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ABSTRACT. Cyclic GMP is an intracellular signal molecule whose biological and pharmacological role is
not well understood. Recent studies with human erythrocytes and other cell types (normal and transformed)
have shown that the extrusion of cGMP is an ATP-dependent and saturable process. In this paper, we
present our studies on binding 8H]-cGMP to human erythrocyte ghost and its solubilized extracts. At

4 °C, an apparent dissociation constant of Mwas found in the samples. Maximum specific binding
values in ghost and solubilized extracts were 9.0 pmol/mg of protein and 1.0 pmol/mg of protein,
respectively. The low dissociation constant was confirmed by kinetic studies with a value qiN).16
Specific BH]-cGMP binding was inhibited by cAMP, cGMP, and cIMP witly values of 0.22«M, 0.09

uM, and 0.17uM, respectively. Unlabeled cGMP and cIMP inhibitetH[-cGMP binding completely
whereas cAMP inhibited only 70%. The membrane-localized cGMP-binding protein discriminates between
cyclic and noncyclic nucleotides, since GMP, IMP, and AMP were unable to displieGMP. A
zwitterionic detergent, CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfate), was able
to solubilize a protein with identical binding affinity. The results of this study show that erythrocyte
ghosts possess a cGMP-binding protein which is not a kinase (due to a similar affinity for cCAMP, cGMP,
and cIMP) or phosphodiesterase (due to the inability of IBMX, 3-isobutyl-1-methylxanthine, to inhibit
specific H]-cGMP binding). We hypothesize that this protein is the cell membrane cGMP transporter.

During the last decade, much attention has been focusederone (Flo et al., 1995; @rbo et al., 1994, 1995a). Studies
on cGMP because the endothelium-derived relaxing factor with inside-out vesicles of human erythrocytes have shown
(EDRF), which has been identified as nitric oxide (NO), the cGMP transporter activity to be ATP-dependent (Sager
activates soluble guanylate cyclase while atrial natriuretic et al., 1996). The aim of this study was to characterize the
peptide (ANP) stimulates particulate guanylate cyclase binding of cGMP to human erythrocyte ghost and its
(Wong & Garbers, 1992; Francis et al., 1994). In addition solubilized extracts with respect to equilibrium and kinetic
to their vasodilatory effects on vascular smooth muscle, parameters.

EDRF and exogenous NO have been found to inhibit platelet

functions (Alheid et al., 1987; Radomski et al., 1987a,b; EXPERIMENTAL PROCEDURES

Hogan et al., 1988). Therapeutic nitrates like triglyceryl

nitrate (TGN) and isosorbide dinitrate exert their effects by ~ Chemicals. [*H]Guanosine 35-cyclic monophosphate
releasing NO from their molecules and activating soluble (specific activity 10 Ci/mM) was obtained from Amersham
guanylate cyclase. Elevated levels of extracellular guanosinelnternational (Amersham, Buckinghamshire, U.K.). Cyclic
3',5'-cyclic monophosphate (cGMPhave been suggested AMP, cGMP, cIMP, GMP, AMP, IMP, and CHAPS were
as a diagnostic tool in cardiac diseases (Vorderwinkler et purchased from Sigma Chemicals (St Louis, MO). All other
al.,, 1991; Abraham et al., 1992; Szekeres et al., 1993; chemicals were of analytical grade.

Tsutamoto et al., 1994) Ana|ySiS of extracellular cGMP Buffers. The Composition of KrebsRinger (KR) bicar-
concentrations has been documented as a useful indicatopgnate buffer was 121 mM NaCl, 4.8 mM KCI, 1.2 mM
of nitrate tolerance in patients with congestive heart failure kH,pQ, 25.3 mM NaHCQ, and 1.3 mM CaG| pH 8.0 at
(Tsutamoto et al., 1994). Increased levels of cGMP in 20-22°C and that of KrebsRinger (KR) phosphate buffer

plasma and urine of patients with various types of cancer a5 122 mM NaCl, 4.9 mM KCI, 1.3 mM Cagland 15.9
have been reported. Extracellular cGMP has been proposedy NaH,PQy, pH 7.4 at 26-22 °C.

as a biochemical marker for cancer (Guthrie et al., 1979; .
Chawla et al., 1980; Hunt et al., 1980). Egression of cGMP Preparation of Erythrocyte GhostsBlood from healthy

is inhibited by probenecid, verapamil, and theophylline (Flo human donors was collected directly into EDTA-vacutainer

et al., 1995; @rbo et al., 1995b) but stimulated by proges- tubes and centrifuged at 69@r 15 min at 4°C. Plasma
and buffy coat were removed before the erythrocytes were

Th " red by The N nC Society resuspended in the KR bicarbonate buffer (pH 8.0) to restore
IS WOrK was supporte Yy e Norweglan Cancer society. Fp : _
® Abstract published i\dvance ACS Abstract@ugust 15, 1997. the O”gmal hematocrit. The Coe”S were washed and resus
1 Abbreviations: CAMP, adenosine’,8-cyclic monophosphate; ~ Pended in the same buffer at°€. Unsealed membranes
cGMP, guanosine '&-cyclic monophosphate; cIMP, inosing,3- were prepared from washed erythrocytes by slight modifica-

cyclic monophosphate; AMP, adenosinéntonophosphate; GMP, ;
guanosine Ssmonophosphate; IMP, inosiné®onophosphate; CHAPS, tions of the method of Dodge (Dodge et al., 1963). The

3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfate; IBMX, papke_d erythrocytes Were_lysed by resuspension in i_Ce'CO|d
3-isobutyl-1-methylxanthine. deionized water and centrifuged atx32600@ for 10 min.
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Specific cGMP Cell Membrane Binding

Membranes (milky white) were resuspended in the KR
bicarbonate buffer (pH 8.0) or in solubilization buffer (100
mM potassium phosphate, 150 mM NaCl, pH 7.8 at20
°C).

Membrane Solubilization. Preparation of solubilized
membrane proteins by 1% CHAPS (w/v) was performed
using the method of Doige (Doige et al., 1992) with slight
modifications. After shaking the membranéetergent
suspension at 4C for 30 min, the mixture was centrifuged
at 4°C for 1 h at10500@. The resulting supernatant,{S
containing the cGMP-binding protein as well as other
proteins was removed carefully without pellet contamination.
This extract was stored at20 °C and used for subsequent
ligand-binding studies.
solubilization buffer (100 mM potassium phosphate, 150 mM
NaCl, pH 7.8 at 2622 °C) to give a final protein
concentration of 0.40.5 mg/mL and 1% CHAPS (w/v)
added. The sample was incubated for 30 min 4€C4and
then pelleted at 150@0for 15 min at 4°C. The resulting
supernatant (5, was stored at-20 °C and used for ligand-
binding assays. Binding activities of both extracts were
maintained even after 6 months of storage-a0 °C.

Determination of Protein ConcentrationsProtein con-
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each sample before and after centrifugation to determine the
total and freeJH]-cGMP concentrations. The concentration
of bound PH]-cGMP was defined as the difference between
the total and free®H]-cGMP concentrations.

Three separate equilibrium dialysis experiments were
performed in duplicate using a Dianorm equilibrium dialyzer
with the cell type Macro 1s and the method of Zoccoli
(Zoccoli et al., 1978) with slight modifications. The two
compartments in each cell were separated b 42 000
14 000 cutoff Spectra/Por dialysis membrane from Spectrum
Medical Industries, Inc. (Houston, TX). One compartment
was loaded with 100QuL of unsealed ghosts in KR
bicarbonate buffer with a protein concentration of 2.6 mg/

The pellet was resuspended in mL. The other compartment was loaded with 1QQ0of

varying concentrations (0.64L.28 uM) of [*H]-cGMP in

the same buffer with or without an excess of unlabeled cGMP
(32 uM). In the control cell, one compartment was loaded
with 1000 L of 0.04 uM [3H]-cGMP in KR bicarbonate
buffer, and the other compartment was loaded with only
buffer. The cells were rotated at 12 rpnr b h at 4°C,

and then 50Q:L aliquots of each sample removed from the
chambers were added to 4.5 mL of scintillation liquid (Ultima
Gold XR, Packard Instrument B. V., The Netherlands) for

centrations in the unsealed membranes and soluble extractshe measurement of radioactivity.

were determined by a dye binding assay (Bradford, 1976)

using reagents from Bio-Rad Laboratories (Richmond, CA)
and BSA from Sigma Chemicals as standards.

[3H]-cGMP Binding to Unsealed GhostdJnsealed ghosts
in KR bicarbonate buffer were incubated in duplicates in
four separate experiments with various concentrations {0.04
1.28 uM) of [®H]-cGMP at 4°C in a total volume of 500
uL with a protein concentration of 1-:01.2 mg/mL. Non-
specific binding was determined in parallel incubations with
an excess of unlabeled cGMP (32M). After 2 h, the
incubation mixture was diluted with 2 mL of ice-cold KR
phosphate buffer and immediately filtered through a 25 mm
single Whatman GF/C glass fiber filter which had previously
been soaked in KRP buffer. The filtration rate was 12 mL/
min. The filters were washed twice with 10 mL of KR
phosphate buffer and placed in scintillation vials containing
0.5 mL of 1.0 M HCI and 9.5 mL of scintillation liquid
(Ultima Gold XR, Packard Instrument B. V., The Nether-
lands). Radioactivity was washed out of filters by gentle

Binding of PH]-cGMP to Solubilized Extracts.Solubi-
lized extracts in solubilization buffer (100 mM potassium
phosphate, 150 mM NaCl, pH 7.8 at 202 °C) were
incubated in duplicate in two separate experiments with
various concentrations (0.64..28uM) of [3H]-cGMP in the
presence or absence of excess 488 unlabeled cGMP at
4 °C. The final volume of the reaction mixture was 500
with a protein concentration of 0:20.4 mg/mL. After 2 h,
the incubation mixture was diluted with 2 mL of ice-cold
solubilization buffer (100 mM potassium phosphate, 150 mM
NacCl, pH 7.8 at 26-22 °C) and filtered through a 25 mm
cellulose ester (Millipore) filter with a 0.4am pore size.
The filtration rate was 24 mL/min. Filters were washed twice
with 10 mL of solubilization buffer and placed in scintillation
vials, and extract-bound®Hfl]-cGMP in the filters was
measured as described for unsealed membranes.

RESULTS
Binding of PH]-cGMP to Erythrocyte Ghostsincubation

shaking for 20 h, and measured in a Packard Tri-Carb of unsealed human erythrocyte ghosts with increasing

scintillation spectrometer, Model 1900TR.

concentrations of3H]-cGMP for 2 h at 4°C showed that

Specific binding was defined as the difference between specific membrane binding was a saturable process. The
total and nonspecific binding and analyzed according to the results obtained from the ultrafiltration experiments are

method of Scatchard (1949).

To further ascertain the binding parametd¢s &ndBnay)
of [®H]-cGMP binding to unsealed ghosts, other assay
systems like centrifugation and equilibrium dialysis were
employed.

Equilibrium [PH]-cGMP binding to unsealed ghosts was

shown in Figure 1. When analyzed according to Scatchard
(1949), a dissociation constamtd) of 0.15+ 0.10uM was
found with maximum bindingBmay) of 8.3+ 2.2 pmol/mg

of protein (meant SD, n = 4). Parallel experiments with
0.2 mM of the nonspecific phosphodiesterase inhibitor IBMX
gave a similar hyperbolic curve using the ultrafiltration

measured in three separate experiments using the method ofnethod. Scatchard analysis of the saturation experiment

Gorga and Lienhard (1981) with slight modifications.

gave a linear relationship with simil& (0.154+ 0.16uM)

Unsealed ghosts in KR bicarbonate buffer were incubated and Bnax (8.8 £ 2.6 pmol/mg of protein, mea#t SD,n =

in duplicate with varying concentrations (0:64.28uM) of
[®H]-cGMP at 4°C in a total volume of 50@L with a protein
concentration of 1.5 mg/mL. Nonspecific binding was
determined in parallel incubations with an excess of unla-
beled cGMP (32«M). After 2 h, the incubation mixture in
the Eppendorf tube was pelleted by centrifugation at 18000
for 10 min at 4°C. Aliquots of 125ul were taken from

4).

Binding was also determined by centrifugation and equi-
librium dialysis. The centrifugation experiments gavi€za
of 0.25+ 0.04 uM with a Bmax Of 8.7 & 3.8 pmol/mg of
protein. Using the equilibrium dialysis technique, tKg
andBmax values obtained were 0.28 0.09x4M and 13.3+
4.2 pmol/mg of protein, respectively.
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Ficure 1: Binding of BH]-cGMP as a function of radioligand
concentration at 4C to human red cell ghost at constant protein
concentration. Total binding®) and nonspecific binding )
represent binding of the radioligand in the absence and presenc
of 32 uM cGMP, respectively. Specific binding ofH]-cGMP is
given as the difference between total and nonspecific bindg (
The nonspecific binding can be described by the linear correlation
y = 6018% (r = 0.99). Results are presented as mga8D (n =

4). Inset: Scatchard plot (Scatchard, 1949) of specifically bound
[®H]-cGMP. The least-squares regression line is given (-0.98).
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Ficure 2: Binding of BH]-cGMP as a function of radioligand
concentration at 4C to the first CHAPS extract (¥ at constant
protein concentration. Total bindin®) and nonspecific binding
(m) represent binding of the radioligand in the absence and presenc
of 32 uM cGMP, respectively. Specific binding otH]-cGMP is
given as the difference between total and nonspecific bindg (
The nonspecific binding can be described by the linear correlation
y = 901x (r = 0.98). Results are presented as m&a®D (n = 2).
Inset: Scatchard plot (Scatchard, 1949) of specifically bogidg [
cGMP. The least-squares regression line is gives (—0.98).
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Ficure 3: Time course for association of specifitH]-cGMP
binding to human erythrocyte ghosts af@ was determined in
incubations containing 1.28M radioligand in the absence or
presence of 32M cGMP. The reaction was terminated at various

etime intervals up to 240 min. SpecifiéH]-cGMP binding at 180

min is given as 100%. Equilibrium was obtained at approximately
90 min and was maintained for 150 miBeq = concentration of
specifically boundJH]-cGMP at 150 minBt = concentrations of
bound PH]-cGMP at the stated time. The results are given as mean
+ SD (h = 4). Inset: Pseudo-first-order plot of specific binding
and the least-squares regression line is shawn 0.98).

1.03+ 0.1 pmol/mg of protein. The binding offi]-cGMP

to the second solubilized extract,fSs also saturable and
characterized by a dissociation constant of Gt18.05uM
(mean+ SD, n = 2), which is of the same order of
magnitude as that in membranes (data not shown). Biae

of [*H]-cGMP (1.3+ 0.4 pmol/mg of protein) is similar to
that in the first solubilized extract (5but lower in both
extracts when compared to that in membranes. However,
the similarity in dissociation constants observed in extracts
and membranes indicates the ability of CHAPS in solubi-
lizing the cGMP membrane-localized binding protein.

Kinetics of PH]-cGMP Binding to Unsealed Ghosts.
Kinetic studies were carried out to confirm the dissociation
constant Kp) obtained from equilibrium studies. Specific
binding of PH]-cGMP reached an equilibrium at ap-
proximately 90 min at 4°C (Figure 3) and remained
unchanged for the next 150 min. Kinetic data were used to
calculate the rate constamd,, for the association process:
R + L — RL where L represents unbountH]-cGMP, R
free binding sites, and RL occupied binding sites.

The slope,kops (Figure 3, inset), is an estimate of the
observed forward rate constant for a pseudo-first-order
deaction (Williams et al., 1976) since the concentration of
binding sites determined from the binding studies was much
lower than the concentration ofH]-cGMP. The least-
squares regression method gave@value of 0.06+ 0.01
min~! (mean=+ SD, n = 3), and dissociation ratek,{ and
ko) of [®H]-cGMP from the binding sites (Figure 4) were
measured by diluting the ligand in the equilibrium mixture
with an excess of KR bicarbonate buffer. The resulting
dissociation curve appeared to be biexponential (Figure 4)

(Sy) is presented in Figure 2. Scatchard analysis revealed aand resolved into rapid and slow dissociation components

Kp of 0.11+ 0.01uM (mean+ SD,n = 2), which is similar
to that in membranes, and a maximum binding capacity of

by plotting the fraction of JH]-cGMP bound versus time.
Based on the late time points (4, 5, 15 min), the slow phase
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cGMP from human erythrocyte ghosts at@ Maximum binding incubation. Inhibition (meart SD, n = 3) is given as percent of

(Bo) refers to the amount offfi]-cGMP specifically bound at ; ;
equilibrium prior to dilution with 4.5 mL of KRB buffer. The Eia;tc?&sper\(lg)dC\_:‘N,&go%i)u'w&%el?g)“l%allg@)(CAMP‘ (#) cGMP,

erythrocyte ghosts were incubated with @M radioligand for 120

min. The dissociation process was initiated by diluting samples with . . :
4.5 mL of KRB buffer. Nonspecific binding was determined with etal., 1993; Flo et al., 1995; Sager etal., 1996). The cyclic

32:M cGMP. Bt = concentration of specifically boungH]-cGMP GMP transporter not only may serve the purpose of returning
at stated times. The results are given as mea®D (n = 3). cGMP levels to normal after stimulation of the cell by

was extrapolated back to zero. A line representing the rapid "0rmones or neurotransmitters, but also may act as an
dissociation phase was then derived by subtracting theln'FerceIIuIar signal molecule for the released cyclic nucle-

extrapolated slowly dissociation component from the ob- ©tide. _

served dissociation data at the early time points (0, 1, 2, 3 !N this paper, we have demonstrated the existence of
min). The dissociation rate constants obtained for the rapid Saturable {H]-cGMP-binding sites on unsealed ghosts em-

and slow phases weke; = 0.057-+ 0.007 min* andke, = ploying three separate assays (centrifugation, equilibrium
0.018+ 0.001 min® (mean+ SD, n = 3), respectively. dialysis, and ultrafiltration). Using separate methods (satura-

The second-order association rate constant could be calcufion of binding at equilibrium by increasing radioligand or
lated (Jencks, 1970) from the values kfs and the by increasing unlabeled cGMP and kinetic studies), a high-

Ficure 4: Time course for dissociation of specifically bousH]-

dissociation rate constants using the equation: affinity component with & of 85-200 nM was obtained
for [*H]-cGMP binding at 4°C. Similar dissociation

_kobs_ ks constants have been reported for bovine aorta cGMP-

k= [L] dependent protein kinase isoenzymes and the noncatalytic

) site of bovine rod PDE (Ruth et al., 1991; Wild et al., 1995).
The values obtained weke; = (0.008+ 0.001)x 10°M™* But the noncatalytic site of cGMP-binding PDE (cG-BPDE)
min~* andks, = (0.112+ 0.002) x 10° M~ min™* (mean is known to be approximately 100-fold more selective for
+ SD, n = 3), respectively. Using the individual values of -gMmP than for cAMP (Thomas et al., 1992). Moreover,
ki andk; from three separate experiments, the dissociation ine membrane-bound form of cyclic nucleotide phosphodi-
constants Kp) for the low- and high-affinity sites were  ggierase is specific for cAMP (Suzuki et al., 1980). The
calculated to be 7 0.13uM and 0.1614 0.01uM (mean  jnapility of IBMX to influence the binding of H]-cGMP
+ SD, n = 3), respectively. _ to ghosts supports that the ligand did not bind to a
Inhibition of [*H]-cGMP Binding by Nucleotides The phosphodiesterase. Cyclic nucleotide-dependent protein ki-
effect of some nucleotides on the specific binding 1t nases are 200-fold cyclic nucleotide-specific (@greid et al.,
CGMP to unsealed ghosts is presented in Figure 5. Among19g3: Corbin et al., 1986). Therefore, the similarities in the
the nucleotides tested, cCAMP, cIMP, and cGMP effectively a¢finities of the cyclic nucleotides suggest that the radioligand
displaced {H]-cGMP with similar potency. In contrast,  §iq not bind to either cG-BPDE or PKG but to a protein
AMP, IMP, and GMP did not have any effect oiti]-cCGMP  \yhich has a binding capacity in a range of physiological
binding. When the data with cGMP as inhibitor were |gjeyant concentrations. Nucleotide specificity studies have
analyzed according to Hofstee (1952), the displacement curvegemonstrated the existence of selective transport mechanisms
could be dissected into two components, one with high o cAMP and cGMP, respectively, and the inability of
affinity (Kp = 0.085+ 0.002uM) and a second one with  jncreased cAMP level by glucagon in inhibiting cGMP efflux
lower affinity (Ko = 9.2 + 0.4 uM). The other cyclic (Tjsrnhammer et al., 1983). The differential distribution
nucleotides fitted best with the one-site model with apparent pattern of cyclic nucleotides across the membrane also
Ko values of 0.22+ 0.124M and 0.17+ 0.05 for cAMP g ,qqests different transport mechanisms (@rbo et al., 1993).
and cIMP, respectively. Furthermore, a previous study of cAMP transport showed a
passive carrier-mediated transport out of human erythrocytes
DISCUSSION with an apparenKp of 475 uM (Holman, 1978). These
The existence of a cellular cGMP transporter has beenreports suggest that cGMP and cAMP do not share a
shown in different cell types (Tjahammer et al., 1986; Wu  common efflux pump. In contrast, reduction of cGMP
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egression by forskolin was assumed to be the result of Hamet, P., Pang, S. C., & Tremblay, J. (1989Biol. Chem264,

displacement of cGMP from the transport binding site by
CcAMP after forskolin had activated adenylate cyclase (Hame
et al., 1989). Preliminary experiments in our laboratory,

12364-12369.

t Hofstee, B. H. J. (1952%cience 116329-331.

Hogan, J. C., Lewis, M. J., & Henderson, A. H. (1988). J.
Pharmacol. 941020-1022.

however, have shown that forskolin inhibits the cGMP Hoiman, D. G. (1978Biochim. Biophys. Acta 50874-183.
transporter activity. A similar effect has been reported for Hunt, N. H., Smith, B., & Pembrey, R. (1980Q)in. Sci. 58 463—

other transporters, such as P-glycoprotein (Morris et al.,

1991).

In the present study, cGMP and cIMP give 100% inhibi-

tion whereas cAMP is not able to inhibf{]-cGMP binding

467.

Jencks, W. P. (1970Fatalysis in Chemistry& Enzymologypp
555-614, McGraw-Hill Book Co., New York.

Morris, D. I., Robbins, J. D., Ruoho, A. E., Sutkowski, E. M., &
Seamon, K. B. (1991). Biol. Chem 266, 13377-13384.

to a full degree (70%). It appears that cCAMP displaces @greid, D., Dgskeland, S. O., & Miller, J. P. (198B)Biol. Chem

cGMP bound to its high-affinity site, but not the low-affinity

258 1041-1049.

binding site. This raises the question of whether cAMP and 200, A., Jaeger, R., & Sager, G. (1998). J. Cancer 55957—

cGMP have a common binding site, and if they do, is it the

transport site or an allosteric regulatory site.
In contrast to the inhibition curves for cIMP and cAMP,

the curve for cGMP could be dissected into two components.

@rbo, A Jaeger, R., & Sager, G. (1993ynecol. Oncol52, 320—
325.

@rbo, A., Jaeger, R., Kjgrstad, K. E., & Sager, G. (1995a)
Anticancer Resl5, 1905-1909.

This agrees with the results obtained by the kinetic experi- 9rbo, A., Kjerstad, K. E., Jaeger, R., & Sager, G. (1995i)J.

ments, but the low-affinity component was not seen in the
saturation binding experiments with increasing concentrations

Oncol 6, 1279-1282.
Radomski, M. W., Palmer, R. M. J., & Moncada, S. (1987a)
Biochem. Biophys. Res. Commun. 14882-1489.

of the tracer. We suggest that the concentration used tOradomski, M. W., Palmer, R. M. J., & Moncada, S. (1988b)J.

define nonspecific binding was too low to unhide the low-

affinity component. The binding of cGMP to the low- and

high-affinity sites may represent the initial step (recognition)
in the cellular export of cGMP, recently characterized by a

Pharmacol. 92 639-646.

Ruth, P., Landgraf, W., Keilbach, A., May, B., Egleme, C., &
Hofmann, F. (1991Fur. J. Biochem202, 1339-1344.

Sager, G., @rbo, A., Pettersen, R. H., & Kjgrstad, K. E. (1996)
Scad. J. Clin. Lab. Inest 56, 289—-293.

high- and lowKr process (Sager et al., 1996). Studies t0 gcatchard, G. (194%nn. N.Y. Acad. Scbl, 660-672.
purify and characterize this putative cGMP transporter are Suzuki, K., Terao, T., & Osawa, T. (198BJochim. Biophys. Acta

in progress.
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