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ABSTRACT  Soluble guanylate cyclase [GTP pyrophosphate-
lyase (eyclizing), EC 4.6.1.2] purified from bovine lung is mark-
edly activated (30- to 40-fold) by protoporphyrin IX (K,, 15-25 nM)
and is inhibited by hematin (K;, 3.7 uM) when MgGTP is used as
substrate:; Guanylate cyclase possesses specific activities.(smol of
¢GMP per min/mg of protein) of 0.1-0.2 (MgGTP) and 0.3-0.5
(MnGTP) and can attain values of 2-8 (MgGTP) or 1-1.4 (MnGTP)
in the presence of protoporphyrin IX. Guanylate cyclase purified.
in this study contains heme and is activated by nitric oxide and
nitrosyl-heme to the same magnitude as that by protoporphyrin
IX. With the exception of hematoporphyrin IX, close structural
analogs of protoporphyrin IX, including precursors and metabo-
lites, do not activate guanylate cyclase. The insertion of iron into
protoporphyrin IX to form heme or hematin renders the metal-.
loporphyrin an inhibitor of unactivated or activated guanylate cy-
clase. The data suggest that protoporphyrin IX and heme could
function to modulate guanylate cyclase activity.

Unpurified soluble guanylate cyclase [GTP pyrophosphate-
lyase (cyclizing), EC 4.6.1.2] is activated by nitric oxide and
certain nitroso or nitro compounds capable of releasing or form-
ing nitric oxide (1-4). The same compounds have been dem-
onstrated to elevate cyclic GMP levels in a variety of tissues
(5-13). These observations may be important pharmacologically
because chemically related nitrogen oxide-containing drugs,
such as nitroglycerin, amyl nitrite, and nitroprusside, are
widely used clinically as vasodilators. In addition, many of these
drugs are potent inhibitors of platelet aggregation (11, 14-16).
Their actions as vascular smooth muscle relaxants and inhibitors
of platelet aggregation are closely associated with their capac-
ities to activate guanylate cyclase and elevate tissue levels of
cyclic GMP (6, 9-13). Previous reports suggested that guanylate
cyclase activation by nitric oxide, nitroso, and nitro compounds
may be dependent on the presence of heme (17). Along these
lines, nitric oxide is well known to bind heme iron, resulting
in the formation of nitrosyl-heme, which has been shown to bind
(18) and activate (17, 18) guanylate cyclase. Moreover, a recent
report by Gerzer et al. (19) indicated that guanylate cyclase
could be purified in a form containing heme and is activated by
nitroprusside in the absence of added heme.

The above studies suggest that heme is indeed required for
guanylate cyclase activation by nitric oxide and related agents.
Nevertheless, the physiological significance of these observa-
tions is not apparent. The findings in the present study may
shed some light on the potential physiological mechanisms by
which soluble guanylate cyclase is activated. We report here
that guanylate cyclase, purified to apparent homogeneity from
bovine lung, is markedly activated by protoporphyrin IX, a nat-
urally occurring intracellular metabolite in mammalian cells. In
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contrast, ferroprotoporphyrin IX (heme) and ferriprotopor-
phyrin IX (hematin) are potent inhibitors of guanylate cyclase.

MATERIALS AND METHODS

Purification of Guanylate Cyclase. Details of the purification
procedures will be described elsewhere: Briefly, fresh bovine
lung (0.5 kg) was homogenized in 3 vol.of 25 mM triethanol-
amine-HCI (Et;N-HCI), pH 7.8/5 mM dithiothreitol. Homog-
enates were centrifuged at 105,000 X g for 60 min, and the su-
pernatant was stirred with 400 g of DEAE-Sepharose CL-6B
(Pharmacia), preequilibrated with- Et;N-HCI/dithiothreitol.
The resin was extensively ‘washed with Et;N-HCIl/dithio-
threitol and packed into a column (2.5 X 80 cm). Guanylate -
cyclase was eluted with 1.3 liters of a linear NaCl gradient (0-0.4
M) in Et,N-HCl/dithiothreitol. Fractions with peak activity
(0.20-0.23 M NaCl) were pooled, concentrated, and applied
toacolumn (2.5 X 80 cm) of Ultrogel AcA-34 (LKB) equilibrated
with Et;N-HCl/dithiothreitol. Guanylate cyclase was eluted

‘with 300 ml of Et;N-HCl/dithiothreitol and active fractions

were pooled, concentrated, and applied to a column (1.5 X 20
cm) of Matrex gel blue A (Amicon). After incorporating the sam-
ple into the resin, flow was stopped for 45 min, and the column
was then washed extensively with Et;N-HC/dithiothreitol fol-
lowed with 0.5 M NaCl in Et,N-HCl/dithiothreitol. Guanylate-
cyclase was eluted with 400 ml of a linear NaCl gradient (0.5-2
M) in Et,N-HCl/dithiothreitol. Fractions with peak enzymatic
activity (1.2-1.3 M NaCl) were pooled and concentrated. Glyc-
erol was added to 30% (vol/vol), and 0.2- to 0.5-ml aliquots were
equilibrated with oxygen-free N, and stored at —60°C. Basal -
specific activities (umol of cGMP per min/mg of protein) were
0.1-0.2 in the presence of 1 mM GTP and 3 mM Mg>**, and
0.3-0.5 with 1 mM GTP and 3 mM Mn?**.

Guanylate cyclase was purified 6,000- to 10,000-fold from the
starting crude supernatant (0.05 nmol of cGMP per min/mg of
protein; MnGTP substrate). The purified enzyme migrated as
a single band under both nondenaturing and denaturing con-
ditions of polyacrylamide gel electrophoresis. Nondenaturing
electrophoresis in 50 mM Tris glycine (pH 8.2) was performed
as described by Garbers (20). Denaturing polyacrylamide. gel
electrophoresis was conducted with 0.3 X 14 X 16 cm vertical
slab gels (total acrylamide, 7.5%) in 25 mM Tris glycine, pH 8.3/
0.1% sodium dodecyl sulfate. Electrophoresis was conducted
at constant temperature (18°C) and current (50 mA). Enzyme
samples in 0.1 M Tris*HCI, pH 6.8/2% (wt/vol) sodium dodecyl
sulfate/100 mM dithiothreitol/10% (vol/vol) glycerol/0.0013%
bromphenol blue were heated at 100°C for 12 min just prier to
electrophoresis. The amounts of enzyme protein analyzed
ranged from 4 to 20 ug. The M, of the purified protein was
~=72,000 after polyacrylamide gel electrophoresis- under. dena-
turing conditions. These observations are similar to those of

Abbreviation: Et;N-HCI, triethanolamine-HCl.



Biochemistry: Ignarro et al

Gerzer et al. (19), which were made with bovine lung soluble
guanylate cyclase. Product formation was linear with time (0-90
min at 37°C; 0.24-0.32 ug of enzyme) and with enzyme con-
centration (0.1-1 ug of enzyme; 10 min at 37°C) in 1 mM GTP/
3 mM Mg?*/2 mM dithiothreitol.

Purified guanylate cyclase contained heme (ferroprotopor-
phyrin IX), as verified by visible absorption spectroscopy (21).
Concentrated enzyme (63 ug in 0.2 ml) in 25 mM Et,N-HCI,
pH 7.8/30% (vol/vol) glycerol/5 mM dithiothreitol/0.1 M
NaCl was scanned (320-700 nm) at 10°C under N, and revealed
a sharp absorbance maximum at 425 nm and a much smaller
peak at 560 nm. Addition of excess purified NO under N, pro-
duced a distinct shift in the major absorbance peak to 401 nm.
During the preparation of this manuscript, Gerzer et al. (22)
reported similar observations.

Guanylate Cyclase and Other Assays. Guanylate cyclase ac-
tivity was determined as described (21), except that 40 mM
Et;N-HCI, pH 7.4/2 mM dithiothreitol was used as the buffer
and enzyme reactions were assayed in 0.2- or 1-ml volumes as
indicated. Protein concentrations were determined by the Bio-
Rad, Coomassie brilliant blue G-250 method, which is unaf-
fected by large concentrations of Et;N-HCI, dithiothreitol, or
glycerol. The preparation and handling of nitric oxide, nitrosyl-
heme, and S-nitroso-N-acetylpenicillamine have been de-
scribed (21, 23).

Materials. Reagents for the guanylate cyclase assay have
been described (21, 23). Protoporphyrin IX and its dimethyl
ester, coproporphyrin I, uroporphyrin I, porphobilinogen, he-
matin, biliverdin, and bilirubin were obtained from Sigma.
Hematoporphyrin IX was purchased from ICN Pharmaceuti-
cals. All other chemicals were of the highest purity available.
Heme was prepared from hematin by reduction of the latter
with dithionite in 50 mM Tris*HCI, pH 7/10 mM dithiothreitol
under an atmosphere of N, (18, 21).

RESULTS

Effects of Porphyrins and Related Substances on Guanylate
Cyclase Activity. Guanylate cyclase was activated about 30-fold
by 0.1 uM protoporphyrin IX when MgGTP was used as sub-
strate (Table 1). Several precursors of protoporphyrin IX such
as porphobilinogen, uroporphyrin I, and coproporphyrin I had
no effect on enzymatic activity. In contrast to the marked en-
zyme activation by protoporphyrin IX, heme and hematin in-
hibited guanylate cyclase activity, whereas biliverdin and bili-
rubin, two metabolites of heme, elicited no effect. Similarly,
the dimethyl ester of protoporphyrin IX was inactive. However,
hematoporphyrin IX, which differs from protoporphyrin IX in
possessing two hydroxyethyl groups instead of vinyl groups,
activated guanylate cyclase. Nitric oxide, nitrosyl-heme, and S-
nitroso-N-acetylpenicillamine also activated guanylate cyclase
(Table 1). Larger concentrations of these agents did not cause
further activation. The magnitude of activation of purified en-
zyme by nitric oxide was much greater than that reported pre-
viously (24) and is attributed to the presence of heme in guanyl-
ate cyclase purified in the present study. Indeed, nitric oxide
activated guanylate cyclase to the same magnitude as did pre-
formed nitrosyl-heme, which, unlike nitric oxide, is believed
to activate guanylate cyclase in the absence of heme (17). Fur-
ther, the addition of 0.1-1 uM hematin to reaction mixtures did
not enhance, and larger hematin concentrations inhibited, the
activation of guanylate cyclase by NO or S-nitroso-N-acetyl-
penicillamine (not shown). This is the first report of activation
of purified guanylate cyclase by nitrosyl-heme. Guanylate cy-
clase activity was not observed in the absence of metal whether
or not activators were present.

Effects of Protoporphyrin IX on the K,, for GTP and V.,
of Guanylate Cyclase. In the presence of excess Mn*”, the ap-
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Table 1. Effects of protoporphyrin IX, heme, nitric oxide, and

related agents on guanylate cyclase
Concen- Guanylate cyclase
tration, activity, umol cGMP/
Test agent* wM min/mg protein
None (basal activity) — 0.14
Protoporphyrin IX 0.1 39
1 4.3

Porphobilinogen 10 0.15
Uroporphyrin I 1 0.15
Coproporphyrin I 1 0.16
Protoporphyrin IX

dimethy] ester 1 0.17
Hematoporphyrin IX 0.1 2.5

1 3.7

Hematin 10 0.05
Heme 10 0.06
Biliverdin 10 0.14
Bilirubin 10 0.15
Nitric oxide, 0.5 ul — 5.2
Nitrosyl-heme 1 5.5
S-Nitroso-N-acetyl-

penicillamine 100 5.4

* Test agents were incubated for 10 min at 37°C in reaction mixtures
(0.2 ml) containing 40 mM Et;N-HCI (pH 7.4), 2 mM dithiothreitol,
1 mM GTP, 3 mM Mg?*, and 0.24 ug of guanylate cyclase.

parent K for GTP was 10 uM, and the extrapolated V,,, was
0.17 pmol/min per mg of protein (Fig. 1). Absolute values for
specific activity corresponding to the points for 1 mM GTP
ranged from 0.3 to 0.5. A saturating concentration (5 uM) of
protoporphyrin IX increased the V,,,, from 0.17 to 0.5 umol/
min per mg of protein without altering the apparent K. The
values for both K, and V. were calculated from the linear
portions of the double reciprocal plots in Fig. 1. GTP up to 0.1
mM gave linear plots, but as the GTP concentration was in-
creased to 1 mM, the lines curved downward. In contrast to
Mn?*, linear plots were obtained with Mg?* over a range of
0.01-1 mM GTP (Fig. 2). In the presence of excess MgZ*, the
K, for GTP was 100 uM and the V,_, was 0.1 umol/min per
mg of protein. At saturating concentrations of 0.1 and 1 uM
protoporphyrin IX, a marked increase in the V_,, to 2 umol/
min per mg of protein and a small decrease in the K, to 56 uM
were observed. Specific activities (determined in the presence
of 1 mM GTP and 3 mM Mg2*) ranged from 0.1 to 0.2 wmol/
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Fic. 1. Effect of protoporphyrin IX on K, for GTP and V., of
guanylate cyclase in the presence of Mn?*. Enzymatic reactions were
conducted for 10 min at 37°C in the absence (®) or presence (0) of 5 uM
protoporphyrin IX in 40 mM Et;N-HCI (pH 7.4) containing 2 mM di-
thiothreitol, 3 mM Mn?*, 0.32 ug of guanylate cyclase, and 0.01-1 mM
GTP. Reaction volumes were 0.2 ml or 1 ml in the absence or presence,

respectively, of protoporphyrin IX.
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Fic. 2. Effect of protoporphyrin IX on K, for GTP and V., of
guanylate cyclase in the presence of Mg?*. Enzymatic reactions were
conducted for 10 min at 37°C in the absence (®; Inset) or presence of
0.1 uM (0) and 1 uM (a) protoporphyrin IX in 40 mM Et;N-HCI (pH
7.4) containing 2 mM dithiothreitol, 3 mM Mg?", 0.24 ug of guanylate
cyclase, and 0.01-1 mM GTP. Reaction volumes were 0.2 ml or 1 ml
in the absence or presence, respectively, of protoporphyrin IX.

min per mg of protein (basal activity) and from 2 to 8 umol/
min per mg of protein (protoporphyrin IX-activated), depend-
ing upon the preparation of guanylate cyclase used in a given
experiment.

Inhibition of Guanylate Cyclase Activity by Hematin. He-
matin inhibited basal guanylate cyclase activity in a noncom-
petitive manner when either MgGTP (Fig. 3) or MnGTP (not
shown) was used as substrate. The K,, remained constant at 100
M, whereas the V., was decreased by 10 uM hematin. Re-
plots of slopes and intercepts versus hematin concentrations
yielded K; values of 2.8 uM and 8.3 uM in the presence of
MgGTP and MnGTP, respectively. In contrast to basal guanyl-
ate cyclase activity, when the enzyme was activated by 1 uM
protoporphyrin IX, 10 uM hematin decreased the V_,, and in-
creased the K, from 55 to 100 uM, the latter value being similar
to that for the inactivated enzyme. Thus, the inhibition by 10
#M hematin was still noncompetitive with respect to GTP in
the presence of 1 uM protoporphyrin IX. However, prelimi-
nary data indicate that hematin concentrations below 1.5 uM
competitively inhibited protoporphyrin IX without altering
basal guanylate cyclase activity. The decreased V,,,, and in-
creased K,, observed with larger hematin concentrations in the
presence of protoporphyrin IX are attributed to a secondary
binding interaction of hematin with the enzyme and correlate
with the noncompetitive inhibition with respect to GTP for
unactivated enzyme.

Interaction Between Protoporphyrin IX and Guanylate Cy-
clase. By using either MgGTP or MnGTP as substrate, guanyl-
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Fic. 3. Effect of hematin on basal and protoporphyrin IX-acti-
vated guanylate cyclase in the presence of MgGTP. Enzymatic reac-
tions were conducted for 10 min at 37°C in the absence (@) or presence
of 3 uM (0) and 10 uM (») hematin in 40 mM EtgN-HCI (pH 7.4) con-
taining 2 mM dithiothreitol, 3 mM Mg?*, 0.32 ug of guanylate cyclase,
and 0.01-1 mM GTP. (Inset) Protoporphyrin IX (1 uM) in the absence
(@) and presence (O) of 10 uM hematin. Reaction volumes were 0.2 ml
or 1 ml in the absence or presence, respectively, of protoporphyrin IX.

ate cyclase was activated by protoporphyrin IX over a range of
0.1 nM to 10 uM. The apparent K, for protoporphyrin IX in the
presence of saturating concentrations of MgGTP and MnGTP
was 23 nM (range, 15-25 nM) and 50 nM (range, 45-55 nM),
respectively (Fig. 4). Assuming a guanylate cyclase M, of
150,000 (19, 20, 25), the catalytic turnover rate (mol of GTP per
mol of enzyme per sec) was 0.15-0.35 and 0.6-1.3 in the pres-
ence of Mg?* and Mn®", respectively. Saturating concentrations
of protoporphyrin IX stimulated the turnover rate 30- to 40-fold
in the presence of MgGTP to values of 4.6-13.4
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Fic. 4. Effect of protoporphyrin IX concentration on guanylate
cyclase activity in the presence of MgGTP (e) and MnGTP (0). En-
zymatic reactions (0.2 ml) were conducted for 10 min at 37°C in 40 mM
Et;N-HCI (pH 7.4) containing 2 mM dithiothreitol, 0.3 mM GTP, 0.24
ug of guanylate cyclase, 3 mM Mg?* or 3 mM Mn**, and 0.03-10 uM
protoporphyrin IX.
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DISCUSSION

The present study shows that protoporphyrin IX is a potent
activator, whereas heme and hematin are inhibitors of soluble
guanylate cyclase. The natural occurrence of these substances
in mammalian cells at concentrations similar to those used in
this study (26, 27) suggests that protoporphyrin IX and heme
could play biologic roles in altering guanylate cyclase activity.
Bovine soluble guanylate cyclase purified recently by Gerzer
et al. (19), like the enzyme purified in the present study, also
contained heme. Although heme is well known. to serve as a
prosthetic group for various enzymes and other proteins, the
role of heme in the expression of basal guanylate cyclase activity
is unclear. Heme apparently is not required for basal enzyme
activity (17) and, in fact, inhibits basal enzyme activity at con-
centrations of 3-10 uM. On the other hand, experimental evi-
dence suggests that heme is required for activation of guanylate
cyclase by nitric oxide and nitroso compounds (17). However,
any physiological significance of guanylate cyclase activation by
nitric oxide and related chemicals remains to be established.

Protoporphyrin IX is a naturally occurring substance in mam-
mals and is the immediate precursor to heme, which is formed
enzymatically by the insertion of iron. Thus, the incorporation
of iron into protoporphyrin IX converts the latter from a potent
activator (K,, 15-25 nM) to an inhibitor (K;, 3.7 uM) of guanyl-
ate cyclase. Slight alterations in the chemical structure of pro-
toporphyrin IX (uroporphyrin I, coproporphyrin I, and di-
methyl ester of protoporphyrin IX) and heme (biliverdin and
bilirubin) resulted in compounds that failed to alter guanylate
cyclase activity. However, hematoporphyrin IX activated gua-
nylate cyclase, although it was slightly less potent than proto-
porphyrin IX. Hematoporphyrin IX, which does not occur nat-
urally in mammals, differs from protoporphyrin IX in having
two hydroxyethyl groups in place of vinyl groups. Apparently,
this minor structural modification still permits binding to the
enzyme associated with activation. Although the physiological
significance of the present observations is not yet appreciated,
the natural occurrence of protoporphyrin IX and the extremely
low concentrations (0.1-1 nM) required to activate guanylate
cyclase indicate that additional studies are warranted.

The magnitude of regulation of guanylate cyclase may center
around the metal cofactor. In the presence of Mg>*, the phys-
iologically relevant metal, guanylate cyclase is activated 30- to
40-fold by protoporphyrin IX or nitric oxide. Because the major
effect of these activators on guanylate cyclase appears to be on
the maximal velocity rather than on the binding constant or K,
for GTP, the activators may facilitate catalysis by stabilization
of the transition state of the enzyme-substrate complex. How-
ever, alternative explanations are possible. Although protopor-
phyrin IX does not eliminate the enzyme’s requirement for free
metal, preliminary evidence suggests that a lowered free metal
requirement is a component of the activation mechanism. Be-
cause all known functions of protoporphyrin IX are expressed
as a metalloporphyrin, and because divalent metals readily form
complexes with protoporphyrin IX (28), it is plausible that a
direct binding interaction between protoporphyrin IX and
metal could contribute to the mechanism of guanylate cyclase
activation.

The mechanism of guanylate cyclase activation by nitric oxide
is unknown. Considerable controversy exists as to whether or
not heme is required for enzyme activation by nitric oxide (17,
18, 21, 24). However, evidence exists to suggest that heme is
required to observe guanylate cyclase activation by nitric oxide
and that nitrosyl-heme is the species responsible for enzyme
activation (17). Accordingly, one possible mechanism by which
nitric oxide activates guanylate cyclase is that the nitrosyl-heme
complex, which may bind near or at the catalytic site of guanyl-
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ate cyclase (18), could possess a structure with the metal out of
the plane of the porphyrin ring, thereby resembling protopor-
phyrin IX. Experimental evidence from electron paramagnetic
resonance studies indicates that the binding of nitric oxide to
heme iron results in considerable stress and weakening of co-
ordinate bonds holding iron within the plane of the porphyrin
ring (29-31). Studies are in progress to compare and contrast
the characteristics of guanylate cyclase activation by protopor-
phyrin IX and nitric oxide and the inhibitory effect of heme on
the activation process.
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