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ABSTRACT: The four-helix-bundle protein fold can be constructed from a wide variety of primary amino
acid sequences. Proteins with this structure are excellent candidates for investigations of the relationship
between folding mechanism and topology. The folding of cytochromeb562, a four-helix-bundle heme
protein, is hampered by heme dissociation. To overcome this complication, we have engineered a variant
of cytochromeb562 (cyt c-b562) featuring ac-type linkage between the heme and the polypeptide chain.
The replacement of the native cytb562 leader sequence in this protein with that of ac-type cytochrome
(cyt c556) led to high yields of fully matured and correctly folded cytc-b562. We have determined the
X-ray crystal structure of cytc-b562at 2.25 Å and characterized its physical, chemical, and folding properties.
These measurements reveal that thec-type linkage does not perturb the protein fold or reduction potential
of the heme group. The covalent attachment of the porphyrin to the polypeptide does, however, produce
a substantial change in protein stability and folding kinetics.

Both experimental and theoretical work suggests a strong
correlation between topology and folding time for small
monomeric proteins (1-4). The topology of a protein fold
can be characterized by its contact order, a measure of the
average number of residues separating secondary and tertiary
contact sites (1). Inasmuch as the topology of a protein is
largely defined by the conformation of the polypeptide
backbone, contact-order models point to a relatively minor
role for primary amino acid sequence in determining folding
kinetics. Nevertheless, there are examples of topologically
similar proteins that exhibit widely divergent folding time
scales, suggesting that the amino acid sequence can be a
determinant of folding dynamics (2-5).

Four-helix-bundle proteins provide an excellent opportu-
nity to address the folding-topology riddle, since they exhibit
a strongly conserved structural motif with wide variations
in primary amino acid sequence and, in some cases, folding
times that approach the time scale accessible by computer
simulations. Four-helix bundles are found in numerous
evolutionarily unrelated proteins, such as interleukin-2 (6),
apolipoprotein (7), human growth hormone (8), andHeli-
cobacter pylori neutrophil activating protein (9). These
proteins perform a diverse array of functions, ranging from
RNA binding to polysaccharide cleavage in T4 lysozyme
and electron transfer in cytochrome (cyt)1 b562.

Our interest has focused on a family of four-helix-bundle
cytochromes that displays substantial variations in folding
behavior. For instance, electron-transfer-triggered folding of
Fe2+-cyt b562 has been found to yield folded protein on a
submillisecond time scale, whereas cytc′ requires several
seconds to fold completely (10-12). Part of this difference
can be ascribed to differences in the porphyrin-polypeptide
linkage (10, 13). Four-helix-bundle cytochromes contain one
or more heme (Fe-protoporphyrin IX) groups, and their
structural topology is almost perfectly conserved (≈3 Å
rmsd) (14-16), despite variation in the attachment and
coordination of the heme group. In theb-type cytochromes
(e.g., cytb562), the heme is attached to the polypeptide only
through axial Fe ligation, whereas in the case of thec-type
cytochromes, theR-carbons of the protoporphyrin vinyl
groups form thioether linkages to the two cysteines found
in a strongly conserved CXXCH motif (e.g., cytc′, cyt c556).
The evolutionary advantages arising from covalent attach-
ment of the heme to the polypeptide chain have not been
clearly elucidated (17), and the question whether the different
cytochrome heme linkages are the consequence of convergent
or divergent evolution remains open (17).

In the case of cytb562, featuring a noncovalently bound
protoporphyrin, we found that the kinetics of heme dissocia-
tion from the polypeptide [kdiss≈ (2-7) × 103 s-1] compete
with refolding dynamics, limiting the yield of the folding
reaction in the reduced state and causing irreversible unfold-
ing in the oxidized state; and, at the time, we recognized
that slower folding populations in the unfolded ensemble of
cyt b562 would not be detected because of heme dissociation
(10). Indeed, it has been reported that under denaturing
conditions some cytb562 remains in a near-native conforma-
tion and that the proportion of this conformation correlates
well with the fraction of protein that successfully refolds (13).
To eliminate problems with heme dissociation in cytb562

refolding, we set out to prepare a variant of cytb562 (c-b562)
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with the protoporphyrin cofactor covalently linked to the
polypeptide chain.

Barker and co-workers first reported the conversion of cyt
b562 to a c-type cytochrome (18). In this work, single Cys
mutations at positions 98 (R98C) and 101 (Y101C), as well
as a double mutation (R98C/Y101C), were introduced into
the cytb562 polypeptide sequence. Holoproteins withc-type
thioether linkages between the protoporphyrin were isolated
with all three mutant proteins. The yield of holoprotein with
the R98C mutant was reported to be comparable to that of
wild-type cytb562, but holoprotein production with either the
Y101C mutant or the R98C/Y101C double mutant was
substantially reduced. Nevertheless, a fraction of the holo-
protein isolated with the R98C/Y101C double mutant
sequence appeared to have twoc-type thioether linkages.
Barker noted that constructs with the R98C mutation would
produce blue-green-colored protein if periplasmic extracts
were not kept under anaerobic conditions (18), and he later
reported the isolation of a biliverdin-containing construct of
cyt b562 with a covalently attached heme (19). Structural
characterization of the R98C mutant by NMR spectroscopy
confirmed the presence of the singlec-type thioether linkage
(18, 20). Chemical denaturation studies of the R98C holo-
protein revealed a 5.6 kJ mol-1 increase in folding sta-
bility relative to wild-type cyt b562 (20). In an effort to
improve the yield of cytb562 with two c-type thioether
linkages, a new expression system was developed which
incorporated the plasmid for the cytochromec maturation
(Ccm) system (21-23). This approach led to increased
homogeneity of holoprotein with twoc-type thioether link-
ages, although the yield of isolated protein did not in-
crease over that obtained in the absence of the Ccm system
(0.3-1.8 mg/g of wet cells) (22).

Using the cytb562 plasmid available in our laboratory
[pNS207b562 (24)], the cytochromec maturation gene
cassette [pEC86 (21)], and a commercially availableEs-
cherichia coli strain [BL21(DE3)], we were not able to
prepare holoprotein with twoc-type thioether linkages,
isolating instead green-colored proteins suggesting heme
oxidation (19). Subsequently, we developed a protocol that
has enabled us to overexpressc-b562 reproducibly and in high
yield. In this paper we provide experimental details of our
cyt c-b562 expression system, as well as the X-ray crystal
structure (2.25 Å resolution) and physical, chemical, and
folding properties of this protein. We find that the presence
of two c-type thioether linkages does not substantially per-
turb the wild-type fold but, like the R98C mutant with one
c-type thioether linkage (20), does have a substantial impact
on protein folding stability. We also report the folding
kinetics of Fe3+-cyt c-b562 and compare them to those of
Fe2+-cyt c-b562 (25) as well as other four-helix-bundle heme
proteins.

MATERIALS AND METHODS

Bacterial Strains and Plasmid. E. colistrain XL1-blue
from Stratagene was used for the ligation and sequencing
steps.E. coli BL21(DE3) from Novagen was used for protein
expression.

The plasmid carrying the completeE. coli cyt b562 gene,
pNS207b562, was kindly provided by S. G. Sligar (24). The
plasmid encoding the complete gene for cytc556, pETc556,

was available in our laboratory (26). The cytochromec
maturation gene cassette (ccmor pEC86) was provided by
L. Thöny-Meyer (21).

Molecular Genetics.Oligonucleotides were obtained from
Invitrogen. PCR was performed using a QuickChange muta-
genesis kit. Amersham Biosciences DNA purification kits
were used to purify PCR products and to isolate restriction
fragments from agarose gels. DNA sequencing was per-
formed by the Caltech DNA Sequencing Core Facility.

Chimeric Gene Encoding Engineered Cyt c-b562. A chi-
meric gene was constructed by ligating a fragment of
Rhodopseudomonas palustriscyt c556 encoding the N-ter-
minal signal sequence in-frame to an engineered fragment
of E. coli cyt b562 encoding the R98C/Y101C cytb562 mutant
(c-b562) necessary forc-type linkage of the heme group to
the polypeptide chain through two thioether bonds.

A foreign restriction site,BSTEII, was introduced by site-
directed mutagenesis into pETc556, located after the N-signal
peptide encoding region. The plasmid was then linearized
with BSTEII and NdeI restriction enzymes to excise the
region encoding mature cytc556 (pETc-).

The coding sequence (without leader) of mature cytb562

was lifted by PCR from the original construct (pNS207b562).
Primers 1 and 2 were used to introduce 5′ NdeI and 3′ BSTEII
sites, which introduce the A1V/D2T mutations in the first
two residues of the mature cytb562 sequence. The PCR
product was then restricted withNdeI and BSTEII and
subsequently cloned into the pETc- vector carrying the leader
sequence from cytc556. The uniqueBSTEII site was then
removed, reverting the A1V/D2T mutation, and a tryptophan
residue (Y59W) was introduced (for use as a fluorescent
probe) by site-directed mutagenesis. We denote the plasmid
thus obtained as pETc-b562.

Protein Expression.Plasmid (pETc-b562) was cotrans-
formed with pEC86 inE. coli strain BL21(DE3). Transfor-
mants were initially grown overnight on LB agar plates
containing ampicillin (60µg/mL) and chloramphenicol (34
µg/mL). Approximately 4 in 10 colonies were visibly red,
indicating cytochrome overexpression. After inoculation in
LB medium, cells were subjected to rotary shaking at 110
rpm at 37°C and grown overnight. Cells were harvested
after the cell density reached an OD600 of ∼1.8. No induction
was necessary.

Protein Purification and Characterization.Cyt c-b562 was
purified by ion-exchange chromatography on a Q-Sepharose
Fast Flow column, followed by a second purification step
on a Mono S column (Pharmacia FPLC). The purity of
protein samples was assessed by SDS-PAGE gel electro-
phoresis and by mass spectroscopy. Electrospray mass
spectroscopy and N-terminal amino acid sequencing were
performed by the Protein/Peptide Microanalytical Laboratory
in the Beckman Institute.

Equilibrium Unfolding.Guanidine hydrochloride (GuHCl,
ultrapure grade; Sigma) was used as received. Circular
dichroism (CD) and fluorescence spectra were recorded using
an Aviv 62ADS spectropolarimeter and a Jobin Yvon SPEX
Fluorolog-3 spectrofluorometer (λex 290 nm;λem 300-500
nm), respectively. Steady-state absorption spectra were
measured on HP-8453 and HP-8452 diode array spectrom-
eters. GuHCl concentrations in the samples were determined
from refractive indices measured on an Abbe-3L refracto-
meter (Milton Roy, Rochester, NY) (27).
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Folding Kinetics. The refolding kinetics of Fe3+-cyt
c-b562 were measured using a BioLogic SFM-4S stopped-
flow mixer coupled via an optical fiber to a 200 W mercury/
xenon arc lamp excitation source. For absorbance-monitored
folding kinetics measurements, transmitted probe light was
directed by the optical fiber through a monochromator to a
nine-stage photomultiplier tube (Hamamatsu R928); observa-
tion wavelengths were 398 and 418 nm. For fluorescence-
probed folding kinetics, the excitation source was filtered
(260 e λex e 300 nm), and the fluorescence was detected
with the monochromator set to 354 nm. Kinetics traces were
collected for time periods up to 3 s, typically at a sampling
rate of 20 kS/s.

For refolding experiments, a stock of unfolded cytc-b562

(100-200 µM in 7 M GuHCl, pH 5) was diluted with a
combination of 100 mM sodium acetate and a 7 M GuHCl
solution at pH 5, resulting in final protein concentrations of
7-10 µM and varying GuHCl concentrations (0.3-2 M).
The stopped-flow mixing dead time under these conditions
was ∼5 ms. Kinetics traces were fitted using Igor4Pro or
Matlab.

Fluorescence Energy Transfer Kinetics.Tryptophan fluo-
rescence decay kinetics measurements were carried out as
previously described (12, 28). Protein samples (3-5 µM
unless otherwise stated) were deoxygenated by repeated
evacuation/Ar-fill cycles on a Schlenk line. A polarized laser
pulse (35° from vertical) from the third harmonic (290 nm)
of a regeneratively amplified femtosecond Ti:sapphire laser
(Spectra-Physics) was used as an excitation source, and a
picosecond streak camera (Hamamatsu C5680) was used in
the photon-counting mode for detection. Tryptophan emission
was selected by an interference filter (λ ) 355 ( 5 nm).
Trp luminescence decay kinetics were modeled with the
function I(t) ) I0(t)∫P(r) exp(-ket(r)t) dr, whereI0(t) is the
Trp fluorescence decay in the absence of energy transfer to
the heme,P(r) is the probability of observing a conformation
with donor-acceptor distancer, and ket(r) is the rate of
energy transfer at distancer. Distance distributions were
extracted from the decay kinetics by numerical inversion of
the Laplace transform describingI(t). The critical constraint
for this inversion is the requirement thatP(r) g 0. A linear
least squares MATLAB (Mathworks, Natick, MA) algorithm
with a nonnegativity constraint (LSQNONNEG) was used
to project the narrowestP(k) distributions from the fluores-
cence kinetics. A transformation using the Fo¨rster equation
recasts theP(k) distributions obtained by LSQNONNEG into
distributions overr (29) [k(r) ) ko(Ro/r)1/6, whereko is the
excited-state decay rate constant of excitedN-acetyltryp-
tophanamide andRo is the critical Fo¨rster distance for Trp-
heme energy transfer]. The value ofRo for orientationally
averaged Trp-heme FET is 34 Å (12); the experimental limit
for distances extracted from this analysis is∼50 Å. In folded
cyt c-b562, the Trp side chain is likely to be locked into a
configuration that prevents orientatonal averaging faster than
the decay of singlet-excited Trp. Using the Fe-cytc-b562

X-ray crystal structure coordinates, and previously deter-
mined transition moment orientations (30), we estimate that
Ro for this Trp-heme configuration is 38 Å.

X-ray Crystallography.Crystals of cytc-b562 were grown
by vapor diffusion in sitting drops. The reservoir solution
was 500µL of 70% (NH4)2SO4 (pH 5). The crystallization
drop was prepared by mixing 2µL of 1 mM cyt c-b562 (5

mM sodium acetate, 20 mM NaCl, pH 5) with 2µL of the
reservoir solution. Crystals (P212121, 63.861 Å× 68.158 Å
× 90.440 Å) typically appeared within 1 day and were
grown for at least a week until they reached a size of 200×
200× 100µm. X-ray diffraction data were collected at 100
K using an R-Axis IV imaging plate area detector and
monochromatized Cu-KR radiation (1.54 Å) produced by
a Rigaku RU 200 rotating anode generator operated at 50
kV and 100 mA. The data were processed using DENZO
and SCALEPACK (31) (overall Rsym ) 7.9%, overallI/σI
) 13.3, redundancy) 3.4, completeness) 98.7%). The
structure of cytc-b562 was determined at 2.25 Å by molecular
replacement with MOLREP (32) using the wild-type cytb562

structure (PDB ID code 256B) (33) as the search model.
Rigid-body, simulated annealing, positional, and thermal
refinement with CNS (34), along with manual rebuilding,
and water placement with XFIT (35), produced the final
model (Rcryst ) 23.3%,Rfree ) 27.7%, overallB-factor )
24.6Å2).TheRamachandranplotcalculatedwithPROCHECK
(36) indicates 96.9% of the residues to be in the most favored,
2.8% to be in the allowed, and 0.3% to be in the generously
allowed regions. Atomic coordinates and structure factors
for cyt c-b562 have been deposited in the Protein Data Bank
(PDB ID code 2BC5).

RESULTS AND DISCUSSION

Protein Expression.The biosynthesis ofc-type cyto-
chromes has been achieved aerobically inE. coli by coex-
pressing the cytochrome with the cytc maturation gene
cassette (ccm) developed by Tho¨ny-Meyer and co-workers
(21) or using heme lyase as first described by Mauk
(37-39). Although heroic efforts have been made in recent
years to elucidate these biosynthetic mechanisms (40, 41),
it is still not clear in atomic detail just how theccmproteins
and heme lyase form thec-type linkage in cytochromes.

Initial attempts to form the maturec-type linkage inb562

were carried out by inserting the conserved CXXCH heme
binding motif by site-directed mutagenesis into wild-type cyt
b562. As a start, the pNS207 plasmid harboring the DNA
sequence encoding the engineered R98C/Y101C cytb562

was cotransformed with the pEC86 plasmid carrying the
ccmA-H maturation genes inE. coli BL21(DE3) cells.
Transformants were initially grown overnight on LB agar
plates containing ampicillin and chloramphenicol. After
inoculation in LB and incubation at 37°C for ca. 6 h, all
colonies produced red pellets, indicating heme protein
overproduction. Yet, the periplasmic protein obtained by
osmotic shock proved to be unstable, turning green upon
prolonged exposure to air. Similar behavior, indicative of
heme oxidation, has been reported previously (18, 19).
Guanidine or acid treatment resulted in loss of the heme
group, and electrospray mass spectroscopy revealed the
apoprotein as the sole product, signaling the absence of
covalent porphyrin attachment. Thus, we were not able to
express the holoprotein by simply mutating the DNA
sequence encoding for R98C/Y101C/b562 and coexpressing
it with pEC86 in E. coli BL21(DE3). This approach,
however, has been successful in other laboratories using a
different cytb562 plasmid andE. coli strain (18, 22, 23).

Several studies have highlighted the necessity of an
appropriate N-signal peptide to target the gene product to
the periplasm where maturation of cytochromesc takes place
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(42, 43); the information stored in the N-signal peptide can
be responsible for “errors” during the maturation ofc-type
proteins. We therefore reasoned that replacing the signal
sequence of cytb562 with that of ac-type cytochrome might
lead to successful overexpression of cytc-b562.

To this end, we combined the DNA sequence of cytb562

with the leader sequence signaling for cytc556, for which a
successful expression system was already available (26). The
chimera thus obtained (pETc-b562) was cotransformed with
pEC86 in E. coli BL21(DE3). Approximately 10 mg of
highly purified recombinantc-b562 was obtained from 1 L
of cell culture in LB. The periplasmic protein isolated from
the cell by osmotic shock was shown by mass spectrometry
to correspond to the mature holoprotein (12341 amu). No
apoprotein was detected in the cell extract. N-terminal
sequence analysis yielded Ala-Asp-Leu-Glu as the first four
residues of the mature protein. Interestingly, expression of
recombinantc-b562 protein lacking the Trp59 mutation (i.e.,
with the wild-type Lys59 residue) resulted in some protein
with oxidized (green) heme groups along with correctly
folded protein.

Structural and Physical Characterization.The X-ray
structure of cytc-b562 was solved at 2.25 Å resolution using
crystals obtained from 70% ammonium sulfate at pH 5
(Figure 1a). The asymmetric unit of the orthorhombic cyt
c-b562 crystals contains four nearly identical molecules which
are associated in pairs. This lattice arrangement is quite
distinct from that observed for the triclinic wild-type cytb562

crystals (PDB ID code B256) that were obtained under
similar crystallization conditions (33). The pairing of cyt
c-b562 molecules is largely mediated by an extensive interface
(buried surface area) 775 Å2) formed by the antiparallel
alignment of residues 55-83, leading to pairwise interactions
between helix side chains. This arrangement leads, among
other polar interactions, to close contacts between Asp66 and
Asp73 that would be expected to be destabilizing. The
interface also features hydrophobic interactions between the
highly exposed side chains of Leu76 and Trp59 (d ≈ 4.0
Å), the latter engineered in place of a lysine for fluorescence
studies. Under the high-ionic-strength crystallization condi-
tions, this hydrophobic interaction is apparently strong
enough to negate the destabilizing effect of Asp-Asp pairing
and yield a crystal lattice that is quite disparate from that of
wild-type cyt b562. In addition, the Trp59 indole interacts
with the guanidinium group of Arg62 (d ≈ 3.1 Å, Figure
1a). Suchπ-cation interactions have been calculated to be
stabilizing by up to 23 kJ mol-1 (44), although model systems
based on helical peptides show this effect to be a more
modest 1.7-8.4 kJ mol-1 (45, 46). The Trp59-Arg62
interaction could nevertheless contribute to the improved
expression of thisc-b562 variant over its pseudo-wild-type
counterpart, which contains a Lys in the 59 position (vide
infra).

Cyt c-b562 electron density maps clearly demonstrate the
presence of thioether linkages between Cys98 and Cys101
and the heme group (Figure 1b) (average bond distance)
1.83 Å); these maps also show that the heme environment
and the Fe coordination are not significantly perturbed from
those in the wild-type protein (Figure 2b). The average rmsd
in CR positions between cytc-b562 and wild-type cytb562 is
0.42 Å, ranging from 0.9 Å for residues in the loops
connecting the first and second, as well as the second and

third helices, to 0.2 Å for residues within the helical regions
(Figure 2a). As expected from the differences in amino acid
sequence and porphyrin-peptide bonding, structural varia-
tions between cytc-b562, wild-type cyt b562 (33), and the
R98C mutant with a singlec-type thioether linkage (20) are
apparent in the vicinity of the heme. In particular, the plane
of the His102 imidazole ring in cytc-b562 is rotated∼17°
from its position in the wild-type protein and approximately
30° from its position in the R98C mutant (20).

The absorption spectrum of cytc-b562 is consistent with
the introduction of ac-type heme: the Soret and theQ00

maxima for the Fe3+ (415 and 527 nm) and Fe2+ proteins
(421 and 556 nm) are quite similar to those in cytc556 (Fig-
ure 3) (25). Extinction coefficients for Soret bands were
determined using the pyridine hemochrome method (47):

FIGURE 1: Structural details from the 2.25 Å crystal structure of
cyt c-b562. (a) Backbone ribbon showing one of the two dimers in
the asymmetric unit. Monomers are colored gray and cyan,
respectively. The dimer interface involves largely the third helices,
aligned in an antiparallel fashion; the interfacial contacts include
the pairwise hydrophobic interaction between the Trp59 and Leu76
side chains. The Trp59-heme FET pair center-to-center distance
is ∼19 Å. (b) 2Fo - Fc electron density map of the heme
environment (wheat, 1.5σ; purple, 4σ) showing thec-type linkages
between the heme periphery and the engineered Cys98 and Cys101
located on the C-terminal helix.
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Fe3+-cyt c-b562, ε415 ) 0.148 µM-1 cm-1; Fe2+-cyt c-b562,
ε421 ) 0.162µM-1 cm-1. Interestingly, the reduction potential
of nativec-b562 measured at a gold electrode modified with
a cysteine-rich hexapeptide (KCTCCA) is identical with that
reported for the wild-type protein (E° ) 189 mV vs NHE)
(48). This finding is somewhat surprising given the differ-
ences in electrostatic potential and covalent bonding at the
heme in the two proteins. It is possible that the change in
the His102 imidiazole angle compensates for differences in
electrostatics and bonding, leading to an unchanged reduction
potential.

Stability and Folding.GuHCl denaturation of the oxidized
and reduced forms of cytc-b562, monitored by absorption,

far-UV CD, and tryptophan fluorescence (Figure 4), is fully
reversible. The oxidized protein has a stability maximum at
pH 5, where the midpoint for unfolding ([GuHCl]1/2) is 4.2
( 0.05 M (m ) 10.1( 0.1 kJ mol-1 M-1). The folding free
energy change for cytc-b562, extrapolated to [GuHCl]) 0,
is -42 ( 4 kJ mol-1; this value is substantially greater than
that estimated for the wild-typeb-type protein (-30 kJ
mol-1) (20) and three times greater than that of the apoprotein
(-13 kJ mol-1) (13). The stability of the R98C mutant of
cyt b562, featuring a singlec-type thioether link between the
polypeptide and the protoporphyrin [-35.6(8) kJ mol-1, m
) 8.4 ( 0.2 kJ mol-1 M-1] (20), is greater than that of the
b-type protein but less than that of the protein with twoc-type
linkages. It is important to note that the comparison between
the proteins with one and two thioether links is complicated
by the fact that the amino acid sequence of our cytc-b562

differs in two locations (Y101C/K59W) from that of the
R98C variant. Unfolding of Fe3+-cyt c-b562 at pH 5 is
accompanied by a large blue shift of the Soret maximum
(folded,λmax 415 nm; unfolded,λmax 401 nm), consistent with
the loss of axial ligation to Met7 and formation of a high-
spin Fe3+-heme center. The protein is less stable at pH 7,
[GuHCl]1/2 ) 3.3( 0.1 M, and the small blue shift in Soret
absorption upon denaturation (folded,λmax 415 nm; unfolded,
λmax 408 nm) indicates that the heme remains low spin.
Reasoning by analogy to cytochromec (49, 50), it is likely
that Met7 is replaced by His63 as the axial heme ligand in
the denatured protein.

To determine how changes in heme coordination affect
the ensemble of unfolded protein structures, we examined
fluorescence energy transfer kinetics between Trp59 (donor)
and the heme group (acceptor) (12, 28). In the folded Fe3+

protein, at pH 5 and 7, the Trp59 fluorescence decay kinetics
are consistent with a narrow distribution of Trp59-to-heme
distances (r) (Figure 5). Assuming that the Trp59 conforma-
tion in solution is the same as that found in the X-ray crystal
structure, the FET kinetics suggest Trp-heme distances (pH
5, 21.5 Å; pH 7, 22.2 Å) that are in reasonable agreement
with that determined crystallographically (18.9 Å).

Under denaturing conditions, the Trp59 fluorescence decay
is slower and nonexponential, consistent with a heteroge-
neous ensemble of unfolded polypeptides. At pH 5, where
protonated His63 does not coordinate to Fe3+, the majority

FIGURE 2: Comparison of the structures of wild-type cytb562 and
c-b562. (a) Superposition of the structures where the diameter of
the tube is proportional to the root-mean-square deviation (rmsd)
between the two. (b) Comparison of the structures in the vicinity
of the heme of wild-type cytb562 (gray) and cytc-b562 (red).

FIGURE 3: Absorption spectra of four-helix-bundle heme proteins
(pH 7): wild-type Fe3+-cyt b562 (dotted line); Fe3+-cyt c-b562 (solid
line); and Fe3+-cyt c556 (dashed line).

FIGURE 4: Denaturant-induced unfolding of Fe3+-cyt c-b562 (pH
5) probed using absorption (circles), CD (squares), and Trp59
fluorescence (triangles) spectra. The solid line is a fit to a two-
state folding model [[GuHCl]1/2 ) 4.3(1) M].
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of the population displays an extended conformation (RDA

g 43 Å). At pH 7, the unfolded protein retains a large
fraction of a compact conformation (RDA ≈ 19 Å) attributable
to His63-Fe misligation (Figure 5).

Refolding Kinetics. Owing to the reversibility of
Fe3+-cyt c-b562 denaturation, it is possible to study the
refolding kinetics of this four-helix-bundle heme protein. The
kinetics of stopped-flow triggered Fe3+-cyt c-b562 refolding
at pH 5 were probed by measurements of heme absorption
at wavelengths characteristic of the denatured (398 nm) and
native (418 nm) proteins. We find that formation of native
Fe3+-cyt c-b562 is biphasic. The rate constant for the
faster phase varies with denaturant concentration and has
an extrapolated rate constant of 4.2× 102 s-1 at 0 M GuHCl.
The rate of the slower phase is independent of de-
naturant concentration (kobs ≈ 5 s-1). When refolding is
monitored by Trp59 fluorescence, more than half of the
signal amplitude is quenched during the mixing dead time
(∼5 ms) ([GuHCl]final ) 0.3 M, 90% loss of Trp59
fluorescence intensity; [GuHCl]final ) 2 M, 60%) (Figure 6).
The remaining signal amplitude decays exponentially with
a denaturant-dependent rate constant that corresponds to the
faster phase observed using heme absorption spectroscopy
(Figure 6).

The NMR structure of apocytb562 suggests that the first
three helices fold into a bundle with the final 10-12 residues
(94-106) in rapid exchange among ordered conformations
(51, 52). Further, stability studies of the apoprotein are
consistent with the presence of three cooperative folding
units: helices 2 and 3 form the most stable unit; helices 1
and 4 represent independent folding units (52). The apopro-
tein folding rate constant ranges from∼10 s-1 at the midpoint
denaturant concentration ([urea]1/2 ) 3.2 ( 0.1 M) to 2600
s-1 in the absence of denaturant (13). Using a redesigned

apocyt b562 (Rd-apocyt b562) and native state hydrogen
exchange methods, Bai and co-workers have formulated a
sequential folding mechanism (53) in which the rate-limiting
step produces an intermediate (PUF1) with the N-terminal
helix and part of the C-terminal helix unfolded. This species
converts to a second intermediate (PUF2) in which just the
N-terminal helix is unfolded. It is plausible that a similar
sequential folding mechanism is operative in the holoprotein,
cyt c-b562. Covalent attachment of the porphyrin to the
polypeptide in cytc-b562 produces multiple refolding kinetics
phases and an overall rate somewhat lower than that found
for the apoprotein. Trp59 lies near the top of helix 3, close
to the helix 2-3 loop. Formation of an intermediate
analogous to PUF1, with helices 2 and 3 and the N-terminal
part of helix 4 in near-native conformations, would bring
Trp59 closer to the heme, producing the loss of fluorescence
observed after the burst phase. Conversion of this species
into an intermediate with a fully developed C-terminal helix
(PUF2) involves positioning the heme adjacent to helices 2
and 3 and would be expected to produce a measurable change
in heme absorbance as well as a further reduction in Trp59
fluorescence. The barrier to this PUF1-PUF2 conversion is
likely to be greater in Fe3+-cyt c-b562 than apocytb562, owing
to the presence of the covalently attached porphyrin group.
The final slow phase (kobs ≈ 5 s-1) observed by absorption
spectroscopy could involve formation of the native heme
coordination environment [Fe-S(Met7)].

FIGURE 5: Distributions of Trp59-heme distances extracted
from FET kinetics obtained in native (black) and denaturing
(gray) environments at pH 5 and 7. The area of each bar is
proportional to the probability of finding a tryptophan-heme in
the distance range spanned by the width of the bar. The bars
spanning 47-50 Å represent the probability of finding Trp-heme
distances>47 Å.

FIGURE 6: Refolding kinetics of cytc-b562. (a) Time dependence
of tryptophan fluorescence intensity at different final GuHCl
concentrations [[GuHCl]) 0.6, 1.4, 1.9, 2.1, 2.4, 7 M (upper to
lower); [cytc-b562] ) 10µM]. (b) Dominant refolding rate constants
for cyt c-b562 extracted from measurements of tryptophan fluores-
cence (squares) and Soret absorption (dots) measurements as
functions of denaturant concentration.
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The nativeb-type ferric protein has been suggested to
follow a sequential folding pathway in which rapid apopro-
tein folding precedes heme binding (13), leading to relatively
slow formation of the native structure. Thec-type linkage
in cyt c-b562 clearly leads to more efficient delivery of the
heme into the preformed helical bundle. Judged by the
formation of native heme environment, the refolding of
Fe3+-cyt c-b562 appears to be considerably slower than that
of the reduced protein (g104 s-1) (25). The fast folding of
reduced cytc-b562 was attributed to formation of a persistent
native contact between S(Met7) and the Fe2+-heme center
during refolding. The early formation of this native con-
tact would create a folding sequence different from that of
Fe3+-cyt c-b562. Owing to S(Met7)-Fe2+ ligation, the N- and
C-terminal regions of the polypeptide will be held together
such that bundle formation in helices 2-3 could produce a
protein with a near-native structure.

Finally, it is of interest to contrast the refolding kinetics
of Fe3+-cyt c-b562 with those of Fe3+-cyt c′, a much slower
folding protein (11, 12). Although the two proteins have quite
similar folds, the amino acid sequence of cytc′ has a lower
helix propensity than cytb562. It is possible that the rapid
bundle formation in helices 2-3 that produces efficient cyt
c-b562 folding does not lead the way in Fe3+-cyt c′.
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