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Recently it has been reported that in the presence of
C-1, a benzyl indazole derivative, carbon monoxide ac-

ivates soluble guanylate cyclase, GC, to about the same
xtent as its best known activator, nitric oxide. Kinetic
tudies utilizing flash photolysis of GC complexed with
O in the presence and absence of YC-1 show, in con-

rast to another recent report of a mixing experiment,
hat YC-1 has a profound effect on bimolecular associa-
ion kinetics and a smaller, but significant, effect on
igand affinity. Most prominent is the appearance of a

ajor, new phase in the bimolecular recombination ki-
etics in the presence of 200 mM YC-1: This major frac-
ion rebinds CO ;1000-fold more rapidly than in the
bsence of YC-1. Another portion, considerably less than
alf, exhibits kinetics that are almost exactly the same
s in the absence of YC-1. It is now clear that both YC-1
nd CO have a strong synergistic effect on enzyme ac-
ivity and also a dramatic effect on ligand binding be-
avior. It is, therefore, a reasonable inference that li-
and binding at the heme iron atom is intimately
onnected with enzyme activation, a hypothesis that
ould have been difficult to maintain if the earlier re-
ort, that YC-1 has no effect on CO binding, were cor-
ect. Possible reasons for the discrepancy between the
wo measurements are suggested. © 1999 Academic Press

The intra- and intercellular messenger molecule ni-
ric oxide, whose importance is now well recognized,
xercises many of its physiological effects on sensory
erception, memory, vascular tone, etc. (1–3) by stim-
lating the heme protein soluble guanylate cyclase, GC
4, 5). Binding NO to the heme iron atom in GC en-
ances enzyme activity more than 200-fold (6, 7). Bind-

ng NO is also accompanied by a shift in the Soret
bsorption band from 420 to 398 nm (8), which is
onvincing evidence that the bond between the iron
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edicine, 0652, UCSD, 9500 Gilman Dr., La Jolla, CA 92093-0652.
ax: 619-534-1421.
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O binds. That bond is termed the proximal bond. It
as shown that the residue involved is b1H105 (9); an
ssignment that that was confirmed recently (10).
Based just on those observations, one hypothesis that
ay be entertained for the mechanism of GC activation is

hat breaking the proximal bond facilitates some change
n the overall three-dimensional structure of GC that
peeds catalysis. Well before the full importance of NO
as recognized, Senter et al. made a convincing case that
C catalysis depends essentially upon proton extraction
y a base (11). Changing the protein structure could
xpose a basic side chain. In fact, it could even be that the
roximal base itself is the Senter base. Support for this
ption was the demonstration that binding NO can break
he proximal bond in a chelated model heme system and
ctivate that model heme to participate in a catalytic
eaction (12).

There are, therefore, three possible hypotheses to be
istinguished: (a) It is entirely fortuitous that breaking
he proximal bond in GC-NO happens to correlate with
nhanced catalytic activity; in principle species with or
ithout proximal bonds may have either high or low
ctivity. (b) Breaking the proximal bond is important,
ut only through some effect on the structure of GC. (c)
he proximal base itself is involved in catalysis and
ust be freed from the iron before it can accept a

roton and catalysis can occur. For the purpose of
eciding among these alternatives, YC-1 offers a com-
elling opportunity. Results communicated here sug-
est that hypothesis (a) is rather unlikely. They are
erfectly consistent with hypothesis (c), but hypothesis
b) cannot be ruled out.



Soluble guanylate cyclase binds CO and is slightly
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timulated thereby (typically 4-fold) (13, 14). That GC
s also slightly stimulated by YC-1 was first proved by
o et al. (15). The enhancement of activity by YC-1
lone was quantified as 10-fold in one report (16) and
-fold in another (17). When present together, how-
ver, CO 1 YC-1 are synergistic and activate GC to
bout the same level as does NO (.200-fold) (16, 17). If
he proximal bond has some direct connection to en-
yme activity, there should be some effect on spectral
nd thermodynamic properties of the heme group even
ith YC-1 alone bound or with CO alone; but such
ffects might be too small to be seen, since either alone
nduces only a slight enhancement of enzyme activity.

hen both YC-1 and CO bind together, however, one
hould, if the proximal base is important, expect quite
pparent effects on kinetic and/or spectroscopic behav-
or at the heme, well beyond those induced by either
lone. For this reason, a recent report by Stone and
arletta (17), that there are no such effects, is of

xtreme importance. Those authors reported that,
. . . YC-1 has no effect on the on rate (kon) or off-rate
koff) for CO binding to the heme. . . . YC-1 CO forms a
-coordinate complex . . .” and concluded, quite cor-
ectly, “On the basis of these results, the requirement
or cleavage of the Fe-His bond to achieve full activa-
ion of sGC is called into question.” Experimental re-
ults reported here, obtained under somewhat differ-
nt conditions, however, do not agree that there is no
ffect of YC-1 on ligation kinetics.

ATERIALS AND METHODS

Protein solutions, except for added YC-1, were the same as used in
prior kinetic study of NO dissociation (18), which in turn were

hosen to mimic those used for investigations of enzyme activity (16).
he GC is from bovine lung and used at about 1 mM concentration,

n solution with 50 mM triethanolamine, 3 mM MgCl2, 0.5 mM GTP
guanosine 59-triphosphate), 1.0 mM cGMP (guanosine 39,59-cyclic

onophosphate), 3 mM dithiothreitol, 0.5 mM bovine serum albu-
in, 200 mM YC-1 (3-(59-hydroxymethyl-29-furyl)-1-benzyl indazole),

.5% V/V dimethyl sulfoxide, and ,1% glycerol. The flash photolysis
pparatus was also as described previously (19, 20). Key parameters
nclude: 1.00-cm pathlength for the probe beam; 2 mJ excitation
nergy in 4 ns over a cross section of about 6 mm2, colinear with the
robe; 100 to 200 laser shots summed for each curve; temperature,
3 6 0.4°C. Gas mixtures of CO diluted with argon were premixed by
he supplier and solutions were equilibrated carefully for about 1
our before measurement commenced.

ESULTS AND DISCUSSION

Kinetic traces for the association of CO with GC
ollowing laser flash photolysis of solutions at two dif-
erent CO concentrations are shown in Fig. 1. From the
ata in Fig. 1 along with data at other [CO], the results
n Table 1 were derived, assuming kobs 5 ka[CO] 1 kd.
n such perturbation kinetic experiments, it is custom-
ry to plot the absorbance change, DA, vs time. The
189
ata are displayed as log(DA) vs log(time) in order to
acilitate easy comparison with the data of Stone and

arletta (17). Unlike that report, under our conditions,
here is a very dramatic effect due to YC-1. In a log-log
lot of this type, a single exponential decay process
ppears as a “waterfall-shaped” plunge from one pla-
eau to another, lower plateau. Ultimate return to the
reflash equilibrium, however, appears at minus “in-
nity.” The two curves show data for 1.0 atm of [CO]
nd for 0.010 atm of [CO]. At both these widely differ-
nt CO concentrations, the association kinetics display
wo very distinct phases, each more or less a single
xponential. Both phases increase in rate proportional
o [CO], so both are second-order combination pro-
esses. For the slow phase in the presence of YC-1,
able 1 reports a modest decrease in the dissociation
ate constant, kd, and a barely significant increase in
he association rate constant, ka, relative to values
btained for the same solution in the absence of YC-1.
hese values are all generally similar to what was
bserved previously in the absence of YC-1, as reported
y ourselves (20) and others (21). They are also similar
o what was observed by Stone and Marletta (17) as the
ntire combination reaction in the presence of YC-1,
hen allowance is made for different temperatures and

olution compositions. In our experiments, however,
he slow process accounts for considerably less than
alf of the total recombination after photolysis. The
ffect of YC-1 turns out not be a change in a single CO
inding process, but rather the appearance of a new
inetic process, three orders of magnitude faster, that

FIG. 1. The common log of the change in absorbance at 436 nm
s plotted vs the common log of time after laser photolysis of solutions
f GC-CO-(YC-1), for two different CO concentrations. [YC-1] 5 200
M; [GC] 5 1 mM. The smaller total amplitude for the lower concen-
ration arises because GC-heme is only partially at that [CO]. For
ach concentration, data were collected on two different settings of
he time base of the digitizer and spliced to make the figure.
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ccounts for more than half of the association. Since
he two phases are so distinct, we analyzed them sep-
rately to produce phenomenological parameters sum-
arized in Table 1.
Other pertinent observations for our solution condi-

ions include the following: Although there was no very
ramatic change in the absorption spectrum, there was
reproducible small shift in the Soret absorption band

rom 424 nm down to 421 nm. The time required for
ompletion of this shift after YC-1 was added to a
olution of pre-mixed GC-CO was 5 to 10 seconds,
epending on the YC-1 concentration. We could not
easure how long it takes YC-1 to bind in the absence

f CO, since we did not see a change in the spectrum; it
ould be even longer. The lack of a spectral shift in the
bsence of CO suggests either that the affinity for YC-1
s lower, or that binding in the absence of CO is at a
on-heme site. Finally, preparation of GC-CO-(YC-1)
ixtures at several [CO] showed that affinity of GC for
O increased modestly in the presence of YC-1, about
0-fold, as predicted (16).
What could account for the differences between the

resent observations and those reported previously
17), which were obtained using stopped-flow methods?
he stopped-flow kinetic measurements had excellent
ime resolution, displaying data points at 1 ms inter-
als; still that was insufficient to detect the fast process
irectly, at least for the fairly high CO concentrations
hey investigated. Nevertheless, any fast process ac-
ounting for 60 to 75% of the total absorbance change
ould scarcely have gone unrecognized. There would
ave been substantial “missing amplitude” due to the
ombination that occurred during the instrumental
ead time. Kineticists using stopped-flow methods are
lert to dead-time problems. Consequently, it is incum-
ent on us to explain why the fast process must have
een smaller or absent altogether. We can suggest one
ifference in solution composition that could well have
esulted in a smaller fraction for the fast process. Ac-
ording to the protocol described, the earlier study did
ot use conditions actually present during catalysis; in
articular the solutions did not include substrate
GTP) and product (cGMP). We previously showed that
TP/cGMP have profound effects on ligand binding
inetics in the GC system (18). When we made a mea-
urement by flash photolysis in the absence of GTP/

Kinetics for CO Binding to Soluble Gu

Protein, ligand
[YC-1]
(mM)

k9a
(mM21 s21)

k9d
(s21)

GC, CO 200 97 6 2 400 6 200
GC, CO 0 — —

Note. Primed parameters refer to the fast phase, unprimed to the
190
GMP, we found the fast process was still present, but
educed in amplitude to about 20–25% of the total. We
hould not speculate exactly what the limit of detection
ay have been in the earlier measurements. For pur-

oses of this discussion, let us assume that measure-
ent precision was very good in the mixing experi-
ent, and the experiments did conclusively show, as

mplied, that no fast process at all was missed. If this
ssumption is valid, then there are very interesting
onsequences to explore.
A genuine difference between mixing and flash per-

urbation experiments in the presence of YC-1 would
uggest that the protein exists in two forms, with the
raction of each present depending upon CO and YC-1.
he forms must interconvert slowly compared to the
ime required for ligand association and dissociation.
he situation is reminiscent of the two forms of hemo-
lobin: A fast laser photolysis measurement character-
zes ligand bimolecular recombination with the fast
eacting “R” or “liganded” state (as well as geminate
ecombination, not considered here). However, mixing
eliganded protein with CO detects and characterizes
nly the slow reacting “T” or “unliganded” state. Nei-
her experiment is incorrect; together they help us
ppreciate the richness of protein behavior. If YC-1
eacts significantly only with carboxyGC, as spectro-
copic data indicate, then stopped-flow experiments
ertainly could not measure the effect of YC-1 on CO
ombination. Note that whatever their origin, the
hases we observe both show CO dissociation rate con-
tants that are extraordinarily high for heme species
ith 6-coordinate imidazole-iron-CO (20). They are in a

ange that suggests that dissociation proceeds by way
f a 5-coordinate intermediate (22), as we suggested
reviously (23).
A key question is, exactly where is YC-1 bound in the

rotein and what sort of spectral change should one
xpect? It is clear that YC-1 is quite hydrophobic; it has
o be dissolved in DMSO, then added to the aqueous
hase. It should have considerable propensity to be
ncorporated into the protein at one or more sites,
erhaps not very specific. Such generalized hydropho-
ic interaction should not affect the spectrum of the
eme center. This might be what is happening in the
bsence of CO. Mild, heme-ligation-independent activa-
ion of GC by hydrophobic molecules has been reported

ylate Cyclase with and without YC-1

ka

(mM21 s21)
kd

(s21)
k9a /k9d

(mM21)
ka /kd

(mM21)

90 6 3 3.5 6 1.2 240 6 120 26 6 8
81 6 2 10.3 6 0.6 — 7.9 6 0.5

w. Note the different units for k9a and ka.
an

slo



(8). We note, however, that YC-1 has two nitrogens,
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ach capable of donating a nonbonding pair of electrons
o coordinate with the heme iron. This apparently does
ot happen to provide a sixth ligand (a distal ligand) in
he absence of CO, as it should be accompanied by a
arge spectral shift, which is not observed. For the case
f GC-CO, however, replacement of the proximal base
1H105 by YC-1 with retention of CO as the distal

igand should cause only a small spectral shift in the
oret region, as we observed, since there will be no
hange in the coordination number of the heme iron,
nd one nitrogenous base is simply replaced by an-
ther. Most interestingly, this hypothesis provides a
ree proximal base. Consequently, this model explains
oth the six-coordinate spectrum and the high enzyme
ctivity, without abandoning the notion that freeing
he proximal base may be essential to enzyme activity
24), an hypothesis that survived very well one specific
est (25). It seems that the effect of YC-1 may be to
eplace the proximal base or to stretch the proximal
ond considerably so as to render it highly labile. In either
ase, only a small shift in the Soret band is expected (26).

The proposal that YC-1 in GC-CO may replace the
ormal proximal base explains: enzyme activation that
atches that of NO, prior direct evidence for the need

o break the proximal bond to achieve maximal activa-
ion (25), the small shift we observed in the position of
he Soret absorption peak, and a dramatic effect on
igation kinetics. The idea is largely independent of

echanistic details of CO ligation or the differences in
he observations of the stopped-flow and flash photol-
sis experiments. Unraveling these will provide in-
ight into the temporal sequence by which the reac-
ions occur. These issues will be addressed in a future
eport that will elaborate on the kinetics observed un-
er a variety of conditions.
In summary, kinetic, spectroscopic, and enzymatic

ata for GC in the presence and absence of YC-1 are
xplained satisfactorily by a model that requires free or
ighly labile proximal base. Although we don’t discuss
C-NO here, the model applies well to both nitrosyl
nd carboxy derivatives of soluble guanylate cyclase.
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J. Biol. Chem. 258, 6741–6745.

2. Traylor, T. G., Duprat, A. F., and Sharma, V. S. (1993) J. Am.
Chem. Soc. 115, 810–811.
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