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Monoheme soluble cytochromes c are small proteins that
function as electron carriers in the cell. Cytochromes c

are helical proteins and are characterized by covalently
bound cofactor heme in the conserved Cys-Xxx-Xxx-Cys-His
(CXXCH)motif. The heme occupies the majority of the interior
hydrophobic core of the holocytochrome c structure.

Using several mesophilic cytochromes c, such as horse heart
mitochondrial cytochrome c, Paracoccus denitrificans cytochrome
c550, and Pseudomonas aeruginosa cytochrome c551 (PA c551), the
effect of heme on protein folding has been investigated.1-6

Removal of heme from these cytochromes c results in loss of
the helical structure. Unlike mesophilic cytochromes c, thermo-
philic Hydrogenobacter thermophilus cytochrome c552 (HT c552)
has a partially folded structure in its apo state.7 Despite this
difference between these mesophilic and thermophilic apocyto-
chromes c, heme binding to these apoproteins, in common,
induces helical structure formation. Such helix formation after
heme binding leads to cytochrome c folding, followed by stable
structure formation allowing biological functions.

In contrast to the general understanding of cytochrome c
folding after the heme binding, it was recently shown that
hyperthermophilic Aquifex aeolicus cytochrome c555 (AA c555)
can exceptionally form a helical structure to the same extent in
the apo state as in its holo form.6 Circular dichroism (CD) and
visible spectral analyses demonstrated that the C12A/C15A
variant of AA c555, which has mutations in the CXXCH motif

and cannot covalently bind heme, forms the helical structure
even in the apo state. For convenience, the apo AA c555
C12A/C15A variant is denoted simply as “apo AA c555” in
this paper.

In order to gain a structural insight into the exceptional folding
ability of AA c555, X-ray crystallographic analysis has been carried
out on its holo form.8 The three-dimensional main chain
structure of holo AA c555 is the most superimposable on those
of homologous class ID monoheme cytochromes c including PA
c551. Therefore, it would be an appropriate experimental strategy
to introduce AA c555 residues into the PA c551 background in
order to examine any specific amino acid residues as to their
effects on folding ability. However, this has not been carried
out yet.

In the present study, we carefully compared the three-dimen-
sional structures of the holo forms of AA c555 and PA c551. As a
result, several amino acid residues were selected as key candidate
residues for the folding ability of apo AA c555 without heme.
These residues were introduced at the structurally corresponding
positions in PA c551, and the resulting PA c551variants were
examined as to their folding ability.
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ABSTRACT: Hyperthermophilic Aquifex aeolicus cytochrome c555
(AA c555) exceptionally folds even in the apo state, unlike general
cytochromes c including mesophilic Pseudomonas aeruginosa cyto-
chrome c551 (PA c551), which is structurally homologous to AA c555
in the holo state. Here we hypothesized that the exceptional apo AA
c555 folding can be attributed to nine hydrophobic amino acid
residues and proved this using a PA c551 variant (denoted as PA-nh)
carrying the nine hydrophobic residues at structurally correspond-
ing positions. Circular dichroism experiments showed that the apo
PA-nh variant became folded, unlike the wild-type apo PA c551, and
exhibited much higher stability than the wild type. Another
difference between the holo forms of AA c555 and PA c551 is the
existence of an extra helix in the former. Introduction of the amino
acid residues forming the extra helix of AA c555 into the PA-nh variant did not significantly affect its folding ability in the apo state.
Therefore, the nine hydrophobic residues introduced into the apo PA-nh variant were enough to confer the folding ability. PA c551
represents the first example of the conversion of an intrinsically unfolded apocytochrome c into an autonomously folded one, which
was revealed by means of a protein engineering method without heme. Although heme is generally considered to be a trigger of
apocytochrome c folding, the present results demonstrate a new heme-independent folding mechanism.
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’MATERIALS AND METHODS

Three-Dimensional Structure Comparison. The three-di-
mensional structures of AA c555 and PA c551 were compared by
using the molecular graphics program PyMOL.9 The structural
information was taken from PDB code 2zxy for AA c555 and 351c
for PA c551. The backbone structures of the two proteins
including their heme groups were superimposed, and character-
istic amino acid residues of AA c555 were selected.
Strains and Plasmids. Escherichia coli strain JCB387 was used

to produce the PA c551 wild type and its variants.
10 E. coli strain

DH5R was used for routine gene engineering. Plasmid pKPA1 was
used for the production of the PA c551 wild type.11 Nine
residues, Tyr-27, Val-30, Ala-45, Arg-47, Pro-63, Asn-64, Val-
66, Ala-71, and Val-78, in PA c551 were substituted with Leu-27,
Ile-30, Ile-42, Phe-44, Leu-65, Leu-68, Leu-71, Leu-76, and Ile-
83, respectively, which are the structurally corresponding nine
hydrophobic residues in AA c555 (Figure 1A) to obtain the
PA-nh variant (“nh” stands for nine hydrophobic). PrimeSTAR
Max DNA polymerase (TaKaRa Bio) was used for the four
steps of inverse PCR involving plasmid pKPA3,11 carrying the
V78I mutation of PA c551, as a template DNA. The resulting
plasmid was denoted as pKPA17, which encodes the PA-nh
variant.

To introduce the amino acid residues forming the extra helix of
AA c555 (Figure 1A) into the PA-nh variant, two further steps of
inverse PCR were performed for pKPA17 to generate plasmid
pKPA18, which encodes the PA-nh/eh variant (“eh” stands for
extra helix). Specifically, the stretch of Gly-57 to Ala-65 in the PA-
nh variant was substituted with that of Asp-54 to Gly-70 in AA
c555 (Figure 1A). Each plasmid carrying the cytochrome c gene
confers resistance to ampicillin. Plasmid pEC86 was used for
coexpression of the E. coli cytochrome c maturation proteins
(CcmABCDEFGH)12 for efficient production of cytochromes c.
Plasmid pEC86 confers resistance to chloramphenicol.
Preparation of Holo PA c551 Wild Type, PA-nh, and PA-nh/

eh. E. coli strain JCB387 transformed with pEC86 and pKPA1,
pKPA17, or pKPA18 was initially grown in liquid LB medium
containing 100 μg/mL ampicillin and 34 μg/mL chlorampheni-
col. These LB precultures (20 mL) were each inoculated into 2 L
of minimal medium in a 5 L flask as described previously.6 Cells
were grown at 37 �C with shaking for 24 h before harvesting.
Periplasmic extracts were obtained by the cold osmotic shock
method as described previously.13 The periplasmic extracts were
dialyzed against 10 mMTris-HCl (pH 8.0) and then loaded onto
a HiTrap Q column (GE Healthcare) that had been equilibrated
with the same buffer. The cytochrome c fractions were eluted
with 10mMTris-HCl (pH 8.0) containing a NaCl concentration
gradient (0-500 mM) and then dialyzed against 25 mM sodium
acetate buffer (pH 5.0). The fractions were further loaded onto a
HiTrap SP column (GE Healthcare) that had been equilibrated
with the same buffer. The cytochrome c fractions were eluted
with 25 mM sodium acetate buffer (pH 5.0) containing a NaCl
concentration gradient (0-500mM), followed by loading onto a
Superdex 75 gel filtration column (GE Healthcare) equilibrated
and eluted with 25 mM sodium acetate buffer (pH 5.0). Protein
concentrations were determined spectrophotometrically using
the extinction coefficient at 205 nm due to the peptide bond.14

Preparation of the Apo PA c551 Wild Type, PA-nh, and PA-
nh/eh. The apo forms of the PA c551 wild type and its variants
were prepared by the modified method of Fisher et al.2 Ten
milligrams of Ag2SO4 in 0.1 mL of ultrapure water and 80 μL of
acetic acid was added to 0.8 mL of 0.3-0.5 mM purified
holocytochrome c solution. The solutions were incubated in
the dark for 4 h at 50 �C and then centrifuged for 20 min at
15000g to remove heme aggregates precipitated. The super-
natants were loaded onto a PD-10 desalting column (GE
Healthcare) equilibrated with 25 mM sodium acetate buffer
(pH 5.0), and proteins were eluted with the same buffer. To
dissociate their silver mercaptide bonds, the proteins were
treated with 6 M guanidine hydrochloride and 1 M dithiothreitol
(DTT). The solutions were incubated in the dark for 2 h at 25 �C
and then centrifuged for 20 min at 15000g to remove the silver
mercaptide of DTT. The clear supernatants were loaded onto a
PD-10 column equilibrated with 25 mM sodium acetate buffer
(pH 5.0), and apocytochromes c were eluted with the same
buffer. Confirmation of the absence of residual holoproteins was
achieved bymeans of visible absorption spectra and SDS-PAGE
followed by heme staining. Protein concentrations were deter-
mined spectrophotometrically using the extinction coefficient at
205 nm.
Visible Absorption and Circular Dichroism Spectrosco-

pies. Visible absorption spectra (400-600 nm) of the purified
holocytochromes c (9 μM) in 20 mM potassium phosphate
buffer (pH 7.2) were obtained with a JASCO V-530 spectro-
photometer (JASCO) at 25 �C. Samples were reduced by the

Figure 1. Structure comparison and contrast. (A) Sequence alignment
of AA c555, PA c551, and HT c552. The amino acid sequences of the three
proteins are aligned so that the structurally corresponding residues in the
three-dimensional structures match. Gaps in the alignment are indicated
by dashes. Identical residues in the three proteins are indicated by
asterisks between the sequences. Hydrophobic residues, Leu, Ile, Phe,
Trp, Tyr, and Val, are highlighted in gray. Residues forming the helix
structure are underlined. The nine characteristic hydrophobic residues,
which seem to be responsible for the folding ability of apo AA c555, are
indicated by arrows. (B) Three-dimensional structures of AA c555 and
PA c551. The main chain backbone and heme are depicted as ribbon and
stick-and-ball models, respectively. The side chains of hydrophobic
residues, Leu, Ile, Phe, Trp, Tyr, and Val, are depicted as a space-filling
model, and among them the nine characteristic hydrophobic residues are
indicated by arrows.
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addition of a few grains of disodium dithionite. Pyridine ferro-
hemochromes of these proteins were prepared,15 and their visible
absorption spectra (400-600 nm) were obtained similarly. To
investigate the 695 nm peak due to the Fe-S coordination bond
of the oxidized cytochromes c, visible absorption spectra (650-
750 nm) of the purified holocytochromes c (200 μM) in 20 mM
potassium phosphate buffer (pH 7.2) in the presence of 10 mM
potassium ferricyanide were obtained similarly to that described
previously.16 Circular dichroism (CD) spectra of the holo- and
apocytochromes c (20 μM) in 20 mM potassium phosphate
buffer (pH 7.2) were obtained with a JASCO J-820 spectrometer
(JASCO) at 25 �C.
Electrochemical Measurements of Holocytochromes c.

The electrochemical properties of the purified holocytochromes
c were analyzed by the cyclic voltammetry (CV) method.
CV experiments were performed with a Potentiostat Autolab
PGSTAT 12 (Eco Chemie), similarly to our previous study.17 A
glassy carbon electrode (GCE) was polished with a 0.05 μm
alumina slurry. The protein solutions (2 μL, about 0.5 mM) in
20 mM sodium acetate buffer (pH 5.0) were spread evenly with a
microsyringe over the surface of the GCE. Then the GCE surface
was covered with a semipermeable membrane. An Ag|AgCl
electrode in a saturated NaCl solution and a Pt wire were
employed as the reference and counter electrodes, respectively.
The potential sweep range was þ400 to -400 mV vs the Ag|
AgCl electrode in the saturated NaCl solution with a scan rate of
20 mV/s. All of the experiments were performed at 25 �C under
an N2 atmosphere. From the observed redox potentials (E),
midpoint redox potential (Em) values relative to the standard
hydrogen electrode (SHE)were determined from the averages of
the reductive and oxidative peak potentials.
Thermal Stability Measurement. Thermal denaturation ex-

periments were carried out by obtaining CD spectra in a
pressure-proof cell compartment (JASCO) attached to a JASCO
J-820 CD spectrometer.18,19 Solutions of air-oxidized holo and
apo PA c551 wild type, PA-nh, and PA-nh/eh (20 μM) in 20 mM
sodium acetate buffer (pH 5.0) were subjected to analysis. The
temperature-dependent CD ellipticity change at 222 nm was
monitored in a cuvette of 1 mm path length. The CD values were
recorded from 30 to 150 �C or 10 to 90 �C at temperature
intervals of 1 �C and a heating rate of 1.0 �C/min. The raw data
were subjected to nonlinear least-squares fitting with MATHE-
MATICA 3.0 as described previously.20

The temperature of the midpoint of the transition (Tm) and
the enthalpy change during protein denaturation at Tm (ΔHm)
were calculated through curve fitting of the resulting CD values
versus the temperature by van’t Hoff analysis. The fitting curves
obtained in the temperature range of -40 to þ40 of Tm were
used to calculate thermodynamic parameters in order to precisely
reflect protein denaturation. The entropy change during protein
denaturation at Tm (ΔSm) was calculated using the equation
ΔSm = ΔHm/Tm.
Because the apo PA c551 wild type exhibited no transition with

the temperature increase from 10 to 90 �C (see Figure 3A), its
thermodynamic parameters could not be determined. Therefore,
thermodynamic parameters cannot be compared between the
variants (PA-nh and PA-nh/eh) and the PA c551 wild type in their
apo states. In contrast, the differences in the free energy changes
during protein denaturation between the holo forms of the
variants and the PA c551 wild type at the wild-type Tm

(ΔΔGmut) were calculated using the equation given by Becktel
and Schellman,21 ΔΔGmut = ΔTm(mut-wt)ΔSm(wt), where

ΔTm (mut-wt) is the difference in Tm value between the holo
forms of the variants and wild type and ΔSm(wt) is the entropy
change of the holo PA c551 wild type at its Tm.
The differences in the free energy changes during protein

denaturation between the apo and holo forms of PA-nh, PA-nh/
eh, and AA c555 at theTm of each holo form (ΔΔGheme) were also
calculated as ΔΔGheme = ΔTm(apo-holo)ΔSm(holo form),
where ΔTm (apo-holo) is the difference in Tm value between
the apo- and holoproteins and ΔSm(holo form) is the entropy
change of each holoprotein at its Tm.

’RESULTS

Three-Dimensional Structure Comparison between AA
c555 and the PA c551 Wild Type. Our previous study showed
that an extra helix containing the heme-liganding Met residue
exists in AA c555,

8 which is not found in the PA c551 and HT c552
proteins. In this study, we further realized that nine hydrophobic
residues existed specifically in AA c555, i.e., not in PA c551
(Figure 1A). These nine hydrophobic residues, Leu-27, Ile-30,
Ile-42, Phe-44, Leu-65, Leu-68, Leu-71, Leu-76, and Ile-83, of AA
c555 are dispersed in four helices including the extra helix, and all
face the interior of the protein molecule (Figure 1B). These
residues exhibit higher hydrophobicity than the respective struc-
turally corresponding residues of PA c551, Tyr-27, Val-30, Ala-45,
Arg-47, Pro-63, Asn-64, Val-66, Ala-71, and Val-78.22 Among the
residues in HT c552 corresponding to these nine PA c551 amino
acids, only Ile-76 is identical to the AA c555 residue (Ile-83,
Figure 1A). This further indicates the specificity of the nine
residues in the AA c555 sequence.
The side chains of the nine hydrophobic residues of AA c555

spatially interact with neighboring residues and allow more tight
packing in the protein interior than in the case of PA c551
(Figure 1B). The details are as follows. Leu-27, Ile-30, and Ile-
83 of AA c555 allow hydrophobic packing together with Phe-7,
Leu-41, and Phe-82. The corresponding residues in PA c551 are
Tyr-27, Val-30, Val-78, Phe-7, Leu-44, and Trp-77, respectively
(Figure 1A). Ile-42, Leu-68, Leu-71, and Leu-76 of AA c555 also
allow hydrophobic packing together with Ile-6, Leu-45, and Leu-
79. The corresponding residues in PA c551 are Ala-45, Asn-64,
Val-66, Ala-71, Leu-6, Ile-48, and Leu-74. Phe-44 and Leu-65 of
AA c555 interact with heme-liganding Met-61, whereas the
corresponding Arg-47, Pro-63, and Met-61 in PA c551 do not.
From the three-dimensional structure comparison above, we

speculated that the nine hydrophobic residues and extra helix
result in the exceptional folding of apo AA c555, because a
hydrophobic interaction is a major factor in protein folding 23

and helix formation strengthens a protein structure. In fact, the
nine hydrophobic residues and extra helix were necessary for
formation of the proper structure of AA c555: mutations of these
residues in AA c555 resulted in aberrant proteins exhibiting
heterogeneity when expressed in E. coli (M. Yamanaka, unpub-
lished results).
In order to experimentally prove the effects of the nine

hydrophobic residues and extra helix of AA c555, two variants
of PA c551, i.e., PA-nh having the nine characteristic hydrophobic
residues of AA c555 and PA-nh/eh having the amino acid residues
forming the extra helix of AA c555 in addition to the nine
hydrophobic residues, were examined in this study. We also
constructed a gene encoding a PA c551 variant carrying only the
amino acid residues forming the extra helix of AA c555. However,
its expression level in E. coliwas far lower than those of the PA-nh
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and PA-nh/eh variants. Thus, the PA-nh and PA-nh/eh variants
were used in the following experiments.
Visible Absorption Spectra of Holocytochromes c. The

visible absorption spectra of the holo PA c551 wild type, PA-nh,
and PA-nh/eh were measured to examine the effects of muta-
tions on the heme environment in the protein interior. The peak
wavelengths in the visible absorption spectra of these proteins are
listed in Table 1. The visible absorption spectra of the reduced
PA c551 wild type, PA-nh, and PA-nh/eh showedR-band maxima
at 551, 551, and 552 nm, respectively, which were within the
range for typical cytochromes c. The pyridine ferrohemochromes
of these proteins all showed an R-band maximum at 549 nm,
suggesting that the heme is covalently bound to these proteins via
two thioether bonds formed between the two Cys residues of the
CXXCH motif and the two vinyl groups of the heme.15,24,25

The oxidized holo PA c551 wild type exhibited an absorption
peak at 695 nm (Table 1), which is due to the Fe-S coordination
bond between the heme iron and heme-liganding Met sulfur
atom. However, the oxidized holo forms of PA-nh and PA-nh/eh
showed no peak at 650-750 nm in contrast to that of the PA c551
wild type, suggesting that heme does not form a coordination
linkage with the Met residue in the two variants.
Redox Potentials of Holocytochromes c. CV experiments

have been performed on the holo forms of the PA c551 wild type
and PA-nh and PA-nh/eh variants. The resulting Em values of
PA-nh and PA-nh/eh variants were greatly decreased compared
with that of the PA c551 wild type (Table 1). In cytochrome c, an
axial Met ligand generally leads to a high redox potential. The
decreases in the Em values of the two variants indicate intramo-
lecular rearrangement in the vicinity of the heme. Together with
the visible absorption spectra showing disappearance of the
695 nm peak for the oxidized PA-nh and PA-nh/eh variants,
the mutations may cause cleavage of the Fe-S coordination
bond between the heme and the heme-liganding Met residue.
Far-UV CD Spectra of Holocytochromes c. Far-UV CD

spectra (195-260 nm) were obtained to examine the secondary
structure formation of the holo forms of PA c551 wild type, PA-nh,
and PA-nh/eh. The ellipticity peak at 222 nm, representing the
helix structure, was observed in the holo forms of these proteins
(Figure 2). The helical contents of holo PA c551 wild type, PA-nh,
and PA-nh/eh were estimated to be 35%, 35%, and 34%,
respectively, by means of CD deconvolution, using the K2D
algorism.26,27 These values comparatively exhibit that the helical

contents of these three holoproteins are the same. Although the
amino acid residues forming the extra helix in AA c555 were
introduced into the PA-nh/eh variant, the helical content of the
variant was not greater than those of the PA c551 wild type and
PA-nh in their holo states. This indicates that the extra helix
found in AA c555 is not formed in the holo PA-nh/eh variant or
regions of some helices collapse due to the formation of the extra
helix. The ellipticity peak height around 208 nm, which is also
attributed to the helical structure, differed for the PA c551 wild
type, PA-nh, and PA-nh/eh (Figure 2). We do not know the
structural mechanism underlying this difference, but it may be
due to some undefined structural alteration in the holo PA-nh
and PA-nh/eh variants upon mutation.
Far-UV CD Spectra of Apocytochromes c. In the far-UV CD

spectrum of the apo PA c551 wild type the ellipticity peaks at 208
and 222 nm had disappeared (Figure 2). In contrast, however,
the apo PA-nh and PA-nh/eh variants still exhibited ellipticity
peaks at 208 and 222 nm. The helical contents of the apo forms of
the PA c551 wild type, PA-nh, and PA-nh/eh were estimated to be
9%, 32%, and 55%, respectively, by means of deconvolution.26,27

These results suggest that apo PA-nh and PA-nh/eh retain the
helical structure even upon the removal of the heme. The helical
content of apo PA-nh/eh was greater than that of its holo form,
suggesting that an additional helix is formed in the apo state
compared with in the holo one. One possible reason is that the
extra helix found in the holo AA c555 structure is only formed in
the apo PA-nh/eh variant, i.e., not in its holo form. The other
possibility is that some regions of the preexisting helices in the
holo PA c551 wild type were not able to be formed in the holo PA
nh/eh variant due to the introduction of the extra helix.
Effects of Mutations on the Thermal Stability of Holocy-

tochormes c. In order to thermodynamically elucidate the
effects of mutations on protein structure, thermal denaturation
experiments were carried out on the air-oxidized holo PA c551
wild type, PA-nh, and PA-nh/eh, with monitoring by CD at
222 nm. For instance, the raw CD data for the holo and apo PA
c551 wild-type proteins were obtained as a function of tempera-
ture (Figure 3A) and showed cooperative denaturation of the
holoprotein but not of the apoprotein.
Similar to the PA c551 wild type, the holo forms of PA-nh and

PA-nh/eh became cooperatively denatured with the temperature
increase from 30 to 150 �C (Figure 3). The Tm values of the holo
forms of the PA c551 wild type, PA-nh, and PA-nh/eh were
estimated to be 85.7, 90.5, and 86.5 �C, respectively (Table 2).
The ΔΔGmut values of the PA-nh and PA-nh/eh variants, which
represent differences in the free energy change during protein
denaturation between the holo forms of these variants and the PA
c551 wild type, were estimated to be 4.6 kJ/mol for PA-nh and 0.8
kJ/mol for PA-nh/eh, respectively (Table 2). These results
indicate that the mutations result in structural stabilization in
their holo states.
The enthalpy change at Tm(ΔHm) and entropy change at

Tm(ΔSm) values for the holo PA-nh variant were smaller than
those for the holo PA c551 wild type (Table 2). In general, upon
mutation(s), a decrease in the ΔHm value leads to protein
destabilization, and conversely, a decrease in theΔSm value leads
to protein stabilization. In comparison with the holo PA c551 wild
type, therefore, the holo PA-nh variant is destabilized in terms of
enthalpy. This may be due to the loss of some preexisting
interactions including the Fe-S coordination bond (as shown
in Table 1) in the holo PA-nh variant. This enthalpic disadvan-
tage is mitigated by the more favorable entropic effect during

Table 1. Visible Absorption Spectra Peaks and Em Values of
the Holo Forms of the PA c551 Wild Type, PA-nh, and PA-nh/
eha

protein

oxidized

λmax (nm)

reduced

λmax (nm)

pyridine

ferrohemochrome

R-band λmax (nm) Em (mV)

PA c551 wild type 408 416 549 þ317

530 521

695 551

PA-nh 399 416 549 þ160

522

551

PA-nh/eh 405 416 549 þ134

525 523

552
aThe experimental errors of the Em values are all (5 mV.
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protein denaturation of the PA-nh variant, as exemplified by its
ΔSm value being smaller than that of the holo PA c551 wild type
(Table 2). Furthermore, the ΔHm value of the holo PA-nh/eh
variant was smaller than that of holo PA-nh (Table 2). This
enthalpic disadvantage of holo PA-nh/eh, compared with holo
PA-nh, indicates that the residues forming the extra helix of AA
c555 result in further loss of interactions in the holo PA-nh/eh
variant.

Effects of Mutations on the Thermal Stability of Apoc-
ytochromes c. In order to thermodynamically elucidate the
effects of mutations on the protein structures of the PA c551 wild
type, PA-nh, and PA-nh/eh in their apo states, thermal denatura-
tion experiments were carried out. The apo PA c551 wild type
exhibited no transition with the temperature increase from 10 to
90 �C (Figure 3A); thus we could not determine its thermo-
dynamic parameters (Table 3). In contrast, the apo forms of the
PA-nh and PA-nh/eh variants became cooperatively denatured
from 30 to 150 �C (Figure 3B), apparently indicating that protein
denaturation proceeds in a two-state transition manner, the Tm

values being 73.7 �C for apo PA-nh and 77.3 �C for apo PA-nh/eh
(Table 3).
Judging from the measurable values for thermodynamic para-

meters (Tm, ΔHm, and ΔSm) of the apo forms of the PA-nh and
PA-nh/eh variants (Table 3), their structural stability seems to be
enhanced by the mutations as compared with the case of the apo
PA c551 wild type. It is obvious that the apo PA-nh and PA-nh/eh
variants were stabilized to the same extent as in the case of
naturally occurring and thermally stable apo AA c555 in terms of
the Tm values. In addition, the ΔHm value of the apo PA-nh/eh
variant was greater than that of apo PA-nh. The more favorable
enthalpy for apo PA-nh/eh than for apo PA-nh is probably due to
the formation of an additional helix, which is consistent with the
results of static CD analysis (Figure 2).
Effects of Heme on the Thermal Stability of Cytochormes c.

The above thermal stability analysis provided us with a chance
to examine the effects of heme on the stability of PA-nh and PA-
nh/eh, as evidenced by the ΔΔGheme values, representing the
difference in free energy change during protein denaturation
between the apo- and holoproteins. The ΔΔGheme values were
estimated to be -13.3 kJ/mol for PA-nh and -4.6 kJ/mol for
PA-nh/eh (Table 4), indicating the thermodynamic advantage of
a holocytochrome c with covalently bound heme, as observed by
others.25,28-30

As the ΔΔGheme value can only be estimated when the
thermodynamic parameters of both the apo and holo forms are
available, the equivalent value for AA c555 is listed in Table 4 as an
example of that of a naturally occurring cytochrome c. The
ΔΔGheme value of AA c555 was estimated to be -74.3 kJ/mol,
which was 6-16-fold those of the PA-nh and PA-nh/eh variants,
respectively. These results indicate that the naturally occurring
AA c555 protein exhibits a far greater thermodynamic advantage
with the covalently bound heme than the PA-nh and PA-nh/eh

Figure 2. Far-UVCD spectra of the holo and apo forms of cytochromes c. Far-UVCD spectra of holo- (solid lines) and apo- (dotted lines) cytochromes
c are depicted. The data for the PA c551 wild type (left), PA-nh variant (center), and PA-nh/eh (right) are shown.

Figure 3. Thermal denaturation of the holo and apo forms of cyto-
chromes c. (A) The raw CD data at 222 nm for the holo (solid line) and
apo (dotted line) PA c551 wild-type proteins were obtained as a function
of temperature. (B) The normalized fractions of protein denatured are
plotted as a function of temperature, and the fitting curve for each
experiment is also shown. The normalized raw data for the holocyto-
chromes c are indicated by closed symbols and those for the apocyto-
chromes c by open symbols, with 5 �C intervals. The fitting curves for the
holocytochromes c are indicated by solid lines and those for the
apocytochromes c by dotted lines. The data for the PA c551 wild type
(black symbols and line), PA-nh (red symbols and line), and PA-nh/eh
(blue symbols and line) are shown.
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variants. In these engineered variants, some introduced residues
may directly and/or indirectly cause steric hindrance in the holo.

’DISCUSSION

To date, a large number of experiments have been carried out
to elucidate the folding mechanism for holocytochromes c with
covalently bound heme.31-36 The folding of cytochromes c on
binding of heme or lipid micelles to the apoprotein has also been
shown.3-5,37-39 Cytochrome c folding is supposed to require
heme binding. Judging from the results of structural analysis of
holocytochromes c, the heme interacts with hydrophobic resi-
dues spatially distributed in the protein interior.35,40,41 Hence,
hydrophobic interactions between the heme and hydrophobic
residues are generally believed to be one of the essential factors
for cytochrome c folding.

In contrast to the research progress regarding cytochrome c
folding with the aid of heme, the folding ability of apocyto-
chromes c has rarely been examined. There have been a few
reports demonstrating apocytochrome c folding, but only under
harsh solvent conditions, i.e., at extremely low pH and/or high
ionic strength.42,43 To our knowledge, AA c555 represents the first
and only case of an apocytochrome c folded to the same extent as
its holo form in terms of the helix content under nearly
physiological solvent conditions.6

In this study, the three-dimensional structures of the holo
forms of AA c555 and PA c551 were compared. These cytochromes
c are structurally homologous in their holo states, but apo PA c551
is unfolded, unlike apo AA c555. Here we speculate that nine
hydrophobic residues and the extra helix of AA c555, which are

absent in the PA c551 structure, are responsible for the folding
ability of apo AA c555. To verify this speculation, the PA-nh
variant carrying the nine hydrophobic residues of AA c555 and the
PA-nh/eh variant carrying the amino acid residues forming the
extra helix plus the nine hydrophobic residues of AA c555 were
examined as to folding ability in their apo states. In contrast to the
apo PA c551 wild type, the apo PA-nh and PA-nh/eh variants
exhibited a helical structure at neutral pH and low ionic strength.
In addition, thermal denaturation analysis showed that the apo
PA-nh and PA-nh/eh variants are thermodynamically far more
stabilized than the apo PA c551 wild type. These results together
indicate that the nine hydrophobic residues introduced into these
variants are enough to confer the folding ability on the apo states
and that the amino acid residues forming the extra helix of AA
c555, which were introduced in the PA-nh/eh, are not necessarily
required for the apo folding.

What are the roles of the nine hydrophobic residues during the
protein folding in the apo PA-nh and PA-nh/eh variants? As
these residues, originally found in AA c555, are more hydrophobic
than the respective ones in the PA c551 wild type, these residues
form a tightly hydrophobic core in the interior of holo AA c555. It
is likely that the introduction of these residues into the apo PA
c551 wild type results in the formation of hydrophobic interac-
tions, as found in holo AA c555. This has been proved in this study
by the thermodynamic effects on the apoprotein stability.

In contrast, the nine hydrophobic residues cause rearrange-
ment of the heme vicinity in the holo PA-nh and PA-nh/eh
variants, suggesting that the introduced residues cause steric
hindrance with the heme. Probably the atomic geometry in the
protein interior is more harmonious in the naturally occurring
holo AA c555 protein than in the holo PA-nh and PA-nh/eh
variants. Currently ongoing structural studies on the PA-nh and
PA-nh/eh variants will offer insights as to the interactions
between the heme and polypeptide.

Hemoproteins, proteins with heme(s) functioning as cofactor-
(s), are classified into two groups in terms of protein folding.
Cytochromes c represent one group, which is characterized by an
unfolded structure in the apo state. The other group includes E.
coli periplasmic cytochrome b562, a four-helix bundle protein with
noncovalent-bound heme, in which a large portion of the protein
is autonomously folded even in the apo state.44 AA c555 is an
exceptional cytochrome c in that it is folded in the apo state,6 and
its nine hydrophobic residues were introduced into an orthodox
cytochrome c, PA c551, in this study. Our present results demon-
strate that PA c551 represents the first example of conversion of an
intrinsically unfolded apocytochrome c into an autonomously
folded one, which was revealed bymeans of a protein engineering
method without heme. Heme is generally considered as a trigger
of apocytochrome c folding through the formation of hydro-
phobic interactions with the protein. Our understanding of
hemoprotein classification from the aspect of folding with heme
should be amended.

Table 2. Thermodynamic Parameters of Holocytochromes c

protein Tm (�C) ΔTm(mut-wt) (�C) ΔHm (kJ/mol) ΔSm (kJ mol-1 K-1) ΔΔGmut (kJ/mol)

PA c551 wild type 85.7( 0.6 0 346.2( 13 0.96( 0.03 0

PA-nh 90.5( 0.1 4.8 286.3( 12.5 0.79( 0.03 4.6

PA-nh/eh 86.5( 0.6 0.8 179.5( 10.9 0.5( 0.03 0.8

AA c555
a 129.7( 0.1 NAb 537.0( 18.4 1.33( 0.05 NAb

a For comparison with a naturally occurring cytochrome c, the thermodynamic parameters of holo AA c555 calculated from the data in our previous paper6

are also listed. These data are also used in Table 4 below. bNot applicable.

Table 3. Thermodynamic Parameters of Apocytochromes c

protein Tm (�C) ΔHm (kJ/mol) ΔSm (kJ mol-1 K-1)

PA c551 wild type NDb NDb NDb

PA-nh 73.7 ( 0.7 79.0 ( 5.5 0.23 ( 0.02

PA-nh/eh 77.3 ( 1.0 120.1 ( 3.5 0.34 ( 0.01

AA c555
a 73.8 ( 0.2 95.4 ( 2.1 0.27 ( 0.01

a For comparison with a naturally occurring cytochrome c, the thermo-
dynamic parameters of apo AA c555 calculated from the data in our
previous paper6 are also listed. These data are also used in Table 4 below.
bNot determined.

Table 4. Effects of Covalent Heme Binding

protein ΔTm(apo-holo) (�C) ΔΔGheme (kJ/mol)

PA-nh -16.8 -13.3

PA-nh/eh -9.2 -4.6

AA c555
a -55.9 -74.3

a For comparison with a naturally occurring cytochrome c, the calculated
values for the AA c555 protein are listed using data from Tables 2 and 3.
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