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Abstract
A re-investigation of the interaction with NO of the small tetraheme protein cytochrome c554  (C554) from Nitrosomonas 
europaea has shown that the 5-coordinate heme II of the two- or four-electron-reduced protein will nitrosylate reversibly. 
The process is first order in  C554, first order in NO, and second-order overall. The rate constant for NO binding to the heme 
is 3000 ± 140 M−1s−1, while that for dissociation is 0.034 ± 0.009 s−1; the degree of protein reduction does not appear to 
significantly influence the nitrosylation rate. In contrast to a previous report (Upadhyay AK, et al. J Am Chem Soc 128:4330, 
2006), this study found no evidence of  C554-catalyzed NO reduction, either with C2−

554
 or with C4−

554
. Some sub-stoichiometric 

oxidation of the lowest potential heme IV was detected when C4−

554
 was exposed to an excess of NO, but this is believed to 

arise from partial intramolecular electron transfer that generates {Fe(NO)}8 at heme II. The vacant heme II coordination site 
of  C554 is crowded by three non-bonding hydrophobic amino acids. After replacing one of these (Phe156) with the smaller 
alanine, the nitrosylation rate for  F156A2− and  F156A4− was about 400× faster than for the wild type, though the rate of the 
reverse denitrosylation process was almost unchanged. Unlike in the wild-type  C554, the 6-coordinate low-spin hemes of 
 F156A4− oxidized over the course of several minutes after exposure to NO. Concomitant formation of  N2O could explain 
this heme oxidation, though alternative explanations are equally plausible given the available data.
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Abbreviations
C554  Cytochrome c554
NOR  Nitric oxide reductase
PaPy2Q  N,N-bis(2-pyridylmethyl)-amine-N-ethyl-

2-quinoline-2-carboxamide)
DEANO  1-(N,N-diethylamino)diazene-1-ium-1,2-diolate
HEPES  N-(2-hydroxyethyl) piperazine-N-ethanesul-

fonic acid
SVD  Singular value decomposition

Introduction

The protein cytochrome c554  (C554) is a small (26 kDa) 
monomeric-soluble periplasmic protein containing four 
c-type hemes, whose primary function appears to be as an 
electron transport protein for the ammonia-oxidizing bac-
terium Nitrosomonas europaea [1–6]. However, in 2006, 
Upadhay and coworkers published a paper in which they 
reported that  C554 was capable of binding nitric oxide and 
catalytically reducing it to nitrous oxide [7], which raised 
the prospect of an ancillary role as an NO reductase for the 
protein. This paper presents a detailed mechanistic investiga-
tion of nitric oxide’s interaction with  C554 and with a variant 
of the protein.

As is characteristic of c-hemes, each of the four  C554 
hemes is covalently attached to the protein by two thioether 
linkages with cysteines that are part of the amino acid 
sequence C–X–Y–C–H. In this motif, the histidine residue 
that ends the sequence is one of the heme axial ligands. 
Three out of four hemes in  C554 are six-coordinate with bis-
histidine axial ligation, while the fourth is five-coordinate 
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with a single histidine axial ligand (Fig. 1a) [2, 3]. The three 
6-coordinate hemes are all low-spin ferric in the as-isolated 
protein, while the 5-coordinate heme is high-spin ferric [4]. 
Figure 1b, c depicts the environment immediately surround-
ing the 5-coordinate high-spin heme. Though the iron center 
has a vacant site, this site is shielded by the three residues 
Thr 154, Pro 155, and Phe 156. These residues are not close 
enough to coordinate to the iron, but leave only a small 
hydrophobic pocket, which is not large enough to readily 
accommodate common heme ligands (Fig. 1c). Nonetheless, 

when this heme is reduced, it is the site, where NO coordina-
tion and subsequent reduction are reported to take place [7].

We found  C554’s purported NO reductase activity intrigu-
ing, because the heme II vacant site at which the reduction 
ostensibly takes place is so different from the active sites of 
other known NO reductases. Above all, it seemed surpris-
ing that such reactivity could be catalyzed in a heme vacant 
site that appears to be barely large enough to bind a single 
NO molecule (Fig. 1c). The classic NO reductases (NORs) 
catalyze the two-electron reduction of two equivalents of NO 
to yield  N2O (Eq. 1). These enzymes have di-iron active sites 
with enough space for two NO

molecules to be held in close proximity, so that they can 
dimerize and ultimately form  N2O [8–12]. Model studies 
also suggest that the di-iron motif plays a critical role in 
NORs [13–15]. Enzyme-catalyzed  N2O formation at mono-
nuclear iron centers has been documented, but the actual 
reaction being catalyzed in this case is quite different. 
Instead of the, Eq. 1, dimerization, these enzymes formally 
catalyze the comproportionation of hydroxylamine and nitric 
oxide, as shown in Eq. 2 [16]. The best studied compro-
portionation-mediating enzymes are cytochrome P460 from 
N. europaea [17, 18] and the fungal enzyme cytochrome 
P450nor [19, 20]. Both these

enzymes have more spacious active sites than the vacant site 
in  C554, capable of accommodating NO and  NH2OH in close 
proximity, as well as amino acid residues that could facilitate 
putative comproportionation steps [17–20].

In addition to the chemical uniqueness of  C554 as a puta-
tive NO reductase, a more general incentive for studying the 
interaction of NO with  C554 is that, for ecological reasons, it 
is becoming increasingly important to account for biologi-
cal processes that generate  N2O. The ever greater use of the 
Haber process to fix nitrogen for agricultural consumption 
has resulted in historically high accumulation of reactive 
nitrogen species such as NH+

4
 and NO−

3
 in the biosphere, 

and this is having many unintended negative consequences 
that will have to be mitigated in the coming years [21–25]. 
Nitrous oxide, a byproduct of denitrification, is not nor-
mally considered to be one of the “reactive nitrogen spe-
cies”, because it cannot be interconverted with these; it can 
only be reduced back to dinitrogen. However, because of its 
comparative inertness,  N2O can persist in the atmosphere 
for prolonged periods of time. This is a problem, because 
 N2O is a potent greenhouse gas (about 300× more potent 
than  CO2) [23], and also an ozone depleter; indeed, a recent 
study showed that  N2O is now the single most important 
ozone depleting emission, and is likely to remain as such 

(1)2NO(g) + 2H+

+ 2e−
NOR
�����������������→ N2O(g) + H2O,

(2)2NH2OH + 4NO → 3N2O + 3H2O,

Fig. 1  a  C554 heme labeling scheme used throughout this article; 
heme II is 5-coordinate, while hemes I, III, and IV are 6-coordi-
nate. b Vacant site of heme II, with the bulky Thr154, Pro155, and 
Phe156 labeled. Note that the iron is pulled out of the heme plane in 
the opposite direction by the histidine ligand. c Same as b, but with 
Thr154, Pro155, and Phe156 rendered in space-filling mode
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throughout the 21st century [26, 27]. Many of the current 
problems caused by high accumulations of reactive nitrogen 
species and nitrous oxide could be mitigated by more effi-
cient use of ammonia fertilizer, and a better understanding 
of the interplay between the various chemical processes in 
the nitrogen cycle could greatly aid microbial physiologists 
and ecologists, and ultimately farmers, in achieving this 
objective.

A major challenge in studying the reactivity of NO under 
reducing conditions is that NO reacts directly with many 
commonly used reducing agents such as dithionite or methyl 
viologen monocation radical. This can make it difficult to 
deconvolute NO reduction catalyzed by a species such as 
 C554 from the direct interaction, which is often rapid. Fur-
thermore, except at very low concentrations, NO gas reacts 
rapidly with even trace oxygen, which can easily confound 
experimental results unless oxygen is rigorously excluded. 
In the past, our research group has found the light-activated 
NO precursor [Mn(PaPy2Q)NO]ClO4 (species 1, Scheme 1 
[28], where  PaPy2Q is the pentadentate ligand N,N-bis(2-
pyridylmethyl)-amine-N-ethyl-2-quinoline-2-carboxamide) 
to be extremely useful for investigating reactions of pro-
teins with NO [29, 30]. This species releases NO within 
less than 1 μs of being irradiated with a 5 ns laser pulse, and 

is thus ideally suited for investigating fast reactions of this 
gas. Furthermore, by quickly generating an aliquot of NO 
in situ, the method often allows the reaction of interest to 
be investigated before unwanted side reactions of NO, with 
residual oxygen or reducing agents, and can proceed to a sig-
nificant extent. Herein, we re-evaluate the reactivity of NO 
with  C554 under rigorously anaerobic conditions, exploiting 
the properties of 1 to minimize interference from unwanted 
side reactions. We also look at the interaction with NO of 
the F156A variant of  C554.

Materials and methods

General materials

Common chemicals were obtained from Fisher Scien-
tific, VWR or Sigma-Aldrich unless specified other-
wise. Hexammineruthenium(II) chloride (Ru(NH3)6Cl2), 
hexammineruthenium(III) chloride (Ru(NH3)6Cl3), and 
methyl viologen were obtained from Acros. Zinc powder 
was from Fisher Scientific. The light-activated NO precursor 
1 (Scheme 1) was prepared by the method of Eroy-Reveles 
et al. [28]. The pH-jump activated NO precursor 1-(N,N-
diethylamino)diazene-1-ium-1,2-diolate (DEANO) was pre-
pared as described by Drago and Paulik [31, 32]. Methods 
for preparing the complex K[Ru(EDTA)Cl]·2H2O and its 
precursors were found in articles by Wanat et al. [33], Chat-
terjee et al. [34], and references therein.

General instrumentation

Routine UV/Vis spectra were obtained using one of three 
Cary 50 (Varian) spectrophotometers available to the 
Pacheco group. Two of these spectrophotometers are housed 
in gloveboxes for obtaining spectra of air-sensitive samples. 
Bulk electrolysis was carried out using a BASi Epsilon EC 
potentiostat to set the appropriate potential. An Ag/AgCl 
electrode was used as a reference (BASi model RE-5B), 
and was periodically standardized by comparison with the 
methyl viologen couple [35]. Concentrations of  C554 or its 
F156A variant, as well as the extent of the proteins’ reduc-
tion in the reaction mixtures used for stopped-flow or laser 
photo-initiated experiments, were assessed by UV/Vis 
spectroscopy using the independently obtained extinction 
coefficient spectra of the fully oxidized, or partially or fully 
reduced proteins [36].

General protein preparation

The purification protocols for  C554 and its F156A variant 
were as described in Ref. [36]. All experiments with purified 
 C554 and its variant were performed in solutions buffered 

Scheme  1  Photolytic cleavage of 1 to produce an aquo species and 
free NO
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with 50 mM N-(2-hydroxyethyl) piperazine-N-ethanesul-
fonic acid (HEPES) pH 7, containing 1 mM EDTA. Solu-
tions were prepared and manipulated in a nitrogen-filled 
glovebox. Stock solutions were prepared daily in the glove-
box, and stored in a refrigerator at 4 °C until needed.

Sample preparation for laser‑initiated time‑resolved 
spectroscopic experiments

In addition to  C554 and buffer, solutions for use in laser-ini-
tiated time-resolved spectroscopy also contained a suitable 
reducing agent as described below, and varying concentra-
tions of the NO-generating photosensitive species 1. Such 
solutions had to be prepared and kept in a darkened room at 
all times; a red safe-light was used to provide the minimal 
illumination needed to prepare the samples.

Stock solutions of two-electron-reduced  C554 or F156A 
for laser-initiated time-resolved spectroscopy were pre-
pared in a bulk electrolysis cell by applying potentials of 
− 50 mV vs SHE to solutions initially containing 200 μM 
Ru

(

NH3

)3+

6
, 150 mM NaCl (as supporting electrolyte) and 

oxidized protein stock in standard HEPES buffer. Stock solu-
tions containing only Ru

(

NH3

)3+∕2+

6
 mixtures were prepared 

separately in a bulk electrolysis cell by applying potentials 
of − 50 mV vs SHE to solutions initially containing 200 μM 
Ru

(

NH3

)3+

6
 and 150 mM NaCl (as supporting electrolyte) in 

standard HEPES buffer. Finally, stock solutions of species 
1 were prepared by adding aliquots of the stock 200 μM 
Ru

(

NH3

)3+∕2+

6
 mixtures to solid 1. Reaction mixtures for 

each given experiment were made by combining suitable 
volumes of the three stock solutions to give a total volume of 
150 μL. All reaction mixtures contained the same volumes 
of stock  C554 solution, but varying volumes of the stock 1 
and 200 μM Ru

(

NH3

)3+∕2+

6
 solution.

Solutions of four-electron-reduced  C554 or F156A for 
laser-initiated time-resolved spectroscopy were generated 
by gently stirring solutions initially containing the diluted 
oxidized protein stock, species 1 and methyl viologen  (MVox, 
3 μM) in a buffered suspension of zinc powder.  MVox was 
added to the suspension to act as a mediator between the 
solid zinc and the dissolved protein. After 30 min, stirring 
was stopped, and the solid Zn was allowed to settle out in 
preparation for spectroscopic experiments. At this point, the 
methyl viologen was fully reduced to the monocation radical 
 (MVred), as verified by UV/Vis spectroscopy.

Instrumentation for laser‑initiated time‑resolved 
spectroscopic experiments

Samples for laser-initiated time-resolved experiments were 
prepared in the glovebox, in 1.5 × 1.5  mm flourometer 
cuvettes (Starna) stoppered with greased ground glass caps. 
Nitric oxide was generated photochemically in the cuvettes 

by irradiating species 1 with 5 ns, 500 nm laser pulses from 
an OPO tunable laser (Opotec Rainbow Vis); NO release 
from the complex occurred in less than 1 μs. The laser pulse 
was delivered through a fiber optic cable, and was focused 
to a spot of 5 mm diameter that homogeneously irradiated 
the entire cuvette window; this arrangement minimized arti-
facts due to irradiated solution diffusing out of the volume 
being probed. The laser pulse energies were measured daily 
before experiments were started using a Scientech AC2501 
bolometer. The laser was tuned to deliver roughly 3 mJ/
pulse (with ~ 10% variability from shot to shot), which for 
a 5 mm spot amounted to energy intensity of about 15 mJ/
cm2. Such laser pulses were found to release NO in concen-
trations of approximately 10% of [1] at low concentrations 
of 1, but the NO yield decreased progressively due to self-
screening in the cuvette as [1] increased towards 1 mM and 
beyond [37]. The Mn product formed after release of NO is 
unreactive on the time scale recorded [28]. For wild-type 
 C554, time-resolved UV/Vis spectra following the laser pulse 
were collected on an OLIS RSM 1000 spectrophotometer 
in rapid-scanning mode 1, which allowed complete spectra 
in the range from 362 to 587 nm to be collected at a rate of 
62 scans s−1. Kinetic measurements for the very fast nitros-
ylation of F156A were made with the OLIS RSM 1000 in 
single wavelength mode, which allows spectral changes at a 
single wavelength to be monitored on the microsecond time-
scale. In all experiments, the laser pulse entered a cuvette 
window perpendicular to the spectrophotometer’s probe 
beam. Because the laser pulse irradiated the full window, 
the pathlength through the irradiated solution was 1.5 mm, 
equal to the cuvette’s pathlength.

Sample preparation for stopped‑flow experiments

Stock NO for stopped-flow experiments was prepared from 
the precursor DEANO [31, 32, 38] in a two-step process. In 
the first step, a concentrated (20 mM) solution of DEANO 
was prepared in 0.01 M NaOH (pH 12), where it is stable for 
extended periods. When needed the DEANO was diluted to 
200 µM with the standard pH 7.0 HEPES buffer and allowed 
to stand for 15 min, during which time it decomposed to 
yield two equivalents of NO [31, 32]. In preparation for the 
stopped-flow experiments, a sample of wild-type  C554 or the 
F156A variant was two electrons reduced in the glovebox by 
bulk electrolysis, in solutions containing 200 µM Ru

(

NH3

)3+

6
 

and 150 mM NaCl in addition to the standard HEPES buffer, 
as described above for the laser experiments. The two-elec-
tron-reduced protein was then nitrosylated by adding enough 
pH 7.0 DEANO stock to give 50 µM of NO in the reaction 
mixture. The final solutions contained 1.5–2 µM nitroslyated 
two-electron-reduced protein, and were housed in tonom-
eters for anaerobic transport to the stopped-flow system. All 
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other anaerobic solutions used in stopped-flow experiments 
were prepared by purging with nitrogen streams.

Instrumentation for denitroslyation stopped‑flow 
experiments

Stopped-flow experiments were done on an SF-61 DX2 
stopped-flow system (Hi Tech Scientific), which was made 
anaerobic by scrubbing the system overnight with a solution 
containing 2 U/ml glucose oxidase (MP biomedicals) and 
1 mM glucose (Fisher Scientific). The apparatus was used 
in single-mixing mode, with one drive syringe containing 
the two-electron-reduced and nitrosylated  C554 or F156A 
described above, and the other containing a 200 µM anaero-
bic solution of [Ru(EDTA)OH2]− in the standard HEPES 
buffer. The protein solution was rapidly mixed with the 
[Ru(EDTA)OH2]−, and spectral changes were monitored at 
430 nm using photomultiplier tubes (Hi Tech Scientific) for 
300 s for  C554 and 160 s for F156A.

Data analysis

All data were analyzed using programs written within the 
commercially available software packages Origin version 6.0 
or later (Microcal Software), or Mathcad 13 or later (PTC 
Software). The analysis strategies used in our laboratories 
have been previously described in general terms in refer-
ences [38–42]. Strategies more specific to analyzing kinetic 
data, including the background for the equations appearing 
in “Results and Discussion”, can be found in references [29, 
30, 43].

Results

The reaction of photo‑generated 
NO with two‑electron‑reduced wild‑type  C554

Figure 2 shows the spectral changes observed after a solu-
tion initially containing 0.9 mM of the NO-generating spe-
cies 1, 6 µM  C554 and 200 µM Ru

(

NH3

)2+

6
 was exposed to a 

500 nm, 5 ns laser pulse, which fragments 1 to release NO 
(Scheme 1). Under these conditions,  C554 hemes I and II are 
reduced, while hemes III and IV remain oxidized (Fig. 1a) 
[4, 36, 44, 45]. The raw time-resolved UV/Vis spectra were 
first subjected to singular value decomposition (SVD) to 
determine the number of spectral components and smooth 
out noise [46, 47]. The SVD analysis showed that only three 
components were needed to faithfully reconstruct a noise-
reduced absorbance matrix. The SVD-treated data were then 
fit to Eq. 3 using a global fitting routine (red traces, Fig. 2) 
[29, 30]. In Eq. 3, spectral component Λ0 is present immedi-
ately after the laser pulse (taken as t0), component Λ1 grows 

in exponentially in a process governed by the rate constant 
kobs, and component Λ2 grows in linearly with time. The 
data were fit to Eq. 3 with a Mathcad program that allowed 
kobs to be manually adjusted, after which a pseudoinverse 
could be calculated to generate trial values of a matrix Λ that 
contained the spectral components [29, 30]. The value of

kobs was adjusted until the least-squares difference between 
the experimental absorbance values and the matrix of ΔAλ,t 
values obtained from Eq. 3 was minimized.

(3)ΔA
�,t = �0(�) + �1(�)(1 − e

−kobst
) + �

2(�)
t

(a)

(b)

Fig. 2  a Spectral changes at selected times observed after a solution 
initially containing 0.9  mM of the NO-generating species 1, 6  µM 
 C554 and 200  µM Ru(NH3)6

2+ was exposed to a 500  nm, 5  ns laser 
pulse, which fragments 1 to release NO. The red dotted traces are the 
least-squares best fits using Eq. 3. b Changes in absorbance vs time 
are plotted for 415, 430 and 500 nm, where individual species make 
significant contributions; the red dotted traces are from the least-
squares best fits using Eq. 3
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Figure 3 shows the spectral components obtained from 
the fitting process. The component Λ0 (Fig. 3a) arises from 
the denitrosylation of species 1 within the dead time of the 
experiment. This component was fit with the independently 
known extinction coefficient spectrum of species 1, and the 
amount of NO generated by the laser pulse in the experi-
ment was determined to be 31 μM from this fit. The compo-
nent Λ1 (Fig. 3b) grows in exponentially, and is attributed 

to nitroslyation of the reduced 5-coordinate heme II of  C554 
[7]. Finally, component Λ2 (Fig. 3c) grows in linearly, and 
arises from the release of NO from species 1 caused by the 
spectrophotometer probe-beam irradiation during the experi-
ment (similar linear components are seen when collecting 
UV/Vis time series of solutions containing only species 1) 
[29, 30]. The Λ2 component was fit using the independently 
known extinction coefficient spectrum of species 1, with an 
admixture of component Λ1 attributable to the extra  C554 
nitrosylation that accompanied the continued slow addition 
of NO. Small admixtures of the  C554 nitrosylation spectrum 
Λ1 are also seen in the Λ0 component, but this is probably an 
artifact of the data reduction procedure, based on observa-
tions obtained by subjecting synthetic data of similar inten-
sity and noisiness to the same procedure (including SVD 
analysis).

The analysis described in Figs. 2 and 3 was repeated 
with solutions containing varying concentrations of 1 and 
a nominally constant concentration of  C554. These experi-
ments showed that kobs varied linearly with the amount of 
NO generated by the laser pulses (Fig. 4). A least-squares fit 
of the data provided a non-zero intercept (red trace, Fig. 4), 
which suggests that exposure of two-electron-reduced  C554 
to photo-generated NO results in establishment of an equi-
librium between the reduced  C554 and its nitrosylated form 
 (C554

2− and  C554
2− NO, respectively, Scheme 2). The posi-

tion and rate of establishment of this equilibrium depend 
visibly on the amount of NO present. Accordingly, the value 
of kobs at a given NO concentration will be given by Eq. 4 

(a)

(b)

(c)

Fig. 3  Spectral components Λ0-Λ2 generated by fitting the SVD-pro-
cessed, Fig. 2, data to Eq. 3 (blue traces). The red traces were gen-
erated with the independently known extinction coefficient spectrum 
of species 1 and admixtures of Λ1. From the fit of Λ0 (a), one can 
calculate that 31 µM of NO were generated by the laser pulse in this 
experiment. The fit of Λ2 (c) mainly reflects the amount of 1 photol-
yzed per second due to the spectrophotometer probe beam; the NO so 
generated then nitrosylates additional  C554

Fig. 4  Plot of kobs associated with appearance of the exponential 
component Λ1 (Eq.  3), vs NO concentration obtained by fitting the 
corresponding  t0 component Λ0. Red trace: least-squares fit of the 
data to a straight line (Eq.  4). Slope = 3000 ± 140  M−1s−1; Inter-
cept = 0.034 ± 0.009  s−1; these are assigned as kon and koff, respec-
tively, as defined in Scheme 2 and Eq. 4
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(Supplementary Material). Note that in all cases the amount 
of NO

generated by the laser pulse exceeded the amount of  C554 
nitrosylated by a sufficient amount to maintain pseudo first-
order conditions. From the linear fit to the, Fig. 4, data, rate 
constant values of 3000 ± 140 M−1s−1 and 0.034 ± 0.009 s−1 
were obtained for kon and koff, respectively. An equilibrium 
constant Keq of (9 ± 2) × 104 M−1 for the, Scheme 2, nitros-
ylation was subsequently calculated from the ratio kon/koff.

The reaction of photo‑generated 
NO with two‑electron‑reduced F156A

Figure 5 shows the spectral change observed immediately 
after a solution initially containing 900 µM of the NO-
generating species 1; 5 µM F156A and 200 µM Ru

(

NH3

)2+

6
 

was exposed to a 500 nm, 5 ns laser pulse, which fragments 
1 to release NO (Scheme 1). As with the wild-type  C554, 
two hemes in F156A, including the 5-coordinate heme II, 
are reduced under these conditions, while the other two 
remain oxidized [36]. In Fig. 5, spectrum shows absorbance 
decreases centered around 431 and 500 nm, and an absorb-
ance increase centered around 413 nm. Least-squares fitting 
of this spectrum with the independently known extinction 
coefficient spectrum of 1, and an estimated extinction coef-
ficient difference spectrum for wild-type C2−

554
 nitrosylation 

obtained by a procedure described in Supplementary Mate-
rial, gave a plausible fit (red trace, Fig. 5). This shows that 
two-electron-reduced F156A nitrosylates much faster than 
wild type, within milliseconds instead of tens of seconds 
(compare with Fig.  2). Further minor spectral changes 
were seen in the minutes following the laser pulse (data not 
shown). These could be attributed to additional photolysis 
of 1 in the spectrophotometer probe beam and associated 
 F156A2− nitrosylation. No evidence was seen in this experi-
ment for  F156A2− oxidation.

F156A2− nitrosylation proved too fast to follow reli-
ably with the spectrophotometer in rapid-scanning mode, 
so quantitative kinetic measurements were made with the 

(4)kobs = koff + kon[NO],

instrument in fixed-wavelength mode. Figure 6 shows that 
the change in absorbance at 430 nm over 1 s after a solution 
initially containing 12 µM F156A, 200 µM Ru

(

NH3

)2+

6
 and 

48 µM of the NO-generating species 1 was irradiated with 
a 500 nm, 5 ns laser pulse. The data were well fit with a 
single exponential function (red trace, Fig. 6). The analysis 
described for Fig. 6 was repeated with solutions containing 

Scheme  2  Equilibrium between two-electron-reduced  C554 and its 
nitrosylated form; nitrosylation of the heme II vacant site is shown 
schematically

Fig. 5  Blue trace: spectral change observed immediately (within 
16 ms) after a solution initially containing approximately 900 µM of 
the NO-generating species 1, 5 µM F156A, and 200 µM Ru(NH3)6

2+ 
was exposed to a 500  nm, 5  ns laser pulse, which fragments 1 to 
release NO. Red trace: least-squares best fit using the independently 
known extinction coefficient spectrum of 1 and the extinction coef-
ficient difference spectrum associated with wild-type C2−

554
 nitrosyla-

tion (Supplementary Material). From the fit, one can estimate that the 
laser pulse photo-generated about 48 μM NO

Fig. 6  Change in absorbance at 430  nm over 1  s observed after a 
solution initially containing 12 µM F156A, 200 µM Ru(NH3)6

2+ and 
48 µM of the NO-generating species 1 was irradiated with a 500 nm, 
5  ns laser pulse. Red trace: least-squares best fit to an exponential 
function
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varying concentrations of two-electron-reduced F156A and 
a constant concentration of species 1. The values of the rate 
constant kobs obtained from the exponential fits varied lin-
early with concentration of  F156A2−, as shown in Fig. 7.

Presumably, by analogy with the wild-type case, 
 F156A2− nitrosylation is reversible, as shown in Scheme 2, 
so that kobs should vary linearly with [NO], as shown in 
Eq. 4. However, the intercept in Fig. 7 is zero within the 
precision of the measurements, so koff cannot be obtained 
from this method. From the slope of Fig. 7 line, kon was esti-
mated to be (1.23 ± 0.09)×106 M−1s−1, which is about 400× 
higher than the kon value obtained for the wild type (Fig. 4).

Stopped‑flow investigation of  C5542−NO 
and  F156A2−NO denitroslyation

As the koff value could not be obtained from the, Fig. 7, 
results, an alternative strategy was developed to measure 
this parameter directly, using a well-known NO-trapping 
method [33, 34, 48]. In this method, NO released from a 
labile nitrosylated protein of interest is rapidly and irrevers-
ibly trapped by [Ru(EDTA)OH2]−, as shown in Scheme 3. 
Assuming that dissociation of NO from the protein of inter-
est is rate limiting, the method is readily used to measure the 
dissociation rate constant. The method was first tested with 
wild-type  C554, for which the dissociation rate constant had 
been previously determined (see Fig. 4); the denitrosyla-
tion was monitored by UV/Vis stopped-flow spectroscopy. 
C2−
554

 was first fully nitrosylated by adding an excess of NO, 

obtained from decomposition of the precursor DEANO [31, 
32, 38], as described in “Methods”.

Figure 8a shows the change in absorbance at 430 nm 
observed after a solution initially containing 2.1 µM wild-
type C2−

554
 NO and about 50  μM free NO was mixed by 

stopped flow with a second solution containing 200 µM of 
the NO-trapping compound [Ru(EDTA)OH2]−. The data 
were fit using a two-exponential function (red trace, Fig. 8a), 
which gave rate constant values of 0.018 and 0.090 s−1. The 
amplitude associated with the slow rate constant is 4× that 
of the faster one and that rate constant value is compara-
ble to the koff value obtained in the, Fig. 4, experiments 
(0.034 ± 0.009 s−1). The minor exponential component is 
believed to arise from heme oxidation, either directly or indi-
rectly, by residual oxygen. In support of this conjecture, the 
UV/Vis spectrum taken after stopped-flow mixing did show 
that some heme oxidation had accompanied denitrosylation.

The stopped-flow experiment was repeated using 
F156A in place of  C554 to determine koff for  F156A2−NO 

Fig. 7  Blue circles: plot of kobs associated with the exponen-
tial absorbance decrease at 430  nm vs  F156A2− concentration. 
Red trace: least-squares fit of the data to a straight line (Eq.  4). 
Slope = (1.23±0.09) × 106  M−1s−1; intercept = 0.5 ± 1  s−1. Note that 
the intercept is zero within the precision of the measurement

Scheme 3  NO scavenging by [Ru(EDTA)OH2]−
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denitrosylation (in the process analogous to the wild-type, 
Scheme 2, equilibrium). The blue trace in Fig. 8b shows 
the corresponding change in absorbance at 430 nm when 
1.5 µM of  F156A2−NO (pre-nitrosolyated with 50 μM NO, 
as described in “Methods”) was rapidly mixed with 200 µM 
of [Ru(EDTA)OH2]−. As before, the data were fit using a 
two-exponential decay equation (red trace, Fig. 8b), which 
in this case gave rate constant values of 0.021 and 0.070 s−1. 
Once again, inspection of the spectrum obtained after 
stopped-flow mixing showed that some heme oxidation had 
accompanied denitrosylation. In this case, the amplitudes 
associated with the two rate constants were more similar 
(the higher valued one had an amplitude about 1.4× larger 

than the lower valued one), which makes it difficult to be 
sure of which rate constant is associated with denitrosyla-
tion and which is tied to oxidation. However, given that the 
two rate constants are within a factor of 4 of each other in 
both the wild type and variant proteins, the salient fact is 
that the koff values for C2−

554
 NO and  F156A2−NO must be in 

the same ballpark, whereas the kon value for NO binding 
to  F156A2− is 400× higher than the kon value obtained for 
the wild type. Using the two rate constants obtained from, 
Fig. 8b, as lower and upper estimates of the possible koff 
values, one can estimate the equilibrium constant Keq = kon/
koff for  F156A2− nitrosylation to be about (4±2) × 107 M−1. 
This represents an NO affinity about 440× stronger for the 
 F156A2− mutant compared to the wild-type C2−

554
 , which is 

almost entirely due to the higher kon value for the former.

The reaction of photo‑generated 
NO with four‑electron‑reduced wild‑type  C554

Figure 9 shows the spectral changes observed after a solution 
initially containing 4 µM  C554, 0.75 mM of the NO-gener-
ating species 1 (Scheme 1), and 3 µM of methyl viologen 
reduced by zinc powder (see “Materials and Methods”) was 
exposed to a 500 nm, 5 ns laser pulse, which fragments 1 
to release NO (Scheme 1). Under these conditions, all four 
of the  C554 hemes are initially reduced. SVD analysis of 
the data showed that four components were needed to faith-
fully reconstruct a noise-reduced absorbance matrix. The 
SVD-treated data were fit to Eq. 5 using a global fitting rou-
tine [29, 30]. In Eq. 5, spectral component Λ0 is present 
immediately

after the laser pulse (taken as t0), components Λ1 and Λ3 
grow in exponentially in processes governed by the rate 
constants k1obs and k2obs, respectively, while component Λ2 
grows in linearly with time. In a manner analogous to those 
used with the partially reduced cases, the data were fit to 
Eq. 5 with a Mathcad program that allowed the two first-
order rate constants to be manually adjusted, after which a 
pseudoinverse could be calculated to generate trial values 
of a matrix Λ that contained the spectral components [29, 
30]. The values of the rate constants were adjusted until the 
least-squares difference between the experimental absorb-
ance values and the matrix of ΔAλ,t values obtained from 
Eq. 5 was minimized.

Figure 10 shows the spectral components obtained from 
the fitting process. As with the two-electron-reduced case, 
the component Λ0 (Fig. 10a) arises from the denitroslya-
tion of species 1 within the deadtime of the experiment, and 
could be fit with the independently known extinction coef-
ficient spectrum of species 1. This revealed the amount of 

(5)
ΔA

�,t = �0(�) + �1(�)

(

1 − e−k1obst
)

+ �
2(�)

t + �3(�)

(

1 − e−k2obst
)

,

(a)

(b)

Fig. 8  a Blue trace: change in absorbance at 430 nm observed after a 
solution initially containing 2.1 µM wild-type C2−

554
 NO was mixed by 

stopped-flow with a second solution containing 200 µM of the NO-
trapping compound [Ru(EDTA)OH2]−. Red trace: least-squares fit of 
the data with a two-exponential function. b Similar to a, but syringe 
1 contained 1.5  µM  F156A2−NO instead of wild-type protein. In 
both cases, the concentration of [Ru(EDTA)OH2]− was sufficient to 
remove free NO as well as NO being released from nitrosylated pro-
tein
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NO generated by the laser pulse to be 66 μM for the experi-
ment portrayed. The component Λ1 (Fig. 10b) that grows in 
exponentially could be fit (red trace) using the independently 
obtained extinction coefficient spectrum of the methyl violo-
gen monocation radical  (MVred), and showed that 3.3 μM 
of this species was consumed upon exposure to NO; the 
rate constant k1obs obtained for the process was 1.5 s−1. The 
component Λ2 (Fig. 10c) that grows in linearly is once again 
attributed to the spectrophotometer probe-beam-induced 
nitric oxide release from species 1, and as before, it can 
be fit primarily with the extinction coefficient spectrum for 
species 1, with some admixture of component Λ1 from the 

analysis of two-electron-reduced  C554 (Fig. 3b, Supplemen-
tary Material).

The final component Λ3 (Fig.  10d), which grows in 
exponentially with a k2obs of 0.097 s−1, exhibits features 
characteristic of changes at the  C554 c-hemes. In particu-
lar, the absorbance decreases at 554 nm and in the region 
420–440 nm, and concomitant absorbance increase near 
405 nm, at first sight appear to be diagnostic of straight-
forward c-heme oxidation. However, more careful analysis 
revealed that more complex changes were occurring. The 
decrease at 554  nm is especially characteristic of low-
spin heme oxidation. However, the largest net absorbance 
decrease occurs at 434 nm, which is diagnostic of changes 
at the single high-spin 5-coordinate heme II (Fig. 1) [36, 
42, 44, 49]. Qualitative consideration of the relative mag-
nitudes of high-spin and low-spin features suggested that 
component Λ3 is a composite spectrum of all four hemes, 
and needs to be deconvoluted. To do this, the contribution at 
554 nm was subtracted out completely using the previously 
obtained extinction coefficient difference spectrum corre-
sponding to reduction of the two low-potential hemes III 
and IV (Fig. 1a) [36]. In Fig. 10d, the contribution from the 
low-potential heme extinction coefficient difference spec-
trum that resulted in elimination of the 554 nm signal is 
shown by the dashed red line. The residual spectrum after 
the subtraction is shown in the bottom panel of Fig. 10d, and 
is comparable to the nitroslyated spectrum of two-electron-
reduced  C554 (Fig. 3b). Thus, we conclude that the primary 
spectral change shown in Fig. 10d is due to nitrosylation 
of the high-spin 5-coordinate heme, just as it was when 
two-electron-reduced  C554 was exposed to photo-generated 
NO. Some oxidation of the low-spin, low-potential c-hemes 
occurred in tandem with the nitrosylation; however, quan-
titative analysis shows that this amounted to only ~ 0.8 μM 
of the 4 μM available low-potential heme pool (which com-
prises two of the four  C554 hemes) [36]. Assuming that the 
lowest potential heme IV oxidizes first, this would amount to 
~ 40% oxidation of heme IV, leaving hemes I, II, and III fully 
reduced (with heme II of course also being nitrosylated). 
This is a very different result to that reported by Upadhyay 
et al., who saw rapid oxidation of all low-spin hemes upon 
exposure of fully reduced  C554 to excess NO [7].

The reaction of photo‑generated 
NO with four‑electron‑reduced F156A

The behavior of four-electron-reduced F156A upon exposure 
to NO differs from that of the wild type in several interesting 
ways. Figure 11 shows the spectral changes observed after 
a solution initially containing 7 µm F156A, 570 μM of spe-
cies 1, and 3 μM of methyl viologen reduced by zinc powder 
(see “Methods”), was exposed to a 500 nm, 5 ns laser pulse, 
which fragments 1 to release NO (Scheme 1). Under these 

(a)

(b)

Fig. 9  a Spectral changes at selected times observed when a solu-
tion initially containing 0.75  mM of the NO-generating species 1, 
4 µM  C554 and 3 µM  MVred was exposed to a 500 nm, 5 ns laser pulse 
which fragments 1 to release NO. The purple traces are for the first 
1000 ms, the blue traces are at 5 s intervals, and the green traces are 
at 20 s intervals. The red traces are the least-squares best fits using 
Eq. 5. b Changes in absorbance vs time are plotted for 398, 409, 420, 
434, and 500 nm, where individual species make significant contribu-
tions; the red traces are from the least-squares best fits using Eq. 5
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conditions, all of the F156A hemes are initially reduced. 
SVD analysis of the data showed that three components were 
needed to faithfully reconstruct a noise-reduced absorbance 
matrix. The SVD-treated data were fit to Eq. 3, using the 
global fitting routine described earlier [29, 30].

Figure 12 shows the spectral components obtained from 
the fitting process. As with the wild-type two-electron-
reduced case, a major contributor to the component Λ0 
(Fig. 12a) comes from the denitroslyation of species 1 within 
the deadtime of the experiment; however, now the compo-
nent also has a contribution from  F156A4− nitrosylation, 
which is taking place on the ms timescale, as seen above for 
the two-electron-reduced protein. The component is reason-
ably well fit using the independently known extinction coef-
ficient spectrum of 1, and an estimated extinction coefficient 
difference spectrum for wild-type C2−

554
 nitrosylation obtained 

by a procedure described in Supplementary Material (red 
trace, Fig. 12a).

Unlike in cases encountered earlier in this work, the 
major contributions to the linearly increasing component 

Λ2 (Fig. 12c) are no longer from photolysis of 1 in the spec-
trometer probe beam. Instead, the major changes are now 
clearly due to c-heme oxidation; the absorbance decreases at 
521 and 553 are particularly diagnostic of low-spin c-heme 
oxidation in general, and the decreases at 414 and 422 are 
reminiscent of the split-Soret spectral changes seen in our 
laboratories when low-potential hemes in  C554 and its vari-
ants were electrochemically reduced [36]. With this in mind, 
the Λ2 component was reasonably well fit using the extinc-
tion coefficient difference spectra obtained independently 
for the low-potential hemes of F156A by UV/Vis spectro-
potentiometry [36], as well as the estimated extinction coef-
ficient difference spectrum for wild-type  C554

2− nitrosylation 
obtained, as described in Supplementary Material, and the 
extinction coefficient spectrum of 1. The least-squares best 
fit is shown as a red overlay in Fig. 12c.

The final component Λ1 (Fig. 12b), which grows in expo-
nentially with a kobs of 0.05 s−1, also exhibits features char-
acteristic of low-spin c-ferroheme oxidation; in particular, 
the absorbance decreases at 553 nm, 522 and 422 nm, with 

(d)

(a)
(b)

(c)

Fig. 10  Spectral components Λ0–Λ3 (clockwise from top left) gener-
ated from the SVD-cleaned absorbance matrix when fit to Eq. 5 (blue 
traces). The red traces in a and c were generated with the known 
extinction coefficient spectrum of species 1, and the extinction coef-
ficient difference spectrum of C2−

554
 NO obtained, as described in Sup-

plementary Material. The red trace in b was generated with the inde-
pendently obtained extinction coefficient spectrum for  MVred. The red 

trace in d was generated with the independently obtained extinction 
coefficient difference spectrum associated with reduction of the low-
potential hemes III and IV (Fig.  1a) [36]. Subtracting the red trace 
from the blue one in the upper panel of d yielded the residual shown 
in the lower panel, which is reminiscent of the difference spectrum 
obtained upon nitrosylation of C2−

554
 (Fig. 3b)
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concomitant absorbance increase at 407 nm. Recall that when 
four-electron-reduced wild type was exposed to photo-gener-
ated NO nitrosylation of the 5-coordinate heme, over tens of 
seconds was accompanied by concurrent partial oxidation of 
the lowest potential  C554 heme. With  F156A4− nitrosylation, 
after laser initiation occurs in ms, without attendant c-heme 
oxidation (component Λ0, Fig. 12a), and subsequent oxidation 
appears to be much slower, on the same timescale as observed 
for the wild type.

Discussion

The reaction of photo‑generated 
NO with two‑electron‑reduced  C554

The results of our experiments with two-electron-reduced 

(a)

(b)

Fig. 11  a Spectral changes at selected times observed when a solu-
tion initially containing 0.57  mM of the NO-generating species 1, 
7 µM F156A and 3 µM  MVred was exposed to a 500 nm, 5 ns laser 
pulse which fragments 1 to release NO. The dotted red traces are the 
least-squares best fits using Eq. 3. b Changes in absorbance vs time at 
the representative wavelengths stated, with the least-squares best fits 
using Eq. 3 overlaid as dotted red traces

(a)

(b)

(c)

Fig. 12  Spectral components Λ0–Λ2 generated by fitting the SVD-
cleaned, Fig. 11, data to Eq. 3 (blue traces). The red trace in a is a fit 
with the known extinction coefficient of species 1 and the estimated 
extinction coefficient difference spectrum of C2−

554
NO, obtained by 

analyzing nitrosylation of the two-electron-reduced wild-type protein 
(Supplementary Material). The red trace in c was fit with the C2−

554
 NO 

extinction coefficient difference spectrum (Supplementary Material), 
and admixtures of the independently obtained extinction coefficient 
difference spectra associated with reduction of the low-potential 
hemes III and IV of F156A [36]
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 C554 are inconsistent with those published earlier by Upad-
hyay et al. [7]. The earlier work reported immediate oxida-
tion of heme I upon addition of excess NO, though heme II 
remained nitrosylated. We saw no evidence of heme I oxida-
tion, which would have resulted in loss of signal at 420, 554, 
and 524 nm in the Fig. 2, difference spectra. This was true 
even in the presence of as much as 100 μM photo-generated 
NO (a 25× excess relative to the  C554 concentrations). The 
only changes observed in Fig. 2 and analogous spectra col-
lected with other photo-generated NO concentrations was 
the absorbance decrease at 432 nm and concomitant increase 
at 414 nm, which could be attributed to high-spin ferrous 
heme II nitrosylation, as reported in the earlier paper [7]. 
The nitrosylation process is summarized in Scheme 2; based 
on the EPR results of Upadhyay et al. [7], the heme II center 
in  C554

2−(NO) would be in the {Fe(NO)}7 state [50].
Our experiments were carried out in the presence of 

200 μM Ru
(

NH3

)2+

6
, so we could not immediately rule out 

 C554-catalyzed reduction of NO to  N2O by Ru(NH3)6
2+. Only 

about half of  RuII would potentially be oxidized by the high-
est concentrations of photo-generated NO (~ 100 μM), and 
this would poise the solution at approximately μ20 mV vs 
SHE (the midpoint potential for Ru

(

NH3

)3+

6
. As the mid-

point potentials of  C554 hemes I and II are ~ 50 mV [36, 44, 
45], very little heme oxidation would be expected, even if all 
of the available NO were reduced to  N2O by Ru(NH3)6

2+. To 
test for this possibility, we used the thermally activated NO 
precursor DEANO (see “Methods”) [31, 32, 38] to expose 
the  C554/Ru

(

NH3

)2+

6
, solutions to NO concentrations as 

high as 500 μM (data not shown). No  C554 oxidation was 
observed at NO concentrations up to 300 μM. Such concen-
trations would have consumed all of  RuII, and subsequently 
all  C554

2−, if this species had been catalyzing NO reduction 
by Ru

(

NH3

)2+

6
. Hence, this possibility could be ruled out.

It should be noted that at NO concentrations higher 
than ~ 300 μM, we did begin to see oxidation of both hemes 
I and II in the two-electron-reduced  C554, and this oxida-
tion rate increased as the NO concentration was further 
increased (data not shown). Though such heme oxidation 

at very high NO concentrations could be due to direct inter-
action between NO and protein, the steep dependence on 
[NO] instead suggests the involvement of residual oxygen. In 
aqueous solution, NO and  O2 react to ultimately give  NO2

−, 
according to the stoichiometry shown in Eq. 6, but produc-
ing strongly oxidizing intermediates on the way [51, 52]. 
The reaction is second order

in NO and first order in  O2, which gives it a very steep 
dependence on [NO], much as we are seeing in the present 
case. In our experiments, we went to great lengths to exclude 
oxygen using a glovebox, submitting all stock solutions to 
bulk electrolysis reduction, and providing a high concentra-
tion of Ru

(

NH3

)2+

6
 that would tend to scrub out residual 

oxygen. Such precautions may explain why we saw no C2−
554

 
oxidation at NO concentrations up to 300 μM, whereas 
Upadhyay et al. did [7].

C2−
554

 does nitrosylate at the heme II vacant site as reported 
earlier [7], and our work now shows that this nitrosylation is 
discernibly reversible (Scheme 2). Furthermore, by investi-
gating the dependence of the nitrosylation rate kobs on NO 
concentration, we were able to obtain the kinetic param-
eters kon and koff, as defined in Scheme 2, and the associated 
equilibrium constant Keq = kon/koff. Keq value obtained from 
this analysis, (9 ± 2) × 104 M−1, is considerably lower than 
is typical for ferrous hemes (Table 1); for example, the value 
for sperm whale myoglobin is estimated to be ~ 1011 M−1 
[38, 53]. Indeed, the measured Keq is more comparable to 
those obtained for ferric heme nitrosylations, which tend to 
be in the range  104–107 M−1 (Table 1) [38, 48, 54]. A low 
binding constant is understandable given the steric crowd-
ing of the ostensibly vacant heme II site, where the NO is 
binding (Fig. 1c).

Horse heart ferrocytochrome c, which will bind NO 
despite having no vacant heme sites available, displays a 
similarly low binding constant (2.9×105 M−1, Table 1) 
[54]. The comparison between the behavior towards NO 
of the two crowded hemes, that of the horse heart protein 

(6)4NO + O2 + 2H2O → 4HNO2,

Table 1  Rate and equilibrium 
constants for the interaction of 
NO with various heme proteins

The definitions of kon and koff are analogous to those seen in Scheme 2; Keq is the ratio kon/koff

Cyt c, cytochrome c; Cat, catalase; Mb, myoglobin

Iron porphyrin species Kon  (M−1 s−1) Koff  (s−1) Keq  (M−1) References

C554 (WT) 3000 ± 140 0.034 ± 0.009 (9 ± 2) × 104 This work
C554 (F156A) (1.23±0.09) × 106 0.05 ± 0.03 (4 ± 2) × 107 This work
Cyt cII (horse heart) 8.3 2.87 × 10−5 2.89 × 105 [54]
Cyt cIII (horse heart) 720 0.044 1.63 × 104 [54]
CatIII (bovine liver) (1.3 ± 0.1) × 107 1.6 ± 0.3 (9±1) × 106 [38]
MbII (sperm whale) 1.7 × 107 1.2 × 10−4 1.4 × 1011 [38, 53]
MbIII (sperm whale) 1.9 × 105 13.6 1.4 × 104 [54]
MbIII (horse heart) (4.80 ± 0.5) × 104 42 ± 2 (1.14 ± 0.2) × 103 [48]
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and heme II in  C554, is noteworthy. The kon value for  C554 
is substantially higher than that for ferrocytochrome c 
(3000 ± 140 M−1 s−1 compared to 8.3 M−1 s−1, a factor of 
360× greater), but the difference in koff values is even higher 
(0.034 ± 0.009 s−1 compared to 2.9×10−5 s−1, a factor of 
1200× greater) [53, 54]. Unlike in the case of  C554, for NO 
to bind to ferrocytochrome c, the iron center must first dis-
sociate a ligand, which likely explains the comparatively low 
kon value. However, the much lower koff value seen for ferro-
cytochrome c indicates that, once bound, the Fe–NO bond is 
better stabilized in this protein than in  C554. Indeed, the NO 
koff value for ferrocytochrome c is actually 10× smaller than 
that seen for ferromyoglobin (2.9×10−5 s−1 vs 1.2×10−4 s−1), 
though the far higher kon for ferromyoglobin makes the net 
binding much tighter for the latter [38, 53, 54]. Interest-
ingly, NO will also bind to ferricytochrome c, with a Keq 
value only ~ 20× smaller than that seen for the ferrous heme 
(1.6×104 vs 2.9×105, Table 1) [54], whereas it will not bind 
at all to  C554 [7]. This may reflect the fact that the Fe–NO 
bonds in ground-state ferric {Fe(NO)}6 species tend to be 
linear instead of bent, as is typical for ferrous {Fe(NO)}7 
species [55–57], and a linear Fe–NO species may not fit 
in the constrained pocket of  C554 (Fig. 1c). Spectroscopic 
and DFT studies show that the linear {Fe(NO)}6 species are 
best described by the resonance form  [FeII(NO+)], which 
have strong and short Fe–NO bonds with significant double 
bond character. However, {Fe(NO)}6 species are typically 
labile, because upon deformation of the Fe–NO bond, a dis-
sociative excited state becomes available [55, 56]. Thus, any 
steric factor that hinders linear Fe–NO geometry is likely to 
strongly suppress bonding.

The reaction of photo‑generated 
NO with two‑electron‑reduced F156A

Mutating the bulky hydrophobic amino acid Phe(156) to a 
smaller, but still, hydrophobic alanine profoundly increased 
the NO binding affinity (Scheme 2) of the two-electron-
reduced mutant relative to wild-type  C554. Thus, the equi-
librium constant Keq for NO binding went from (9 ± 2)×104 
 M−1 for the wild type to (4±2)×107 M−1 for  F156A2−. This 
is understandable given that Phe(156) sits right over the 
vacant site of heme II, restricting access to it (Fig. 1c). Inter-
estingly, the increased NO affinity is due almost exclusively 
to an increase in kon (Scheme 2), from 3000 ± 140 M−1 s−1 
in the wild type to (1.23 ± 0.09)×106 M−1 s−1 in F156A. 
The new rate constant is now within an order of magni-
tude of the kon values typical of ferrous heme proteins 
such as myoglobin (1.7×107 M−1 s−1, Table 1) or hemo-
globin (2.5×107 M−1 s−1) [54, 57, 58]. On the other hand 
the rate constant for NO dissociation, koff, remains virtually 
unchanged in  F156A2−NO (~ 0.05 s−1) relative to that of 
the wild-type  C554

2−NO (0.034 ± 0.009 s−1). It appears that 

the less crowded pocket in F156A allows NO to more easily 
access and bind heme II, but that the bulky phenylalanine 
does not significantly destabilize the Fe–NO bond once the 
NO has bound metal.

We had originally speculated that NO bound to the 
crowded pocket in wild-type  C554 might be forced to adopt 
an Fe–N–O bond angle more bent than is ideal in {Fe(NO)}7 
species and that this would weaken the Fe–NO bond. The 
results presented herein suggest that, otherwise, though in 
the absence of structural data on the mutant, we cannot rule 
out the possibility that the Fe–N–O bond in F156A is still 
distorted, but by Thr 154 and Pro 155, which also crowd the 
heme II vacant site (Fig. 1c). The koff values of both wild 
type and F156A are both quite high compared to those of 
most ferroheme proteins (Table 1), and even to those of syn-
thetic water-soluble ferrous porphyrins, which tend to fall in 
the range  10−4–10−5 s−1 [48, 54, 57, 58]. This might be due 
to the hydrophobic character of the  C554 pocket, where the 
bound NO would have no opportunity for stabilization by 
H-bonding from neighboring amino acids. However, koff for 
NO from  FeII(TPP) (TPP = tetraphenylporphyrin) in toluene 
has been measured at 4.17 ×T10−5 s−1, though other syn-
thetic ferrous porphyrin complexes denitrosylate with rate 
constants as high as 47 s−1 in toluene [58]. These results sug-
gest that the factors governing the  C554 koff value are likely 
complex, and will require further investigation.

The reaction of photo‑generated 
NO with four‑electron‑reduced  C554

As mentioned earlier, one of the difficulties in studying reac-
tions with NO under strongly reducing conditions is that this 
species reacts directly with many potential reducing agents, 
including the commonly used dithionite or methyl viologen 
monocation radical  (MVred). In the experiments presented 
above, solid Zn powder was used as the reducing agent. On 
its own, this reagent was found to react very slowly with  C554 
(over the course of a day; data not shown); however, in the 
presence of a small amount of methyl viologen as media-
tor,  C554 could be fully reduced in about half an hour. An 
advantage of our experimental setup, in which NO is photo-
generated in less than 1 μs, is that it allowed us to decon-
volute the reaction of residual  MVred with NO from that of 
 C554

4− with NO. Thus, from the Figs. 9 and 10b, analyses, 
one can determine quantitatively that the concentration of 
the  MVred mediator was only about 3 μM and that this was 
consumed within a few seconds by the photo-generated NO 
(with an observed first-order rate constant of 1.5 s−1). In 
contrast,  C554

4− nitrosylation and oxidation took tens of sec-
onds (Figs. 9 and 10d), and was readily resolved from the 
 MVred reaction.

The results presented above are once again at odds with 
the results published earlier by Upadhyay et al. [7]. In the 
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earlier work, it was reported that the three low-spin hemes of 
C4−
554

 are fully and rapidly oxidized upon exposure to excess 
NO, with a single turnover rate exceeding 16 s−1 [7]. In our 
case, we observed that exposure of 4 μM C4−

554
 to 66 μM of 

photo-generated NO resulted in oxidation of only about 40% 
of the available low-potential heme IV, leaving the remain-
ing hemes reduced. Furthermore, heme IV oxidation was 
concomitant with heme II nitrosylation, and proceeded with 
an observed rate constant kobs of 0.097 s−1. This rate constant 
is comparable to those we observed for heme II nitrosyla-
tion in two-electron-reduced  C554, and considerably below 
16 s−1.

Scheme 4 proposes a minimal mechanism for the partial 
oxidation of heme IV that accompanies heme II nitrosyla-
tion (Figs. 9 and 10d). According to this mechanism, the 
{Fe(NO)}7 species generated by nitrosylation of heme II is 
reversibly reduced to {Fe(NO)}8, or Fe(HNO)}8, by intra-
molecular electron transfer (IET) from the low-potential 
heme IV. In this scenario, the nitrosylation would be rate 
limiting, and occur at roughly the same rate as it does for 
 C554

2− (Scheme 2), after which the IET equilibrium would 
be established rapidly.

The residual spectrum of Fig. 10d after the heme oxi-
dation contribution is subtracted looks very similar to the 
{Fe(NO)}7 spectrum observed upon nitrosylation of C2−

554
 

heme II (Fig. 3b). Accordingly, the, Scheme 4, mechanism 
requires that {Fe(NO)}7 and {Fe(NO)}8 (or {Fe(HNO)8}) 
have very similar spectra, which is plausible given what is 
known about {Fe(NO)}7 and {Fe(NO)}8 species. To our 
knowledge, pure {Fe(NO)}8 heme species have not been 
previously reported for proteins (though the protonated 
{Fe(HNO)}8 species has been characterized for myoglobin 
[59, 60]), but such species have been extensively character-
ized in model complexes [55]. Spectroscopic and DFT stud-
ies have shown that reduction of {Fe(NO)}7 to {Fe(NO)}8 
is accompanied by minimal electronic reorganization [55, 
61]. {Fe(NO)}7 has a singly occupied molecular orbital that 
makes a major contribution to the Fe–N σ bond, and this 
MO becomes doubly occupied when {Fe(NO)}7 is reduced 
to {Fe(NO)}8, strengthening the Fe–N bond without signifi-
cantly affecting the porphyrin MOs [55, 61].

If the Scheme 4, mechanism is for the moment assumed 
to be correct, it can be used to extract an estimate of the 

midpoint potential for {Fe(NO)}7 reduction from Fig. 10d 
(Supplementary Material). As shown in the, Fig.  10d, 
analysis presented earlier, heme II nitrosylation of C4−

554
 is 

accompanied by ~ 40% oxidation of heme IV. According to 
Scheme 4, this would correspond to an equilibrium constant 
of ~ 0.67 governing IET from ferrous heme IV to {Fe(NO)}7 
heme II, which in turn would translate to a cell potential of 
–0.010 V for net reduction of {Fe(NO)}7 heme II by fer-
rous heme IV. Given that the midpoint potential for heme 
IV is about –0.27 V [36, 44, 45, 62], we find that the mid-
point potential for {Fe(NO)}7 heme II reduction would be 
~ − 0.28 V according to the, Scheme 4, mechanism (Supple-
mentary Material). This is higher than the midpoint poten-
tials recorded for {Fe(NO)}7 reduction in model porphyrin 
systems in organic media, which range from − 0.4 to − 1.1 V 
(vs SHE) [61, 63, 64].

The reaction of photo‑generated 
NO with four‑electron‑reduced F156A

As was seen for wild-type C4−
554

, exposure of  F156A4− to 
photo-generated NO results in heme oxidation as well as 
heme II nitrosylation. However, there are important differ-
ences between the two cases. First, the nitrosylation rate 
observed for  F156A4− was much faster than that observed 
for the wild type, yet the rate of heme oxidation was com-
parable. Second, the extent of heme oxidation that followed 
exposure to NO was substantially greater for the mutant. In 
the case of C4−

554
 wild type, it was estimated that about 40% of 

the low-potential heme IV was oxidized at the same time as 
heme II was being nitrosylated. Efforts to quantify the extent 
of c-heme oxidation after  F156A4− nitrosylation have thus 
far been thwarted, because we have not been able to fit one 
of the spectra associated with the oxidation events (spectrum 
Λ1, Fig. 12b). Nevertheless, it is clear from a visual compari-
son of Figs. 10 and 12 that the extent of c-heme oxidation is 
substantially greater for the mutant.

Given the greater extent of heme oxidation found for the 
F156A variant, we cannot at this point rule out the pos-
sibility that this variant can reduce NO to  N2O, at least 
stoichiometrically.

Alternatively, the extra oxidation could be explained by 
the minimal mechanism, as shown in Scheme 5. According 
to this mechanism, the initial rapid heme II nitrosylation 

Scheme 4  Minimal mechanism proposed for the reaction of NO with 
fully reduced  C554.  FeII and  FeIV refer to the iron centers of hemes II 
and IV (Fig. 1a), respectively. IET, intramolecular electron transfer. It 
is also possible that IET is coupled to protonation of the NO moiety, 
giving [{FeII(HNO)}8,FeIV

3+]C554

Scheme  5  One possible process by which  F156A4− could be oxi-
dized in the presence of NO; another possibility is that NO reduction 
results in  N2O generation
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is followed by a series of intramolecular electron transfers 
(IETs) from ferrohemes IV, III, and I to the  FeII–NO moiety. 
Each IET event would be fast but unfavorable on its own, 
but would be coupled to a slow protonation of the bound NO 
that would drive the reaction forward. After three successive 
proton-coupled IETs,  NH2OH would be released, leaving 
the protein in a one-electron-reduced state  (F156A−). This 
species would then bind NO to once again leave heme II in 
an {Fe(NO)}7 state. Based on this mechanism, the differ-
ence in reactivity between the wild type and F156A mutant 
could be explained as follows. First, substitution of Phe by 
Ala would open up the heme II region to allow more facile 
access for protons. Second, the heme III midpoint potential 
is substantially lower than that of the wild type [36], mak-
ing this heme a stronger electron donor. If the low-potential 
hemes III and IV provide two electrons, the third would have 
to be provided by the high potential heme I. However, even if 
the last reduction step were somewhat unfavorable, it could 
be driven forward by the favorable re-nitrosylation of heme 
II in Scheme 5. Studies are now under way to conclusively 
identify the mechanism that leads to heme oxidation of four-
electron-reduced F156A when it is exposed to NO.

Conclusions

Our results indicate that wild-type C2−
554

 and C4−
554

 will both 
nitrosylate at heme II; however, we saw no evidence of the 
previously reported  C554-catalyzed NO reduction [7], either 
with C2−

554
 or with C4−

554
 . Some sub-stoichiometric oxidation 

of the lowest potential heme IV is detected when C4−
554

 is 
exposed to an excess of photo-generated NO, but the sim-
plest explanation for this observation is that of Scheme 4, 
whereby heme IV partially reduces {Fe(NO)}7 to yield 
{Fe(NO)}8.

Heme II of the two- or four-electron-reduced F156A  C554 
mutant has an affinity for NO that is about 400× higher than 
heme II in the wild type, a difference that is almost exclu-
sively due to a greater kon association rate constant. As was 
the case for  C554

2−, the two-electron-reduced F156A mutant 
will not oxidize in the presence of photo-generated NO. 
However, unlike in the wild-type case, rapid nitrosylation 
of  F156A4− heme II is followed by substantial oxidation of 
the remaining  C554 low-spin hemes. Though Scheme 5 pro-
vides a possible minimal mechanistic scheme to rationalize 
the results, more studies will be needed to understand the 
observed chemistry. EPR studies of reactive intermediates, 
and mass spectrometric analysis of the reaction products, 
should be particularly useful in this regard.

Despite their lack of NO reductase activity, nitrosylated 
 C554 and its variants display certain properties that make 
them worthy of further study. For example, spectroscopic 
studies are now under way to more fully characterize the 

product obtained by nitrosylating C4−
554

 . To our knowledge, 
non-protonated {Fe(NO)}8 species have not previously 
been characterized in proteins, so if confirmed, this would 
be the first example. Furthermore, nitrosylated  C554 and its 
F156A variant are unusually resistant to trans-labilization 
of the heme II histidine axial ligand. We see evidence of 
His-dissociation in  F156A4− and to a lesser extent in C4−

554
 

after exposure to NO, but such dissociation takes place over 
a 12 h period, which is long compared to other known pro-
tein and model systems [55, 65]. Lehnert and coworkers 
made imidazoles in model systems resistant to NO-induced 
trans-labilization by restricting their range of motion [55, 
65]; the relative rigidity of the  C554 scaffold likely explains 
this protein’s resistance to trans-labilization as well. Studies 
are now under way to more fully elucidate the factors that 
affect the rates of trans-labilization in nitrosylated  C554 and 
its variants.
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