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ABSTRACT: The endogenous vasodilator nitric oxide (NO) is
metabolized in tissues in an O2-dependent manner. This regulates
NO levels in the vascular wall; however, the underlying molecular
basis of this O2-dependent NO consumption remains unclear.
While cytoglobin (Cygb) was discovered a decade ago, its
physiological function remains uncertain. Cygb is expressed in
the vascular wall and can consume NO in an O2-dependent
manner. Therefore, we characterize the process of the O2-
dependent consumption of NO by Cygb in the presence of the
cellular reductants and reducing systems ascorbate (Asc) and
cytochrome P450 reductase (CPR), measure rate constants of Cygb
reduction by Asc and CPR, and propose a reaction mechanism and
derive a related kinetic model for this O2-dependent NO
consumption involving Cygb(Fe3+) as the main intermediate reduced back to ferrous Cygb by cellular reductants. This kinetic
model expresses the relationship between the rate of O2-dependent consumption of NO by Cygb and rate constants of the
molecular reactions involved. The predicted rate of O2-dependent consumption of NO by Cygb is consistent with experimental
results supporting the validity of the kinetic model. Simulations based on this kinetic model suggest that the high efficiency of
Cygb in regulating the NO consumption rate is due to the rapid reduction of Cygb by cellular reductants, which greatly increases
the rate of consumption of NO at higher O2 concentrations, and binding of NO to Cygb, which reduces the rate of consumption
of NO at lower O2 concentrations. Thus, the coexistence of Cygb with efficient reductants in tissues allows Cygb to function as
an O2-dependent regulator of NO decay.

Cytoglobin (Cygb) was discovered nearly 10 years ago as a
fourth globin type expressed in mammals.1−3 As seen for

three other globins [hemoglobin (Hb), myoglobin (Mb), and
neuroglobin (Ngb)], small gas molecules such as oxygen (O2),
carbon monoxide (CO), and nitric oxide (NO) reversibly bind
to the heme iron of Cygb. However, unlike the pentacoordi-
nated hemoglobin and myoglobin, the histidine at position 7 of
helix E, His (E7), in Cygb forms the internal sixth (distal)
ligand to the heme iron in both the ferric (Fe3+) and the ferrous
(Fe2+) forms in the absence of an external ligand.4 Cygb is
upregulated in tissues upon hypoxia.5,6 It has been suggested
that Cygb may play a role in storing O2, facilitating O2
diffusion, detoxifying reactive oxygen species, acting as an O2
sensor, and functioning as an NO dioxygenase.1,2,4,7−12

Cygb is predominantly expressed in fibroblasts and related
cell types in different organs and tissues.1,3,13 In blood vessels,
recent evidence has shown that Cygb is expressed not only in
adventitial fibroblasts but also in smooth muscle cells, playing a
role in vascular NO catabolism,9 and it may also function as a
nitrite reductase in the vascular wall.14,15 It was recently
demonstrated that the extent of vascular NO catabolism is

reduced when the O2 concentration is decreased.16 The rate of
O2-dependent NO consumption was found to be high enough
to regulate the NO concentration and the diffusion distance in
the vascular wall.16,17 Because NO is a potent endogenous
vasodilator that dilates blood vessels in a dose-dependent
manner, an increased NO diffusion distance or an increase in
the level of NO in hypoxia will induce blood vessel dilation,
allowing more blood to flow through the vessel resulting in
more O2 being delivered to the hypoxic tissue.18−20

The Cygb concentration in tissue is in the micromolar
range.8,10,21−23 It has been shown that ferric Cygb (metCygb)
can be reduced by cellular reductants such as ascorbate (Asc),
cytochrome P450 reductase (CPR), cytochrome b5 (Cyto b5),
and novel cytochrome b5 oxidoreductase at a rate significantly
higher than the rate of reduction of ferric myoglobin (metMb)
and ferric neuroglobin (metNgb).10 In the presence of O2,
reduced Cygb binds O2 to form oxyCygb that rapidly reacts
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with NO generating metCygb and nitrate in an O2-dependent
manner. This process can allow Cygb to efficiently metabolize
NO at low micromolar Cygb concentrations. The rate of
consumption of NO by Cygb would be limited by the need to
reduce metCygb to its ferrous form,8 but the rate of Cygb-
mediated NO consumption may be much greater than the rate
of NO autoxidation,24−26 especially when the NO concen-
tration is in the submicromolar to low nanomolar range. As a
result, Cygb may act to sense O2 levels in the vascular wall and
to regulate the NO decay rate and diffusion distance in
response to changes in O2 concentration.
Hargrove et al. suggested that heme globin (Hgb)-mediated

NO dioxygenation is limited by the reduction of Hgb3+ to
Hgb2+, and the mechanism includes the following reaction
cycle:8

However, subsequently, Gardner et al. reported that the rate of
dioxygenation of NO by Cygb and Asc is much greater than
that predicted from the rate constant for reduction of Cygb by
Asc.10 They suggested that Cygb(Fe3+) is not an obligate
intermediate in the reaction cycle. Thus, it remains uncertain if
the reaction cycle given above including Cygb(Fe3+) as an
intermediate is valid or if other intermediates must be included.
To evaluate the role of Cygb in the process of vascular NO
decay, it is critically important to determine the precise reaction
mechanism that underlies its O2-dependent NO metabolism.
In this study, we measure the O2-dependent rates of

catabolism of NO by Cygb in the presence of the physiological
reducing agent Asc, or the enzymatic reducing system CPR,
using electrochemical and UV−vis spectroscopic methods. The
molecular mechanism underlying O2-dependent Cygb-medi-
ated NO consumption is elucidated and a kinetic model derived
that serves to validate this mechanism and predict the rate of
NO consumption for given levels of Cygb, O2, NO, and
reductants. Our results reveal that the rate of Cygb-mediated
NO dioxygenation is sufficient to provide O2-dependent
regulation of NO levels in the vascular wall and serve as the
major mechanism of NO decay.

■ MATERIALS AND METHODS
Expression and Purification of Recombinant Cygb.

The expression plasmid for Cygb (human Cygb cDNA in
pET3a) was obtained from Thorsten Burmester (Mainz,
Germany) and transformed into Escherichia coli strain BL21-
(DE3)PLysS. Cells were grown in Terrific Broth (47.6 g/L)
supplemented with glycerol (8 mL/L) and ampicillin (0.2 g/L)
and chloramphenicol (0.1 g/L) in a total volume of 1 L in a 37
°C shaker. The cells were induced with IPTG at an A600
between 0.6 and 0.8 OD. After induction, cells were grown
overnight in a shaker at 25 °C. Cells were harvested by
centrifugation and suspended in approximately 100 mL of 50
mM Tris-HCl (pH 7.5), 0.5 M NaCl, 1 mM EDTA, 5 mM
dithiothreitol, and Roche complete protease inhibitor tablets.
After cells had been suspended, approximately 0.1 volume of
10% Triton X-100, 10% deoxycholic acid, 500 mM Tris-HCl
(pH 7.5), and 20 mM EDTA were added, and the cells were
lysed by being passed through a high-pressure homogenizer
(EmulsiFlex-C3 by AVESTIN, Inc., Ottawa, ON). The
inclusion bodies were pelleted by centrifugation at 3300g for
15 min, and the pellet was resuspended and washed three times

in 1% Triton X-100, 50 mM Tris-HCl (pH 7.5), and 1 mM
EDTA. Solubilization of the inclusion bodies was conducted in
6 M guanidinium hydrochloride, 100 mM NaCl, 0.1 mM
EDTA, 50 mM Tris-HCl (pH 7.5), and 1% 2-mercaptoethanol
for at least 1 h in a cold room at 4 °C. After solubilization, a
1.4-fold excess of hemin was added with very gentle stirring for
1 h prior to the solution being placed in dialysis tubing. The
human Cygb was dialyzed against 50 mM Tris-HCl (pH 7.5),
100 mM NaCl, and 0.1 mM EDTA at 4 °C. After dialysis,
insoluble material was removed by centrifugation (45000g for
1.5 h) and the human Cygb was concentrated using Amicon
Ultra-15 centrifugal filters (Millipore Corp., Billerica, MA) with
a 10000 molecular weight cutoff. Final purification was done on
a GE Healthcare AKTA purifier system using a HiPrep 26/60
Sephacryl S-300 High Resolution size-exclusion column eluted
with 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, and 0.1 mM
EDTA. The protein was concentrated and stored in 50 μL
aliquots in a −80 °C freezer.

Experimental Setup for Measurements of NO Con-
centration, O2 Concentration, and UV−Vis Spectra of
Cygb. The measurements were performed in a four-port water-
jacketed electrochemical chamber (NOCHM-4 from WPI,
Sarasota, FL) containing 1.5 or 2 mL of Dulbecco’s phosphate-
buffered saline [DPBS (pH 7.0)] (Thermo Scientific, South
Logan, UT) at 37 °C.26,27 The solution was rapidly stirred with
a magnetic stirring bar during the NO and O2 measurements. A
NO electrode and an O2 electrode (WPI) were placed in the
chamber through two ports on the side wall of the
electrochemical chamber. The two electrodes were connected
to an Apollo 4000 electrochemical instrument (WPI). The NO
solution was prepared as described previously.17,27 After the
electrodes had stabilized, NO (≤0.5 μM) was injected into the
aerated buffer solution (under room air) in the absence of Cygb
and reductants. When the NO concentration decreased to
baseline, Cygb (≤0.8 μM), Asc or CPR (a gift from L. Waskell,
University of Michigan, Ann Arbor, MI) with NADPH, and
SOD were added to the chamber followed by injections of NO
into the solution to measure the rate of NO consumption in
room air. To measure the rate of consumption of NO by Cygb
at different O2 concentrations (≤200 μM), argon gas was
introduced into the chamber headspace to remove O2 from the
solution. While the O2 concentration was gradually decreased
by the flow of argon gas, equal amounts of NO were repeatedly
injected into the solution. Changes in O2 concentration and
NO concentration over time were recorded by the O2 and NO
electrodes, respectively. From the recorded temporal NO and
O2 concentration curves, the O2 concentration and the rate of
NO decay at each NO peak were determined. In preliminary
experiments measuring the rate of NO decay, we observed that
Asc or CPR/NADPH alone could increase the NO
consumption rate secondary to the superoxide generation
that occurs in the presence of these reductants. However, SOD
concentrations of 400 units/mL were sufficient to scavenge the
superoxide produced and abolish any increase in the rate of
consumption of NO from Asc or CPR/NADPH alone.
Therefore, 400 units/mL SOD was included in all aerobic
experiments.

Reduction of Cygb(Fe3+) by Asc and by CPR/NADPH.
The reduction of Cygb(Fe3+) by Asc or CPR/NADPH was
measured in a cuvette with a Cary 50 UV−vis spectropho-
tometer (Varian, Inc., Palo Alto, CA) under anaerobic
conditions at 37 °C. The buffer solution in the cuvette was
deaerated by bubbling argon gas into the solution in the
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presence of NADPH (for reduction of Cygb by CPR/NADPH)
or in the absence of NADPH (for reduction of Cygb by Asc)
for at least 15 min. After 10 μM deaerated Cygb(Fe3+) had
been added to the chamber, the tube was moved to the gas
phase above the solution surface and the argon gas flow was
maintained in the chamber during the experiments. After 15
min, a certain amount of deaerated Asc or CPR was then
injected into the chamber to start the reduction. Gastight
syringes were used for the injections of these samples. The
syringes were inserted into a tube with flowing argon, and the
syringes were drawn and pushed several times to remove any
remaining O2 in the syringes before sampling. The reduction
was monitored by scanning the wavelength from 350 to 700 nm
or by recording the absorbance change at the absorbance peak
of the corresponding Soret band.
Mathematical Model of the O2-Dependent Consump-

tion of NO by Cygb. The O2-regulated NO consumption by
Cygb can be expressed by the following reaction equations
based on similar mechanisms for flavohemoglobin28 and
neuroglobin:21
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where R is Asc or CPR. The rate of NO consumption in eq 1
can be written as

= +V k [Cygb(Fe O )][NO]NO 1
2

2 (6)

Using the steady-state approximation approach, the rate
equation for consumption of NO by Cygb is as follows:
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where [E] is the total Cygb concentration. Concentrations of
each Cygb species as a function of O2 concentration are as
follows:
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Equation 7 can be arranged in an apparent Michaelis−Menten
form:
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Because NO decay in these experiments is not only caused
by Cygb-mediated NO consumption but also caused by NO
autoxidation in the presence of O2 and by diffusion out of
solution, the measured total NO decay rate (Vtotal) should be
expressed as follows:

= + +V V V k [O ][NO]total NO d au 2
2

(16)

where Vd is the rate of diffusion of NO from the solution and
kau is the rate constant of NO autoxidation. In data analysis and
figures, we use VCygb−NO to represent Vtotal − Vd:

= − = +−V V V V VCygb NO total d NO au (17)

where Vau is the rate of NO autoxidation.

■ RESULTS
Effect of O2 Concentration on the Rate of Con-

sumption of NO by Cygb. To measure the rate of
consumption of NO by Cygb in the presence of Asc or in
the presence of CPR/NADPH at different O2 concentrations,
simultaneous recording of NO and O2 concentration changes
was performed. A pair of such experimental curves is shown in
Figure 1, in which 0.5 μM NO was repeatedly added to the
solution (initial [O2] = 200 μM) containing 0.4 μM Cygb, 300
μM Asc, and 400 units/mL SOD. Argon gas flow was started
above the solution at the time designated by the upward arrow
to slowly remove O2 from the solution. The curves of NO
decay in the presence of Cygb, Asc, and SOD at different O2
concentrations are shown in Figure 1A (solid line). A curve of
NO decay in the aerated buffer solution without proteins and
reductants is shown in Figure 1A (dashed line) at the right end
to compare with the last NO decay curve under anaerobic
conditions. The initial rate of consumption of NO by Cygb for
each injection of NO was measured from a segment of the
curve immediately following each NO peak using the formula
Vtotal = Δc/Δt. The rate of diffusion of NO from the solution
(Vd) was considered to be approximately equal to the Vtotal of
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the rate for the last NO decay curve (the solid curve at the right
end in Figure 1A) under anaerobic conditions. Vd was
subtracted from Vtotal, yielding VCyto−NO. The corresponding
O2 concentrations were read at the time of each NO peak. The
rate of consumption of NO by Cygb was found to decrease
with a decreasing O2 concentration with either Asc (the top
curve in Figure 1) or CPR/NADPH (not shown) as a
reductant. A plot of the O2 concentration dependence of the
initial rate of consumption of NO by Cygb in the presence of
300 μM Asc and 400 units/mL SOD or 400 μM NADPH, 50
nM CPR, and 400 units/mL SOD (●) (Figure 2) shows that
the NO consumption rate is hyperbolic with respect to O2
concentration, with an only modest decline above 50 μM O2
but a much steeper drop at lower O2 concentrations.
Reduction of metCygb by Asc and by CPR/NADPH. A

change in the UV−vis spectrum characteristic of the reduction
of metCygb is seen following addition of Asc or CPR with
NADPH under anaerobic conditions (Figure 3A,B). The inset

of Figure 3A shows spectra for the complete reduction of
metCygb (solid line) into ferrous Cygb (dashed line) with an
excess of dithionite under anaerobic conditions. Panels A and B
of Figure 3 demonstrate the reduction process of metCygb that
was recorded at 416 nm to monitor the decrease in metCygb
concentration after the reduction was initiated by 10 mM Asc
or 50 nM CPR with 400 μM NADPH. SOD was not included
in these anaerobic experiments because O2, the source of
superoxide, was not present. To characterize the kinetics of
metCygb reduction as a function of the level of the cellular
reductant Asc, we measured the initial rate of reduction of 10
μM metCygb in the presence of different Asc concentrations
(0.1−40 mM) using the following approximate equation:

α≈ Δ
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where ΔA and Δt are the initial changes in absorbance and
time, respectively, Δc is the initial change in metCygb
concentration, and α is the conversion factor to convert the
change in absorbance at 416 nm into the concentration change,
which was obtained from the inset of Figure 3A. It was
observed that VCygb is not linear with [R] for values of [R]
exceeding 10 mM (Figure 3C). The plot of VCygb versus [Asc]
was very well fitted by the Michaelis−Menten equation with a
Km′ of 4.1 ± 0.5 mM and a Vmax′ of 1.48 ± 0.05 μM/s (n = 5).
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If [R] is far smaller than Km′, the rate of reduction of
metCygb by Asc can be approximately expressed as
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In the experiments that examine the reduction of metCygb
by Asc, [metCygb]0 = 10 μM. From eq 20, we determined the
apparent second-order rate constant of reduction of metCygb

Figure 1. Measurements of rates of consumption of NO by Cygb and
cellular reductants at varying O2 concentrations. (A) NO (0.5 μM)
was repeatedly added to the solution containing 0.4 μM Cygb, 300 μM
Asc, and 400 units/mL SOD. The dashed curve was recorded after
injection of 0.5 μM NO into the aerated solution in the absence of
Asc, SOD, and Cygb under room air. (B) The solution was initially
aerated with 200 μM O2, and then the argon gas flow started above the
solution (see Materials and Methods) at the time designated by the
arrow to slowly remove O2 from the solution.

Figure 2. Oxygen-dependent rate of consumption of NO by Cygb with Asc or CPR/NADPH as the reductant. The data points (●) were obtained
by repeatedly adding 0.5 μM NO to a solution containing 0.4 μM Cygb, 300 μM Asc, and 400 units/mL SOD (A) or 0.4 μM NO to a solution
containing 0.3 μM Cygb, 400 units/mL SOD, 50 nM CPR, and 400 μM NADPH (B). The solid lines are fitted curves to the experimental data
points.
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by Asc (k2 for Asc as the reductant or kca) and obtained a value
of 36.1 ± 4.4 M−1 s−1.
The rate of reduction of metCygb by CPR with 400 μM

NADPH is linear with CPR concentration in the concentration
range tested (20 nM ≤ [CPR] ≤ 200 nM). The plot of VCygb

versus CPR concentration is shown in Figure 3D. The second-
order rate constant k2 for CRP/NADPH as the reductant or
kcnp can be calculated from the slope of the line, which is (3.2 ±
0.2) × 105 M−1 s−1 (n = 3).
Computer Simulations of Consumption of NO by

Cygb. Using the rate constants reported in the literature and
measured in our experiments (Table 1), we performed
computer simulations of the O2-dependent consumption of
NO by Cygb in the presence of Asc using eq 17 with eq 7.
Experimental parameters in the equation, such as Cygb
concentration [E], Asc concentration [R], O2 concentration
[O2], and NO concentration [NO], were the same as the values
used in the experiments shown in Figures 1 and 2.
Because the experiments were performed at 37 °C, the

computer simulations require rate constants and equilibrium
constants obtained at 37 °C; however, some of these constants
are not available in the literature. In this case, the values of
these parameters at 37 °C were calculated or estimated from
available data. The reported k1 for Cygb at 20 °C is 2.2 × 107

M−1 s−1.8 For comparison, it is known that k1 for Mb ranges
from 3.1 × 107 to 3.7 × 107 M−1 s−1 in the temperature range of
10−25 °C.29−31 Assuming that the temperature dependencies
of k1 for Cygb and Mb are similar, we used a k1 of 3 × 107 M−1

s−1 for Cygb at 37 °C. The k2 rate constants were measured in
our experiments as kcnp for the Cygb/NADPH/CPR reaction
system or kca for the Cygb/Asc reaction system. The reported
values of k3 (kon) and k−3 (koff) at 25 °C for Cygb of the
pentacoordinated form are 2.5−2.7 × 107 M−1 s−1 and 0.9 s−1,
respectively.22,32 The activation energy of k3 is between 8 and
10.5 kcal/mol, and the activation energy of k−3 is between 23
and 25.5 kcal/mol.33 Using these activation energies and
reported values of k3 and k−3 at 25 °C, we calculated k3 and k−3
at 37 °C to be 3.5 × 107 M−1 s−1 and 1.3 s−1, respectively. The
O2 dissociation constant K3d can be calculated from the ratio of
k−3 to k3 (K3d = k−3/k3 = 37 nM). K3d is the intrinsic O2

dissociation constant of the pentacoordinated form rather than
the hexacoordinated form. The observed O2 dissociation
constant (K3d

obs) of the hexacoordinated Cygb depends on the
competition between O2 and the endogenous sixth ligand
following the equation K3d

obs = K3d(1 + KH), where KH = kh/k−h
is the association constant of the endogenous sixth ligand.
Using values of kh and k−h (kh/k−h = 140) at 25 °C22 and the
difference in activation energies (Ea

on − Ea
off) for histidine

Figure 3. Reduction of metCygb by Asc and CPR/NADPH under anaerobic conditions at 37 °C. (A and B) Change in absorbance at 416 nm after
10 mM Asc had been added (designated by the arrow) to the solution containing 10 μM metCygb (A) or 50 nM CPR had been added (designated
by the arrow) to the solution containing 10 μM metCygb and 400 μM NADPH (B). The complete reduction of metCygb to ferrous Cygb by
dithionite under anaerobic conditions is shown in the inset of panel A. (C) From a series of experiments similar to that shown in panel A with
varying ascorbate concentrations, the initial rate of metCygb reduction (VCygb) vs Asc concentration was plotted and found to follow apparent
Michaelis−Menten kinetic behavior with a Km′ of 4.1 ± 0.5 mM and a Vmax′ of 1.48 ± 0.05 μM/s (n = 5). The apparent second-order rate constant
for reduction of metCygb by Asc (k2 for Asc as the reductant or kca) was determined from eq 20 to be 36.1 ± 4.4 M−1 s−1. (D) In contrast, a series of
experiments similar to those depicted in panel B with varying CPR concentrations show that the rate of reduction of metCygb by CPR/NADPH is
linear with CPR concentration (n = 4). The second-order rate constant for reduction of metCygb by CPR with NADPH (k2) is determined to be
(3.2 ± 0.1) × 105 M−1 s−1. Rates of metCygb reduction were measured from changes in absorbance (A and B) using the equation VCygb = αdA/dt ≈
αΔA/Δt, where α = 1/(ε1 − ε2) = 26 and ε1 and ε2 are extinction coefficients of 1 μM metCygb and 1 μM deoxyCygb at 416 nm, respectively.
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binding that are between 8 and 13 kcal/mol,33 we calculated a
value of 165 for the association constant of the endogenous
sixth ligand (KH = kh/k−h) at 37 °C. If K3d is 37 nM and KH is
165, the calculated K3d

obs is 6.1 μM, which is close to the
reported P50 of Cygb at 37 °C.34 For rate constants k4 and k−4,
we could not find the available values for Cygb at any
temperature in the literature. However, it has been reported
that the equilibrium dissociation constant (k−4/k4) of three
other globins (Ngb, Hb, and Mb) is in the range of 1−8 pM at
20−25 °C.28,35−37 A higher range for k−4/k4 should be seen
when the temperature is increased to 37 °C because the
equilibrium dissociation constant increases with temperature.
Therefore, we assumed that the equilibrium dissociation
constant of Cygb at 37 °C is in the range of a few picomolar
or slightly higher than 10 pM. The simulated curve of VCygb−NO
versus [O2] is shown in Figure 4. In the simulation, we let the
value of k2 float to best fit the experimental data, and it was

found that the simulated curve closely fits the experimental data
when k2 is 56 M−1 s−1 (Figure 4A) when Asc is the reductant
and 3.5 × 105 M−1 s−1 (Figure 4B) when CPR (with 400 μM
NADPH) is the reductant, 1.55 times the kca value and 1.09
times the kcnp value measured in our experiments, respectively.
Final parameters used in the simulated curve are listed
(boldface) in Table 1.

Effect of Concentrations of Asc, NO, and Cygb on the
Rate of O2-Dependent Consumption of NO by Cygb in
the Presence of Asc. Equation 7 can be rearranged in
Michaelis−Menten form (eqs 13−15). Equation 7 shows that
VCygb−NO is linear with Cygb concentration [E], while eqs 14
and 15 show that both Vmax and Km are a function of [NO] and
[R]. To test eq 7, we substituted eq 7 into eq 17 and used eq 17
to simulate the effect of the concentrations of Asc (Figure 5A),
NO (Figure 5B), and Cygb (Figure 5C) on the O2-dependent
rate of consumption of NO by Cygb and compared these
results to the related experimental data. The calculated curves
from eq 17 are in good agreement with the experimental data.

Effect of O2 on the Concentrations of Different Cygb
Species. The mathematical model was used to further examine
the O2 concentration dependence of each Cygb species for a
reducing system with 300 μM Asc in the presence of 0.4 μM
Cygb with 0.5 μM NO, which are the same or close to the
concentrations used in the experiments. The simulated
concentrations of Cygb(Fe3+), Cygb(Fe2+NO), and Cygb-
(Fe2+O2) versus [O2] are shown in panels A and B of Figure 6.
The concentrations of Cygb(Fe3+), Cygb(Fe2+NO), and
Cygb(Fe2+O2) were seen to greatly change with O2
concentration. Because the rate of dioxygenation of NO by
Cygb is proportional to Cygb(Fe2+O2) concentration, this
indicates that changes in O2 concentration can greatly regulate
the rate of NO consumption.

■ DISCUSSION

It has been observed that the rate of consumption of NO by
cells is O2-dependent.

17,38 Computer simulation demonstrated
that the O2-dependent NO consumption can significantly
change the NO diffusion distance in the intervascular tissue.17

Experimental data and mathematical modeling have further
demonstrated that O2-dependent NO consumption in the
vascular wall can act as an O2 sensor to change the NO
diffusion distance in the vascular wall.16,39 Recent evidence has

Table 1. Kinetic and Equilibrium Constants for Cygba

parameter value ref

k1 2.2 × 107 M−1 s−1 (20 °C) 8
3 × 107 M−1 s−1 (37 °C) estimated

k2 (kcnp or
kca)

36.1 (56) M−1 s−1 (37 °C) (by Asc) this work

3.2 × 105 (3.5 × 105) M−1 s−1 (37 °C) (by
CPR/NADPH)

k−3/k3 35 nM (25 °C) 22
37 nM (37 °C) calculated

k−3 0.9 s−1 (25 °C) 32
1.3 s−1 (37 °C) calculated

k3 2.5 × 107 M−1 s−1 (25 °C) 22
2.7 × 107 M−1 s−1 (25 °C) 32
3.5 × 107 M−1 s−1 (37 °C) calculated

kh/k−h 140 (25 °C) 22
165 (37 °C) calculated

k−4/k4 8 pM (37 °C) estimated
kau 11 × 106 M−2 s−1 (37 °C) 27
aThe values of rate constant k2 of 36.1 M−1 s−1 (Asc) and 3.2 × 105

M−1 s−1 (CPR/NADPH) were obtained experimentally, and the values
of rate constant k2 of 56 and 3.5 × 105 M−1 s−1 were obtained from
computer simulations. Experimentally measured values of parameters
at 20 or 25 °C appear in lightface, while the values of parameters at 37
°C (calculated, estimated, or from literature) appear in boldface.

Figure 4. Simulations of experimental data using eqs 7 and 17. (A and B) Rate of O2-dependent NO consumption (▼) mediated by 0.4 μM Cygb in
the presence of 300 μM Asc and 400 units/mL SOD (A) and by 0.3 μM Cygb in the presence of 50 nM CPR, 400 μM NADPH, and 400 units/mL
SOD (B). The solid lines in panels A and B are simulated curves from eqs 7 and 17 assuming the k2 for Asc is 56 M−1 s−1 and the k2 for CPR/
NADPH is 3.5 × 105 M−1 s−1, respectively.
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shown that Cygb is expressed in vascular smooth muscle
(VSM),9 a type of muscle lacking myoglobin.40

Cygb has been studied as an NO dioxygenase. It is
interesting to consider why there is a need for a low
concentration of NO dioxygenase with the properties of
Cygb in vascular smooth muscle. A reasonable explanation may
be that the presence of Cygb in this tissue is not simply for

metabolism of excess NO but specifically for the regulation of
NO levels and decay kinetics required for signal transduction
through soluble guanylate cyclase (sGC) in the vascular wall. In
addition, because Cygb consumes NO in an O2-dependent
manner, this further imparts Cygb with the important function
of regulating the vascular levels and kinetics of NO in response
to changes in O2 concentration. Under hypoxic conditions, the

Figure 5. Effect of Asc concentration, NO concentration, and Cygb concentration on the O2-dependent consumption of NO by Cygb. (A) Rate of
consumption of 0.5 μM NO in a solution containing 0.4 μM Cygb, 400 units/mL SOD, and 100 μM (■) or 500 μM Asc (▼). (B) Rate of
consumption of 0.25 μM (○) or 0.5 μM NO (●) in a solution containing 0.4 μM Cygb, 400 units/mL SOD, and 300 μM Asc. (C) Rate of
consumption of 0.5 μM NO in a solution containing 300 μM Asc, 400 units/mL SOD, and 150 nM (■) or 800 nM Cygb (▼).

Figure 6. (A and B) Effect of O2 concentration on Cygb species and the proposed reaction scheme for reduction of Cygb. Simulated concentration
changes of Cygb(Fe3+) and Cygb(Fe2+NO) (A) and simulated concentration changes of Cygb(Fe2+O2) (B) when [O2] varies from 0 to 200 μM in a
reaction system containing 300 μM Asc, 0.4 μM Cygb, and 0.5 μM NO. (C) Molecular reaction mechanism of Cygb-mediated O2-dependent NO
consumption in response to hypoxia.
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rate of decay of NO by Cygb is markedly decreased, and this
could serve to support hypoxic vasodilation.
The Cygb concentration in the vascular wall has not been

reported, but its concentrations in cells and tissues were
measured or estimated to be in the range of ∼1 μM.8,10,21−23

Asc is an important cellular antioxidant that is a key vitamin for
animals and plants. Asc concentrations are in the range of tens
of micromolar in human serum,41−43 ∼300 μM in rat liver and
brain cells,44 0.5−1 mM in human fibroblasts and endothe-
lium,45,46 and ∼0.1 mM in vascular smooth muscle cells47 in the
presence of 50 μM extracellular Asc. In our experiments, the
Asc concentration used for measuring the rate of Cygb-
mediated NO decay (NO dioxygenation) is 300 μM, which is
in the physiological intracellular concentration range. The
flavoprotein CPR/NADPH is a ubiquitous enzyme in
eukaryotic cells that is capable of supporting the activity of all
known microsomal forms of CPR.48 It was reported that the
content of CPR represents ∼0.1% of the aortic microsomal
protein49 and that the aortic microsomal protein content is 3.3
mg/g of tissue.50 Assuming that the density of the aorta is 1, the
aortic microsomal protein content should be 3.3 mg/mL or 3.3
g/L. Because the CPR content is ∼0.1% of the aortic
microsomal protein, the CPR content should be ∼3.3 mg/L.
The apparent molecular mass of CPR is ∼80 kDa, so its
concentration in the aortic wall is estimated to be ∼40 nM. We
used 50 nM CPR in experiments for Cygb-mediated NO
consumption close to the inferred aortic CPR concentration.
In Figure 1, we demonstrate that the rate of consumption of

NO by Cygb decreases when the O2 concentration decreases. It
is worth noting that the rate of NO decay in the aerated buffer
under room air (dashed line) is similar to the rate of NO decay
under anaerobic conditions [the last NO decay curve (solid
line) on the right side of Figure 1A]. It is well-known that NO
autoxidation is second-order with respect to NO concentration,
and its half-life is inversely proportional to the initial NO
concentration. Theoretically, the half-life of 0.5 μM NO is
longer than 10 min if NO decay is caused only by NO
autoxidation. However, in our measurements, the solution is
rapidly stirred to achieve a uniform distribution in the whole
solution as quickly as possible so that the rapid Cygb-mediated
NO decay can be accurately recorded. Because NO is a volatile
gas and the rate of NO volatilization is dependent on the rate of
stirring, increasing the stirring speed could increase the rate of
NO volatilization. Under our experimental conditions, NO
decay in the absence of Cygb or reductants was mainly caused
by NO volatilization rather than NO autoxidation. The plots of
Cygb-mediated NO consumption in the presence of a
reductant versus O2 concentration (Figure 2) show that the
rate of NO consumption, VCygb−NO, decreases only slightly
when the O2 concentration decreases at higher O2 levels (>50
μM). In contrast, VCygb−NO is much more sensitive to the
change in O2 concentration for lower O2 levels (<50 μM),
indicating that the major effect of Cygb in modulating O2-
dependent NO consumption occurs in this hypoxic range.
The magnitude of the change in VCygb−NO is largely

dependent on the rate of NO consumption at high O2
concentrations, and the rate of Cygb-mediated NO con-
sumption is limited by the reduction of metCygb back to
ferrous Cygb after oxyCygb is oxidized to metCygb during NO
dioxygenation, as suggested previously.8,28 It is interesting that
ferric Cygb (metCygb) can be reduced by many cellular
reductants at a rate significantly higher than the rate of
reduction of ferric myoglobin (metMb) and ferric neuroglobin

(metNgb).10 This allows Cygb to more sensitively regulate the
rate of NO consumption in response to changes in O2
concentration than these other globins.
The CPR concentration used in these experiments is ∼3−4

orders of magnitude smaller than the Asc concentration, while
kcnp is ∼4 orders of magnitude greater than kca (Figure 3).
However, as noted above, the Asc concentration (several
hundred micromolar) is ∼4 orders of magnitude higher than
the levels of CPR (10−40 nM) in the aortic wall (unpublished
observations). Therefore, both Asc and CPR have a comparable
ability to reduce Cygb in the vascular wall if these reductants
can freely interact with Cygb. CPR is known to be present in
most cells, including vascular smooth muscle. While CPR is
primarily present attached to the endoplasmic reticulum
membrane, there are also reports of its distribution in some
cells throughout the cytoplasm.51 Cytoglobin is a cytosolic
protein and could come into contact with CPR attached to the
cytosolic side of the endoplasmic reticulum membrane or in
other locations in the cytoplasm. More recently, CPR has also
been reported to be associated with the cytosolic side of the
plasma membrane and thus could also come into contact with
cytoglobin.52 CPR is known to reduce a range of heme proteins
other than P450, including cytochrome c and myoglobin. We
observe that CPR efficiently and rapidly reduces cytoglobin.
The use of CPR/NADPH as an alternative pathway of
cytoglobin reduction not only demonstrates that the kinetic
model illustrated in Figure 6 is suitable for different cellular
reductants but also further validates that Cygb(Fe3+) is the
main intermediate reduced back to ferrous Cygb by cellular
reductants in the process of O2-dependent NO consumption.
It is interesting that Asc reduces metCygb with kinetics that

follow the Michaelis−Menten equation with an apparent Km′ of
4.1 ± 0.5 mM and a Vmax′ of 1.48 ± 0.05 μM/s. This implies
that reduction of metCygb by Asc may occur through a Cygb−
Asc intermediate or Cygb may have a binding site for Asc as
previously suggested.10 The rate constant of reduction of Cygb
by Asc that we measured (36.1 M−1 s−1) was obtained by
directly measuring the metCygb concentration in the reaction
with Asc. This value is approximately 26 times greater than that
reported from measurements of the rate of formation of Cygb-
CO during the reduction of metCygb by Asc in the presence of
CO.10 The previously reported rate constant for reduction of
metCygb by Asc, obtained by measuring the formation of
Cygb(Fe2+-CO) during the reduction of Cygb(Fe3+) by Asc,
was 1.3 M−1 s−1. The dissociation of the endogenous ligand
required for CO binding may be the main contributor to this
slower rate. Equations 1−5 were used to derive eqs 7 and 17 for
the rate of Cygb-mediated O2-dependent NO consumption.
The calculated VCygb‑NO versus [O2] curves based on eq 17 fit
the experimental data with an adjusted k2 that is 1.55 times the
measured value for Asc as the reductant or 1.09 times the
measured value for CPR/NADPH as the reducing system
(Figure 4), indicating that the proposed reaction scheme is
reasonable.
To examine the effect of different factors on the rate of

consumption of NO by Cygb, we rearranged eq 7 in an
apparent Michaelis−Menten form (eq 13). In this form, Vm and
Km are functions of Asc concentration, NO concentration, and
reaction rate constants. Cygb concentration [E] appears in only
Vm, while [NO] and [R] appear in both Vm and Km. Therefore,
we can predict that a change in the value of [E] affects only Vm,
while a change in [NO] and [R] will affect both Vm and Km.
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These predictions were validated by the experimental results
shown in Figure 5.
The proposed molecular reaction scheme for this regulation

is illustrated in schematic form in Figure 6C. The relatively
higher rate of reduction of metCygb by Asc or CPR/NADPH
greatly increases the amount of reduced Cygb. In the presence
of a high O2 concentration, the Cygb(Fe2+NO) concentration
is quite low (Figure 6A), but the Cygb(Fe2+O2) concentration
is quite high (Figure 6B) such that much more Cygb(Fe2+O2)
is available for the dioxygenation cycle. This results in a large
increase in the rate of NO consumption. With a decreasing O2
concentration, NO will be more likely to bind to the ferrous
Cygb. This process converts Cygb into the nitrosyl form
[Cygb(Fe2+NO)] at lower O2 concentrations, which greatly
reduces the amount of metCygb that can be reduced to ferrous
Cygb and form Cygb(Fe2+O2) for the dioxygenation cycle.
Furthermore, the nitrosyl form has a much lower chemical
activity in reacting with NO, resulting in a significant decrease
in the rate of NO consumption. In this way, Cygb effectively
amplifies the extent of the change in the rate of NO
consumption when the O2 concentration is varied under
hypoxic conditions.
As shown above, Cygb mainly regulates the rate of NO

consumption when [O2] is below 50 μM. This concentration is
close to the O2 concentration measured in microvasculature
and used in prior related computer simulations.17 Equation 7
shows that the rate of consumption of NO by Cygb is not linear
with NO concentration and O2 concentration, but we can
estimate the apparent rate constant of the O2-dependent
consumption of NO by Cygb in the vascular wall based on eq 7
if vascular O2, NO, Cygb, and Asc concentrations are known.
Assuming that the NO concentration in the vascular wall is less
than 150 nM,17,53−55 the O2 concentration is below 60 μM, the
Cygb concentration is 1 μM, the Asc concentration is 100 μM,
and other rate constants are the same as those listed in Table 1,
we can calculate the apparent rate (kapp) of consumption of NO
by Cygb for given NO and O2 concentrations in the range of
25−150 nM and 1−60 μM, respectively, using the following
formula:

=k
V

[NO][O ]app
NO

2

The calculated kapp is a function of NO concentration and O2
concentration. The average kapp can be determined in the
ranges of NO (25−150 nM) and O2 (1−60 μM) concen-
trations considered, which is 3.5 × 103 M−1 s−1. The average
kapp is close to the rate constant of 4 × 103 M−1 s−1 for vascular
NO consumption reported in our prior paper16 and in the
range of rate constants estimated in other reports.17 Our results
suggest that the NO concentration is regulated not only in the
intervascular tissues17 but also in the vascular wall, with Cygb
playing an important role in this latter process.
In conclusion, we delineated the reaction mechanism of O2-

dependent consumption of NO by Cygb and derived a related
kinetic model that predicts the NO consumption rate. The
predicted rate of O2-dependent consumption of NO by Cygb
was consistent with the experimentally measured values. We
observed that the reduction of Cygb by Asc follows Michaelis−
Menten kinetics and determined the Km and Vmax for this
reaction. In addition, we measured the rate constant of
reduction of Cygb by the important cellular reductase CPR.
Simulations based on the kinetic model show that Cygb

efficiently regulates the O2-dependent NO consumption rate
because of the rapid reduction of metCygb, which increases the
NO catabolic rate at high O2 concentrations, while NO binding
to Cygb at lower O2 concentrations significantly decreases the
rate of NO consumption under hypoxia. Our results indicate
that Cygb can sensitively transduce a change in O2
concentration to a change in the rate of NO consumption,
allowing Cygb to sense and regulate the NO diffusion distance
in the vascular wall and vascular tone in local tissues in response
to changes in O2 concentration.
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