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ABSTRACT: The binding of nitric oxide to ferric and ferrousChromatiumVinosumcytochromec′ was
studied. The extinction coefficients for the ferric and ferrous nitric oxide complexes were measured. A
binding model that included both a conformational change and dissociation of the dimer into subunits
provided the best fit for the ferric cytochromec′ data. The NO (nitric oxide) binding affinity of the WT
ferric form was found to be comparable to the affinities displayed by the ferric myoglobins and hemoglobins.
Using an improved fitting model, positive cooperativity was found for the binding of NO to the WT
ferric and ferrous forms, while anticooperativity was the case for the Y16F mutant. Structural explanations
accounting for the binding are proposed. The NO affinity of ferrous cytochromec′ was found to be much
lower than the affinities of myoglobins, hemoglobins, and pentacoordinate heme models. Structural factors
accounting for the difference in affinities were analyzed. The NO affinity of ferrous cytochromec′ was
found to be in the range typical of receptors and carriers. In addition, cytochromec′ was found to react
with cytosolic light-irradiated membranes in the presence of succinate and carbon monoxide. With these
results, a biochemical model of cytochromec′ functioning as a nitric oxide carrier was proposed.

Cytochromec′ is a homodimeric hemoprotein of 14 kD
molecular mass (per subunit) that is found in many gram-
negative species including photosynthetic (1), denitrifying
(2), nitrogen-fixing (3), and sulfur-reducing bacteria (4).
Cytochromec′ has been shown to consist of a fourR-helical
bundle structure (5-9) possessing low overall sequence
conservation (10). Unlike mitochondrial cytochromec, the
heme group is attached at the C-terminus. The heme binding
sequence is CKXCH. The histidine following the second
cysteine is the proximal ligand, while the sixth coordination
site is vacant. The heme iron is pentacoordinate in cyto-
chromec′, similar to that of hemoglobin, myoglobin, catalase,
cytochrome P450, and other heme proteins for which ligand/
substrate binding is the primary function. In contrast, a
hexacoordinate structure is observed for purely electron
transport hemoproteins, of which cytochromec is one
example.

Recent cytochromec′ knock-out mutant experiments with
Rhodobacter capsulatus(11) have suggested that cytochrome
c′ may play a role in NO binding. Since cytochromec′ has

also been identified in pathogenic species such asNeisseria
menigitidisandBordetella pertussis, this protein may serve
to protect the pathogens against attack by NO produced by
the immune system. An investigation of this process would
be of medical interest. Additionally, the characteristics of
cytochromec′ binding to its gas ligand might yield general
mechanisms pertaining to gas ligand binding in cells.

Previous studies dealt with the ligand binding behavior
and spectra of ferrous cytochromec′. For example, the
binding of CO toC. Vinosumferrous cytochromec′ has been
investigated in detail. The initial model (12) has been
expanded (13) to include noncooperative binding of CO to
each of the two monomers followed by dissociation of the
homodimer to bound monomers. In addition to CO, NO was
one of the first ligands found to bind to cytochromec′.
However, UV/VIS spectra of the ferric and ferrous cyto-
chromec′-NO complexes have only recently been reported
(14). The spectrum of the ferrous NO complex resembles
that of pentacoordinate ferric uncomplexed cytochromec′
in the Soret range, both in extinction coefficients and the
peak position (396 nm). The pentacoordinate character of
the ferrous cytochromec′-NO complex was established
earlier by X-ray crystallographic analyses of a NO complex
(2) and by Raman spectroscopy (15). Recently, the penta-
coordinate character of a ferrous cytochromec′-NO complex
was confirmed, and the proximal localization of the NO
ligand binding site was discussed (16, 17). It has been found
that the formation of a pentacoordinate guanylate cyclase
NO adduct proceeds through the initial formation of a
hexacoordinate state (18). This is then converted into a
pentacoordinate state by complex biexponential kinetics
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whose fast and slow components were investigated and
identified. The same sequence of events seems likely to occur
in the case of ferrocytochromec′, which shares spectral
similarity with soluble guanylate cyclase (sGC). Similar
ligand migration through the packed protein interior between
the distal and proximal sites of the heme pocket of myoglobin
has been reported (19).

To our knowledge, no quantitative studies of NO binding
to ferric and ferrous cytochromec′ have been reported that
allows for a comparison with available data for other
hemoproteins or that yields interpretations of protein structure
and function. In this study, the results of spectrophotometric
titrations of ferric and ferrous cytochromec′ from C. Vinosum
with NO are described. On the basis of these results, we
propose a new binding model involving cooperativity, and
a dimer to monomer equilibrium. We also propose a broader
biochemical model of cytochromec′ that incorporates its
function as a nitric oxide carrier.

MATERIALS AND METHODS

Nitrogen gaswas supplied in standard tanks by AGA
GAS, Inc., at a purity not less than 99.99%.

Nitric oxide was generated by reaction of sodium nitrite
with sodium iodide in the presence of hydrochloric acid
according to:

The gas was collected in a eudiometer, and higher oxides of
nitrogen were removed by passing the gas through a 1 N
NaOH solution.

Recombinant ChromatiumVinosum cytochrome c′ was
expressed and purified as described earlier (20). The
concentration of ferric cytochromec′ was determined from
the absorption spectrum and the reported extinction coef-
ficient (87 mM-1 cm-1 per heme) for the Soret band at 399
nm (21).

Y16F mutantwas prepared using the Transformer Site-
Directed Mutagenesis Kit from Clontech (#K1600-1). The
plasmid encoding the mutant was extracted from a single
colony and the entire gene was sequenced to confirm the
presence of the desired mutation (21).

Chromatophores (membranes)were isolated anaerobically
by using nitrogen-purged buffers and lysis solution through-
out the experiment and by maintaining a nitrogen atmosphere
above the purged solutions in ultracentrifuge tubes. TheC.
Vinosumcell pellet was resuspended at 4°C in 10 mL/g wet
cells solution consisting of 20% sucrose, 50 mM EDTA, and
protease inhibitor cocktail (#P8465, Sigma). After 1 h onice,
distilled water containing proteinase inhibitor cocktail was
added at 3 mL/g wet cells at 28-30 °C. Cell debris was
pelleted at 20 000g, and the supernatant was ultracentrifuged
at 50 000g for 30 min at 4°C. The membrane pellet was
resuspended in 10 mM Tris-HCl (pH 8.0) buffer, and the
entire procedure was repeated three times. The washed
membrane suspension was stored at 4°C in the dark under
nitrogen.

All spectroscopywas conducted in modified, Thunberg
cuvettes with inlet septum adaptors. Cuvettes were purged
with N2, and a stable baseline was established. To initiate a
reaction, the sample cuvette was irradiated and/or 10µL of
1M sodium succinate in Tris-HCl (pH 7.1) buffer was added

to the 2.0 mL reaction volume. In the latter case, the
imbalance of optical density due to dilution was compensated
for by the addition of the same volume of Tris buffer to the
reference cuvette.

Spectrophotometric titrationswere carried out using a
Cary17 UV-vis spectrophotometer. Sample solutions were
made anaerobic by exchanging the gas phase above the
solution with nitrogen. The ferric cytochrome solution
contained 10-5 M potassium ferricyanide to maintain the
ferric NO complex in the oxidized state. A 100µL gastight
Hamilton syringe was used to deliver aliquots of NO to a
solution of the ferric cytochromec′ in the cuvette. To avoid
oxidation of NO by atmospheric oxygen, the gas in the
syringe needle was exchanged with pure NO by withdrawing
and expelling NO gas before the final sampling. After
addition of each aliquot of NO, the cuvette was inverted
several times and allowed to achieve equilibrium as deter-
mined by a constant absorbance value,A. Equilibrium was
generally observed within approximately 10 min. The partial
pressure of NO was determined from the ratio of NO volume
added and the volume of the gas phase in the Thunberg
cuvette. The liquid-phase concentration of NO was deter-
mined from the partial pressure of NO in the gas phase using
a Henry’s constant of 5× 104 [L atm/mol] (22).

The ratio of NO bound to unbound heme sites was
determined by

where [H] is the uncomplexed heme concentration, [H‚NO]/
[H] the ratio of the concentrations of NO bound to unbound
heme sites,A the absorbance at each concentration of NO,
A0 the absorbance in the absence of NO, andA100 the
absorbance at 100% complex.

Several binding models were considered to account for
the absorbance changes resulting from the binding of NO to
cytochromec′. The simplest binding model assumes that
binding of NO to the heme in both subunits is noncooperative
and that there is no dimer to monomer equilibrium that
affects binding, as follows:

Defining the ratio [H‚NO]/[H] as Y/(1 - Y), whereY is the
fraction of NO bound heme sites and (1- Y) as the fraction
of unbound heme sites gives

A second binding model assumes that binding of NO to
the heme in both subunits is cooperative, where binding of
NO to one subunit affects the binding of NO to the second
subunit, and that there is no dimer to monomer equilibrium
that affects binding, as follows:

The concentrations of NO bound and unbound heme sites

2I- + 2NO2
- + 4H+ f I2 + 2NO + 2H2O (1)

[H‚NO]/[H] ) (A - A0)/(A100 - A) (2)

H + NO S H‚NO (3)

K ) [H‚NO]/[H][NO] (4)

Y/(1 - Y) ) K[NO] (5)

D + NO S D(NO) (6)

D(NO) + NO S D(NO)2 (7)

K1 ) [D(NO)]/[D][NO] (8)

K2 ) [D(NO)2]/[D(NO)][NO] (9)
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are given by

Expressing the ratio of NO bound heme sites to unbound
heme sites in terms of the unbound dimer concentration gives

A third binding model assumes that binding of NO to the
heme in both subunits is noncooperative, where successive
binding steps occur with equal intrinsic binding constant,
Ka, and that there is a dimer to monomer equilibrium of the
NO bound dimer that affects the overall binding as follows:

From the above expressions, the ratio of NO bound to
unbound heme sites is given by

where [H]T is the total concentration of heme sites.
A fourth binding model assumes that binding of NO to

the heme in both subunits is cooperative and that there is a
dimer to monomer equilibrium of the NO bound dimer:

From the above expressions, the ratio of NO bound to

unbound heme sites is given by

The ratios of NO bound to unbound heme sites determined
from the absorbance at various concentrations of NO,
according to eq 2, were fitted to each of the above models
using the Sigmaplot 2000 statistical package (SPSS Incor-
porated).

Ferrous cytochrome c′-NO complexwas prepared in
sodium ascorbate. The stock was prepared by rapidly
dissolving dry ascorbic acid in nitrogen-purged 0.1 M
phosphate buffer and bringing the pH to 7.0. After verifica-
tion of the pH, the solution was purged with nitrogen once
more and kept under a septum to prevent rapid accumulation
of oxidation products after exposure to atmospheric oxygen.
A 10 µL sample of this 1 M ascorbate stock solution per
2.0 mL of degassed ferric cytochromec′ solution was
sufficient to cause slow and almost complete reduction. The
NO binding constant to ferrous cytochromec′ was estimated
by the simplest binding model (5), using the concentration
of NO for half saturation. The concentration of NO in
equilibrium with cytochromec′ was calculated after subtrac-
tion of the amount bound by cytochromec′:

where [∆NO] is the drop in NO liquid-phase concentration
due to cytochromec′ binding,Y is the faction of NO bound
heme, [H]T is the total heme,Vl andVg are the volumes of
the liquid and the gas phase in the cuvette, respectively,
[NO]′0 is the resulting NO liquid-phase concentration after
correction, [NO]0 is the uncorrected concentration, andKh

) 5 × 104 L atm/mol, Henry’s constant for NO in water
(22).

Hazardous procedures.Liquid-phase concentrations of NO
above 2 mM were achieved by creating excess pressure in
the quartz Thunberg cuvettes. Cuvettes must be checked for
cracks and wrapped in a tissue. Extra pressure under the
septum should not exceed 2 atm.

RESULTS

Panels A and B of Figure 1 show the absorption spectra
of ferric and ferrous cytochromec′ and the ferric and ferrous
cytochromec′-NO complexes in the Soret region as well
as in theR,â region. Absorption maxima and extinction
coefficients of the ferric and ferrous cytochromec′-NO
complexes are compared in Table 1 with those for horse heart
myoglobin. Figure 1 shows that the absorption spectrum of
the WT ferric cytochromec′-NO complex is similar to that
observed previously (2). As previously noted (14), the ferric
NO complex is isoelectronic with the ferro CO complex.
Consequently, the spectra are very similar and both are
characterized byR and â absorption bands in the visible

[H‚NO] ) [D(NO)] + 2[D(NO)2] (10)

[H] ) [D(NO)] + 2[D] (11)

Y/(1 - Y) ) (K1[NO] + 2K1K2[NO]2)/(2 + K1[NO])
(12)

D + NO S D(NO) (13)

D(NO) + NO S D(NO)2 (14)

D(NO)2 S 2M(NO) (15)

K1 ) [D(NO)]/[D][NO] ) 2Ka (16)

K2 ) [D(NO)2]/[D(NO)][NO] ) Ka/2 (17)

K4 ) [M(NO)]2/[D(NO)2] (18)

Y/(1 - Y) ) Ka[NO] +

2KaK4
0.5[NO] (1 + Ka[NO] )

(Ka
2K4[NO]2 + 8(1 + Ka[NO])2[H]T)0.5 - KaK4

0.5[NO]
(19)

D + NO S D(NO) (20)

D(NO) + NO S D(NO)2 (21)

D(NO)2 S 2M(NO) (22)

K1 ) [D(NO)]/[D][NO] (23)

K2 ) [D(NO)2]/[D(NO)][NO] (24)

K4 ) [M(NO)]2/[D(NO)2] (25)

Y/(1 - Y) )
K1[NO](1 + 2K2[NO])

2 + K1[NO]
+

4(1 + K1[NO] + K1K2[NO]2)(K1K2K4)
0.5[NO]

(2 + K1[NO]){(K1K2K4[NO]2 + 8[H]T(1 + K1[NO] + K1K2[NO]2))0.5 - (K1K2K4[NO]2)0.5}

(26)

[∆NO] ) RT(Vl/KhVg)Y[H]T (27)

[NO]′0 ) [NO]0 - [∆NO] (28)
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range. The X-ray structure for ferrocytochromec′-CO
complex is known (1E86A, PDB), and CO occupies the distal
position. A surface hydrophobic patch around the distal heme
site that binds BPB dye was described in an earlier work
(20). Both CO and NO ligands were found to compete with
BPB dye for binding to the patch (data not shown), indicating
that both approach the same site. Although an X-ray structure
for the ferric cytochromec′-NO complex has not been
published, the combination of spectral and biochemical
evidence suggests that the distal heme site is the most likely
position for the NO ligand in the ferric complex. The
hexacoordinate intermediate was also observed for the ferrous
complex (18). One can conclude that formation of a
hexacoordinate distal site NO complex is the initial step in
NO binding by both ferric and ferrous cytochromec′.
Furthermore, the structural factors affecting the formation
of this complex must also affect the overall binding constant,
even if the hexacoordinate form is transient, as in the case
of ferrous cytochromec′ binding.

The extinction coefficients ofC. Vinosumcytochromec′
and its NO complex presented in Table 1 are somewhat
higher than those previously reported for ferric cytochrome
c′-NO complexes (14). It is noteworthy that in the absence
of added potassium ferricyanide, some ferro cytochrome

c′-NO complex was formed from the ferric cytochrome
c′-NO, presumably due to a much higher affinity of reduced
cytochromec′ for NO.

Figure 2 shows the results of a spectrophotometric titration
of C. Vinosumferricytochromec′ with nitric oxide at pH
7.0 and 100 mM ionic strength in the presence of 10-5 M
potassium ferricyanide (to suppress reduction of a high
potential NO complex).

Figure 3A shows plots ofY/(1 - Y) versus NO concentra-
tion for different concentrations of WT heme. The plots
indicate that the extent of complex formation at each ligand
concentration is dependent on the heme concentration (Table
2). The extent of complex formation increases as the heme
concentration decreases, as previously reported for CN- (23)
and CO (13) binding toC. Vinosumferri and ferrocytochrome
c′, respectively. The results of the spectrophotometric titration
of ferricytochrome c′ with NO demonstrate the earlier
observed pattern. The pattern was explained by dissociation
of the ligand-bound dimer to monomers. The existence of a
predominantly monomeric state of ferrocytochromec′ after
CO binding was demonstrated directly by gel-exclusion
chromatography using CO-saturated reducing buffer (21).
The same experiment for NO binding turned out to be more
complicated technically due to NO reactivity and instability.

FIGURE 1: (A) Spectra of ligand-free and NO-complexedC. Vinosumcytochromec′ (8µM heme) in the 470-380 nm range. 1, ferric
cytochromec′; 2, ferric NO-complexed cytochromec′; 3, ferrous cytochromec′; 4, ferrous NO-complexed cytochromec′. (B) The spectra
of ligand-free and NO-complexedC. Vinosumcytochromec′ (8µM heme) in the 700-470 nm range. 1, ferric cytochromec′; 2, ferric
NO-complexed cytochromec′; 3, ferrous cytochromec′; 4, ferrous NO-complexed cytochromec′.

Table 1: Absorption Maxima and Extinction Coefficients of NO-Complexed and Uncomplexed Ferric Hemoproteins

absorption maxima (nm) and extinction coefficients (L mmol-1 cm-1) per heme

protein regionγ regionâ regionR

C. VinosumWT cytochromec′
uncomplexed ferrica 400 (87) 495 (10.2) 635 (2.7)
NO-complexed ferrica 418 (188) 530 (28.1) 561 (28.1)
uncomplexed ferrousa 424 (94) 437sh (87) 541 (14)
NO-complexed ferrousa 397 (88) 414sh (80) 541 (17.1)

horse heart myoglobin
uncomplexed ferricb 408 (188) 502 (10.2) 630 (3.9)
NO-complexed ferricc 420.5 (155) 530 (10.5) 572 (10.3)
uncomplexed ferrousb 435 (121)
NO-complexed ferrousb 421.5 (147)

a Data obtained in our experiments.b Ref 27. c Ref 26.
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Consequently, another approach was applied. If the subunits
of the homodimer dissociate, the hydrophobic interface must
be exposed. A polarity sensitive fluorescent probe, ANSA,
was added to nitrogen-purged cytochromec′ (Figure 3B) in
the absence of the gas ligands. A big hydrophobic surface
patch is known to exist around the distal heme site (20). As

expected, a blue shift in the emission maximum and an
increase in the emission intensity were observed. The
magnitude of these changes, however, were lower than those
observed by the equivalent amount of BSA, due to energy
transfer to the heme group, a very powerful quencher within
several Å from the donor. Addition of CO to ferrous or NO
to ferric cytochromec′ increased the observed fluorescent
signal by 25%, indicating the opening of a new hydrophobic
surface upon gas ligand binding. No conformational changes
exposing the protein hydrophobic interior upon ligand
binding are found after examination of CO-complexed
cytochromec′ X-ray structures, leaving the exposed interface
as the only possible source of the signal. The observed
increase in fluorescence kinetically followed the UV-vis
spectral changes and was concomitant with all the transitions
involved. The increase in fluorescence that followed CO
addition was abolished after CO was displaced by NO,
having a higher affinity to ferrous heme. The fluorescence
after NO addition returned to the initial level prior to the
addition of CO to ascorbate-reduced cytochromec′. The
patterns observed in the experiment strongly suggest that the
break up of a hydrophobic interface takes place in the
hexacoordinate complexes, both for CO and NO, but does
not take place in the pentacoordinate NO complex. We
concluded that the ferrous cytochromec′-NO complex is
dimeric.

The present model differs from that reported earlier (13),
which postulated the presence of identical binding constants
for both subunits and dispersion of the interface as a result
of binding to both subunits. In the present model, binding

FIGURE 2: Titration of ferricytochromec′ by nitric oxide at 8µM
heme. Concentrations (M) of nitric oxide from A to K: 0, 2.66×
10-5, 5.4 × 10-5, 1.35 × 10-4, 2.9 × 10-4, 4.5 × 10-4, 7.3 ×
10-4, 1.01× 10-3, 1.54× 10-3, 2.5 × 10-3, and 6× 10-3.

FIGURE 3: (A) Plot of the WT [Bound/Unbound] ferricytochromec′ ratio as a function of the NO concentration at two different heme
concentrations. Filled circles, experimental data at 1.8µM heme and 3.12× 10-5, 6.25× 10-5, 10.56× 10-5, 15.6× 10-5, and 34.3×
10-5 M nitric oxide; empty circles, experimental data at 8µM heme and 2.66× 10-5, 5.4× 10-5, 1.35× 10-4, 2.9× 10-4, 4.5× 10-4,
7.3× 10-4, and 10.10× 10-4 M nitric oxide. The fitted lines, corresponding to the 20-26 dissociation and cooperativity model, are shown
together with the experimental data. Fitted parameters:K1 ) 3.4× 102 [M -1], K2 ) 3.4× 103 [M -1], K4 ) 5.8× 10-5 [M]. (B) The effect
of NO and CO ligand additions upon the hydrophobicity induced ANSA (1.0µM) fluorescence in the presence of 4µM cytochromec′
(heme). Shown are emissions at 450 nm excitation. 1, ANSA alone; 2, 4µM BSA added to ANSA, the ordinate scaled down to a 1:5 ratio;
3, cytochromec′ added to ANSA, followed by inner filter correction (NO was absent); 4, same as in 3, but NO gas was injected at a 1.5
mM liquid-phase concentration; 5, same as in 4, but NO was absent (cytochromec′ was reduced by ascorbate prior to being used and CO
was added to 1.6 mM); 6, same as in 5, but NO was added to 1.6 mM and CO to 0.1 mM.
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by the first subunit of the homodimer effects the affinity of
the second subunit. After ligand has bound to both subunits,
the dimeric state is lost to yield the requisite monomers.
Figure 4 compares the fit of the ratio of NO bound to
unbound heme sites versus NO concentration for the four
different ligand binding models that were compared at the
same heme concentration. The results show that the best fit
of the data is achieved by employing a model that includes
both cooperative binding and dissociation of the dimer to
monomer.

The observed binding cooperativity can be rationalized by
considering that the binding of a ligand causes movement
of the Tyr16 residue. The Tyr16 in 1BBH (PDB) and the
residues that occupy the 16th position in the other structures
(1E83A, 1CGO, 1CGN, 1JAFA, and 1CPR in PDB) steri-
cally hinder the approach of ligand to the heme iron from
the distal side (Figure 5). The 16th residue must be displaced
in order for cytochromec′ to form a hexacoordinate complex

with an incoming ligand. This displacement causes move-
ment of helix A (containing Tyr16) which perturbs the
hydrophobic contact between the dimer interface residues,
thus affecting both subunits. Figure 5 shows the structural
elements participating in the proposed mechanism of coop-
erative NO binding to ferric cytochromec′ and to its Y16F
mutant. Tyr16 is stabilized through the formation of a
hydrogen bond with Tyr58. If Tyr16 sterically blocks ligand
binding, the removal of Tyr16 stabilization by Tyr58 might
be expected to significantly affect the binding. Figure 6
presents the results of Y16F mutant titration by NO at
different heme concentrations and at fixed ionic strength.
The CD spectrum of the Y16F mutant was similar to that of
the WT. Compared to the WT UV-vis spectrum, the mutant
demonstrated the same extinction coeffcients as those of the
ferric, ferrous, and CO-complexed forms. Only a minor red
shift of the 437 nm “shoulder” of the ferrocytochromec′
spectrum was observed, indicating that the heme environment
did not change profoundly by replacing Tyr16 with Phe, a
residue of similar size and polarity. At higher temperatures,
however, the stability decreased (24). A marked concentra-
tion dependence of the (Y/1 - Y) function was observed
(Figure 6), indicating that, as is the case with WT, complete
disruption of the interface takes place in ferric Y16F. As
expected, the binding constant,K1, is 3 orders of magnitude
higher than that in the WT, indicating that the Tyr58-Tyr16
hydrogen bond is important for the stabilization of the Tyr16
position and that this hydrogen bond competes with the
incoming ligand. The comparison of half-saturation points
for WT and Y16F (Figures 3 and 6) shows a 50-fold
difference in affinity, corresponding to∼7 kJ/mol per heme
contribution in stabilization energy, which can be attributed
to the hydrogen bond. The contribution of the interface
(Ka ∼ 104) is ∼10 kJ/mol heme, as fitting Equation 26
suggests (Table 2). Incoming ligand therefore has to over-
come an energy barrier of 15-20 kJ to occupy the distal
site.

Figure 7A shows the results of titrating ferrocytochrome
c′ with NO and Figure 7B presents the calculated [bound]/
[unbound] as a function of NO. According to the data
presented in Table 3, the binding constant of NO to WT
ferrocytochromec′ is much greater than that of the WT ferric
form. Binding proceeded by complex biphasic kinetics,

Table 2: Binding Affinities for Ferric Heme Proteins, Determined by Direct Measurement and by Calculation, Using Reported On and Off
Rate Constants

protein
kon

[M -1 s-1]
koff

[s-1]
affinity by model5

[M -1] affinity by model26

ChromatiumVinosumferric
WT cytochromec′

- - 104 (at 1.8µM heme) K1 )3.4× 102 [M -1]

3 × 103 (at 8µM heme) K2 )3.4× 103 [M -1]
K4 )5.8× 10-5[M]

ChromatiumVinosumferric
Y16F cytochromec′

- - 2.9× 105 (at 1.9µM heme) K1 )1.1× 105 [M -1]

1.5× 105 (at 8.4µM heme) K2 )1.9× 104 [M -1]
K4 )1 × 10-4 [M]

Mb+ sperm whalea 5.3× 104 14 3.8× 103 -
Mb+ elephanta 2.2× 107 40 5.5× 105 -
Hb+ opossum,a R chain 3.3× 103 2.1 1.6× 103 -
Hb+, oppossuma 1.7× 103 0.65 2.6× 103 -
nitrophorine 2 and 3b - - 5 × 107 -
nitrophorine 1 and 4b - - (1-2) × 106 -

a Ref 28. b Ref 29.

FIGURE 4: Comparison of different fitting models. Filled circles,
experimental data. Fitted lines are designated by arrows. 1,
dissociation and cooperativity model, fitted parametersK1 ) 3.4
× 102 [M -1], K2 ) 3.4× 103 [M -1], andK4 ) 5.8× 10-5 [M]; 2,
cooperativity-only model, fitted parametersKa ) 1.8× 103 [M -1]
and K4 ) 1.5.4 × 10-4 [M]; 3, dissociation-only model, fitted
parametersK1 ) 8.7 × 103 [M -1] and K2 ) 3.8 × 103 [M -1]; 4,
no dissociation, no cooperativity model, fitted parametersK ) 6.7
× 103 [M -1].
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described earlier for another cytochromec′ (15-17). The
binding of NO was reversible when ascorbate was the
reducing agent but irreversible when sulfide was used as
reducing agent. Notwithstanding, the NO affinity of the
ascorbate-reduced ferrocytochromec′ was found to be much
lower compared to the affinities of other pentacoordinate
heme systems such as hemoglobin and myoglobin (Table
3). The ANSA fluorescence experiments previously referred
to (Figure 3B) suggest dimerization at the stage of the
pentacoordinate complex. The data seem to be in agreement
with the X-ray structure of NO-complexed ferrousAlcali-
genes xylosoxidanscytochromec′, where the side chain of
position 16 does not deviate from that position occupied in
the uncomplexed protein.

Figure 8 describes the redox behavior of cytochromec′.
Anaerobically purified and freshly isolatedC. Vinosum
chromatophores were added to ferric cytochromec′ in the
presence of sodium succinate and CO. After intense il-
lumination using a tungsten lamp, partial reduction of
cytochromec′ was observed. Reduction was not observed
in the absence of cytochromec′, exogenous succinate, or
light (Figure 8). Cytochromec′ in the absence of chromato-
phores was not reduced by succinate but was reduced by
sulfides, hydroquinone, and ascorbate (data not shown).
These observations suggest that cytochromec′ may react with
members of the succinate dehydrogenase branch of the
electron transport chain. The fact that only CO-complexed
ferrous cytochromec′ began to form under these conditions
indicates a relatively high-potential redox partner and oxida-
tive character of the hypothetical spontaneous reaction in
the absence of CO.

DISCUSSION

We found that different intrinsic association constants can
describe the binding of NO to the cytochromec′ homodimer

FIGURE 5: Cross section of the interface region between the two subunits of the cytochromec′ homodimer illustrates the proposed mechanism
that allows for cytochromec′ cooperative ligand binding. The heme is in blue, Tyr16 is in green, and Tyr58 is in brown for both contacting
subunits. The interface amino acid side chains (Ren et al., 1993) are shown in red and belong to helices A (Thr11, Ala14, Glu17, Phe18,
Trp21, and Lys25) and B (Ala41, Val45,Ala48, Ile49, Ser52, Gly53, Met54, and Leu57), as well as their identical counterparts in the
second subunit (A′, B′).

FIGURE 6: Plot of the Y16F mutant [bound/unbound] ferricyto-
chromec′ ratio as a function of NO concentration at two different
heme concentrations. Circles, 1.9µM heme and 1.4× 10-6, 2.7×
10-6, 4.1 × 10-6, 5.5 × 10-6, and 12.3× 10-6 M nitric oxide.
The fitted curve is shown by a solid line. Triangles, 8.5µM heme
and 1.7× 10-6, 3.3× 10-6, 4.9× 10-6, 8.3× 10-6, 16.5× 10-6,
and 33.0× 10-6 M nitric oxide. The fitted curve is shown by a
dashed line, where the parameters used were according to the model
20-26: K1 ) 1.1 × 105 [M -1], K2 ) 1.9 × 104 [M -1], andK4 )
1 × 10-4 [M].
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and that dissociation of the homodimer into individual
subunits takes place in the hexacoordinate state. The NO
binding constant of cytochromec′, compared to that of
myoglobin and hemoglobin, was equivalent in the ferric state
but much lower in the ferrous state. The pentacoordinate
ferrous form was found to be dimeric. The previous data
and our results suggest that the lower NO affinity of ferrous
cytochromec′ compared to that of myoglobin is due to the
mass effect of the displaced proximal histidine and the
disruption of the interface. The rupture of the heme iron-
histidine bond is an endothermic process, where the binding
of nitric oxide results in a smaller binding constant. This
observation is in contrast with the results for hemoglobin
and myoglobin, where the heme-histidine bond is intact
during NO binding and is broken only when the T state is
stabilized (see Perutz mechanism, in ref25). It is interesting
to note that the affinity of ferrous horse myoglobin for NO
is ∼4 × 104 greater than the affinity of NO for WT
cytochromec′, while the same ratio for CO binding is only
∼3 × 102 (Table 3). The difference is obviously due to
varying strengths of competition in proximal and distal
environments. Binding data are presented in Table 4, where
the affinities of different carrier proteins and receptors for

their respective ligands are summarized. Since the affinities
are in the nanomole to micromole range, fast off rates can
occur. If NO binding to ferrous cytochromec′ was as strong
as it is to hemoglobin/myoglobin (0.01-0.1 nM), then
cytochromec′ could not turn over rapidly, and would be
effectively blocked. The steric and electronic factors that

FIGURE 7: (A) Titration of ferrocytochromec′ by nitric oxide at 2.8µM heme. 100 mM phosphate (pH 7.0) and 5× 10-3 M ascorbate
Concentrations (M) of nitric oxide from A to F: 0, 4.45× 10-8, 12.6× 10-8, 19.0× 10-8, 3.14× 10-7, and 12.6× 10-7. (B) Plot of the
[•] ferrocytochromec′ ratio as a function of the NO concentration. TheY/(1 - Y) data were collected at 430 nm, using the intermediate data
points in shown in Figure 7A.

Table 3: Binding Affinities of NO to Ferrous Proteins and Models,
Found by Direct Measurement and by Competition with Carbon
Monoxide

affinity [M -1]a

protein NO CO O2

ChromatiumVinosum
cytochromec′

8 × 106 (at 2.9
µM heme)

7 × 104 b N/A

horse myoglobinc 3.5× 1011 2.1× 107 5.6× 105

rabbit hemoglobin 4.2× 1010 5.4× 106 -
heme octapeptide 2.4× 1012 9.5× 108 -
protoheme 8.4× 1012 4.0× 109 1.1× 107

a Binding affinities are presented as association constants, corre-
sponding to the elementary fitting model (5), and constants for systems
other than cytochromec′ were previously determined (26).

FIGURE 8: Effect of irradiation (15 min at 50 Wt/m2) and succinate
addition (5 mM at pH 7.1) upon the differential absorbance of the
chromatophore-cytochromec′ mixture under 1 atm of CO partial
pressure.The initial chromatophore OD is 1.0 at 372 nm (maxi-
mum), and cytochromec′ is 2 µM by heme. 1, baseline-corrected
differential absorbance signal in the absence of cytochromec′
following irradiation and addition of succinate. 2, baseline-corrected
differential absorbance signal after addition of cytochromec′ with
no irradiation and no succinate. 3, same as line 2 after irradiation,
but with no succinate. 4, same as line 2 after irradiation and addition
of succinate.
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modulate the affinity are central to the functioning of the
protein. The interaction of Tyr16 (and similar side chains in
different cytochromec′ families) with subunit interfaces
might serve to decrease the “on” rate during the initial
formation of the hexacoordinate complex. The mass effect
of the displaced proximal histidine serves to increase the
“off” rate of the final pentacoordinate complex. Comparing
the distal and proximal sites within the same cytochromec′
system, the mass effect of the displaced Tyr16 side chain
and disruption of the interface that accompanies this dis-
placement must be taken into account in estimating the
relative stability of the NO ligand in both environments. This
factor supposedly contributes to the preferential proximal
versus distal ligand localization in the ferrous form. This
complements the proximal stabilization of the bound NO by
the side chain of Arg124 (17), which is conserved (at a
position +4 downstream of the heme binding domain,
CXXCHXXXR) in all cytochromec′ members studied thus
far. The hypothetical sequence of events leading to the
formation of the final pentacoordinate complex can be
summarized as follows:
(1) Competition of NO with the positionally conserved 16th
side chain drives the initially distal NO ligand into its
proximal location. The ligand and proximal histidine compete
for the heme iron, inducing strain on the iron-heme bond
but not rupturing it.
(2) The second NO ligand occupies the distal side and binds
the heme iron from the distal direction, straining the proximal
His-Fe bond even further. Eventually, the His-Fe bond
breaks, changing the conformation of the distal pocket.
(3) After the conformational change, increased steric com-
petition between the distal NO and the 16th side chain
induces NO to leave the distal pocket. The proximal NO
remains “locked” at its site, being stabilized by the Arg at
the +4 position. An additional∼15-20 kJ/mol per heme
energy barrier must also be overcome, in an effort to displace
the 16th side chain and disrupt the interface, if the ligand is
to leave the proximal position.

Indeed, the heme plane in CO and NO ferrous complexes
of Alcaligenes xylooxidanscytochromec′ is puckered in
different directions, with a stronger distal steric competition
for the NO-induced pucker. The proposed mechanism
providing binding attenuation and cooperativity in cyto-
chromec′ greatly resembles the adjustment of oxygen affinity
in hemoglobin. In both cases, the binding energy of a ligand
serves to move anR-helix mechanically connected to a

hydrophobic interface (25). Cytochromec′ has been proposed
to serve as a simple model of ligand binding behavior as it
might relate to medically important sGC (15-17). In light
of our findings, the connection between the two requires
examination in more detail. The NO binding constant to the
ferrous form is found to be in the range typical of carriers
and receptors. This alone would be insufficient to assign a
biological role to cytochromec′, but taken in the context of
other studies, it becomes significant. In addition to gene
knockout experiments (11) that demonstrated a connection
between the presence of cytochromec′ and resistance to NO,
our reconstitution experiments using purifiedC. Vinosum
chromatophores indicated electron transport activity between
cytochromec′ and membranes (Figure 8). On the basis of
the accumulated information, we propose the following
model detailing a function of cytochromec′ as a nitric oxide
protective carrier:
(1) Cytochromec′ gets reduced by a low-potential periplas-
mic redox partner and binds NO with high affinity, protecting
most of the periplasmic components against nitrosilation.
(2) The ferrous cytochromec′-NO complex undergoes
passive diffusion until contact with the surface of a cytosolic
membrane, where the complex gets oxidized by high-
potential unidentified membrane partners.
(3) The lower stability of the ferric complex frees the NO
ligand near the membrane surface, creating a sufficiently high
local NO concentration to diffuse into lipid bilayer to allow
for the efficient functioning of NO reductase (1JFB, PDB).

Thus, the combination of a reversible carrier and the NO
reductase may clear NO more efficiently than the separate
components, while protecting the bulk of the periplasmic
components against nitrosilation.
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