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Soluble guanylyl cyclase (sGC) is a ubiquitous enzyme
that functions as a receptor for nitric oxide. Despite the
obligate heterodimeric nature of sGC, the sequence seg-
ments mediating subunit association have remained
elusive. Our initial screening for relevant interaction
site(s) in the most common sGC isoenzyme, «,f3;, identi-
fied two regions in each subunit, i.e. the regulatory do-
mains and the central regions, contributing to het-
erodimer formation. To map the relevant segments in
the B, subunit precisely, we constructed multiple N- and
C-terminal deletion variants and cotransfected them
with full-length «, in COS cells. Immunoprecipitation
revealed that a sequence segment spanning positions
204-408 mediates binding of 3, to «; The same region of
B,[204-408] was found to promote B,/8, homodimeriza-
tion. Fusion of 3,[204-408] to enhanced green fluores-
cent protein conferred binding activity to the recipient
protein. Coexpression of 3,[204-408] with «, or B, tar-
geted the sGC subunits for proteasomal degradation,
suggesting that ,[204-408] forms structurally deficient
complexes with «; and B,. Analysis of deletion con-
structs lacking portions of the B, dimerization region
identified two distinct segments contributing to «,; bind-
ing, i.e. an N-terminal site covering positions 204-244
and a C-terminal site at 379-408. Both sites are crucial
for sGC function because deletion of either site ren-
dered sGC dimerization-deficient and thus functionally
inactive. We conclude that the dimerization region of 3,
extends over 205 residues of its regulatory and central
domains and that two discontinuous sites of 41 and 30
residues, respectively, facilitate binding of $, to the «;
subunit of sGC.

The second messenger cGMP plays a critical role in the
regulation of smooth muscle tone, platelet aggregation, retinal
phototransduction, and neurotransmission (1, 2). It is produced
from GTP in a reaction catalyzed by guanylyl cyclase, of which
two types exist. The first guanylyl cyclase type includes a
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family of membrane-bound isoenzymes that are receptors for
natriuretic factors and intestinal peptides, and therefore has
been dubbed particulate GC (pGC)' (3). The second type of
guanylyl cyclase was originally thought to be entirely cytosolic
and was therefore named soluble guanylyl cyclase (sGC) (4, 5).
Indeed, the vast majority of sGC is found in the cytosolic
fraction of vascular smooth muscle cells; however, recent evi-
dence suggests that sGC may also associate with synaptosomal
membranes of neurons as well as with plasma membranes of
endothelial cells and platelets (6—8). Regardless of its subcel-
lular localization, sGC functions as a receptor for nitric oxide
(NO), i.e. the major endogenous activator of sGC which induces
an activity increase of 200-500-fold (5, 9). Carbon monoxide
can also stimulate sGC activity though to a lesser extent, up to
5-fold (5, 10). The best studied exogenous sGC activators are
organic nitrates, which mimic the action of endogenous NO, e.g.
in the treatment of angina pectoris. Other activators of sGC
have been reported to work independently of NO (YC-1) or
heme (BAY 58-2667) (11-13).

Originally sGC was purified as a heterodimeric protein from
bovine lung (14). Early evidence indicated that both the large
(a) and the small (B) subunits are essential for enzymatic
activity because transient expression of either « or 8 cDNA
alone failed to produce NO-inducible ¢cGMP accumulation,
whereas cotransfection of both subunits yielded a NO-sensitive
enzyme (15, 16). Inhibition of either a or B gene expression
using antisense oligonucleotides significantly attenuated sGC
activity (15). Thus heterodimerization appears to be an abso-
lute requirement for the expression of sGC activity. To date,
two isoforms for each sGC subunit have been identified, i.e.
and a, as well as B; and B, (17-19). The most common sGC
isoform «,B; is ubiquitously present in the human body, with
the nervous system, lung, and liver exhibiting the highest
levels of expression (20). The ayB; dimer is most abundant in
brain, uterus, and placenta (20, 21). The mRNA for human S,
is expressed in kidney and liver (19); however, the correspond-
ing dimers such as «; 3, or a,f, have not been identified in vivo.
Recently, a;/a; and B,/B; homodimers lacking cyclase activity
were reported to coexist with a;3; in transfected cells overex-
pressing both sGC subunits (22).

To date the three-dimensional structure of sGC is still un-
known. Based on structural comparisons with pGC and adeny-
lyl cyclases, each sGC subunit has been divided arbitrarily into

! The abbreviations used are: pGC, particulate guanylyl cyclase; CBS,
C-terminal binding site; EGFP, enhanced green fluorescent protein;
GST, glutathione S-transferase; NBS, N-terminal binding site; NO,
nitric oxide; sGC, soluble guanylyl cyclase; VSV, vesicular stomatitis
virus.
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three major domains: an N-terminal region containing the reg-
ulatory domain, a central region, and a C-terminal region com-
prising the catalytic domain (23, 24). The catalytic domains of
oy and B; consist of ~250 residues, and they are the best
conserved regions between the various subunits and among
sGCs from various species. The regulatory domain of 3; con-
tains a heme binding region where His!'%® links to Fe?" of the
prosthetic group (25). The corresponding domain of @, does not
participate in heme binding but carries a regulatory site at
positions 259-364 which is necessary for the activation by NO
(26). The central region of the sGC subunits is often referred to
as the putative “dimerization domain” based on circumstantial
evidence and extrapolation of information available from the
sequence mediating homodimerization of pGC (27). In silico
analyses have predicted that sGC dimerization site(s) are ex-
posed by sequence segments spanning positions 312-377 (28)
or 340-384 (29); however, experimental data confirming or
refuting these predictions are still lacking.

Here we have set out to map the sequence segments medi-
ating heterodimerization of mammalian sGC subunits. Our
main findings are that the dimerization region of the 3, sub-
unit contacting the «; subunit extends over more than 200
residues (positions 204—-408), covering the C-terminal half of
the regulatory domain and the entire central region. Within
this dimerization region we have identified two separate sites,
an N-terminal binding site spanning residues 204—244 and a
C-terminal binding site at 379—-408, each contributing to het-
erodimerization and thus functional expression of mammalian
sGCs.

EXPERIMENTAL PROCEDURES

Materials—Dulbecco’s modified Eagle’s medium and fetal calf serum
were obtained from Invitrogen. Cell culture plasticware was from
Greiner (Frickenhausen, Germany). The BL21-codon plus strain of
Escherichia coli was from Stratagene (La Jolla, CA). Monoclonal an-
ti-V5 antibody, platinum Pfx DNA polymerase, and the pcDNA3.1 Di-
rectional TOPO Expression kit were from Invitrogen. The ¢cGMP en-
zyme immunoassay kits were from R&D Systems (Minneapolis).
SuperSignal West Pico chemiluminescent substrate was from Pierce.
The DC protein assay kit, Tween 20, and other immunoblotting re-
agents were from Bio-Rad. jetPEI transfection reagent was from
Polyplus-transfection (Illkirch, France). Protein G-agarose beads and
nitrocellulose membrane Hybond ECL were from Amersham Bio-
sciences. All other reagents including agarose beads coupled to gluta-
thione, antibodies to B; and VSV (P5D4), penicillin, streptomycin,
isobutylmethylxanthine, sodium nitroprusside, bovine serum albumin,
phenylmethylsulfonyl fluoride, aprotinin, EGTA, EDTA, and pepstatin
were from Sigma.

Antibodies to sGC Subunits—The sequence corresponding to amino
acids 1-470 of the a; subunit was amplified by PCR and subcloned into
the pGEX-Kg vector. The fusion protein of glutathione S-transferase
and «; (GST-«a,) was isolated from BL21-codon plus E. coli by standard
techniques and used to immunize rabbits. The resulting antibody spe-
cifically recognized the «; subunit, i.e. it did not cross-react with the 3,
sGC subunit. For affinity purification GST-a; was cross-linked to glu-
tathione-Sepharose. Alternatively subunit-specific antibodies were
raised in rabbits against synthetic peptides derived from human «,
(residues 94-121) or B, (residues 593-614). For affinity purification of
the antibodies, the respective peptides were covalently coupled to Affi-
Gel 10 (Bio-Rad).

Yeast Interaction Trap Assay—Vectors pEG202 and pJG4-5 and
yeast strains EGY48 and RFY206 for the interaction trap assay were
generously provided by Roger Brent (Boston). Plasmids expressing hu-
man (3,[1-348], B,[349-403], or B,[404-619] fused to the LexA DNA
binding domain were introduced in yeast strain EGY48 (MAT« trpl
his3 ura3 leu2::6LexAop-LEU2) containing the reporter plasmid
pSH18-34. Plasmids expressing p,[1-348], B,[349-403], or B,[404—
619] fused to the B42 activation domain were introduced in RFY206
(MATa trpl::hisG his3A200 ura3-52 lys2A201 leu2-3). For mating, cell
suspensions of both strains (50 ul each) were mixed and incubated in
rich medium (YPD) at 30 °C for 14-16 h. Interactions were validated by
growth and blue coloring on minimal agar plates lacking uracil, histi-
dine, tryptophan, and leucine, supplemented with 2% galactose, 1%
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raffinose, and 80 pg/ml 5-bromo-4-chloro-3-indolyl-B-p-galactopyrano-
side (X-gal).

Construction of Expression Plasmids for sGC Subunit Mutants—The
c¢DNAs for human sGC «; and B, fused to an N-terminal VSV epitope
were subcloned into a modified pSG5 vector, pSG8VSV(EcX). The
c¢DNAs for rat «; with an N-terminal myc-tag, rat 8; with a C-terminal
V5 tag, and deletion mutants thereof were generated by PCR and cloned
into the pcDNA3.1/V5-His TOPO vector using standard methodology.
All ¢cDNA constructs used in this study were sequenced prior to use.

Transfection of COS Cells—African green monkey kidney COSm6
cells were cultured in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal calf serum. Cells plated in 6-well plates at a
density of 2 X 10° cells/well were grown overnight. Cells were trans-
fected with appropriate plasmids using jetPEI transfection reagent
according to the manufacturer’s instructions, applying a total of 3 ug of
DNA and 6 pl of jetPEI/well. For cotransfection experiments, equal
amounts of DNA were used for each plasmid. Alternatively, we used
transient transfections of COS1 cells applying the DEAE-dextran
method. For a 10-cm dish 5.4 X 10° cells were washed with phosphate-
buffered saline, and expression plasmids were applied in 5.7 ml of
serum-free medium mixed with 300 pl of DEAE-dextran (1 mg/ml) and
12 wpl of chloroquine (50 mg/ml). After incubation for 2.5 h, cells were
treated with 10% dimethyl sulfoxide in phosphate-buffered saline for 2
min and cultured in Dulbecco’s modified Eagle’s medium and 10% fetal
calf serum for 30—48 h prior to use.

Immunoprecipitation and Western Blotting—Cells were harvested
30—48 h after transfection and lysed in a buffer containing 1% Triton
X-100, 50 mM Tris-HCI, pH 7.5, 150 mMm NaCl, 50 mm NaF, 1 mm EDTA,
0.1 mm EGTA, 1 mMm NayVO,, 0.5% deoxycholic acid, 0.1% SDS, 10
ug/ml aprotinin, 10 pg/ml pepstatin, and 20 mM phenylmethylsulfonyl
fluoride. Cellular debris was pelleted at 12,000 X g for 10 min, the
supernatants were collected, and their protein concentrations deter-
mined. Cell lysates containing 200—250 g of protein were incubated
overnight at 4 °C with anti-myc or anti-VSV followed by protein G-
coupled agarose beads; alternatively, anti-myc conjugated to agarose
beads was used. Using 250 ug of total lysate protein and anti-myc for
immunoprecipitation, 25-40% of myc-tagged «; was recovered from
total sGC input. Immunoprecipitated proteins or cell lysates were sub-
jected to SDS-PAGE on 10% polyacrylamide gels and transferred to
nitrocellulose membranes. The membranes were blocked with 5% dry
milk in TBS-T (10 mm Tris, pH 7.5, 100 mm NacCl, 0.1% Tween 20) for
1 h at room temperature, rinsed, and incubated overnight at 4 °C with
primary antibody in 3% milk, TBS-T. Subsequently, the blots were
incubated with secondary antibody for 2 h at room temperature. Im-
munoreactive proteins were detected using the SuperSignal chemilu-
minescence kit.

c¢GMP Enzyme Immunoassay—48 h after transfection the cells were
washed with Earle’s balanced salt solution and incubated in it in the
presence of 1 mM phosphodiesterase inhibitor isobutylmethylxanthine
for 15 min with or without 100 um sodium nitroprusside. Media were
aspirated, and 0.1 N HCI was added to extract cGMP. After 30 min, HCI
extracts were collected, and cGMP was quantified.

Quantitative Reverse Transcription-PCR—Cells (2.4 X 10°) were har-
vested into 500 ul of TriZol (Molecular Research, Cincinnati, OH). Total
RNA was extracted and quantified, and 200 ng of each sample was
reversely transcribed into cDNA (iISCRIPT ¢cDNA kit, Bio-Rad). Two ul
of each cDNA sample was used as template for the amplification reac-
tion carried out with Assays-on-Demand™ Gene Expression Products
(Applied Biosystems, Foster City, CA) following the manufacturer’s
instructions. PCR amplifications were carried out in a Light Cycler
System (Bio-Rad) and analyzed with the LightCycler™ IQ software 3.0.
The level of target mRNA (sGCa;) was quantitated by determining the
amplification cycle where the respective PCR products were first de-
tected (C;) and normalized to the endogenous 18 S rRNA level.

RESULTS

Identification of the Segments Involved in «a;/B; Het-
erodimerization—To map grossly the sequence segments in-
volved in sGC dimerization, we dissected the human «; and B;
subunits into three major segments, i.e. the N-terminal portion
including the regulatory domain (positions 1-419 in «; and
1-348 in B, respectively), the central region (422—-466 and
349-403), and the C-terminal portion comprising the catalytic
domain (466—-690 and 404-619). Using the yeast interaction
trap assay we found that the N-terminal regulatory domains
and the central regions of «; and B; consistently showed mu-
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Fic. 1. Schematic representation of rat B, constructs. The heme binding region is shown in gray (residues 80-139), and the cyclase catalytic
domain is defined by the hatched area (residues 412—606). The NBS (204—-244) is represented by the dotted area, and the CBS (379-408) is shown
in black. Numbers identify the relative positions in the amino acid sequence. Retained sequences are bracketed, and deleted sequences are indicated

by the prefix A.

tual interactions, whereas other combinations did not (data not
shown). In COS cells binding of full-length o, to B, was sensi-
tive to the deletion of the B; central region (positions 349—-403)
but not of the B; catalytic domain (404—-619) (data not shown).
These initial results pointed to a role of both the N-terminal
portions and central regions of the sGC subunits in het-
erodimer formation.

Studies with N- and C-terminal Truncation Variants of the
B; Subunit—To define more precisely the sequence segments
participating in sGC dimerization, we dissected the rat B,
subunit which is almost identical to its human homolog (98.5%
sequence identity). We generated a number of N-terminal, C-
terminal, and internal deletion mutants (summarized in Fig. 1)
and coexpressed them with the myc-tagged rat «; in COS cells.
We first analyzed the deletion mutants where we had progres-
sively shortened the C-terminal portion of B; by 183 residues
(B,[1-436]), 211 residues (B,[1-408]), and 240 residues (B;[1-
379]). Although similar expression levels were achieved for the
various forms, only the longer variants p;[1-436] and B,[1-
408] but not the shortest variant B,[1-379] lacking the entire
catalytic domain and part of the central region were present in
anti-myc immunoprecipitates (Fig. 2A). In the reverse ap-
proach using cells cotransfected with wild-type «; and Hisg-
tagged full-length B, or its C-terminal deletion mutants, we
coprecipitated «; from cell lysates containing full-length ; or
B1[1-408] but not from cells expressing 8,[1-379] (not shown).
Thus, the C-terminal 211 residues (positions 409-619) of B,
are dispensable for heterodimerization, whereas residues 380—
408 appear to be critical for binding to «;.

Next we tested V5-tagged B; mutants with progressive dele-
tions of the N-terminal portion by 61 (B;[62—-619]), 203
(B,1204-619]), 303 (B,[304-619]), 346 (B,[347-619]), or 379
residues ($3,[380-619]). After coexpression of the ; deletion
constructs with full-length myc-tagged «, followed by immuno-
precipitation with anti-myc and Western blotting with anti-V5,
we observed that ; constructs lacking the first 61 or 203 amino

acids fully retain their ability to bind to «; (Fig. 2B). Further
shortening of the N terminus by 303, 346, or 379 residues
drastically reduced the presence of B; in anti-myc immunopre-
cipitates, suggesting that the segment spanning positions 204 —
303 (or parts thereof) may be involved in «,/B; heterodimeriza-
tion. Importantly, the difference in binding of the B, deletion
mutants to «; cannot be attributed to differences in the expres-
sion levels of «; or B; constructs, nor is it because of different
amounts of immunoprecipitated «, (cf. control panels in Fig.
2B). It should, however, be noted that after prolonged exposure
faint signals were observed for the p,[304—619] and 3,[347—
619] deletion mutants (not shown). The above data taken to-
gether suggest that the sequence segment spanning residues
204—408 of B, contains the structural elements mediating het-
erodimerization with «; and that two distinct subsegments
extending over positions 204-303 and 380—-408 are critically
involved in this binding.

Identification of Two Distinct Binding Sites Mediating Het-
erodimerization—To study further the relative contributions of
the various sequence segments for heterodimerization we gen-
erated internal deletion mutants of B; affecting the critical
region between positions 204—408 and coexpressed them with
myc-tagged «;. Binding to «; was reduced moderately for full-
length B, lacking positions 204 -244 (3,A204-244) or positions
204-303 (B;A204-303) and was reduced drastically for dele-
tion mutants 8;A379-408 and B;A379-436 (Fig. 3). Because
we did not observe a significant difference in the binding to oy
between (3,A204-244 and B,A204-303, we concluded that the
region spanning residues 245-303 does not contain critical
residues for heterodimer formation. Moreover, deletion of the
segment 379-408 further reduced the binding affinity of
B1A204-244 mutant, almost to background level (Fig. 3). Thus
it appears that segment 204408 mediates 3, binding to ¢; and
that the C-terminal portion covering positions 379—-408 of B,
exposes a major binding site for a,;, whereas the N-terminal
portion of 204-244 of B, contributes a minor interaction site.
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Fic. 2. Heterodimerization of truncation mutants of g,. A, COS
cells were cotransfected with the cDNAs encoding myc-tagged «; and
full-length or various deletion mutants of B, of rat sGC. Immunopre-
cipitation (IP) was done with anti-myc, and the resultant precipitates
were analyzed by SDS-PAGE and Western blotting (WB) with an anti-
body to a, (fop) or B, (middle). Expression of B, deletion mutants was
monitored in lysates using anti-B; (bottom). wt, wild-type. B, COS cells
were cotransfected with cDNAs encoding myc-tagged «, and V5-tagged
wild-type B, or deletion mutants thereof, as indicated. The presence of
equal amounts of «; in the immunoprecipitates was followed by West-
ern blotting with anti-a, (fop). Immunoprecipitates with anti-myc were
analyzed by Western blotting using anti-V5 (upper middle). To follow
expression levels, cell lysates were blotted with anti-a; or anti-V5
(lower middle and bottom, respectively). Representatives of experi-
ments repeated at least twice with identical results are shown.

Effects of the Expressed Binding Site Segment—If our notion
is correct that sequence segment of 204—-408 of the 3, subunit
is necessary and sufficient to mediate binding to «;, we rea-
soned that (i) full-length «; should bind to the critical sequence
segment of 8,[204—408] thereby producing an inactive cyclase
and that (ii) fusion of 3,[204—-408] to an unrelated partner, e.g.
EGFP, should confer «; binding activity to the recipient pro-
tein. To test the former assumption, we coexpressed wild-type
a; with VSV-tagged ,[204—-408] in COS cells and applied an
antiserum to a; under the same conditions successfully used
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Fic. 3. Selective deletion of segments from the dimerization
region. COS cells were cotransfected with cDNAs encoding myc-tagged
a, and wild-type (wt) B, or its deletion mutants. The presence of equal
amounts of «; in the immunoprecipitates (IP) done with anti-myc was
followed by Western blotting (WB) using anti-«, (top). Western blots of
the immunoprecipitates were analyzed by anti-B, (upper middle). To
monitor expression levels lysates were blotted with anti-«; or anti-p,
(lower middle and bottom, respectively). Blots are representative of
experiments repeated at least two times with identical results. The
arrowhead marks the 8;A204-303/379—-436 protein. The designation of
the constructs is according to Fig. 1.

for coimmunoprecipitation of the various B; mutants (see
above). Surprisingly cells cotransfected with 3,[204—-408] had
greatly reduced «; levels compared with cells coexpressing
unrelated protein AGAP1-PH (Fig. 4A), and antibodies to «;
failed to coprecipitate significant amounts of 8,[204—408] (not
shown) although the protein was clearly present in cell lysates
(Fig. 4A). Using real time PCR we found that the relative
expression levels of a; mRNA were almost identical in the
presence of 3,[204—408] or control protein, indicating that «;
protein was selectively down-regulated in the presence of
B1[204—-408]. Indeed coexpresssion of «; and increasing
amounts of 3;[204-408] revealed a gradual decrease in «a;
protein levels, whereas increasing expression levels of the con-
trol protein IA2Bcyt did not affect «, protein levels (Fig. 4B).
Thus we reasoned that coexpression of and complex formation
with ;[204—-408] targets «; for intracellular degradation.

To test this intriguing possibility we incubated cells express-
ing wild-type «; and 3,[204—-408] for 12 h in the presence of
broad specific proteasome inhibitors MG132 and epoxomycin.
Both inhibitors significantly increased the intracellular «; pro-
tein levels, although they did not fully reverse the effect of
B11204—-408] coexpression (Fig. 4C), supporting the idea that
B1[204—-408] binding targets wild-type «; for proteasomal deg-
radation. To test whether 8,[204—408] may also interfere with
the complex formation between the full-length sGC subunits
we cotransfected COS1 cells with wild-type «; and B; and
increasing amounts of 3,[204—408]; for control unrelated pro-
tein IA2Bcyt was used. Increasing levels of B,[204—408] were
paralleled by decreasing levels of a; and B;, and this effect was
partially reversed in the presence of the proteasome inhibitor
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Fic. 4. Effect of coexpression of B, dimerization region on «, protein level. A, lysates of COS cells cotransfected with cDNAs encoding
a; and VSV-tagged $3,[204—-408] or unrelated protein AGAP1-PH was analyzed by anti-«, (fop) or anti-VSV (bottom). The relative expression levels

of a; mRNA were quantified by real time PCR at 48 h post-transfection and

normalized for endogenous 18 S rRNA (ACy; arrowheads). wt, wild-type;

WB, Western blot. B, COS cells were cotransfected with 0.5 ug of a;, decreasing amounts of cDNA encoding VSV-tagged 3,[204-408] (2.0-0 png),
and increasing amounts (0-2.0 ug) of control protein AGAP1-PH. Protein levels were monitored by Western blotting of total cell lysates using

anti-a, (top) or anti-VSV (bottom). C, COS cells expressing wild-type «,

in the absence (—) or presence (+) of VSV-tagged ,[204—-408] were

incubated for 12 h with (+) or without (—) proteasome inhibitors 10 um MG132 or 5 uM epoxomycin, as indicated. Protein levels were monitored
by Western blotting of lysates using anti-«;. D, COS cells expressing «; and 3; were cotransfected with increasing amounts (0—0.75 ug) of cDNA
encoding VSV-tagged 8,[204—408] and control protein VSV-IA2fAcyt, as indicated. Cells were preincubated for 12 h in the absence (—) or presence
(+) of 10 um MG132. Western blotting of lysates was done with anti-«; (fop), anti-B; (upper middle), or anti-VSV (lower middle). To monitor protein
loading, lysates were probed for actin (bottom). The expression levels of «; mRNA were quantified by real time PCR and normalized for endogenous
18 S rRNA at 48 h post-transfection (AC.; arrowheads). Blots are representative of experiments done at least twice with identical results.

MG132 (Fig. 4D, upper panels). Under the conditions of this
experiment the levels of 3;[204-408] but not those of the
control protein were also up-regulated in the presence of
MG132 (Fig. 4D, open arrowheads). Because the a¢; mRNA
levels were unchanged (Fig. 4D, bottom, arrowheads) we con-
clude that coexpression of «; and (,[204-408] results in a
dramatic down-regulation of «; even at low levels of 8,[204—
408], possibly by binding to and targeting of the «; subunit for
intracellular degradation.

Segment B3,/204-408] Confers Binding Activity to EGFP—To
test whether we can confer the «; binding capacity to a recip-
ient protein, we fused the relevant sequence segment of 3, to
EGFP. Immunoprecipitation of myec-tagged «,; coexpressed
with EGFP-B,[200-408] in COS cells demonstrated that anti-
myc brought down significant amounts of the EGFP fused to
B1[200—-408], whereas the authentic EGFP protein failed to
coprecipitate with «, protein. By contrast fusion proteins con-
taining a single individual binding site, i.e. EGFP-3,[200-244]
for the N-terminal site (not shown) and EGFP-3,[379-408] for
the C-terminal site, failed to coprecipitate with myc-tagged a;
(Fig. 5). Of note the expression level of «, is lowered (but not

nullified) in the presence of the 3, segment spanning the entire
binding region (3,[200-408]), whereas constructs holding full-
length B, or B;[379-408] did not change a; protein levels
compared with unfused EGFP. Thus the region 204—408 of 3,
appears to be necessary and sufficient to mediate heterodimer-
ization with «,, whereas the individual N- and C-terminal
binding sites are necessary but not sufficient to drive the in-
teraction between EGFP and the «; subunit.

Functional Significance of the Binding Segment—To test
whether the cGMP forming capacity of sGC is affected by the B,
sites involved in subunit heterodimerization, we initially trans-
fected COS cells overexpressing wild-type a; B; with increasing
levels of 3,[204—408]. Stimulation of cells with sodium nitro-
prusside resulted in a >30-fold increase in their intracellular
¢GMP concentration; however, cells that had been cotrans-
fected with B,[204—408] failed to produce significant amounts
of cGMP, even at the lowest expression levels of 3,[204—-408].
Likewise, deletion mutant B;A204-303, retaining its «; bind-
ing capacity though at a reduced level, failed to produce cyclase
activity when coexpressed with «a; (not shown). Hence it is
likely that the combined effects of functional deficiency result-
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Fic. 5. Coprecipitation of B, dimerization region fused to
EGFP. COS cells were cotransfected with the cDNAs encoding myc-
tagged «; and EGFP fused to B, segments 200—408 or 379-408 or to
wild-type B,. Western blots (WB) of the immunoprecipitates (IP) using
anti-myc were analyzed by anti-a; (top) or anti-GFP (upper middle). To
monitor expression levels, lysates were blotted with antibodies to a, or
to GFP (lower middle and bottom, respectively). Blots are representa-
tive of experiments repeated at least twice with identical results.

ing from failing complementation of the active site as well as
proteasomal targeting of sGC subunits abrogated cyclase ac-
tivity. To overcome this problem we tested EGFP-3,[204—-408]
fusion constructs, which reduce «, levels without nullifying
them (c¢f. Fig. 5). Coexpression of wild-type «,8; and EGFP-
B1[204—-408] showed a moderate though significant inhibition
of both the basal and sodium nitroprusside-stimulated cGMP
accumulation by 35.2 * 4.0% and 17.5 = 3.3%, respectively,
indicating that EGFP-B,[204-408] interferes with sGC activ-
ity, possibly by replacing the full-length B; subunit in the
native «;; complex.

Sites Involved in B, Homodimerization—Because ho-
modimerization of single subunits has been implicated in
limiting the c¢cGMP-generating capacity of cells we asked
whether the same B; sequence segments mediating the inter-
action with the «; subunit may also be involved in the ho-
modimerization of B;. Employing the yeast interaction trap
assay we could demonstrate that p,[1-348] embedding the
entire N-terminal binding site readily interacts with 3,[349—
403] holding major part of the C-terminal binding site and
that both constructs tended to self-associate, whereas
B1[404—-619] comprising the catalytic domain failed to inter-
act (not shown). In line with these observations myc-tagged
full-length B, coprecipitated with B,[204-619] but not with
the shorter forms of 8,[302-619] and 3,[379-619] from COS
cell lysates (Fig. 6A). Also, the C-terminal deletion mutant of
B1[1-408] was recovered from precipitates of Hisg-tagged
full-length B, with Ni®>*-agarose (Fig. 6B). In COS cells co-
transfected with Hisg-tagged B, and EGFP-B,[200-408] we
detected the EGFP fusion protein applying NiZ*-agarose
(Fig. 6C). Finally, we were able to precipitate full-length B,
from lysates of cells coexpressing ; and VSV-B,[204-408]

Mapping of sGC Dimerization Region

using anti-VSV (Fig. 7A). Of note, the protein level of wild-
type B; was significantly reduced by the coexpression of
B1[204-408] but not of control protein IA2Bcyt (Fig. 7B),
confirming and extending our previous conclusion that
B11204—-408] may bind to heteronymous (@) or homonymous
(B) interaction partners and target them for intracellular
degradation. Together these data demonstrate that the 204 —
408 region mediating «,/B; heterodimerization is also in-
volved in (,/B; homodimerization.

DISCUSSION

Protein-protein interactions are among the fundamental
mechanisms that help to shape the architecture of the cytoskel-
eton, to build up intracellular signaling networks, and to me-
diate the export and import over cellular membranes (30).
Recent advances in the analysis of the human proteome have
highlighted the multiplicity of interactions among cellular pro-
teins, and many novel interactions are currently being identi-
fied by pull-down assays/mass spectrometry and fluorescence
resonance energy transfer (FRET) techniques (31). Among the
most frequent forms of protein interactions are homo- and
heterodimerizations, which often depend on post-translational
modifications of the binding partners. Dimerization is fre-
quently entailed by changes in the location of proteins, by
modulation of their ligand affinity, and/or by alteration of their
enzymatic capacity. One such example is provided by sGC, a
heterodimeric heme-containing enzyme representing the major
intracellular NO receptor of mammalian cells.

The molecular mechanisms underlying sGC activity regula-
tion have been studied extensively. By contrast, the structural
basis of sGC heterodimerization has remained poorly under-
stood, even though it has been known for more than a decade
that association of the nascent a and B subunits is a key event
in the formation of active sGC. The failure of previous attempts
to produce active sGC enzyme by mixing recombinantly ex-
pressed « and B subunits further underlines this point (16). In
a first step toward a deeper understanding of the molecular
mechanisms underlying sGC heterodimerization we have
mapped precisely the interactions site of the B; subunit of
mammalian sGC. Our study has revealed several unexpected
findings: first, the sequence segment mediating dimerization of
B, extends over 205 residues (positions 204—408; herein re-
ferred to as the dimerization region) and covers sequences of
the regulatory domain as well as the entire central region, i.e.
the dimerization region of B, is more extended than previously
thought (28, 29) stretching over a larger segment than the
corresponding homodimerization region in the pGC subunits
(27). Second, the B, dimerization region is bipartite, i.e. it has
a minor N-terminal binding site (herein dubbed NBS) located
in the regulatory domain and a major C-terminal binding site
(CBS) situated in the central region. The main evidence that
the CBS represents the major binding site is that (i) internal
deletion mutants lacking the CBS bind «; more weakly than
mutants lacking NBS, and that (ii) C-terminal mutant B;[1-
379] retaining NBS shows no binding, whereas N-terminal
mutant ,[304-619] retaining CBS shows weak binding to a;.
Third, the “isolated” dimerization region of 3,[204—408] ap-
pears to bind to both «; and B; and target them for proteasomal
degradation, possibly following dissociation of the «,3; dimer.
Our preliminary experiments support this latter possibility:
coexpression of increasing amounts of 3,[204—-408] with wild-
type «; and full-length B; or shortened B; variants in the
presence of MG132 indicated that 8,[204—408] can displace B,
B1162—619] or B,[204-619], although with grossly varying ef-
ficacy (not shown).

Because specific binding sites are often well conserved
among mammalian species, we compared the human, mouse,
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IP: anti-myc
WB: anti-V5
Fic. 6. Mapping of segments in-
volved in 8, homodimer formation. A,
COS cells were cotransfected with cDNAs lysate
encoding myc-tagged full-length B; and WB: anti-B
V5-tagged B, mutants, as indicated. Im- 1
munoprecipitates (IP) with anti-myc were
analyzed by Western blotting (WB) using
anti-V5 (top). To monitor expression lev-
els, lysates were blotted with anti-B; or lysate
anti-V5 (middle and bottom, respec- WB: anti-V5

tively). B, COS cells were cotransfected
with cDNAs encoding V5/Hisg-tagged full-
length B, and wild-type (wt) B, or B;[1-
408]. Ni?*-agarose-bound Hiss-tagged B,
(top) or total cell lysates (bottom) were
subjected to SDS-PAGE and blotted with
anti-B;. C, COS cells were cotransfected
with ¢DNAs encoding V5/Hisg-tagged B,
and EGFP or EGFP fused to full-length
B;, B1[200-408], or B,[379—-408]. Western
blots of precipitates using Ni%?*-agarose
were analyzed by anti-B; (top) or anti-
GFP (middle). To monitor expression lev-
els, lysates were blotted with anti-GFP
(bottom). Blots are representatives of ex-
periments repeated at least twice with
identical results. The open arrowhead in-
dicates proteolytic degradation product.

rat, and bovine sequences and found that the CBS sequences
are identical among the various species and that only two
conservative exchanges (Glu for Asp; Asp for Asn) occur in the
corresponding NBS segments. Even for nonmammalian 8 sub-
units from Drosophila melanogaster, Manduca sexta and Cae-
norhabditis elegans, the sequence identity for the two predicted
binding sites is well above their average sequence identity
(41.5-96.7% versus 33—88%). Thus the two distinct binding
sites have been well conserved through evolution, and one may
anticipate that most, if not all, mammalian and nonmamma-
lian sGCs use them. Given that we have characterized the
dimerization region of B, in some detail, one may wonder about
the corresponding site(s) in the «; subunit. Our preliminary
mapping studies indicate that «; likely has a dimerization
region extending over the regulatory domain and the central
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region and that the latter portion contains the major binding
site, whereas the former appears to hold an accessory binding
site.? Sequence comparisons of the relevant portions of «; and
B, revealed an NBS-like sequence at positions 271-312 and a
CBS-like sequence at positions 438-467 of rat «a; with se-
quence identities of 46.3 and 50.0%, respectively, whereas the
overall sequence identity among the two subunits is 29.8% (Fig.
8). Thus it is likely that the a; subunit holds a similar discon-
tinuous binding module. Because 8; may also interact with the
a, subunit we compared the corresponding segments and found
that the sequences of NBS (identity 43.9%; positions 312—-352 of
ay) and CBS (56.7%; 477-506) are also well conserved among

2 7. Zhou, S. Gross, C. Roussos, S. Meurer, W. Miiller-Esterl, and A.
Papapetropoulos, unpublished experiments.
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Fic. 7. Expression of the dimerization region reduces g, lev-
els. A, COS cells were cotransfected with ¢cDNAs encoding wild-type
(wt) B; and VSV-tagged ,[204—408]. Immunoprecipitates (IP) using
anti-VSV were blotted with anti-B; (top). For control, lysates were
blotted with anti-B; (middle) or anti-VSV (bottom). WB, Western blot-
ting. B, COS cells expressing wild-type B; were cotransfected with
varying amounts of ¢cDNA encoding VSV-tagged B,[204-408] (2.0-0
ug) or control protein IA2Bcyt (0-2.0 ng). Protein levels were monitored
by Western blotting of lysates using anti-B, (top) or anti-VSV (bottom).
Blots are representative of experiments repeated at least twice with
identical results.

NBS
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Fic. 8. Sequence comparison of the NBS and CBS units in «,
and B,. The homologous sequence segments of the rat a; (upper line)
and B; subunit (lower line) are given for NBS (top) and CBS (bottom).
Identical residues are marked by asterisks. Insertion of a single gap was
allowed to optimize the alignment for NBS. Numbers indicate the
relative positions in the amino acid sequence of the sGC subunits.

this subunit combination. Throughout the comparisons, the
CBS sequence was less variant than the NBS sequence, and
these data may reflect the dominance of CBS over NBS.
What are the relative orientations of the binding sites ex-
posed by «; and B; subunits? At this time we cannot provide
conclusive experimental evidence for a parallel or an antipar-
allel arrangement; however, the fact that both the regulatory
and the catalytic domains of «; and B; show structural and
functional complementation clearly favors the parallel model.
It is conceivable that two sites are juxtaposed in the native
conformation of sGC such that the CBS segment of one subunit
may bind to both NBS and CBS of the other subunit, and vice
versa. The parallel arrangement of the two subunits would also
provide an intuitive answer to the question why heterodimer-
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ization of the sGC subunits is favored over homodimerization
in native cells (22). Because three domains (regulatory, central,
catalytic) complement each other in the heterodimer and only a
single one (central) in the homodimer, one may predict that the
former process is kinetically favored over the latter.

An unanticipated finding of this study is the identification of
two distinct binding sites within a contiguous dimerization
region of B; which appear to cooperate in «; binding. Perhaps
the best evidence for this claim comes from the failing of the
fused individual binding sites (positions 204244 and 379—
408) to confer «; binding competence to EGFP. Hence the
intervening sequence (245-378) likely contributes to the for-
mation of a functional binding region, probably by bringing
NBS and CBS in proximity such that they can bind jointly to
a;. Our preliminary finding that a deletion mutant 3,A304-
379 lacking major part of the intervening sequence has reduced
binding affinity for «,® lends further credit to this notion.
Another surprising finding is the dominant-negative role of the
isolated dimerization region $3,[204—408] binding to the native
subunits and targeting them for degradation, most likely via
the proteasome. Binding of ,[204-408] appears to have a
greater impact on the stability of a4, as indicated by our find-
ings that «, protein was more readily down-regulated than B,
protein and that ,[204-408] was readily detected in B; but
not in «,; coimmunoprecipitates. These phenomena might re-
late to the fact that only p; but not «, interacts with and is
stabilized by heat shock protein hsp90 (6). It is tempting to
speculate that expression of alternatively spliced variants or
isoforms of the B subunit exposing modified N- or C-terminal
portions but retaining the dimerization region may contribute
to the fine tuning of cellular cyclase activity through targeted
degradation of the resultant complexes. Notably various iso-
forms of human and rat p, expressed in kidney, liver, and brain
(19, 32) are characterized by N-terminal truncations of up to 79
residues and C-terminal extensions of up to 63 residues com-
pared with the corresponding 3, subunits (19, 33, 34). Among
these, the rat B, isoform has been shown to reduce considerably
the activity of coexpressed «yB; in vitro, and therefore en-
hanced expression of B, has been implicated in the down-
regulation of renal guanylyl cyclase activity in Dahl salt-sen-
sitive rats (35). Hence the mutual binding sites of sGC subunits
may present interesting targets for therapeutic interventions
aimed at modulating basal as well as NO-driven cGMP produc-
tion in vascular cells.
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