mV vs. NHE at room temperature, is likely to be
predominantly reduced in the anaerobic and extremely reducing
environment ofClostridium pasteurianum, which grows optimally
at 378C. Extrapolating from the data in Figures 4 and 1S~see
Supplementary material in the Electronic Appendix!, the estimated
half-life of native reduced Cp FeRd at 378C is ;30 h. This esti-
mate applies only to “spontaneous” thermally induced iron loss
and does not include the possibility of direct metal exchange or
reinsertion. This analysis could imply a fairly rapid turnover of
FeRd in vivo, for which there is currently no evidence. An alter-
native and perhaps more likely possibility is an in vivo system for
actively inserting iron into the Rd apoprotein and0or for inhibiting
its release. We have previously suggested that Zn21, which our
results show can displace Fe21 from Cp Rd, is sequestered from
reduced FeRd in vivo~Bonomi et al., 1998!.

Materials and methods

Proteins and analytical methods

A recombinantC. pasteurianumRd obtained via overexpression in
E. coli was used for all experiments. FeRd and ZnRd were ob-
tained and purified as described elsewhere~Eidsness et al., 1992;
Richie et al., 1996!. CdRd was prepared from either Fe or ZnRd
following a nondenaturing metal substitution procedure~Bonomi
et al., 1998!. Rd concentration was determined by usingE492 5
8,850 M21 cm21 for oxidized FeRd~Lovenberg & Walker, 1978!,
E280 5 9,530 M21 cm21 for ZnRd ~Eidsness et al., 1992; Richie
et al., 1996!, or E2805 10,560 M21 cm21 for CdRd~Bonomi et al.,
1998!. Iron was determined spectrophotometrically with batho-
phenanthroline sulfonate~BPS! in the presence of sodium dithio-
nite after protein denaturation~Ljones & Burris, 1978!, or, along
with other metals, by inductively coupled plasma-atomic emission
~ICP-AE! at the Chemical Analysis Laboratory, University of Geor-
gia. Residual free thiols in the thermally treated proteins were
measured spectrophotometrically by using Ellman’s reagent~Ell-
man, 1959! in Tris buffer at pH 7.4.

Kinetics of metal release from Rd at fixed temperature

All manipulations were carried out anaerobically by working in ei-
ther septum-capped vials or Schlenk-type flasks where air was re-
placed by high-purity Ar through several cycles of evacuation and
refilling. Standard anaerobic techniques and gas-tight syringes were
used for sample handling. Aliquots~0.1 mL! of a stock Rd solution
~0.08–0.1 mM Rd in 50 mM Tris-HCl, pH 7.4! were diluted 10-fold
with the same buffer, and heated in a thermostatted water bath or,
in the case of the reduced FeRd, in a Peltier-equipped spectropho-
tometer cell holder. After the required time, samples were exhaus-
tively buffer-exchanged in Centricont devices at room temperature
to remove any unbound metal. Buffer exchange was carried out aero-
bically. The amount of residual protein-bound metal was then de-
termined as indicated in the above paragraph. In experiments
involving FeRd, the time course of metal release was also followed
by monitoring the loss of absorbance at 492 nm~for the oxidized
protein! or the increase in absorbance at 535 nm due to the forma-
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tion of the red Fe~II !BPS complex in heated mixtures of the protein
and BPS. The experiments involving BPS were performed on both
the oxidized and the reduced form of FeRd. In the latter case, a di-
luted FeRd solution was made anaerobic and reduced by addition
of sodium dithionite to a final concentration of 2–5 mM. BPS was
then added anaerobically from a 10 mM stock solution to a final con-
centration of 0.1–0.2 mM. All reported pseudo-first-order rate con-
stants were calculated from ln@~At 2 A`0~A0 2 A`!# vs. time plots,
which were linear for at least two half-lives.

Temperature-ramp experiments

Time-progressive heating of protein solutions was performed in
computer-controlled, Peltier-driven cell holders, fitting a spectro-
photometer or a spectrofluorometer. Typically, spectroscopic sig-
nals were monitored continuously while applying the following
temperature gradient: 208C for 5 min; from 20 to 1008C in 160 min
~heating rate: 0.58C0min!; 1008C for 5 min. To assess the extent
of reversibility, the sample was cooled to 208C over an 8 min
period ~cooling rate, 108C0min!. In all these experiments, the
proteins were 8–10mM in 50 mM Tris-HCl, pH 7.4. In experi-
ments aimed at monitoring the exposure of hydrophobic surfaces,
1–8 anilinonaphthalenesulfonate~ANS! was added to the proteins
from a 20 mM stock solution in buffer to a final concentration of
0.1 mM. Release of iron from FeRd was monitored spectrophoto-
metrically as reported above for kinetic studies at fixed tempera-
ture. For the determination of midpoint transition temperatures
~Tm!, the temperature ramp curves were corrected for delay effects
~Riva & Schiraldi, 1993! by using an home-written program.

Spectroscopy

Electronic absorption spectra were recorded on Shimadzu
~UV2101PC! or Perkin-Elmer scanning spectrophotometers using
anaerobic 1 cm pathlength cells. All spectrofluorimetric measure-
ments were performed in a LS-50 Perkin-Elmer instrument, by
using anaerobic 1 mL cells. Far-UV CD spectra were taken by
using 1 mm pathlength cells in a JASCO J-500 instrument, and
analyzed by JASCO software.1H NMR experiments were per-
formed on a Bruker AMX600 spectrometer operating at 600 MHz
for the 1H nucleus, in H2O0D2O 90:10 v0v solutions containing
0.4–0.5 mM MRd in;5 mM Tris0HCl, pH 7.4. In variable
temperature experiments, the protein was heated progressively in
5 8C steps~heating rate;1 8C0min! between 25 and 808C. About
15 min were allowed for thermal equilibration of the sample,
and acquisition of a single spectrum took 15–20 min at each
preset temperature. Chemical shifts were referred to the methyl
resonance of 3-~trimethylsilyl!propanesulfonate, as an external
reference. This reference was used to calibrate the residual water
signal ~at 4.76 ppm, 258C!, then used as a reference in spectra
taken at different temperatures. Off-line data processing was per-
formed using either the UXNMR software~v. 950901! installed
on the NMR spectrometer, or XWINNMR~Bruker Spectrospin,
v. 1.1! installed on a Silicon Graphics Indy workstation.

Differential scanning calorimetry

Calorimetric measurements on 0.4–0.5 mM protein solutions in
50 mM Tris-HCl, pH 7.4 were carried out on a third-generation
Setaram Micro-DSC apparatus. All samples were prepared anaer-
obically and were transferred to the calorimetric cell under an Ar

atmosphere in a glove box. Scan rate was 0.5 K0min. The data
were analyzed by using the THESEUS software package by the
method of Barone et al.~1992!. The observable quantity is the
excess molar heat capacity^Cp~T !&, i.e., the apparent molar heat
capacityCp~T ! of the sample per mol of protein, referred to the
molar heat capacity of the “native state,”CpN~T !, at each temper-
ature. The latter is obtained according to the Freire and Biltonen
procedure~Freire & Biltonen, 1978!, by the linear regression of
Cp~T ! in the pre-denaturation region. At least two separate exper-
imental runs were performed for each sample.
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