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ABSTRACT: Here we report the conformational stability of homodimeric desulfoferrodoxin (dfx) from
DesulfoVibrio desulfuricans(ATCC 27774). The dimer is formed by two dfx monomers linked through
â-strand interactions in two domains; in addition, each monomer contains two different iron centers: one
Fe-(S-Cys)4 center and one Fe-[S-Cys+(N-His)4] center. The dissociation constant for dfx was determined
to be 1µM (∆G ) 34 kJ/mol of dimer) from the concentration dependence of aromatic residue emission.
Upon addition of the chemical denaturant guanidine hydrochloride (GuHCl) to dfx, a reversible fluorescence
change occurred at 2-3 M GuHCl. This transition was dependent upon protein concentration, in accord
with a dimer to monomer reaction [∆G(H2O) ) 46 kJ/mol of dimer]. The secondary structure did not
disappear, according to far-UV circular dichroism (CD), until 6 M GuHCl was added; this transition was
reversible (for incubation times of<1 h) and independent of dfx concentration [∆G(H2O) ) 50 kJ/mol
of monomer]. Thus, dfx equilibrium unfolding is at least three-state, involving a monomeric intermediate
with native-like secondary structure. Only after complete polypeptide unfolding (and incubation times of
>1 h) did the iron centers dissociate, as monitored by disappearance of ligand-to-metal charge transfer
absorption, fluorescence of an iron indicator, and reactivity of cysteines to Ellman’s reagent. Iron
dissociation took place over several hours and resulted in an irreversibly denatured dfx. It appears as if
the presence of the iron centers, the amino acid composition, and, to a lesser extent, the dimeric structure
are factors that aid in facilitating dfx’s unusually high thermodynamic stability for a mesophilic protein.

Previous work on protein folding has focused on small,
single-domain proteins that fold rapidly and avoid aggrega-
tion. However, many proteins in the cell are large with
multiple folding domains and/or subunits. Most likely, these
large proteins do not follow all of the folding principles
established for smaller proteins, and probably have more
complex folding rules. Most proteins more than 100 residues
long have been shown to fold via intermediate states. The
folding of multimeric proteins involves not only the intramo-
lecular interactions as a polypeptide chain associates with
itself (monomer folding) but also the intermolecular interac-
tions as it associates with other monomers (subunit as-
sembly). How the amino acid sequence controls subunit-
subunit interactions, and what additional stability is conferred
by these intermolecular interactions, can only be addressed
by characterization of oligomeric proteins. Unfolding path-
ways for oligomeric proteins have been shown to vary
significantly. For example, tetrameric peanut agglutinin first
dissociates to folded monomers and then the monomers
unfold (1), whereas tetrameric SecB and dimeric dihydro-
folate reductase convert to unfolded monomers without

populating intermediate states (2, 3). In the case of the
tetrameric lactose repressor, the denatured state remains
tetrameric due to very strong interface interactions (4).
Moreover, dimeric classµ glutathione transferases unfold
through monomeric intermediates (5), whereas unfolding of
the SecA dimer proceeds through a dimeric intermediate (6).
In the case of the heptameric chaperonin protein 10,
unfolding in high concentrations of GuHCl1 leads to a
monomeric unfolded state whereas urea-induced unfolding
instead favors an unfolded state in which the subunits remain
assembled (7).

Another determinant that may affect the folding mecha-
nism and the equilibrium stability of a protein is the presence
of cofactors. More than 20% of all proteins in the cell
coordinate cofactors in their native states to attain specific
functions. It has been shown for proteins coordinating
inorganic cofactors that the folded proteins are significantly
stabilized by the cofactor (8-11). For example,Escherichia
coli cytochromeb562 is at least 14 kJ/mol more stable toward
unfolding when the oxidized heme is present, as compared
to when in its apo form (8). When the heme is reduced, the
stability of holocytochromeb562 increases further (12). In
the case of the copper-binding protein azurin fromPseudo-
monas aeruginosa, the holo form is stabilized by almost 20
kJ/mol, as compared to the stability of the apoprotein, against
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GuHCl-induced unfolding (9). In contrast, the organic flavin
mononucleotide cofactor (FMN) was shown to have no effect
on DesulfoVibrio desulfuricansflavodoxin equilibrium stabil-
ity (13).

In addition to modulating polypeptide stability, cofactor
coordination may induce local structure in unfolded proteins.
Such structural restrictions in the unfolded ensemble of
protein molecules may dramatically decrease the entropy of
the unfolded state as well as limit the conformational search
for the native state (14, 15). Recent experimental findings
emphasize the significance of cofactor binding to unfolded
proteins in vitro (8, 16), even when no covalent bonds are
present between the cofactor and the polypeptide. Coordina-
tion of the hemes in cytochromeb562 and myoglobin to the
corresponding unfolded polypeptides have been observed (8,
12, 17), and in the case ofP. aeruginosaazurin and the
Thermus thermophilusCuA domain (9, 18, 19), the copper
ions stay bound to the unfolded polypeptides. FMN was
found to remain associated with unfoldedD. desulfuricans
flavodoxin, albeit its binding site on the polypeptide is not
yet established (13). Moreover, it was reported that for the
high-potential iron-sulfur protein (HiPIP) fromChromatium
Vinosum, the polypeptide unfolded before the Fe4S4 cluster
was degraded (20), and ferredoxin from the thermophilic
archaeonAcidianus ambiValens was found to form new,
possibly linear three-iron sulfur clusters upon polypeptide
unfolding that subsequently decomposed (21). In the case
of cytochromec maturation in vivo, it is believed that heme
is enzymatically inserted when the polypeptide is still
unfolded; only after heme insertion is folding of the protein
possible (22).

To probe the interplay between folding and assembly in
an oligomeric protein, we have used dimeric desulfoferro-
doxin (dfx) from D. desulfuricans(ATCC 27774) as our
model (23-25). Since each dfx monomer contains two iron
centers, we also addressed the involvement of these cofactors
in the folding and assembly reaction. Dfx plays a role in the

electron transfer chain of sulfate-reducing bacteria, although
its precise functional activity is still unknown. Dfx has been
found in several bacterial strains, includingDesulfoVibrio
Vulgaris, D. desulfuricans, Methanobacterium thermoauto-
tropicum, and the human pathogen that causes syphilis,
Treponema pallidum(25-28). The X-ray crystal structure
of D. desulfuricansdfx was recently determined (29). The
protein is a homodimer (2× 14 kDa) with predominantly
â-sheet structures that can be described in terms of two
domains, each with two crystallographically equivalent non-
heme mononuclear iron centers (Figure 1). Domain I (N-
terminal part, about 4 kDa per monomer) is similar to
desulforedoxin with distorted rubredoxin-type Fe-(S-Cys)4
centers (center I), in which the iron ligands are Cys-9, Cys-
12, Cys-28, and Cys-29. Domain II (C-terminal part,∼10
kDa per monomer) has distinct iron centers (center II) with
square pyramidal coordination of four histidine nitrogens as
the equatorial ligands and one cysteine sulfur as the axial
ligand (dfx residues His-48, His-68, His-74, His-118, and
Cys-115). Threeâ-sheets extend from one dfx monomer to
another, strongly supporting the assumption of dfx as a
functional dimer [as also suggested by analytical gel filtration
(30)]. In the dimer, domain I has two almost parallelâ-sheets
forming an incompleteâ-barrel and domain II adopts an
antiparallelâ-sheet that extends through the molecule and
one smallerâ-sheet in each monomer that do not interact in
the dimer. The iron atoms are found close to the molecular
surface and are well exposed to the solvent. The monomer-
monomer interface in the dfx dimer consists of two hydro-
phobic regions, with many aromatic residues; between these
regions is a polar core of side chains in which, in the crystal
structure, a calcium ion was found (Figure 1) (29). Also,
the interface between the two domains in each monomer
accommodates many aromatic residues; in particular, the
three tryptophans located in domain II are near both
monomer-monomer and domain-domain areas. Although
dfx can exist in three redox states [fully oxidized (gray),

FIGURE 1: Ribbon diagram of the dfx dimer (PDB entry 1dfx). The calcium (dark gray), situated on the interface between the monomers,
and the irons (yellow), one each in domain I and domain II of each monomer, are shown as space-filling diagrams. (A) Orientation of the
dimer with the 2-fold crystallographic axis along the plane of the figure. Domain I is at the top and domain II at the bottom. Tryptophan
(green) and tyrosine (red) residues are shown in stick representations. (B) Dimer viewed along the 2-fold axis.
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semireduced (pink), and fully reduced], our studies are
confined to the aerobically stable semireduced state in which
the iron in center I is oxidized and that in center II is reduced.

Here we report that equilibrium unfolding of dfx proceeds
through amonomericintermediate that has altered fluores-
cence but native-like secondary structure. The iron atoms
do not dissociate untilafter incubation of the unfolded
polypeptide. As long as the metals remain coordinated to
the protein, the unfolding is reversible. Dfx is highly resistant
to thermally induced and solvent-induced denaturation
[∆G(H2O) ) 145 kJ/mol of dimer at 20°C]. These properties
are compared to those for other oligomeric proteins as well
as discussed in the context of the dimer-interface interac-
tions, the presence of iron centers, and the dfx amino acid
composition, which is reminiscent of that of thermophilic
proteins.

MATERIALS AND METHODS

Preparation of Dfx.Expression and purification of dfx has
been described previously (23-25). Protein concentrations
(in monomer units) were determined from anε410 of 4980
M-1 cm-1.

Spectroscopic Methods. Absorption spectra were measured
on a Cary 50 spectrophotometer (1 cm cell). For far-UV
circular dichroism (CD) measurements, an OLIS spectropo-
larimeter (1 cm cell for 1-5 µM dfx; 1 mm cell for>5 µM
dfx) was used. For CD measurements, the sample compart-
ment was purged with nitrogen gas to avoid absorption by
O2. Fluorescence spectra (1 cm cell, excitation at 280 or 290
nm) were collected on a Varian Eclipse fluorometer. All
experiments (except thermal denaturation) were performed
at 20°C.

Denaturation Reactions.Chemical denaturant GuHCl
(Sigma Chemicals) was of highest purity. The buffer in all
denaturation and renaturation reactions was 5 mM sodium
phosphate (pH 7.0). Denaturation was monitored by far-UV
CD (200-260 nm), by fluorescence (290-400 nm), and by
optical absorption (250-800 nm) at various protein concen-
trations (see Results and figure legends). Stock solutions of
GuHCl (in different amounts) were mixed with dfx solutions
to give constant, fixed final protein concentrations. Acquired
data were analyzed as described below. Thermal denaturation
of dfx was studied by monitoring the far-UV CD spectrum
(200-250 nm) upon slowly increasing the temperature. The
temperature was increased in steps of 5°C (from 15 to 90
°C) and then decreased in one step back to 20°C; 5 min of
equilibration time was allowed at each temperature.

Analysis of Fluorescence-Monitored Denaturation. Since
GuHCl-induced denaturation monitored by fluorescence was
found to be protein concentration-dependent, each such
transition was analyzed using the following mechanism (F,
folded; I, intermediate), an apparent two-state reaction
coupled to dissociation:

The equilibrium constant,KF-I, and the free energy change,
∆GF-I, for reaction 1 are defined as

where [Fdimer] is the concentration of folded dimers (in molar)
and [Imonomer] is the concentration of intermediate monomers
(in molar) at each GuHCl concentration. Standard concentra-
tions of 1 M of all reactants are introduced;R is the gas
constant, andT is the absolute temperature. The use of a
protein concentration of 1 M as the standard state is
commonly used for concentration-dependent protein unfold-
ing reactions (2-4, 31). The free energy change can be
expressed as a function of denaturant (here, GuHCl) con-
centration:

In this equation,m describes the sensitivity of the transition
to GuHCl and is thought to reflect the extent of hydrophobic
surface exposure upon unfolding.∆GF-I(H2O) is the free
energy of the change in aqueous solution (in this case per
mole of dimer). The free energy changes as functions of
GuHCl concentration were fitted (in KaleidaGraph, Synergy
Software) to eq 4. Values for∆GF-I(H2O) at various dfx
concentrations are listed in Table 1. The midpoints of the
transitions were derived by inspection of the unfolding
curves. Uncertainties for∆GF-I values were obtained by
repeating the experiments.

Analysis of Far-UV CD-Monitored Denaturation. GuHCl-
induced denaturation monitored by far-UV CD (monitoring
signals at 210 and 230 nm gave identical results) occurred
at higher denaturant concentrations than the fluorescence-
monitored changes and was independent of dfx concentration.
Therefore, each CD-monitored transition was analyzed using
a two-state model without a dissociation step, assuming the
presence of monomer only (fI + fU ) 1). fI andfU represent
the fraction of total protein in the intermediate (folded
according to CD) and denatured conformations, respectively.
The equilibrium constant,KI-U, and the free energy change,
∆GI-U, at each point in the reactions were calculated from
eqs 3 and 5:

Direct fits (in KaleidaGraph) to the experimental denaturation
curves were performed using the following equation, derived
from eqs 3-5:

Table 1: Thermodynamic Parameters for GuHCl-Induced
Denaturation of Dfx, at Various Protein Concentrations, Monitored
by Fluorescence (emission maximum) and Far-UV CD (secondary
structure)

fluorescencea far-UV CDb

[dfx]
(µM)

[GuHCl]1/2

(M)
∆GF-I(H2O)

(kJ/mol)
[GuHCl]1/2

(M)
∆GI-U(H2O)

(kJ/mol)

0.2 1.7 -c -c -c

1.0 2.2 44.3( 2 5.2 51.4( 3
5.0d 2.3 47.5( 2 4.9 47.1( 3

20.0 2.9 45.8( 2 5.1 50.1( 3
av. 45.9 av. 5.1 av. 49.5

a Analyzed in terms of a dimer to monomer transition;∆G is per
mole of dimer.b Analyzed in terms of a two-state (monomer to
monomer) transition;∆G is per mole of monomer.c Not determined
due to weak signals.d For this dfx concentration, visible absorption
was also recorded during GuHCl titration. The absorption from dfx’s
iron center I disappears with a transition midpoint occurring at 5.0(
0.1 M GuHCl; thus, it overlaps with the CD-monitored transition.

∆GF-I ) ∆GF-I(H2O) - m[GuHCl] (4)

KI-U ) fU/(1 - fU) ) fU/fI (5)

Fdimer T 2Imonomer (1)

KF-I ) [Fdimer]/[I monomer]
2 (2)

∆GF-I ) -RT ln KF-I (3)
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Yobs, YU, andYI are the observed CD signal, denatured protein
baseline intensity, and intermediate protein baseline intensity,
respectively. From the fits, values for∆GI-U(H2O) were
determined for each transition (Table 1). The midpoints of
the CD transitions were calculated as∆GI-U(H2O)/m.
Reported uncertainties for∆GI-U values were obtained from
the goodness of the fits.

Ellman’s Assay for Free Sulfurs.Investigation of the
presence of free sulfhydryl groups in unfolded dfx was
performed using Ellman’s assay. In short, dfx samples in
the presence of various GuHCl concentrations were first
incubated for 5 min followed by visible absorption record-
ings. (Thiosulfo)benzoate (NTSB, 3 mM) was added to the
samples in the presence and absence of 1 mM EDTA (pH
7.3) and the mixture incubated for an additional 5 min. Free
sulfurs can react in a 1:1 ratio with NTSB to form the yellow
2-nitro-5-thiobenzoate (NTB). By using the extinction co-
efficient (ε412 ) 14 150 M-1 cm-1) for NTB, the number of
free sulfurs in each protein sample was in this way quantified.
Control experiments with all components present except
protein were also performed.

Iron Dissociation Probed by Phen Green. The fluorescent
indicator for iron Phen Green (P-6801) was purchased from
Molecular Probes. Phen Green emission is significantly
quenched upon iron coordination. Emission (peak at 520-
525 nm) was monitored, upon excitation at 492 nm, for
samples of dfx (5µM) in the presence of 100µM Phen Green
and variable amounts of GuHCl (0-6 M), incubated for 2
h. In control experiments, titrating Fe(III)Cl3 into 100µM
Phen Green yielded a rough reference curve of quenching
efficiency versus Fe(III) concentration under our conditions.
The Molecular Probes Handbookreports that Phen Green
quenching is∼1.5 times more efficient for Fe(II) than for
Fe(III) binding.

RESULTS

Dfx Dimer-Monomer Dissociation Constant.The crystal
structure and SDS-PAGE and gel filtration experiments
suggest that dfx exists as a dimer in solution (29, 30),
although a monomeric state was proposed initially (25). Each
dfx monomer contains four tyrosine (Y7, Y59, Y88, and
Y114) and three tryptophan (W75, W87, and W121) residues
mostly placed on, or near, the monomer-monomer interface
(29). At low dfx concentrations, the emission per monomer
(excitation at 280 nm, emission centered around 335 nm) is
smaller than at higher dfx concentrations, presumably due
to solvation of the aromatic residues (and emission quench-
ing) upon dimer dissociation. Using this change in fluores-
cence, we determined the equilibrium constant for dis-
assembly of the dfx dimer (Figure 2). Our measurements
indicate a midpoint of dissociation (and thus the value for
Kdiss) at 1( 0.2µM (monomer concentration), which equals
a free energy of 34( 1 kJ/mol of dfx dimer. The presence
of a high concentration (10 mM) of calcium ions or metal
chelator EDTA in the buffer (data not shown) did not alter
Kdiss, suggesting that the calcium ion found on the dimer
interface in the crystal structure does not affect the dimer-
monomer equilibrium.

GuHCl-Induced Denaturation of Dfx Monitored by Fluo-
rescence.Upon addition of GuHCl to dfx at protein
concentrations around or above theKdiss (0.2-20 µM
monomer concentration), we observe a change in the
emission maximum toward higher wavelengths. In buffer,
the dfx emission is centered around 335( 1 nm, whereas at
g4 M GuHCl, it appears around 352( 2 nm (Figure 3,
inset). The GuHCl-induced transitions monitored by emission
maximum change are dependent upon dfx concentration: the
higher the protein concentration, the more GuHCl is required
to induce a change in emission maxima (Figure 3 and Table
1). For example, the transition midpoints occur at 2.9 M
GuHCl for 20 µM dfx but at 1.7 M GuHCl for 0.2µM
protein. This result indicates that the emission change probes
an alteration in the oligomeric state of dfx: the higher the
dfx concentration, the more resistant the protein is toward
the denaturant. Sample excitation at 280 or 290 nm did not
change the emission profiles, suggesting that the three
tryptophans (and not the tyrosines) contribute most of the
emission. The free energy change for this process analyzed
in terms of a dimer to monomer reaction, when extrapolated
to zero GuHCl concentration (see Materials and Methods),
is 23 kJ/mol of monomer (Table 1).

GuHCl-Induced Denaturation of Dfx Monitored by Far-
UV CD. Native dfx shows a far-UV CD spectrum with a
positive peak at 230 nm (most likely due to tyrosines, but

Yobs) [YU - YI(exp{[∆GI-U(H2O) - m[GuHCl]]/RT})]/

[1 + (exp{[∆GI-U(H2O) - m[GuHCl]]/RT})] (6)

FIGURE 2: Relative fluorescence at 335 nm (upon excitation at 280
nm) per monomer for various total dfx concentrations. The transition
midpoint occurs at 1( 0.2 µM dfx monomer.Kdiss was estimated
to be 1.0× 106 M-1 using the equationKdiss) [dimer]/[monomer]2
) ([dfx]/4)/([dfx]/2)2 (eq 7), in which [dfx]) 1 µM, i.e., the total
monomer concentration at the transition midpoint.

FIGURE 3: GuHCl-induced transitions in emission maxima place-
ment for various total dfx concentrations [([) 0.2, (9) 1, (O) 5,
and (0) 20 µM]. The inset shows the emission from native (s)
and intermediate dfx (- - -) (see the text for an explanation).
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tryptophans may also contribute) and a negative peak at about
210 nm (due to theâ-sheet structure). The far-UV CD spectra
are similar for dfx at concentrations above and below the
KD (and the signal intensity varies linearly with dfx concen-
tration), indicating that monomeric dfx can retain native-
like structure. Upon addition of a high concentration of
GuHCl to dfx, the intensities of the 230 and 210 nm signals
decrease so that the overall far-UV CD spectrum changes
toward one characteristic of a random coil polypeptide
(Figure 4, inset). GuHCl-induced denaturation monitored by
far-UV CD (at either 215 or 230 nm; the 230 nm data used
for analyses due to less denaturant contribution) of dfx
samples with different protein concentrations shows that the
transition midpoints are independent of protein concentration
in the 1-20 µM range (Figure 4). The dfx structure
disappears with a transition midpoint around 5.1 M GuHCl
in all cases (Table 1). Thus, by far-UV CD, a conformational
change in dfx is monitored that agrees with a monomer to
monomer transition. The average free energy in water for
the disappearance of secondary structure, analyzed according
to a two-state model (see Materials and Methods), is 49.5
kJ/mol of monomer (Table 1).

GuHCl-Induced Denaturation of Dfx Monitored by Visible
Absorption.There are two iron centers in each dfx monomer
(Figure 1) of which center I, Fe-(S-Cys)4, is oxidized in
the semireduced form, used in this study. Ligand-to-metal
charge transfer in center I gives rise to absorption bands at
367 and 502 nm and shoulders at 317 and 567 nm (oxidation
of the iron in center II yields additional absorption bands at
635 and 335 nm) (24). Upon addition of high concentrations
of GuHCl to dfx, in combination with sufficiently long
incubation times (5 h at 6 M GuHCl), the charge transfer
transition disappears (Figure 5A). The equilibrium titration
curve for this bleaching process shows a midpoint at 5.0 M
GuHCl (data not shown). Thus, this transition takes place
in parallel with far-UV CD disappearance ([GuHCl]1/2 ) 5.1
M; Table 1) so that iron center I (probed by charge transfer
absorption) remains intact as long as the secondary structure
(monitored by far-UV CD) continues to be native-like. The
fluorescence-detected equilibrium process (involving a change
in dfx oligomeric state), however, does not perturb the
environment of the iron in center I.

To further investigate the relation between dfx structure
disappearance and iron charge transfer bleaching, we com-

pared the unfolding kinetics (manual mixing) as monitored
by changes in far-UV CD, fluorescence, and visible absorp-
tion upon placing 5µM dfx in 6.5 M GuHCl (Figure 5B).
Both the emission and CD changes occurred mostly within
the mixing time (1 min) and are completed within 10-15
min (stopped-flow experiments are planned to determine
actual rate constants), whereas the absorption bands disap-
peared much slower (Figure 5B). Two to three hours were
required for complete bleaching of the charge transfer
absorption under these conditions (5µM dfx, 6.5 M GuHCl,
pH 7). The kinetic results suggest that upon dfx polypeptide
unfolding, iron center I remains intact initially, but slowly
disassembles in the denatured state of the protein. The fact
that the observed decrease in the level of charge transfer
absorption corresponds to metal dissociation was first verified
by the reactivity of cysteine sulfurs to Ellman’s reagent in
such samples. There are no other cysteines in dfx except
the five involved in iron coordination, four in center I and
one in center II (23). In accord, no free sulfurs were detected
in dfx by the Ellman’s reagent in the folded state. Up to 4
M GuHCl could be added to dfx without any observation of
free sulfurs upon addition of Ellman’s reagent. In 6 M GuHCl
and after incubation for 5 h, however, free sulfurs in dfx
were detected by the DTNB reaction (data not shown), in
agreement with iron release (and, therefore, exposure of
sulfurs) under these conditions. In another study, using only
the N-terminal domain of dfx (and thus including only center
I), iron dissociation (as a function of pH) was also monitored
by a decrease in optical absorption (32). It was found in that
system that iron reduction and cysteine oxidation occurred
after metal dissociation from the polypeptide (32).

We also used the fluorescent indicator for iron Phen Green
to probe iron dissociation under denaturing conditions. The
emission of this phenanthroline-fluorescein dye at 520 nm
(excitation at 492 nm) is strongly quenched upon iron binding
(33). The emission from Phen Green in the presence of 5
µM dfx at various solution conditions was monitored (data
not shown). The observed emission changes indicated iron
release from dfx in 6 M GuHCl after incubation for 2 h (in
accord with absorption and Ellman data). On the basis of an
Fe(III) reference titration and the fact that there is more
efficient Phen Green quenching by Fe(II) than by Fe(III) (see
Materials and Methods), the observed quenching in the

FIGURE 4: GuHCl-induced transitions in far-UV CD signals for
various total dfx concentrations [(9) 1, (O) 5, and (0) 20 µM].
The inset shows the far-UV CD spectra of native/intermediate (s)
and unfolded (- - -) dfx.

FIGURE 5: Optical absorption of ligand-to-metal charge transfer
transitions in semireduced native (F) and unfolded (U) dfx. Time-
resolved relative changes in far-UV CD (0), fluorescence (O), and
absorption at 370 nm ([) upon placing 5µM dfx in 6.5 M GuHCl.
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presence of dfx in 6 M GuHCl corresponds roughly to
dissociation of both irons (i.e., both center I and center II).

ReVersibility of Dfx Denaturation.Dfx can refold into the
native structure, as determined by emission maximum
placement and the far-UV CD signal, after incubation at high
GuHCl concentrations for up to 1 h (data not shown). The
transition monitored by emission maxima is reversible also
for longer incubation times (up to 5 h), if the protein is
incubated ine5 M GuHCl. However, if the incubation time
at g6 M GuHCl is increased to>1 h so that the ligand-to-
metal charge transfer bands start to disappear (and iron
dissociation is observed by Phen Green emission quenching),
protein refolding is not possible. Only if the iron atoms (at
least center I) do not dissociate from the unfolded polypeptide
can dfx retain its native structure.

Thermally Induced Denaturation of Dfx.Denaturation of
dfx was also induced by increased temperature and monitored
by CD (200-260 nm). The thermal reaction was irreversible
since there was no return of the characteristic CD signal or
charge transfer absorption bands of native dfx upon cooling.
Nevertheless, dfx appears to have high thermal stability. The
thermal midpoint for 2µM dfx is >80 °C, but a sufficient
unfolded baseline could not be collected [Figure 6 ([)]. To
obtain an estimate ofTm for 2 µM dfx, we performed thermal
experiments on dfx in the presence of 2, 4, and 5 M GuHCl
(Figure 6) since additions of denaturant lower the transitions.
Linear extrapolation in the plot ofTm versus denaturant
concentration indicates aTm of 90 ( 2 °C for 2 µM dfx in
buffer (Figure 6, inset). The thermal transitions were ir-
reversible, and therefore, no attempts to estimate thermo-
dynamic parameters were performed.

Thermal melting monitored by far-UV CD appears to be
protein concentration-dependent; 0.2µM dfx (mostly mon-
omeric species) displays aTm of 79 ( 2 °C, whereas 20µM
dfx showed no unfolding up to 90°C.

DISCUSSION

Since many proteins in the cell have multiple subunits as
well as multiple domains and, in addition, coordinate a range
of cofactors, studies of small, single-domain proteins with
two-state transitions are not sufficient to explain the folding

of all proteins. We have used the protein desulfoferrodoxin
(dfx) as a model of a multidomain, oligomeric cofactor-
binding protein (23-25) because it is a dimer of two
monomers; each monomer has two domains and two iron
cofactors. Despite this complexity, each dfx monomer
contains no more than 128 residues and has a molecular mass
of 14 kDa, which is within the normal range for monomeric
proteins. The metal-(S-Cys)4 motif, present in dfx center I
as Fe-(S-Cys)4, is one of the most common metal-binding
motifs in biological systems (32). To elucidate the unfolding
mechanism for the dfx dimer, and possible factors contribut-
ing to dfx’s thermodynamic stability, we have used spec-
troscopic methods to probe dfx denaturation when induced
by the chemical denaturant GuHCl as well as by heat.

Unfolding Mechanism of Dfx.We first established the
dissociation constant for the dfx dimer (Figure 1). This result
confirms the previous suggestion of dfx as a functional dimer
(29, 30), as well as gives a handle for estimating the ratio of
dimer to monomer amounts at various studied protein
concentrations. Equilibrium unfolding reactions induced by
GuHCl additions, at different dfx concentrations, were
monitored by tryptophan emission and far-UV CD (Figures
3 and 4). Strikingly different behavior is observed with the
two methods. The shift in tryptophan emission maximum
upon GuHCl additions is protein concentration-dependent,
suggesting that this transition involves a dimer-monomer
equilibrium. However, it is not solely dimer dissociation that
is monitored since the emission change is in both its intensity
and wavelength maximum. Upon dimer dissociation under
native conditions, only a decrease in emission intensity is
detected. Thus, the fluorescence-detected transition that takes
place upon GuHCl addition appears to be that of dimer
dissociation accompanied by some additional change that
increases the level of exposure of the aromatic residues to
the solvent. Since each dfx monomer is arranged in two
domains, increased flexibility of these domains relative to
each other may occur upon monomer-monomer dissociation
in the presence of denaturant. In accord, the three tryptophans
(contributing most of the emission) are located in domain II
(W75, W87, and W121) near the domain-domain interface
(highlighted in Figure 1). In support of a native-like structure
of the monomeric dfx intermediate is the finding of no
enhanced fluorescence from ANS in the presence of dfx in
2-4 M GuHCl (data not shown), as compared to ANS
fluorescence in the presence of native or fully unfolded dfx.
ANS is known to interact favorably with exposed hydro-
phobic surfaces (thereby increasing its emission); it is often
used as a probe for intermediate structures of proteins.
Furthermore, the fluorescence changes occur at 2-3 M
GuHCl (Table 1) which are solution conditions under which
no alteration of dfx’s secondary structure is observed by far-
UV CD (200-230 nm). Dfx’s secondary structure does not
disappear until 6 M GuHCl is added (the midpoint for the
apparent two-state transition monitored by far-UV CD is 5.1
M GuHCl). We find no protein concentration dependence
for the CD-monitored transition, in accord with dfx-dimer
dissociation taking place at lower GuHCl concentrations in
the fluorescence-monitored reaction.

Both fluorescence and far-UV CD transitions are fully
reversible, as long as the incubation time in the denatured
state is not too long at a denaturant concentration that is too
high. By monitoring the absorption bands from the sulfur-

FIGURE 6: Thermal denaturation, as monitored by far-UV CD, of
2 µM dfx in the presence of various GuHCl concentrations [([) 0,
(0) 2, (9) 4, and (O) 5 M GuHCl]. The inset showsTm (kelvin) as
a function of GuHCl concentration [Tm ) 352 (2 M GuHCl), 330
(4 M GuHCl), 326 (5 M GuHCl), and∼360 K (0 M GuHCl)].
Linear extrapolation yields aTm of 90 ( 3 °C (363 K) for 2µM
dfx in buffer.
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to-iron charge transfer transition of center I, we could probe
changes in the coordination sphere of the oxidized iron in
domain I. The charge transfer bands bleach in a transition
identical to that monitored by far-UV CD. However, for each
dfx sample to reach its equilibrium absorption value in or
after the transition region, an incubation time longer than
that used to obtain equilibrium CD signals at each point was
required. This difference was clearly shown in the time-
resolved unfolding experiment presented in Figure 5B, in
which spectroscopic changes upon placing dfx in a high
GuHCl concentration are compared in real time. Both
emission and CD changes equilibrate quickly, whereas
optical absorption decreases over a longer time span. Thus,
dfx first dissociates into monomers, and the polypeptide
unfolds (as monitored by emission and far-UV CD). Not until
after unfolding do the iron atoms slowly dissociate (as
monitored by visible absorption and the iron indicator Phen
Green). This conclusion is in accord with the refolding
results. If enough time is allowed in the denatured state, at
high GuHCl concentrations favoring polypeptide unfolding,
the irons dissociate and refolding is not possible. On the other
hand, if the incubation time in the denatured state is shorter,
so that metal dissociation is minimal, native dfx can be
retained.

In Figure 7, we present a scheme that explains our
experimental data on the dfx denaturation process. The dimer
first dissociates, at low denaturant concentrations, to mono-
mers with native-like secondary structure but with tryptophan
emission like the unfolded state (N2 S 2I). The free energy
associated with this conformational change in each monomer,
yielding solvent exposure of aromatic residues, was estimated
from the difference in dissociation free energy (not including
a structural change, 17 kJ/mol of monomer) and the energy
of the fluorescence-detected transition (dissociation and
structural change, 23 kJ/mol of monomer) to be around 6
kJ/mol of monomer. This is a rather low value, in accord
with a minor change (such as increased flexibility of, or
solvent insertion in, the domain-domain interface in each

monomer) not resolved by far-UV CD. The dfx monomers
are significantly resistant to the denaturant, and not until 5
M GuHCl is added does the secondary structure start to
disappear in a transition corresponding to a free energy
change of 49.5 kJ/mol of monomer (IS Urev). The unfolded
protein initially retains iron center I; however, over time the
iron in center I disassembles from the polypeptide, creating
an irreversibly denatured state (Urev w Uirr + iron). It is likely
that the iron in center II follows the same path, but there is
no direct evidence yet (albeit the Phen Green experiments
strongly support this). We used the data in Figure 7 to
estimate the free energy change associated with the transition
from one native dimer to two unfolded monomers retaining
the irons (N2 S 2Urev) to be about 145 kJ/mol of dimer.

Dfx Unfolding Compared to That of Other Oligomeric
Proteins.The free energy estimated for dfx dimer stability,
145 kJ/mol of dimer, is large for a protein this size (28 kDa).
For comparison, the stability of the SecA dimer (molecular
mass of 102 kDa) was found to be 94 kJ/mol of dimer (6).
Also, other dimeric proteins such asE. coli Trp repressor,
creatine kinase bacterial luciferase, and glutathione trans-
ferases exhibit folding free energies in the range of 80-125
kJ/mol of dimer (34-36). The stability of the average dimeric
protein seems to be higher than that of the average mono-
meric protein (normal range is 20-40 kJ/mol of monomer),
indicating that subunit-subunit interaction can increase the
stability of a protein (6). In the case of the dfx dimer, we
estimate that around 77% [(55.5 kJ/mol of monomer)/(17+
55.5 kJ/mol of monomer)] of the free energy originates
within the structure of each monomer and only 23% is due
to subunit-subunit interactions. During dfx unfolding, the
dimer first dissociates into monomeric structures, in accord
with the interface interactions being weaker than those within
the monomers; not until higher denaturant concentrations are
added do the monomers unfold. It is possible that the polar
nature of the dfx monomer-monomer interface, which is a
rather unusual feature of a protein interface, helps promote
dissociation prior to polypeptide unfolding. In the dfx crystal
structure (29), the monomer-monomer interface was found
to consist of an open polar core, including a calcium ion
and six water molecules, with regions below and above
containing a high density of aromatic residues (Figure 1).

In Table 2, we have summarized available thermodynamic
data for a number of oligomeric proteins. The proteins are
divided into three groups according to the proposed unfolding
mechanisms. It appears as if large (R-helical) oligomeric
proteins (molecular mass> 35 kDa per monomer) unfold
through oligomeric intermediates. If the monomer is small
in size (molecular mass< 20 kDa per monomer), the
equilibrium unfolding mechanism is instead likely to be an
apparent two-state process. If the monomer unit has an
intermediate size (20-30 kDa), or if it is small but has a
high stability per monomer (like dfx and GroES; 72 and 38
kJ/mol of monomer, respectively), unfolding may proceed
through folded or intermediate state monomers (Table 2).
Notably, peanut agglutinin (1), which like dfx has an open
oligomeric structure with rather weak interface interactions,
also unfolds through a folded monomeric species. Oligomeric
proteins often bury a larger fraction of nonpolar surface than
most globular (monomeric) proteins. For monomeric pro-
teins, the change in total accessible surface area upon
unfolding is linearly dependent on both the number of

FIGURE 7: Tentative scheme for the interplay of dfx folding-
unfolding and assembly-disassembly processes (see the text for a
discussion).
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residues in the protein and the change in heat capacity upon
unfolding (3). Oligomeric proteins, however, tend to have
lower than expected changes in heat capacity upon unfolding;
this was suggested to be due to incomplete unfolding in some
cases (3). In addition, it was found that a large oligomeric
protein buries a larger fraction of its total surface area than
a smaller oligomeric protein (3). Since there are relatively
few studies reported on thermal unfolding of multimeric
proteins, because of their tendency to undergo irreversible
denaturation (as is also the case for the thermal unfolding
of dfx reported here), general conclusions are difficult to
make.

Dfx Structure Is Unusually Stable.The monomeric protein
onconase, a member of the RNAse superfamily which is only
104 residues long with twoâ-sheets and three helices, was
reported to have an unusually high thermodynamic stability
of almost 60 kJ/mol of monomer (37). A combination of
protein compactness, short loops, and a disulfide bridge
toward the C-terminus was put forward as a possible
explanation. Using the scheme in Figure 7, we estimated
unfolding of one dfx monomer (128 residues) to correspond
to a free energy change of 55.5( 2 kJ/mol of monomer,
which is on the same order of magnitude as that determined
for onconase. The monomeric structure of dfx thus appears
to have an intrinsically high stability, which is only somewhat
increased by the monomer-monomer interactions. This high
stability is most likely due to the iron centers holding the
polypeptide in place. It should be mentioned here that none
of the other oligomeric proteins listed in Table 2 (except
SecA that is suggested to have a zinc-binding site) coordinate
metals. Support for the importance of the irons in determining
the dfx stability comes from the finding that iron center I
remains intact after polypeptide unfolding; only slowly do
the metals dissociate from the polypeptide in the denatured
state. It has been reported for at least two other iron proteins,
HiPIP fromC. Vinosumand a thermophilic ferredoxin, that
the iron-sulfur clusters are important for stability and that
they can remain coordinated also when the polypeptides have

unfolded (20, 21). The fact that the Fe-(S-Cys)4 center in
domain I of dfx is strongly bound to the native polypeptide
was shown by pH titration; this center remained stable in
the protein scaffold down to pH 2.0 (32).

A recent report in the literature compared sequences of
putative soluble proteins from the complete genomes of eight
thermophiles and twelve mesophiles to gain insight into
determinants of protein thermostability (38). With respect
to amino acid composition, significant increases in the
relative amount of charged (Arg, Lys, and Glu) and
hydrophobic (Val, Ile, Gly, and Pro) amino acids and
decreases in the relative amount of uncharged polar amino
acids (Gln, Asn, and Thr) in proteins from thermophiles,
relative to mesophilic organisms, were reported. We find that
the distribution of residues in the dfx primary structure
follows a pattern more similar to that of the thermophiles
than to that of the mesophilic proteins. Dfx has significantly
large amounts of Glu and Lys as well as of Val, Pro, and
Gly residues, whereas the number of Gln and the number of
Asn amino acids are low. Since Asn and Gln deamination
occurs readily in peptides at high temperatures, a low content
of Gln and Asn residues in dfx (and in thermophilic proteins
in general) could increase chemical stability at higher
temperatures (39). Many factors are, however, involved in
governing protein thermostability, and dfx is not as thermo-
dynamically stable as proteins isolated from thermophiles.
Thermostable iron-binding monomeric proteins have been
shown to displayTm’s in the range of 120-200 °C and
folding free energies (at 20°C) most often higher than 60
kJ/mol (21).
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