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Summary

Soluble guanylyl cyclases are typically obligate (NO)-sensitive guanylyl cyclase subunits MsG@1 and
heterodimers, composed of a single alpha and a single beta MsGC-f31. These heterodimers, however, show no enzyme

subunit. MsGC-33, identified in the tobacco hornworm
Manduca sextawas the first example of a soluble guanylyl
cyclase that exhibited enzyme activity without the need for
coexpression with additional subunits. Subsequent studies
have revealed that the mammaliar32 subunit also shares
this property. Using a combination of gel filtration

activity and, like mammalian (32 subunits, act in a

dominant negative manner when combined with the NO-
sensitive subunits to disrupt their activation by NO. In

addition, we show that the unique C-terminal domain of
MsGC-B3 is not necessary for enzyme activity and might
act as an auto-inhibitory domain.

chromatography, coprecipitation and site-directed
mutagenesis we show that, as predicted, MsGRG3 forms
active homodimers. We also demonstrate that MsG@3 is
capable of forming heterodimers with the nitric oxide

Key words: cGMP, guanylyl cyclase, nitric oxide,
dimerization, tobacco hornworrvlanduca sexta.

protein

Introduction

Soluble guanylyl cyclases have classically been described &TP (Liu et al., 1997; Zhang et al., 1997). Thus we predict that
obligate heterodimers that form the principal receptor for nitridoth MsGCB3 and mammaliaf2 subunits should form active
oxide (NO) (Lucas et al., 2000). Two recent reports, howevehomodimers. In this study we demonstrate that Mg3@oes
show that there is likely to be an additional class of solubléorm active homodimers and also show that it is capable of
guanylyl cyclases that do not need a second subunit fdorming heterodimers with the NO-sensitive subunits, although
activity. The first of these reports described a guanylyl cyclasthese heterodimers are inactive.
subunit, named MsG@3, cloned from the insed¥landuca
sexta (Nighorn et al., 1999), and the second described )
properties of the rgb2 subunit (Koglin et al., 2001). Both of Materials and methods
these subunits share several biochemical characteristics. Both Animals
yield significant guanylyl cyclase activity when expressed in The rearing and staging dflanduca sextgLepidoptera:
heterologous cells in the absence of additional exogeno®phingidae) has previously been described (Morton and
subunits and both require the presence of manganese Giunta, 1992).
activity (Nighorn et al., 1999; Koglin et al., 2001). They differ
principally in their response to NO: extracts of cells expressind ransient expression of MsGE3 and guanylyl cyclase assay
rat 32 subunits were weakly stimulated by NO (Koglin et al., The open reading frame of Ms@3- in the expression
2001), whereas extracts containing Ms@BG&-showed no vector pcDNA3.1 (Invitrogen, Carlsbad, CA, USA) was used
stimulation with NO donors (Nighorn et al., 1999). Additionalto transiently express MsGR3 in COS-7 cells as described
studies suggested that mammali@a subunits could form previously (Nighorn et al., 1999). When multiple guanylyl
heterodimers with the NO-sensitivel subunit and that the cyclases were cotransfected, the transfection efficiency was
degree of NO-stimulation of the1l/B1 heterodimer was monitored by the addition of |[Ig of a [-galactosidase
reduced whei82 subunits were coexpressed in the same cellexpression plasmid (Invitrogerf}-Galactosidase activity was
(Gupta et al., 1997). determined by incubating cell extracts with 1.3 mglhd-

Modeling of the catalytic domain of both soluble andnitrophenyl,p-galactopyranoside in a 100 mmdiIsodium
receptor guanylyl cyclases, based on the crystal structure phosphate buffer, pH7.0, containing 1.5 mmbMgCl, and
adenylyl cyclases, suggests that all of these enzymes need7#®mmol !l [-mercaptoethanol at room temperature for
form dimers to generate an active site to bind the substrat&--20 min. The reaction was stopped by the addition of 2hol |
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NaCOsz and the absorbance measured at 405nm. Guanylincorporated restriction sites at theahd 3 ends such that
cyclase activity was measured in a buffer containingvhen ligated into pcDNA3.1-His (Invitrogen), the coding
50 mmol i1 Mops-KOH, pH 7.5, 60 mmotf KCI, 8mmolt!  sequence was in-frame with N-terminal hexa-histidine
NaCl, 4mmoltl MnCly, 10umoll-l each of c¢cGMP and ExpresS tags. The primers used were
phosphodiesterase inhibitors dipyridamole and zaprinast artIATGGTACCAATGACGTGTCCATTCC and RATGGG-

1 mmol F1GTP. The reaction was stopped with 0.2mbtiInc CCCGTAAGAAGCTAAGTTG for MsGCal, SATGAA-
acetate and excess GTP precipitated with 0.2Thdl#&COs. TTCAAATGTACGGGTTTGTG and SATGGGCCCTT-
The amount of cGMP formed was determined using a cGMRGAGATTTAATGGATC for MsGCfi1 and BATG-
enzyme-linked immunoassay (EIA; Kingan et al., 1997)AATTCCGATGTACGGCCTA and ATGGGCCCTAGGG-
Under the conditions used, the production of cGMP was lineafCTTGATTCCCT for MsGCB3AC338. PCR was carried out

with respect to time for up to 30 min. for 3 cycles at an annealing temperature of 50°C followed by
_ _ _ 25 cycles with an annealing temperature of 60°C, with
Production of C-terminal deletions of MsQt3- extension times of 2min in each case, and the products were

Two deletions of MsG@3 were generated that lacked the cloned into the TOPOIIl vector (Invitrogen). After being
C-terminal 29 or 338 amino acids, Ms@3AC29 and MsGC- sequenced, the inserts were excised \Kitiml and Apd for
B3AC338, respectively. The original cDNA for Ms@3-was MsGC-al and EcoRl and Apa for MsGC{1 and MsGC-
generated by the ligation of two partial cDNAs, SGC4 an33AC338 and ligated into pcDNA3.1-His. COS-7 cells were
SGC25 (Nighorn et al., 1999). SGC4 coded for all but the Ctransiently transfected with each construct and western blots
terminal 29 amino acids of the open reading frame and wawobed with an anti-express antibody (Invitrogen) to confirm
directly subcloned into pcDNA3.1 by excising SGC4 withthat each  generated  full-length proteins. For
Xhd andSma and ligating it into pcDNA3.1 at th&hd and  heterodimerization studies two 10cm plates were transiently
EcARV sites to generate MsGB3AC29. MsGCB3AC338  cotransfected with full-length, untagged Ms@8- in
was generated using polymerase chain reaction (PCR).' Thedombination with either empty vector, tagged MsGC-
primer was designed to thé é&nd of SGC4 and included an tagged MsG(1 or tagged MsG@3AC338. Transfected
Xhd site: BGCCTCGAGGAATGTGATATTTA, and the'3 cells from the two plates were combined, homogenized,
primer introduced a stop codon andpnl site immediately centrifuged at 14 00§ for 30 min at 4°C and the supernatants
following residue 602 of the open reading frame of SGC4incubated with nickel-chelated agarose discs (Pierce,
5TTGGGTACCTAGGGTCTTGATT. PCR was carried out Rockford, IL, USA) for 6h at 4°C. The agarose was washed
using Elongadeé enzyme mix (Invitrogen) for 30 cycles, with phosphate-buffered saline (PBS) and bound proteins
according to the manufacturer’s instructions, with an annealingluted with SDS-sample buffer and analyzed by western blot.
temperature of 5. The PCR product was digested wjimol To measure the guanylyl cyclase activity of bound proteins, the

andKpnl and ligated into pcDNA3.1. agarose was given an additional wash of 10 mmohidazole
in PBS and the proteins eluted with 400 mmbiinidazole in
Gel filtration PBS and assayed for activity as described above.
Transiently transfected COS-7 cellsManducaabdominal
nerve cords (ANCs) were homogenized, incubated in 0.2% Generation of point mutations in MsGE3-
octyl B,p-thioglucopyranoside and centrifuged at 14 §@6r Point mutations were introduced into the catalytic domain

30min at 4°C. A portion (2001) was applied to a gel filtration of MsGC{3 using the methods described previously (Kunkel
column (Bio-Sil 400-5, BioRad, Hercules, CA, USA) andet al., 1987). Briefly, single-stranded uracil-containing MsGC-
eluted in 50 mmoH! Tris-HCI, pH 7.5 in the presence of 0.2% B3 in pcDNA3.1 was generated using CJZR6coli and the

octyl B,p-thioglucopyranoside at 0.5mlmihand fractions M213 bacteriophage. This was used as a template for second-
were collected every 0.2min. The following standards weratrand synthesis using a phosphorylated primer that contained
used to construct a calibration curve: thyroglobulin (670 kDa)a single mismatched base designed to convert E469 to lysine
gamma globulin (158 kDa), ovalbumin (44 kDa), myoglobulin(5GTCACCTATTGTCTTCACCTTATACAC) or R537 to
(17kDa) (all BioRad), apoferritin (443kDa)p-amylase glutamine (5CGAATAGACAATACTGCGGCATCTTGA).
(200kDa), alcohol dehydrogenase (150kDa), bovine serumfter confirmation of the sequence, the plasmid DNA was used
albumin (66 kDa) and carbonic anhydrase (29kDa) (all fromo transfect COS-7 cells and assayed for guanylyl cyclase

Sigma, St Louis, MO, USA). activity as described above.
Western blots
Western blots using antisera generated to M§3Gvere Results
carried out as described previously (Nighorn et al., 1999). Gel filtration of MsGCB3 demonstrate the formation of
homodimers
Generation of taggeManducaguanylyl cyclases Previous studies showed that Ms@8-was the first

The coding regions of MsG@1, MsGCf1 and MsGC- example of a soluble guanylyl cyclase that did not require
B3AC338 were amplified using PCR and primers thatoexpression with additional subunits for enzyme activity
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Table 1.Lack of solubility of recombinant MsGg3 and MsGCB3AC338

Supernatant Pellet

Treatment MsG@3 MsGC{3AC338 MsGCB3 (%) MsGCf3AC338 (%)
None (50 mmoH! Tris-HCI) 0.98+0.03 2.30+0.05 5.30+0.30 84 3.77+0.18 62
0.5molFNacCl 0.78+0.02 1.96+0.03 4.52+0.12 85 4.44+0.24 69
1% Chaps 2.16+0.04 1.60+0.03 6.20+0.10 74 4.74+0.20 75
1% Digitonin 3.21+0.04 3.14+0.08 6.27+0.15 66 4.24+0.07 67
1% OctylB,p-thioglucopyranoside 3.80+0.04 5.49+0.07 7.12+0.44 65 2.60+0.04 32
1% Triton X-100 4.36+0.03 4.29+0.05 4.81+0.20 52 5.30+0.10 55
1% Tween 20 2.1940.10 4.01+0.09 6.20+0.10 74 4.80+0.27 54

COS-7 cells were transiently transfected with Ms@Cer MsGCB3AC338 as described in Materials and methods and homogenized in
50 mmol i1 Tris HCI, pH7.5. Salt or detergents were added to separate samples as shown, which were then incubated for 30 min at 4°C ar
centrifuged at 14009 for 30min at 4°C. The pellet was resuspended in the same detergent that was used for solubilization and both
supernatant and pellet fractions assayed for guanylyl cyclase activity.

Values are the meanss£.m. of 3 measurements.

% indicates percentage of total enzyme activity in pellet fractions.

(Nighorn et al., 1999). Subsequent studies have shown that t S P
rat 32 subunit also shares these properties, exhibiting enzyn
activity in the absence of additional subunits (Koglin et al.
2001). Other soluble guanylyl cyclases that have bee 198=—
investigated, whether mammalian or insect, are obligat ._ . Q7
heterodimers, requiring coexpression of an alpha and a bei9- 1. Solubility —of native MsG@S3. 67 —b
subunit for activity (Lucas et al., 2000; Morton and Hudson”\bdominal  nerve cords _from pre-pupal

- Manduca sexta were homogenized in
2002). The other major class of guanylyl cyclases, the recept

. . 50 mmol i1 Tris-HCI, pH 7.5 and centrifuged 44 s
guanylyl cyclases, exists as homodimers (Lucas et al., 200(; 10000@ for 1h at 4°C. The pellet was

This suggested that both Ms@3- and mammalianB2  equspended in 50 mmoH Tris-HCI, pH7.5
subunits would exist as homodimers, but direct evidence ftand the proteins in both the supernatant (S)
this has not yet been provided. To determine the appareand pellet (P) analyzed by western blot using
molecular mass of MsG@33 using gel filtration, MSG@3  an affinity-purified anti-MsG@3 antiserum

must be a soluble protein. Previous studies, however, show(Nighorn et al., 1999). Molecular mass ;q__
that recombinant MsG@3 was primarily present in the markers on the left are shown in kDa.

insoluble fraction of heterologous cell homogenates (Nighori

et al., 1999), presumably due to the presence of a consenalthough more of the activity was present in the supernatant
isoprenylation site at its C terminus (Nighorn et al., 1999). Tdraction, most of the activity was still in the particulate fraction
solubilize sufficient quantities of MsG3 for gel filtration, (Table 1).

homogenates of COS-7 cells that had been transfected with aTo determine whether the insolubility was the result of
plasmid coding for MsG@3 were incubated in a variety of expression in a heterologous cell line, western blots were used
different detergents and the soluble and pellet fractions assayexdetect native MsG@3 in pellet and supernatant fractions
for guanylyl cyclase activity (Table 1). Although severalof nervous tissue homogenates. Surprisingly, native MB&C-
detergents did solubilize some of the MsB&-activity, was present exclusively in the soluble fraction of nervous
significant levels remained in the pellet fraction. To overcomé&issue homogenates (Fig. 1), suggesting that MBE& not

this problem, a version of MsG3 that lacked the C-terminal isoprenylatedn vivo. In combination with the solubility data

29 residues, containing the putative isoprenylation site, wadescribed above, these data suggest that the recombinant
also transfected into COS-7 cells. This deletion had no effegrrotein forms aggregates that are largely insoluble when
on the distribution of guanylyl cyclase activity in the solubleexpressed in COS-7 cells.

and particulate fractions of transfected cells, suggesting that To determine the native molecular mass of the soluble
isoprenylation was not responsible for the protein’s insolubilityfraction of recombinant MsG@3, COS-7 cells were
(data not shown). To investigate this further, another deletiotransfected with either MsG33 or MsGCB3AC338 and the
mutant was generated, lacking the entire C-terminal domaiiproteins solubilized by incubation with octylB,p-
When an expression plasmid coding for Ms@8C338 was thioglucopyranoside. This detergent was chosen because, in
transfected into COS-7 cells and assayed for guanylyl cyclaseldition to being one of the more effective in solubilizing both
activity, similar levels of activity were again detected,forms of MSGCB3, it also has a relatively high critical micelle
compared to cells transfected with full-length Ms@&-but  concentration of 9mmott. After centrifugation, soluble
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Fig. 2. Gel filtration of recombinant and native 3- . 143 kDa - 100
MsGC3. Supernatants from extracts of >1000kDa =~ i 220 kDa

COS-7 cells that had been transientlys, i 2~
transfected with either MsG@3 (solid line), S - 80 2 %
MsGCB3AC338 (broken line) or nerve cords § i‘ 2 § £
(CNS; dotted line) were homogenized in§ = —— MsGC$3 L 60 2 é
50 mmol t* TrisHCI, pH7.5 and separated byc g | =
gel filtration in the presence of 0.2% octyl© © --—MsGC{3AC338 L 40 £ o
B,p-thioglucopyranoside.  Fractions from—; S 14 - - CNS QE
COS-7 cell extracts were assayed for guanylyg = (O
cyclase activity and fractions from nerve cord? - 20 9 >
homogenates were assayed by western blot. i =
Molecular mass estimates were generated by o) A A Ly L ; :'“,a-—-o
comparing with standard proteins run in 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

parallel. Elution time (min)

Table 2.Coexpression of MsGB3 with MsGCal and MsGCB1 reduces NO-stimulated guanylyl cyclase activity

Activity with
Plasmids transfected Basal activity 1260l I-1SNP Stimulation
10pg MsGCal+10ug MsGC{1 7.72+0.72 43.10+0.96 5.6-fold
10pg MsGCal+10ug MsGC{1+10ug MsGC{33 4.63+0.73 16.10+1.69 3.5-fold
10pg MsGCeal1l+10ug MsGC1+20ug MsGC{f3 7.72+0.24 13.80+1.27 1.8-fold
10pg MsGCf3 11.10+1.00 9.63+0.43 0.9-fold
20pg MsGCf3 24.4+0.10 22.1+1.10 0.9-fold

COS-7 cells were transfected with the plasmids as shown plus a plasmid codirgafactosidase and assayed for guanylyl cyclase activity
in the presence or absence of %ol l-1sodium nitroprusside (SNP) as described in Materials and methods, except that themsiCl
replaced by 4 mmottMgClo.

Extracts were also assayed fegalactosidase activity and the guanylyl cyclase activity shown for each plasmid combination was normalized
to thef-galactosidase activity present in the vector-transfected sample.

Activity levels are expressed as pmoles cGMP formed¥mgprotein.

Values are meansste.m. of 3 determinations.

proteins were separated by gel filtration and each fractiopresence of detergent, both native and recombinant M35C-
assayed for enzyme activity (Fig. 2). Gel filtration of full- elute at a position consistent with the formation of
length MsGCB3 confirmed that a large proportion of even thehomodimers, and in addition appear to form large aggregates.
solubilized protein existed as large aggregates (>1000kDa)
that eluted in the void volume of the column. The calculated Coexpression of MsG{3 with MsGCe'l and MsGCB1
mass of monomeric MsG@3 is 106kDa (Nighorn et al., reduces NO-stimulated activity
1999) and the elution profile of full-length Ms@3-from the Previous studies demonstrated that Ms@&Cdid not form
gel filtration column showed a second peak of guanylyl cyclasdO-sensitive heterodimers with either of thlanducaNO-
activity at 207kDa, consistent with the formation of sensitive guanylyl cyclase subunits, MS@C-or MsGCB1
homodimers. When extracts of COS-7 cells transfected witfNighorn et al., 1999). These data did not, however, indicate
MsGC{33AC338 (calculated monomeric mass of 69 kDa) weravhether heterodimers were formed or had any basal enzyme
separated on the gel filtration column, a single peak of activitgctivity. The mammalian32 subunit acts in a dominant
was detected with an apparent molecular mass of 143kDaggative manner, forming heterodimers with the mammalian
again consistent with the formation of homodimers (Fig. 2). al subunit that are less sensitive to NO than dlig31

To test whether native MsG3 also formed homodimers, combination (Gupta et al., 1997). To determine whether
we separated the soluble fraction of nerve cord homogenattdssGC{33 behaved in a similar manner, we cotransfected COS-
by gel filtration using the same conditions as for recombinarit cells with all three subunits: MsGgt, MsGCf1 and
MsGC{3 (Fig. 2). Each fraction was assayed by western bldsGC{33 (Table 2). = Coexpression with Ms83-
for MsGC{33 immunoreactivity (IR). The profile of MsGB3-  substantially reduced the NO activation of MsGOMsGC-
IR showed two peaks, the first eluted with the void volumefl. When the amount of MsGB3 was doubled, the activation
presumably reflecting the formation of large aggregates, arldy NO was further reduced. These data suggested that
the second eluted with an apparent mass of about 220 kDelsGCf33 was capable of forming heterodimers with either
consistent with the formation of homodimers. Thus, in theVisGC-a1 or MsGCB1 and that these heterodimers were NO-
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MsGC{3 antisera (Fig. 3A) showed that each of the tagged
guanylyl cyclases was capable of binding to and pulling down
MsGC{3 from solution. Somewhat lower levels of Ms@G-
were detected with either tagged Ms@C-or MsGCB1
compared to tagged MsGE3, although the levels of MsGC-
B3 in each extract were similar (Fig. 3B). It is not known,
however, whether the lower levels of Ms@B-pelleted with
either MsGCeal or MsGC1 reflect a difference in affinity of
MsGC{3 for forming homodimers compared to heterodimers.

These data show that both Ms@Q-and MsGC31 are
capable of forming heterodimers with Ms@3- To determine
if these heterodimers exhibited any guanylyl cyclase activity,

B we eluted the bound proteins from the beads with 400 mnol |

) imidazole and assayed the eluate for guanylyl cyclase activity.

106 kDa~ - bg Anti-MsGC3 Very low levels of enzyme activity were measured (less than
1% of the input levels) and subsequent experiments showed

Fig. 3. Heterodimerization of MsG@3 with MsGCal and MsGC-  that 400 mmoH! imidazole inhibited the guanylyl cyclase
B1. Extracts of COS-7 cells that were transiently cotransfected withctivity by 70-80% (data not shown).
MsGC{33 and either empty vector (pcDNA3.1), or hexa-histidine

(Hisg)-tagged MsG(B3AC338, MsGCal or MsGCPl, were  Sijte-directed mutagenesis confirms that the heterodimers are
incubated with nickel-chelated agarose and the bound proteins inactive

analyzed by western blot. (A) Blot probed with Ms@&-antiserum . . .
shows that MsG@®3 is pelleted when cotransfected with either An alternative approach to determine whether heterodimers

tagged MsGB3AC338, tagged MsG@1 or tagged MsG@®1, but fo'rm. active enzymes is to use site-directed mu.tagenesis to
the intensity of the immunoreactivity is highest when cotransfecte@liminate the activity generated by Ms@3-homodimers so
with tagged MsG@3AC338. (B) Western blot of input extract that any activity present when Ms@3-is coexpressed with
stained with anti-MsG@3. either MsGCell or MsGCB1 will be from heterodimers.
Solving the crystal structure of the catalytic domain of
adenylyl cyclase followed by homology modeling of the
insensitive and were either catalytically inactive or exhibiteccatalytic domain of guanylyl cyclases enabled the critical
substantially reduced levels of activity. residues that bind GTP to be predicted (Liu et al., 1997; Zhang
et al., 1997). This modeling predicts that homodimeric
MsGC3 forms inactive dimers with tagged Ms@C-and  receptor guanylyl cyclases have two GTP-binding sites,
tagged MsG(QBL whereas heterodimerixl/B1 guanylyl cyclases have a single
To determine directly whether MsGE3 was capable of GTP-binding site, with ther subunit providing some of the
forming heterodimers with either MsGd&Ct or MsGCB1 we  critical residues and the remainder provided byRseibunit
generated hexa-histidine tagged versions of all three guanylglliu et al., 1997). MsG@3, like the receptor guanylyl
cyclases. We used MsGE3AC338 rather than a tagged full- cyclases, has all of the critical residues necessary for binding
length version of MsG@@3, because the MsGR3 antisera GTP (Morton and Hudson, 2002; Fig. 4) and hence M3C-
recognized an epitope in the C-terminal domain (D. B. Mortonhomodimers should form two GTP-binding sites. When
unpublished data) and hence could be used to distinguisisGC3 forms a heterodimer with MsG&t it is possible
between the tagged and untagged versions. COS-7 cells wehat a single active GTP-binding site is formed with MsGC-
cotransfected with each of the tagged guanylyl cyclases iml acting as thel chain and MsG@3 acting as th@ chain.
combination with full-length untagged Ms(83; the extracts Conversely, MsG@3 could act as thea chain in
incubated with nickel-chelated agarose and the proteins bouteterodimers formed with MsGEE, again potentially
to the beads analyzed by western blot. Probing the blot witforming a single active GTP-binding site. When Ms@B&is

Hise-MsGC£3AC338
Hisg-MsGC-a1l
Hisg-MsGC{31

pcDNA3.1

A

106 kDal e s s Anti-MsGCH33

Fig. 4. Alignment of regions of the cataly - * *

domain of selected guanylyl cycla Rat al 481 MLESDIVGFTAI CSQ 520 DW IGDAYCVAG 588 VKMPR LANKFESCS
showing residues predicted to comtact s IYESDVGFTALSAE 512 DWKVETIGDAYIVUS 063 LKWPR TASBNESNG

. a

GTP,‘ Homology modeling has been use Rat B2 469 | LESDVVIFTNI CAA 508 DWKVETIGDAYMWVG 577 DKMPR VESHG
predict the residues (shaded) of soluble s p3 425 | LESDVWIFTEI CSR 464 RVYKVETIG DA 533 LKMPR NESTS
receptor guanylyl cyclases that bind Mg-C  MsGC- 1 422 LLESGIVGFANYCAR 459 NVYKVETVCDKYMAVS 526 HRVPR L ETTG
(Liu et al., 1997). Sequences shown are Rat Bl 431 | LESGIVGFNAFCSK 468 FVY VCDK S 535 QRWPR L ETTG

rat soluble guanylyl cyclase subunig, 1

andf2, theManducasoluble subunits MsG@1, MsGCf1 and MsG(33, and the rat receptor guanylyl cyclase, GC-A. Light shading shows
the residues from the chain and dark shading those from fhehain. Note that the homodimeric guanylyl cyclases32atGC-A and MsGC-

3, possess all the residues from bmtind chains. *Residues mutated in Ms@3E469K and MsG(@3R573Q.



942 D. B. Morton and E. J. Anderson

coexpressed with either MsGa&t or MsGCBL1 it is difficult  neither mutant forms active heterodimers with either MsGC-
to determine the contribution of the heterodimers to the totatl or MsGCf1.
guanylyl cyclase activity because they are dominated by Two additional controls were performed to confirm that each
MsGC{33 homodimers. This is especially true if Ms@3- mutant was capable of forming dimers. The first control tested
has a lower affinity for MsG@1 and MsG(B1 as was that each mutant only affected one of the GTP binding sites.
suggested by the data shown in Fig. 3A. A series of deletiohhis was accomplished by cotransfecting each of the mutants
mutants have been made in mammatidnand31 subunits, together. Both mutants should each affect the same GTP
which demonstrate that particularly critical residues are R59Binding site, leaving the other unaffected, and hence generate
in theal subunit and E473 in th&l subunit (Beuve, 1999). an active enzyme. The results of this experiment show that the
01R5920QB1 andal/B1lE473K were both inactive (Beuve, MsGCf3E469K/MsGCB3R537Q heterodimer was active
1999). If these predictions extend to Ms@&- then single (Fig. 5B). Interestingly, when the two mutants were expressed
mutations at each site will yield inactive homodimers butogether, there was substantially more enzyme activity than
active heterodimers when expressed with wild-type MsGCwhen an equivalent amount of wild-type Ms®g-plasmid
3. To test this, we generated two mutants: ME3E469K  was transfected alone. The second control was to test that each
and MsGCB3R537Q, which have the equivalent mutations tomutant was capable of forming heterodimers with the NO-
B1E473K andn1R592Q respectively (Fig. 4). sensitive subunits. The lack of activity when the mutants were
Fig. 5 shows that these predictions are correct. COS-7 cellmexpressed with either MsCGiCk or MsGCB1 could have
transfected only with MsGB3E469K had no guanylyl been because the mutated residues were critical for dimer
cyclase activity, whereas cells cotransfected with wild-typdormation. If inactive heterodimers were formed we predicted
MsGC{3 and MsGOB3E469K had a similar or greater level that each mutant would act like a dominant negative when
of activity than cells transfected only with wild-type MsGC- coexpressed with both NO-sensitive subunits together. This
B3 (Fig. 5A). In these experiments the total amount of plasmiéxperiment is shown in Fig. 5D and demonstrates that each
was kept constant and densitometry of western blots showadutant reduced both the basal and the NO-stimulated guanylyl
that there was no significant difference in the total amount afyclase activity, confirming that inactive heterodimers were
MsGC{3-IR when MsGCB3E469K was cotransfected with formed.
MsGC{3 (Fig. 5C). The other point mutation gave slightly
different results (Fig. 5). Firstly, and similarly, COS-7 cellsEnzyme properties of MsGE3AC338 compared to MsG@G3
expressing only MsG@3R537Q had no guanylyl cyclase The results from the C-terminal domain deletion
activity, demonstrating that R537 is critical for enzymeexperiments demonstrated that this region of Mf83CGras
activity. The level of activity when MsGB3R537Q and wild- not necessary for enzyme activity (Table 1). Studies on the
type MsGCB3 were cotransfected was always less than cellmammalian2 subunit, however, have shown that residues
that only expressed wild-type Ms@83: Averaging three within the C-terminal domain affect the enzymatic properties
separate experiments the level of activity from cells expressingf the 2 subunit, rendering it active in the presence of
both MsGCB3R537Q and wild-type MsGB3 was 78+12% magnesium ions, whereas the wild-type enzyme was only
of the activity from cells expressing only wild-type Ms@B-  active in the presence of manganese ions (Koglin et al., 2001).
To demonstrate that the level of activity was proportional tofo determine whether the C-terminal domain of Ms&C-
the amount of plasmid transfected, we also transfected celidso affected the relative sensitivities of the enzyme to
with 5pg of MsGC3 plasmid and fig of empty pcDNA3.1 magnesium and manganese, we measured the activity of
vector. In these experiments, the level of activity wasMsGC{33 and MsGCB3A338 in the presence of both of these
approximately half (44.3£2.9%) that seen whenudOof cations and in the presence of different concentrations of GTP.
MsGC{3 was used. These results are shown in Fig. 6. In the first report describing
Because MsG(@33 can potentially act as both theand3  the properties of MsG@3 (Nighorn et al., 1999), we used a
strands, we predicted that if Ms@3- forms active radio-enzyme assay for guanylyl cyclase activity and failed to
heterodimers with either MsG@&1 or MsGCB1 then a single detect any activity for MsG@3 in the presence of
functional GTP-binding site should be formed betweermagnesium, whereas Fig. 6A shows that using a more
MsGC{33E469K (eliminating thef strand function) and sensitive EIA detection method we could clearly detect
MsGC-31, but not with MsGGx1. Similarly, a single GTP- guanylyl cyclase activity in the presence of 4 mmbMgCls.
binding site will be formed in heterodimers between MsGCinterestingly, for a variety of GTP concentrations, we
B3R537Q (eliminating ther strand function) and MsG@1  consistently measured higher levels of activity for MsGC-
but not with MsGCB1. Because both mutants form inactive B3AC338 in the presence of magnesium, whereas no
enzymes when expressed alone it follows that when either dfference was detected in the presence of manganese. Using
coexpressed with either MsGt or MsGCB1 (which also this data we calculated the values Ko andVmax shown in
are inactive when expressed alone), any activity that i$able 3. In the presence of manganese the activities of MsGC-
detected will come from the heterodimers. The results fro83 and MsGOB3AC338 were indistinguishable and yielded
these experiments are also shown in Fig. 5A. No activity isimilar values folKm andVmax By contrast, in the presence
seen with any of these combinations, demonstrating thatf magnesium, MsGG3AC338 yielded a significantly lower
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Fig. 5. Point mutations in MsG@3 demonstrate that MsGE3/MsGC-al and MsGO33/MsGCf1 heterodimers are inactive. Two separate
point mutations were generated that converted glutamate 469 to lysine (BB#369K) and arginine 537 to glutamine (Ms®B8R537Q).

These two constructs were transfected into COS-7 cells as shown and cell extracts were assayed for guanylyl cyclase Betbvitpo(At
mutation is inactive when transfected individually or in combination with either MsG@-MsGCB1. When each is cotransfected with wild-

type MsGCB3, the level of guanylyl cyclase activity measured was similar or greater than the level of activity measured when wild-type
MsGC{33 was transfected alone. The results shown are the sum of six separate transfection experiments and because the alisaite level
activity varied between experiments, all the data are expressed as % activity compared to the activity measured wheMs@G@-B3pwas
transfected alone. Analysis of variance (ANOVA) showed that the activity measured when either mutant was transfectednalone or i
combination with MsGGx1 or MsGCB1 was not significantly differenP$0.05) from the activity measured in COS-7 cells transfected with
vector alone. (B) Coexpression of the two mutants generates an active enzyme38E£BGK and MsG@E3R537Q were transiently
coexpressed in COS-7 cellsy® of each plasmid) and the guanylyl cyclase activity measured and compared to COS-7 cells that had been
transfected with 1Qg of wild-type MsGCB3. Values are means e.M. of three determinations. (C) Western blot of representative
transfections showing that each mutant generates an equivalent level of fds@@wnoreactivity. COS-7 cells were transfected witlud.0
MsGC{33, 5ug MsGCH3 + 5ug MsGCf3E469K or 5ug MsGCf3 + 5ug MsGCH3R537Q and cell extracts analyzed by western blot. Each
sample was run on six separate lanes and the pixel density in each band quantified. A representative band is shown aiogeagach hi
There was no significant difference (ANOVA>0.05) between the pixel density of Ms@3-immunoreactivity for each transfection.

(D) Each mutant acts as a dominant negative when coexpressed with the NO-sensitive guanylyl cyclase subunits. COS-7asientigre t
transfected with the plasmids shown and assayed for guanylyl cyclase activity in the presence of Yvg@btl+ 125umol -1 sodium
nitroprusside (SNP). The activity levels were normalized for transfection efficiency and show that both mutants redute dhbdset and
NO-stimulated guanylyl cyclase activity. Both the basal and NO-stimulated activity was significantly lower (ANNQYA1) when the
mutants were cotransfected than in their absence. Values are nmegns &f three determinations.
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Fig. 6. Enzymatic properties of MsG&3 compared to MsGB3AC338. COS-7 cells were transiently transfected with the plasmids indicated

and assayed for guanylyl cyclase activity with GTP concentrations of 0.1 mrtwB mmol 1 in the presence of 4 mmaoHMgCl» (A,B) or

4 mmol -1 MnCl; (C,D). For each concentration the reaction was allowed to proceed for 5, 15 and 30 min and linear regression of these values
used to calculate a rate of reaction. The values were also plotted as double reciprocal plots (B,D), which demonstratd<tat f®tand
MsGCH3AC338 yield Hill coefficients of 1.0. Values for thgnax andKm were calculated from the untransformed data using the following
equation: Ratemaxx[GTP])/(Km+[GTP]) using GraphPad Prism 3.0 and are shown in Table 3.

Table 3.Kinetic parameters of MsGB3 and MsGCB34C338

Vmax
(pmoles mirmtmg-1protein) Km (mmol %) Hill coefficient
MgCl> MnCl2 MgCl2 MnCl2 MgCl2 MnCl2
MsGC{33 62.3+11.2 39.0+5.0 2.62+0.81 0.13+0.07 0.90+0.06 1.01+0.06
MsGC{33AC338 77.0£4.7 47.9+£3.7 0.40+0.08 0.22+0.05 1.16+0.13 0.89+0.06
ANOVA NS NS P<0.001 NS NS NS
MsGC{33AC29 26.8+0.9 ND 0.27+0.03 ND 1.03+0.07 ND

COS-7 cells were transiently transfected with Ms@8ZMsGC3AC338 or MsGOB3AC29 as described in Materials and methods. Cell
extracts were assayed for guanylyl cyclase activity in the presence of different concentrations of GTP and!4My@ikelbr 4 mmolt?
MnCly. For each GTP concentration, samples were incubated for 5, 15 and 30 min to ensure linearity of the rate of cGMP formation.

Values forVmaxandKm for MsGCf#33 and MsGOB3AC338 were calculated from the data shown in Fig. 6A,B.

The Hill coefficient was calculated as the slope of the line produced by plotting loyfratefate)]versudog[GTP].

A similar set of experiments was carried out using ME3BE29 but the data is not included in the graphs in Fig. 6.

NS, not significant; ND, not determined.

Km although the calculated value fdax was statistically influence of GTP concentration on the activity of MsGC-
indistinguishable. The linearity of double-reciprocal plotsB3AC29 in the presence of magnesium. The resulting values
(Fig. 6B,D) and calculations of the Hill coefficients (Table 3) of Km and Vmax are also shown in Table 3 and showed that
demonstrated that neither enzyme showed cooperativity wittieletion of the C-terminal 29 residues was sufficient to reduce
respect to GTP. In a separate experiment we also analyzed the Km for GTP.
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Discussion difference, however, between Ms@3-and the mammalian

When MsGCB3 was first cloned and partially characterized,f2 subunits is that the insect guanylyl cyclase is NO-
it exhibited several properties that were uniqgue among solublasensitive whereas rg® is weakly stimulated by NO (Koglin
guanylyl cyclases (Nighorn et al., 1999). When Ms@was et al., 2001).
expressed in COS-7 cells it was active in the absence of Another similarity between theManduca and rat
additional subunits and was insensitive to NO, whereas allomodimeric guanylyl cyclases is their low level of activity in
previously described soluble guanylyl cyclases werdghe presence of magnesium compared to manganese. Although
heterodimers that were stimulated by NO (Morton and Hudsomur initial report describing MsG@3 failed to detect any
2002). The primary sequence of Ms@B+evealed a potential activity in the presence of magnesium, the present study, using
structural basis for these two properties. The lack of twa more sensitive assay system, clearly showed that the enzyme
critical cysteine residues in the regulatory domain provided & active in the presence of magnesium. Furthermore, kinetic
rationale for its lack of NO sensitivity (Nighorn et al., 1999).analysis showed that thi€m for GTP in the presence of
The catalytic domain of both soluble and receptor guanylymagnesium is 20-fold higher than in the presence of
cyclases has been modeled based on the crystal structurenmdinganese. Wild-type r2 subunits showed no detectable
adenylyl cyclases and has been used to predict which residusszyme activity in the presence of magnesium. Mutating a
bind the GTP substrate (Liu et al., 1997). This analysis showegingle cysteine residue in the C-terminal isoprenylation
that soluble, heterodimeric guanylyl cyclases contain a singlgequence (CVVL), however, yielded an enzyme that did show
GTP binding site and homodimeric receptor guanylyl cyclasesignificant activity in the presence of magnesium (Koglin et
contain two (Liu et al., 1997). By comparing the residuesl., 2001). Interestingly, our data also revealed that alterations
predicted to bind to GTP in MsGR3 we predicted that it in the C terminus affected th&m in the presence of
should form active homodimers with two GTP binding sitesmagnesium. Removal of either the C-terminal 338 or 29
(Morton and Hudson, 2002; Fig. 4). The results described iresidues significantly reduced the calculated value oKthe
the present study confirm that Ms@3-does form active MsGC{3 also terminates in a consensus isoprenylation
homodimers. Firstly, in the presence of detergent botsequence (CRLI), although our data showed that the native
recombinant and native MsGE3 run on a gel filtration protein was found in the soluble fraction of nerve cord extracts,
column as homodimers. Although both recombinant and nativeuggesting that it is not modifigdvivo. It would be interesting
MsGC{33 also appear to form large aggregates in the present® determine whether mutating the equivalent cysteine residue
of detergents, it is not known whether this is due to thalso affects th&m of MSGCf3. It is also interesting to note
presence of detergents or whether Ms@&C-also forms the similarities in the values dfm for the insect and rat
aggregatesn vivo. Secondly, the use of point mutations enzymes. In the presence of 4 mmbrhanganese, r@2 has
confirms that dimers are necessary for enzyme activity. TheseKm of 0.375 mmolt! when unstimulated and 0.136 mntai |
point mutations, MsGB3E469K and MsG@3R537Q, were  when stimulated with NO (Koglin et al., 2001), which is very
inactive when expressed alone, but when coexpressed formsidhilar to the value we obtain for MsG&3- of 0.13 mmoltl.
an active enzyme. The simplest explanation of this data is that The finding that removal of the C-terminal domain of
each point mutation targets the same single GTP binding sitBlsGC{33 reduced theKm for GTP in the presence of
When expressed on their own, homodimers are formed witthnagnesium but not in the presence of manganese suggests a
both GTP-binding sites disrupted, but when coexpressedole for this novel domain. Receptor guanylyl cyclases and
heterodimers are formed that contain one disrupted and oNO-sensitive guanylyl cyclases show basal levels of activity
intact GTP binding site, enabling the enzyme to form cGMPin the presence of magnesium that are fully sensitive to their

MsGC{ 3 was the first soluble guanylyl cyclase identifiedrespective activators (peptide ligands, GCAPs or NO) (Lucas
that was active in the absence of additional subunits. A receat al., 2000). In the presence of manganese, however, these
report has shown that the 3 subunit is similarly active in guanylyl cyclases all exhibit maximal levels of catalytic
the absence of additional subunits (Koglin et al., 2001)activity that are insensitive to further stimulation (Lucas et al.,
Analysis of the residues predicted to form the active site sho®000). Full-length MsG@@3 has a higheKm in the presence
that, like MsGCB3 and receptor guanylyl cyclases, of magnesium compared to manganese, whereas the value of
mammaliar32 subunits have all the residues necessary to foridm of MsGC{33AC338 is similar in the presence of either
the catalytic site without the need for additional subunitation. This suggests that the C-terminal domain acts as an
(Fig. 4) and are all predicted to have two GTP binding sitesauto-inhibitory domain in the presence of magnesium, but in
Initial reports on the activity of mammalia@2 subunits the presence of manganese it has no effect. It is not known how
suggested that they only formed active heterodimers witMsGC{3 is activatedn vivo, but an intriguing possibility is
mammalian a subunits (Gupta et al., 1997), althoughthat removal of the C-terminal domain mimics this activation
subsequent studies failed to reproduce this data (e.g. Denningeocess, yielding a fully active guanylyl cyclase that is also
and Marletta, 1999). A more recent study (Koglin et al., 2001)produced when MsG@3 functions in the presence of
in combination with data from MsG3, appear to place both manganese.
guanylyl cyclases in a new group of homodimeric soluble Both MsGCf3 and rat32 also appear to interact with the
guanylyl cyclases (Morton and Hudson, 2002). A majoNO-sensitive heterodimeric subunits. Coexpression of all three
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rat subunits 1, B1 and (32) showed that with increasing closer to the situation seen with the two point mutations. Our
amounts of thg2 subunit the NO stimulation of the resulting kinetic analysis of MsG@3 reveals a Hill coefficient of 1.0,
mixture was reduced (Gupta et al., 1997). This suggested thag. that there is no cooperativity with respect to GTP, which
heterodimers between t2 and eithenl or31 were formed is consistent with a single GTP molecule binding per dimer.
and that these were less sensitive to NO thanathl  The rat B2 subunit also shows linear Michaelis—Menten
heterodimers. MsG@3 behaved in the same manner:kinetics in the presence of manganese (Koglin et al., 2001).
increasing the amount of MsGE3 coexpressed with MsGC- These findings contrast the situation with the homodimeric
al and MsGQ31 reduced the NO stimulation (Table 2). By receptor GC, GC-A, which shows positive cooperativity with
using tagged subunits we were also able to directlyespect to GTP in the presence of manganese (Wong et al.,
demonstrate that MsGB3 formed heterodimers with both 1995). Thus, although the data strongly support our hypothesis
MsGC-al and MsGQ(31. that both mutant/wild-type MsG@3 heterodimers are active,

In addition, coexpression of MsG&t and MsGCB1 with  our results suggest a possible different model for the catalytic
each of the two point mutations of Ms@3-demonstrated site of this homodimeric guanylyl cyclase. Interestingly, when
that the heterodimers formed between Ms@and MsGC- the two mutant MsG@3 subunits were expressed together,
al and MsGCB1 were inactive. The design of this substantially higher levels of guanylyl cyclase activity were
experiment assumed that Ms@3- formed two GTP- measured compared to an equivalent amount of wild-type
binding sites homologous to the two sites predicted foMsGC{33. This suggests that eliminating one of the GTP
vertebrate homodimeric receptor guanylyl cyclases (Liu ebinding sites removes a constraint of GTP binding, yielding a
al., 1997). The generation of an active enzyme when the twoore active enzyme. Although these equivalent mutations have
mutants were coexpressed appears to confirm that there d®en made in the homodimeric receptor guanylyl cyclase,
two GTP-binding sites. Neither of the mutants formed arRetGC-1 (Tucker et al., 1998), each mutant was only expressed
active enzyme when coexpressed with either MaACor  individually (each was inactive). It would be interesting to
MsGC{31. The conclusion that heterodimers betweerdetermine the total level of guanylyl cyclase activity if these
MsGC{33 and MsGCal or MsGCg1 are inactive depends mutations were coexpressed together or with wild-type RetGC-
on demonstrating that each mutant is capable of forming ah and compare the results with those we have obtained for
active heterodimer with wild-type MsGR3. The MsGC- MsGC{3.

B3E469K mutant was clearly active as a heterodimer with Overall, our data demonstrate that although MfEB3@&an
wild-type MsGCf3, as the level of activity when both form heterodimers with both MsG&1 and MsGCB1, these
plasmids were cotransfected was similar or greater than theterodimers are catalytically inactive. These results are
level of activity when wild-type MsG@3 was transfected somewhat surprising, as both heterodimers should have all
alone, even though only half the amount of wild-type MsGC+the residues necessary to form at least one GTP-binding site.
B3 plasmid was used. By contrast, coexpression of MsGCFhis suggests that although heterodimers are formed, they do
B3R537Q with wild-type MsG@3 always yielded lower not fold together correctly to form an active catalytic site. A
levels of activity (78%) compared to the activity measurecomplementary series of studies showed that humiaand
when wild-type MsG(B3 was expressed alone. A 1:1 ratio B1 subunits were each capable of forming homodimers and
of wild-type:mutant should yield a mixture of wild-type that they were inactive (Zabel et al., 1999). Whernothend
homodimers, heterodimers and mutant homodimers in aratpl subunits were coexpressed, homodimers were still
of 1:2:1. If the heterodimers have half the specific activityformed, but not as readily as heterodimers (Zabel et al.,
of wild-type homodimers (because they have a single activé999). We do not know the relative affinities of Ms@@8-

site compared to two), the total level of guanylyl cyclaseor the formation of homodimers compared to heterodimers
activity would be half that measured when wild-type MsGC-with MsGC-a1l or MsGCg1. Thus these studies seem to
B3 was expressed alone, if the total amount of plasmid wasiggest a general property of all soluble guanylyl cyclase
equal. By contrast, if the heterodimers were inactive, thesubunits; they can dimerize with any other subunit but are
the activity of the mixture should be 25% of the activityonly active as dimers with their appropriate subunit.
when only wild-type MsG@3 is expressed. Thus, the Specificity could be generated either by different relative
MsGC{33R537Q mutant also appears to form activeaffinities or by cell-specific expression patterns. It is not
heterodimers with wild-type MsG@3. known whether MsG@33 is ever coexpressed with either of

An alternative model is that although there are two potentighe NO-sensitive subunits, but it has been suggested that in
GTP-binding sites only one can be filled at a time — possiblthe kidney, mammalianl, B1 andB2 are coexpressed and
because they are too close to each other to allow théeir relative levels can contribute to alterations in renal NO
simultaneous binding of two GTP molecules. If this were thesensitivity (Gupta et al., 1997).
case, then mutating one of the binding sites would have no
effect on the specific activity of the heterodimer (or only a We wish to thank Dr Steven King for help and advice on
minimal effect), as it would still bind a single GTP molecule.the site-directed mutagenesis experiments and critical
A 1:1 mixture of mutant:wild-type MsG@3 would then be comments on the manuscript. This work was supported by an
about 75% as active as wild-type Ms@@-alone. This is NIH grant NS29740 to D.B.M.
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