Biochemistry2000, 39, 4191-4198 4191

Interaction of Soluble Guanylate Cyclase with YC-1: Kinetic and Resonance
Raman Studi€'s

John W. Denninget,Johannes P. M. SchelMPhilip E. BrandisH, Yunde Zhad, Gerald T. Babcock;® and
Michael A. Marletta*!.-

Department of Biological Chemistry, Medical School, Howard Hughes Medical Institute and Interdepartmental Program in
Medicinal Chemistry, College of Pharmacy, Weisity of Michigan, Ann Arbor, Michigan 48109-0606, and Department of
Chemistry and the LASER Laboratory, Michigan StateJdrsity, East Lansing, Michigan 48824-1322

Receied October 7, 1999; Résed Manuscript Receéd February 2, 2000

ABSTRACT:. The enzyme-soluble guanylate cyclase (sGC), which converts GTP to cGMP, is a receptor for
the signaling agent nitric oxide (NO). YC-1, a synthetic benzylindazole derivative, has been shown to
activate sGC in an NO-independent fashion. In the presence of carbon monoxide (CO), which by itself
activates sGC approximately 5-fold, YC-1 activates sGC to a level comparable to stimulation by NO
alone. We have used kinetic analyses and resonance Raman spectroscopy (RR) to investigate the interaction
of YC-1 and CO with guanylate cyclase. In the presence of CO anduBO C-1, the VyalKm c1p
increases 226-fold. While YC-1 does not perturb the RR spectrum of the ferrous form of baculovirus/Sf9
cell expressed sGC, it induces a shift in the-O stretching frequency for the CO-bound form from

474 to 492 cm®. Similarly, YC-1 has no effect on the RR spectrum of ferrgls_sss, the isolated sGC
heme-binding domain, but shifts théFe—CQO) of CO{31;-335 from 478 to 491 cm?, indicating that

YC-1 binds in heme-binding region of sGC. In addition, the CO-bound forms of sG@hngss in the
presence of YC-1 lie on the(Fe—CO) vs»(C—O0) correlation curve for proximal ligands with imidazole
character, which suggests that histidine remains the heme proximal ligand in the presence of YC-1.
Interestingly, YC-1 does not shif{Fe—CO) for the CO-bound form of HL05G(Im), the imidazole-rescued
heme ligand mutant g81;-3ss The data are consistent with binding of CO and YC-1 to the sGC heme-
binding domain leading to conformational changes that give rise to an increase in catalytic turnover and
a change in the electrostatic environment of the heme pocket.

Soluble guanylate cyclase (sG@ an integral part of the /\
nitric oxide (NO)/cyclic guanosine monophosphate (cGMP) HO.
signaling system (for recent reviews, de€). sGC catalyzes
the conversion of guanosine triphosphate (GTP) to the second N
messenger, cGMP. The rate of this conversion is increased
more than 400-fold in the presence dflO. sGC is a
hemoprotein; in fact, it is the binding eNO to the tightly
bound sGC heme that brings about enzyme activation. SGCrgure 1: Chemical structure of YC-1. “YC-1" is the Yung Shin
is composed of two subunite, and3, which, on the basis  Pharmaceutical Industry Co. name for 3-(&droxymethyl-2-
of amino acid sequence alignments, appear to be descendettryl)-1-benzylindazole.
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the Searle Chair Endowment Fund, and NIH Grant GM25480. of the two subunits, which share sequence homology to
:go whom corrfeépc;ndentlz%ﬁhoqld beljad_dreS_sed.f Vichi regions in the particulate sGC and the adenylate cyclases,
epartment of Biological Chemistry, University of Michigan. are thought to compose the sGC catalytic domain. The-NH
StiDeSartme-T; of Chemistry and the LASER Laboratory, Michigan terminal?egion of tﬁé subunit has beeyrt1 shown to bind the
ate university. ] |
' Division of Medicinal Chemistry, University of Michigan. heme prosthetic grouB{5), whereas the function of the
U Howard Hughes Medical Institute, University of Michigan. NH_-terminal region of thex subunit is unknown. Although

1 Abbreviations: 1;-3gs, residues 3385 of theB1 subunit of sGC; ; .
cGMP, guanosine'®'-cyclic monophosphate; CO, carbon monoxide; SGC has been studied for many years, it is Only now that

CO-1; 385 CO-bound form of3l; _sss CO-sGC, CO-bound form of ~ the molecular details of its activation B)YO are becoming
sGC; CO-H105G(Im), ferrous CO-bound form of H105G(Im); DEA- clear.
NO, diethylamine NONOate; DMSO, dimethyl sulfoxide; DTT, 1,4- YC-1, or 3-(3-hydroxymethyl-3-furyl)-1-benzylindazole

dithiothreitol; GTP, guanosin€Briphosphate; H105G31;-335 H105G . . -
mutant; HL05G(Im), H105G purified and expressed in the presence of (Figure 1), a novel activator of sGC, was first shown to

imidazole with heme bound; Im, imidazole(CO), C-O stretching inhibit platelet aggregation, to disaggregate platelets, and to
frequency;y(Fe-CO), Fe-CO stretching frequencyy(Fe—His), Fe- prolong bleeding times in micé). Additional findings, all
His stretching frequencyNO, nitric oxide;-NO-sGC,-NO-bound form consistent with known pathways involving sGC, showed that

of sGC; RR, resonance Raman spectroscopy; sGC, soluble guanylat . . )
cyclase; TEA, triethanolamine; YC-1, 34Bydroxymethyl-3-furyl)- % C-1 inhibits proliferation of vascular smooth mL_Jsc!e.ceIIs
1-benzylindazole. (7), relaxes vascular smooth musck—10), and inhibits
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platelet function {1—13). Subsequent work1Q, 14-16) NONOate (DEA-NO) was purchased from Cayman Chemi-
demonstrated that YC-1 activated sGC directly, without the cal Co. YC-1, synthesized as describ&8)( was a generous
intermediate production 6NO or some other factor capable gift from Dr. Che-Ming Teng (National Taiwan University).
of activating sGC. Also, YC-1 alone was shown to activate Heterodimeric sGC (ratl31l) was expressed using the
sGC 6-12-fold (10, 14, 15. In the presence ofNO, YC-1 baculovirus/Sf9 expression system and purified using revised
caused at best a small activation (024-fold aboveNO methods based on those described previoddy. The heme
alone;10, 14, 15; however, in the presence of CO, YC-1 domain of sGC f1;-3s5) and the heme ligand mutant
caused a large activation (3B4-fold above CO alone) and (H105G) were expressed i coliand purified as described
raised the specific activity to the same level as tN©- previously @, 5).

stimulated enzymeld, 15. CO and YC-1, therefore, were Activity Assays.End-point assays were performed as
found to synergistically activate sGC. It is instructive to describedZ20); standard components included 50 mM TEA,
compare the isolated effect of YC-1 on activation by CO pH 7.4,5mM DTT, 5 mM MgCJ, and 1.5 mM GTP. Assays
and-NO: In the absence of YC-1, there is a 4-fold activation were quenched by the precipitation of substrate with 400
by CO and a 200-fold activation byNO over basal activity; ~ uL of 125 mM Zn(CHCOO) and 500uL of 125 mM

in its presence, levels of activation by CO aridO over NaCOs. Quench mixtures were cleared of precipitate by
YC-1 alone are virtually identical (averaging 20-fold, centrifugation prior to product detection. Product was
depending on the protein preparatioty( 15. detected using a cGMP enzyme immunoassay kit (BioMol),

Interestingly, YC-1 was not found to alter the Soret fO”OWing the manufacturer’s instructions. For the purpose
maximum of sGC or CO-sGC16, 16§. One group has Of activity assays, sGC was stored in 40% (v/v) glycerol in
reported a shift from 424 to 421 nm in the presence of GTP sealed vials under nitrogen &80 °C. DEA-NO was added
(17); however, given the reported concentrations of YC-1 @ a 10 mM stock in 10 mM NaOH, to give a final
and DMSO, scattering due to precipitated YC-1 may have concentration of 1 mM in the assay. The assay pH was not
contributed to the shift. In any case, the lack of a significant altered by addition of the DEA-NO solution. Activation with
shift indicated that the sGC heme iron underwent no changesl MM DEA-NO was compared to activation with 1O
(i.e., changes in heme coordination number, oxidation state,9as, purified by bubbling through concentrated KOH, and
and spin state) in the presence of YC-1. Despite the largefound to be identical; in contrast, 1@ sodium nitroprus-
activation of CO-sGC by YC-1, this form of the enzyme side produced activation approximately 60% of that produced
appeared to remain 6-coordinate in the presence of YC-1.by ‘NO gas. CO was added to assays before the preincubation
This observation suggested that YC-1 might activate CO- With a gastight syringe by bubbling approximately 15 of
sGC without cleaving the FeHis bond, which is broken by ~ CO gas through the assay solution and forming an ap-
the binding of-NO; alternatively, the FeHis bond might ~ Proximately 25uL bubble of CO gas underneath the assay
break and re-form with a different histidine residue. Another solution (in the vertex of each eppendorf tube). This method
possible explanation for the effect of YC-1 on CO-sGC is of CO addition was compared to assaying the enzyme under
that YC-1 raises the affinity of the sGC heme for CO; @ 100% CO atmosphere in gastight vials and found to give
however, in the presence of saturating concentrations of CO,identical levels of activation.

YC-1 could not be acting in this way. Alternatively, the ~ KmandVmadeterminations were performed for each form
binding of CO to the sGC heme may increase the affinity of of the enzyme at 200, 100, 50, 25, an¢k® YC-1. For

the interaction with YC-1. Whereas stopped-flow spectro- SGC, GTP concentrations ranged from 9.4 to 1200 for

photometry experiments in our laboratory indicated no CO-sGC andNO-sGC, GTP concentration ranged from 6.3
change in the on- and off-rates for CO in the presence of t0 800 uM. For each experiment, the sGC sample was
YC-1, and thus no change in tig for CO (15), there have thawed, diluted to an appropriate concentration in 150 mM
been reports of decreases in thesgEfor both CO andNO TEA, pH 7.4, and used to initiate the reaction. To ensure
caused by the addition of YC-114, 17. that activity remained linear during the 2 min reactions over

In the work reported here, kinetic analyses show that YC-1 the entire range of GTP concentrations, separate assays were

is a mixed-type activator (changesK and Vi) for SGC performed in which aliquots were withdrawn and quenched
CO-sGC. andNO-sGC and that YC-1 inc;neases the "‘ef- at 30 s intervals for the highest and lowest GTP concentra-
ficiency” ’(Vmax/Km) of CO-sGC over 200-fold. Resonance tions. To control for the effect of DMSO addition, serial

Raman spectroscopy of the ferrous and CO-bound forms ofdilutions of YC-1 were prepared in DMSO, and a constant
SGC, fl1_sgs and H105G(Im), in the presence of YC-1 volume (and thus a constant v/v percentage) of DMSO or

reveals that YC-1 (1) induces no RR visible changes in the PMSO/YC-1 was added to each assay within an experimen-

heme environment of the ferrous forms, (2) shifts the-Fe tal series. _Because of the low aqueous solubility of YC-1,
CO stretching frequency of CO-sGC and (Br sgs but concentrations of DMSO up to 4% v/v were required to

not that of CO-H105G(Im), (3) likely leaves the proximal maintain YC-1 in solution.
histidine ligand intact, and (4) induces conformational  R€ésonance Raman Spectroscdpgsonance Raman spec-

changes in the catalytic domain that lead to an increase int'& Were recorded using samples of +50uL in a quartz
catalytic activity and in the heme domain that result in spinning cell sealed with a rubber septum that was cooled

changes in the electrostatic environment of the heme pocket [© @PProximately 10C with a stream of cooled NFerrous
samples were placed under an argon atmosphere, and ferrous-

MATERIALS AND METHODS CO samples were placed under a CO atmosphere. The
ferrous-CO complex of H105G-Im, which is isolated in its
Materials. Unless otherwise indicated, all reagents were ferric form, was prepared by reducing the sample with
purchased from Sigma Chemical Co. Diethylamine dithionite under a CO atmosphere. For all samples, formation
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1000r Table 1: YC-1-Induced Changes in Kinetic Parameters ofssGC

750 K ep (M) fold-increase ¢ YC-1/—YC-1)°
500} -YC-1 +YC-1 Vimax VinalKm cTp
ssol. sGC 130620 32+4 4 16
CO-sGC 113t 19 28+4 56 226
0 ‘NO-sGC 444 2 14+ 1 1.2 4

900 aFor values determined in the presence of YC-1, the YC-1

concentration was 100M. ? To allow comparison o¥max andV, ./

Km ctpValues across experiments conducted with different batches of
sGC, values are given as unitless ratios of the values in the presence
of YC-1 divided by values in the absence of YC-1, namel{af+vc-
1/(Vmay-vc—1 @nd Vmadl K c10)+vc1/(VmalKm 619)-vc-1.
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Ficure 2: Effect of increasing YC-1 concentration on thgax
andKp, gtp0f CO-sGC. CO-sGC activity vs GTP concentration in
the presence of (A) @M, (B) 25 uM, and (C) 100uM YC-1.
Because it is identical for the three panels, tkexis is shown only
in panel A. Assays were performed as described under Materials el
and Methods. Each point represents the mearrange/2 for 200 400 600
duplicate 2 min assays; cGMP concentrations for each individual ) y
assay were also determined in duplicate. Fitting the data for each Raman Shift (cm™)
YC-1 concentration to activity= Vma{GTPl/(Km cte + [GTP]) FIGURE 3: Resonance Raman spectrum ofuBl native sGC
yields the solid curves shown in each panel. overexpressed using the baculovirus/Sf9 expression system in the
. . . absence (A) and presence (B) of 200 YC-1 and 2.5% DMSO
of the desired complex was monitored by electronic absorp- (yj). The excitation wavelength was 431 nm, and the laser power
tion spectroscopy both before and after acquisition of incident on the sample was approximately 10 mW. Contributions
resonance Raman spectra. No sample degradation wa®f DMSO are indicated with an asterisk, and the broad band around

. 1 i
observed after the Raman experiments. The resonance Ramakf50 cm™ arises from water.

spectra of ferrous sGC in the presence and absence of YC-%ncrease tha/, and lowerK,, 1p for sGC, CO-sGC, and
were obtained with 431 nm excitation using a dye laser .No-sGC. Table 1 showk, grein the presence and absence
(Coherent 599) with stilbene 420 as the dye, pumped with 5¢ vc.1 and the fold-increase induced by YC-1 for both
the UV output of an At laser (Coherent Innova 200). All Vinax AN Vinad K 16
other spectra were recorded with an excitation wavelength  Fqrrous sGCThe resonance Raman spectrum of native
of 413.1 nm, using a Krlaser (Coherent K-90). Resonance sGc expressed using the baculovirus/Sf9 expression system
Raman scattering was detected with a Spex 1877 Triplemates shown in Figure 3A. We used 431 and 413.1 nm (data
spectrometer in combination with a liquid nitrogen cooled ¢ shown) excitation to collect the spectrum. Both excitation
CCD detector (EG&G OMA 4, model 1530-CUV-1024S).  avelengths gave the same result except for differences in
Laser power was less than 1 mW for CO experiments t0 paman intensities due to the resonance Raman effect. Soret
avoid accumulation of the CO photolysis product and excitation enhances vibrations that give insight into heme
approximately 10 mW for experiments with the ligand-free g¢cture 1—23). The oxidation and coordination state of
species. Accumulation times were typically between 0.5 and tne heme can be determined from theelectron density
15h. marker, v, which reflects the oxidation state of the heme
RESULTS iron, and the spin and coordination state markeysy,, v1o,
which are sensitive to the core size of the heme macrocycle
Kinetic Analysis.To determine the changes in badkh, (23). The spectrum of native sGC is very similar to that of
and Vnax induced by increasing concentrations of YC-1 on native sGC isolated from bovine lung tissug&t( 25. The
sGC, CO-sGC, anedNO-sGC,K, and Vmax determinations heme skeletal vibrations,, vs, v4, andv,o are observed at
were performed for each form of the enzyme. In preliminary 1563, 1473, 1358, and 1607 cirespectively. The frequen-
experiments, DMSO<4% v/v) was shown to induce a small  cies of these vibrations indicate that native sGC contains a
activation of sGC €1.5-fold); to control for this effect, all ~ 5-coordinate, high-spin ferrous hen#?). Furthermore, the
of the assays within an experimental series were done with Fe—His stretching vibratiomf(Fe—His)] is observed at 204
a constant DMSO percentage. In addition, assays were founccm™, which is also at the same frequency as observed in
to be linear over the 2 min assay period for both the highest native sGC from bovine lung tissue. Neither 431 nm nor
and lowest concentrations of GTP (data not shown). As 413.1 nm excitation showed evidence of the presence of a
shown in Figure 2, increasing concentrations of YC-1 both 6-coordinate, low-spin ferrous heme in native sGC, which

1 n 1 L 1 n n
800 1000 1200 1400 1600
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FiGURe 4: Low- and high-frequency resonance Raman spectra of Figyge 5: Low- and high-frequency resonance Raman spectra of
CO-sGC in the presence (A and D) and absence (B and E) of 200081, 445 in the presence (A and D) and absence (B and E) of
uM YC-1 and 2% (v/v) DMSO. (C) is the scaled low-frequency 200M YC-1 and 5% (v/v) DMSO (A) or 2.5% DMSO (D). (C)
difference spectrum (A- 0.7 x B) that is the pure CO-SGC/YC-1 s the scaled low-frequency difference spectrum-{A0.5 x B)
spectrum without contributions from CO-sGC. (F) is the normalized hat js the pure CQ#l;_3s9YC-1 spectrum without contributions
high-frequency difference spectrum, BE. In this case, a scaled  from CO$1;_s5 (F) is the normalized high-frequency difference
subtraction was not possible, because no YC-1-sensitive vibration gpectrum, D- E. In this case, a scaled subtraction was not possible,

is present in the high-frequency spectrum. Inset. #{ie-C0) because no YC-1-sensitive vibration is present in the high-frequency
region of CO-sGC:**C®O with 200uM YC-1 (solid line),*3C**O spectrum. Inset (left panel), th¢Fe—CO) region: COB1; sgsin
with 200uM YC-1 (dashed line). the presence of @M (solid line), 100uM (dotted line), and 200

. uM (dashed line) YC-1, with 0%, 4%, and 5% DMSO, respectively.
has been reported by two different grou@s,(27. The Inset (right panel), the((CO) region: COB1;_3s5in the absence

resonance Raman spectrum of sGC in the presence of 20Qsolid line) and presence (dashed line) of 200 YC-1 and 2.5%
uM YC-1 and 2.5% DMSO (v/v) is shown in Figure 3B DMSO.
and is very similar to the spectrum of native sGC without
YC-1 present. The only clear differences that are observeda concentration less than 50% of CO-sGC has changed its
can be assigned to the vibrations of DMSO, which is conformation. The small changes in the 3G@0 cn1?
necessary to dissolve YC-1 in aqueous solution. Neither theregion are convoluted with contributions from DMSO. Since
heme macrocycle vibrations ne(Fe—His) are affected by  we do not observe any changes in the high-frequency modes
the presence of YC-1. of CO-sGC in the presence of YC-1, we conclude that the
CO-sGC.The resonance Raman spectra of CO-sGC in the heme iron is still ferrous, 6-coordinate, and low spin.
presence and absence of YC-1 are shown in Figure 4. In the [1;_3s5 To determine whether YC-1 interacts with the sGC
absence of YC-1, the resonance Raman CO-sGC spectrunheme-binding domain, the resonance Raman spectrum of
for the baculovirus/Sf9-expressed sGC (Figure 4, B and E) 51,335 was determined in the presence and absence of YC-1
is almost identical to the spectrum for the bovine lung (data not shown). As in the case of heterodimeric sGC, we
enzyme B5). The heme skeletal vibrations,, vs, and vy, did not observe any changes in either the heme macrocycle
are observed at 1580, 1497, and 1371 §mespectively, vibrations orv(Fe—His) in the resonance Raman spectrum
indicating that the heme iron is ferrous, 6-coordinate, and of ferrousf1;-sgs in the presence of YC-1. In Figure 5, we
low spin. The Fe-CO stretching vibration1f(Fe—CO)] is show that the resonance Raman spectrum of A203ss5
observed at 474 cm. The 2 cmt increase inv(Fe—CO) in does, in fact, change in the presence of YC-1. As with CO-
the baculovirus/Sf9-expressed sGC may be due to smallsGC, the high frequency was not affected, and the heme iron
differences between rat and bovine lung sGC. As shown in was 6-coordinate, low spin, and ferrous, which was indicated
Figure 4, YC-1 does change the resonance Raman spectrunby the frequencies afy, v3, andv, at 1582, 1499, and 1372
of CO-sGC. Although no changes were detected in the high-cm™, respectively. The small difference signal near 1365
frequency region, in the low-frequency regiar{Fe—CO) cm~! may be induced by a small amount of CO photolysis
clearly shifts from 474 to 492 cn in a significant fraction product in the spectrum taken in the absence of YC-1. In
of CO-sGC in the presence of 20 YC-1 and 2% DMSO. the low-frequency regiony(Fe—CO) shifted from 478 to
Control experiments indicate that DMSO alone does not 491 cn1?in the presence of 10@M YC-1 and 4% DMSO.
induce this shift (data not shown). Both the existing band at Control experiments showed that DMSO alone did not induce
474 cnt and the new one at 492 ciwere isotope-sensitive  the shift inv(Fe—CO) (data not shown). Both the peak at
and shifted to 464 and 478 cmrespectively, in the presence 478 cm! and the shoulder at 491 cr were isotope-
of °C80 (Figure 4 inset). This suggests that the heme sensitive, indicating that YC-1 induces a new heme pocket
environment is perturbed in the presence of YC-1 and that conformation that affects(Fe—CO) in 1;-3s5 We were
the perturbation affects the F€0O unit, changing/(Fe— also able to demonstrate that increasing the YC-1 concentra-
CO) to 492 cm?. It is important to note that maximum tion from 100 to 200uM resulted in a decrease in the
synergistic activation of CO-sGC is observed at a YC-1 proportion of conformations withv(Fe—CO) at 478 cm?
concentration of 20@M, while our data show that at such and an increase in the proportion of conformations with
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Raman study on rat lung sGC overexpressed using bacu-
lovirus Sf9 cells, it was shown that the heme cofactor in
sGC was a mixture of 5-coordinate, high-spin and 6-coor-
dinate, low-spin26). In this case, the heme was not retained
during the isolation and purification steps and was recon-
stituted after isolation. It had been argued that the differences
in heme coordination were caused by differences in isolation
and purification procedures, and by protein composition. The
sGC used in our present study was overexpressed using the
same cDNA; except for small differences in isolation and
purification procedures, the only real difference is the heme
200 400 600 800 1000 1200 1400 1600 reconstitution. We have now investigated bovine lung sGC,
) y the heme domain of rat lung sGC overexpresseB.inoli,
Raman Shift (cm”) and rat lung sGC overexpressed using the baculovirus/Sf9
FiGuRe 6: Resonance Raman spectra of H105G(Im)-CO in the system. In all cases, the heme was retained during isolation
absence (B) and presence (A) of 2Q0M YC-1 and 5% and purification procedures, and sGC was found to have a
(viv) DMSO. 5-coordinated, high-spin ferrous heme. Therefore, we con-
y(Fe—CO) at 491 cm? (low-frequency inset of Figure 5).  clude that the differences in the state of the heme cofactor

This observation supports the existence of a direct correlationbetween the two preparations of sGC overexpressed using
between the presence of YC-1 and the appearance of @aculovirus are most likely caused by heme reconstitution.
conformation of CO-sGC withv(Fe—CO) at 491 cm. Our results show that there are no clear differences
Furthermore, both conformations of the F80 unit are ~ between the Raman spectra of sGC in the absence and
observed in equal amounts at 2001 YC-1, at which presence of YC-1, even at a concentration of 200 at
concentration the synergistic activation of CO-sGC is nearly Which maximum sGC activation (6-fold) has been observed.

maximized. Again, we observe small differences in the-300 The same is observed for tifid, 335 heme domain. Since
400 cnt? region, which are convoluted with the DMSO YC-1 does activate sGC 6-fold over basal activity, it must

contributions (see above). Finally, as shown in the high- be interacting with sGC. This indicates either that YC-1 does

frequency inset of Figure 5, the<® stretching frequency  not induce any conformational change in the sGC heme
[¥(CO)] shifts from 1985 to 1967 cm in the presence of ~ Pocket that could be observed by resonance Raman spec-
200uM YC-1. troscopy or that the affinity of sGC for YC-1 is very low. In
B11-385 H105G(Im).In Figure 6, the resonance Raman the latter case, the limited solubility of YC-1 in aqueous
spectrum of the ferrous-CO complex of H105G(Im) is shown. Solution may reduce the magnitude of the change to below
It has previously been shown that in this mutant of/ie 3gs the detection limit of our Raman instrument.
heme domain(Fe—CO) is shifted from that of CQ¥1;_3g5 YC-1 Perturbs the Heme Einonment of CO-sGCThe
(28). The resonance Raman spectra of the ferrous-CO resonance Raman spectrum of CO-sGC in the presence and
complex of H105G(Im) in the presence and absence of 200absence of YC-1 revealed that YC-1 shifted the-B©
uM YC-1 reveal that, in contrast to the wild-typ#L; sss, stretching frequency by 18 crh from 474 to 492 cm!
YC-1 does not shift any vibrational mode includingFe— (Figure 4). Although the limited solubility of YC-1 may have
CO). This indicates that CO-H105G(Im) also maintains a Prevented the demonstration of a complete shift, the fact that
6-coordinate, low-spin, ferrous heme iron in the presence of both the peak at 474 cth and the shoulder at 492 cth
YC-1. Interestingly, in the presence of YC-k(Fe-CO)  shifted to lower frequency whetfC'°O was replaced by
shifts to 492 cm? in both CO-sGC and C@4;-3gs, While 13C180 confirmed that YC-1's effect was on the FEO

v(Fe—CO) remains unchanged at 495 thin CO-H105G- stretch itself. Despite this effect on the heme environment

1372-v4

-YC-1

%%495 v(Fe-CO)
1499-v3
1583-v2

w >

(Im). of sGC, however, the possibility remained that YC-1 might
bind to the catalytic domain (by analogy to forskolin
DISCUSSION activation of adenylate cyclase; s&B) and influence the

Activation. As the kinetic analysis in this work has shown, heme environment by a global conformational change. In
YC-1 and CO together influence tig, ctpandVmaxof sGC other words, just as atNO-induced conformational change
in a manner strikingly analogous teNO, namely, by in the sGC heme-binding domain is presumed to cause an
decreasing th&, grrand increasing th€max (in other words, activity-raising conformational change in the sGC catalytic
by acting as a mixed-type activator). This result suggests domain, so (in the reverse direction) might a YC-1-induced
that the conformational change brought about by YC-1 in conformational change in the catalytic domain cause a heme-
the sGC heme-binding domain may well be identical to the environment-perturbing conformational change in the heme-
conformational change brought about #yO. binding domain.

Ferrous sGC angf1;_3ss The resonance Raman spectrum  YC-1 Binds to the Heme Domaifhe sGC heme domain
in Figure 3A shows that rat lung sGC overexpressed using construct,51;-3g5, enabled the determination of whether
the baculovirus/Sf9 system is almost identical to that of SGC YC-1 was capable of inducing the same change in the heme
isolated from bovine lung. In both cases, the protein contains environment of the isolated heme-binding domain. As shown
a 5-coordinate, high-spin, ferrous heme, ar(@e—His) in Figure 5, YC-1 induced the same shift in-F€0 stretch
occurs at the same, low frequen@#(25. Other non-Raman  in $1;_3g5 as it did in heterodimeric sGC; as with the
studies have also indicated that the sGC has a 5-coordinateheterodimer, both peak and shoulder were isotope sensitive.
high-spin ferrous heme2(Q, 29-31). However, in another  Given that YC-1 induces the same heme environment
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perturbation in heterodimeric sGC andjiy—sgs—which has histidine 82, 33. By analogy with myoglobin, we propose
no catalytic domain-we conclude that YC-1 binds to the that YC-1 induces a significant conformational change in
heme-binding domain of sGC. the heme pocket of CO-sGC. The structural details of this
YC-1 Induces a Conformational Change in the Heme change are unknown at this point.
Pocket. The interaction between YC-1 and the sGC and The changes that are observed #¢Fe—CO) (Figures 4
Bli-385s CO complexes is observed by a shiftii(Fe—CO) and 5) and/(C—0) (Figure 5, high-frequency inset) indicate
from 474 and 478 cri, respectively, to approximately 492  a change in electrostatics in the distal heme pocket. The distal
cmL. This shift in v(Fe—CO) is very similar to the one  heme pocket in sGC has an unusual, relatively negative
previously observed in constructs of the sGC heme domain, polarity (25, 39. The changes in the CO vibrations indicate
such as H105G(Im), relative to the wild-typd;—zss (28). that the distal heme pocket becomes less negative. This may
In that context, we attributed the shift to an increase in result from displacement of a charged distal residue or from
flexibility at the proximal side of the heme pocket which, in  an increase in the distance between CO and charged residues
turn, allowed the formation of a hydrogen bond between CO in the distal heme pocket, which would result in a change
and a distal residue in CO-H105G(In)g). Because YC-1  of the electrostatic field around the bound C8b) The
induces a shift ofv(Fe—CO) in CO-sGC and C@1;_3gs5 change in the electrostatics in the heme pocket of CO-sGC
similar to the one we have observed previously in CO- is opposite from that in myoglobin, in whiat{Fe—CO) shifts
H105G(Im) (relative to CQBl;_sg5), it is tempting to to a lower frequency from 508 crh in the ‘closed’
postulate that YC-1 acts in a similar way, namely, by conformation to 491 cni in the ‘open’ conformation33).
allowing the formation of a hydrogen bond between CO and Additional analysis, however, indicates that YC-1 may affect
a distal residue. However, there are some striking differencesnot only the distal pocket, but the proximal pocket as well.
between the two circumstances which argue against hydrogeriThe fact that YC-1 does not have an effect on CO-H105G-
bond formation in the presence of YC-1: (1) Our previous (Im) (see Figure 6) suggests that YC-1 interacts near the
work has shown that the widths efFe—CO) in CO$1;-3ss5 proximal side of the heme pocket: H105G(Im) does not have
and CO-H105G(Im) are very similar; in other words, a covalent link with the proximal side of the heme pocket
hydrogen bond formation does not seem to affect the width and is expected to be insensitive to changes at the proximal
of v(Fe—CO). In the presence of YC-1, however, the width side. Furthermore, the proximal side of the H105G(Im) heme
of »(Fe=CO) in CO-sGC and C@1;_3gs increases from pocket is thought to be much less strain26)( Given that
about 15 cm! to about 21 cm!. This finding does not  YC-1 has no effect on the RR spectrum of CO-H105G(Im)
support the formation of a hydrogen bond in the presence but does affect the spectrum of CO-sGC, it is possible that
of YC-1. (2) In CO-H105G(Im), hydrogen bond formation YC-1 reduces strain near the proximal heme pocket of CO-
to CO and other small exogenous ligands, like &ppears  sGC. This conformational change could affect both enzyme
to stabilize these complexes. We have proposed that stabi-activity and the heme pocket structure in a way similar to
lization of O, binding to the heme by hydrogen bond -NO (36).
formation in HL05G(Im) is the explanation for our finding The Proximal Heme Ligand in the CO Complex in the
that this form of31;_3s5 is sensitive to @ (28). The fact Presence of YC-1t has been well established that both the
that sGC an@1, sgs are both stable under aerobic conditions proximal ligand and the distal heme pocket environment
in the presence of YC-1 argues against YC-1 inducing influence the extent of the Fg & ligandz" back-donation,
hydrogen bond formation to small exogenous ligands such by which v(Fe-CQO) andv(C—0) are inversely correlated
as CO. (3) Experiments on Mb-CO and Mb-Rave shown (37—39). It is known, furthermore, that the proximal ligand
that rebinding of CO and £n the ‘open’ form of myoglobin can compete with distal ligands for the Fg drbital, and
is faster than in its ‘closed’, hydrogen-bonded forB2)( thus different correlation curves exist for proximal ligands
Interestingly, in CO-sGC the rebinding of CO to sGC is 3 with different basicities. As a result, correlation curves
orders of magnitude faster in the presence of YCEI).( constructed from data on CO vibrations are useful in
Moreover, the fraction of the fast phase seen in these COdetermining the basicity of a proximal ligand. G&;_zgs,
rebinding experiments is similar to the fraction of sGC (and in the absence and presence of YC-1, and CO-sGC, in its
Bli3s5) in our work that has a shifted(Fe—CO) in the absence, lie on the correlation curve that corresponds to
presence of YC-1. By analogy with the closed form of proximal histidine ligation (see Figure 7). Therefore, it is
myoglobin, if YC-1 induced hydrogen bond formation to CO, unlikely that YC-1 induces loss or displacement of the
we would expect CO rebinding to be slower, not faster. This proximal ligand with a protein-derived residue other than
piece of evidence, then, also argues against the formationhistidine. It is also unlikely, in our view, that YC-1 itself
of a hydrogen bond to CO in the presence of YC-1. displaces the proximal histidine and coordinates to the heme
From this analysis, therefore, we conclude that the iron, as has recently been proposa&d)( From its structure
observed shift ofv(Fe—CO) in CO-sGC and C@1;_3g5 (Figure 1), itis clear that YC-1 could coordinate to the heme
induced by YC-1 cannot be explained by the formation of a either through the hydroxymethyl or the furyl oxygens or
hydrogen bond between CO and a distal residue. From ourthrough the 2-nitrogen of the indazole ring. The hydroxy-
results and those of others, however, we know that in the methyl group has al, > 10; therefore, this moiety will
presence of YC-1: (1)y(Fe—CO) shifts and significantly ~ not be ionized at the pH of our samples (pH 7.4). Neutral
broadens, (2) sGC anfil;—sg5s are stable under aerobic oxygens are weak ligands that dissociate upon CO coordina-
conditions, and (3) the CO recombination rate increasestion, resulting in 5-coordinated CO complexe$0( 41,
1000-fold (7). Similar changes occur in myoglobin when which would contradict our results. Coordination of YC-1
its heme pocket converts from the ‘closed’ to the ‘open’ to the heme with the indazole nitrogen is possible but seems
conformation, which involves displacement of the distal unlikely given the bulky structure of YC-1. A very large



Interaction of Soluble Guanylate Cyclase with YC-1

540 |~
o
Ni| X
AN X
X
520 ‘q <
o, £ 9
- ~a g >+-
5 ES{ ) 5
— 500 A 5
T ~ - ©
5 N :‘ g
v 2llo
> 480 | \.ltg
[ AN
460 |
1 1 1 1
1900 1920 1940 1960 1980 2000
v(CO) [cm'1]

Ficure 7: Plot of v(Fe—CO) versug/(CO). The dashed line is the
correlation curve for proximal ligands with imidazole character.
The solid line is the correlation curve for proximal ligands with
thiolate and imidazolate character. Data points taken fi26n 28,
34, 40-43): square [0) = imidazole/histidine, diamondX) =
thiolate/imidazolate, cross( = 5-coordinated CO complex, circle
(®) = sGC @5, 39, f1;-3s5 (28, this work), HL05G(Im) 28, this
work), andf1;_3ss + 200 uM YC-1 (this work).

conformational change would have to occur to accommodate
YC-1 as the proximal heme ligand. The possibility remains
that YC-1 leads to the substitution of a different sGC histidine
residue as the proximal heme ligand in place of His105;
however, two histidine mutants g1;-3s5, H107A and
H346A, still show the YC-1-induced shift of the CO
vibrations (Y. Zhao, J. Schelvis, G. Babcock, and M.
Marletta, unpublished results). It is, therefore, likely that the
proximal histidine, His105, remains coordinated to the sGC
heme in the presence of YC-1.

Conclusion. In conclusion, then, we have made the
following observations: The baculovirus/Sf9 cell expressed
sGC is virtually identical by RR to the bovine lung sGC
andp1;-sgs produced in our laboratory, and, moreover, it is
five-coordinate ferrous in its as-isolated state. YC-1 induces
no RR-visible changes in the ferrous forms of either sGC
or 11385 however, YC-1 does induce a shift in thé~e—

CO) for CO-sGC and C@;-3g5 The fact that YC-1 induces
the same shift for both sGC arftl;_sgs strongly suggests
that YC-1 binds in the sGC heme-binding region. In addition,
the observation that CO-sGC and @XDr_3ss remain on the
correlation curve for proximal ligands with imidazole
character in the presence of YC-1 suggests that YC-1 binding
does not alter the heme proximal ligand in these species.
Finally, we propose that binding of YC-1 to the CO-sGC
heme-binding domain leads to conformational changes that
give rise to an increase in catalytic turnover and affect the
electrostatic environment in the heme pocket. Given the
similar effects offNO and CO/YC-1 on th&, andVmayx Of
sGC, it is possible that there are similarities between the
structural changes elucidated herein and the structural
changes brought about during activation witO. Further
studies are in progress in our laboratory to explore this
possibility.
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