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ABSTRACT. The unfolding of the Cy domain of cytochrome oxidase from the thermophilic bacterium
Thermus thermophilysnduced by guanidine hydrochloride (GuHTH different temperatures, has been
monitored by CD as well by electronic absorption (with the oxidized protein) and by fluorescence (with
the reduced protein). The same unfolding curves were obtained with the different methods, providing
evidence for a two-state model for the unfolding equilibrium. This was also supported by the shape of
the unfolding equilibrium curves and by the observed refolding of the unfolded, oxidized protein on dilution
of the denaturant. The oxidized protein cannot be unfolded by GuHCI at room temperature, and it was
found to be thermally very stable as well, since, even in the preseih@eMo GUHCI, it is not fully
unfolded until above 80C. For the reduced protein at room temperature, the unfolding equilibrium
curve yielded a folding free energy ef65 kJ/mol. The corresponding value for the oxidized protein
(—85 kJ/mal) could be estimated indirectly from a thermodynamic cycle connecting the folded and unfolded
forms in both oxidation states and the known reduction potentials of the metal site in the folded and
unfolded states; the potential is increased on unfolding, consistent with the higher folding stability of the
oxidized form. The difference in folding stability between the oxidized and reduced proteins (20 kJ/mol)
is exceptionally high, and this is ascribed to the unique structure of the dinuclgait€u The unfolded,
reduced protein was found to refold partially on oxidation with ferricyanide.

Binding a prosthetic metal ion usually stabilizes the native ~ We have now investigated the energetics of folding of
conformation of a metalloproteirl(2). If the protein is another copper protein, the soluble ,Cdomain of cyto-
redox active, the degree of stabilization depends on the chrome oxidase fronThermus thermophilu§?). This is a
oxidation state of the metal ion. As a corollary, the reduction unique metalloprotein in that the redox center in the oxidized
potential of the metal ion will be different in the folded and protein is a mixed-valence CugtCu(ll) complex in which
unfolded forms of the protein. For example, reduced the unpaired electron is completely delocalized over the two
cytochromec has a larger folding free energy than the copper atomsg, 9). Despite the uniqueness of the active
oxidized protein, and the heme in the unfolded protein has Site, Ci domains have thg-barrel cupredoxin topology of
a lower reduction potential than in native cytochroa@). blue copper proteins1(), with some additionabe-helical
Similar behavior has been observed for two other heme Structure, as first suggested by sequence alignmétfsd
proteins, cytochroméss, (4) and myoglobin §) in which, far-Uv CD measureme_nt&?.) and Iatgr established by X.-ray
unlike cytochrome, the porphyrin is not covalently attached  CyStallography 13). Since the folding of-sheet proteins
to the protein. The blue copper protein, azurin, on the other has'n.ot been investigated extenswdy](4, 15), there is an
hand, has a larger folding free energy in its oxidized form, additional reason to_study a f-domain. Furtherm_qre, the
and in this case the metal ion in the unfolded protein has a'l_'hern_wusdomam, being _d_erlved from a therm(_)phlllc ba<_:'ge-
higher potential than in the native fol@,(6). rium, is expected to exhibit unusgal conformational stab_lllty.

We have unfolded the Gudomain by thermal denaturation
and by a chemical denaturant, guanidine hydrochloride
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same by the different methods, demonstrating that the
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The GuHCI-induced unfolding of the reduced Qiomain

equilibrium can be regarded as a two-state process. Thewas also studied by tryptophan fluorescence at room tem-

oxidized protein is not unfolded by GuHCI at room temper-
ature, even at the highest concentrations solubility allows,
but it can be unfolded by GuHCI at 73C. At this
temperature, the oxidized ¢d@omain is considerably more
stable than the reduced protein (free energies of folding of
—45 and—18 kJ/mol, respectively). At room temperature,
the folding free energy for reduced £is —65 kJ/mol, which

is much more negative than those of both oxidized and
reduced azurin {52 and —40 kJ/mol, respectively)?2),
confirming the exceptional stability of this dinuclear copper
protein. The difference in folding stability between the
oxidized and the reduced @uomain at 75°C is also
exceptional, being about twice that for the two redox states
of azurin at room temperature, which may be related to the
dinuclear nature of the Gusite. Our results predict that
the unfolded protein will have a higher reduction potential
than the native Cudomain, and this has been confirmed by
electrochemical measuremen®. ( Finally, we have found
that the unfolded, reduced protein is partially refolded upon
oxidation with ferricyanide, opening up the possibility of
triggering protein folding by rapid, laser-induced electron
transfer 8, 16).

MATERIALS AND METHODS

Protein Preparation and Chemicalsthe Cuy, domain was
expressed and purified as described earlier The protein
concentration was determined spectrophotometrically, using
an extinction coefficient of 3240 M cm™! at 530 nm for
the oxidized form. GuHCI (of highest grade), sodium
dithionite, and potassium ferricyanide were obtained from
Sigma.

Thermal Unfolding. Both the oxidized and the reduced
forms of the Cy domain were thermally unfolded. The CD

perature. The protein molecule contains one tryptophan
residue. Samples of the reduced.@omain (1uM), under
identical conditions as in the room-temperature CD experi-
ments, were investigated in a 1-cm cell in a Hitachi F-4500
spectrofluorimeter with excitation at 280 nm, 5-nm band-
pass for excitation as well as emission light, and emission
detected between 300 and 400 nm. Upon unfolding of the
protein, the tryptophan fluorescence is largely quenched due
to exposure to a hydrophilic environment.

Since the electronic absorption of the oxidizeds@omain
is readily observable, with distinct maxima in the 458D0
nm region, we could also follow the GuHCI-induced unfold-
ing of the oxidized protein by absorbance changes. In these
experiments, 3@M protein, but otherwise identical condi-
tions as in the CD experiments, was used with a 1-cm cell
in a Hewlett-Packard 8452 diode array spectrophotometer.
Unfolding experiments were performed both at room tem-
perature and at 75C (with the use of a thermostatable cell
holder). At room temperature, only a slight loss of color
could be detected after several hour8iM GuHCI. At 75
°C, the samples were incubated for 4 min before measure-
ments, the same time as in the corresponding CD measure-
ments at this temperature.

Calculations of Thermodynamic Parameteighe unfold-
ing curves (fraction folded as a function of GUHCI concen-
tration) were analyzed in terms of a two-state model (F and
U represent folded and unfolded proteins, respectively):

(1)

From the standard thermodynamic relationsti&°® =
—RTIn K (whereAG? is the change in standard free energy,
R the gas constanf] the absolute temperature, aKdthe
equilibrium constant for the reaction in eq 1), we could

F=U

signal at 218 nm was followed as the temperature was raised.5|cylateAG® as a function of GUHCI concentration. Since

in steps of 2°C, from 20 to 100°C, with an equilibration
time of 2 min at each temperature. A 2M concentration

of protein, oxidized or reduced (with a slight excess of
dithionite), was used in 5 mM phosphate buffer, pH 7.0. The
cell employed had a 1-mm path length, and the CD signal
was measured in a Model 62A DS Aviv spectropolarimeter
equipped with a programmable thermoelectric temperature
controller.

Unfolding by a Chemical DenaturantGuHCI was used
in titrations to induce unfolding of the oxidized and reduced
Cus domain, both at room temperature (20) and at 75
°C. The protein concentration, buffer, and CD cell were the
same as in the thermal unfolding experiments. Various
GuHCI concentrations, ranging from @8 M (the solubility
limit), were introduced into the protein samples, which were
equilibrated for about 10 min in the room-temperature
experiments and for 4 min in the 7& experiments. Kinetic
CD experiments at 220 nm after manual mixing of the protein
with GUHCI showed equilibrium to have been established

this is a linear function(7), extrapolation to zero GuHCI
concentration yields the folding free energy.

From each thermal unfolding curve, the value of the
standard enthalpy chang&Hl(T,)] at the temperature of the
transition midpoint ;) was calculated from a modified van't
Hoff equation. Both the enthalpy and entropy changes
associated with protein unfolding depend on temperature
(18). Thus, the experimental K values were corrected for
the temperature dependences of bAti(T,) and ASTy),
assuming the change in heat capacityCf) to have a
constant value of 7.3 kJ mdl K~ for the Cyx domain; this
estimate is the per residue value of 50 JTh&l ! residue?

(19) multiplied by 146, the number of amino acid residues
in the Cy, domain {7). The corrections to the IK values
were based on the following equations:

AH(T) = AH(T,) + frTnACp dT = AH(T,) +
AC,(T—T,) (2)

within these time spans. CD was then measured between

200 and 300 nm, and each spectrum was an average of three

or four scans. For the room-temperature experiments, weAS(T) =
used a Jasco-600 spectropolarimeter, and, for the high-
temperature titrations, the Aviv spectropolarimeter (see

above).

AH(T,)

AH(T,) L
Tm

T

m

+ [ AC,dT =

T
AC,In T 3)
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A plot of In K" vs 1/T should give a straight line with a
slope of —AH(Tm)/R. At Tn, In K =0, so thatAYT,,) can
be calculated. Without corrections to theHKnvalues, the
van't Hoff plots are slightly curved, reflecting the temperature
dependences of the parameters involved. After correction,
on the other hand, the data points could be fitted to straight
lines, suggesting that our estimated value\@, is reason-
able.

RESULTS

Unfolding the Cy4 Domain at Room TemperatureThe
folded, oxidized Cw domain has intense electronic absorp-
tion in the visible and near-IR region with maxima at 480,
530, and 790 nm. Unfolding the protein leads to disappear-

ance of these absorption peaks. By contrast, the reduced

Cus domain exhibits no visible absorption at all, in either a
folded or unfolded state. Thus, visible spectra can only be
used to monitor unfolding of the oxidized protein. In
attempts to unfold the oxidized domain at room temperature
with a chemical denaturant, no unfolding was observed up
to 8 M GuHCI, the solubility limit of this chemical.

CD in the far-UV region probes protein secondary
structure and hence is an excellent tool for following protein
unfolding. This technique can be applied to both the
oxidized and the reduced states of thes@omain. GuHCI
titrations revealed again that the oxidized protein could not
be unfolded p 8 M GuHCI, as shown in Figure 1A. The
reduced form of the Gudomain could, however, be unfolded
by additions of GuHCI, with a midpoint of the unfolding
transition at 6.5 M GuHCI (Figure 1A).
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Ficure 1. (A) GuHCl-induced unfolding of the oxidized and
reduced forms of the Gudomain at room temperature, as monitored
by CD; no unfolding of the oxidized protein could be observed,
even at the highest GUHCI concentration. B. Plot of free energy
(AGy) versus GUHCI concentration for unfolding the reduced Cu
domain at room temperature, extracted from the unfolding curve
in panel A.

There is one tryptophan residue in the amino acid sequencewas calculated to be 85(10) kJ/mol in aqueous solution. The

of the Cy, domain ). This amino acid has fluorescence
in a hydrophobic environment, such as in the folded protein,

difference in folding stability between the reduced and
oxidized forms of the protein is thus 20 kJ/mol (Table 1).

but the emission is quenched upon exposure to a more Unfolding the CW Domain at Higher TemperaturesSince

hydrophilic environment, such as the aqueous solvent. By
following the quenching of the tryptophan fluorescence, the
unfolding of the reduced Gudomain by GuHCI at room
temperature could be evaluated. The results with this
technique were identical with the CD-monitored unfolding
curve (Figure 1A), as shown in Figure 2.

A linear dependence of the unfolding free energy on the
GuHCI concentration was found, as illustrated in Figure 1B,
and from this the free energy of unfolding of the reduced
Cus domain in water was estimated to be 65(10) kJ/mol.
Using this value for unfolding of the reduced protein, and
the reduction potential for the folded gulomain Q0) as
well as that for the unfolded proteif)( a scheme connecting
the folded and unfolded forms in both redox states can be
drawn (Figure 3). From this scheme, the free energy of
unfolding of the oxidized Cydomain at room temperature

the oxidized Cy domain does not unfold at room temper-
ature, we performed experiments at various GuHCI concen-
trations at higher temperatures (Table 2). We found that, in
the presencefor M GuHCI, the oxidized protein is fully
unfolded at temperatures above 8D. Unfolding curves
obtained from CD-monitored GuHCI titrations on both
oxidized and reduced states of thesGlomain at 75C are
shown in Figure 4A, and the corresponding free-energy plots
are shown in Figure 4B. The reducediomain shows a
midpoint of the unfolding transition at abb@ M GuHCI,
whereas the oxidized protein has a midpoint of unfolding at
6.3 M GuHCI. The GuHCl-induced unfolding of the
oxidized Cuy, protein was also analyzed by visible absorption
at this temperature, as shown in Figure 5. The unfolding
transition detected in this way (6.4 M) agreed well with that
obtained by CD (Figure 4A).
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Ficure 2: GuHCI-induced unfolding of the reduced form of the

Cus domain at room temperature, as monitored by quenching of
the tryptophan fluorescence.

85 kJ/mol
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0.24 V vs NHE 0.45 Vvs NHE
Cua Freq Cua yred
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Ficure 3: Thermodynamic cycle incorporating four states (oxidized
and reduced, folded and unfolded) of the nCdomain. The
experimentalAG value, obtained for unfolding the reduced protein,
in combination with the electrochemical potentials for the folded
and unfolded forms of the protein, can be used to estil&dor
unfolding the oxidized protein at room temperature.

Table 1: Free Energies (kJ/mol) of Unfolding the CuA Domain in
Aqueous Solutioh

20°C 75°C
AG Cua™ 85(10) 45(6)
AG Cuy'e 65(10) 18(3)
A(AG) 20 7

a Estimated by extrapolation of the lines in Figures 1B and 4B to O
M GuHCI concentration® Calculated from the electrochemical poten-
tials of the folded and unfolded states of the protein and the free energy
of unfolding the reduced protein (Figure 3).

Table 2: Melting Temperatures for Thermal Unfolding of the Two
Redox States of the GuDomain at Various GuHCI Concentratiéns

Tm (°C)
0 M GuHCI 5.5 M GuHCI 7.0 M GuHCI
Cup* >100 80 70
Cun'®d 83 40 <20

a3 (Tm is the midpoint of the CD-detected transition).

The free-energy values for unfolding in water, extrapolated
from the graph in Figure 4B, are 45(6) (oxidized) and 18(3)
kJ/mol (reduced) for the two redox states of the protein. Thus,
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Ficure 4: (A) Unfolding the oxidized and reduced states of the
Cus domain at 75°C. The data for unfolding were obtained from
CD measurements. (B) Plot of the linear relation between free
energy AGy) and GuHCI concentration for unfolding the oxidized
and reduced states of the £Cdomain at 75°C. Extrapolation to 0
M GuHCI gives the free energy for protein unfolding in water.

oxidized states of the protein is 27 kJ/mol at °%S (Table

The unfolding transitions for both the oxidized and reduced
forms of the Cy4 domain are broader at 78 than the
unfolding transition of the reduced form at room temperature.
The breadth of the transition is related to the slope of the
free energy plot (Figure 4B); the lower the slope, the broader
the unfolding transition. The slopes are in the range-of 6
kJ mol* M~ for both oxidized and reduced states of the
protein at 75°C (Figure 4B), but 10 kJ mot M~ for the
reduced protein at room temperature (Figure 1B). These
broader unfolding curves at the higher temperature cor-
respond to less cooperativity in the unfolding process at this
temperature compared to room temperature.

We tried to unfold both the oxidized and reduced forms
of the Cu, domain by increasing the temperature at different
constant GUHCI concentrations. We used CD in the far-
UV region to monitor the amount of folded protein as the
temperature was slowly raised from 20 to 1D in steps

the absolute free energies are lower for both oxidation statesof 2 °C every 2 min. The midpoint temperatures of the

at 75°C compared to room temperature, which is expected.

unfolding transitions for the different samples are set out in

The difference in folding stability between the reduced and Table 2.
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FiIGure 5. Unfolding the oxidized form of the Gudomain at 75 pFigyre 6: Electronic absorption spectra (dotted line, reduced
C; the reaction was followed by changes in absorption at 530 nm. ynfolded Cy domain; thin line, ferricyanide alone; thick line,

reduced unfolded Gudomain plus ferricyanide) show that the

Table 3: Standard EnthalpyAH(T)] and Entropy Changes oxidized Cuy domain refolds upon oxidation of the reduced,
[AS(Tw)] at the Temperature of the Transition Midpoifft,j for unfolded protein by ferricyanide in 7.5 M GuHCI.
Thermal Unfolding of the Two Redox States of theaddomain ) ) ]
Monitored by CD at Various GUHCI Concentrations electronic absorption measurements. Since the two forms
OMGUHCI 55M GUHCl 7.0 M GuHCI of the Cu protein display different folding stabilities, a

- change in redox state should, under certain conditions, induce
Cua . . . L .
AH(T.) (kd/mol) 225(5) 165(5) elthgr folding or unfolding. To test omdaﬂon—tnggered.
AY(Tm) (3 Mot K4 637(15) 481(15) folding, we treated a sample of the unfolded, reduced protein
ilﬁ.“(r-erd)(kj, ) 322(5) 188(5) in 7.5 M GuHCI at room temperature with ferricyanide,

m mo 1 i H i

AST (MoK 904(15) 599(15) whose reduction potential is about 0.5 V versus NHE at high

ionic strength 21). Between 30 and 40% of the reduced

Cus molecules folded to a native structure, estimated by
The melting temperature for both the oxidized and reduced absorption at 530 nm attributable to the oxidized, folded Cu

forms of the protein decreases with increasing GUHCI domain {7), as shown in Figure 6; the absorption at 480 nm

concentration. The extreme folding stability of the oxidized was masked by absorption from ferricyanide.

Cu, domain is illustrated by the fact that, in the presence of

7 M GuHCI, Ty, is still as high as 70C; at this GuHCI DISCUSSION

concentration, the reduced protein is not folded, even at room Several of our observations suggest that the unfolding of

temperature. both the oxidized and reduced forms of thex@omain can
The thermodynamic parameters at the temperature of thepe described as a two-state process (eq 1). First, unfolding
transition midpoint (Table 2), derived from the thermal the oxidized protein has been shown to be reversible.
UnfOlding data at different concentrations of GUHCI, are set Second, there is a linear dependence of the unfo|ding free
out in Table 3. The values have been corrected for the energy on the GuHC| Concentration (Figures 1B and 4B)
temperature dependences of batH andAS, with the use  Third, the same unfolding curves are obtained by CD
of an estimated value &C,, based on the nonpolar surface (Figures 1 and 4), by electronic absorption (oxidized protein)
area exposed by unfolding and the number of amino acid (Figure 5), and by tryptophan fluorescence quenching
residues in the Gu domain, as described in detail in (reduced protein) (Figure 2).
Materials and Methods. Both enthalpy and entropy changes The ThermusCu, domain possesses unusual stability
associated with unfolding decrease drastically with increasing against both thermal and chemical unfolding (Tables 1 and
Concentrations Of GUHCl fOI’ the OXidized as We” as the 2) The value of the unfo|ding free energy estimated for
reduced Cw domain. The melting temperatures for the the oxidized protein in water at room temperature (85 kJ/
oxidized and reduced protein are different in 5.5 M GUHCI mqJ) is almost double that for a related redox copper protein,
(Table 2, 80 vs 40C), whereas the enthalpy and entropy azurin @). Thus, even if binding of the metal in a
changes are quite similar (Table 3). By contrast, there are metalloprotein stabilizes the native conformatiajy this can
substantial differences in thAH and AS values for the  only contribute a small part to the extreme stability. The
oxidized and reduced proteins at similar melting temperaturesgyerall secondary structure is no different in fleermus
(Ca. 80°C) but Very' d.iﬁerent GuHCI concentrations (reduced Cua protein Compared to other Guaomains, as Judged from
at 0 M GuHCI; oxidized at 5.5 M GuHCI). far-UV CD spectra, 12). ltis likely, then, that the high
Refolding the Cy Domain After unfolding by 7 M folding stability of theThermusdomain is attributable to a
GuHClI at 75°C, the oxidized protein refolded when diluted combination of several small effects, such as replacement
with buffer to lower GuHCI concentrations, as judged by of strained conformations by glycines and an increase in the
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number of hydrogen bonds, as is the case for thermostablechemical extraction of an electron from the reduced, unfolded
iron—sulfur proteins 22, 23). Replacement of some of these form may be used to initiate folding, and such experiments
hydrogen bonds by GuHinteractions could be responsible are in progress.

for the lowered enthalpy change on unfolding in the presence

high concentrations of GUHCI (Table 3). The corresponding ACKNOWLEDGMENT
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