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other heme proteins leads to two confident predictions
Kinetic studies of soluble guanylate cyclase com- for the NO reactivity: 1) Association of NO with a five-

plexed with nitric oxide prove that NO dissociation in coordinate iron should be close to diffusion controlled.
the presence of the substrate GTP and Mg2/ is as much 2) Dissociation of NO from a five-coordinate iron is gen-
as 50 times faster than in their absence. In the pres- erally quite slow. The first prediction appears to holdence of those two reagents the dissociation rate con- for GC; association kinetics were reported to be verystant is kobs Å 0.04 { 0.01 s01 at 20 7C, which is by far

complex but quite fast (4). As for the second prediction,the fastest NO dissociation rate constant ever reported
it is already clear that GC behavior contradicts thatfor a ferrous heme protein. Extrapolated to 37 7C, this
prediction. We recently reported NO dissociation ratecorresponds to a half life of about 5 s for NO dissocia-
constants for several nitrosyl heme proteins and modeltion from soluble guanylate cyclase at physiological
hemes, including GC (5). We inferred that at 37 7C theconditions, which is presumably fast enough to ac-
half-life for NO dissociation from GC-NO could be ascount for deactivation of the enzyme in biological sys-
short as 2 min, allowing for a generous margin of errortems. Dissociation rate constants are also reported for
in a value that more directly suggests about 4 min. Anya variety of other reagent conditions. q 1997 Academic Press

such value is surprisingly fast (by orders of magnitude)
for a five-coordinate NO heme. However, even two min-
utes still seemed slower than would be necessary to

Soluble guanylate cyclase (GC) is a heme protein that account for deactivation of the enzyme in biological sys-
catalyses conversion of guanosine 5*-triphosphate tems. Even though there is no definitive data for the
(GTP) to cyclic guanosine 3 *,5*-monophosphate (cGMP) speed of response in vivo, deactivation is generally
(1-3). In the resting, or basal, state, the heme iron is thought to be in the range of a few seconds, based on
coordinated to a (proximal) histidine, producing a five- inferences from whole-organ physiology (6). It may be
coordinate iron. Activity is markedly increased when that additional mechanisms exist for down regulating
nitric oxide is coordinated to the distal side of the heme GC activity without dissociating NO; but before jump-
iron. Binding NO causes rupture of the proximal bond, ing to that conclusion, we decided to look for special
so that the heme iron is again five-coordinate, but with conditions that might enhance the NO dissociation rate
distinctly different spectra and properties. This rup- even further. We had noticed over several months that
ture of the proximal bond presumably results in a sig- enzyme activity diminished quickly under certain ex-
nificant conformational change that enhances reactiv- perimental conditions, and this prompted a systematic
ity. It is possible the proximal histidine itself plays study and suggested what variables should be ex-
some role in catalysis; but almost nothing is known plored. We present here the result of studies that indi-
about details of the behavior of GC. This letter ad- cate that in the presence of the substrate GTP and
dresses one critical detail, the rate at which NO is re- Mg2/, dissociation of NO from GC-NO is much faster
leased from the enzyme, which is expected to be an even than the fast dissociation we had obtained with-
important factor in ‘‘down regulating’’ the enzyme, that out those reagents. Kinetic data point to a half-life of
is, turning off its activity. about 5 s at 37 7C. Such a high rate of NO dissociation

Considerable experience with ligation reactions in is unparalleled in any previously studied hemeprotein,
and has significant implications for the mechanism of
deactivation of guanylate cyclase, an important and1 Corresponding author: Dept. of Medicine 0652, UCSD, 9500 Gil-

man Dr., La Jolla, CA 92093-0652. ubiquitous enzyme.
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produce much faster dissociation rate constants; and
others lead to an intermediate result. Most of the table
entries simply list the dissociation rate as ‘‘slow.’’ This
means that the half-life is more than 10 min. It is prob-
ably very similar to that of the first entry; but it is listed
simply as ‘‘slow’’ because there are severe experimental
difficulties in studying those very slow reactions in de-
tail with high precision. The presence of Mg2/, required
for enzyme activity, precludes the addition of EDTA,
and it is very difficult or impossible to maintain a stable
baseline over long times without EDTA for solutions of
either MbO2 or HbO2, which are needed as the NO
scavenger. Fortunately, it is the fast dissociations that
are of interest in this study.

The rate constant for NO dissociation from GC-NO
in the presence of Mg2/ and GTP is the fastest in Table
I and the fastest dissociation yet measured for any ni-
trosyl heme protein. Adding cGMP gives a slightly
lower dissociation rate, but the difference is not statis-
tically significant. We averaged the two numbers to
obtain the result quoted in the abstract, 0.04 s01. Ex-
trapolated to 37 7C with approximately a doubling ev-
ery 10 7C, this corresponds to a half-life for dissociation

FIG. 1. Reaction time courses for NO dissociation from GC-NO at physiological conditions of about five seconds, which
in the presence (1) and in the absence (2) of GTP and Mg2/. For is short enough to make down regulation of GC by NO
experimental conditions, see Table 1.

release much more plausible than it seemed previously.
The question remains exactly which species is most

responsible for the rate enhancement. In the presence
MATERIALS AND METHODS of substrate and the active enzyme, product species

will gradually accumulate. Can any of these affect NO
Soluble guanylate cyclase was purified from bovine lung and char- dissociation and provide feedback, reducing enzyme ac-

acterized spectroscopically as described previously (1). Enzyme activ- tivity as products accumulate? The data show thatity was increased Ç200-fold by reaction with NO. Kinetic experi-
cGMP or pyrophosphate are not effective, either byments were made using a double-beam spectrophotometer at 20 7C.
themselves or in the presence of Mg2/. The ion Mg2/ isSolutions containing the enzyme, dithionite, NO, and/or other re-

agents were prepared in the usual manner (7). Dissociation was mon- essential, according to Table I; yet Mg2/ by itself is not
itored by mixing the enzyme solution with a solution of scavenger,
either HbO2 or MbO2, which at high enough concentration will react
immediately and irreversibly with any free NO (5). In a typical exper-
iment, to deoxygenated buffer in a spectrophotometer cell a stock TABLE 1
solution of GC was added that would produce a final protein concen- Rate Constants Observed for NO Dissociation from GCNOtration of 1 mM. To this was added a volume of 200 mM NO solution

at 20 7C and pH 7.4 in 50 mM Triethanolamine, 3mM DTTcalculated to yield a final NO concentration of 5 mM. Excess NO was
and 0.5 mg/mL BSA, with [MbO2] Å 2-5 mMremoved by degassing with argon for five minutes. The cell was then

opened to air and the scavenger was added to a final concentration
Conditions kobs /s01

of 5 mM. Subsequent absorption changes as NO dissociated and com-
bined with scavenger were monitored at 435 nm. The concentration

GCNO 6-8 1 1004
of scavenger was varied over the range 2-5 mM in order to prove that

GCNO / Mg2/ / GTP / cGMP 0.03 { 0.01dissociation was the rate-limiting step being measured.
GCNO / Mg2/ / GTP 0.05 { 0.01
GCNO / Mg2/ / g-sGTP / cGMP slow
GCNO / Mg2/ / cGMP slowRESULTS AND DISCUSSION
GCNO / Mg2/ / pyrophosphate slow
GCNO / cGMP slowReaction time courses for NO dissociation from GC- GCNO / cGMP / EDTA slow

NO appeared as good single exponential traces. Two GCNO / pyrophosphate slow
examples that illustrate strikingly different behavior GCNO / cGMP / pyrophosphate slow

GCNO / GTP 0.005 { 0.002are shown in Figure 1. Dissociation rate constants ob-
GCNO / GTP / cGMP 0.005 { 0.002served for a variety of conditions are collected in Table
GCNO / GTP / cGMP / EDTA slow1. The first entry listed is the same as the result ob-

tained previously (5) for GC-NO in the absence of sub- Note. When indicated, [Mg2/] Å 3 mM; [GTP or g-sGTP] Å 0.5
mM; [cGMP] Å 1 mM; [EDTA] Å 0.5 M; [pyrophosphate] Å 0.5 mM.strate, namely 0.0007 s01. Certain reaction conditions

285

AID BBRC 7470 / 693a$$$961 09-22-97 09:43:57 bbrcg AP: BBRC



Vol. 239, No. 1, 1997 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

sufficient. Even given Mg2/, the GTP analog guanosine coordinated iron and a study of association kinetics (4)
invoked a complicated reaction scheme that implied a5*-O-(3-thiotriphosphate), g-sGTP, is not effective. It is

clear that GTP and Mg2/ are key; anything else has at small fraction of six-coordinate iron at equilibrium. At
present, it is best to regard the mechanism of enhancedmost a minor effect. The one intermediate case, for

which the dissociation constant is 0.005 s01, is that of dissociation as an open question, but it is noteworthy
that GC shows again how versatile heme proteins re-GTP by itself or with added cGMP, but without Mg2/.

Even in this case, adding EDTA causes the reaction ally are: when the GC enzyme required an exceptional
dissociation for NO, evolution was able to select forto become ‘‘slow.’’ This could be interpreted as EDTA

scavenging trace amounts of Mg2/ impurity or some that property.
other metal ion that could substitute, perhaps not as
effectively, for Mg2/. ACKNOWLEDGMENT
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