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ABSTRACT: Soluble guanylyl cyclase (sGC), the key enzyme for the formation of
second messenger cyclic GMP, is an authentic sensor for nitric oxide (NO). Binding
of NO to sGC leads to strong activation of the enzyme activity. Multiple molecules
and steps of binding of NO to sGC have been implicated, but the target of the
second NO and the detailed binding mechanism remain controversial. In this study,
we used NO and "NO and anaerobic sequential mixing—freeze-quench electron
paramagnetic resonance to unambiguously confirm that the heme Fe is the target of
the second NO. The linear dependence on NO concentration up to 600 s™" for the
observed rate of the second step of NO binding not only indicates that the binding
site of the second NO is different from that in the first step, i.e., the proximal site of
the heme, but also supports a concerted mechanism in which the dissociation of the
His10S proximal ligand occurs simultaneously with the binding of the second NO
molecule. Computer modeling successfully predicts the kinetics of formation of a set

1NO “NO
103M's!
A = ALV
Fle” His
His ®NO
*NO 25s!
10°M-'s”
Slow
10%-10+s" 1N
14NO E
o L7 Lo
v/ >600s" [ TR
n . "
_ F'le Veryfast| wsyo His
His *NO

of five-coordinate NO complexes with the ligand on either the distal or proximal site and supports the selective release of NO
from the distal side of the transient bis-NO—sGC complex. Thus, as has been demonstrated with cytochrome ¢/, a five-coordinate
NO—sGC complex containing a proximal NO is formed after the binding of the second NO.

ammalian soluble guanylyl cyclase (sGC) is an authentic
heme-based sensor for nitric oxide (NO). The catalytic
center of sGC is formed by the C-terminal halves of both a and
J subunits, while the heme center is located in the N-terminal
domain of the f subunit. Resting sGC has a five-coordinate
(Sc) ferrous heme [Fe(I)] containing a proximal histidine
ligand (His105)." Binding of NO to the heme center increases
its basal activity for catalytic conversion from GTP to cyclic
GMP by several hundred-fold.>* sGC does not bind oxygen but
binds carbon monoxide (CO), which causes an only few-fold
increase in activity. Binding of CO to sGC differs from binding
of NO in three aspects. (1) CO binds sGC as a single reversible
step, while NO binds sGC as a multiple and overall irreversible
process with an apparent Ky on the picomolar level.* (2)
Binding of CO to sGC forms a stable six-coordinate (6c)
complex, while NO binding causes dissociation of the proximal
histidine ligand to form a five-coordinate (Sc) NO—sGC
complex. (3) Only one molecule of CO binds to sGC, but two
molecules of NO bind to sGC sequentially; both the first step,
formation of a 6¢ NO complex, and the second step, further
conversion to a 5S¢ NO complex, exhibit NO concentration
dependence.*
The binding site of the second NO has not been determined.

It was postulated to bind to the sGC heme iron as a proximal
ligand by displacing the original histidine ligand, His10S, similar
to that demonstrated for cytochrome ¢’ by mutagenesis and
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crystallographic analysis.”® An alternative proposal for the
binding site of the second NO during the activation process is a
cysteine thiol, or at a non-heme site.””'" However, nitrosation
of cysteine does not occur in the absence of oxygen, and even
in the presence of oxygen, the reaction is too slow to contribute
to the observed fast NO binding.'>'> As no evidence indicates
an additional metal center near the heme iron that could be a
second NO target, it is more plausible to test the idea of heme
as the binding site for the second NO molecule as represented
by Scheme 1 (A < B < C). On the basis of the observed NO
concentration dependence of the B < C conversion, the
second molecule of NO has to bind to the heme to cause
spectral changes, and this site cannot be the distal site of the
heme; otherwise, NO concentration dependence would not be
observed. It is only logical to assume that the second NO
targets the proximal side of the heme iron, to form a transient
bis-NO—sGC complex, Fe(II)(NO), (or a quaternary tran-
sition complex, C, in Scheme 1), which then transforms further
into a stable Sc NO complex, SpFe(II)NO (B < C — D in
Scheme 1). However, there is no direct evidence of whether the
remaining heme-bound NO ligand comes from the second
molecule of NO and whether this ligand is at the distal or
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Scheme 1. Reaction between NO and sGC?
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“Species A—D, D*, and E* are identified by rapid-scan UV—vis spectroscopic and EPR under stoichiometric and excess amounts of NO. Rate
constants for each chemical step were determined by us at 24 °C except the slow dissociation from D to A, for which measurements from literature
were used.””® The reactions with stoichiometric NO, A < B — D* — E* — desensitized sGC, are a simplified version as compared to Table 1,
whereas the cycling from B back to A was measured when 1 mM CO and 25 mM dithionite were added at the time of maximal formation of B."* The
proximal histidine ligand (purple) denotes an alternative histidine, likely His107.

proximal side of the heme. We would like to resolve these key
issues to fully understand the interaction between NO and sGC
and the coupling between NO binding and sGC activation.

To confirm if heme is the target of the second NO and to
demonstrate that the second NO binds to the proximal site of
the heme, we used "*'NO and "*NO as heme ligand structural
probes for the two NO binding steps in combination with
sequential stopped-flow and freeze-quench EPR and followed
the kinetics of multiple steps of binding of NO to sGC. We
took advantage of the power of EPR in discriminating between
isotopic NO—sGC binding complexes and succeeded in
generating unambiguous answers for the key questions raised
above and also derived a unified mechanistic model regarding
the interaction between NO and sGC.

B MATERIALS AND METHODS

Protein Expression and Purification. The sGC enzyme
was expressed in Sf9 cells and purified by anion-exchange and
affinity chromatography as detailed previously.'> The sample
was supplemented with 1 mM MgCl, and stored at —80 °C in
25% glycerol. The preparations were at least 95% pure as
judged by sodium dodecyl sulfate—polyacrylamide gel electro-
phoresis with Coomasie Blue staining and immunoblotting.
The anaerobic sGC sample was prepared in a glass tonometer
via a five-cycle vacuum (30 s) argon replacement (S min) on an
anaerobic train.

Preparation of NO Solutions. A “NO solution was
prepared using the 99.9% pure "*NO gas, which was further
cleaned up from degradation products by being passed through
a U-shaped tube filled with dry KOH pellets. Anaerobic 50 mM
triethanolamine (TEA, pH 7.4) buffer prepared via nitrogen
purging for 10 min was bubbled for an additional 10 min with
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purified *NO to obtain an ~2 mM solution. The solution was
kept in a gastight glass tonometer and stored in an anaerobic
chamber (Coy Laboratory Products, Inc.). The stock solution
of ’'NO (Cambridge Isotope Laboratories, Andover, MA) was
prepared similarly. The exact concentration of NO in the stock
solution was determined using an oxyhemoglobin (HbO,)
assay.'* Working NO solutions of different concentrations were
prepared by adding the necessary amount of NO stock to a
plastic gastight syringe containing anaerobic 50 mM TEA (pH
7.4) and used immediately for measurements.

Monitoring of Formation of the sGC—NO Complex.
The dynamics of formation of the sGC—NO complex was
monitored at room temperature (24 °C) in the anaerobic
chamber, using a Bio-SEQUENTIAL DX-18MV stopped-flow
instrument (Applied Photophysics, Leatherhead, U.K.). The
time-dependent UV—vis spectra and single-wavelength kinetic
data were recorded with a rapid-scan photodiode array detector
at a rate of 400 scans/s for up to 1 s and with a single-
wavelength mode of the stopped flow, respectively. We always
found a good match in kinetics and amplitude change at each
wavelength in both rapid-scan and single-wavelength mode,
indicating minimal extra photodissociation or photodecompo-
sition of any intermediates caused by the stronger light
intensity in the rapid-scan measurements.

Trapping sGC—NO Complexes by Freeze Quench.
Single-stage rapid-freeze quench (RFQ) at 24 °C was
performed using our Update Instrument (Madison, WI)
System 1000 located in an anaerobic chamber and prechilled
isopentane as previously described.'>'®

To freeze trap different intermediates of the NO—sGC
reaction with two-stage mixing, we prepared sGC—NO
complexes using the same anaerobic sequential stopped flow
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Table 1. Reaction Steps and Rate Constants for the NO
Binding Mechanism of sGC

terms in rate
reaction step Scheme 1 constant value?
5cFe(Il) + NO < Ao B ki/k., 45 X 108 M~ s7'/27

6cFe(II)NO s

6cFe(I)NO < ScFe(II) B < D* ky/k_,  85s7'/0.001 s7!
NO*

5cFe(I)NO « 6cxFe(Il)  D* « E* ky/k_y  0.06s7'/0s7!
NO*

6cxFe(I)NO < ky/k_y, 2s7'/0s7!
ScxFe(11)”

ScxFe(II) <> ScFe(II)NO? ky/k_s  0.006 s7'/0 s7!

6cFe(I)NO + NO < Bo C ke/k_s 1.1 X 10° M~! 71/25

Fe(I1)(NO), s
ko/k_

kg/k_g

Fe(II)(NO), « SpFe(l) C < D 1000 s7'/0 s~
NO

SpFe(I)NO « 5cFe(ll) + D < A 0.0001 s7'/0 s7*

NO
“Values are those determined at 24 °C as we previously reported'>*®
or determined recently for a stoichiometric or excess amount of
NO."?° bSteps observed only when the sGC:NO ratio is 1:1. The k,/

k_, and ks/k_g steps are not included in Scheme 1.

and an open-ended flow cell controlled by a double-push
program. Two knurled-screw plungers of the instrument were
preset to deliver equal volumes of reactants with each push. In
the first push, 9 yuM sGC sample was mixed with an equal
volume of 10 uM "*NO and incubated in the aging loop of the
stopped-flow instrument for 20 ms. With the second push, the
preformed sGC—"*NO complex was mixed with equal volumes
of S or 50 uM NO and displaced from the system by S0 mM
TEA (pH 7.4). The samples were captured in an EPR tube and
immediately plunged into a dry ice/ethanol bath (—30 °C). It
took 5—10 s to completely freeze the sample in the S mm EPR
tube. Subsequently, the sample was transferred from the
anaerobic chamber to liquid nitrogen. In some control
experiments, the second NO solution was replaced by bulffer.
In other experiments, sGC was first reacted with a SNO
solution, followed by a second mixing with *NO.

Such a freeze-quench experimental arrangement allows for
acquisition and direct comparison of both optical and EPR data
from identical samples. It also avoids the packing factor of the
rapid freeze in isopentane that adds another ~2-fold dilution
and heterogeneity of the final packed sample in our rapid-freeze
instrument.

EPR Spectroscopy. Liquid nitrogen-temperature EPR
spectra were recorded with a Bruker EMX spectrometer
using a BVT3000 temperature controller and a silver-coated
double-jacketed glass transfer line."” The conditions for EPR
measurements at 110 K were as follows: frequency, 9.2 GHz;
modulation amplitude, 2 G; modulation frequency, 100 kHz;
time constant, 0.33 s.

Mathematical Modeling. Numerical integration to simu-
late the NO complex intermediates, especially the Sc NO—sGC
intermediates, was conducted using the feature of a kinetic
block, containing all the chemical steps as listed in Table 1
(Scheme 1) and the rate constants determined by us at 24 °C,
in SCoP (Simulation Resources Inc., Redlands, CA), as we
reported previously.'®"’

B RESULTS AND DISCUSSION

Heme Is the Binding Site of the Second NO Molecule.
Our first goal was to confirm that the heme is the target of the
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second NO. For this purpose, we used symmetric sequential-
mixing stopped flow of sGC with NO solutions containing
different nitrogen isotopes in the two reaction stages. Such
kinetic measurement led to 2-fold dilution in the first mixing
and another 2-fold dilution in the second mixing.”* To avoid
any confusion about the sample concentrations, all values
presented here are the starting concentrations “before” mixing,
unless indicated otherwise.

Before conducting the freeze trap EPR kinetic experiments
using isotopic NO, we ran parallel optical kinetic measurements
to optimize the aging time of the sequential mixing. A one-stage
mixing rapid-scan measurement of the anaerobic reaction
between ~7 uM sGC and 7 uM NO showed a 420 nm
intermediate that peaked at 1.5 ms, mainly the 6c NO—sGC
complex [or 6cFe(I[)NO in Table 1] (Figure 1A). The very
fast first step, conversion from the resting ferrous sGC, with a
Soret peak at 432 nm, to the 6c NO—sGC complex, was totally
complete within the 1.5 ms dead time of our stopped-flow
instrument. This intermediate transformed within 1 s further to
a species with a 399 nm peak, the Sc NO—sGC complex [or
ScFe(I)NO in Table 1] with an isosbestic point at 405 nm
(Figure 1A), seemingly indicating that only one chemical step
was involved, consistent with previous observations.*'> Our
recent study indicates that the first step of binding of NO to
sGC has an association rate constant (k;) of 4.5 X 108 M~! 57!
and a dissociation rate constant (k_;) of 27 s~! at 24 °C (Table
1 and ref 19). As estimated by the 420 nm amplitude at 20 ms,
~80% of the enzyme was present as the 6c NO—sGC complex
(Figure 1A). The same amount of 6c NO—sGC complex was
predicted by computer simulation (Figure SA). The value of 20
ms was chosen as the minimal reliable aging time for our
sequential stopped-flow instrument, and also the point at which
the 6c NO—sGC complex is still the dominant sGC species
before conversion to the S¢c NO—sGC complex.

Transient formation of the 6c NO—sGC complex was also
confirmed by one-stage rapid-freeze EPR measurements. As
shown in Figure 1B, equal mixing of sGC and NO (10 uM
each) followed by freeze trapping at 20 ms yielded an EPR
spectrum consistent with a mixture of 6c rhombic and Sc axial
low-spin NO—heme complex (spectrum b). In contrast, the
sample freeze trapped ~S s after mixing showed a spectrum
typical for Sc axial NO—heme complex (spectrum a) with g,
g = 2.076 and g, = 2.008 with a typical three-line hyperfine
splitting (Ay = 17 G) caused by the nitrogen nucleus of NO.
Arithmetic analysis with spectra a and b normalized to the same
spin concentration indicated that the sample freeze trapped at
20 ms is dominated by the 6c NO—sGC complex, which
accounts for ~75% of the total sGC (spectrum c, which is the
difference between spectrum b and 25% of spectrum a). The
EPR spectrum of the resolved 6¢ NO—sGC complex was
optimally simulated by rhombic NO heme with g values of
2.097, 2.018, and 1.985 and a nine-line (3 X 3) hyperfine
pattern caused by nitrogen nuclei from NO (Ay; = 22 G) and
the proximal histidine, H105 (Ay, = 6G) (spectrum d).
Although a similar EPR result for the 6c NO—sGC complex
was obtained by reaction of sGC with a NO releaser at —24 °C
in a buffer containing 40% ethylene glycol and manual
freezing,21 the data shown in Figure 1B are the first obtained
by RFQ EPR. Kinetically, the contribution of the 6c NO—sGC
complex to the EPR data appears to match nicely with the
optical kinetic data shown in Figure 1A and that predicted by
computer modeling (Figure SA).

dx.doi.org/10.1021/bi300105s | Biochemistry 2012, 51, 2737—2746
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Figure 1. (A) Time-resolved spectra of the reaction between sGC and a stoichiometric amount of NO. NO binding reactions of sGC monitored by
rapid-scan single mixing at 24 °C. The concentrations of both sGC and NO were 7 uM. Three spectra recorded at 1.3 ms, 20 ms, and 1.0 s of the
400 collected are shown. A matching resting Fe(II)sGC spectrum recorded on an HP8453 spectrophotometer is also shown as a “zero” time control
(===). (B) Transient formation of the 6c NO—sGC complex identified by RFQ EPR kinetic measurement. sGC and NO (10 M each) were
reacted at 24 °C by single-stage equal mixing and freeze trapped with cold isopentane (113 K). The ram velocity was 1.25 cm/s, and the packing
factor was 0.45.'® The EPR spectra for samples trapped at 20 ms (b) and S s (a) are one out of three repeats, which show similar results. Spectrum c
is the difference between spectrum b and 25% of spectrum a, which reveals the dominant 6c NO—sGC species. Simulation of the EPR of the 6¢
NO—sGC complex (spectrum d) was done by Simfonia as a frozen powder sample. Hyperfine splitting constants related to the nitrogen nuclei from
NO, Ay, and His10S, Ay, are indicated. Spectra a and b are averages of 32 scans. Key g values for the NO—sGC complexes are also indicated. (C)
Kinetics of resting sGC (by A3,), the 6c NO—sGC complex (A,,), and the Sc NO—sGC complex (Asq,) in the second-stage reaction of the
anaerobic sequential stopped flow at 24 °C. The reaction in the first stage was between S yM sGC and S yM NO, and the mixture, after a 20 ms
delay, was further reacted with S M NO in the second mixing. Dashed lines are visual guides connecting all data points that are not evenly
distributed on the logarithmic scale, especially those of <10 ms.

In the next step, we examined the kinetic change of different mixing. This result also indicates that during the 1 min period
intermediates of NO—sGC interaction in a sequential mixing after the second mixing there is not much cycling from the Sc
experiment. sGC (S M) was mixed with S M NO during the NO—-sGC complex back to the resting ferrous sGC to allow
first-stage mixing and aged for 20 ms and then reacted with another cycle of NO interaction.
additional 5 uM NO during the second-stage mixing. The To trap various NO—sGC intermediates for EPR character-
disappearance of 6cFe(II)NO, monitored at 420 nm, and the ization, we generated the maximal amount of the 6c NO—sGC
formation of the S¢ NO—sGC complex followed at 399 nm complex in the first-stage mixing of the sequential stopped flow,
were fast and reached a plateau after ~0.2 s (Figure 1C). The and after 20 ms, the reaction mixture was further mixed with
level of 6cFe(II)NO, the Sc NO—sGC complex, and even the the second NO with the opposite nitrogen isotope in the
Sc Fe(II)-sGC complex remained pretty much unchanged second stage. As the nuclear spins of *N and '"*N are '/, and 1,
during the 0.5—60 s period after the second mixing (Figure respectively, we expected to see a very contrasting two-line (Ay
1C), indicating that the amount of all S¢ sGC—NO species ~ 22 G for ®NO) or three-line (Ay ~ 17 G for “NO) z-

basically plateaued for a period of >>10 s after the second hyperfine splitting pattern in the EPR of the S¢ NO—sGC
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Figure 2. EPR spectra of sGC that reacted sequentially with a
stoichiometric amount of *NO and “NO (A) or with a reverse
sequence of the isotopic NO (B). The sequential stopped-flow and
freeze trap procedure is detailed in Materials and Methods. The 20 ms
aging time for the first mixing was used, and the sGC concentration
was 9.0 M for both experiments. (A) Isotopic NO ligand was used at
concentrations of 10.0 and 5.0 uM in the first and second mixing,
respectively. The '“NO and "*NO control spectra of the 5c NO—sGC
complex generated from 9.0 uM sGC with an excess of individual
isotopic NO and manually frozen after ~10 s are shown as the top and
bottom spectra, respectively. Spectrum a is the EPR spectrum of the
freeze-trapped sample S—10 s after the second mixing, and spectrum b
is the difference spectrum between spectrum a and 55% of the "NO
control. Spectrum ¢ is equivalent to spectrum a in panel A, but with
opposite isotopic NO sequence. Spectrum d is the difference between
spectrum ¢ and 43% of the "NO control. All spectra are normalized
against their total spin concentration by double integration. The
difference spectra (b and d) are the optimally resolved EPR spectra,
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Figure 2. continued

containing the essentially pure spectrum of either “NO or “NO
control EPR. This was achieved by serial arithmetic subtraction from
the EPR of individual freeze-trapped samples (b or d) by different
fractions of the control spectrum and visual comparison with either
control spectrum. EPR conditions are described in Materials and
Methods, and each spectrum is the average of 8—20 repetitive scans.

complex depending upon whether "NO or “NO is the
remaining heme ligand. Combination of isotopic NO and EPR
spectroscopy is probably a much more effective approach for
following the identity of the heme-bound NO and its
coordination site, either proximal or distal, in the first and
second binding steps than other spectroscopic methods, such as
resonance Raman or Modssbauer spectroscopy, considering
signal resolution, sample usage, and ease of execution of the
measurements.

The pure S¢ “NO- and "NO-sGC control samples
created by reaction of 9 uM sGC at 24 °C with an excess of
either "NO or "NO display typical axial EPR spectra with
prominent two-line and three-line hyperfine features, respec-
tively, for the g, component (Figure 24, top and bottom
control spectra). The EPR spectrum for the sample obtained by
mixing 9 #M sGC first with 10 uM “NO and then with S uM
“NO [(1:1):1 two-stage mixing] followed by freeze trapping
for 5—10 s at —30 °C is shown in Figure 2A (spectrum a). This
spectrum corresponds to the 5S¢ NO—sGC complex containing
a mixture of the *'NO and "*NO control spectra. Subtraction of
55% of the NO control spectrum from the experimentally
obtained spectrum a yields a difference EPR spectrum with a
line shape essentially identical to that of the NO control
(Figure 2A, spectrum b vs the bottom spectrum).

In the second experiment, we reversed the order of the
isotopic NO, i.e., 9 uM sGC first reacted with 10 uM "*NO and
then with S uM "NO [(1:1):1 two-stage mixing]. The EPR
spectrum of the trapped sample was best expressed as a mixture
of the Sc NO—sGC complex containing 57% '*NO and 43%
NO (Figure 2B). Although the isotopic NO was swapped in
this experiment, the isotope distribution is very similar to that
in Figure 2A, indicating that the two isotopic NO ligands have
the same binding behavior.

To see the effect of a modest excess of NO in the first
mixing, we mixed 9 uM sGC with 15 uM "NO and aged the
sample for 20 ms before further mixing it with 7.5 uM “NO
and freeze trapping it [(1:1.6):1.6 two-stage mixing]. This
sample gave a composite EPR spectrum (Figure 3A, spectrum
c) that is best simulated as a mixture of 43% Sc *NO—sGC
complex and 57% Sc '"NO—sGC complex (Figure 3A,
spectrum d vs the bottom spectrum). The amount of “NO
remaining in the final sample was increased from the
experiment with a (1:1):1 mixing scheme [i.e., 43% (Figure
2B)].

To test whether the ratio between the *NO— and “*NO-
sGC complexes can be substantially modulated by varying the
concentration of the NO present in the second mixing, we first
mixed 9 M sGC with 10 uM "NO and aged it for 20 ms
before further mixing it with 50 uM (i.e., 10 fold excess) "NO
[(1:1):10 two-stage mixing] and freeze trapped the resulting
sample. The EPR spectrum of this sample (Figure 3B, spectrum
e) can be optimally simulated as a mixture of 15% "“NO—sGC
complex and 85% “NO—sGC complex (Figure 3B, spectrum
f), indicating that we were able to enrich a specific isotope-

dx.doi.org/10.1021/bi300105s | Biochemistry 2012, 51, 2737—2746
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Figure 3. EPR spectra of the reaction of sGC (9.0 uM) with excess
NO in either the first-stage (A) or second-stage (B) reaction of the
sequential mixing experiments. (A) *NO (15 yM) and “NO (7.5
uM) were used in the first and second mixings, respectively. Spectrum
a is the EPR spectrum of the freeze-trapped sample 5—10 s after the
second mixing, and spectrum b is the difference spectrum between
spectrum a and 43% of that of the '*NO control. (B) Similar to A, but
10 uM "NO and 50 uM "NO were used in the first and second
mixings, respectively. Spectrum c is the EPR spectrum of the freeze-
trapped sample, and spectrum d is the difference spectrum between
spectrum ¢ and 15% of that of the *NO control.

labeled S¢ NO—sGC complex by greatly increasing its
concentration at the second mixing.

The presence of a substantial amount of the same nitrogen
isotope in the final Sc NO—sGC complex as in the NO ligand
used for the second mixing convincingly demonstrates that the
heme iron is the binding site for the second NO molecule. The
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Figure 4. NO concentration dependence of the observed rate for the
second-step binding of NO to sGC. sGC (2 yM) was mixed with eight
different levels of NO ranging from 90 to 1800 uM in the anaerobic
stopped flow, and the kinetic data at A,,, were collected and rates
determined by fitting to a one-exponential, pseudo-first-order function.
Each datum is the average of three to five shots, with the standard
deviation shown as a vertical bar. A similar experiment conducted with
a different sGC preparation is shown in Figure S1 of the Supporting
Information. The averages and standard deviations of k,, and k.
values determined from four different batches of the sGC preparation
are 1.0 + 0.3 uM™" s™" and 27 + 4 57/, respectively.

occupancy of the final 5¢ NO—sGC complex by the isotope
used in the second mixing increased from 43 to 85%, when the
NO stoichiometry was increased from 1 to 10 relative to the
level of heme. This increase is substantial, and such a large
extent of isotope replacement of the bound NO ligand deserves
a quantitative mechanistic interpretation (see below).
Insignificant Isotope Scrambling during the 5—-10 s
Period of Freeze Trapping. To maximize the amount of 6¢
NO—-sGC complex, we need to use a rapid-mixing technique
for the first-stage mixing to track a fast reversible binding step
with a k,, of 4.5 x 10 M™' s7 and a kg of 27 s (k;/k_, in
Table 1, and Scheme 1) to select the best delay time before the
second-stage mixing. Although the 5S¢ NO—sGC complex
formed after the second NO mixing appeared to be stable for at
least 1 min (Figure 1C), the S—10 s freezing time of the sample
after the second mixing may potentially contribute to some
isotope scrambling. This event may occur because of a possible
dissociation of NO from the projected transient bis-NO
quaternary complex (C in Scheme 1), followed by the
rebinding of NO with the other isotope label before the
sample was completely frozen. To address whether such a
scenario is possible, we had to carefully assess the kinetic
destiny of the potential transient quaternary complex
intermediate (complex C in Scheme 1). In our previous
publication,”® we determined the k,, and k. values of these

chemical steps (ks/k_g and k;, listed in Table 1):
6cFe(I1)NO + NO < Fe(I)(NO),
— SpFe(lI)NO (B« C — Din Scheme 1)

Our rapid-scan data revealed a direct conversion of 6cFe(Il)-
NO (with a 420 nm Soret peak) to either ScFe(I[)NO or
SpFe(I)NO (with a Soret peak at 399 nm) with no indication
of any accumulation of Fe(II)(NO), (Figure 1). The only
reported bis-NO complex with heme was described for the
model heme Fe(II)(TmTP) (TmTP meso-tetra-m-tolyl-
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Figure 5. Simulation of the kinetics of ScFe(Il), 6cFe(II)NO,
ScFe(II)NO, SpFe(II)NO, and 6cxFe(I[)NO. Data were generated
using the parameter values listed in Table 1. (A) The optimal aging
time of ~20 ms for the formation of 6c Fe(I[)NO in the first mixing
(—) between 9 uM sGC and 10 uM NO is indicated by a vertical
dashed line. (B) The time-dependent changes of various intermediates,
especially those for the five-coordinate NO complexes: ScFe(I[)NO
(-+) and SpFe(I)NO (--) indicated by thick and thin arrows,
respectively, during a S s reaction after the second mixing with 5 M
(top) or SO uM NO (bottom). Notice the large change in the relative
ratio between ScFe(II)NO and SpFe(II)NO when the NO:sGC ratio
is changed from 1:1 to 10:1 indicated by thick and thin arrows. The
matching values of this ratio for individual freeze-trap EPR
experiments shown in Figures 2 and 3 were derived by mathematical
modeling and are listed in Table 2.

porphinato dianion) in organic solvents.”> The Fe(I)(TmTP)-
(NO), complex exhibits a 416 nm Soret absorption peak, which
is very different from that of the ScFe(Il)(TmTP)(NO)
complex, 404 nm. This bis-NO was very transient and detected
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only at low temperatures.”” These measurements for the bis-
NO heme model strongly indicate that the spectrum of the
putative bis-NO—sGC intermediate should be different from
that of either the Sc or 6¢ NO—sGC complex. Thus, the
observed single-stage optical conversion from 420 nm species
to 399 nm species of the interaction of NO with sGC indicates
that, if there is any formation of the bis-NO—sGC complex, it
has to be very transient and very difficult to detect directly.

Two competing processes contribute to the depletion of
Fe(II)(NO), [k_¢ and k, (Table 1)]. If k; > k_, negligible
isotope scrambling is expected. However, if this condition is not
satisfied, we expect that isotope scrambling will occur because
of the faster dissociation of NO from Fe(II)(NO), followed by
the rebinding of NO with either isotope to 6c Fe(I)NO and
the formation of the Fe(II)(NO),-containing NO ligands with
a partly scrambled isotope label. Our studies showed that the
observed rate of change of the 420 nm absorbance is linearly
dependent on NO concentration, reaching ~600 s~' at 900 uM
NO and yielding a k,, (as the slope) of 0.6 X 10° M™' s and a
ko (as the y-intercept) of 26 s~' (Figure 4 and Figure S1 of the
Supporting Information, inset), consistent with our previous
determination using concentrations of NO of <100 uM.* In
this study, we pushed the measurements to the data acquisition
limit of our stopped-flow instrument, with more than 50% of
the reaction lost in the instrument’s dead time (Figure S1 of the
Supporting Information). Nonetheless, a linear dependence on
NO concentration was still maintained, without any sign of
saturation. Thus, we can safely conclude that the conversion
from Fe(Il)(NO), to SpFe(INO is at least 1 order of
magnitude faster than the back dissociation reaction [ie., k, >
k_g (Table 1)], with little chance of observing the accumulation
of the Fe(II)(NO), intermediate. Consequently, there should
be little concern about isotope scrambling during the 5—10 s
freeze trapping phase of our kinetic measurements, and the
level of SpFe(II)NO is expected to plateau very rapidly, as
observed in Figure 1C and predicted by computer modeling
(see Figure S).

To directly test if any scrambling of the NO ligand takes
place in the 5S¢ NO—sGC complex formed after the second
mixing, we thawed the EPR samples from those shown in
Figure 2 anaerobically and after incubation for 60 s at 24 °C
refroze the samples and recorded the EPR spectra again (Figure
S2 of the Supporting Information). We found minimal changes
in the EPR spectra of each sample following these thaw—freeze
cycles, strongly indicating that the five-coordinate Fe(I[)NO
samples reached a plateau during the thaw—freeze treatment,
just as predicted by computer simulations (Figure SB), and no
additional ligand scrambling occurred. These results confirm
that k;, > k_g, thus leading to a rapid plateau of the S¢ NO—
sGC species.

Concerted Mechanism for the Second Binding of NO
to the Heme and Selective Dissociation of Distal NO
from the Bis-NO Complex. Our recent kinetic study of the
interaction of sGC with stoichiometric NO revealed the
following multiphase transformation:*

5cFe(Il) (430 nm) < 6cFe(II)NO (420 nm)

(ky/k_y, 45 x 108 M~ 157127 s7h

6cFe(II)NO — 5cFe(II)NO (399 nm) (D*)
(ky/k_y, 8.551/0.001 s71)
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ScFe(II)NO — {6cxFe(II)NO}(E*)
(ky/k_3, 0.06 s~ 1/0 571

{6cxFe(II)NO} — ScxFe(II) (430 nm)
(ky/k_g, 257170571

ScxFe(II) — ScxFe(II)NO (399 nm)
(ks/k_s, 0.006 s~ /0571

A simplified mechanism (A <> B — D* — E*) is presented in
Scheme 1 (left), where 6cxFe(II)NO indicates a desensitized
intermediate, which may contain an alternative proximal ligand
such as His107. The value of k,, the intrinsic rate constant for
dissociation of the proximal histidine ligand (His105), was
measured to be ~10 s™', and subsequent chemical steps are at
least 10-fold slower.*

When the interaction of NO and sGC occurs in the presence
of excess NO, the binding of the second NO to the heme iron
can follow either a sequential mechanism (i.e., His10S first
dissociates, and then NO binds) or a concerted model (i.e.,, NO
binding and His10S release occur simultaneously). If the
sequential model is correct, then the rate of the the second
binding of NO is limited by the intrinsic dissociation of His105
(~10 s7"). The experimental data presented in Figure 4 and
Figure S1 of the Supporting Information, however, indicate that
the second NO binding rate is linearly dependent on NO
concentration up to >600 s™, with no indication of saturation.
Thus, binding of the second NO molecule follows the
concerted model, and a higher NO concentration facilitates
the release of the His10S5 ligand. This finding and the lack of
direct optical data for a bis-NO—sGC complex led us to
introduce a quaternary bis-NO transition complex (C in
Scheme 1) to indicate the fast concerted NO binding, His105
dissociation, and the subsequent discharge of the first NO
ligand.

Because the rate of release of NO from Fe(II)(NO), is
3600 s~ and cannot be rate-limiting in the whole sequence of
the interaction of NO with sGC, the discharge of one NO
ligand from Fe(1I)(NO), has to be selective for the distal site to
avoid another efficient mechanism of isotope scrambling. If the
NO release were to happen randomly from both axial positions,
the final ScFe(I[)NO complex would contain equal parts of
"NO and "NO ligands, independent of the concentration of
the applied second NO isotope. However, we observed a
preferential enrichment of the final ScFe(I)NO with the
increased concentration of the NO isotope used in the second
mixing (Figure 2 vs Figure 3). Thus, the final stable Sc¢ NO—
sGC complex [SpFe(I)NO] has the NO ligated to the
proximal position, similar to that observed for cytochrome )
which is supported well by crystallographic, mutagenesis,
resonance Raman spectroscopy, and geminate rebinding kinetic
studies.>%¥**

Mathematical Modeling of the Interaction of NO with
sGC. After characterizing the details of the binding of NO to
sGC with either stoichiometric or excess NO, we performed
mathematical modeling to assess the plausibility of our
observed EPR data. The mechanistic model is proposed in
Scheme 1, and the chemical steps involved are listed in Table 1.
The rate constants applied in the simulation were -either
extracted from the literature or determined previously by
us.”®*® The mechanism for sGC reaction with stoichiometric
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NO is simplified in Scheme 1 by removing the k,/k_, and ks/
k_; steps. These two chemical steps described and characterized
in our recent study were included in the initial simulation, but
their removal did not noticeably alter the predictions of the
kinetic behavior of the S¢ NO—sGC complex, which includes
both ScFe(II)NO and SpFe(II)NO species with NO at the
distal and proximal side of the heme, respectively. We first
calculated the theoretical levels of ScFe(Il), 6cFe(I1)NO,
ScFe(II)NO, and SpFe(II)NO 20 ms after the first 1:1 mixing
of sGC with NO (Figure SA) and used these concentrations as
starting values to simulate the reaction of the second-stage
mixing (Figure SB). The concentrations of two other species,
6cxFe(II)NO (a desensitized state that may contain an
alternative proximal histidine) and Fe(II)(NO), complex (E*
and C, respectively, in Scheme 1), are essentially zero.
Computer modeling indicates that at 20 ms, 3.4 uM of the
4.5 uM (i.e.,, 76%) total sGC is present as 6cFe(I[)NO (420 nm
peak), 0.59 uM is present as ScFe(I[)NO, 0.44 uM is present as
ScFe(Il), and a small amount, 0.044 uM, is present as
SpFe(I)NO (Figure SA, vertical dashed line). It was not
possible to generate a pure 6c NO—sGC complex because of
the fast back dissociation to the resting ferrous species (27 s)
and further conversion to the Sc NO—sGC complex (10 s for
B — D* in Scheme 1). Setting k; and/or ks to zero does not
noticeably change the predicted level for 6cFe(II)NO at 20 ms,
but setting k, to zero increases the level of 6cFe(II)NO to 4.0
uM and lowers the level of Sc Fe(II)NO for several seconds
after the first mixing. In this case, the five-coordinate Fe(I)NO,
exclusively SpFe(I[)NO, approached 3.8 and ~4.5 uM at 2 s
with 1X and 10X NO, respectively, in the second mixing (data
not shown). This result shows that the kinetics of conversion
from B to D* (Scheme 1) plays a key role in determining the
amount and identity of Sc Fe(I)NO.

When the simulation was conducted on the basis of the
reaction of sGC with a stoichiometric amount of NO at both
stages of mixing, the predicted ratio of the levels for the two Sc
NO—sGC complexes containing either *NO or *NO § and 10
s after the second mixing varied from 1.48 to 1.13 (Table 2),

Table 2. Observed and Predicted Levels for 5c NO—sGC
Species Containing the Isotopic NO Used in the First- or
Second-Stage Reaction in the Stopped Flow”

[ScFe(ID)NOJ:([SpFe(I)NO] +
[SpFe(INO*] + [ScFe(I[)NO*])*

[NO] [NO]
(first mixing)  (second mixing)  observed predicted (5—10 s) by
(uM) UM (EPR) simulation
10.0 5.0 1.2 1.48—-1.13
10.0 S.0 1.3 1.48—-1.13
15.0 7.5 0.75 1.02—-0.76
10.0 50 0.18 0.24—0.16

“The sGC concentration was 4.5 M for each reaction. *ScFe(II)NO*
and SpcFe(II)NO* are the Sc NO complexes derived from residual Sc
Fe(Il) after a 20 ms delay. Ratios are adjusted for binding of NO* to
Sc Fe(II) to form ScFe(I[)NO* and SpFe(II)NO* in the second-stage
reaction.

which is comparable to the experimentally observed values of
1.2 and 1.3 (Figure 24, B), independent of the order of isotope
addition in the two mixing stages. These predicted values have
been corrected for small contributions from the interaction of
the isotopic NO in the second mixing with the small percentage
of remaining free ScFe(Il)sGC predicted from computer
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simulation for the first stage reaction at 20 ms. With more than
stoichiometric NO present for the first mixing (Figure 3A), the
additional NO did not have much chance to attack the proximal
side during the 20 ms aging, while the amount of NO with the
opposite label used in the second mixing drove substantialy
more displacement of the His105 ligand as predicted by our
mechanistic model. This explains why we observed more
conversion of the three-line EPR (NO at the distal side of the
heme) to the two-line EPR (NO at the proximal side of the
heme) when 15 M *NO and 7.5 uM *NO were sequentially
reacted with 9 M sGC (Figure 3A). The observed ratio, 0.7S,
between two S¢ NO—sGC complexes containing either '*NO
or ®NO is close to the range predicted by simulation: 1.02—
0.76 from S to 10 s after the second mixing (Table 2).

On the other hand, when sGC was first mixed with a
stoichiometric amount of *NO followed by a 10-fold excess of
SNO, we observed a ratio of 0.18 for the two 5¢ NO—sGC
complexes containing '*NO and “NO (Figure 3B), respec-
tively, making SpFe(I)NO the dominant species of the Sc
NO—-sGC complex. Our computer simulation predicted that
this ratio varies from 0.24 to 0.16 from S to 10 s after the
second mixing. Thus, the experimentally observed ratios for the
two forms of the 5¢ NO—sGC complex are near the values
predicted by simulations for the longer times, implying that the
time to freeze trap the sample may be longer than we had
anticipated and that it might take ~8—10 s to completely freeze
the reaction in all four experiments (Table 2). It should be
noted that the ratio of these two types of 5S¢ NO—sGC
complexes is very sensitive to the rates of the reactions that
branch out from 6cFe(II)NO, ie., k,/k_, versus ks/k_g; thus,
batch-to-batch variations in the sGC preparation showing some
differences in the relative rates of these two steps might also
cause a noticeable shift in the observed ratio.

In summary, using a sequential application of isotope-labeled
NO with stoichiometric or excess amounts and freeze-quench
EPR, we demonstrated for the first time that, provided with
sufficient amounts of NO, the rapid interaction of NO with
sGC includes the binding of the second NO molecule to the
heme iron and not to other targets, such as cysteine thiol.
These data predict that the rate of conversion from
Fe(I1)(NO), to the Sc NO—sGC complex, i.e., SpFe(I[)NO,
is >600 s™! and overrides the back dissociation of NO,
occurring at a respectable rate of 25 s™*. The second NO ligates
to the heme iron in concert with the dissociation of His105.
Only the mechanism that considers the dissociation of NO
from the distal and not the proximal position in the transient
bis-NO complex, Fe(II)(NO),, is compatible with all
previously published kinetic data for the interaction of NO
with sGC. Our studies provide strong evidence of the heme
proximal site being the site of binding of the second NO.
Finally, the two chemical steps that branch out from
6cFe(I)NO constitute a sensitive control of the ratio of the
two types of S¢ NO—sGC complexes. We confirmed that both
types of 5S¢ NO—sGC complexes show prominent activity of
formation of cGMP and are important intermediates for sGC
catalytic turnover.”® Excess NO favors the formation of
SpFe(II)NO, a S¢ NO—sGC species with NO ligated at the
proximal site, which should be the key intermediate that
contributes to the formation of cGMP during the steady-state
catalysis of sGC when NO is in excess.
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© Supporting Information

Additional NO binding kinetics (main panel) and the linear
NO concentration dependence (inset) (Figure S1) and EPR
obtained from samples shown in panels A and B of Figure 2 (a
and c) after anaerobic thawing at 24 °C for 1 min and
refreezing (Figure S2). This material is available free of charge
via the Internet at http://pubs.acs.org.
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GTP, guanosine triphosphate; ¢cGMP, 3',S’-cyclic guanosine
monophosphate; sGC, soluble guanylyl cyclase; TEA, trietha-
nolamine; S5c, five-coordinate; 6¢, six-coordinate; NO, nitric
oxide; *NO, NO containing BN; ¥NO, NO containing N;
EPR, electron paramagnetic resonance spectrometry; RFQ,
rapid-freeze quench; Fe(1l), ferrous form; ScFe(Il), five-
coordinate ferrous sGC; 6cFe(II)NO, 6c NO—sGC complex;
5cFe(I)NO, 5c NO—sGC complex with NO at the heme distal
site; Fe(I)(NO),, transient quaternary complex containing bis-
NO heme; SpFe(II)NO, Sc NO—sGC complex with NO at the
heme proximal site; 6cxFe(II)NO, 6c NO—sGC complex in the
desensitized state, possibly containing His107 as an alternative
proximal ligand; ScxFe(Il), desensitized Sc ferrous sGC
possibly containing His107 as an alternative proximal ligand.
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