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ABSTRACT. Soluble guanylate cyclase (sGC) uses a ferrous heme cofactor as a receptor for NO and once
bound activates the enzyme for the conversion of GTP to cGMP. The heme cofactor in sGC does not
bind oxygen, thereby allowing it to selectively bind NO despite a cellular concentration of oxylyBn (

that is much higher than signaling concentrations of nitric oxide (nM). The molecular details of this
ligand discrimination against oxygen have emerged and allowed for predictions regarding ligand specificity
in the sGC family. The results reported here show that Gyc-88E Doasophilais a hemoprotein that

binds oxygen, as well as NO and CO. All three ligands form 6-coordinate complexes. Gyc-88E is active
as a homodimer (5608 243 nmol min! mg1) and is inhibited by @ CO, and NO (3.2-, 2.9-, and
2-fold, respectively). Th&, for GTP was 0.66t 0.15 mM in air (273«M oxygen) and 0.82t 0.15 mM

under anaerobic conditions. THefor oxygen was calculated to be 5128 uM. The biochemical properties

of Gyc-88E are unique for guanylate cyclases and suggest a possible function as an oxygen sensor.

Nitric oxide is a signaling molecule essential for vasodi- portance of a distal pocket tyrosine in the ability to bing O
lation, short-term memory, and platelet aggregation. The and mutagenesis experiments have supported the critical
enzyme soluble guanylate cyclase (sGiS)a receptor for importance of this residué{-8). In fact, homology models
NO and once activated converts GTP to cGMB®. (A derived from theT. tengcongensid—NOX structure showed
distinguishing feature of sGC is that it shows no measurable this distal pocket tyrosine to be absent in at-NOXs that
affinity for oxygen despite the presence of a ferrous do not bind Q and to be present in those that are competent
protoporphyrin 1X prosthetic group ligated to a histidine to bind G (4, 9).
residue, identical to that in the globins. The heme cofactor  Results with some of the predicted sGCEimenorhabditis
is the binding site for NO. The lack of £binding allows  elegansandDrosophila melanogastesuggest the ability to
sGC to function as a selective NO sensor even in the presencgind O, (6, 10—12). Multiple sequence alignments (Figure
of a much higher concentration of,@). Homologues of  1A) with the Q-binding T-H—NOX structure 8) indicate
the sGC heme domain have recently been identified via this tyrosine is present in tHigrosophilaatypical sGCs, thus
phylogenetic approaches and form the-NOX (heme- predicting Q to be a potential ligand. I16. elegansaerotaxis
nitric oxide- and/or-oxygen-binding) family of proteinsy. studies with knockouts have shown GCY-35, a predicted
Interestingly, some HNOXSs from obligate anaerobes bind sGC, to be essential for avoidance of high evels (L0).

O, with high affinity (nM), suggesting a role as oxygen Although the purified heme domain of GCY-35¢252) does

sensors§). The structure of an £binding H-NOX from bind O, (10), there has been no direct demonstration from
Thermoanaerobacter tengcongenganted toward the im-  purified GCY-35 that it has guanylate cyclase activity that
could be regulated by £OSince these observations, a wealth
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Eukaryotic [~ pugyc-g8Ec MYGLLLENLSEYIK /7 !Gsmnvt.sVLGRmDFLNGLDmlEYLmspr--mupsrlcmr-mamm]’ilnmﬁﬁ_ﬁmmum 156

Dm@yc-8%Da MYGMLYESVQHYVQ FOYDEMIRSTGRYFCDFLQSIDNIHLIMRFTYPE - - MESPSMOLTMMD - DNGAVILYRESRT IGQMTEVAREFY 156

DIm@yc-89Db MYGMLYESVQHYIQ FGYDKMIRSTGRYFCDFLOSIDNIBVOMRFTYPK - -MKSPSMQLTNMD - DDGAVILYREGRTCMSKNLIGQUTEVAKEFY 156

atypical sGCs | CeGoy-3la  MYGLIIDHIATYIE FEFNEVLEVLGRTFPQFLNGLDNLEEYLRFTFPK- - LKPFPSFYCEHES - RTGLTLHYREKRRGFLHYVQGQIRNISQELF 156

CeGey-33  MYGLVIEGVRFMIQ N@YEDLMNVMERRFSDFIKGLDNIHEYFRFSYPE - - LRAPSFYCKSES - EDGLILHYRERRTOYLSYVIGQLVELARVFY 156

Ce@cy-35  MFGWIHESFRQLVT TGWDELLRAMAPDLEGFLDSLDSLEYFIDHVVYKTELRGPSFRCDVOA-DGTLLLHYYERRSGLY GVVREVARRIY 159

AmGC-B3 MYGLILENMSEYIR ¥GYDRVLSVLGREVRDFLNGLDNLEEYLKFSYPR- - MRAPSFICENET - RQGLTLHERSKRRGFVY[TMGQIREVARHFY 156

L MsGC-£3 MYGLLLENMAEYIR YGYDRVLEVLGRHMRDFLNGLDNLEEYLEFSYPR - -MRAPSFICENET - RQGLTLHYREKRRGFVYNRMGQIREVARHFY 156

[ Rn@C-£1 MYGFVNHALELLVI SGYDTILRVLGENVREFLONLDALEDHLATIYPG- -MRAPSFRCTDAEKGKGLILHEYBEREGLODIVIGIIKTVAQQIH 158

Jassical sGCs | E9GC-B1 MYGFVNHALELLVI SGYDTILRVLGSNVREFLONLDALEDHLATIYPG- -MRAPSFRCTDAEKGKGLILHYY QDIVIGIIKTVAQQIH 158

classical 8GOS | pros gy MYGFVNYALELLVL SEYDRILQVLGATPROFLONLDALEDHLGTLYPFG- -MRAPSFRCTEK - - DEELLLHYY GLEHIVIGIVEAVASKLH 156

AmEC-£1 MYGFVNYALELLVV SGEYDEILOVLGATPROFLONLDALEDHLGTLYPG- -MRAPSFRCTERPEDGALILHYYSDRPCLEHIVIGIVETVAKELE 158

Prokarvotic L ¥s6C-81 MYGFVNYALELLVM SGYDKILQVLGATPRDFLONLDGLEDHLGTLYPG- -MRSPSFRCTERPEDGALVLEEYSDRPGLEHIVIGIVETVASKLE 158

i Np-HNOX MYGLVNEAIQDMVC EGYGEMLDOMSGDTLPEFLENLDNLHARVGVSFPE- - LQPPSFECTDME - ENSLELHYREDREGLTPMVIGLIKGLGTRFD 156

non Oy-binder | go-HNOX MEGIIFRVLEDMVV -RHTDVVDEFDDFTSLVMGIHDVIHLEVNKLYHEP - - SLPHINGQLLP - NNQIALRYSEPRR - LOFCRECLLFGAAQHFD 154

Obinder | Tt-ENOX MEGTIVETWIKTLR -WFPSYFA- - GRRLVNFLMMMDEVELQLTKMIKG- - ATPPRLIAKPVA - KDATEME le K—%GLIEGSS—KFF 152

7OmGEr | pd-HNOX MRGILPKIFMNFIK -MYRQYFK- - GETLEEFLLAMNDIBRHLTEDNPG- - VRPPEFEYDDQ- - GDTLVMT¥EBQRD - ¥G GIIKAAA-EFK 875
1=—{ H-NOX M PAS-like fCoiled-coillj Cyclase [ Unknown j— 947

597

Ficure 1: Multiple sequence alignment of severak-NOX proteins and the domain architecture of Gyc-88E. (A) Multiple sequence
alignment of the heme domain of various-NOXs, which include eukaryotic sGCs and bacteriatOX proteins. The numbering
corresponds to the Gyc-88Ec sequence. The specific residues that are predicted to be important for heme (highlighted) and oxygen binding
(boxed) are discussed in the text. Alignments were generated using the Clustal W alg8mthmNegAlign. Accession numbers for all

protein sequences are listed in the Materials and Methods. (B) Predicted domain architecture of full-length Gyc-88E. Gyc-88E has the same
predicted domains as known sGCk3), but also contains an extra domain of unknown function at the C-terminus. Gyc-8B&()

consists of all domains except for the C-terminal domain.

dependent protein kinase (PKG) activity and foraging diazen-1-ium-1,2-diolate (DEA-NO) was purchased from
behaviors {, 2, 16). The three other genes, Gyc-89Da, Gyc- Cayman Chemical Co. cGMP enzyme immunoassay Kkits,
89Db, and Gyc-88E, encode atypical sGCs that we predictformat B, were obtained from Biomol. Reacti-Vials were
could bind Q and, therefore, might be regulated by.O purchased from Pierce. Primers were purchased from Elim
Homology models of these proteins with fhetengcongensis  Biopharmaceuticals. Restriction enzymes were obtained from
H—NOX show a distal pocket tyrosine within hydrogen- New England Biolabs, and DNA polymerases were from
bonding distance to an iron-bound.@thers have suggested Roche. All protease inhibitors, except for Pefabloc SC
that these atypical sGCs are potentially regulated p{16). (Centerchem, Inc.), were from Research Products Interna-
Gyc-88E is 34% identical to rat sGB1 and 3}33% tional Corp. All other chemicals were from Sigma unless
identical to Gyc-89Da and Gyc-89Db. These atypical SGCs otherwise stated.

are expressed during embryonic, larval, and adult life stages Cloning. DNA of Gyc-88E (clone SD08665), which

In various neurons In the head and in peripheral nervous contains all introns but lacks the last 492 base pairs, was
system neurons that innervate the trachea and chemosensoré{btained from the Drosophila Genomics Resource Center

organs (5). Qn the bgsis of mL_JItipIe sequence alignments The last 492 base pairs of Gyc-88E were PCR-amplified from
of the catalytic domains of various guanylate cyclases anda D. melanogasterembryonic cDNA library (gift from
homology models with adenylate cycladd,(17), Gyc-88E Dr. Svetlana Dzitoyeva, University of lllinois) using the

contains all residues crucial for activity normally contributed : )
by both sGCal andj1 subunits and therefore is predicted E%igig”gn E;ni—(iﬁ:-lr-g\zcrféc;ﬁnee(r:%AC(;I%TGGCT'ITC-I‘-éi
to be active as a homodimer. Gyc-89Da and Gyc-89Db, 550G AGTTAGATCGATG-3 A 3-Sal restriction site was
which are missing a crucial aspartate residue normally then introduced by PCR amplification using the same
contributed by sGCal, are predicted to be inactive as forward primer and the reverse primef-GTTCTCG-
homodimers but active as a heterodimer with Gyc-8BH. ( TCGACCFC):TGGCTGGTGCCGAGTTApGATCGATG'-SThe

These predictions are consistent with lysate assays from ; . )
) ; . S 492 base pair product was inserted into SD08665-pOT2 at
COS-7 cells expressing various combinations of the fly the Pmll and Sal sites to generate the full-length intron-

atypical sGCs 18). However, there has been no report of - .

O, binding or guanylate cyclase activity from a purified contatlﬂmg th)/cl-88Ed D’t\IA‘thTh'SM_P/J\l/IgEr.'gg' Gy%’.?SE
atypical sGC to establish conclusively that any of these \évf;ressﬁgn S\'/ltjac(t:oc;naet trflénp(e)t ang AFg); g restriclzor:c:tzz '_?0
homologues are indeed SGCs that can be regulatedzby O obtain full-length, intronless Gyc-88E cDNA, mRNA was

In this study, we have successfully purifiedDaiosophila solated b L ih  oli
atypical sGC, Gyc-88E. Electronic absorption spectra were Isolate y reverse transcription with oligo(d7)

acquired for various gaseous ligand complexes, and the effecf)rimerS from.DrosophiIa Schneider 2 (8.2) cells St".ib.ly
of each ligand on cyclase activity was measured. Distinct transfected with the Gyc-88E/pMTV5HisA intron-containing

from NO-regulated SGC, Gyc-88E binds and is inhibited by construct. PCR with the forward primet-6GCCTCGAG-

0., as well as NO and CO. CAAAATGTACGGACTGCTGCTGGAGA-3 (containing
' the consensu®rosophila Cavener sequence underlined)
MATERIALS AND METHODS (19) and the reverse primer-&CGTCTAGAGTTCTCT-

CGTTCCTCCAGCCAGT-3 was then used to insert
Materials. CO gas £99% pure) was purchased from Gyc-88E(1-597) into the pUChygMTpyDrosophila ex-
Praxair, Inc., and diethylammoniurg){1-(N,N-diethylamino)- pression vector at thXhd and Xbd sites. All constructs
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were confirmed by DNA sequencing (UC Berkeley DNA Tris—glycine gels (Invitrogen) using Mark 12 unstained
Core Facility). molecular weight markers (Invitrogen).

Cell Culture and TransfectionA stable S2 cell line Analytical Gel Filtration.The native molecular weight of
containing Gyc-88E(1597)/pUChygMTpy2 was generated Gyc-88E(1+597) was determined on a Beckman HPLC
using standard calcium phosphate transfectiaf) and ~ System (126 NMP solvent module, 168 NM detector)
selection in 20Qug/mL hygromycin. The presence of the equipped with a Zorbax GI_:_-250 ge_l filtration column_ at
Gyc-88E(1-597) protein containing a C-terminal tandem 22 °C. The column was equilibrated in 200 mM potfissmm
polyoma (EYMPMEEYMPME) tag was confirmed by phosphate, pH 7.5, 150 mM.NaCI buffer at 1 mL/min over
Western blot analysis using a mouse monoclonal anti- 20 min. The sample injection volume was 2Q. The
polyoma antibody (Covance). The cell line was maintained Standards used were cytochromgl2.4 kDa), ovalbumin
in Insect-XPress medium (Lonza) containing 5% FBS (45 kDa), bovine serum albumin (66 kDa), yeast alcohol

(Hyclone), 50 ug/mL hygromycin, and 1% antibiotic dehydrogenase (150 kDa), and thyroglobulin (669 kDa). All
antimycotic (Gibco) in 25 cfT-flasks at 25°C. standards were run in duplicate at 1 mg/mL, and Gyc-88E-

(1-597) was at 1 mg/mL. Proteins were detected by
absorbance at 278 nm, and heme was monitored at 415 nm.
Standards were plotted as the log of molecular weight versus
retention time, and data were fit to a line with a slope of
—2.3973, ay-intercept of 14.521, and aR? of 0.9745.
Spectroscopic Characterization and Complex Formation.
i ; All spectra were recorded on a Cary 3E spectrophotometer
4°C, and the pellet waos washed with phosphate-buffered equipped with a Neslab RTE temperature controller set at
saline and frozen at80 °C. 22 °C in buffer D. The spectrum of the protein as purified
Purification. All steps of the purification were carried out \as determined directly from a freshly thawed aliquot of
at 4°C. Frozen pellets fim 5 L of S2cells were thawed on  Gyc-88E(1+-597). The protein (0.ZM) and buffer D were
ice and resuspended in 100 mL of buffer A (25 mM HEPES, degassed and taken into an anaerobic chamber (Coy). To
pH 7.4, 150 mM NaCl, 5% glycerol, 1 mi-mercaptoet-  reduce the protein, N&O, (62.5 mM in buffer D) was
hanol, 1«M pepstatin A, 1uM leupeptin, 0.1%M aprotinin, added to a final concentration of 0.5 mM and incubated at
0.5ug/mL E-64, and 2 mM Pefabloc SC). The cells were 4 °C for 5 min. Excess N&,0; was removed by buffer
lysed by sonication (Misonix Sonicator 3000), and the lysate exchange using a Vivaspin-0.5 10K filter. The spectrum of
was centrifuged at 2000Q0or 1.5 h. A 0.4 mL anti-polyoma  the Fe(ll)-unligated protein after buffer exchange (0\3)
column composed of anti-polyoma IgG immobilized on Fast was determined in an anaerobic quartz cuvette sealed with
Flow Sepharose beads (Covance Research Products) wasg rubber septum. To form the Fe(HL O protein, a sealed
equilibrated with 2 mL of buffer A. The supernatant was cuvette containing the reduced protein was exposed to 1 atm
applied to the anti-polyoma column at a flow rate of 0.4 of CO gas for 8 min on ice (1 mM CO dissolved in water at
mL/min. The column was washed with 2 mL of buffer A, 22 °C) (21). The spectrum of the Fe(HHCO complex was
followed by 2 mL of buffer B (25 mM HEPES, pH 7.4, 500 acquired, and the protein was assayed in the anaerobic
mM NaCl, 0.1 mM EDTA, 5% glycerol, 1 mMB-mercap- chamber. An aliquot of the Fe(ll)-unligated protein was
toethanol, 1uM pepstatin A, and kM leupeptin) and 1.2 exposed to 1 atm of air (278M O, dissolved in water at
mL of buffer A. Polyoma-tagged Gyc-88E(597) protein 22 °C) (21) for 5 min at 22°C to form the Fe(ll}-O,
was eluted with 2.4 mL of 2g/mL EYMPME peptide complex. After the spectrum was acquired, the protein was
(>95% purity, synthesized by Elim Pharmaceuticals) in assayed. A DEA-NO stock solution (5¢0 DEA-NO in
buffer A, followed by 2.4 mL each of 5@g/mL, 100ug/ water) was added to a cuvette containing the Fe(@)
mL, 500xg/mL, and 1 mg/mL EYMPME. The presence of protein to achieve a final concentration of 281 DEA-NO.
Gyc-88E(1-597) was determined by electronic absorption After 5 min at 22°C, a spectrum of the resulting Fe@)
spectroscopy, and fractions containingAngAq1s ratio of NO protein was taken, and the complex was assayed. The
<6 were pooled and concentrated to 0.2 mL in a Vivaspin- protein concentrations were determined by Bradford mi-
20 50K filter (Vivascience). The protein sample was then croassay.
diluted into 7 mL of buffer C (25 mM triethanolamine, pH Activity Assays Triplicate end-point assays were per-
7.5, 5 mM dithiothreitol) and loaded onto a prepacked formed at 22°C in 50 mM HEPES, pH 7.5, 30 mM NacCl,
POROS HQ2 anion-exchange column (Applied Biosystems) 1.5 mM GTP, 2 mM DTT, and 5 mM MgG! The assay
at 1 mL/min using a BioLogic Duo Flow (Bio-Rad Labo- buffer used for the Fe(lfyCO and Fe(ll)>NO complexes
ratories). The column was washed with 10 mL of buffer C also contained 1 atm of CO gas and AM DEA-NO,
at 2 mL/min, and a gradient from 0 to 750 mM NaCl in respectively. After confirmation of complex formation as
buffer C was applied over 50 mL at 1 mL/min. Fractions described above, the enzyme was added to initiate the
containing Gyc-88E(£597) (Ax7dAu1s < 1.2) were collected  reaction. Final assay volumes were 100 and contained
and pooled. The protein was concentrated in a Vivaspin-6 0.01 ug of Fe(ll)-unligated, Fe(Il-CO, and Fe(ll}-O;
10K filter and buffer exchanged into buffer D (50 mM protein and 0.05ug of Fe(ll)-NO protein. Electronic
HEPES, pH 7.4, 150 mM NacCl, 5% glycerol, 2 mM absorption spectroscopy was used to verify that all complexes
dithiothreitol). The concentrated protein was drop-frozen in were stable throughout the course of the assay. After 5 min,
liquid N, and stored at 77 K. Protein concentrations were 400uL of 125 mM Zn(OAc) and 500uL of 125 mM Na-
determined by Bradford microassay (Bio-Rad Laboratories). CO; were added to quench the reactions, which were frozen
Protein purity was assessed by SBEFAGE with 16-20% at —80 °C overnight. cGMP was quantified using a cGMP

ExpressionS2 cultures containing Gyc-88E(597) were
expandedd 5 L in Insect-XPress medium with 5% FBS and
1% antibiotic-antimycotic in spinner flasks (Bellco Glass).
At a cell density of 4x 10f/mL, expression was induced by
7 uM CuSQ at 25°C. Two days after induction, the cells
were harvested by centrifugation at 4000 rpm for 10 min at
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enzyme immunoassay kit, Format B (Biomol), per the
manufacturer’s instructions. Assays were repeated three times
to ensure reproducibility.

Ki for O, Inhibition. Duplicate end-point assays were
carried out at each £roncentration. Buffer containing 273
uM Oz was made by sealing 50 MM HEPES, pH 7.5, 2 mM
DTT in a silicone-sealed Reacti-Vial under 1 atm of air at
22 °C (21). Deoxygenated 50 mM HEPES, pH 7.5, 2 mM
DTT buffer was made in the anaerobic chamber. Fe(ll)-
unligated protein was produced as described above. The O
concentrations were achieved by dilution of appropriate
volumes of 273«M O buffer into deoxygenated buffer and
Fe(ll)-unligated protein in sealed Reacti-Vials using gastight
syringes (Hamilton) in the anaerobic chamber. A&& min
equilibration, reactions were started by adding GTVR?*.
Final assay volumes were 150 and contained 0.02g of
Fe(ll)-unligated protein, 20 mM NaCl, 8 mM GTP, and 20
mM MgCl,. After 7 min, the reactions were quenched, and
cGMP was quantified as described above. Data were fit via
nonlinear regression (Kaleidagraph 4.0, Synergy Software)

to the equation for hyperbolic mixed-type inhibitiog2j:

Bl

L+ oK

Vma)g = Vinax 1]
1+ a_K

Vimax IS the apparentmax at a particular concentration 0,0
Vmax IS that of the uninhibited Fe(ll)-unligated enzynfkis
the ratio of theVnaxin the presence of air to thén.x in the
absence of airgt is the ratio of theK, for GTP—Mg?" in
the presence of air to thé, for GTP—Mg?" in the absence
of air, andK; is the equilibrium dissociation constant of O
for inhibiting the enzymeK, values were determined by
incubating Gyc-88E(£597) (1.8 nM) for 7 min at 22C in
50 mM HEPES, pH 7.5, 30 mM NacCl, and 2 mM DTT with
varying concentrations of GFPMg?" under either air or

Huang et al.
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FiIGURE 2: Gyc-88E(1-597) is a homodimer that purifies as an
Fe(Il)-0O, complex. (A) SDS-PAGE analysis of Gyc-88E(1
597): lane 1, mark 12 molecular weight standards; lane 2, Gyc-
88E(1-597) after purification7 u«g). The protein sample appears
to be >95% pure by gel with a molecular mass-©68 kDa. (B)
Analytical gel filtration of Gyc-88E(3597). There is one main
peak at 9.4 min, which absorbs at 415 nm. On the basis of this
retention time, Gyc-88E(1597) is a homodimer with a native
molecular mass of 143 kDa. (C) UWis spectrum of Gyc-88E-
(1-597) as purified (1.4«M). The spectrum is characterized by a
Soret absorbance maximum at 415 nm and syfitbands at 542
and 577 nm. The approximate ratio of protein (278 nm) to heme
(415 nm) absorbance is 1:1.

perhaps through interactions with other proteins, but further

argon. Reactions were quenched, and cGMP was quantifiegeXperiments are needed to elucidate its function.
as described above. Data were fit by nonlinear regression GYCc-88E(}-597) was cloned and expressed in S2 cells

(Kaleidagraph 4.0) to a standard Michaeldenten equa-
tion: V = (Vima{GTP—Mg?])/(Km + [GTP—Mg?*]) (22).
Genlnfo Identifier Numbers. D8yc-88Ec (gi62484297),
DmGyc-89Da (gi116008023p)mGyc-89Db (gi24647456),
CeGcey-31a (gi30526294);eGey-33 (gi71996441)CeGey-
35(gi71990145MsGC33(gi3511174)AmGC33(gi60458816),
RNGC-41 (gi52138592)HsGC31 (gi4504214)DmGC-51
(0i24651576)AMGC31 (gi48596914MsGC51(gi3372755),
Np-H—NOX (gi23129606),SocH—NOX (gi24373702),Tt-
H—NOX (gi20807169) Dd-H—NOX (gi23475919).

RESULTS

Spectral Characteristics of Gyc-88H 0 examine the
ligand-binding properties of Gyc-88E{597), this construct

as a polyoma-tagged construct under the control of the
metallothionein promoter. Gyc-88E expression was increased
without the C-terminal domain, and Gyc-88E(397) has
activity and spectroscopic characteristics similar to those of
the full-length protein (data not shown). Due to increased
protein expression, our study focused on the truncated
atypical sGC. Gyc-88E(1597) was purified to>95% purity,

as shown by the single 68 kDa band on the denaturing gel
(Figure 2A). Analytical gel filtration revealed that Gyc-88E-
(1—597) is a homodimer with a native molecular mass of
143 kDa, close to the predicted mass of 136 kDa for a dimer
(Figure 2B). The catalytic domains of this construct contain
the residues shown to be required for catalytic activity in
NO-sensitive sGC, and consequently, Gyc88E§27) was
expected to be active as a homodiméd,(17). As the

was expressed and purified to homogeneity. The first 597 alignment and homology model predict, Gyc-88EED7)

residues of Gyc-88E contain predicted-NOX, PAS-like,

is isolated as an Fe(HO, complex, with a Soret absorbance

coiled-coil, and catalytic domains (Figure 1B). The 350 maximum at 415 nm and spht/ bands at 542 and 577 nm
amino acid C-terminal domain of this protein is absent in (Figure 2C). The spectrum is characteristic of 6-coordinate,

sGCp1 proteins and is of unknown function, as a BLAST

low-spin Fe(Ily-O, complexes in both HNOXs and globins

search against this domain identified no homologues. This (9, 23). The Soret absorbance maximum shifts to 421 nm
domain could serve as an additional means of regulation,upon CO addition and remains at 415 nm after potassium
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Ficure 3: UV-—vis spectrum and activities of Gyc-88E{£97) complexed to various gaseous ligands. (A)-tiNs spectrum of Gyc-
88E(1-597) complexed to © NO, and CO. The Fe(ll)-unligated protein has a Soret absorbance maximum at 430 nm. When bogynd to O
CO, or NO, the Soret absorbance maximum shifts to 415, 421, and 419 nm, respectively. The protein concentration was 278 nM. (B)
Activities of the Gyc-88E(1597) ligand complexes. Activity assays with purified Gyc-88E%D7) (0.01ug of Fe(ll), Fe(ll)-O,, and
Fe(I1)-CO and 0.05:g of Fe(Il)-NO) were performed in 50 mM HEPES, pH 7.5, 30 mM NacCl, 1.5 mM GTP, 2 mM DTT, and 5 mM
MgCl,. Ligand concentrations in the assay buffer were 2¥B0O,, 1 mM CO, and 1«M DEA-NO. Gyc-88E(1-597) is inhibited by @,

NO, and CO. This mechanism of regulation is highly distinct from that of classical sGCs, which are insensitive to oxygen and activated by
NO and CO.

Cy‘:inid_e addition (da,ta not Shown)'_ indicaFing a ferrous Table 1: U\~vis Peak Positiorisfor Various Fe(ll) Protein
oxidation state as purified. The protein remains stable as ancomplexes
Fe(I)—0O, complex throughout the course of the 2 day

Ll o o . ligand protein Soret B o ref
purification. The stability of the ferrous oxidation state is o «
like that seen with the classical sGCs, suggesting that, like "°"¢ T%’_ffﬁgg(ﬁg?) fgf 55555 t o
thosg, thg ferric qxidation is not relevant under normal sGC @1/81) 431 555 25
physiological conditions. 0, Gyc-88E(1-597) 415 541 577 this work

The formation of various heme complexes was investigated TtH—NOX 416 556 591 6

with purified Gyc-88E(+597) by UV—vis spectroscopy. SGC (1/p1) does not bind 25
. NO Gyc-88E(+-597) 419 544 572 this work

Gyc—8$E(1—597) forms stable complexes with,ONO, and TtH—NOX 420 547 575 6

CO (Figure 3A). The spectrum of the FetHD, complex sGC @1/81) 398 537 572 25
formed after reduction and exposure to air was identical to CO %VHC-BIE\?I'(E)(X%597) 21222 5243 5567g thiSG work

that of the as-purified protein. Upon addition of CO gas to SGC @1/f1) 423 541 g7 25

the Fe(ll)-unligated protein (278 nM), a characteristic
6-coordinate, low-spin Fe(H)CO complex was formed with * Nanometers (at 22C).

a Soret absorbance maximum at 421 nm and gfffibands.

This spectrum is similar to those of the FetFO com- GCY-35(1—-252) andTt-H—NOX, bind NO to form a mostly
plexes of other characterizedHNOXs (Table 1) 6, 10, 24, 6-coordinate complex6( 10, 24). The formation of a
25). Upon addition of 10uM DEA-NONOate to the Fe-  6-coordinate Gyc-88E{1597) Fe(Il)-NO complex is con-

(1) —O;, protein (278 nM), a characteristic 6-coordinate, low- sistent with this trend and may be due to a weakening of the
spin Fe(I)-NO complex with a Soret absorbance maximum NO trans effect by the distal pocket tyrosir@d). Overall,

of 419 nm was formed within 5 min at 2Z. In contrast, the ligand-binding properties are very much like those
sGC 1 and multiple prokaryotic non-oxygen-binding observed with the globin®8). Further spectroscopic studies
H—NOXs bind NO as a 5-coordinate complex (Table@,) (  are in progress to examine the heme environment of Gyc-
24, 25). All oxygen-binding H-NOXs characterized thus far, 88E and to confirm the ligation state of the complexes.
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Ficure 4: Determination of the affinity of Gyc-88E{1597) for

0O, and the dependence of th&, for GTP—Mg?" on O. (A)
Activity of Gyc-88E(1-597) with varying concentrations of 0
Activity assays with purified Gyc-88E(1597) (0.02ug) were
performed in 50 mM HEPES, pH 7.5, 2 mM DTT, 20 mM NacCl,
8 mM GTP, 20 mM MgC}, and varying @ concentrations. The
Ki was calculated to be 5% 28 uM. (B) Determination ofK, in

the presence and absence of air. Activity assays with purified Gyc-
88E(1-597) (0.02ug) were performed in oxygenated (281 O,)

and deoxygenated buffer (50 mM HEPES, pH 7.5, 2 mM DTT, 30
mM NaCl, and varying concentrations of GFRIg?"). K, values

in the presence and absence gfw@re 0.66+ 0.15 and 0.82+
0.15 mM, respectively.

10

Enzymatic Actiity. In addition to binding, the effect of
0O,, NO, and CO on guanylate cyclase activity was examined
by triplicate 5 min end-point assays at 22. Fe(ll)-unligated
Gyc-88E(1-597) had a specific activity of 5608 243 nmol
min~! mg! (Figure 3B), which is of the same order of
magnitude as that of NO-stimulated mammalian s&IZ
A1 (26). Oxygen, CO, and NO inhibit the activity of Fe(ll)-
unligated Gyc-88E(£597) by 3.2-, 2.9-, and 2-fold, respec-
tively (Figure 3B). This type of regulation is quite distinct
from the mechanism of regulation of the NO-sensitive sGC,
which is insensitive to @and activated from the basal state
about 200-fold by NO and 4-fold by CQ¥%).

Affinity of Gyc-88E(1597) for Q. Finally, the affinity
of Gyc-88E(1-597) for oxygen was determined by measur-
ing the specific activity at different groncentrations (Figure
4A). The inhibition of Gyc-88E(3597) could be fit to either
hyperbolic mixed-type inhibition or a model of partial
noncompetitive inhibition in which the inhibition is revers-
ible, the enzyme substrate-inhibitor complex is productive,
and theVnax is changed with the inhibitor. We chose the
hyperbolic mixed-type model because tkg values with
and without Q were different, although the change was small
(22). After fitting of the data to the equation for hyperbolic
mixed-type inhibition 22), # andoK; were found to be 0.26
+ 0.076 and 44 19 uM, respectively. To calculatk;, a

Huang et al.

was determined by measuring tkg for GTP-Mg" in air
(273uM O,) and deoxygenated buffer (Figure 4B). TiKg
was 0.664 0.15 mM in the presence of air and 0.820.15
mM in the absence of air. Th& was thus calculated to be
51 + 28 uM. Inhibition by oxygen appears to occur more
via a change inVmax than a change ik, Moreover, the
micromolarK; falls within the range of reasonable oxygen
concentrations thdbrosophilawould experience.

DISCUSSION

NO is highly toxic and reactive with ©These properties
require receptors for NO in cellular signaling to be highly
sensitive and selective. sSGC meets these demands but does
so using a ferrous protoporphyrin IX heme with histidine
ligation as the receptor for NO. Despite having a heme
cofactor identical to that of the globins, sGC has no
measurable affinity for @(25). This ligand discrimination
against Q is critical for NO signaling, and over the last 3
years a molecular explanation has emerged for this ligand
exclusion. As mentioned above, sGC is part of theNDX
family where the presence of a distal pocket tyrosine is
crucial for the formation of stablef@omplexes. The absence
of such a H-bonding distal pocket residue leads to no or little
O, binding.

With the apparent basis for ligand discrimination against
O,, we searched genomes for sGCs that would potentially
form a stable @ complex and, therefore, might also be
regulated by @ It should be stated that all ferrous hemo-
proteins that bind @also form complexes with NO and CO,
so biological regulation will have to involve further studies
to determine in vivo function. We used the sequence
alignments (Figure 1A) and homology models to predict that
the atypicalDrosophilasGCs would bind @ but the only
evidence supporting this prediction has been assays with
COS-7 cell lysates1). Through the cloning, purification,
and subsequent characterization of Gyc-88E§27), we
were able to show definitively that it is an oxygen-binding
heme protein with guanylate cyclase activity. Unlike typical
sGC, oxygen binds to Gyc-88E, forming a 6-coordinate
complex that inhibits the inherent cyclase activity. Th&-
fold level of inhibition is, however, similar to the 4-fold level
of activation by CO and the-4-fold change between the
tonic and fully activated states of mammalian sGT/31
(27). Similar to other proteins that function as Ginders,
such as the globin®28), Gyc-88E also binds NO and CO,
forming 6-coordinate complexes that inhibit cyclase activity
2—3-fold. In contrast, NO forms a 5-coordinate complex and
CO forms a 6-coordinate complex with mammalian sGC,
activating it several hundred-fold above basal and 4-fold,
respectively 8).

Another property that makes Gyc-88E unique from clas-
sical sGC, an obligate heterodim@),(is that it is active as
a homodimer. This is consistent with the prediction that the
Drosophilaatypical sGCs can form three active dimers: Gyc-
88E homodimer, Gyc-88E/Gyc-89Da, and Gyc-88E/Gyc-
89Db (11, 12, 17, 18). The physiologically relevant dimer(s)
remains to be determined. It is possible that the dimer
composition varies depending on the cell type and life stage
and that each has unique biochemical properties that are
exploited to achieve specific biological functions. In vivo
studies, presently under way, will undoubtedly help address
these questions.
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Our findings show that Gyc-88E binds and is inhibited Analogously,Drosophilalarvae have PKG-dependent forag-
by O,, the very ligand that classical sGC has evolved not to ing behaviors that are affected by changing oxygen levels
bind. This unique characteristic of Gyc-88E, combined with (33). Moreover, there is evidence that insects suctDas
its expression in peripheral neurons that innervate the tracheanelanogastemneed a fast-acting oxygen sensor to control
in embryos and larvael@, 15), supports a function as an the amount of @ that enters their trache®®). Since the
oxygen sensor. Importantly, th& of O, falls in the range atypical fly sGCs are expressed in neurons that innervate
of physiologically reasonable oxygen concentrations within the trachea15), they could be functioning to control the
the organism. Moreover, the significant change we observe opening and closing of spiracles. Further characterization can
in cGMP production in response to oxygen is of a magnitude help to elucidate mechanisms of oxygen sensing that may
capable of mediating important biological processes, asrelate to feeding, breathing, or chemotactic behaviors.
cGMP is a second messenger that amplifies signals by orders
of magnitude through downstream signaling cascades. ForACKNOWLEDGMENT
example, a 23-fold decrease in cGMP levels can cause
significant increases in tension within bovine intrapulmonary
arteries and veins2@). Additionally, a 2-fold increase in
cGMP levels stimulates fluid secretion substantially from the
Malpighian tubules irDrosophila (29, 30).

Although saturating amounts of NO and CO inhibit Gyc-
88E activity like oxygen in vitro, the atypical sGCs may be
regulated by these ligands differently in vivo. Indeed, the REFERENCES
concentrations of NO and CO in cells expressing Gyc-88E
may be too low to compete with Qor binding, similar to

We thank Dr. Svetlana Dzitoyeva (University of Illinois)
for the Drosophilaembryonic cDNA library and are grateful
to the Marletta Lab for stimulating discussions; in particular,
we thank Emily R. Derbyshire for discussions about sGC
and Jacquin C. Niles for discussions about the biological
implications of our results.
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