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In Vivo Control of Soluble Guanylate Cyclase Activation by Nitric Oxide:
A Kinetic Analysis
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ABSTRACT Free nitric oxide (NO) activates soluble guanylate cyclase (sGC), an enzyme, within both pulmonary and
vascular smooth muscle. sGC catalyzes the cyclization of guanosine 5’-triphosphate to guanosine 3',5'-cyclic monophos-
phate (cGMP). Binding rates of NO to the ferrous heme(s) of sGC have been measured in vitro. However, a missing link in our
understanding of the control mechanism of sGC by NO is a comprehensive in vivo kinetic analysis. Available literature data
suggests that NO dissociation from the heme center of sGC is accelerated by its interaction with one or more cofactors in
vivo. We present a working model for sGC activation and NO consumption in vivo. Our model predicts that NO influences the
cGMP formation rate over a concentration range of ~5-100 nM (apparent Michaelis constant ~ 23 nM), with Hill coefficients
between 1.1 and 1.5. The apparent reaction order for NO consumption by sGC is dependent on NO concentration, and varies
between 0 and 1.5. Finally, the activation of sGC (half-life ~ 1-2 s) is much more rapid than deactivation (=50 s). We conclude
that control of sGC in vivo is most likely ultra-sensitive, and that activation in vivo occurs at lower NO concentrations than
previously reported.

INTRODUCTION

Nitric oxide (NO) plays key physiological roles as an inter-  Although much is known about the reaction of NO with
cellular messenger in such processes as modulation of blo&zC, critical questions remain regarding the mechanism
flow, platelet inhibition, neurotransmission, regulation of (including the in vivo concentration range) by which NO
smooth muscle tone, and host defense (Beckman and Kopegulates the activity of sGC and the rate of NO consump-
penol, 1996; Denninger and Marletta, 1999; Ignarro et al.tion by this pathway. Experiments have been performed
1986, 1987; Malinski et al., 1993; Vaughn et al., 1998a;under nonphysiological conditions and in several different
Wink and Mitchell, 1998). Because of the broad array ofsystems. In addition, there are explicit discrepancies in
physiologic functions, NO is important to many organ sys-experimental and theoretical predictions regarding neces-
tems, and a comprehensive understanding of its in viv&ary and available free NO in vivo.
metabolism is critical. It has been reported that sGC is 50% activatee-a50

NO is produced intracellularly in many different cell nM NO (Stone and Marletta, 1996), which is much higher
types by one of several isoforms of nitric oxide synthasethan NO concentrations predicted in arterial smooth muscle
Once produced, NO can diffuse passively between cellspyyaughn et al., 1998a,b). In vitro studies have reported
however, due to the presence of eleven valence electrons,{i|f-lives for sGC deactivation that range from 1 to 9 min at
can also be rapidly consumed by several chemical reaCtionﬁhysiological conditions (Brandish et al., 1998; Palmer et
In vivo, NO consumption can be approximated by threey)  1987). Finally, first- and second-order rate expressions
chemical reactions (Beckman and Koppenol, 1996): aCtiva(Vaughn et al., 1998b) do not correlate well with the ex-
tion of soluble guanylate cyclase (sGC), rapid reaction withyerimental in situ monitoring of NO release and diffusion
hemoglobin in blood, and oxidation by superoxide. Thethrough smooth muscle (Malinski et al., 1993).
reaction with sGC is a proven signaling pathway for NO in - A missing link in our understanding of the reaction be-
Whigh activated sGC catalyze?-s the con.version of guanosing aen NO and sGC has been a complete kinetic analysis
5'-triphosphate (GTP) to cyclic guanosing®-monophos- - nger in vivo conditions. Herein, we convert available in

phate (CGMP). This pathway is the mechanism by Whicr\/itro kinetic data into a comprehensive mathematical frame-
NO regulates smooth muscle tone, and thus local bIoogvOrk to provide a mechanism by which NO regulates sGC

flow. in vivo, as well as the consumption rate of NO resulting
from this pathway. Ranges are determined for both the Hill
coefficient, n,, and apparent Michaelis constahi,, We
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the Hill coefficient is =1, thus sGC is most likely an Sitaramayya, 2000). Dissociation rate data has been expressed in terms of
ultra-sensitive enzyme. an observed pseudo-first-order rate constang,s
One laboratory used NO scavengers (i.e., hemoglobin or myoglobin) to
maintain free NO concentrations at very low levels in solution, and
observed that addition of GTP increadeg,,sfrom 6—-8x 10~ *to 3-5x
METHODS OF ANALYSIS 10"2s *at 20°C (Kharitonov et al., 1997a,b). This apparent GTP effect is
In mammals, sGC is a 150-kDa heterodimer, consistinglof74—82 kDa) consistent with a previous resonance Raman spegtroscopy study (Tomita et
andB1 (69-74 kDa) subunits (Brandish et al., 1998, Makino et al., 1999;2!-+ 1997), and other recent data (Magulis and Sitaramayya, 2000). How-
Tomita et al., 1997). In the absence of NO, the prosthetic heme moiety ever, another study (Brandish et al., 1998) observed virtually no change in

ligated by an axial histidine (His) residue, and exists as a five-coordinatd®.obs UPON _a.ddmon of GSH and GTP .

histidyl complex (Denninger and Marletta, 1999; Stone and Marletta, 1994; e modified the most recent binding mechanism (Zhao et al., 1999) to
Zhao et al., 1998a,b). This heme ligand has been identifig@ladis-105, ~ nclude dissociation of NO from thesHorm of SGC (lashed linesn Fig.
located 105 amino acid residues from the Aerminus of theg1 subunit 1). NO dissociation from sGC is characterized by the first-order rate
(zhao and Marletta, 1997; Zhao et al., 1998b). Free NO binds to the hemEoNStantsk_, and k,. Recent data (Eu et. al., 2000) suggest that large

and can increase the activity of SGC up to 400-fold above basal (Stone arR‘rotein thiols are an efficient sink or scavenger of NO to form nitrosothiols.
Marletta, 1995) In vivo, intracellular GSH concentrations can reach 10 nM, and large

protein thiols are present at even higher concentrations. On this basis, we
assumed that intracellular thiols are present in excess. Our modified mech-
anism assumes , to account for NO dissociation from sGC in the absence
of in vivo cofactors, andt,, for accelerated NO dissociation in vivo (Palmer

A previous study (Stone and Marletta, 1996) investigated the activation oft @l- 1987). Any NO dissociating from sGC via thepathway is assumed
SGC by free NO in vitro under anaerobic conditions at 10°C, and proposed? P€ rapidly decomposed (Hogg et al. 1996, Wong et al. 1998). Although
a complex NO binding mechanism. However, these experiments wer&urrent exp_enmental data'cannot dlgtlng_wsh beMeen @ssomgtlon qf NO
affected by the presence of dithiothreitol, a di-thiol, which reacts with freeTom Es to either E or E,, this mechanism is a starting point for simulation
NO in a manner similar to glutathione (GSH) and cysteine (Hogg et al.,of SGC regulation by NO in vivo.
1996; Wong et al., 1998).

Based on stopped-flow spectroscopy data obtained at 4°C with initial
NO concentrations, [NQJi» in the range 570-500,000 nM, a simplified .
binding mechanism has been proposed (Zhao et al., 1999). This mechanis?hGMP production
is depicted in Fig. 14olid lineg and assumes that sGC consists of a single pjfferent forms of SGC catalyze conversion of GTP to cGMP at different
fraction. In the first binding phase, the basal form of sG¢,tinds NO to rates. The rate of cGMP formatioN, e depends upon the concentra-
form a 6-coordinate nitrosyl complex,Hn the second phase, & slowly  {jons of the different forms of sGC, their respective turnover numbers, and
converted to the 5-coordinate nitrosyl complex, By two parallel path- 550 NO concentration. The specific activity of SGC has been correlated in
ways (one NO-dependent and one NO-independent), as the axial histiding,ms of the maximum reaction rate,,.,, and apparent Michaelis con-
(His) bond to the heme iron (Fe) is broken. The NO-dependent pathway igtant, K, ..» with GTP as the substrate. In general, the appaents
characterized by the irreversible, second-order conskantie assumed  gefined as the substrate concentration, which produces 50% of full enzyme
that free NO participating in this reaction is decomposed to another SpeCieﬁctivity (Stryer, 1995), but does not necessarily imply Michaelis—Menten
We considered the NO-independent pathway to be reversible, as charagietics. Apparenk,, s rpvalues for the basal and fully activated forms of
terized by first-order constantk, andk_,. This mechanism provides the sgc have been determined as 85-120 and 58 uM, respectively
starting point for our model development. The apparent rate constant§jgnarro et al., 1982). Under in vivo conditions within smooth muscle, GTP
quoted for NO binding at 4°C are: 0.14 V6 %, 50 %, 0.0087 %, and  is present in excess (IGTBIL mM = 1000M); thus, enzyme activity is
0.00024 nM*s™*, for ky, k_y, k,, andks, respectively (Zhao et al., 1999).  jndependent of [GTP] (i.e., the dependenceVpfye on [GTP] can be

ignored). Thus, under these conditions, we can write

NO binding mechanism

NO dissociation rates and mechanism

NO dissociation from sGC has been studied in vitro at temperatures of 20 d[CGMP] — — ke E. + kG E, + kG E (1)
and 37°C (Brandish et al., 1998; Kharitonov et al., 1997a,b; Magulis and dt cGMP ce=1 c6—2 C5=3»
RS-NO RSH
k\ kK
" T ! cGMP
i NO :
FIGURE 1 Proposed in vivo mechanism for the bind- M Independent Pathway |
ing of free NO to sGC based on in vitro data (Zhao et al., NO + sGC k, sGC-NO k, sGC-NO
1999).Solid lines experimentally observed phenomena; (Basal, E) (Partially Active, E,) 4___: (Fully Active, E)|
dashed linesproposed features based on analysis of in k " k, GCS
vitro data, as characterized by rate constt, Kgep ! /% Kk b NO
3 Dependent
GTP MP GTP cGMP Pathway
<G GTP
NO NO Decomposition
Products
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wheret is time (seconds), anégcg, Kscs and kges are the turnover — apparent Michaelis constant for NO consumption with NO as the substrate,
numbers (s*) for the basal, 6-coordinate nitrosyl and 5-coordinate nitrosyl ® = Ryo/Ryomax = 0.5. [NOJ, 10 and [NO}, o0 are defined as the NO
forms of sGC, respectively (see Fig. 1),,EE,, and E (represented in  concentrations for whicld = 0.1 and® = 0.9, respectively. It will be
matrix form by vectorE, see Eq. 3) are the concentrations of sGC speciesshown that, at these concentration lev&lgo undergoes its transition to
(nM), subject to the constraint;,;B= E, + E, + E;, where E represents  zeroth order behavior.

the total sGC concentration. Substituting appropriate expressions for the individual enzyme species
Thus, computation o¥ g\ requires determination of EE,, and E, into Eq. 1 yields the following expression fof.gye
which, in general, are functions of time and space. However, if NO binding
proceeds rapidly compared to cGMP formation, these enzyme concentra- Veomp
tions may be expressed in terms of NO concentration, [NO]. 0= Vi
cGMP, max
No consumption rates _ ’YGCBAO + (ﬁyGCBBB + 'YGCGBG + BS)[NO] + [NO]Z
A, + A[NO] + [NOJ? '
Within smooth muscle, in vivo consumption of NO via reaction with sGC
is coupled with the reduction of sGC-NO. Adding the decomposition rate (6)
of free NO to the rates of NO binding to forms Bnd E, of sGC (see Fig.
1), we write whereBg = kp/ky, Bg = (kp + K2)/Kg, Bs = Ko/Ks, Yace = Kace/Kacs and
d[NO] Yace = Kscdkacs For these coefficients, the subscript denotes the form of

_ _ _ the enzyme (basaBj, 6-coordinate nitrosyl (6), and 5-coordinate nitrosyl
dt Ruo = ki[NOJE; — k1B, + k{NOJE,.  (2) (5) complexes). For [NOE 0, the enzyme exists exclusively in its basal

form, andVegwpe = KeceBor As [NO] — <, Vigup = Veompmax =
The first two terms of Eq. 2 represent the forward and reverse rates of NQF,, whereV gyp maxis the maximum possible cGMP formation rate.
consumption in the first binding phase, and the last term represents N@t [NO] = [NOJg 50 = K0, the apparent Michaelis constant for cGMP
consumed by the NO-dependent pathway of the second binding phase (speoduction with NO as the substra®,= V.cue/Veomp,max= 0.5. We also
Fig. 1). define [NOJ, ;0 and [NOJ, o0 as the NO concentrations for whidh.cye

= 0.V.emp.max@NdVeamp = 0.NV gump.max r€spectively. The concentra-

tion range between [NQ],, and [NOJ, o, represents the physiological
Numerical methods range of control for sGC activation.

Assuming elementary reactions, transient mass balances on the sGC spe-
cies for a well-mixed, constant-volume system, yield the matrix expression,
. Statistical analysis and parameter estimation
— = AcE + Bk, (83)  We focused on the in vivo rate of NO consumption resulting from sGC
dt activation alone by excluding side reactions of free NO with other species.
From Eq. 5, the fractional (relative) NO consumption rate,= Ryo/
Ryo.max 1S @ function of [NO] and the inputs (independent variablgk,
ky, K1, Ky, K5, ks, @andky. Similarly, from Eq. 6, the fractional (relative)
cGMP formation rate® = V.gme/Veemp.max @lSO depends upon two

The matrix,Ag, and vectorBg, are derived from the mechanism depicted
in Fig. 1.
If [NQO] is maintained at a constant level within the cell, Eq. 3 can be

integrated analytically to obtain a transient solution. If [NO] is a complex additional iNpUtSyees = Kecokoce aNdYoee = keadkees ON this basis,

function of time, or depends strongly upon its consumption and diffusion . e )

S ; . ) -outputs (dependent variableg) were selected for statistical analysis, as
rates in vivo, Eq. 3 must be integrated numerically. Under certain phySI—defined below. We assessed each output’s sensitivity to the inputs by usin
ological conditions, the pseudo-steady-state approximation (PSSA) can b ’ P Y P Y 9

. . : e normalized or relative sensitivity; = (X/Y)(0Yi/0X) = a(In'Y;)/
appl!ed to_ th? enzyme spec!e_s (Bray and Wh'tei 1966). A_Ithough SGC (In X)), as an index (Doctor, 1989 ; represents the fractional change of
confined inside the cells, living matter otherwise constitutes an oper\( ) !

system with a continuous supply of free NO and GTP, and continuous ' zgcfre:ztl?;;li;:i)ng?\jgj.in vivo can be characterized by the rate of

removal of cGMP. Hence, despite transient fluctuations in vivo, pseudo- >~ 1ed y . - g . -
. . . ! transition from zero to maximal activity and the concentration at which this

steady-state should be attained rapidly under normal physiological condi-

. . . . - . transition occurs. Thus, four outputs, eachdoand® were evaluated: 1)
tions. Applying PSSA by setting the time derivatives to zero in Eq. 3, wethe apparent Michaelis constant§,, o, and K., ; 2) the [NO] levels at

obtain 10% of maximum rate, [NQJ o and [NOJ, ., 3) the [NO] levels at 90%
E=—A-B.E , 4 of maximum rate, [NQJ, oo and [NOJ, o and 4) the Hill coefficientsn,, 4,
E DES0 ) andny o. Ny e andny e, are defined as the logarithmic slopesdaf{1 —
whereAZ is the inverse of the matriA.. @) and O/(1 — ©) versus [NO], evaluated ab = 0.5 and® = 0.5,

Simultaneous solution of Eq. 4 yields expressions for the individual"€SPectively (Stryer, 1995),
enzyme species in terms of [NO] and the rate constants defined by Fig. 1.

Substitution of these expressions into Eq. 2 yields the following expression [N O] 3[@/(1 - ®)] d |n[@/(1 - @)]

for the NO consumption Rat®y: NH,o = [0/(1— 0)] J[NO] = 9 In[NO] ,
oo R0 _ (INOJ + Byo)[NO] 5) at ®=0.5 (7)

RNO,max AO + Al[NO] + [NO]Z'

whereAy = ((K_y + k)kp + KoK o)kik, Ay = ((ky + koo + (Kp + N = [NO]  o[®/(1— )] s In[®/(1 — P)]

K_o)k)/kKs, and Byo = koko/Ks(2kp + K.). As [NO] — o, Ryo — He T [d/(1— P)] 9[NO] d In[NO]

Runomax = (2kp + K_,)Ep, the maximum possible NO consumption rate

resulting from the activation of SGC. At [NO} [NOly 50 = K, the at & =0.5. (8)
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Typically, n, = 1 for enzymes exhibiting Michaelis-Menten behavior, data for similar reactions (Bray and White, 196B),was fitted to a normal
ny < 1 for sub-sensitive enzymes, angd > 1 for ultra-sensitive enzymes  distribution in the range, 13 6 kcal/mol (55+ 25 kJ/mol) (SD)k; was
(Stryer, 1995; Ferrell and Machleder, 1998; Koshland, 1998). then computed fronk,; (i = 1, 2, 3,—1).

Table 1 summarizes the input parameter values assumed for this anal- As shown in Table 1, the uncertainties associated with the rate constants
ysis. Each median value and standard deviation (SD), shown in Table Iare high due to their exponential dependence upon the activation energies.
corresponds to the 50-percentile and square root of the variance for eactherefore, temperature extrapolation represents a potential source of error.
assumed distribution, respectively. Gaussian distributions were establishdd addition, the temperature dependence of the equilibrium constant for the
for yocs = Kece/kascsandysces = Kscdksces from our analysis of specific ~ first binding phaseK; = k,/k , is not well characterized, because the heat
activity data (Brandish et al., 1998; Makino et al., 1999; Tomita et al., of reaction is unknown and appropriate data is available only at 4°C (Zhao
1997; Stone and Marletta, 1995, 1998; Zhao et al., 1999). The activity okt al., 1999). From the literature values quoted (Zhao et al., 1999) and the
the 6-coordinate complex was assumed to be intermediate between that imfput parameter values summarized in Table 1, the corresponding median
the basal and 5-coordinate nitrosyl forms of SGC, based on our analysis ofalue isK, = 0.14 nM *s™ /50 s * = 2 nM~%s /600 s * = 0.003 nM ™.
in vitro data (Zhao et al., 1999). It is important to note thaand® are Thus, this analysis assumes tKatis independent of temperature, which is
independent of E which is not well characterized. Howeveég, 5 has equivalent to zero heat of reaction. In reality, we would expegctto
been measured in vitro by several investigators at various enzyme concedecrease or increase with temperature for an exothermic or endothermic
trations (Brandish et al., 1998; Makino et al., 1999; Tomita et al., 1997;reaction, respectively (Bray and White, 1966).

Stone and Marletta, 1995, 1998; Zhao et al., 1999). We applied Latin hypercube sampling (LHS) (McKay et al., 1979) to
The upper limit assumed fdt, o, With dithiothreitol and GTP both  estimate the probability density functions for each output (D’Agostino and
present, was 0.05 8 at 20°C (Kharitonov et al., 1997a,b), which corre- Stephens, 1986; Greenwood and Nikulin, 1996; Mendenhall and Scheaffer,
sponds to 0.2's! at 37°C, based on the rate constant doubling for every1973; Silverman, 1986). LHS was used to select 1000 unique combinations
10°Crise in temperature (Bray and White, 1966). Referring to Fig. 1, it canof the eight inputs listed in Table 1. Each combination was chosen to be of
be verified algebraically thdt, ,,s= kp + k_,. Hencek_, was estimated  equal probability based on the assumed input distribution functions (see
as 0.002+ 0.002 s* (SD) at 37°C from appropriate dissociation rate data Table 1). Probability density functions for the outputs were determined by
(Brandish et al., 1998; Kharitonov et al., 1997a,b; Magulis and Sitara-making preliminary nonparametric estimates (Mendenhall and Scheaffer,
mayya, 2000). Similar analysis confirms the upper lifi:= kp ,,s= 0.2 1973; Silverman, 1986), followed by parametric correlation to standard
st at 37°C. The lower limit foik, was taken as zero, because one study probability distribution families (D’Agostino and Stephens, 1986; Green-

reported no increase in NO dissociation rates when GSH or GTP wergvood and Nikulin, 1996; Mendenhall and Scheaffer, 1973).

added (Brandish et al., 1998). The assumed mieas kp o= 0.01 5%

at 37°C, was based on in vivo experiments (Palmer et al., 1987), which

involved the NO-induced relaxation/contraction of rabbit aorta. The loga-Transient activation of sGC by NO

rithm of k, was assumed to be uniformly distributed between its median ) ) o ) o

(0.01 s°%) and upper limit (0.2 %), respectivelyk, was varied between An exact simulation of sGC activation in vivo requires numerical integra-

its upper and lower limits in assessing the dependenck ahd ® upon tion of Eq. 3, gnd a mgthematical de;cription of both diffusion rate; and
[NOJ. NO consumption resulting from species other than sGC. We considered

To assess uncertainty, we extrapolated rate constants from 4 to 37°C g0 simplified scenarios in which the level of NO was abruptly changed

applying the Arrhenius equation (Bray and White, 1966): everywhere within the cell at initial conditions € 0) from [NO] = 0 to
500 nM (sGC activation) and from 500 nM to 0 (sGC deactivation). Initial
ki = kipexd — (E/R)(L/T — 1/Ty)], 9) conditions for the enzyme species were determined from Eq. 4. Eq. 3 was
integrated to determing(t), with the resulting expressions substituted into
where subscripi denotes a step of the binding process (see FigE})s Eq. 1, to determine/_cue(t). Voeus(t) Was normalized to the function,

the activation energy (J/mol) arRlis the ideal gas law constarit.andT, 0() = (Veamet) = Veamp.8/(Veamp.s00 — Veamp,s) WhereVeeue s00iS

are the absolute temperatures, 277 and 310 K, respectively. Eq. 9 was algige steady-state rate of cGMP formation at [N©B00 nM, as determined

applied to the reverse reactions by repladingth —i. Based on literature  from Eq. 6.6(t) was plotted as a function of time for both the activation and
deactivation scenarios witk, = 0, 0.01, and 0.27s".

TABLE 1 Input parameter values assumed for in vivo Dimensionless representation
sensitivity analysis

) . N From Egs. 6 and 7, the Hill coefficient for cGMP formatiam, ¢, and
Input units Median Sb dimensionless Michaelis consta,, o = K,K, o, may be expressed in
Yocs — 0.004 0.002 terms of five dimensionless variables = k,/(kp + K_5), B = ky/[K,(kp +
Yocd' - 0.5 0.3 k-2, € = ko/K_1, Yace andyges @S
kp® st 0.01 0.01 )
k," nM-1s 2.0 2.0 N (1~ 2y6ca)(V + Xp)
ko s 0.1 0.1 MO ™ (1= yeca)lV + 2(U + @)Xo] + 2(Yecs — :

GCB o) Yocs — Yoce)Xe

kT nM~ st 0.003 0.003 10
k_," st 600.0 600.0
k_,M st 0.002 0.002 Xe
*SD = standard deviation. Yme = ﬁ’ (11)

“Gaussian distribution.
SLogarithm of ky uniformly distributed (upper limit= 0.2 s*, lower whereK; = ki/k_q, u= (1 — 2ygcpleB + 1 — 2ygce — @, vV = 4(1 —

limit = 0). 2vee)(l + €)B, andx, = u + (U2 + V)2

'Ea,, Ea, Ea, Ea ;, and Ea, normally distributed around 5% 25 For the median input parameter values summarized in Table=110,
kJ/mol (Eg. 9). B =100,e = 1.5X 10 °, ygce = 0.5, andygcg = 0.004. In general, for
IBased on dissociation rate data at 20—37°C (Brandish et al., 1998; Kharthe two-phase binding mechanism proposgg, must lie in the range &
tonov et al., 1997a,b; Magulis and Sitaramayya, 2000). Ny.e < 2. For Michaelis—Menten kineticsy, = 1. It can be verified that
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sGC approaches Michaelis—Menten behaviog if= 0. Other, nontrivial
values of the dimensionless variables, for whigh, — 1, also exist.

RESULTS

cGMP formation and NO consumption

Figures. 2A and 3A depict ® and ®, respectively, as 08 102 101 100 100 107 108 104 108
functions of [NO] in vivo, fork, = 0, 0.01, and 0.2°s". ® [NOJ. nM
is a monotonically increasing function of NO over a con-

centration range of 0.1-1000 nM depending on the value of Zoprmmmmm—m—— ko=0

ks. From inspection of Figs. 2 and 3A, the values for ;1'5 kp=0.2 571
[NOlo,10 Kme: [NOle 00 [NOlw, 10 Km oy @nd [NOJ;, o at 5)5’1‘0 \

the median values of the input parameters are roughly 5, 30, 0.5 kp=0.01 5!

90, 10, 50, and 200 nM, respectively. FigureB and 3B T,
depict the logarithmic slopes as a function of [NO] (frac- [NOJ, nM

tional change o and® per fractional change in [NO], or

the relative sensitivitieS, oy and Sy, jyop, respectively).  FIGURE 3 () Relative NO consumption rate? = Ryo/Ryo,max and

S{D,[NO] may be interpreted as the apparent reaction Order dﬁ) the Iogarithmic sIopeSay[NO], as a_function of [NO] The Iogarithmic

NO consumption with respect to [NO]. From inspection of slopes correspond to apparent reaction orders with respect to [NO].

these figures, the Hill coefficientsy,; o andny 4, are both

~1.1, 1.3, and 1.5, withk, = 0, 0.01, and 0.2 &,

respectively. sensitivities of all outputs tk, and k_,, were equal in
magnitude but opposite in sign (data not shown), which
suggests that their dependence on these two parameters may

Statistical analysis be expressed in terms of the equilibrium constént,

We identified the reaction rate constarks,(k;, Ky, ks, and In Table 2,' the means (e>'<pected values) and perqentiles
k_,) as important input parameters, wkh,, also playinga &€ summarlged for the eight outputs correspond.mg to
minor role, based on sensitivity analysis. The MichaeliscGMP formation and NO consumption rates, as estimated
constants are significantly more sensitivekgathan the Hill ~ from LHS (McKay et al., 1979) using the input parameter

coefficients. The sensitivities of bot, o, andK,, e, With values listed in Table 1. Expected values were computed

respect toyscg Were found to be negligible. The relative from the estimated probability density functions, and per-
centiles were determined directly from LHS results.

In Fig. 4, A—D, is depicted the probability density func-
tions,f(Y;), estimated for the eight outpufén,, o) (Fig. 4A)

A was correlated to the Weibull distribution on two intervals
%);8 A — (D’Agostino and Stephens, 198@&n, 4) (Fig. 4B) was
2] - %/ / /é-kfo.z sl correlated as a gamma distribution (D’Agostino and Ste-
0.5 it phens, 1986; Greenwood and Nikulin, 1996; Mendenhall
K=0.01s and Scheaffer, 1973; Silverman, 1986). Quartile values of
ol 7 the Hill coefficients are indicated in Fig. A andB. f(n, e)
; is characterized by its abrupt peakmat, = 1. Despite the
o5 10z 100 10 100 12 10° 10b 108 y pt peaknato p

(NOJ, nM high likelihood atn, ¢ = 1, nearly 90% of the area under
B the f(n, ) curve lies in the region where, o > 1, sug-
gesting ultra-sensitive behavior. In contrdf,, 4) is much
flatter, with only 70% of the curve area in the region where
Nye > 1. The median values for both, ¢ andn, 4 are
about the same={1.3) with mean (expected) values of 1.36
and 1.27, respectively.
[NOle,10 Kim e, [NO]e,00 [NOlgy 10 Kinao» @nd [NOJ;, g9
0 were all correlated to lognormal distributions (FigGland
100107 0t e 100 10010 10T 1T D), with median values indicated as 3.8, 23, 110, 8, 50, and
(NO}, n 250 nM, respectively. These values correlate well with the
FIGURE 2 (@) Relative cGMP formation rate® = Veey,/Veesm mae predicted values when the median values of the input pa-
and @) the logarithmic slopeS,, oy, @s a function of [NO]. The loga- ameters are used (see above). As a consequence of their
rithmic slopes correspond to apparent reaction orders with respect to [NOhigh variances, these probability density functions are max-
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TABLE 2 Mean and percentile values for output parameters

Percentile
Expected
50% Value
Output Minimum 25% (Median) (Mean) 75% Maximum
INOle,10 NM 0.0055 1.0 3.8 19.0 13.0 270.0
K. M 0.05 8.0 23.0 76.0 67.0 1160.0
INOJo,00 NM 0.47 44.0 110.0 270.0 280.0 4210.0
NHo 0.61 1.07 1.32 1.36 1.65 1.97
[NOlg 10 "M 0.015 3.6 8.0 19.0 21.0 370.0
K. NM 1.1 25.0 50.0 93.0 110.0 1380.0
INOl .00 NM 11.0 120.0 250.0 470.0 550.0 13,500.0
N o 0.12 0.92 1.29 1.27 1.65 1.98

imum atX; values nearly an order of magnitude lower thanevaluated at the median input parameter values (see Ta-

the medians (i.e., I§) is normally distributed, notx)) ble 1).

(D’Agostino and Stephens, 1986; Silverman, 1986). Nearly Becausen, g is very insensitive toygcg, We keptyscs

94% of the area under tHéK, o) curve lies in the region fixed at its median value in the construction of Fig. 6.

whereK;, o < 250 nM. Hence, despite its high expected Althoughk, exerts significant influence amy ¢ through the

value (mean value), 76 nM, the probability thaf o <250  two dimensionless parametersand g, the relative sensi-

nM is estimated at more than 90%. tivity of ny, ¢ Upone was found to be less than 0.1%, even
with ky at its upper limit. Hence, the dependencengfg
upone = kp/k_, is minor compared to its dependencean

Transient sGC activation B, and ysce We therefore set at its most likely value,

] . . ] o based on the probability distributions summarized in Table
In Fig. 5 is depicted the transient activation of sGC by free; The 1ow relative sensitivity ofy, o With respect toe

NO for the hypothetical activation and deactivation scenarieg,ts from its small value. This assumption was confirmed

ios described above. Activation curves can be characterizelsy comparison of the final results (see Fig. 6) with similar
by the time is takes to reach of maximum activity,t; . oo its computed foe = 0 (data not shown)

Note thatt, , is inversely related t&, and is=~1.8, 1.7, and Figure 6 shows than,, o decreases witt, (in most

1|'0 ?l forrI:DWZ ?h ?'gls’s'?d (|)12b‘sl reslipt(ejc;lvrely.ti?gtiurs 5ft Fases), increases witk;, and decreasek;. Within the
gr?l? 1yosso s tha can be appiied for activation a euncertainty range of the dimensionless groups, it is evident

= . S
For constant,, deactivation times are longer, and the thatn, = 1, which demonstrates that SGC activation by

. o oS NO most likely exhibits ultra-sensitive behavior. This result
difference between activation and deactivation increases

substantially a&g increases. For the deactivation scenarios,'s consistent with results from LHS (Fig.A. Around the

t;, = 170, 50, and 3.2 s fok, = 0, 0.01, and 0.2 S, median valuen, ¢ = 1.3, the contours are closely spaced.

respectively. Although deactivation is essentially completeThus' in this regionn,, g is relatively sensitive to the input

within ~10 s fork, = 0.2 s'%, roughly 3 and 9 min are parameters (i.e., small changesdnor B result in large

required to achieve 90% deactivation fogf = 0.01 and 0 changes |mH’_@). In contrast, there is a broad region where
s respectively. Nhe = 1, which becomes even more pronouncedygss

increases (compare Fig. 8-C). Hence, as, o — 1, it
becomes insensitive to the input parameters.

. . . . Figure 7 shows a similar characterization for the apparent
Dnme_ns_lonless represer_\tatlon of the Hill Michaelis constant{, ¢. In this plot, we kept both; and
coefficient and Michaelis constant e = ky/k_, fixed at their median values, 0.003 nMand
We characterized the Hill coefficienty, o, over the range 1.5 X 10°, respectively, but varied and 8 over a wide
of possible input parameter values by using Eq. 10 range. Thus, Fig. 7 is a parametric representation of the
was represented in terms of two dimensionless groups, ~ dimensionless group,, ¢ (see Eq. 11), which is scaled to
ki/(Ko + K ) andB = ky/(Ky(kp + K_,)), as illustrated in  the pseudo-Michaelis constari[supstasl,e = 1Y e/

Fig. 6. The activity of the 6-coordinate sGC complex{s  0.003 nM L. Although the contour lines are linear on an

= kscdKacs) Was varied at three levels: 50% (FigAp, 0%  arithmetic scale, they are displayed on a logarithmic scale to
(Fig. 6B), and 100% (Fig. &) of full activity. For each plot show detail. As in Fig. 6, the diamond denotes the values of
shown in Fig. 6, diamonds mark the values @fand 3 « and B at the median input parameter values (see Table 1
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FIGURE 4 Probability density function$(Y;), for the (A) output vari-
ablesny, o, (B) Nya; (C) [NO]g 40 (dotted ling, K, (solid line), and
[NO]g oo (dash-dot ling; and O) [NO]g, 1, (dotted ling, K, 4 (solid line),
and [NOJ,, oo (dash-dot ling. Median and quartile values are indicated with

percentiles in parenthesis, as summarized in Table 2.

whereK, o = 23 nM). Figure 7 demonstrates thi, ¢
decreases with botk, andks;, and increases with the quan-

tity, (k_, + ko).
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FIGURE 5 Transient activation and deactivation of sGC resulting from
an instantaneous change in [NQ] (i.e., from [N©]0 to 500 nM for sGC
activation, and from 500 nM to O for sGC deactivation), kgr= 0 (dotted
lines), ky = 0.01 s * (solid lineg, andky = 0.2 s * (dash-dot linek (t) =

(Veamr) — Veaomp,d/(Veamp,s00 = Veomp,s): Where Vegup soo is the
steady-state rate of cGMP formation at [N&]500 nM, andV gype s =
Ksceeo IS the basal cGMP formation rate.

DISCUSSION
sGC activation and inactivation

If free NO regulates sGC activation in vivo, an extrinsic
factor must facilitate dissociation of NO from sGC to allow
efficacious control of sGC activation. Otherwise, sGC
would remain fully activated in vivo, even at low levels of
NO. For example, a recent study demonstrated that increas-
ing intracellular calcium concentrations, [€3, inhibits
sGC activity in vivo via an noncompetitive mechanism
(Parkinson et al., 1999). Increases in fChcaused both
Km.cte @and V., to decrease for both the basal and NO-
stimulated forms of the enzyme. Because this regulation
mechanism is not yet well understood, additional work is
required to assess its impact, but this represents a potential
source fork ,,s @along with protein thiols and GTP.

The results presented above indicate #gig is depen-
dent upork, and/ork_,. This lends support to the hypoth-
esis that extrinsic factors, such as intracellular protein thiols,
are involved in the regulation of sGC activity. However, the
precise mechanism by which these extrinsic factors control
sGC activity remains unclear. The median parameter values
selected for this study (see Table 1) have assumedkthat
five-fold larger thark_,, which resulted in relatively higher
sensitivities of the outputs g, than fork_,. Conversely, if
we instead assume thlat, >> kp, this sensitivity behavior
is reversed (data not shown).

PSSA assumes that a continuous supply of NO is avail-
able, which maintains [NO] nearly constant within the cell.
Thus, if pseudo-steady-state conditions apply, NO con-
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o =k,/(kp+k.,) FIGURE 7 Apparent Michaelis constant for cGMP productikp,e, as

a function of the dimensionless groups,= ky/(k, + k_,) and B =
ka/(Ky (ko + K_5)), with 6-coordinate sGC complex at 50%Qf.s ¢, «

6. =100%
%85 Yocs v - 195 /// and 3 evaluated at the median values (see Table 1).
104 A2 e \9\00//

4

102/ . .
101/ that increasinds, reduces the range of [NO] control (nar-
10% y‘\ rower peak), but increase, o; (higher maximum).
102 As a result of the competing nature of the NO dependent

0.1 1 10 100 1,000 and independent pathways, the effective [NO] window for
o = ky/(kp+k ») SGC regulation (i.e., the range of [NO] between 10 and 90%
of full sGC activation) can be characterized by the relative
FIGURE 6 Hill coefficient,n, o, for the sGC-NO system as a function 5|yes ofk, andks, or by the dimensionless groups,and

of the dimensionless groupg, = ky/(kp + k_,) and B = kg/(K,(kp + . .
k_,)). with 6-coordinate SGC complex 2850% ofkece, (B) 0% of ke, B (see Fig. 6). A broader window corresponds to a lower

(C) 100% of kgcs ¢, « and B evaluated at the median values (see Hill CoefﬁCientj Ny, 0- If k2 dommates OVEk_S’ thennH,@ -
Table 1). 1, corresponding to a broad window. Kgincreasesn, o

increases, narrowing the window. Therefore, the values of
k, andks are critical for characterization of sGC regulation

k/IK (kptk )]
2

—
o

B

. . - by NO.
sumption does not impact the activity of sSGC. In contrast, if “a 7004 probability interval fon, g is 1.1< ny, o <

a transient pulse of NO is delivered to the cell, NOJis time 1 5 | aqdition, statistical analysis estimates the probability
dependent, and we observe a much different relationshig, ¢ Nue > 1.0 at nearly 90% (see Fig.A). The data

betweenKp, e and the kinetic parameters. Therefore, thegepicted in Fig. 6 demonstrate that sGC approaches Michae-
apparent Michaelis constants and Hill coefficients presentegls_nenten behavior in a broad domain @fand B, which
herein should be interpreted as characteristics of SGC acljfes outside the most probable range of the kinetic parame-
vation independent of NO consumption. ters. We therefore conclude that the “switch” for activating
Dissociation of NO from sGC reduces the activity of the sgC by NO is most likely ultra-sensitive, and sGC is
enzyme (a%p increasesP decreases at fixed [NOJ). Fur-  characterized by a narrow window of activation (i
thermore, Fig. A illustrates that, for fixedo, Vegup lis€S = 1.0). However, because the distribution function of Fig.
from low to maximum activity over a relatively narrow 4 A shows a high frequency far, ¢ = 1.0, we cannot rule
range of [NO], between [NQ],pand [NOJg oo FOrky =0,  out Michaelis—Menten behavior.
0.01, and 0.2 %, respectively, these concentration ranges A 5-100-nM range is determined herein fidf, ¢ (See
are~2-50 nM, 5-100 nM, and 30—-400 nM NO. Figur82  Fig. 7), with a median value of 23 nM (see Table 2).
demonstrates that, for very low or very high [N&}, o Statistical analysis (see Fig.@) estimates more than 90%
approaches zero. However, at intermediate [N&§Q]o; IS probability thatK,, ¢ is lower than the 250-nM level previ-
dependent upoky, and reaches a maximum at some critical ously reported (Vaughn et al., 1998a; Stone and Marletta,
value of [NO] (i.e., 2, 10, and 60 nM, fd¢, = 0, 0.01, and  1996). In addition, Fig. 7 demonstrates th&f, , exceeds
0.2 s %, respectively). In addition, Fig. B demonstrates 200 nM only for values ofx and 8, which lie outside the

Biophysical Journal 80(5) 2110-2119



2118 Condorelli and George

most probable range of the kinetic parameters. Hence, iobserve second-order behavior. However, kgr= k_,,

vivo, sGC is activated at much lower levels of [NO] then dissociation of NO from the Eform of sGC controls the

previously reported and exhibitskg, g value that is com- NO consumption rate at steady state by displacing the NO-

parable to NO concentrations predicted in arterial smootlindependent pathway from equilibrium. Hence, as [NOP

muscle (Vaughn et al., 1998a,b). Therefore, previous estwith ky > 0, the extent of the NO-dependent pathway

mates for the effective distance over which NO can influ-becomes negligible, and we observe first-order behavior.

ence the activation of sGC (Vaughn et al., 1998a) need to be

re-evaluated. However, future experimental studies are

needed with [NO] in the 1-100-nM range to substantiateTransient activation and deactivation sGC by NO

this hypothesis. In additionk,, o is strongly dependent : : . - .

upon K;, which is not well cha&cterized at physiological _Tra_n3|ent simulation Qf ’\.IO binding to SGC (see .F'g' 5)

temperatures. mdlca_tes_that sGC activation occurs much more rapidly th_an
deactivation. In addition, comparison of these results with

previously observed in vivo half-lives of 1-2 min (Palmer et

NO consumption al., 1987), suggests that the median vakge= 0.01 s, is

Experimental data, involving the in situ monitoring of NO Zpg(;?]zir;?;en'te\l,g?horr?eqf_ga;inig;gg;? ?()C:I;/r?eml)\ln(l)ﬁl:(ldir::ed

release and diffusion through the muscle cells of rabbit aort? : : . -
S elaxation/contraction of rabbit aorta, additional processes,
(Malinski et al., 1993), has been shown to correlate mod- P

o . which were not considered in our analysis, would tend to
estly with .f'rSt' and second-order rate expressions for Nolncrease the response time. These processes introduce ad-
Consumpt!on (Vaughn .et al., 1998b). Assumllng that Noditional lag times resulting from diffusion of NO to the cell,
consumption rates within muscle cells are dominated by th

finite cGMP ion rat th t le-
binding of NO to sGC, the results presented herein provid?hnelriscgf theCc%]&egsé?;n;?r?;,czggage er downstream ele

an ?I'Ferr:jgtlve rate'lavx{ fc:;] NO (;:otnsum.pu?vn,ovgglcrjlmay The proposed mechanism assumes that the observed
g:p ?Lnalsfgi?;gf:s ;ir;st grsc?er aﬁh\ﬁg ect .to NSO, for pseudo-first-order rate constant for NO dissociation is
[N8] - 1pr$M With [I\BIIO] in the range 1_208 AM. the order Ko, obs = kD + k,_z. Because available di_ssociatio_n rate data

' ' cannot distinguish between the relative contributions of

of NO consumption is in the range 1.5-0, and is zero orde{hese two rate constants, we have estimaggcand k
’ —2

Zﬁ [()’\1!?31:)(&?13?: Zgi?er;be:-rsu(J;Sc,:fgrre[gNti]ui%Ovr\]/aﬂr{ rllleg rlzm d based on dissociation rate data in the presence and absence
furth 9,: £ NO is d v to inactivati ' f of in vivo cofactors, respectively. The precise sGC deacti-
urther consumption o IS du€ on’y 1o Inactivation oty ation mechanism is not well understood. Hence, an alter-
SGC (i.e.,Ryaxno = (2kp + k_,)E). This is consistent : : :
. . NO . native approach is to correlate the output parameters in
with Fig. 3A, which shows that NO consumptiod (= _
monotonically incr with INOT indepen- terms of the observed rate constaty,ps = kp + K_o, by
sgﬁ:RoNfokma%veﬁu?a(ljl (;Za{:hinc ei?ssen?laximu[m \}alueeptﬁen using a “pseudo-mechanism,” in which the fully-activated,
becominD, inde endt)e/nt of [NgO] at high concentr,ations E;, form of SGC was converted (o its basal, form via a
g P 9 first-order process (in other words, dgf = kg ,,sand set

Therefore, asb — 1, NO consumption is independent of k_, = 0.). Such a pseudo-mechanism would simplify anal-

[NO] concentration and the apparent reaction order is zerg. _: . .
Figure 3B, which plots the logarithmic SIOpeS, pop ysis and may be useful for the correlation of sGC activity

! with [NOJ] in vivo; however, it may not accurately depict the
Slesr?dzr;l?\gfi th‘I?;: St’)e[l;:;)\aic?re g’?l?viirligﬁllehl&]ret_ﬂ)o?\7sl?sdguch precise nature of sGC deactivation and could not be used to
b-

different. Fork, > 0, Sy no) — 1 at low concentrations, predict NO consumption rates.

then passes through a maximum at a critical [NO] before

decreasing to zero. The critical [NO] values are 10 and 3

nM, with maximumS;, o, values of 1.3 and 1.6, &, = %ONCLUSION

0.01 and 0.2 s, respectively. However, fok, = 0, sGC activation and deactivation by NO is likely regulated

Senop — 2 as [NO]— 0, then monotonically decreases by interaction with intracellular protein thiols or other co-

over the range 1-1000 nM. factors, such as calcium and GTP. Results indicate that the
This behavior is the result of the competing nature of thecGMP formation rate reaches 50% of its maximum value

two parallel pathways that lead to the active 5-coordinatdor [NO] < 100 nM, with a Hill coefficient in the range

sGC complex. As [NO}- 0 with k, = 0, NO consumption 1.1-1.5. Hence, we conclude that sGC can be partially

will be controlled by the slow NO-dependent pathway activated at [NO] well below the reported 250 nM, and

(characterized b¥;), because both the first binding phase control of activation is most likely ultra-sensitive. The ap-

(characterized byk; and k_;) and the NO independent parentreaction order for NO consumption via its interaction

pathway (characterized Wy andk_,) will approach equi- with sGC is not constant, but varies with [NO]. Future

librium at steady state. Thus, as [NG} 0 withk; = 0, we  experimental studies should focus on monitoring [NO] lev-
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