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ABSTRACT: His26Tyr and His33Tyr mutants were obtained from the Cys102Thr variant of yeast iso-1-
cytochromec. Spectroscopic studies show that a mutation at position 26 at pH 7.0 enhances flexibility of
the peptide, alters the heme pocket region and the axial coordination to heme-iron, and reduces protein
stability. The His26Tyr mutant shows properties typical of the molten globule. Further, formation of an
axially misligated minor low spin species occurs with partial displacement of Met80, the axial ligand of
the heme-iron in the native protein. The pKa determined for the alkaline transition of this mutant is 7.48
(( 0.05), approximately 0.5 lower than that of the wild-type protein. Hence, the alkaline conformer is
populated at pH 7.0, and the sixth ligand of the misligated species is proposed to be a lysine. Furthermore,
a reduction in catalytic activity indicates that the functional properties are altered. The results suggest
that the structural and functional changes observed in the His26Tyr mutant are because the mutation frees
the twoΩ-loops that, in the native protein, are linked by the hydrogen bond between His26 and Glu44.
Hence, one may infer that the His26-Glu44 hydrogen bond is essential for the rigidity and stability of
the native protein. In its absence, the heightened flexibility of the peptide fold results in conversion of the
macromolecule to a molten globule state, even at neutral pH. Ligand exchange at the sixth coordination
position of the heme-iron(III) observed as the minor species (i.e., the alkaline conformer) is therefore
induced by a long-range effect. This result is of interest since mutations reported to date, which stabilize
the alkaline conformer, all occur in the loop including Met80. By contrast, only very minor spectroscopic
(and, thus, structural) changes are observed for the His33Tyr mutant. This suggests that His33 does not
form intramolecular bonds considered important for the protein structure and stability, and is consistent
with the high variability of residues at position 33 in cytochromesc.

Cytochromec (cyt c),1 perhaps the most studied example
of the class of heme proteins, is a single polypeptide
containing the heme prosthetic group covalently bound to
Cys14 and Cys17 via two thioether linkages. Studies on
mutants of cyt c have provided important information
concerning the role played by side chains (in particular, the
invariant residues) in terms of structural stabilization, folding,
and regulation of the functional properties (1-7). In this
context, yeast iso-1-cytc represents an ideal model-system
for cytochromesc; a high-resolution X-ray structure of the
protein is available (8), and a system to generate mutants
by direct mutagenesis has been developed (9, 10).

In the present paper, we exploit the potential offered by
site-directed mutagenesis to alter specific interactions in the

protein and, consequently, gain insight into the role of such
interactions. In particular, we investigate the properties of
iso-1-cyt c modified at positions 26 or 33. The histidines
that occupy these positions in the wild-type (wt) form are
replaced by a tyrosine giving the His26Tyr and His33Tyr
mutants. The interest in His26, which is located in the 20s
omega (Ω)-loop (residues 18-31), lies in the fact that it is
an invariant residue in vertebrate and higher plant cyto-
chromesc. Moreover, in the native protein, the imidazole
group of His26 is hydrogen bonded to Asn31 (forming an
intraloop interaction) and to the backbone carbonyl of
Glu44 (Pro44 in horse cytc), thus forming a bridge between
the 20s and the 40sΩ-loops of the polypeptide chain (Fig-
ure 1).

The His26-Glu44 (Pro44 in horse cytc) hydrogen bond
present in the native protein is missing in the acidic molten
globule state (called the A-state), due to protonation of the
histidine side chain at the pH investigated (pH 2.2). With
respect to the native protein, the molten globule possesses
native-likeR-helix secondary structure but fluctuating tertiary
conformation (11-13); therefore, it shows enhanced flex-
ibility that, in the case of the A-state, is ascribed mostly to
the loop regions of the polypeptide (5, 14, 15).
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§ Universitàdegli Studi di Firenze.
1 Abbreviations: cytc, cytochromec; LS, low-spin; HS, high-spin;

circular dichroism, CD; resonance Raman, RR; wild-type, wt.

7604 Biochemistry2003,42, 7604-7610

10.1021/bi034132r CCC: $25.00 © 2003 American Chemical Society
Published on Web 05/24/2003



The present work compares the structural and functional
properties of the His26Tyr and His33Tyr mutants of cytc
under physiological-like conditions, and has a dual objec-
tive: (i) to establish the role played by the His26-Glu44
(Pro44 in horse cytc) hydrogen bond in the stabilization of
the rigid tertiary conformation of the native protein, and (ii)
to determine if the lack of this hydrogen bond induces the
protein to assume a molten globule-like structure at neutral
pH. On the other hand, since position 33 in cytochromesc
is not highly conserved and the His33 residue does not form
any intramolecular bonds considered important for the protein
structure and stability, no marked effects are expected upon
mutation.

MATERIALS AND METHODS

Protein Expression and Purification. The expression
plasmid pBTRI harboring both the yeast iso-1-cytc gene
(CYC1) and heme lyase gene (CYC3) was a kind gift from
A. Grant Mauk of the British Columbia University at
Vancouver. TheCYC1gene encodes the Cys102Thr variant
of yeast iso-1-cytc. In this variant, protein dimerization is
precluded and the ferricytochrome autoreduction rate is
greatly diminished; on the other hand, the optical and
electrochemical properties are indistinguishable from those
of the wt protein (9).

Site-directed mutagenesis of theiso-1-cytc gene (Cys102Thr
variant) was performed directly on the pBTRI plasmid.
Specific amino acid substitutions (His26Tyr and His33Tyr)
were introduced in yeastiso-1-cyt c using the GeneEditor
kit “In Vitro Site Directed Mutagenesis System” (Promega,
Madison WI) and the following oligonucleotides (M-Medical,
Italy), where letters in bold indicate base changes in codons
26 or 33 of the iso-1-cytc gene.

His26Tyr mutant 5′-GGT GGC CCATAT AAG GTT
G-3′

His33Tyr mutant 5′-CCA AAC TTG TAT GGT ATC-3′
Bacterial expression and purification of the recombinant

proteins were conducted essentially as described in ref10
with minor modifications.

Escherichia colistrain JM 109 containing the pBTRI
plasmid (or the mutated plasmids, see above) was grown at
37 °C, in 2 L of SB medium containing 100µg/mL
ampicillin to an absorbance of 0.3 OD at 600 nm. Induction
was accomplished by adding IPTG (isopropyl-â-D-thioga-

lactopyranoside) to a final concentration of 0.75 mM. Cells
were incubated at 37°C overnight, harvested by centrifuga-
tion, and frozen at-80 °C. After thawing, the reddish pellets
were resuspended in 50 mM Tris pH 8 (3-4 mL/g of wet
cells). Lysozyme (1 mg/mL) and DNase (5µg/mL) were
added to the homogenized cells. The suspension was left in
ice for 1 h and then sonicated for 1 min, at medium intensity,
50% duty cycle. After centrifugation of the sample for 30
min at 10000g to remove cell debris, the clarified supernatant
was dialyzed overnight against 10 mM phosphate buffer pH
6.2 and then loaded on a CM 52 column (40 mL bed volume)
equilibrated with the same buffer. Purification was performed
by washing the column with one volume of 45 mM phos-
phate pH 6.8, then one volume of 45 mM phosphate pH 6.8,
75 mM NaCl and by eluting the protein with one volume of
45 mM phosphate pH 6.8, 250 mM NaCl. After purification,
the recombinant C102T variant of yeast iso-1-cytc (indicated
herein as “wt” protein) and the His26Tyr and the His33Tyr
mutated proteins (yield 5-7.5 mg/L) were promptly oxidized
by adding a few grains of potassium ferricyanide and then
subjected to extensive dialysis against 100 mM phosphate
buffer pH 7.0. The recombinant proteins (∼500 µM) were
more than 98% pure (from SDS-PAGE analysis and reverse
phase HPLC, data not shown) and stored at-80 °C in 200
µL aliquots.

Circular Dichroism (CD) Measurements. Measurements
were carried out at 25°C using a Jasco J-710 spectropola-
rimeter (Tokyo, Japan) equipped with a PC as data processor.
The molar ellipticity [θ] (deg cm2 dmol-1) is expressed on
a molar heme basis in the Soret (380-450 nm) and near-
UV (270-300 nm) regions, and as mean residue ellipticity
in the far-UV region (200-250 nm, mean residue molecular
mass) 119).

Electronic Absorption Measurements. Electronic absorp-
tion measurements were carried out at 25°C using a Cary 5
spectrophotometer. Cytc concentration was determined on
the basis of the extinction coefficientε ) 106 mM-1 cm-1

at 408 nm.

Resonance Raman Measurements.Resonance Raman (RR)
spectra were obtained at room temperature with excitation
from the 406.7 nm line of a Kr+ laser (Coherent, Innova
90/K). The backscattered light from a slowly rotating NMR
tube was collected and focused into a computer-controlled
double monochromator (Jobin-Yvon HG2S) equipped with
a cooled photomultiplier (RCA C31034A) and photon
counting electronics. To minimize local heating of the protein
by the laser beam, the sample was cooled by a gentle flow
of N2 gas passed through liquid N2. RR spectra were
calibrated to an accuracy of 1 cm-1 for intense isolated bands
with indene as the standard for the high-frequency region
and with indene and CCl4 for the low-frequency region.

Cyclic Voltammetry Measurements.Voltammetric mea-
surements were performed at 25°C in a glass microcell
(sample volume: 1 mL) equipped with a reference calomel
electrode (E ) 244 mV vs NHE, at 25°C; Amel, Milan,
Italy), a Pt wire as the counter-electrode and a gold electrode
(2 mm diameter, Amel) with adsorbed 4,4′-bipyridine
(Merck, Germany) (16), as the working electrode.

An Amel 433/W multipolarograph (Milan, Italy) interfaced
with a PC was employed for voltammetric measurements.
Before the voltammetric experiment, the solution was

FIGURE 1: Ribbon structure of yeast iso-1-cytc (Cys102Thr). The
hydrogen bond of His26 to the carbonyl group of Glu44 (Pro in
horse cytc) is shown. The structure (44) was visualized with the
Swiss-Pdb Viewer software (45).
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deaerated for 30 min by a gentle flow of pure nitrogen
maintained just above the solution surface.

Catalytic ActiVity Measurements.Polarographic measure-
ments were carried out at room temperature using a Clark-
type O2 electrode (Ysi mod. 5300, Yellow Springs, OH)
interfaced with a recorder. The oxygen probe was inserted
into a 0.6 mL chamber (Instech Laboratories, mod. 600A,
Horsham, PA) containing 57 nM bovine cytochromec
oxidase dissolved in 50 mM phosphate buffer, pH 7.0, in
the presence of 10 mM ascorbate and 0.23 mMN,N,N′,N′-
tetramethyl-p-phenylenediamine (TMPD). Increasing amounts
of the protein were then added, and slope changes recorded.
Catalytic activities were calculated as turnover numbers, from
the rates corrected for the nonenzymatic oxygen consump-
tion.

Guanidine Hydrochloride(Gdn-HCl)-Induced Denatur-
ation. Protein unfolding was carried out by incrementally
increasing the Gdn-HCl concentration in a single sample of
the protein (concentration: 7µM), taking into account the
dilution factors. The protein was equilibrated in denaturant
at room temperature for a minimum of 20 min before each
measurement.

pH Measurements. A Crison 2001 pHmeter (Alella, Spain)
was used for pH measurements.

RESULTS

His26 is located in theΩ-loop adjacent to the heme pocket
region, indicated as the 20s loop (see Figure 1). In a manner
similar to the protein purified from horse heart, in iso-1-cyt
c the hydrogen bond of His26 with the carbonyl group of
Glu44 (Pro44 in horse cytc) contributes to the rigidity and
stability of the protein structure, joining the 20s and 40s loop
regions (8). Substitution of the histidine with another amino
acid may alter the 20s loop conformation and weaken (or
induce the rupture of) the hydrogen bond between residues
26 and 44, thus freeing the twoΩ-loops and increasing the
macromolecule flexibility (17-19). In the present work, the
His26Tyr mutant has been characterized, and the effect of
this mutation on the polypeptide tertiary structure was
investigated. The data are compared with those obtained for
the His33Tys mutant, a residue that does not form any
intramolecular bonds considered important for the protein
structure and stability.

Circular Dichroism. His26Tyr and His33Tyr mutants of
iso-1-cytc show well-defined far-UV dichroic spectra (not
shown), typical of proteins withR-helix secondary structure,
of ellipticity comparable to that of the wt form. The Soret
CD spectra (400-450 nm, related to the structure of the heme
pocket) are shown in Figure 2. The His33Tyr spectrum is
practically indistinguishable from the wt, whereas that of the
His26Tyr mutant shows a weakened 416 nm Cotton effect.
This signal, attributed to the Phe82- and Met80-heme
interaction (20, 21), is considered diagnostic for the environ-
ment near the Met80-Fe(III) axial bond in the native protein.
Therefore, the decreased 416 nm Cotton effect in the
His26Tyr mutant may reveal (i) an increased distance
between the residues Phe82, Met80, and the heme group, as
consequence of an enhanced mobility of the 70-85 residues
segment, or (ii) the presence of a minor species with X-Fe-
His18 axial coordination (where X is a misligated endoge-
neous ligand) in equilibrium with the protein having Met80

as sixth coordination ligand. In the latter case, only the
fraction of macromolecules with Met80-Fe-His coordina-
tion will contribute to the 416-nm dichroic signal. The near-
UV CD spectrum of the His26Tyr mutant (not shown) shows
a slightly weaker signal, indicating a decreased interaction
between Trp59 and a heme-propionate, and consistent with
an increased distance between the two groups.

The Soret CD spectrum of the His26Tyr mutant at 25°C
is similar to that of the A-state of cytc (22). This suggests
that, like the A-state, the mutant possesses enhanced flex-
ibility with respect to the wt protein. Therefore, CD of the
His26Tyr mutant was performed at 5°C, at which reduced
macromolecule flexibility is expected. The far-UV CD
spectrum of the mutant remains unaffected (therefore indicat-
ing an unchanged secondary structure); conversely, the
negative 416-nm Cotton effect (Figure 3) shows a significant
increase in ellipticity at 5°C. Furthermore, the temperature-
induced transition is fully reversible. This result indicates
that the tertiary structure of the His26Tyr mutant is fluctuat-
ing at room temperature as consequence of the increased
flexibility of the two loops linked in the native state by the
His26-Glu44 hydrogen bond (see Figure 1). Moreover, the
temperature-dependence of the 416-nm ellipticity suggests
that, at room temperature, the enhanced protein flexibility
leads to increased mobility of the loop containing Met80,
therefore hindering methionine coordination to the heme-
iron.

Electronic Absorption and Resonance Raman. A com-
parison of the electronic absorption and resonance Raman

FIGURE 2: Soret CD spectra of the His26Tyr (s) and His33Tyr
(s‚‚s) mutants of yeast iso-1-cytc; the latter is identical to the
spectrum of the wild type form (not shown). Experimental
conditions: 0.1 M phosphate buffer, pH 7.0 at 25°C.

FIGURE 3: Soret CD spectrum of the His26Tyr mutant at 25°C
(s) and 5 °C (s s s). The temperature-dependent transition
proved to be fully reversible. Other experimental conditions are as
described in Figure 2.
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spectra of the His26Tyr and His33Tyr mutants with the wt
protein is shown in Figures 4 and 5, respectively. It is
immediately apparent that the absorption spectrum of
His33Tyr is essentially identical to that of the wt, whereas
the spectrum of His26Tyr is slightly blue-shifted. Further-
more, the band at 695 nm, which is considered as a diagnostic
indicator of the integrity of the Met80-Fe(III) bond (23), is
clearly discernible in His33Tyr but very weak in His26Tyr.
The RR spectrum of the wt protein is very similar to that
observed for native horse heart cytochromec at pH 7.0,
characterized by a low spin (LS) heme spin state (24-26).

The RR frequencies of the core size marker bands of
His33Tyr (Figure 5A) are downshifted by 1 cm-1, while
those of the His26Tyr mutant are slightly upshifted compared
to the wt protein. There is no evidence for high spin (HS)
species. This indicates, in accord with the CD and absorption
spectra, that the heme properties of His33Tyr are very similar
to wt. The upshift of the RR frequencies for His26Tyr and
the slight asymmetry of theν3 band (1503 cm-1) suggests
the presence of a minor LS species with Lys-His (27) or
bis-His (25, 28) axial iron coordination, a possibility that is
in accord with CD data (Figure 2). The change of axial
coordination from Met-His to bis-His for cytochromesc,
leading to a blue shift of the absorption spectrum and an
upshift of the RR marker band frequencies, has been
associated with a more relaxed heme distortion (25, 28). A
similar effect may also be responsible for the changes
observed in the case of Lys-His coordination. Studies of
heme model compounds have also shown that an increase
in the degree of heme distortion gives rise to a red shift of
the absorption spectrum (29). Further support for a more
relaxed heme distortion in His26Tyr compared to the wt
protein can be found in the low-frequency RR spectrum
(Figure 5B). This region of the RR spectrum is characterized
by vibrations of the heme peripheral substituents and
porphyrin out-of-plane modes. The spectra of Figure 5B are
very complex as the substituent and out-of-plane RR modes
become active in cytc as a consequence of the distorted
heme. The distortion being imposed by interaction with the
protein matrix through covalent thioether links between the
heme and two cysteine residues (30, 31). The intensity and
frequency of a number of bands in His26Tyr are significantly
different compared to the wt. In particular, changes are
evident for bands at 444, 568, and 729 cm-1. By analogy
with horse heart cytc, these bands are assigned to the out-
of-plane modesγ22, γ21, andγ5, respectively (31). Further-
more, variations are clear for vibrations associated with the
thioether linkages at 397 cm-1 [δ(CâCaS)] and 696 cm-1

[ν(C-S)]. Similar changes have been reported previously
for cytochromesc upon change of axial coordination which
reduce the heme distortion (24, 25, 28, 32). In horse heart
cyt c, the band centered at 696 cm-1 is reported to be
composed of two modes,ν(C-S) andν7. The latter mode,
at 701 cm-1 in the native protein, is observed to downshift
when the heme distortion relaxes, overlapping better with
theν(C-S) mode resulting in a sharpening of the band (32).
A similar effect may be active in the case of the His26Tyr
mutant, contributing to the observed downshift and narrowing
of the band at 696 cm-1 in the spectrum of the wt. Less
dramatic changes are evident in the spectrum of His33Tyr
compared to wt, indicating that the reduction in heme
distortion is less pronounced. The similarity of the high-
frequency RR spectrum to that of wt suggests that these small
variations are not due to a change of axial coordination.
Hence, the more relaxed heme distortion in this case may
result from a change in conformation of the peptide loops
near the porphyrin macrocycle which perturb the thioether
bonds with the heme.

To shed further light on the identity of the axial ligand in
the misligated species of His26Tyr, a spectrophotometric
titration of the 695 nm absorbance band as a function of pH
(range: 6.0-10.5, data not shown) was carried out to
establish whether the His26Tyr mutation affects the pKa of

FIGURE 4: Electronic absorption spectra of wt iso-1-cytc and the
His26Tyr and His33Tyr mutants. Experimental conditions: sample
concentration, 35µM; 0.1 M phosphate buffer, pH 7.0 at 25°C.
The visible region is expanded 8-fold. The path length of the cuvette
was 1 mm for all spectra. The ordinate scale refers to the wt protein.

FIGURE 5: Resonance Raman spectra of wt iso-1-cytc and the
His26Tyr and His33Tyr mutants in 0.1 M phosphate, pH 7.0.
Experimental conditions: sample concentration, 35µM; 5 cm-1

resolution; 406.7 nm excitation; 15 mW laser power at the sample;
(A) high-frequency region: (wt) 21 s/0.5 cm-1 collection interval;
(His33Tyr) 12 s/0.5 cm-1 collection interval; (His26Tyr) 16 s/0.5
cm-1 collection interval; (B) low-frequency region: (wt) 14 s/0.5
cm-1 collection interval; (His33Tyr) 6 s/0.5 cm-1 collection interval;
(His26Tyr) 8 s/0.5 cm-1 collection interval.
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the protein alkaline transition. A pKa ) 7.48 (( 0.05) was
determined, which is approximately 0.5 lower than observed
for the wt protein (10). Hence, it is apparent that the mutation
stabilizes the alkaline conformer such that it is populated at
pH 7.0 and, consequently, coordination of a Lys rather than
His residue is favored.

Stability of the His26Tyr and His33Tyr Mutants. The
thermodynamic stability of the His26Tyr and His33Tyr
mutants was investigated by following protein unfolding
induced by Gdn-HCl. The denaturation profiles of the
His26Tyr and His33Tyr mutants (as monitored by CD) in
the presence of Gdn-HCl, are shown in Figure 6. Changes
in ellipticities are expressed as percentage of unfolding. The
experimental points refer to ellipticity measured at 222 nm
(a probe for theR-helix structure, panel A) and 408 nm (a
probe for the structure at the heme pocket, panel B). The
thermodynamic parameters of the transitions are reported in
Table 1. Some values of the wt differ from those previously
reported (33); this may be explained by considering that the
spectroscopic techniques employed (CD herein, fluorescence
in ref 33) monitor different regions of the macromolecule.
In the far-UV region, the unfolding profile of the His33Tyr
mutant overlaps that of the wt form, whereas that of the
His26Tyr mutant appears shifted toward lower denaturant
concentration, therefore indicating a decreased stability. This
is confirmed by the values of the apparent free energy change
(∆GD) obtained from the apparent denaturation equilibrium
constant,KD (determined by the expressionKD ) (θi - θobs)/
(θobs - θf), whereθi, θf, andθobs represent the initial, final,
and observed values of ellipticity, respectively). Values of
∆Go, i.e., the apparent free energy change in the absence of

denaturant, were estimated by extrapolating the curves to
zero denaturant concentration, on the assumption of a linear
dependence of the∆GD versus denaturant concentration (34).
The∆Go value of the His26Tyr mutant is significantly lower
than that of the His33Tyr mutant and of the wild-type protein.
A similar trend is observed from analysis of the Soret data,
where the His26Tyr mutant again shows decreased stability
with respect to the wild type protein. In this region, the
His33Tyr mutant also shows a slightly decreased stability,
indicating that mutation at position 33 may have some effect
on the heme pocket region of the protein. The values ofm,
a parameter that directly measures the dependence of∆GD

on the denaturant concentration ([D]) according to the
empirical equation∆GD ) ∆Go - m[D] are in good
agreement with the data obtained. The His26Tyr mutant, in
fact, shows a value ofm (that is assumed to be proportional
to the change of accessible area of a protein upon unfolding
(34, 35) lower than that of the His33Tyr mutant and the wt
form. This is consistent with a decreased structural compact-
ness of the His26Tyr mutant.

Redox Properties.The redox properties of the His26Tyr
mutant were determined by using dc cyclic voltammetry.
Like horse cytc (16, 36), yeast iso-1- cytc and the His26Tyr
mutant exhibit a well-defined electrochemistry at a gold
electrode chemically modified with 4-4′-bipyridine. In the
20-200 mV s-1 scan rate range, cyclic voltammograms of
the His26Tyr mutant (one of which is shown in Figure 7)
show cathodic and anodic peaks similar in shape and
magnitude, anodic and cathodic peak current ratio (Ipa/Ipc)
close to unity, and peak separation (∆Ep) values (85-100
mV, depending on the scan rate) relatively close to the
theoretical value (57 mV s-1) expected for a fully reversible
one-electron-transfer reaction at 25°C (37). The calculated
redox potential,E1/2 ) 274 (( 6) mV vs NHE, is very similar
to that of the wt form (E1/2 ) 285 (( 6) mV vs NHE, in
agreement with the value reported in ref10). This is in accord
with the observation that the Met-Fe(III)-His axially
coordinated form is the major component in solution.

To determine the behavior of the His26Tyr and His33Tyr
mutants in the presence of biological reaction partners of
the protein, we followed the redox reaction between the
reduced mutants and cytochromec oxidase. The reaction
kinetics, performed as described in ref36, reveal that,
whereas the His33Tyr activity is pratically identical to the

FIGURE 6: Unfolding profiles of the His26Tyr (b) and His33Tyr
(O) mutants of yeast iso-1-cytc. Experimental points are obtained
from dichroic measurements carried out at 222 nm (panel A) and
408 nm (panel B), as a function of Gdn-HCl concentration. The
unfolding profiles of the wild type form (1) are also shown for
comparison. Other experimental conditions are as described in
Figure 2.

Table 1: Denaturation Parametersa of the His26Tyr and His33Tyr
Mutants of iso-1-cytcb

C1/2
c (M) ∆Go (kJ/mol) m (kJ/mol/M)

wt
helix region 1.8 22.4 12.4
Soret region 1.8 22.2 12.3

His33Tyr mutant
helix region 1.8 22.4 12.4
Soret region 1.6 19.7 12.0

His26Tyr mutant
helix region 1.4 14.8 10.1
Soret region 1.1 13.4 10.0
a Experimental conditions: 0.1 M phosphate buffer, pH 7.0, and 25

°C. b Thermodynamic parameters of various transitions are determined
from CD studies. The estimated errors inC1/2, ∆Go, andm are( 0.1
M, ( 1.1 kJ/mol, and( 0.9 kJ/mol/M, respectively.c Denaturant
concentration at the transition point.
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wt form, that of the His26Tyr mutant is reduced (by
approximately 20%), therefore indicating that mutation at
position 26 reduces the capability of the protein to exchange
electrons with biological partners.

DISCUSSION

Molten globules are compact states possessing native-like
secondary structure but fluctuating tertiary conformation.
These forms maintain some native tertiary contacts, but
protein flexibility increases considerably. For cytc, this may
be ascribed mainly to the enhanced flexibility ofΩ-loop
regions, as a native-like hydrophobic core is found to be
retained (5, 15). Ω-loops are protein segments solely located
at the protein surface and constituted mainly by polar amino
acidic residues, devoid of a regular secondary structure and
characterized by high flexibility and small distance between
segment termini (38). In yeast iso-1-cytc, the hydrogen bond
between His26 and Glu44 (Pro44 in horse cytc) links the
20s loop to the 40s loop; it is thus expected to contribute
significantly to the stability and rigidity of the native state.
The rupture of such hydrogen bond is thought to enhance
fluctuations of the two loops that may also affect the Met80-
containing segment and, consequently, weaken the Met80-
Fe(III) axial bond.

The molten globule is considered a compact intermediate
that forms during protein folding; therefore, the availability
of a molten globule at neutral pH is of great importance. On
the basis of data here reported, we propose that the His26Tyr
mutation induces formation of a molten globule state of cyt
c at neutral pH. Accordingly, compared to the wt protein,
the His26Tyr mutant displays (i) an altered heme pocket
region and axial coordination to heme-iron, (ii) enhanced
peptide flexibility and reduced protein stability, and (iii)
decreased biological activity. Further, the conformation of
the His26Tyr mutant is modulated both by temperature
(below 25°C, Figure 3) and by anions (data not shown) at
neutral pH, as previously observed for the A state (22).
Therefore, it can be assumed that the disruption of the
His26-Glu44 (Pro44 in horse cytc) hydrogen bond induces
the native protein to rearrange into a molten globule state.

The His26Tyr mutant is characterized by only LS states;
therefore, it becomes an interesting system to study because
of its entirely LS character. It provides the important
advantage of enabling the equilibrium between the two LS
configurations (X-Fe-His / Met-Fe-His, where X is the
endogeneous ligand coordinated to the iron(III) in place of
Met80) to be monitored without any interference from HS
species (as is the case for the acidic molten globule (39)).
This equilibrium, that is observed in the His26Tyr mutant
but not in the His33Tyr mutant, can be envisaged as resulting
from the enhanced flexibility of the macromolecule, which
opposes Met80 coordination to the heme-Fe(III) and de-
creases the strength of the Met80 bond to the metal. This is
confirmed by the observation that the X-Fe-His / Met-
Fe-His equilibrium shifts toward the Met80-Fe-His form
as the temperature is lowered.

The nature of the misligated axial ligand in the minor
species observed in the His26Tyr mutant is of interest.
Although our Raman data indicate a histidine or a lysine as
the most likely candidates, the pKa of its alkaline transition
was found to be lowered by 0.5 compared to the wt protein
expressed inE. coli (7.48 vs 7.95) (10). Hence, the misligated
ligand of the heme-iron at pH 7.0 is proposed to be a lysine.
It has previously been reported for the native protein that
the alkaline conformer with Lys79 bound to the heme iron
has very similar spectral characteristics to the neutral form,
whereas the Lys73 bound alkaline conformer has more
distinct features, including an upshift of the RR frequencies
(27). Hence, Lys73 or Lys72, which is not trimethylated in
the recombinant protein expressed inE. coli (10) and thus
may bind to the heme iron, are considered to be the more
likely lysine axial ligands.

The stabilization of the alkaline conformer at pH 7.0 is
particularly interesting as the mutations reported to date that
stabilize the alkaline conformer occur in theΩ-loop which
includes Met80. Hence, further insight into the factors that
determine formation of the alkaline conformer in cytc may
be forthcoming from consideration of the long-range effects
that induce this state upon mutation of His26. The alkaline
conformer is characterized by a globular fold with protein
dimensions similar to the native state; however, it exhibits a
more flexible structure, and the 20s and 40s loop regions
appear among the regions that mostly differ from the native
conformation. Recently, it has been proposed that the
increased flexibility and consequent destabilization of the
native fold is responsible for the change in axial ligand (40).
The structural requisites necessary to effect the alkaline
transition of native cytc find close similarities in the
increased mobility and structural destabilization of the native
fold described herein for the His26Tyr mutant. In this regard,
it is worthy of note that one characteristic of the molten
globule state observed for this mutant is a misligated minor
Lys/His conformer at pH 7.0. Hence, it is evident that the
destabilization we have noted is not restricted to the heme
environment alone, but has more extensive implications for
the protein fold, including an enhanced mobility of the
Met80-containing loop. The observation that chemical de-
naturants and high temperature decrease the pKa of the
alkaline transition, and thereby influence the protein unfold-
ing mechanism (41, 42), finds now reasonable explanation
in the fact that these agents free the 20s and 40s loops
through the rupture of the His26-Glu44 hydrogen bond.

FIGURE 7: Dc cyclic voltammogram of the His26Tyr mutant of
yeast iso-1-cytc at a gold electrode chemically modified with 4,4′-
bypiridine. Scan rate: 100 mV s-1. Protein concentration: 0.1 mM.
Other experimental conditions as in Figure 2.
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Hence, our results support the view that an alkaline-like
species may be involved in the cytochromec folding pathway
under native conditions (40-42).

By contrast, the properties of the His33Tyr mutant are in
marked contrast with those of the His26Tyr mutant and are
very similar to the wt, thus suggesting that mutation at
position 33 does not induce changes of relevance in the
conformation and the biological activity of the protein. This
is consistent with the observation that His33 does not form
intramolecular bonds considered important for the protein
structure and stability and is in accord with the high
variability of residues at position 33 in cytochromesc (43).
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