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ABSTRACT: Cytochrome c maturation in many bacteria, archaea, and plant
mitochondria involves the integral membrane protein CcmF, which is thought to
function as a cytochrome c synthetase by facilitating the final covalent attachment
of heme to the apocytochrome c. We previously reported that the E. coli CcmF
protein contains a b-type heme that is stably and stoichiometrically associated
with the protein and is not the heme attached to apocytochrome c. Here, we show
that mutation of either of two conserved transmembrane histidines (His261 or
His491) impairs stoichiometric b-heme binding in CcmF and results in spectral
perturbations in the remaining heme. Exogeneous imidazole is able to correct
cytochrome c maturation for His261 and His491 substitutions with small side
chains (Ala or Gly), suggesting that a “cavity” is formed in these CcmF mutants in
which imidazole binds and acts as a functional ligand to the b-heme. The results of
resonance Raman spectroscopy on wild-type CcmF are consistent with a
hexacoordinate low-spin b-heme with at least one endogeneous axial His ligand. Analysis of purified recombinant CcmF proteins
from diverse prokaryotes reveals that the b-heme in CcmF is widely conserved. We have also determined the reduction potential
of the CcmF b-heme (Em,7 = −147 mV). We discuss these results in the context of CcmF structure and functions as a heme
reductase and cytochrome c synthetase.

The c-type cytochromes are heme proteins present in nearly
all organisms that participate in electron transfer, typically

for the generation of an electrochemical proton gradient. C-
type cytochromes function outside of the cytoplasmic
membrane in prokaryotes, in the intermembrane space of the
mitochondrion, and in the lumen of the chloroplast.
Cytochromes c are commonly distinguished by covalent
attachment of the two vinyl groups (α-carbons) of heme to
the thiols of a conserved Cys-Xxx-Xxx-Cys-His motif in the
apocytochrome. For thioether formation between heme and
apocytochrome, the heme iron and the cysteine thiols must be
in the reduced state.1,2 In many prokaryotes, nearly all plant
mitochondria, and some protozoan mitochondria, cytochromes
c are assembled by the cytochrome c maturation (ccm) pathway
called system I (Figure 1A), which typically comprises eight or
nine integral membrane proteins (in E. coli, CcmABC-
DEFGH).3−6

In system I, heme is initially bound at a site in CcmC (Figure
1A).7−9 Here, a unique covalent attachment is formed between
His130 of CcmE and the β-carbon of the 2-vinyl of heme.10−12

CcmE with covalent heme is released from CcmC by the action
of CcmAB (an ABC transporter).13−15 CcmE is believed to
traffic heme to the site of cytochrome c assembly, putatively the
CcmF/H synthetase complex, where the heme from holoCcmE
is attached to apocytochrome c.8,16,17 Although studies have
shown that CcmF and CcmH form an integral membrane

complex,8,16,18 the function of this complex, including its role as
a synthetase, is poorly understood.
We have proposed that formation of the covalent bond

between CcmE and heme (within the holoCcmCDE complex)
is favored by heme oxidation (to Fe3+).5,7,8 Consistent with this,
the purified holoCcmCDE complex7,8 and purified hol-
oCcmE8,11,12 contain covalent heme in the oxidized (Fe3+)
state. However, heme attachment to the apocytochrome
requires that the heme from holoCcmE is reduced (Fe2+)
prior to ligation.1,2,5 A possible mechanism for reducing heme
in holoCcmE before heme attachment to apocytochrome c has
recently emerged: we discovered that CcmF contains a b-type
heme, independent of all other Ccm proteins, that exists in 1:1
stoichiometry with the protein.8 We proposed that reduction of
the heme in holoCcmE by the CcmF b-heme would facilitate
release of the CcmE His130 covalent bond and prepare the
heme for attachment to the apocytochrome.5,7

It is important to establish the spectral and redox properties
of the b-heme in CcmF to understand the function(s) of CcmF
in the maturation of cytochromes c. Topological studies have
revealed that CcmF contains 13 transmembrane domains
(TMDs, Figure 1B).8,19 There are four completely conserved
histidines that might serve as axial ligands to the b-heme: two
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are predicted to be in periplasmic loops (His173 and His303 in
CcmF from E. coli), and two are predicted to reside in TMDs
(His261 and His491) (see stars in Figure 1B). Alanine
substitutions at each of these histidines show severe defects
in cytochrome c assembly.16 To identify the axial ligands to the
b-heme in CcmF, we use spectroscopic and site-directed

mutagenesis approaches as well as chemical complementation

with exogeneous imidazole. We show that the b-heme is

present in recombinant CcmF proteins from diverse organisms

and determine the reduction potential of the CcmF b-heme.

Our findings address the location of the b-heme in CcmF and

Figure 1. (A) Current working model of the system I cytochrome c biogenesis pathway. Model includes trafficking and oxidation states of heme as
well as the subpathways for apocytochrome translocation and reduction. (B) Topology of the CcmF integral membrane protein from E. coli. Possible
histidine axial ligands to heme are starred. The highly conserved WWD domain is shaded as are the hydrophobic patches. Completely conserved
amino acids (red) were identified by individual protein alignments using CcmF ORFs from the following organisms: the alpha proteobacteria,
Agrobacterium tumefaciens C58, Rhodobacter capsulatus, Caulobacter crescentus CB15, and Bradyrhizobium japonicum; the beta proteobacteria,
Nitrospira mutliformis ATCC 25196 and Nitrosomonas europaea ATCC 19718; the gamma proteobacteria, Escherichia coli K-12 MG1655,
Pseudomonas fluorescens Pf01, Shewanella oneidensis MR-1, and Vibrio parahemolyticus RIMD 2210633; the delta proteobacteria, Myxococcus xanthus
and Desulfovibrio desulfuricans; and the deinococci, Deinococcus geothermalis and Thermus thermophilus. Adapted from ref 5.
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allow us to propose redox control mechanisms in the CcmF
synthetase reactions.

■ EXPERIMENTAL PROCEDURES
Bacterial Growth Conditions. Escherichia coli strains

(Table S1) were grown at 37 °C by shaking at 240 rpm in
Luria−Bertani broth (LB; Difco) supplemented with the
appropriate antibiotics (Sigma-Aldrich) and other media
additives at the following concentrations, unless otherwise
noted: carbenicillin, 50 μg mL−1; chloramphenicol, 20 μg
mL−1; gentamicin, 10 μg mL−1; kanamycin, 100 μg mL−1;
isopropyl-β-D-thiogalactopyranoside (IPTG, Gold Biotechnol-
ogy), 1 mM; arabinose (Gold Biotechnology), 0.1% (w/v).
Protein Expression and Purification. For expression, E.

coli strains RK10317 or RK113 (this work, see Table S1) were
used. Starter cultures were initiated from a single colony and
grown overnight at 37 °C in 10 mL of LB with the appropriate
antibiotics. 1 L of LB was inoculated to 1% and was grown to
an OD600 of 1.8, at which point the culture was induced with 1
mM IPTG for pGEX-based expression or 0.1% arabinose (w/v)
for pBAD-based expression for 14−16 h. Cells were harvested
at 5000g for 12 min and frozen at −80 °C. Cell pellets were
thawed and resuspended in 10 mL/g wet weight of a modified
1 × TALON (Clontech) buffer (20 mM Tris-HCl, pH 8; 100
mM NaCl) and treated with 4-(2-aminoethyl)bezenesulfonyl
fluoride hydrochloride (AEBSF, Gold Biotechnology; 1 mM)
and egg white lysozyme (Sigma-Aldrich; 100 μg mL−1) for 30
min while shaking on ice. Cells were disrupted by repeated
sonication for 30 s bursts on a Branson 250 sonicator (50%
duty, 60% output) until clearing of the suspension was
observed. Crude sonicate was centrifuged at 24000g for 12
min to remove unbroken cells and cell debris, and membranes
were isolated by centrifugation at 100000g for 45 min.
Membrane pellets were solubilized in 1 × modified TALON
buffer with 1% (w/v) Anatrace n-dodecyl-β-D-maltopyranoside
(DDM, Affymetrix). Solubilized membranes (called “L” or load
in figures) were passed over TALON resin per the
manufacturer’s recommendations, and bound protein was
washed in 1 × modified TALON buffer with 0.1% DDM
with increasing concentrations of imidazole (in figures, denoted
as wash 1 “W1”, 0 mM imidazole; wash 2 “W2”, 2 mM
imidazole; or wash 3 “W3”, 5 mM imidazole). Bound
hexahistidine-tagged protein was eluted in 1 × modified
TALON buffer containing 0.1% DDM and 75 mM imidazole
(called “E” or elution in figures). The purified protein was
concentrated and subjected to buffer exchange in an Amicon
Ultra Centrifugal Filter 30 000 MWCO (Millipore) after
purification (called “EC” or concentrated elution in figures)
to reduce imidazole to less than 100 μM, unless otherwise
noted. To address the accumulation of DDM, purification of
CcmF was alternately carried out using 0.02% DDM instead of
0.1%. For these purifications, imidazole was removed by
successive dialysis using Pierce SnakeSkin Pleated Dialysis
Tubing 7000 MWCO (Thermo Scientific) against 20 mM Tris,
pH 8, 100 mM NaCl, 0.02% DDM, and the protein was
concentrated in an Amicon Ultra centrifugal filter 100 000
MWCO (Millipore). Using this method, the concentration of
DDM was maintained at 0.02% throughout purification and
concentration.
Resonance Raman Spectroscopy. Resonance Raman

(rR) spectra were obtained using 30−40 μM CcmF protein
from E. coli, purified with the endogeneous b-heme. Sample
solutions contained 20 mM Tris, pH 8.0, 100 mM NaCl, and

dodecyl maltoside at 0.02%, 0.48%, or 3.2%. Heme carbonyl
complexes of CcmF were prepared in 5 mm NMR tubes by
exhaustive equilibration of the CcmF solution with water-
saturated N2 followed by titration of the sample with sodium
dithionite to reduce the heme. The inert atmosphere in the
tube was then displaced with either natural isotopic abundance
CO or 13CO (95 atom % 13C). Raman scattering was excited
using 413.1 nm emission from a Kr+ laser. Sample tubes were
spun at ∼20 Hz, and spectra were recorded at ambient
temperature. Scattered light was collected in the 135°
backscattering geometry, passed through a holographic notch
filter to remove Rayleigh scattered light, and depolarized. The
Raman spectrum was recorded using a 0.6 m spectrograph
equipped with a 2400 grooves/mm holographic grating and a
liquid N2 cooled CCD detector. Spectra were calibrated versus
toluene, DMSO-d6, and dibromomethane. Vibrational frequen-
cies reported here are reproducible to ±1 cm−1.
Heme Stains and Other Methods. Heme stains and

immunoblots were performed as described in refs 17 and 20.
Proteins were separated by 12.5% SDS-PAGE and transferred
to Hybond C nitrocellulose membranes (GE Healthcare). Anti-
His antibodies (Santa Cruz Technologies) were used at a
dilution of 1:5000. Protein A peroxidase (Sigma-Aldrich) was
used as the secondary label. The chemiluminescent signal for
heme stains and anti-His westerns was developed using the
Pierce SuperSignal Femto kit (Thermo Scientific) and detected
with an LAS-1000 Plus detection system (Fujifilm-GE
Healthcare). Protein concentrations were determined using
the Pierce BCA Protein Assay Kit (Thermo Scientific) using
BSA as a standard. The concentration of heme in the CcmF
protein preparations was determined by UV−vis absorption
spectroscopy, pyridine extraction as described in ref 21, or
heme stain as described in ref 22. Protein purity was assessed by
Coomassie Blue staining of SDS-PAGE.
UV/vis Absorption Spectroscopy. UV−vis absorption

spectra were recorded with a Shimadzu UV-2101 PC UV−vis
scanning spectrophotometer at room temperature as described
in ref 23. Chemically reduced spectra were generated by
addition of sodium dithionite (sodium hydrosulfite) to the
purified sample. Unless otherwise indicated, all spectra were
recorded in 20 mM Tris-HCl (pH 8), 100 mM NaCl, 0.1%
DDM. To analyze the effect of imidazole on the electronic
spectrum, small quantities of a concentrated imidazole solution
(1 M, pH 7) were added to purified protein and spectra were
recorded.
Cytochrome Reporter and Imidazole Complementa-

tion Assays. Cytochrome c4:His6 production was assayed by
the following methods using two different strains. Method 1:
Strain RK111 (Δccm carrying the arabinose-inducible chromo-
somal integrate of the cyt c4:His6 gene) harboring pRGK406
(pGEX ΔccmF) and one of the following pBAD ccmF plasmids
(pRGK408, 409, 410, 411, 412, 413, 414, 415, 416, 417, or 418;
see Table S1 in Supporting Information) was grown aerobically
in 5 mL of LB with appropriate antibiotics for 3 h and induced
for an additional 3 h with 0.8% arabinose (w/v). Method 2:
Strain RK103 (ref 17, Δccm) harboring pRGK332 (ref 17,
carrying the arabinose-inducible cyt c4:His6 gene) and one of
the following pGEX system I-based plasmids (pRGK386,17

pRGK403, pRGK404, pRGK405, or pRGK407; see Table S1 in
Supporting Information) was grown aerobically in 5 mL of LB
with appropriate antibiotics for 3 h and induced for an
additional 3 h with 0.2% arabinose (w/v) and 1 mM IPTG. For
both methods, cells were harvested by centrifugation at 10000g
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for 5 min, and the cell pellet was resuspended in 200 μL of
Bacterial Protein Extraction Reagent (BPER, Thermo Scien-
tific) to lyse cells and extract protein. Total protein
concentration was determined using the Nanodrop 1000
spectrophotometer (Thermo Scientific), and 100 μg was
analyzed by SDS-PAGE followed by heme stain. Imidazole
complementation assays were performed in the same way with
10 mM imidazole (pH 7) added to the media prior to
inoculation.
Determination of the Reduction Potential of CcmF.

The reduction potential for the b-heme in CcmF was
determined by reduction of a dye of known potential,24 using
a modification of the Massey method.25 The assay contained 20
mM Tris-HCl, pH 7, 100 mM NaCl, DDM at 0.02% or 1.2%,
500 μM xanthine (Sigma-Aldrich), 20 μM CcmF and one of
the following redox dyes: nile blue chloride (Em = −116 mV),26

resorufin (Em = −50 mV),26 or safranin O (Em = −280 mV).26

50−100 nM xanthine oxidase enzyme (Sigma-Aldrich) was
added to initiate the reaction. The reaction was performed at 25
°C in a Coy anaerobic airlock chamber after all solutions were
allowed to equilibrate with N2 overnight. Visible spectra were
recorded every 2 min using a Shimadzu UV-1800 spectropho-
tometer until reduction was complete (typically between 1 and
2 h). The absorbance change for the b-heme peak was
measured at 426 nm, where the change in absorbance of the
dye is negligible, and the absorbance change for the dye was
measured at 632 nm, where there is little contribution from
heme absorbance. The changes in absorbance were analyzed by
the Nernst equation terms: [25 mV ln (b-hemered/b-hemeox)]
for the one-electron reduction of heme and [12.5 mV ln
(dyered/dyeox)] for the two-electron reduction of dye, where b-
hemered/b-hemeox and dyered/dyeox represent ratios of the
molar concentrations of the reduced and oxidized forms of the
b-heme and the dye, respectively. Values corresponding to the
Nernst equation terms for the b-heme and the dye at each time
point during the titration were plotted against each other on
the x- and y-axes, respectively, yielding a straight line with a
slope of 1. The y-intercept of this line represents the difference
in potential between the b-heme and the known potential of the
reference dye. Using this method, the reduction potential for
the b-heme was calculated to within ±2 mV based on four
independent titrations. To establish the accuracy of this
method, two heme proteins of known potential (cytochrome
c and myoglobin) were titrated using the above method, and
their respective reduction potentials were found to be within 2
mV of published values. Potentials are given versus the standard
hydrogen electrode.

■ RESULTS
Resonance Raman Spectroscopy. Resonance Raman

(rR) spectroscopy of heme proteins can yield considerable
insight into structural, conformational, and electronic proper-
ties of the heme cofactor. Specifically, it is possible to determine
coordination number, oxidation number, and spin state of the
iron as well as heme conformation, axial ligand identity, the
nature of axial ligand bonding, and nonbonded interactions
with the protein.27−30 To gain some of this insight into the
heme b that purifies with CcmF, we recorded Soret-excited rR
spectra of ferric and ferrous WT CcmF. We also recorded
spectra of the CcmF-CO complex to further probe the heme
pocket.
Figure 2 shows the high- and low-frequency Soret excited rR

spectra of ferric (top, red) and ferrous (bottom, violet) CcmF

in 0.02% DDM. The bands in the high-frequency regions of
these spectra report oxidation and spin states of the heme iron
as well as the coordination number.29,30 The v3 regions of the
these spectra exhibit two bands (1491 and 1504 cm−1 for ferric
CcmF; 1469 and 1491 cm−1 for ferrous CcmF) typical of
pentacoordinate high-spin (5cHS) and hexacoordinate low-spin
(6cLS) heme complexes in both oxidation states. Thus, the
heme b in ferric and ferrous CcmF exists as an equilibrium
mixture of 5cHS and 6cLS states. Note that for ferrous CcmF
the 1469 cm−1 v3 band corresponding to the 5cHS fraction
(Figure 2, bottom) is considerably more intense than its 6cLS
counterpart. However, this intensity ratio does not directly
reflect the relative populations of the two states of the ferrous
heme because the relative rR scattering cross sections are not
the same. In an effort to estimate the population ratio, the UV−
Vis spectrum was fit so that the Soret band intensities from the
HS and LS populations could be compared (Figure S1). On the
basis of this analysis, ferrous CcmF contains ∼20% 5cHS heme.
To assess whether the heme heterogeneity is intrinsic to

CcmF or induced by solubilizing the protein in detergent,
Soret-excited rR spectra of ferric and ferrous CcmF were
recorded from solutions containing 0.02% (Figure 2), 0.48%,
and 3.2% DDM. The high-frequency spectra of ferric CcmF are
compared in Figure 2 (partial traces, red). The rR spectra
clearly show that higher DDM concentrations correspond to
greater HS heme populations. Thus, although heterogeneity
was apparent in all of the preparations, low DDM
concentrations clearly favor the 6cLS heme population of ferric
CcmF. Two possible explanations for this detergent depend-

Figure 2. Soret-excited resonance Raman spectra of the heme b in
ferric (red) and ferrous (violet, blue) CcmF. Sample solutions were 88
μM in holoCcmF, 20 mM in Tris, pH 8, 100 mM in NaCl, 0.02% in
dodecyl maltoside, ∼2 nm in imidazole. HoloCcmF concentrations in
the 3.2% and 0.48% dodecyl maltoside samples were 23 and 25 μM,
respectively. The red and violet spectra were recorded using 10 mW of
laser light at 413.1 nm (line focus of emission from Kr+ laser). The
low-frequency blue spectrum was recorded with 2 mW of 441.6 nm
emission from a HeCd laser to identify the Fe−His stretching band.
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ence are envisioned at this time. First, the two states of the
heme could be reporting conformational states of the protein
that are accessed as part of its native function. For example,
these could be states whose populations are modulated by in
vivo interaction with CcmH, holoCcmE, or apocytochrome c.
Alternatively, the population of two ferric heme states may arise
from a nonphysiological CcmF conformer whose formation is
induced by solubilizing the protein in DDM detergent. It is
important to note that the relative populations of 5cHS and
6cLS ferrous CcmF were only slightly sensitive to detergent
concentration (data not shown).
Raman scattering by νFe−His modes of 5cHS ferrous hemes is

typically well enhanced with blue excitation and usually occurs
within the range of 200−245 cm−1.32 Thus, if the axial ligand is
the imidazole side chain of a histidine residue, we would expect
to see a strong band in that frequency range. The second
spectrum from the bottom (blue) in the low frequency range of
Figure 2 shows the 441.6 nm excited rR spectrum of ferrous
CcmF(WT). This spectrum exhibits an intense band at 210
cm−1, within the frequency range of Fe−His stretching modes.
Such bands are typical for a Fe−His unit wherein the proximal
histidine ligand is the donor to a weak H-bond within the
proximal heme pocket.28,31,32 Such H-bonds can involve water
in a H-bond network or O atoms from backbone carbonyl
groups. Thus, in the 5cHS ferrous form, the proximal ligand is
almost certainly the imidazole side chain of a histidine residue.
Vibrational frequencies of the FeCO group in heme−CO

complexes are useful probes of the distal heme pocket. To

further investigate the proximal ligand properties of CcmF with
respect to the heme b, we recorded spectra of the CcmF−CO
complex. By virtue of the π backbonding that typifies FeCO
moieties, there is an inverse relationship between the sensitivity
of the Fe−C and C−O bond strengths to the bonded and
nonbonded interactions of the FeCO unit.34−36 This inverse
relationship is clearly revealed on a heme FeCO backbonding
correlation plot by the negative slope of the Fe−C stretching
frequency versus the C−O stretching frequency for a large
number of iron porphyrinates, including carbonyl complexes of
heme proteins. Because the donor strength of the proximal
ligand modulates the vertical position of a heme carbonyl
complex on the correlation plot, the nature of the proximal
ligand can be discerned from the position of the heme carbonyl
complex relative to the positions of other heme carbonyls
having known proximal ligands.
In order to place a particular complex on the correlation plot,

the frequencies must be identified in the rR spectrum by
isotope editing of the vibrational frequencies with 13CO. By this
method, the frequencies of modes involving distortions of the
FeCO unit can be unambiguously identified. Figure 3A shows
the regions of the rR spectrum of the CcmF−CO (green) and
CcmF−13CO (blue) complexes where bands arising from
FeCO vibrations occur.33 Bands were assigned based on their
13C sensitivity, which is apparent from the difference spectra
shown in red. The bands at 494 and 572 cm−1 are assigned to
the vFe−C and the δFeCO modes, respectively. The band at 1962
cm−1 was assigned to the vC−O mode. Interestingly, the low-

Figure 3. (A) Soret (413.1 nm)-excited rR spectra of natural abundance CcmF−CO (green) and CcmF−13CO (blue) in the vFe−C and vC−O
frequency regions. The red traces are the difference spectra, whose amplitudes have been multiplied by a factor of 2 for ease of viewing. The
difference features reveal the bands whose frequencies are 13C dependent, thereby facilitating their assignments to FeCO modes, which are indicated
in the labels above the bands. The violet trace shows the spectrum of natural abundance CcmF−CO in 3.2% DDM. Note that this spectrum exhibits
two Fe−C stretching bands. This heterogeneity is attributed to protein conformational changes driven by the high detergent concentration. (B)
Heme FeCO backbonding correlation plot showing the positions of the two CcmF−CO conformers. The CcmF−CO complex that falls on the
middle line (0.48% DDM) most likely contains a proximal imidazole ligand from a His residue. Its position low and to the right on the imidazole line
shows that the CO ligand interacts only weakly with the heme pocket. The CcmF−CO complex that falls on the top line (3.2% DDM) is either
pentacoordinate or has a proximal ligand that is bound through an oxygen atom.
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frequency region of the CcmF−CO spectrum recorded in 3.2%
DDM (bottom, violet) reveals two Fe−C stretching bands: one
at 495 cm−1 (the same Raman shift observed at low DDM
concentrations) and the other at 525 cm−1. Thus, high DDM
concentrations induce formation of a second CcmF−CO
complex.
Figure 3B shows the FeCO backbonding correlation plot

described above, with three inverse correlations between vFe−C
and vC−O frequencies for a wide selection of heme carbonyl
complexes. The bottom (green) line in Figure 3B correlates
Fe−C and C−O bond strengths for proximal ligands having
anionic character, such as the strongly H-bond donating
proximal imidazoles of the heme peroxidases and the proximal
thiolates of the cytochromes P450. The middle (black) line
correlates the analogous bond strengths in proteins that have
charge neutral proximal ligands that are bound to the heme iron
through an N atom. Nearly all of these complexes have
proximal imidazole ligands from histidine residues. The top
(blue) line correlates heme−CO complexes that are either
pentacoordinate or have proximal O atom donor ligands. The
position of CcmF−CO in 0.48% DDM is indicated by the half-
filled red diamond in Figure 3B. This point falls on the
proximal histidine correlation line, consistent with at least one
endogenous axial histidine ligand for the heme b of CcmF.
Note that this analysis does not facilitate identification of the
specific coordinating histidine residue. The heme carbonyl that
was only observed in 3.2% DDM falls on the top line in Figure
3B, as shown by the half-filled red triangle. This position
constitutes compelling evidence that the heme−CO complex in
high DDM is either pentacoordinate or has a sixth axial ligand
coordinated to iron through an oxygen atom. This result shows
that in high DDM solutions the second protein-based axial
ligand that gives rise to 6cLS heme is unavailable to the heme in
a significant fraction of these ferrous heme−CO complexes.
This behavior is consistent with the correlation between the HS

ferric heme population and DDM concentration illustrated in
Figure 2.
Heme Content of Ala Substitutions. To identify the

ligands to b-heme iron in CcmF, we focused on the four
conserved histidines (His173 and His303 in periplasmic loops,
and His261 and His491 in TMDs). Previously, we showed that
purified CcmF with a His173Ala substitution contained wild-
type (WT) levels of b-heme, while CcmF with a His261Ala
substitution had approximately 4-fold less heme.8 Here, we
analyze heme levels in purified CcmF with alanine substitutions
at His303 or His491. Figure 4A shows that CcmF His303Ala
and CcmF His491Ala were each purified as full-length proteins
with minimal degradation. Comparison of the Soret maxima in
the electronic spectra indicates that CcmF His303Ala purified
with heme levels similar to WT CcmF while CcmF His491Ala
purified with less than 20% of WT levels (note the differences
in absorbance in Figure 4B−D). This was confirmed by
semiquantitative heme stain to detect the b-heme, which runs at
the dye front during SDS-PAGE (Figure 4E−G). The purified
concentrated preparations (lane 8 of Figure 4E−G) show much
less heme for CcmF His491Ala. The same concentration of
purified CcmF was analyzed for each of the proteins; thus, the
fractional heme loading in each protein can be directly
compared. These data and previous findings in ref 8 suggest
that periplasmic His173 and His303 are not b-heme ligands,
while transmembrane His261 and His491 are good candidates
for ligands to the b-heme. In agreement with this, CcmF with
glycine substitutions at His261 and His491 also contained
∼20% heme content relative to WT CcmF (data not shown).
Spectral Perturbations in His261Cys. In making sub-

stitutions to His261 and His491, we observed that a His261Cys
substitution in CcmF retained a high level of function relative
to WT (see below) and that purified CcmF His261Cys (Figure
5A) contained ∼50% of the b-heme as WT (Figure 5B).
Cysteine has been shown to function as a ligand in place of the
natural histidine ligand in many heme proteins, including

Figure 4. Heme levels in E. coli wild-type CcmF (WT), CcmF His303Ala (H303A), and CcmF His491Ala (H491A) proteins. Coomassie stain (A)
of CcmF(WT), CcmF(H303A), and CcmF(H491A) showing purified full-length 54 kDa proteins (indicated by arrow). UV/vis absorption spectra
of CcmF(WT) (B), CcmF(H303A) (C), and CcmF(H491A) (D) as purified (oxidized; solid lines) and dithionite-reduced (dotted lines).
Absorption maxima are indicated with arrows. Heme stains of CcmF(WT) (E), CcmF(H303A) (F), and CcmF(H491A) (G); free heme is indicated
with arrows; M, molecular weight standards; L, load; FT, flow-through; W1−W3, washes 1−3; E, elution; EC, concentrated elution, as described in
Experimental Procedures. 20 μM purified CcmF protein was analyzed by UV/vis absorption spectroscopy (B, C, D), and 30 μg was analyzed by
heme stain or Coomassie stain (A; E, F, G, lane 8).
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myoglobin,37−39 cytochrome b5,
40 and flavocytochrome b2.

41

The UV/vis absorption spectrum of CcmF His261Cys has
several distinct features in comparison to the spectrum of WT
CcmF (compare parts C and D of Figure 5). Oxidized (“as
purified”) WT CcmF exhibits a sharp Soret maximum at 412
nm, whereas the Soret band for CcmF His261Cys is broad with
a maximum at 406 nm. Additionally, the α and β absorptions in
the visible region are much less pronounced for CcmF
His261Cys than for WT CcmF. The position of the Soret at
406 nm is indicative of high-spin heme,40 but the breadth of the
Soret band and the α and β absorptions suggest that ferric
CcmF His261Cys may also contain a population of 6cLS
heme.42,43 Thus, while the UV/vis absorption spectrum of
ferric WT CcmF is dominated by features characteristic of 6cLS
heme,40 the spectrum of ferric CcmF His261Cys is consistent
with a mixture of 5cHS and 6cLS heme. The dithionite-reduced
spectrum for CcmF His261Cys shows a Soret of 423 nm and
exhibits clear α and β absorptions, although the α:β peak ratio
is different than for WT CcmF. Based on the position of the
Soret band and the clearly resolvable α and β maxima, ferrous

CcmF His261Cys appears to contain predominantly low-spin
heme.40 The presence of 6cLS heme in CcmF His261Cys
suggests possible coordination by His491 and Cys261. While
low-spin hemes with cysteine ligands typically exhibit Soret
bands near 450 nm,44 Soret absorptions near 425 nm have been
observed when the sulfur−iron bond is weakened or
displaced.39,42,43,45 These spectral perturbations observed in
ferric and ferrous CcmF His261Cys (relative to the spectrum of
WT CcmF) suggest that in the WT protein, His261 is an axial
ligand to the b-heme.
Imidazole, the side chain of histidine, has been used as a

surrogate proximal ligand to probe heme binding sites in
proteins in vitro (e.g., refs 40, 42, and 46). To investigate the
effect of imidazole on heme in the His261Cys CcmF protein,
UV/vis spectra of purified CcmF His261Cys were recorded in
the presence of imidazole. At a concentration of 30 mM
imidazole, the spectrum of the oxidized His261Cys mutant
shifts to resemble that of WT CcmF (compare solid lines in
Figure 5C,E). The Soret band occurs at 414 nm (compared to
406 nm in the absence of imidazole) and pronounced α and β
absorptions similar to WT CcmF can be observed. Upon
reduction with sodium dithionite, the His261Cys (+ 30 mM
imidazole) exhibits a Soret band at 423 nm and an α to β peak
ratio similar to that of reduced WT CcmF. Addition of 30 mM
imidazole to WT CcmF preparations did not change the UV/
vis spectrum (not shown). These data suggest that in the
presence of imidazole heme in His261Cys is predominantly
6cLS in both the oxidized and reduced states. The similarities in
the spectra of CcmF His261Cys in the presence of imidazole
and WT CcmF suggest that, in the WT protein, the b-heme
may be liganded by the imidazole side chains of two His
residues.
Functional Restoration of CcmF His261 and His491

Mutants by Imidazole. Alanine substitutions at each of the
four conserved histidine residues (His173, His261, His303, and
His491) abolished in vivo function (cytochrome c assembly) in
E. coli under aerobic conditions (Figure S2). Initially, we
analyzed whether these alanine substitutions could be corrected
for in vivo function by adding imidazole to E. coli cultures
(Figure S2). In vivo chemical complementation by exogeneous
imidazole is conceptually similar to the correction of heme
binding by imidazole in the recombinant myoglobin His93Gly
“cavity” mutant, for which 10 mM imidazole was optimal.47

This approach has also been used to correct the function of
histidine mutants in the hydrogenase cytochrome b of
Azotobacter vinelandii48 and the CcsBA system II cytochrome
c synthetases from Helicobacter hepaticus23 and Wolinella
succinogenes.49 The His491Ala mutant of CcmF was corrected
for cytochrome c4 assembly at 10 mM imidazole (Figure S2,
lane 12). To determine if glycine substitutions in CcmF could
be corrected for function, we replaced transmembrane His491
or His261 with glycine and assayed for cytochrome c4 assembly
in the absence and presence of imidazole. Substitution of either
His261 or His491 with glycine abolished or severely impaired
cytochrome c4 assembly in vivo (quantified in Figure 6A,B;
representative heme stains for cytochrome c4 are in Figure S3).
Addition of 10 mM imidazole restored function to CcmF
His261Gly and to His491Gly (Figure 6A,B). We propose that
the CcmF His261Gly and His491Ala/Gly proteins form
“cavities” in which imidazole can bind and serve as a ligand
to the b-heme in CcmF. On the basis of these results, we
predicted that amino acids with bulkier side chains (that are
unable to function as b-heme ligands) would not accommodate

Figure 5. Spectral analysis of CcmF His261Cys (H261C) and wild-
type CcmF (WT) proteins. Coomassie stain (A) and heme stain (B)
of CcmF(WT) and CcmF(H261C) proteins. UV/vis absorption
spectra of CcmF(WT) (C), CcmF(H261C) (D), and CcmF(H261C)
in the presence of 30 mM imidazole (E), oxidized (solid lines) and
dithionite-reduced (dotted lines). Absorption maxima are indicated
with arrows. Absorbance values between 500 and 700 nm have been
multiplied by a factor of 3. 30 μg of purified protein was analyzed by
Coomassie and heme stain (A, B). For UV/vis absorption spectra ∼20
μM purified protein was analyzed for wild-type, and ∼40 μM purified
protein was analyzed for His261Cys in the presence and absence of 30
mM imidazole.
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imidazole binding in the “cavity” and thus would not permit
functional correction. We tested this by engineering additional
substitutions at His261 and His491. As mentioned above,
His261Cys was roughly 70% functional relative to wild-type in
the absence of imidazole (Figure 6A). However, neither
His261Tyr nor His261Met was functional above background
levels, nor were these substitutions corrected substantially by
imidazole (Figure 6A). The same was true for Cys and Tyr
substitutions at His491 (Figure 6B). His491Arg showed a low
level of function relative to WT (∼18%), but imidazole did not
improve the function of this mutant (Figure 6B). These results
are consistent with His261 and His491 acting as heme ligands,
such that when these His residues are substituted with amino
acids containing small side chains (Gly or Ala), a cavity is
formed in which imidazole can bind and serve as a surrogate
heme axial ligand. The inability of imidazole to correct the
cytochrome c assembly defect of CcmF His261Ala could be the
result of the methyl group of Ala occluding the “cavity” such
that imidazole is unable to bind. We have not investigated this
further.
Conservation of the b-Heme in CcmF. To determine if

the b-heme in CcmF is conserved, we engineered CcmF
proteins from a phylogenetically diverse group of prokaryotes
(Figure 7A; gamma proteobacteria: Escherichia coli and
Shewanella oneidensis; delta proteobacteria: Desulfovibrio
vulgaris: alpha proteobacteria: Roseobacter denitrif icans; dein-

ococci: Thermus thermophilus). CcmF proteins from E. coli
(NrfE, here called CcmF2) and Shewanella (here called
CcmF3) that recognize and mature cytochromes c with
alternate heme binding sites (Cys-Xxx-Xxx-Cys-Lys in E. coli
and, putatively, Cys-Xxx15-Cys-His in Shewanella) were also
engineered with hexahistidine tags and purified (Figure S4).
Each of these CcmF homologues possesses the four conserved
histidine residues studied above in the E. coli CcmF. Heme
analysis by UV/vis absorption spectroscopy (Figure 7B) and
heme stain (Figure S4) revealed that each purified CcmF
protein contained b-heme in approximately equimolar
stoichiometry.
Reduction Potential of the b-Heme in CcmF. We

determined the reduction potential for the CcmF b-heme using
the purified CcmF from E. coli (Figure 8). Using a modification
of the method of Massey (with xanthine/xanthine oxidase to
generate reductant),25 values for the midpoint potential of the
CcmF b-heme (Fe3+/Fe2+) were determined against nile blue
chloride (Em= −116 mV) at pH 7.26 The spectral results
obtained from a typical reduction run with CcmF and nile blue
chloride are shown in Figure 8A. The decreases in absorbance
at 412 and 480 nm and the increase in absorbance at 426 nm
are indicative of reduction of the CcmF b-heme. The decrease
in absorbance at 632 nm is due to reduction of nile blue
chloride. The linear Nernst plot for reduction of the b-heme

Figure 6. In vivo heme attachment to cytochrome c4 (i.e.,
holocytochrome c formation) by the indicated CcmF His261 and
His491 mutants in the presence or absence of 10 mM imidazole. The
function of each of the indicated substitutions at CcmF His261 (A) or
His491 (B) is reported as a percentage of wild-type CcmF (WT)
function. Holocytochrome c4 was quantified by measuring the
chemiluminescent heme stain signal of 100 μg of BPER-isolated
proteins from three independent experiments. Representative heme
stains are provided in Supporting Information (Figure S3). Error bars
denote standard deviation. “C” denotes control, which represents
chemiluminescent signal in the absence of CcmF (any signal lower
than the control is considered background).

Figure 7. Phylogenetic distribution and spectral analysis of diverse
CcmF proteins. (A) Representative distribution of systems I, II, and III
among the bacteria and archaea. The system number is noted in
parentheses after each group name, and stars indicate groups
containing organisms from which recombinant hexahistidine-tagged
CcmF was analyzed in the present study. Adapted from ref 23. (B)
Reduced UV/vis absorption spectra of CcmF from E. coli (Ec),
Thermus thermophilus (Tt; Deinococcus group), Desulfovibrio vulgaris
(Dv), Roseobacter denitrificans (Rd), and Shewanella oneidensis (So);
Shewanella oneidensis CcmF-3 (So-F3), and E. coli CcmF-2 (Ec-F2).
Absorption maxima are indicated with arrows. Spectra have been offset
for clarity. Approximately 20 μM of each purified CcmF protein was
analyzed for which Coomassie and heme stains are provided in
Supporting Information (Figure S4).
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and nile blue chloride produced the expected slope of 1 (Figure
8B), indicating that the reduced and oxidized forms of the dye
and the heme were at their equilibrium concentrations at the
time each spectrum was recorded. This behavior ensures that
there is no overpotential contribution to the midpoint
potentials determined from these measurements. The reduction
potential of the b-heme in CcmF was found to be −147 ± 2
mV. This value was confirmed using resorufin (Em = −50
mV)26 or safranin O (Em = −280 mV)26 as alternate redox dyes
(Figure S5). It has been observed previously that the type of
detergent50,51 and detergent concentration50 can alter reduction
potentials of b-type hemes in membrane proteins. To assess the
effects of DDM, we determined the reduction potential of the
CcmF b-heme in solutions containing 0.02% (Figure 8) or 1.2%
DDM. The reduction potential in 1.2% DDM was found to be
substantially more positive (Em = −110 ± 4 mV) than in 0.02%
DDM (Figure S6). This is likely attributable to the same DDM-
dependent speciation of the ferric heme-b between HS and LS
states that was revealed by the rR spectra (vide supra).

■ DISCUSSION

Here, we present several lines of evidence that TMD His261
and His491 are the ligands to the CcmF b-heme: (i) Gly or Ala
substitutions at either His result in ∼80% less heme as
compared to WT CcmF (Figure 4), (ii) substitution of His261
with Cys, a known heme ligand, yields a functional CcmF that
shows improved heme binding relative to substitutions with
nonligand residues (Ala or Gly) and shows a perturbed UV/vis
spectrum (Figure 5), and (iii) exogeneous imidazole chemically
corrects the in vivo cytochrome c synthetase function of small
residue substitutions at CcmF His261 and His491, but not
substitutions with bulkier residues (Figure 6). The results of rR
spectroscopy confirm the presence of hexacoordinate, low-spin
b-heme (Figure 2), and rR analysis of the ferrous heme (Figure
2) and the heme-carbonyl complex suggests axial His
coordination of the b-heme (Figure 3). Additionally, we show
that the CcmF b-heme is widely conserved by analyzing
recombinant CcmF proteins from diverse bacteria (Figure 7).
Implications of His261 and His491 as the b-Heme

Axial Ligands in CcmF. His261 in CcmF is located in
TMD5, and His491 is located near the C-terminus in TMD12
(see Figure 1B). In order for these residues to coordinate the
iron of the b-heme, we propose that TMD5 and TMD12 are
positioned close to each other in the three-dimensional
structure of CcmF. These findings suggest that the most likely
position for the b-heme is directly below the periplasmic WWD
domain in CcmF (refer to Figure 1B). The WWD domain is a
highly conserved tryptophan-rich motif that is located at the
outer leaflet of the inner membrane and has been shown to
interact directly with heme in the WWD family member
CcmC.7 In CcmC, heme axial ligands are provided by two His
residues located in periplasmic loops that flank the WWD
domain.7,8 Similar to CcmC, we predict that the WWD domain
of CcmF forms a heme binding site for heme from holoCcmE,
with periplasmic His173 and His303 of CcmF serving as heme
axial ligands (Figure 1B). Thus, the positioning of the b-heme
directly below the CcmF WWD domain is consistent with our
hypothesized role for CcmF in reducing heme from holoCcmE
prior to attachment to the apocytochrome (see below).
Function of CcmF b-Heme as a holoCcmE Reductase.

Reduction of the heme in holoCcmE is required for covalent
attachment of this heme to the apocytochrome c. We have
previously discussed that reduction of the holoCcmE heme
could also favor ejection of the CcmE His130 covalent linkage.5

To address our hypothesis that the b-heme in CcmF may be
involved in electron transfer to holoCcmE,5,8 we determined
the reduction potential of the CcmF b-heme. We report here
that the CcmF b-heme has a midpoint potential of −147 mV at
pH 7 (Figure 8). Harvat et al. have reported a redox potential
of −121 mV at pH 7.3 for holoCcmE′, a soluble version of
CcmE without the single TMD.52 Despite the differences in the
buffer conditions used in determining the reduction potentials
for holoCcmE′ and here for CcmF (e.g., the presence of
DDM), it is certainly feasible that CcmF functions as a
holoCcmE reductase. However, the reduction potential of
isolated, purified holoCcmE′ may not reflect the physiological
potential of this heme prior to attachment to the
apocytochrome c. Recall that, en route to attachment to
apocytochrome c, the holoCcmE heme likely enters the WWD
domain of CcmF, where heme axial ligands are provided by
His173 and His303 of CcmF (see Figure 1B). In purified
holoCcmE, Tyr134 of CcmE has been shown to serve as an

Figure 8. Redox titration of the CcmF b-heme. Spectra collected
during a typical reductive titration of CcmF b-heme with nile blue
chloride (A) and the corresponding linear Nernst plot (B). Arrows in
(A) indicate the direction of changes in absorption during the course
of the titration. In (B), [25 mV ln (b-hemered/b-hemeox)] was used for
the one-electron reduction of heme and [12.5 mV ln (dyered/dyeox)]
was used for the two-electron reduction of dye, where b-hemered/b-
hemeox and dyered/dyeox represent ratios of the molar concentrations
of the reduced and oxidized forms of the b-heme and the dye,
respectively. Conditions: 20 mM Tris-HCl, pH 7, 100 mM NaCl,
0.02% DDM.
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axial ligand to the heme.12,53 It is well-established that heme
reduction potential is sensitive to changes in axial liga-
tion,38,41,54 and tyrosine axial ligation is typically associated
with a lowering of the reduction potential (i.e., more negative)
relative to ligation by histidine.38,55,56 Thus, the heme ligand
“switch” from CcmE Tyr134 to CcmF His173/His303 upon
binding of holoCcmE in the CcmF WWD domain could result
in an increase in the reduction potential (i.e., more positive) of
the heme in holoCcmE. Although the identity of the
physiological electron donor to the CcmF b-heme is unknown,
we previously showed that CcmF could be reduced by select
quinone species in vitro in the presence of dithiothreitol.8

Further studies are needed to investigate these features of
cytochrome c assembly.
Interaction between CcmF and holoCcmE. Although it

is widely believed that the heme from holoCcmE moves onto
the apocytochrome c via CcmF, to our knowledge, an
interaction between CcmF and holoCcmE has never been
detected. Thony-Meyer and colleagues have suggested that
apoCcmE and CcmF interact.16 However, in that study,
because the genes encoding CcmABCD were absent, all of
the CcmE was in the apo-form, so the physiological relevance
of this finding is unclear. Furthermore, while Ren et al.16

showed that antisera to CcmF coimmunoprecipitated
apoCcmE, the reverse coimmunoprecipitation with antisera to
CcmE yielded “nonspecific signals”.16 In our hands, the only
protein that copurifies with CcmF is CcmH (for example, see
Figure 4 in ref 8). We have been unable to detect apo- or
holoCcmE above background levels in purifications of
hexahistidine-tagged CcmF. We suggest that holoCcmE may
not copurify with CcmF (or the CcmF/H complex) unless the
apocytochrome c acceptor (Cys-Xxx-Xxx-Cys-His) is bound.
This proposal is in part based on our recent findings on the
“acceptor-dependent” nature of the CcmC−heme−CcmE
complex of system I.7 CcmC does not bind detectable levels
of heme in its WWD domain in the absence of CcmE (Figure
1A), indicating that heme binding in CcmC requires the
presence of the heme acceptor, CcmE. By analogy, heme in
holoCcmE may not enter the WWD domain of CcmF unless
the heme acceptor protein, apocytochrome c, is present. Future
work will be dedicated to better understanding the interaction
of holoCcmE with CcmFspecifically, investigating if the
docking of holoCcmE in the CcmF WWD domain requires the
presence of the apocytochrome c acceptor and, if the
holoCcmE/CcmF/CcmH complex can be “trapped”, determin-
ing the reduction potential of the heme in holoCcmE when
(and if) it is bound in the CcmF WWD domain.
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