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ABSTRACT: Hemea is a redox cofactor unique to cytochromec oxidases and vital to aerobic respiration.
Hemea differs from the more common hemeb by two chemical modifications, the C-8 formyl group and
the C-2 hydroxyethylfarnesyl group. The effects of these porphyrin substituents on ferric and ferrous
heme binding and electrochemistry were evaluated in a designed heme protein maquette. The maquette
scaffold chosen, [∆7-H3m]2, is a four-R-helix bundle that contains two bis(3-methyl-L-histidine) heme
binding sites with known absolute ferric and ferrous hemeb affinities. Hemesb, o, o+16, and hemea,
those involved in the biosynthesis of hemea, were incorporated into the bis(3-methyl-L-histidine) heme
binding sites in [∆7-H3m]2. Spectroscopic analyses indicate that 2 equiv of each heme binds to [∆7-
H3m]2, as designed. Equilibrium binding studies of the hemes with the maquette demonstrate the tight
affinity for hemes containing the C-2 hydroxyethylfarnesyl group in both the ferric and ferrous forms.
Coupled with the measured equilibrium midpoint potentials, the data indicate that the hydroxyethylfarnesyl
group stabilizes the binding of both ferrous and ferric heme by at least 6.3 kcal/mol via hydrophobic
interactions. The data also demonstrate that the incorporation of the C-8 formyl substituent in hemea
results in a 179 mV, or 4.1 kcal/mol, positive shift in the heme reduction potential relative to hemeo due
to the destabilization of ferric heme binding relative to ferrous heme binding. The two substituents appear
to counterbalance each other to provide for tighter hemea affinity relative to hemeb in both the ferrous
and ferric forms by at least 6.3 and 2.1 kcal/mol, respectively. These results also provide a rationale for
the reaction sequence observed in the biosynthesis of hemea.

The integral membrane protein complex cytochromec
oxidase (CcO)1 (E.C. 1.9.3.1) is the terminal enzyme in the
energy-transducing, electron-transfer chain in all plants,
animals, aerobic yeasts, and some bacteria (1-5). A vital
component of aerobic metabolism, CcO catalyzes the four
electron-four proton reduction of dioxygen to water along
with the concomitant pumping of as many as four protons
(eight charge equivalents) across the inner mitochondrial

membrane (6-10). Cytochromec oxidases contain two redox
centers, a binuclear CuA site and a bis-histidine-ligated heme
a, that serve as an electron-transfer chain between water-
soluble cytochromec and the active site of CcO (1-3, 11).
The electrons delivered by cytochromec are shuttled to the
buried heterobimetallic catalytic center composed of a high-
spin, monohistidine coordinated hemea3 and the CuB ligated
by three histidines as shown in Figure 1. The hemea
prosthetic group is unique to terminal oxidases and is
biosynthetically derived from hemeb (protoheme) using two
enzymes as shown in Figure 2. First, hemeb is transformed
into hemeo by converting the vinyl group at C-2 into a
hydroxyethylfarnesyl group by hemeo synthase (12-15).
Second, hemea synthase oxidizes the methyl group at C-8
on hemeo to a formyl group to produce hemea (15-19).
An alcohol intermediate, hemeo+16, has been isolated in
the conversion of hemeo into hemea (19, 20). Despite the
importance of the hemea prosthetic group, relatively little
is known about the role of the C-2 hydroxyethylfarnesyl and
C-8 formyl side chains of hemea in the electron transfer
and dioxygen reduction activity of CcO (15).

Our approach to clarifying the structure-function relation-
ships in natural heme proteins such as CcO is to evaluate
the equilibrium thermodynamics of heme affinity and
electrochemistry in simplified de novo designed heme
proteins, or heme protein maquettes (21). By measuring the
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absolutethermodynamic affinity of designed proteins for
ferric and ferrous hemes along with the related electro-
chemistry, we are elucidating the fundamental factors that
govern the reduction potentials of hemes in biology (22).
We have designed a stably-folded four-R-helix bundle,
[∆7-His]2 or [∆7-H10I14I21]2, and measured the absolute ferric
and ferrous hemeb affinities for its two bis-His heme binding
sites (22). The heme b-[∆7-His]2 maquette dis-
plays spectroscopic properties similar to those of natural
bis-His coordinatedb-type cytochromes, e.g., cytb5. Using
a variety of non-natural amino acid ligands in a heme pro-
tein maquette, we have explored the effects of ligand
basicity on ferric and ferrous heme affinities and found
that the more basic 3-methyl-L-histidine had a slightly
tighter heme affinity thanL-histidine (23, 24). Addition-
ally, we have demonstrated that electron-withdrawing sub-
stitutents on porphyrins elevate heme reduction poten-
tials by destabilizing the ferric heme with no alteration in
ferrous heme affinity for a designed bis-imidazole protein
(25).

In this paper, we report the spectroscopic, thermodynamic,
and electrochemical consequences of the C-2 farnesyl and
C-8 formyl groups of hemea in a designed heme protein
maquette scaffold. The [∆7-H3m]2 maquette scaffold, which
contains two bis(3-methyl-L-histidine) heme binding sites,
was chosen for this study because its absolute affinity for
ferric and ferrous hemeb has been determined and it binds
hemeb more tightly than does the histidine maquette, [∆7-
His]2 (25). In order to separate the contributions of the C-2
farnesyl group from those of the C-8 formyl moiety, the
series of hemes involved in the natural biosynthesis of heme
a (hemeb, hemeo, hemeo+16, and hemea) have been
incorporated into this maquette scaffold. The affinity of the
maquette scaffold for each heme in both the ferric and ferrous
forms was measured and correlated with the related elec-
trochemistry. On the basis of the thermodynamic relationship
between the equilibrium midpoint reduction potential and
the dissociation constants for the ferric and ferrous hemes,
we demonstrate that one role of the C-2 hydroxyethylfarnesyl
chain is to stabilize the binding of the heme macrocycle to
the hydrophobic protein core by at least 6.3 kcal/mol in both
the ferric and ferrous oxidation states. We also show that
one role of the C-8 formyl group is to raise the midpoint
reduction potential of the bound iron by 179 mV, or 4.1 kcal/
mol. The enhanced affinity due to the farnesyl tail for the

protein interior counterbalances the weakened ferric heme
affinity for the axial ligands due to the electronic effect of
the formyl group at C-8.

MATERIALS AND METHODS

Materials. Isolation of hemea was performed as previ-
ously described (19). Heme b (ferriprotoporphyrin IX
chloride) was purchased from Alfa Aesar. Fmoc-protected
amino acids were acquired from Applied Biosystems
(Framingham, MA) with the exception of Fmoc-L-H3m-OH,
which was purchased from Bachem (King of Prussia, PA).
All other chemicals were obtained from Fisher Scientific,
VWR, or Sigma-Aldrich-Fluka unless otherwise noted.

Expression of Heme o Synthase.The gene encoding for
hemeo synthase inBacillus subtilis(ctaB) was cloned into
Escherichia coli BL21(DE3) pLysS cells as previously
described (20). Overnight cultures prepared from single
colonies were used to inoculate (1:100 dilution) 500 mL of
LB media containing 25 mg/L chloramphenicol and 50 mg/L
ampicillin in 2 L indented flasks. Alternatively, overnight
cultures were used to inoculate 15 L of LB media (1:50
dilution) in a 19 L Bellco Bioreactor System (O2 rate of 4
L/min). In both cases, cells were grown to an OD600 of 1.2
(measured on an HP 8453 diode array UV-visible spectro-
photometer), induced with 75 mg/L isopropylâ-D-1-thioga-
lactopyranoside (IPTG) for 1-2 h, washed with a 0.25 M
sucrose solution, and stored at-80 °C.

Isolation and Purification of Heme o.To isolate hemeo,
the cells were thawed and resuspended in 10 mL of distilled
water and 30 mL of a 5% HCl-acetone solution (per liter
of culture). The cells were sonicated, vortexed vigorously
(3 × 30 s), and then incubated at room temperature for 10
min. The mixture was then diluted with 10 mL of distilled
water (per liter of culture), mixed, and clarified by centrifu-
gation at 4400g for 15 min. Heme analysis of the supernatant
indicated a hemeb:hemeo ratio of approximately 30:70 as
determined by HPLC (20). To purify the hemeo, the
supernatant was loaded in 5 mL portions onto a Waters Sep-
Pak Vac C18 cartridge (12 cm3 g) that was preequilibrated
with 15 mL of 25:75 CH3CN-H2O (0.1% trifluoroacetic
acid). After loading, the cartridge was washed with an
additional 15 mL of 25:75 CH3CN-H2O (0.1% TFA)
followed by 80:20 CH3CN-H2O (0.1% TFA) until all of
the hemeb was eluted (approximately 25-50 mL/L of cell
culture). Purified hemeo was eluted from the column with
DMSO (5 mL/L of cell culture), lyophilized, and stored at
-80 °C.

Chemical Reduction of Heme a to Heme o+16. The C-8
aldehyde group on hemea was anaerobically reduced to an
alcohol under basic conditions using a procedure modified
from Vanderkooi et al. (26). In short, HPLC-purified heme
a (in 60% CH3CN-40% H2O-0.1% TFA) was mixed with
an equal volume of 50 mM NaOH in 20% pyridine, capped,
and sparged with N2. This solution was then incubated
anaerobically with excess dithionite and NaBH4 for 20 min,
followed by the addition of HCl to adjust the pH to 3. The
reduced hemea was purified from the final solution by
reversed-phase HPLC. The identity of the purified heme
o+16 was confirmed by UV-visible spectroscopy and ESI/
MS (20), lyophilized, and stored at-80 °C.

Chemical Synthesis of Peptides. General Procedure.The
peptide was synthesized on a continuous flow Applied

FIGURE 1: Active site structure of bovine cytochromec oxidase
showing the hemea, hemea3, and CuB redox centers. The iron
ions are represented by red spheres, and the copper ion is
represented by a green sphere. The figure was prepared with
MOLMOL (54).
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Biosystems Pioneeer solid-phase peptide synthesizer using
the Fmoc/tBu protection strategy with PAL-PEG-PS resin
at 0.2 mmol scale (27). Single-coupling cycles of 30 min
with HATU-activation chemistry were employed for all
amino acids. The following side chain protecting groups were
used: tBoc (Lys); OtBu (Glu); Trt (Cys); Pmc (Arg). After
peptide assembly, the N-terminus was manually acetylated
with acetic anhydride followed by thorough washing with
DMF, MeOH, and CH2Cl2. The peptide was cleaved from
the resin and simultaneously deprotected using 90:8:2 (v/v/
v) trifluoroacetic acid-ethanedithiol-water for 3 h. The
crude peptide was precipitated and washed with cold ether,
followed by dissolution in water [0.1% (v/v) TFA] and
lyophilization. The peptide was purified by reversed-phase
C18 HPLC using aqueous acetonitrile gradients containing
0.1% (v/v) TFA. The N-terminal cysteine residues of the
purified peptide were air-oxidized to the symmetric disulfides
in 100 mM ammonium carbonate buffer, pH 9.5 (4-7 h),
which was followed by analytical HPLC. The resulting di-
R-helical disulfide-bridged peptide was identified with
matrix-assisted laser desorption mass spectrometry (MALDI-
MS).

UV-Visible Spectroscopy.UV-visible spectra were re-
corded on Varian Cary 100 and Perkin-Elmer Lambda 25
spectrophotometers using quartz cells of 1.0 and 10 cm path
length. Peptide concentrations were determined spectropho-
tometrically usingε280 of 5600 M-1 cm-1 per helix (28).

Heme Affinity Studies. Ferric Heme.Freshly prepared
DMSO solutions of hemeb, hemeo, hemeo+16, or heme
a were added in 0.1 equiv aliquots to peptide solutions (20
mM KPi, 100 mM KCl, pH 8.0). The concentration of the
stock solutions was determined using the pyridine-hemo-
chrome method which involves formation of the bis-pyridine
ferrous heme complex in basic solution (29). Heme b
equilibrated within 5 min while hemeso, o+16, and a
required 2 h of equilibration between additions. The dis-
sociation constant values were obtained from fitting the
absorbance atλmax

ox plotted against [heme]/[four-helix
bundle] with a nonlinear least-squares routine in Kalieda-
graph (Synergy Software, Reading, PA).

The absorbance measured, Absmeas, is a sum of the initial

absorbance, Abs0, and the absorbance due to bound heme,
εbl[HP], and free heme,εfl([Ht] - [HP]), where [Ht] and [HP]
are the concentrations of total heme added and heme protein
complex (bound heme), respectively,εb and εf are the
extinction coefficients of bound and free heme, respectively,
l is the path length of the cuvette,Kd is the conditional
equilibrium dissociation constant of the heme-peptide
complex, and [Pt] is the total peptide concentration (30). The
values of the bound extinction coefficients were determined
by converting each heme protein into the corresponding bis-
pyridine hemochrome complex.

After the spectrum of the oxidized and reduced heme
protein was recorded in a 1.0 cm cuvette, the sample was
diluted into a 0.1 N solution of NaOH containing 20% (v/v)
pyridine and sodium dithionite. The spectrum of the pyridine
hemochrome thus produced was recorded and the concentra-
tion of the heme was determined using the reported extinction
coefficients of the hemeb, hemeo, and hemea pyridine
hemochromes (29). These heme concentrations and the
dilution factor between the original heme protein maquette
sample and the pyridine hemochrome were used to determine
the extinction coefficient of each bound heme,εb, for use in
the data analysis. Since the pyridine hemochrome of heme
o+16 is not known, the values for hemeo were used on the
basis of the spectra similarity of their maquette complexes.
Titrations of each heme into aqueous buffer without peptide
present were performed to determine their free heme extinc-
tion coefficients,εf. The slope of the resulting absorbance
vs concentration curves yields the extinction coefficients of
the unbound hemes which were used in the nonlinear least-
squares fitting analysis of heme affinity.

Heme Affinity Studies. Ferrous Heme.Freshly prepared
DMSO solutions of hemeb and hemeo were added in 0.06
equiv aliquots through a septum into anaerobic peptide
solutions (20 mM KPi, 100 mM KCl, pH 8.0). Hemeo was
allowed to equilibrate for 2 h between additions. The samples
were maintained at a reducing potential by the addition of
sodium dithionite prior to the start of the titration. Due to
the length of a typical hemeo titration (78 h), the spectro-
photometer was placed in an AtmosBag (Sigma-Aldrich-
Fluka, Milwaukee, WI) under a nitrogen atmosphere to
ensure an anaerobic atmosphere. Initial attempts to measure
the individual Kd1

Fe(II) and Kd2
Fe(II) values used 1.0 cm

cuvettes, before 10 cm cuvettes were employed in an attempt
to measure these tight values. TheKd values were obtained
from fitting the absorbance atλmax

red plotted against [heme]/
[four-helix bundle] according to eq 1.

Redox Potentiometry.Chemical redox titrations were
performed in a 1.0 cm path length anaerobic cuvette equipped

FIGURE 2: Chemical structures of each heme used in this study and their relationship to the hemea biosynthetic pathway.

Absmeas) Abs0 + εbl[HP] + εf l([Ht] - [HP]) (1)

[HP] )

[Kd + [Pt] + [Ht] - x(-Kd - [Pt] - [Ht])
2 - (4[Pt][H t])

2 ]
(2)
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with a platinum working and a calomel reference electrode
at 22°C (31). Ambient redox potentials (measured against
the standard hydrogen electrode) were adjusted by addition
of aliquots (<1 µL) of sodium dithionite or potassium
ferricyanide. Titrations were performed on a 3-5 µM four-
R-helix bundle containing 0.8 equiv of heme in 20 mM KPi

and 100 mM KCl, pH 8.0; thus only the reduction potentials
of maquettes containing a single heme were determined.
Electrode solution mediation was facilitated by the following
mediators at 10µM concentration: benzyl viologen, 2,6-
dihydroxyanthroquinone, 2-hydroxy-1,4-naphthoquinone, an-
throquinone-2-sulfonate, duroquinone, phenazine ethosulfate,
phenazine methosulfate, pyocyanine, 1,4-benzoquinone, 1,2-
naphthoquinone, and 1,4-naphthoquinone. After equilibration
at each potential, the optical spectrum was recorded. Reduc-
tion of the hemes was followed by the increase in the Soret
band absorption at 420 or 440 nm relative to a baseline point
(750 nm). Spectral intensity was plotted against potential,
and the data were fit to a single Nernst equation withn )
1.0 (fixed).

RESULTS

Experimental Design.The midpoint reduction potential of
heme bound to a protein,Em(bound), is governed by the ratio
of ferric and ferrous heme dissociation constants,Kd

Fe(III)/
Kd

Fe(II), and the reduction potential of the unbound heme,
Em(free), as follows (32):

We have been measuring the electrochemistry and the
absoluteaffinities of hemes for designed proteins in an effort
to clarify the factors that contribute to ferric and ferrous heme
affinity and are responsible for the 1000 mV range observed
in natural heme protein reduction potentials (33). To this
end, we have developed a truncated heme-protein maquette
scaffold, [∆7-H3m]2, that contains two bis(3-methyl-L-
histidine) heme binding sites whose absolute affinities of both
the ferric and ferrous hemeb can be accurately measured
(25). As shown in Scheme 1, ferric hemeb binds to [∆7-
H3m]2 more tightly than ferrous hemeb; i.e., the ratio of
Kd1

Fe(III)/Kd1
Fe(II) is 79 pM/20 nM or 3.9× 10-3 (25). Since

∆∆G ) -RT ln(Kd1
Fe(III)/Kd1

Fe(II)), the 3.9× 10-3 ratio of

Kd1
Fe(III)/Kd1

Fe(II) values represents a 3.3 kcal/mol difference
in the ferric and ferrousKd1 values (34). Alternatively, this
3.3 kcal/mol∆∆G value can be expressed as a 142 mV
difference betweenEm(bound) and Em(free), because 1.0 kcal/
mol is equal to 43 mV at 25°C and n ) 1 due to the
relationship∆∆G ) -nF∆Em (34). Thus, the measured
-190 mV reduction potential value of hemeb-[∆7-H3m]2
indicates thatEm(free) has a value of-48 mV and suggests
that a bis-His heme protein which binds both ferric and
ferrous heme equivalently, i.e.,Kd1

Fe(III) is equal toKd1
Fe(II),

would also have anEm value of-48 mV.
The ability to determine theabsoluteaffinity of the [∆7-

H3m]2 and the related bis-histidine [∆7-His]2 maquette for
heme b in both oxidation states along with the coupled
electrochemistry is relatively rare among both natural and
designed heme proteins (22, 25). In the case of synthetic
heme proteins, most are only assayed in the ferric state where
the subnanomolarKd values cannot be measured accurately
by direct means (35-37). In the case of natural heme protein
scaffolds, full thermodynamic analysis is often complicated
by tight heme binding or other biochemical issues, e.g.,
kinetic trapping of the heme moiety (38, 39). The [∆7-H3m]2
maquette was chosen for the current study based on our
ability to measure its ferric and ferrous hemeKd values (22).
In addition, only a single heme was incorporated into the
maquette scaffold to avoid complications due to heme-heme
steric and electrostatic interactions in the data interpretation.

In this study, we evaluate the affinity and electrochemistry
of the [∆7-H3m]2 maquette scaffold (shown schematically
in Scheme 1 for hemeb) for the various hemes in the
biosynthetic pathway from hemeb to hemea in both the
ferric and ferrous forms. Thermodynamic data from hemeb
and hemeo are used to evaluate the roles of the C-2
hydroxyethylfarnesyl tail in hemeo binding and electro-
chemistry. A comparison of hemeo, hemeo+16, and heme
a binding and electrochemistry yields insight into the effect
of successive oxidation of the C-8 methyl group to a formyl
group. These data are used to deduce the individual contribu-
tions of the farnesyl group and formyl group to ferric and
ferrous hemea affinity and electrochemistry, as well as to
provide insight into the reaction sequence in the biosynthetic
pathway of hemea (15).

Heme-Peptide Assembly.Figure 3 shows the UV-visible
spectra of both ferric and ferrous hemeb, hemeo, heme
o+16, and hemea bound to the [∆7-H3m]2 protein scaffold.
The sharp and blue-shifted Soret bands in the optical spectra
demonstrate that each heme binds to the designed bis-
imidazole heme binding sites in the protein studied because
unbound hemes aggregate and yield broad Soret bands. The
details of the spectra are listed in Table 1. The optical spectra
of hemesb, o, ando+16 bound to the maquettes are very
similar, with Soret bands at 408-412 nm in the ferric state
and Soret bands at 420-427 nm in the ferrous state. The
presence of distinctR/â bands in the spectra of ferrous hemes
b, o, ando+16 demonstrates bis-imidazole coordination to
the low-spin heme iron in these maquettes, as designed. The
spectra of these hemes bound to [∆7-H3m]2 are reminiscent
of those observed for other low-spin bis-His hemeb proteins,
e.g., cytb5 (40). As anticipated, the electron-withdrawing
formyl substituent has a marked effect on the resulting optical
spectra of the hemea protein maquette. The optical spectra
of hemea in [∆7-H3m]2 show Soret bands that are at 420

Scheme 1: Thermodynamic Analysis of Heme
b-[∆7-H3m]2 Electrochemistry and Heme Affinity

Em(bound)) Em(free)+ (RT/nF) ln[Kd
Fe(III)/Kd

Fe(II)] (3)
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nm in the ferric state and 439 nm in the ferrous state with
molar absorptivity values of 131 and 120 mM-1 cm-1,
respectively. These ferric and ferrous hemea maquette
spectra are quite similar to those of previous hemea
maquettes as well as the spectral properties of hemesa +
a3 in CcO (41, 42).

Ferric Heme-Peptide Binding and Dissociation Con-
stants.UV-visible spectrophotometric titrations were used
to determine the two individual ferric heme dissociation
constant values,Kd1

Fe(III) andKd2
Fe(III), for each heme bound

to the [∆7-H3m]2 protein scaffold. The evaluatedKd
Fe(III)

values necessitated measurements over a broad peptide
concentration range from 50 nM to 1µM using cuvettes of
1-10 cm path length.

Titration of ferric hemeo or hemeo+16 into aqueous
solutions of [∆7-H3m]2 (20 mM KPi, 100 mM KCl, pH 8.0)
results in an increase in the Soret maximum at 408 or 410
nm, consistent with heme binding. Figure 4A illustrates the
ferric hemeo titration of [∆7-H3m]2 at 50 nM observed using
the Soret band maximum of 408 nm, which demonstrates
the binding of two hemes per four-helix bundle with first
and second dissociation constant values,Kd1

Fe(III) andKd2
Fe(III),

tighter than 0.1 nM. Figure 4B shows the related titration of
hemeo+16 into 50 nM [∆7-H3m]2 that also evinces the
binding of two hemeo+16 cofactors with bothKd1

Fe(III) and
Kd2

Fe(III) values tighter than 0.1 nM, as shown in the inset.
The incorporation of hemea into [∆7-H3m]2 results in a
Soret maximum at 420 nm indicative of hemea binding as
shown in Figure 4C. Similar to the observations for ferric
hemeo and ferric hemeo+16, the titration of ferric hemea
into [∆7-H3m]2 at 50 nM concentration also shows two
hemes binding withKd1

Fe(III) andKd2
Fe(III) values tighter than

0.1 nM (inset to Figure 4C). Previously reported hemea
protein maquettes also possessKd

Fe(III) values at the tight-
binding limit (41). A comparison of these results with the

Kd2
Fe(III) value of 70 nM reported for hemeb-[∆7-H3m]2

reveals that the hemea substituents stabilize porphyrin
binding by at least 700-fold, or 3.9 kcal/mol (25).

Ferrous Heme-Peptide Binding and Dissociation Con-
stants.Anaerobic UV-visible spectrophotometric titrations
were used to measure the reduced heme dissociation constant
values,Kd1

Fe(II) andKd2
Fe(II), for hemeb and hemeo bound

to the [∆7-H3m]2 protein scaffold. As with the ferric heme
dissociation constant measurements, theKd

Fe(II) values re-
quired measurements over a broad peptide concentration
range from 50 nM to 5µM using cuvettes of 0.1-10 cm
path length.

Titration of ferrous hemeo into aqueous solutions of [∆7-
H3m]2 (20 mM KPi, 100 mM KCl, pH 8.0) results in an
increase in the Soret maximum at 420 nm, consistent with
heme binding. The inset of Figure 5 demonstrates that [∆7-
H3m]2 at 50 nM concentration binds two hemeo molecules
with dissociation constant values,Kd1

Fe(II) andKd2
Fe(II), tighter

than 0.1 nM. The ferricKd values and the reduction potentials
of hemeo+16-[∆7-H3m]2 and hemea-[∆7-H3m]2 (vide
infra) indicate that the ferrousKd values are too tight to
accurately measure, so UV-visible titrations of ferrous heme
o+16 and ferrous hemea into [∆7-H3m]2 were not con-
ducted. The availableKd1

Fe(II) and Kd2
Fe(II) data show that

ferrous hemeo binds to the [∆7-H3m]2 maquette consider-
ably more tightly than does hemeb with Kd1

Fe(II) andKd2
Fe(II)

values of 20 nM and 4µM, respectively, as shown in Scheme
1 (25). Thus, the ferrous dissociation constant data for heme
o show that the C-2 hydroxyethylfarnesyl tail stabilizes
ferrous porphyrin binding by at least 40000-fold, or 6.3 kcal/
mol (25).

Heme Redox Potentiometry.The electrochemical equilib-
rium midpoint reduction potential of each iron porphyrin in
[∆7-H3m]2 was determined by monitoring the changes in
the R, â, andγ bands of the heme absorption spectra as a

FIGURE 3: UV-visible spectra of (A) hemeb-[∆7-H3m]2, (B) hemeo-[∆7-H3m]2, (C) hemeo+16-[∆7-H3m]2, and (D) hemea-[∆7-
H3m]2 in the ferric (solid line) and ferrous (broken line) states. All experiments were performed at pH 8.0 with 1µM protein in 20 mM
KPi and 100 mM KCl.

Table 1: Spectroscopic and Thermodynamic Characterization of the Heme Protein Maquettes Studied

ferric ferrous

Soretλmax

[ε (mM-1 cm-1)] Kd1
Fe(III) Kd2

Fe(III)
Soretλmax

[ε (mM-1 cm-1)] Kd1
Fe(II) Kd2

Fe(II)
Em8(mV)
vs SHE

hemeb 412 (123) 79 pM 70 nM 427 (191) 20 nM 4µM -190
hemeo 408 (176) <0.1 nM <0.1 nM 420 (205) <0.1 nM <0.1 nM -212
hemeo+16 410 (136) <0.1 nM <0.1 nM 420 (180) <0.1 nMa <0.1 nMa -184
hemea 420 (131) <0.1 nM <0.1 nM 439 (120) <0.1 nMa <0.1 nMa -33
a Estimated on the basis of eq 3 and the measuredKd1

Fe(III) andKd2
Fe(III) values.
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function of solution potential. Since the midpoint reduction
potential of diheme maquettes contains contributions due to
heme-heme electrostatics, only the reduction potentials of
the heme maquettes containing a single heme were measured
for comparison (21, 43). Figure 6 shows the spectroelectro-
chemistry data for each heme in the maquette scaffold [∆7-
H3m]2. The measured midpoint potential values (Em8) at pH
8.0 for hemesb, o, o+16, anda in [∆7-H3m]2 are-190(
8, -212 ( 8, -184 ( 8, and -33 ( 8 mV vs SHE,
respectively. The midpoint reduction potential of hemeo is
only slightly lower, 22 mV or 0.5 kcal/mol, than that of heme
b, which shows that the ratio of the ferric and ferrousKd

values has not changed dramatically between these two
hemes. The midpoint potentials of the C-8 modified hemes,
hemeo+16 and hemea, are more positive than hemeo,
which indicates that the ratio of the ferric and ferrousKd

values has changed between these hemes (31). Taken
together, the redox data sets indicate that conversion of the

vinyl group at C-2 into a hydroxyethylfarnesyl side chain
(hemeo) does not substantially alter the midpoint reduction
potential of the iron but that oxidation of the C-8 methyl to
an aldehyde (hemea) results in a significantly more positive
reduction potential of the bound iron. The difference between
hemeb and hemea redox activity in this maquette, 157 mV
or 3.6 kcal/mol, is similar to the 174 mV (or 4.0 kcal/mol)
difference measured in a larger hemea maquette, [H10A24]2

(41). Furthermore, the value is close to the 140 mV positive
shift in Em observed upon conversion of ac-type heme vinyl
group inThermus thermophiluscytochromec552 into a formyl
group (44).

DISCUSSION

Using a designed heme-protein maquette scaffold, we
have delineated the functional roles of the hemea side chains
in cytochromec oxidase. The spectroscopic properties and
electrochemistry of each heme intermediate involved in the
hemea biosynthetic pathway were determined using the
maquette scaffold, [∆7-H3m]2, with a single heme incorpo-
rated. The affinity of the maquette for each iron porphyrin,

FIGURE 4: Determination of the dissociation constants for ferric
(A) hemeo, (B) hemeo+16, and (c) hemea in [∆7-H3m]2 at 50
nM four-R-helix bundle concentration (20 mM KPi, 100 mM KCl,
pH 8.0). The data for each are fit to a 2:1 heme:protein binding
model. The binding curves (insets) indicate tight 2:1 binding of
ferric hemeo, hemeo+16, and hemea to [∆7-H3m]2.

FIGURE 5: Determination of the dissociation constants for ferrous
hemeo in [∆7-H3m]2 at 50 nM four-R-helix bundle concentration
(20 mM KPi, 100 mM KCl, pH 8.0) under strictly anaerobic
conditions. Spectra with 0.06, 0.12, 0.21, 0.34, 0.46, 0.65, 0.80,
0.93, 1.12, 1.31, 1.49, 1.74, 2.00, 2.70, 3.22, and 4.44 equiv of
hemeo added per four-helix bundle are shown. The data in the
insert are fit to a 2:1 heme:protein binding model with dissociation
constant values of less than 0.1 nM.

FIGURE 6: Measurement of the electrochemistry of each heme
bound to the [∆7-H3m]2 heme protein maquette. Data for heme
b-[∆7-H3m]2 (filled circles), hemeo-[∆7-H3m]2 (empty circles),
heme o+16-[∆7-H3m]2 (empty triangles), and hemea-[∆7-
H3m]2 (filled squares) are shown. Each data set was collected at
pH 8.0 under anaerobic conditions at 500 nM protein concentration
in 20 mM KPi and 100 mM KCl and fit to a single Nernst equation
with n ) 1 (fixed).
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hemeb, hemeo, hemeo+16, and hemea, was systematically
evaluated to elucidate the roles of the side chains in heme
function. A comparison of the equilibrium thermodynamics
of these hemes in both ferric and ferrous oxidation states
reveals the disparate roles of the farnesyl and formyl
substitutents on hemea in CcO. Furthermore, the data
provide insight into the reaction order in the biosynthetic
pathway from the ubiquitous hemeb to the rare hemea
cofactor.

The comparison of the data on hemeb and hemeo most
clearly demonstrates the influence of the C-2 hydroxyeth-
ylfarnesyl chain on heme affinity for the maquette. The
Kd1

Fe(III) andKd1
Fe(II) values for hemeb-[∆7-H3m]2, 79 pM

and 20 nM, respectively, are the tightest ferric and ferrous
dissociation constants that have been accurately determined
for a de novo designed heme protein to date (25). The ratio
of these values,Kd1

Fe(III)/Kd1
Fe(II) or 3.9× 10-3, is critical to

setting the equilibrium midpoint reduction potential value
of -190 mV vs SHE, as described by eq 3. The similarity
of the reduction potentials of hemeb and hemeo bound to
[∆7-H3m]2, -190 and-212 mV, respectively, indicates that
the Kd

Fe(III)/Kd
Fe(II) ratio of hemeo is 1.7× 10-3, only 2.4-

fold lower than that observed for hemeb. Thus, the addition
of the hydroxyethylfarnesyl tail does not preferentially
stabilize or destabilize the binding of either the ferric or
ferrous heme oxidation state to the maquette relative to each
other by more than a 0.5 kcal/mol. Therefore, while the
Kd

Fe(III)/Kd
Fe(II) ratios between hemeb and hemeo are nearly

the same, the absolute values ofKd
Fe(III) andKd

Fe(II) change
significantly upon addition of the C-2 hydroxyethylfarnesyl
tail. The weak limit of theKd2

Fe(II) value for hemeo, 0.1
nM, is at least 40000-fold, or>6.3 kcal/mol, tighter than
the measured hemeb Kd2

Fe(II) value of 4.0µM (25). Since
theKd

Fe(III)/Kd
Fe(II) ratio of hemeo is 2.4-fold lower than for

hemeb, the corresponding ferricKd2
Fe(III) value for hemeo

must be at least 96000-fold tighter, or greater than 6.8 kcal/
mol. Thus, the hydroxyethylfarnesyl tail stabilizes binding
of hemeo by at least 6.3 kcal/mol in both oxidation states
but does not significantly stabilize one heme oxidation state
over the other. The observed stabilization of hemeo binding
to the maquette is likely due to the increased hydrophobicity
of the porphyrin macrocycle and its partition into the low-
dielectric, hydrophobic core of the maquette scaffold. These
results mirror the finding of Warncke et al. that the addition
of three isoprene units, i.e., a farnesyl tail, increases the
quinone binding affinity for the QA and QB sites of the
photosynthetic reaction center protein fromRhodobacter
sphaeroidesby 6.0 kcal/mol (45).

The electrochemical comparison of hemeo and hemea
most effectively illustrates the influence of the C-8 formyl
group in hemea. The presence of the C-8 formyl group raises
the midpoint reduction potential of the iron in hemea by
179 mV, or 4.1 kcal/mol, relative to hemeo, which has a
methyl group at C-8. A similar 140 mV elevation in the heme
Em value is observed inT. thermophiluscytochromec552upon
incorporation of a formyl group (44). The elevated reduction
potential increases theKd

Fe(III)/Kd
Fe(II) ratio by 1130-fold, 4.1

kcal/mol, for hemea relative to hemeo. In other words,
ferric hemea is destabilized relative to ferrous hemea by
1130-fold more than ferric hemeo is destabilized relative
to ferrous hemeo. While the heme binding data for hemeo
and hemea do not directly reveal the absolute values for

their individualKd
Fe(III) andKd

Fe(II) values, based on the value
of 1.7 × 10-3 for the Kd

Fe(III)/Kd
Fe(II) ratio of hemeo, the

Kd
Fe(III)/Kd

Fe(II) ratio of hemea can be estimated to be 1.9, or
1.7× 10-3 times 1130. Thus, the ferrous hemea is estimated
to bind only 1.9-fold more tightly than ferric hemea to the
bis-imidazole sites in [∆7-H3m]2 due to the relative desta-
bilization of ferric hemea binding with respect to ferrous
hemea. A similar situation was observed when hemeb in
[∆7-H3m]2 was replaced with iron diacetyldeuteroporphyrin
IX [Fe(DADPIX)], which has acetyl groups in the place of
the hemeb vinyl groups. Fe(DADPIX) was observed to bind
[∆7-H3m]2 with aKd1

Fe(III) value of 200 nM andKd1
Fe(II) value

of 37 nM, which resulted in a midpoint reduction potential
value of-30 mV vs SHE (25). Thus, ferrous Fe(DADPIX)
bound 5.4-fold, or 1.0 kcal/mol, more tightly to [∆7-H3m]2
than ferric Fe(DADPIX). The electron-withdrawing acetyl
groups on Fe(DADPIX) elevated the iron midpoint reduction
potential by 160 mV, 3.7 kcal/mol, relative to hemeb in
[∆7-H3m]2. In relative terms, the similarity in the Fe-
(DADPIX)-[∆7-H3m]2 and hemea-[∆7-H3m]2 midpoint
reduction potential values results from similarKd

Fe(III)/Kd
Fe(II)

ratios, 5.4 and 1.9, respectively. In absolute terms, analysis
of the heme binding thermodynamics of Fe(DADPIX)-[∆7-
H3m]2 and hemeb-[∆7-H3m]2 has shown that the observed
160 mV positive shift in theEm8 value of Fe(DADPIX)-
[∆7-H3m]2 is due almost solely to the destabilization of the
ferric state with little alteration of ferrous heme affinity. On
the basis of these observations, it is inferred that destabiliza-
tion of ferric hemea binding to the bis-imidazole sites in
[∆7-H3m]2 by the formyl group is responsible for the
elevated reduction potential of hemea relative to hemeo.
This midpoint potential shift is functionally important in CcO
as it allows hemea (Em ) +380 mV) to accept electrons
from cytochromec (Em ) +260 mV) (46, 47). The related
quinol oxidases from plants utilize hemeo (Em ) +200 mV)
and lower potential hydroquinones (Em ) +70 mV) as
electron donors to dioxygen (48).

The influence of electron-withdrawing groups on ferric
heme affinity may also be functionally relevant inParacoc-
cus pantotrophuscytochromecd1 nitrite reductase, a bifunc-
tional enzyme that is also an oxidase (49, 50). The
catalytically inert, oxidized enzyme contains both a bis-His
ligatedc-type cytochrome and a noncovalently bound, His-
Tyr coordinated cytochromed1, a chlorin with peripheral
ketone groups. Upon reduction to a catalytically competent
state, Tyr25 dissociates to generate a high-potential, five-
coordinate hemed1 with a concomitant switch in thec-type
heme ligands to His-Met. The presence of the electron-
withdrawing ketone groups likely facilitates the ligand
dissociation reaction by weakening the affinity of the heme
d1 for the His-Tyr site. In addition, the lack of either a
farnesyl group or cysteine thioethers to anchor hemed1 in
the enzyme may also contribute to the fluxionality of heme
d1 required to activate the enzyme. Likewise, the thioether
linkages may prevent the dissociation of thec-type heme
upon reduction (51).

These thermodynamic results indicate the disparate roles
that the C-2 and C-8 porphyrin substitutents play in hemea
function. One role of the C-2 hydroxyethylfarnesyl tail is to
strengthen the affinity of the porphyrin for the protein
scaffold in both oxidation states by at least 6.3 kcal/mol
without significantly altering the heme electrochemistry. A
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role for the C-8 formyl group is to make the reduction
potential of the iron more positive by destabilizing the
binding of ferric heme relative to ferrous heme by 4.1 kcal/
mol, or 179 mV. In thermodynamic terms, the addition of
both substituents to hemeb to form hemea results in an
increase in ferric affinity by at least 2.1 kcal and an increase
in ferrous heme affinity by at least 6.3 kcal/mol. In addition
to these roles, Lu and co-workers have recently proposed
that the hydroxyl group at C-2 may also be involved in proton
delivery to the active site of CcO or in stabilizing the reactive
intermediates of the oxygen reduction reaction (52).

Furthermore, these results are consistent with the observed
order of peripheral substitution in the biosynthesis of heme
a from hemeb. The initial step in the hemea biosynthetic
pathway involves the addition of the C-2 hydroxyethylfar-
nesyl group. Conversion of hemeb into hemeo by the
integral membrane protein hemeo synthase increases the
affinity of the porphyrin for low dielectric media which
effectively sequesters the hemeo product into the cellular
membranes. The subsequent conversion of hemeo into heme
a by oxidation of the C-8 methyl group by hemea synthase
shifts the midpoint reduction potential of the heme more
positive, making it a better electron acceptor in CcO. If the
reaction order was reversed, the oxidation of the C-8 methyl
to a formyl group would provide the cell with a water-
soluble, high-potential iron porphyrin which might be
incorporated into a variety of natural hemeb binding sites,
e.g., cytb5, myoglobin, and cytochromes P-450. This would
affect the activity of a wide variety of heme proteins involved
in vital biological processes from dioxygen transport to redox
catalysis. By placing the C-2 hydroxyethylfarnesyl group
onto the porphyrin first, the biosynthetic pathway prevents
the misincorporation of high-potential hemes into water-
soluble heme proteins. Thus, the thermodynamic data are
consistent with expectations based on the observed order of
porphyrin substitution reactions in converting hemeb into
hemea.

CONCLUSION

Since the initial isolation of hemea from beef heart muscle
(53), the consequences of its unique structure on cytochrome
c oxidase function have been debated (15). The thermody-
namic analysis presented herein provides new insights into
the impact of the peripheral side chains on hemea in CcO
structure and function. Data from all of the hemes involved
in the hemea biosynthetic pathway indicate that a role of
the hydroxyethylfarnesyl tail at C-2 in hemea is to stabilize
the binding of both oxidation states to a bis-imidazole site
by at least 6.3 kcal/mol. This stabilization is functionally
important because the data show that one effect of the formyl
group at C-8 is to destabilize ferric hemea binding to the
same site by 4.1 kcal/mol. This destabilization results in a
179 mV positive shift in the iron reduction potential which
is necessary for CcO function. Lastly, the counterbalancing
roles of these substituents provide insight into the biosyn-
thetic pathway of hemea which introduces the hydroxyeth-
ylfarnesyl chain before the oxidation of the C-8 methyl
group.
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