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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 rubredoiid) from the mesophileClostridium pasteurianunwas undertaken.

Rds with three different metals in its (8Cy9, site (M = Fe**/2*, Zn?*, or C?™) were examined. Kinetics of metal

ion release were monitored anaerobically at several fixed temperatures between 40 &dab@Oduring progressive
heating of the iron-containing protein. Both methods gave a thermal stability of metal binding in the ofdexFe

Fe’™ < Zn?" < Cd?". The temperature at which half of the iron was released from the protein in temperature ramp
experiments was 6 for F&*Rd and 83C for Fe*" Rd. Temperature-dependent changes in the protein structure were
monitored by differential scanning calorimetry, tryptophan fluorescence, binding of a fluorescent hydrophobic probe,
and*H NMR. Major but reversible structural changes, consisting of swelling of the hydrophobic core and opening of
a loop region, were found to occur at temperatBs-70°C) 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 WISite, whereas the final, irreversible loss of metal ion is dependent on the inherent
M-SCys bond strength. In the case offFRd, stoichiometric F&"/cysteine-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 #&Cyb, site.

Keywords: metal-derivatives; rubredoxin; thermal unfolding; thermostability

Rubredoxins(Rd9g constitute a group of bacterial and archaeal both the N- and C-termini, and a hydrophobic core consisting of
iron—sulfur proteins of small sizé~54 amino acid residugs residues YW4, Y11, Y13, F30, 133, W37, and F4@sing Clos-
containing a single, redox-active &Cy9, site. The precise role tridium pasteurianumCp) Rd sequence numbering
of Rds in microbial physiology, especially in anaerobes, remains The issue of molecular determinants of thermostability in Rds
unclear, although evidence for an electron transfer function hagrose upon the discovery of extremely thermostable Rds from
been obtainedGomes et al., 1997 All Rds contain the struc- hyperthermophiles, such &yrococcus furiosuéPf) (Blake et al.,
tural motifs shown in Figure XDauter et al., 1996 namely, 1991; Day et al., 1992; Hausinger et al., 129he secondary and
two iron-coordinating CXXC loopgresidues 6-9 and 39-%2a tertiary structures of Pf Rd are nearly superimposable on those of
middle loop(residues 16—29 a three-strandef-sheet involving  the mesophilic Cp Rd. Introduction of the three-stranfesheet
sequence of Pf Rd into Cp Rd did not confer Pf Rd-like thermo-
Reprint requests to: F. Bonomi, DISMA, Via Celoria 2, 20133 Milan, stability (Richie et al., 1996; Eidsness et al., 1997; _Bau et al.,
ltaly; e-mail: francesco.bonomi@unimi.t. 1998. Cavagnero et al. have reported that thermally induced un-
AbbreviationsANS, 1-anilinonaphthalene-8-sulfonate, sodium salt; BPS, folding of Cp F€*Rd is monophasic at pH 2, whereas that of Pf
bathophenanthroline sulfonate, sodium salt; CD, circular dichroism; DSCFe3*Rd is multiphasic(Cavagnero et al., 1998a, 1998Miller
differential scanning calorimetry; FeRd, iron-containing rubredoxin; ICP- ot al. found that the peptide NHs involved in N—H~EY/s) hy-

AE, inductively coupled plasma-atomic emission; Rd, recombinant rub- N .
redoxin from Clostridium pasteurianumTCA, trichloroacetic acid; Tris, drogen bonds of the 28Cys, site in zinc-substituted Pf Rd were

tris(hydroxymethylaminomethane; ZiCd)Rd, zinc{cadmium-containing  the most thermally stable to exchange with solvent protétiker
rubredoxin. et al., 1997.
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made to accommodate the larger(S€y9, 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(arehe
contribution of M(SCy9, 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 Ferelease, andb)
the sequence of and relative kinetic barriers to procedgesb).

Results

) ) ) Thermal stability of the M(SCysgsite
Fig. 1. A diagram of the structure of Cp FeRd. The proteircarbon

backbone is represented in lighter shade. The three-strghidadet ison  All of the experiments described below were conducted under
the right, the two CXXC-containing loops are at the top, and the middlegngerobic conditions in aqueous solutions buffered with 50 mM

loop is to the lower left. Several pertinent side chains are portrayed as wire- . - _
frame in the darker shade. Several sequence positions along the backboﬁ;gs HCI, pH 7.4. No correction was made for the temperature

are labeled near their alpha carbons. Thin lines connecting the sphei@ependent pH of Tris buffer. Prolonged heating of thg Cp MRds,
represent cysteine sulfur ligation to the iron atom. Dashed line representwhere M= Fe?*3* Zn?* or C*, at temperatures higher than
ahhydr%genhbond l]?etweer:l the carboxylate of D}? and i”0||0|e NH of W3h7-70—90°C resulted in the release of significant amounts of metal ion
The side chain of L41 has two rotamers in the crystal structure. T ; ; o
drawings were generated with RASMQBayle & Milner-White, 1995 from lthe M(SCIZy94 Sgte;tatt?ppreglable raftezs' IF\ZZSS tggg 10(_? Off the
using coordinates in file 11RO deposited in the Protein Data B&duter metal was release 6. 'n_CU ation of Zn Qt an 0_
et al., 1996. CdRd at 80C. 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 F&" > Fe¥* > Zn2* > Cd?*. The much lower

In all of the aforementioned studies, the thermally induced denermostability of the MSCys, site for M = Fe™ in Cp Rd

naturation of the Rds was irreversible. A recent report has showffOTelates with our previous results from metal displacement ex-
that a metal-free mutant of Pf Rd, in which all ligand cysteine P&riments carried out at room temperat(@nomi et al., 1998

residues were mutated, unfolds reversibly with,af 82°C (Strop Identical results were obtained using either dithionite-reduced FeRd

& Mayo, 1999, whereas an analogously mutated mesophilic Rd
remained unfolded even at°C. 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 RdHEsacherichia
coli (Richie et al., 1996 Recently we showed that both €dand
Zn?* can directly displace Fe¢ 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
Zn?>* by C®" 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., C8#" > Zn?" > Fe?* (Werth & Johnson, 1990;
Pountney & Vasak, 1992; Brouwer, 1996; Bonomi et al., 1998 (‘) 6‘0 120 “‘30 2"10 3(‘)0 séo 4éo
The crystal structure of Cp ZnRd is nearly superimposable on that ) )
of the Cp FeRd Dauter et al., 1996 X-ray crystallographi¢Dau- time, min
ter etal., 199pandH-NMR studies(Richie et al., 1996; Eidsness Fig. 2. Time course of metal ion release from MRds af@0Rd solutions
etal., 1997; Bertini et al., 199&f Cp MRds(M = Fe, Zn, or Cd (0.02 mM in 50 mM Tris-HCI, pH 7.%were heated anaerobically at 9D,
showed a significant expansion of th& 8Cys, coordination sphere  For M = Fe?*, sodium dithionite was added to 2 mM prior to heating.
for M = Cd (Ayhan et al., 1996vs. Zn or Fe, and other localized Aliquots were withdrawn at the times indicated by the data points, diluted

. . .oy into cold buffer, and exhaustively buffer-exchanged in Centficdevices.
rearrangements of side chains. Nondenatunn@ Giisplacement Residual metal content in the retentdfgotein-bound metalwas deter-

of Zn?* in Cp Rd was found to occur without “unzipping” of the mined by ICP-AE spectrometry. Full circles, #e full triangles, Cd™;
B-sheet(Bonomi et al., 1998 Thus, mostly local adjustments are open triangles, Z# ; open circles, F& .
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or FeRd, which had been photoreduced in the presenceudfl 1 1207
deazaflavin(not shown, thus ruling out any direct effect of dithi-
onite on Fé&" release. We previously observed that reduction of
the FE™ to FE' in FeRd was required for its displacement by
either C&™ or Zn®* at room temperaturéBonomi et al., 1998
We attributed this requirement to the lower thiophilicity of’Fe
relative to Fé*. However, from the trend in thermally induced
metal ion loss shown listed above, it might be inferred that"Fe
has a lower affinity for Rd than does €dor Zn". As demon-
strated below, the source of this seeming discrepancy is reductio
of Fe*" upon its thermally induced release from oxidized Cp Rd. 01
A more detailed study of the thermally induced denaturation of
the FESCysg, site was carried out for the two redox forms of
FeRd. For oxidized FeRd, the characteristic visible absorption fea-
ture of the native F& (SCy9, site at 492 nm was used to follow Temperature, °C

the time course of its destruction at various temperatures, as ShO\I\{._[] . . .

- L . ig. 4. Absorbance changes upon progressive heating of oxidized and re-
in Figure 3. No significant thermal perturbation of the character-duced FeRd. FeR®.01-0.02 mM in 50 mM Tris-HCI, pH 7)4was heated
istic UV-Vis absorption spectrum of oxidized Cp FeRd, other thanprogressively from 20 to 10 at heating rate of 0% /min. When ap-

its progressive loss of intensity was evident in these experimentgropriate, the protein was reduced with 5 mM dithionite. When present,
confirming previous observation€idsness et al., 1997 These BPS was 0.2 mM. Abso_rb_ance changes were monitor_ed_ at either 535 nm
observations rule out the occurrence of any significant structuraﬁirnegl.medJr BPS and oxidizedt BPS, or at 492 nm(oxidized, dashed
alterations in the oxidized F8Cys9, 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 temperaturethe Rd solutions at the fixed rate of 06 min~*. These temper-
between 80 and 9C, where several concomitant phenomena mayature ramp experiments confirm the lower thermal stability of the
occur (vide infra). Fe(SCys, site in reduced vs. oxidized FeRd. In the case of oxi-
Because there is no easily monitored absorbance in the colorlesized FeRd, the nearly coincidental temperature-dependent loss of
solutions of the reduced Cp FeRd, we resorted to chelating thég, and formation of the colored F&(BPS complex at 535 nm
released F& with BPS, as in our previous kinetic studies on metal confirms the absence of a direct role of BPS in iron release. This
substitution(Bonomi et al., 1998 The temperature-dependent re- coincidence also means that®Femust be rapidly reduced upon its
lease of iron in the presence of BPS was also monitored for theelease from the oxidized Rd, becauséFdoes not form a red-
oxidized Cp FeRd. An approximation of the relative thermal sta-colored complex with BPS. From these experiments, it is also
bility of the native F&" vs. FE™ metal sites in Rd is represented possible to estimate a midpoint temperature for the thermally in-
by the results from temperature ramp experiments presented iduced metal ion releagd,,). Taking into account the kinetic fac-
Figure 4. In these experiments, release of iron was monitoredors determined in the experiments presented below and the heating
continuously while progressively increasing the temperature ofate(Riva & Schiraldi, 1993 we estimated,,, to be 69°C for the
reduced FeRd and 88 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
80°C 70°C  60°C the Arrhenius plots of Figure 1S, where—for the sake of simplicity—
1 L v 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?FeBPS
complex, vs. the absence of BPS, measured as a decrease in
Asgo. 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 presend@2 kJmol?!) or absence of BPS
(70 kJmolt). This observation confirms that, under anaerobic
100°C conditions, the thermally induced absorbance decrease for oxi-
dized Cp FeRdFig. 3), which measures F&(SCys3, site destruc-
tion, is accompanied by rapid release of Fé&rom the protein, and
that BPS does not actively remove iron from Rds even at elevated
time, min temperatures. The relative lability of the iron in reduced Rd is also
Fig. 3. Time course of absorbance changes during heating of Gprie confirmed by its Arrhenius plpt, which shows a marked transition
The protein(0.01-0.02 mM in 50 mM Tris-HCI, pH 7)4was incubated at  {eMPerature at 5TC. Below this temperature, the estimatggfor
the various temperaturéim °C) indicated next to each curve while con- Fe* release is the same measured for the oxidized prétein70
tinuously monitoring the absorbance at 492 nm. kJ mol™1), but increases to 250 kJ mdi at higher temperature.
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Table 1. Residual metal content and titratable thiols in Cp MRds heated &c90r different times

Heating time Residual metal Titratable —SH
Rd (h) (molesg'mol protein (molegmol protein
Fe, reduced 3 0.03 0.02 3.82£0.23
Fe, oxidized None 1.02 0.06 0.08+ 0.04
3 0.61+ 0.05 1.15+0.34
8 0.02+0.01 2.91+0.11
Cd 3 0.82+0.13 0.62+0.11
8 0.22+ 0.07 3.22+0.18
Zn 3 0.70+ 0.08 1.22+0.14
8 0.11+0.11 3.82+0.21
Acid-prepared apoprotein None 0.820.01 4.06+ 0.18

aTitratable —SH was determined using Ellman’s chemisilman, 1959, in the absence of denaturants. Residual metal content in
Rd was determined by ICP-AE after Centri€odialysis 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.

Free thiol and metal content after heating MRds Despite the nonstandard shapes of the DSC curves, it is clear

. . that the temperatures required for the DSC transitions do not cor-
Free ~SH conFent in the Cp MRO!S was .correlgted with metal “OMselate with those obtained from the metal ion release experiments
tent after heating. The only cysteine residues in Cp Rd are the foucgliscussed above. Oxidized FeRd apparently undergoes conforma-
that provide ligands to the metal ion. The results listed in Table ],t '

show that four free —SH per mol of Rd were determined after lonal changes at the lowest transition temperatfiet 1°C) and

. . ) ‘with the lowest change in specific heat capaditCp = 8 =+ 2
removal of the metal ion upon prolonged anaerobic heating of Cd JK~mol™1). This transition temperature is far below that at which

Zn- or dithionite-reduced FeRd. This free thiptotein stoichiom- . o .
L . . half-release of iron occur@3°C) under comparable heating con-
etry rules out decomposition of cysteine to dehydroalanine or ox-

idation of thiols during thermally induced # release under our ditions (cf. Fig. 4. CdRd shows a DSC transition at a temperature

o 410 N
anaerobic conditions. At lower temperatures &vdshorter heat- significantly lower(72 + 1°C) than that observed for ZnR@4 +

° i i = +
ing times, the proportion of reactive thiols was consistent with four1 C,)l’ buty\l/{th a Iarger change |r11heat7c1apacﬂ@dr\’_d .19 2
: . . . B JK™*mol™; ZnRd = 14 £ 2 JK"*mol~*). The midpoint tem-
thiols becoming accessible for each divalent metal ion lost. In the o ; .
- . . eratures for all the transitions observed in DSC are considerably
case of oxidized FeRd, when the protein was heated anaerobical . .
elow those expected assuming that metal release is the event

long enough to induce complete loss of iron, we found three rather . . . -
. S . . . “corresponding tgor responsible fgrunfolding of the protein. The

than four reactive thiols in the residual protein. The most obvious . _ . .
overall A,Cp (Ty) effect, expressed in J® mol~* per aminoacid

explanation for these results is formation of a disulfide via reduc_residue, is 160 in F&Rd, 250 in ZnRd, and 357 in CdRd. Esti-

. " . o - )
tion of FE¥* upon heating of oxidized Rd. No evidence for poly mates ofA,Cp (Ty) for other proteins are in the range of 50-110

meric forms of Rd was found in gel-permeation experiments Carrieq] 1 -1 . ) . ;
out on oxidized FeRd after prolonged heating and complete meta K=" mol™ per aminoacid residu@rivalov & Makhatadze, 1990

ion loss, arguing against intermolecular disulfide formatiand
against any other type of heat-induced protein aggregation

30 7

Differential scanning calorimetry of Cp MRds

DSC, in principle, can directly measure heat capacity changes%
associated with conformational transitions. The DSC tracings ob- E
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-A_
peratures below those where thermal decomposition of dithionite%
interferes with the measurements80°C). None of the MRds Q
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 -5 . . . . . .
modification in the heat capacitfACp), which could be inter- 30 40 50 60 70 8 90 100 110 120
preted as due to an increased hydration of protein residue®and
to an increased conformational freedom in the unfolded protein
(Sturtevant, 1977; Privalov, 1979; Privalov & Gill, 1989; Privalov Fig. 5. DSC tracings for Cp MRds. Rd solutio(8.4—0.5 mM in 50 mM
& Makhatadze, 1993; Barone et al., 1994 Tris-HCI, pH 7.9 were heated progressively at 0G/min.

temperature, °C
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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 proteifPrivalov & Makhatadze, 1992
Apparently, the nature of the metal ion in thg 8Cy9, site affects

the changes in residue solvation @adin interconversion among
conformers upon heating.

In a separate experiment, oxidized FeRd was heated t€ 60
under the DSC conditionghat is, enough to undergo the transition
reported in Fig. 5, but well below the temperature required for
significant iron releaseand then rapidly cooled to 2C. This
temperature-cycled protein showed the same transition né& 52
when re-analyzed by DSC, and retained almost completely the
UV/Vis absorption features and intensities of the starting protein.
These observations indicate that the lower temperature structural

fluorescence intensity, arbitrary units
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transitions of F&"Rd observed by DSC are reversible, and not Fig. 6. Fluorescence intensity changes upon progressive heating of mix-

accompanied by significant metal ion release.

tures of ANS and CdRdopen symbolsor ZnRd(full symbolsg. Rd solu-
tions(0.01 mM in 50 mM Tris-HCI, pH 7.4, containing 0.1 mM AN@ere

heated progressively from 20 to 18D at a rate of 0.8C/min. Fluores-

ANS binding to heated MRds

cence at\e, = 480 nm was monitored continuously by usikig= 390 nm.
The experimental tracings are corrected for the background increase in

To assess whether the thermally induced structural changes arijorescence in heated ANS solutions.

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, ANBtitsyn, 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 maxim@80 nm)

with one of the absorbance maxin92 nm of oxidized FeRd,

and of the ANS excitation wavelengt@90 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 2« and at 90C (Fig. 2S in Supplementary
material in the Electronic Appendiindicate 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~60°C, respectively
were far below those required for significant release of metal ion
(70 and 80C, respectively, and were also lower than the temper-
atures at which DSC-detectable transitions occufoédFig. 5).

Tryptophan fluorescence of heated MRds

W37 is the only Trp residue in Cp Rd and is located in a well-
defined hydrophobic corécf. Fig. 1). Tryptophan fluorescence
studies were, therefore, carried out to assess the involvement of
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this region of Rd in the lower temperature transitions observed bytig 7 Effects of temperature on the W37 fluorescence spectra of Cp
DSC and ANS fluorescence. Due to interfering background abwmRds. Rds(5-8 uM in 50 mM Tris-HCI, pH 7.4 were heated progres-
sorption of dithionite, we did not carry out these experiments onsively from 20 to 100C at a rate of 0.5C/min, and kept at 100C for
reduced FeRd. Trp fluorescence spectra recorded for ZnRd, CdRd,Min before being re-cooled to 20 at 10°C/min. Shown are the emis-

and FE"Rd at 20°C, at 100°C, and after cooling back to 2C are

sion spectrdAex = 298 nm) of the untreated protein at 2C (full circles),
the protein at 106C (open circleg and the protein after re-cooling to 20

shown in the appropriate panels of Figure 7. No modifications in(riangles. Spectra obtained at intermediate temperatures are omitted for
the position of the Trp emission maximum, which would indicate clarity.
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a change in solvent exposure, were evident in spectra takeiCat 5 o{ A
intervals (not shown during heating of Zn and CdRd, but there 9 e
was an evident, temperature-dependent decrease of the fluores- b% oo,"
cence intensity. As shown in Figure 7, most of this intensity de- 5000 o’r)..-""o.. $’qu00
crease in ZnRd and CdRd could be reversed upon cooling back to OC'. * o'; A
20°C, consistent with recovery of a native-like structure in that ove ‘Hui"
portion of the protein that did not undergo irreversible modifica- 10000 4 ow

tions as a consequence of metal ion release. ; native, untreated

In the case of the oxidized FeRd, a combination of the pro-
tein absorbance and the quenching effect of iron resulted in @ 45000 4 M
very low quantum yield for W37, and did not allow monitoring
of temperature-dependent changes in fluorescence other than
modest intensity increas@-ig. 7) associated with iron release
(Cavagnero et al., 1998b

Under the conditions of these experimeftiet included a 10 min
incubation at 100C at the end of a 20—-10C temperature ramp
in 160 min, an appreciable fraction of the iron was lost from the
oxidized FeRd(cf. Figs. 2, 3; Table JL After the residual protein
was cooled, its W37 fluorescence emission spectrum showed a  -4000 -
significantly red-shifted maximurtFig. 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 ~ -10000 ‘ ‘ \ . -
obtained by TCA precipitation of oxidized FeRHBig. 3S in Sup- 200 210 220 20 240
plementary materials in the Electronic AppendiXhis compari-
son suggests that the_ w37 environme_nt is considerably different i'&ig. 8. Far-UV CD spectra of F& Rd (full triangles, ZnRd(open circle}
the heat-treated oxidized FeRd than in the other heated MRdSs. and CdRdfull circles), (A) before andB) after treatment at 9TC for 8 h.

The emission intensities of the W37 fluorescence in Cd andThe spectrum of Cp apoRd obtained as described in the footnote to Table 1
ZnRd during the temperature ramp experiments decreased contifly TCA precipitation of F&"Rd (open trianglelis shown in the lower
uously with ncreasing temperatutabove 30C), and o iner- B 0T SOTPASOn, Fitens werdg i 850 Tl T HCI pH 7.4
mediate transitions were eviddifig. 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 molecuiesluding sol-  reduced in intensity when the temperature is raised. In the cases of
vend, but not changes in contacts involving the indole ring faces,Zn and CdRd, most of the distinguishing spectral features disap-
as made evident by the absence of shifts in the emission maximuipear at 80C, but are almost fully recovered, both in position and
(Fig. 7). in intensity, upon re-cooling to 2&. 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
Far-UV CD spectroscopy indicated essentially complete loss othains in the hydrophobic core, namely, the indole ring NH of W37
secondary structure when Cd or ZnRd were heated long enough @t 11.55 ppm for CdRd at room temperafuaad thes CH; of 133
result in complete metal ion release. The heated apoproteins had(at —1.17 ppm for CdRd at room temperaturéhe latter upfield
much lower content of residual secondary structure than a Rdesonance position is most likely due to a ring current effect from
apoprotein obtained by TCA treatment at room temperdfige 8). the nearby W37 indole side chaiof. 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-
To provide more detailed information about the structural regiongears at temperatures above°65in CdRd or above 7% in
of Cp Rd that are involved in these thermally induced changes, th&nRd. In contrast, the indole NH resonance is still present &80
temperature dependences of selected resonances fiHthiMR in the spectrum of reduced FeRd. The disappearance of this reso-
spectra of MRds was monitored. Due to paramagnetic broadeningance probably occurs concomitantly with breakage of a hydrogen
of resonances for FéRd, the experiments were limited to the Rds bond between the W37 indole NH and a carboxylate oxygen of the
containing Fé*, Zn?*, and Cd™, the vast majority of whoséH side chain of D19, thereby allowing the indole NH proton to ex-
NMR resonances have been assig(Rithie et al., 1996; Eidsness change with solvent. The upfield shift of the IS&H3 with in-
etal., 1997; Bertini et al., 1998; Bonomi et al., 1998s shown in  creasing temperature shows an almost perfect overlap in the case
the three panels of Figure 9, several resonances are displaced @rZn and CdRd, including the change in slope-@&5°C. A much
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Fig. 9. *H-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-HCI, pH 7.4, containing 10% 4D (v/v) and 5 mM sodium dithionite in the case of reduced FeRd. Spectra were obtain&d at 5
intervals during progressive heating to“@and after re-cooling to 2%. Heating rate was-1°C/min. 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.

shallower temperature dependence of the 38}z resonance is

In the Cd and ZnRd, a detailed analysis of the spectral region of

observed upon heating reduced FeRd. The relatively smooth analiphatic side chains between 0 and 1.5 ppm indicates that reso-
monotonic temperature dependence of these resonances is mosinces attributable to residues V8 and L41 as well as to V44

likely due to rapid(on the NMR timescalefluctuations among an

undergo small but significant shifts with temperat(@®3—0.05 ppm

ensemble of protein conformers ranging from native to largelyfrom 25 to 65°C, as exemplified in Fig. 11 for CdRdThe afore-

unfolded but with the MSCy9, site intact.

mentioned side chains lie close to théBCy9, site(cf. Fig. 1). In
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the Cd- and ZnRds, only very modest temperature-dependent shifihifting to a position within the group of methyl resonances down-
are observed for resonances of aliphatic residues located in othéeld of 0 ppm.
regions of the protein, such as 112 and L52 on the middle and

B 2+ cooled to 25 C
Zn
m T T T | LA T Al A T T T
11 10 9 8 7 ppm 2 0 ppm
80 C

11 10 9 8 7 ppm 2 0 ppm
65C
I T T T T T T T T T
11 10 9 8 7 ppm 2 0 ppm
25 C
r T T T T T T T T ™
11 10 9 8 7 ppm 2 0 ppm

Fig. 9. Continues.

C-terminal strands, respectively, of tAesheet. Residual paramag-
netism prevented accurate measurements in this region f6iRee

Other resonances, in particular those of the backbone amide NHhe most pertinent data obtained in this work for the thermal
modifications of Cp MRds are collected in Table 2. The results

almost completely disappear at high temperatisee the 80C

spectra in Fig. Bindicating extensive breakage of hydrogen bonds.show that:(1) thermally induced “spontaneous” metal ion release
When the NMR data are compared with those obtained by thédrom MRds occurs during the last and irreversible step of protein
other methods, it appears that the transitions detectable by DSC unfolding; (2) thermally induced metal ion release occurs in the

F. Bonomi et al.

Zn and CdRd occur only after complete exposure of the W37order: Fé" > Fe3* > Cd?*" > zZn?*; (3) the committed step in
indole ring edge to solvent and approximately coincide with therelease of iron from oxidized FeRd appears to be reductiondf Fe
onset of the 1I333CH3; NMR disappearancgresumably due to its

to Fe™ and a corresponding 1:1 stoichiometric oxidation of cys-
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Fig. 9. Continued.

teine thiols, but no protein aggregatidd) at temperatures below ible events resulting in metal ion release occur in clearly distinct
those required for metal ion release, structural modifications occutemperature regimes.
in the hydrophobic core and middle loop regions but not at the The first event, occurring when temperature is increased, is
M (SCys, sites;(5) modifications of the protein structure occur at interpreted as a progressive “loosening” or “swelling” of the hy-
lower temperature for CdRd than for ZnR@) the acid-prepared drophobic core of Rd, which includes W37 as a convenient marker
Cp apoRd does retain a large amount of secondary structure af structural integrity. Although this residue likely retains its orig-
room temperature, whereas heat-prepared apoRds do not. inal orientation with respect to other nearby residues, major pro-
We interpret our results in a model for the thermal unfolding gressive changes are observed in the spectroséfypicescence,
process and subsequent metal ion loss iR"Fe&d, and ZnRds NMR) properties of W37.
(i.e., in those Rds where no redox chemistry of the metal ion is These changes are reversible and do not detectably affect other
possible under anaerobic conditigrshown in Scheme 1. In this regions of the protein. As the temperature is raised above a definite
scheme, reversible protein structural modifications and the irrevershreshold(~50°C for CdRd and~60°C for ZnRd), temperature-



2422 F. Bonomi et al.

-0.90 -
®
-0.95 A z
-1.00
\v4
-1.05 1 on 65°C
] = " ;
-1.10 4
[ | v v4
1.3 1.2 1.1 1.0 0.9 0.8 0.7 0.6 0.5 ppm
£ -1.15 -
o s 3 133-6CH3
£ 1.20 - v "
(7]
3 I
g 18] m
2 = : |
S 1161 a W37 ring NH a5
V] x [ |
11.4 v "
o \V2 113 112 11; 1!0 0!9 ols 017 cie c!s ppir\
11.2 | oV o [ ] . »
11.0 | ® V8 V52
oV vaa V24/V52

L4115 V8
10.8 v V44 T28 133 112 112
20 30 40 50 60 70 80 90 AUV‘
temperature, °C 25°C

Fig. 10. Temperature dependence of the B3H; and the W37 indole
ring NH resonances in thtH NMR spectra of Cp MRds. Circles, CdRd;

triangles, ZnRd; squares, reduced FeRd. T L T L T
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Fig. 11. Aliphatic region of the'H-NMR spectra of Cp CdRd at the given
temperatures. Resonances at’@5were assigned according to Bonomi

. e . . et al.(1998.
induced modifications become more extensive and apparently ins & (1999

volve other regions of the protein in addition to the hydrophobic
core. The temperature-dependent changesHMNMR chemical
shifts of both 1335§CH3; and the W37 indole ring NH become
steeper, and this latter signal eventually disappears, due to solvemthich are most likely due to increased solvent exposure. It is
exposure. The solvent exposure of the W37 indole NH is likely duepossible that, above the temperature threshold indicated by ANS-
to breakage of a hydrogen bond to the D19 carboxylate in thévinding data(50—60°C), at least some of these residues become
middle loop. As a result, this loop may move away from the nearly fully solvent exposed and, as is often observed for other
hydrophobic core, thereby exposing the core to solvent. Previouslyeat-treated proteir{€airoli et al., 1994; lametti et al., 1996hat
buried regions of the protein do indeed become solvent-exposed ithey cluster themselves into discrete “hydrophobic patches” on the
this temperature regime, as shown by DSC and by binding of thg@rotein surface. These transitions are completed just prior to the
ANS probe. The change in fluorescence intensity upon heating thenset of the likely more extensive modifications made evident by
mixture of Rd and ANS is modest, as expected for such a smalDSC.
protein (Ptitsyn, 1992 and is consistent with formation of hydro-  All of the thermally induced structural modifications so far dis-
phobic patches having a limited surface and with the lack of agcussed are attributable to “loosening” of several intramolecular
gregation during heating observed by gel permedtiametti et al.,  interactions, but are reversible upon lowering the temperature. While
1996, 1998 Breakage of the W37 indole NHD19-carboxylate these modifications do not directly involve the metal site, they
hydrogen bond had been predicted by molecular dynamics simugenerally occur at lower temperatures in CdRd than in ZnRd. The
lations of thermal unfolding pathways for oxidized FeRtaza-  larger C&" ion may drive a “wedge” into the native structure,
ridis et al., 1997. In fact, our proposed progression of unfolding allowing for easier thermally induced opening than for the smaller
events is remarkably similar to that obtained from these moleculaZn?* ion, despite the inherently weaker M-SCys ligation of the
dynamics simulations, which treated the Fe-S bonds as covalemdtter. This size vs. thermal stability correlation also encompasses
and, therefore, nonbreakable. reduced FeRd. Based on the higher temperature onset of changes
The native Cp Rd structure also has several partially exposeth the NMR spectrum, the intraprotein interactions are stronger for
hydrophobic side chains, including those of V8, L41, and V44M = Fe&?* than for either C8" or Zn?*. The X-ray crystal struc-
(cf. Fig. 1). As inferred from our NMR data, these side chains tures of Cp Rds show 0.08 A shorter M-SCys distances for M
undergo environmental changes upon increasing the temperaturég?™ vs. Zré* (Dauter et al., 1996 Thus, the smallest of the three
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Table 2. Temperature parameters of molecular events detected by various methods during progressive heating of Mrds

Metal ion in Rd

Technique Molecular event Fe Fe?t Cd?* Zn?*
UV/Vis, chemical analysis Metal release Tm 83 69 ND? ND
Tonset >60 >50 >80 >70

DSC Overall protein solvation Tm 52 None 72 94

ANS-binding Exposure of hydrophobic regions T ND ND 50 60

W37 fluorescence Modifications of indole ring environment ND ND ‘PR PR

H-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 ofd@8i; shift ND None 65 65

aTemperatures are itC.
PND, not detectable.
°PR, progressive from-25 to ~80°C.

divalent M(SCy3, sites, i.e., M= Fe?*, induces the strongest NATIVE HoLoproTEIn|  Fully occupied M(SCys),
intraprotein interactions in Cp Rd. l | sites, non-accessible

The final, irreversible phase of thermally induced Rd unfolding thiols
could involve a structural modification of the (8Cy39, site, for cd2 ~50°C Intrinsic fluorescence,
which no direct evidence was detected. This hypothetical modifi-Zn*? ~60°C ANS binding

cation should greatly facilitate metal ion release, which occurs in
the Cp Rds at significant rates only abowe80°C. Our results
indicate that metal ion release from Cp Zn and CdRd is depender
mostly on the inherent metal—sulfur bond strength. We previously
proposed that protonation of the most solvent-exposed cysteiny
sulfur ligand(Cys43 is responsible for the acid-induced release of
M?2* from Cp MRds (Bonomi et al., 1998 Thus, H" would
compete with M for the cysteinyl sulfur. Concomitant with metal
ion release at high temperature, the residual apoprotein unfold
rapidly and completely in an irreversible process, as made evider
by intrinsic W37 fluorescence spectra and far-Uv CD.

The same general pattern of events depicted above for Zn an
CdRd occurs upon heating reduced FeRd. However, some ten
perature-dependent features of the NMR spectra of reduced Fek
are different from those of Zn and CdRds. For example, changes il
the positions of either the W37 indole NH or the I88H; reso- . au\tw“
nances were relatively limited, no sharp transitions in their tem- i -
perature dependences were evident, and the W37 indole NH signi "" TRP37
did not disappear completely even at°80 Thus, the conforma- :
tion of the hydrophobic coréncluding W37 and 133 of reduced
FeRd apparently remains more compact than that of Zn and CdR \
during heating. However, the weaker?feSCys bonds result in %
loss of MP™ at a lower temperature, and this loss is rapidly fol- E\
lowed by unfolding of the apoprotein. Indeed, the transition ob-
served at 57C in the Arrhenius plot for iron release from reduced
FeRd(Fig. 1S in Supplementary material in the Electronic Appen- Cd™? >80 °C metal analysis,

dix), indicating a sudden change in the reaction pathway, coincide: Z":: >3E °C spectrophotometry

with the onset of thermal release of Fein temperature-ramp Fe™ 69°C(Tm)

experimentgFig. 4). This coincidence confirms the kinetic nature ; ;

of the barrier to F&" release concomitant with protein unfolding. [ UNFOLDED APOPROTEIN Iar::eszﬁ:t:ﬁz:og metal

We have demonstrated that under anaerobic conditiofs Be
reduced by cysteine thiols upon thermal denaturation of oxidizedcheme 1.A pictorial representation of the regions involved in structural

) . . . modifications during exposure of CdRd and ZnRd at increasing tempera-
Cp FeRd, and that the resulting¥eis rapidly released. Itis worth ture. The technique used for detecting individual steps and the temperature

noting that, while release of iron from the protein during thermalrange in which they occur are given for each protein. Ribbon arrows
denaturation of oxidized FeRds has often been assumed, it had niatlicate regions of the protein that are involved in each denaturation step.

“swollen” protein,
exposed hydrophobic
regions far from the
M(SCys), site

Cd*? 65-70 °C TH-NMR,
Zn? 65-90 °C DSC

"unzipping” of the B-sheet,
opening of the middle loop,
increased protein solvation
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heretofore been directly demonstrated. We suggest that inhibitioturation study of reduced Pf FeRd, and Pf apoRd under anaerobic

of the aforementioned Fé/thiolate redox chemistry by Qex- conditions near neutral pH would seem to be worthwhile.

plains the higher activation barrier measured by Cavagnero et al. The relative thermal instability of reduced Cp FeRd in vitro may

(19983 for thermal denaturation of oxidized Cp FeRd in their have implications in vivo. FeRd, the biologically active form with

stirred, aerobic solution@13 kJ mof ! between 60 and ST vs. E,, = —55 mV vs. NHE at room temperature, is likely to be

70-72 kJ mot* measured in this stuglyThe same inhibition would  predominantly reduced in the anaerobic and extremely reducing

also explain the much longer timéseveral hoursrequired for  environment ofClostridium pasteurianupwhich grows optimally

loss of the UV-vis absorbance of oxidized Cp FeRd at®2e- at 37°C. Extrapolating from the data in Figures 4 and (s8e

ported by Eidsness et g11997. Supplementary material in the Electronic Appengdike estimated
Nonnative F&*(SCy9, species do not accumulate to any de- half-life of native reduced Cp FeRd at 3Z is ~30 h. This esti-

tectable extent during thermal denaturation under either aerobic anate applies only to “spontaneous” thermally induced iron loss

anaerobic conditions. This observation, coupled with the inhibitionand does not include the possibility of direct metal exchange or

by O,, suggests that reduction of #eoccurs in the rate-determining reinsertion. This analysis could imply a fairly rapid turnover of

step. Our[reactive thio]/[released irohstoichiometry for ther- FeRd in vivo, for which there is currently no evidence. An alter-

mally denatured oxidized Cp FeRdable 1) indicates that reduc- native and perhaps more likely possibility is an in vivo system for

tion of each F&" to F&" is accompanied by oxidation of one actively inserting iron into the Rd apoprotein giod for inhibiting

thiol. Because no aggregation of the resulting apoRd was observeils release. We have previously suggested that"Zmvhich our

the oxidation product cannot be an intermolecular disulfide. Aresults show can displace Fefrom Cp Rd, is sequestered from

solely intramolecular mechanism for this one-electitaro-electron  reduced FeRd in vivgBonomi et al., 1998

iron/thiol 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,Materials and methods

including that from Cp, in aerobic solutions. Under our anaerobic

conditions the time course of thermally inducedF&Cys9, site Proteins and analytical methods

destruction in Cp Rd was the same in either the presence or ab- ) . ) . o

sence of the F& chelator, BPS. Therefore, iron released from the 'écOmbinantC. pasteurianunikd obtained via overexpression in

Rd does not appear to be a catalyst under our conditions. IntefE- COli was used for all experiments. FeRd and ZnRd were ob-

protein interactions would then seem to be a viable alternativé"’“ned and purified as described elsewhilsness et al., 1992;

explanation for the irofthiol redox stoichiometry observed during Richie et al., 1995 CdRd was prepared from either Fe or ZnRd
thermal denaturation of oxidized Cp FeRd. following a nondenaturing metal SubStItutIO!’] proced(Bgnoml
The thermally prepared Cp apoRd does not show any residudlt al., 1??8' B? concz_ar!tratlon was determined by using, =
secondary structure at room temperature after metal ion loss, evén850 M ~cm Ior oﬂd'zed FeRc(I__ovenberg & Walker, 19_7}3 )
under anaerobic conditions. Conversely, the Cp apoRd prepared Kgeo = 9530 M~*cm™ for ZnRd (Eidsness et al., 1992; Richie

— 1 -1 H
TCA precipitation at room temperature retains a considerable det &l 1998, or €250 = 10,560 M"*cm* for CdRd(Bonomi et al.,

gree of residual secondary structure af@5This last result ap-  1998. Iron was determined spectrophotometrically with batho-
pears to be in conflict with the results of Strop and M&¥$699, p_henanthrollne_ squonat(eBP_S) in the presence of sodium dithio-
who found that their cysteine—ligand mutated mesophilic apoRd!ite fter protein denaturatifijones & Burris, 1978, or, along
contained no detectable secondary structure even°@t This with other metals, by !nductlvely_coupled plasma-_atorr_uc emission
apparent conflict likely stems at least in part from kinetically vs. (ICP-AE) at the Chemical Analysis Laboratory, University of Geor-
thermodynamically controlled protein denaturation. We proposedid- Residual free thiols in the thermally treated proteins were
that incorporation of M into Cp Rd optimizes a large number of Measured spectrophotometrically by using Ellman’s reagelft
interactions throughout the protein that together stabilize the nativ@'an: 1959 in Tris buffer at pH 7.4.
folded structure. This set of interactions plus the inherent stability
of the M(SCy3, site would increase the thermodynamic stability . . '
of the native Cp MRd structure and also raise the activation barriet(me“cS of metal release from Rd at fixed temperature
to thermal unfolding. Thus, once folded into its native structure,All manipulations were carried out anaerobically by working in ei-
Cp Rd must have a significant activation barrier to complete unther septum-capped vials or Schlenk-type flasks where air was re-
folding, even when the metal ion is removed. placed by high-purity Ar through several cycles of evacuation and
The published thermal unfolding studies of native Pf Rd haverefilling. Standard anaerobic techniques and gas-tight syringes were
not resolved the kinetic versus thermodynamic contributions to itaused for sample handling. Aliquot8.1 mL) of a stock Rd solution
hyperthermostability. DSC experiments gdireeversiblg unfold- (0.08-0.1 mM Rd in 50 mM Tris-HCI, pH 7)4vere diluted 10-fold
ing midpoint temperatures for Pf Fe and Fé' Rds of 102 and  with the same buffer, and heated in a thermostatted water bath or,
113°C, respectively(Klump et al., 1994 Hydrogen exchange in the case of the reduced FeRd, in a Peltier-equipped spectropho-
measurements led to an estimalggclose to 200C for Pf ZnRd  tometer cell holder. After the required time, samples were exhaus-
(Hiller et al., 1997. These temperatures are all significantly higher tively buffer-exchanged in Centric8rdevices at room temperature
than the reversibl&,, of 82°C for the cysteine-ligand-mutated Pf toremove any unbound metal. Buffer exchange was carried out aero-
apoRd(Strop & Mayo, 1999. Thermal denaturation of oxidized Pf bically. The amount of residual protein-bound metal was then de-
FeRd in aerobic conditions between 60 and@Was only mea- termined as indicated in the above paragraph. In experiments
surable at low pHCavagnero et al., 1998band, here again, was involving FeRd, the time course of metal release was also followed
irreversible. Given our results showing much more rapid thermallyby monitoring the loss of absorbance at 492 (far the oxidized
induced loss of iron from Cp Fé vs. F€"Rd, a thermal dena- protein or the increase in absorbance at 535 nm due to the forma-
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tion of the red Féll )BPS complex in heated mixtures of the protein atmosphere in a glove box. Scan rate was Q/Bi4. The data
and BPS. The experiments involving BPS were performed on bothvere analyzed by using the THESEUS software package by the
the oxidized and the reduced form of FeRd. In the latter case, a dimethod of Barone et al1992. The observable quantity is the
luted FeRd solution was made anaerobic and reduced by additioexcess molar heat capacit¢p(T)), i.e., the apparent molar heat
of sodium dithionite to a final concentration of 2-5 mM. BPS was capacityCp(T) of the sample per mol of protein, referred to the
then added anaerobically from a 10 mM stock solution to a final conmolar heat capacity of the “native stat&€py(T), at each temper-
centration of 0.1-0.2 mM. All reported pseudo-first-order rate con-ature. The latter is obtained according to the Freire and Biltonen
stants were calculated from[liA — A./(Ao — A,)] vs. time plots,  procedure(Freire & Biltonen, 1978 by the linear regression of
which were linear for at least two half-lives. Cp(T) in the pre-denaturation region. At least two separate exper-
imental runs were performed for each sample.
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