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ABSTRACT. The rod outer segment membrane guanylate cyclase type 1 (ROS-GC1), originally identified
in the photoreceptor outer segments, is a member of the subfamilyof@dulated membrane guanylate
cyclases. In phototransduction, its activity is tightly regulated by its tw&Gansor protein parts, GCAP1

and GCAP2. This study maps the GCAP2-modulatory site in ROS-GC1 through the use of multiple
techniques involving surface plasmon resonance binding studies with soluble ROS-GC1 constructs,
coimmunoprecipitation, functional reconstitution experiments with deletion mutants, and peptide competition
assays. The findings show that the sequence motif of the core GCAP2-modulatory site isNB5of
ROS-GC1. The site is distinct from the GCAP1-modulatory site. It, however, partially overlaps with the
S100B-regulatory site. This indicates that the Y9881 motif tightly controls the Cd-dependent
specificity of ROS-GCL1. Identification of the site demonstrates an intriguing topographical feature of
ROS-GCL1. This is that the GCAP2 module transmits thé"Gignals to the catalytic domain from its
C-terminal side and the GCAP1 module from the distant N-terminal side.

Mammalian membrane-bound guanylate cyclases aremessenger cyclic GMP in a negative 2Gdéeedback loop
composed of an extracellular and an intracellular domain (reviewed in refsl and5).
linked by a single transmembrane region. They are divided Although up to eight different GCAP homologues have
into two subfamilies. Members of the first subfamily are peen described (most of them were found in teleost fish),
activated through the extracellular region via hormones suchine focus has been on GCAP1 and GCAP?2 that are expressed
as natriuretic peptides or bacterial toxins; those of the second,in the mammalian retinab(-11). Both GCAPs are present
ROS-GC, are regulated by small Tebinding proteins that  j; equimolar amounts in bovine rod outer segments (ROS)
detect changes in cytoplasmic €aand act through the  ang regulate ROS-GC1 activity with almost equal affinity
cytoplasmic part (reviewed in refsand?2). In addition, one (12). However, GCAP1 and GCAP2 display different?Ca
form of the enzyme that shares sequence homology tosensitivities {2), and only GCAP2 forms a dimer to activate
hormone receptor guanylate cyclases is expres.sedlln differenRos-GC1 13). Furthermore, the covalently attached myris-
rat and mouse tissues, but so far no activating ligand hasioy| group has a strong impact on regulatory properties of
been identified for this cyclas@,(4). The ROS-GC cyclases  GCAP1 but has almost no effect on GCAPI2(14, 15).
that are regulated by €avia C&'-binding proteins are  These different regulatory modes that are mediated by
mainly, if not exclusively, expressed in neurosensory tissues GcAP1 and GCAP2 implicate two different target sites on
or neurosensory-linked secondary neurons. PhotoreceptoR0s-GC1. In fact, initial mapping of regulatory sites for
cells, for example, contain two guanylate cyclases, ROS- GcaP1 and GCAP2 has located the GCAP1 site to the
GC1 and ROS-GC2 (also termed GC-E and GC-F or retGC1 N-terminal part and the GCAP2 site to the C-terminal part
and retGC2, respectively), that are activated by guanylate of the ROS-GC1 cytoplasmic domain6 17). However,
cyclase activating proteins (GCAPs) when the cytoplasmic gpproaches to identify the interaction site of GCAP1 with
Ca* concentration decreases during a light response (re-ROS-GC1 resulted in the mapping of three different sites
viewed in ref2). Thereby, they serve a key function in rod that were located on the juxtamembrane regit8),(on the
and cone physiology as they enhance synthesis of the seconglinase homology regiont@), and on the catalytic domain
(20). So far, a similar effort to locate the binding site for
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for GCAP2 in ROS-GC1. Soluble ROS-GC1 constructs were LS Ext TM KHD DD CCD CTE

expressed and used in binding assays such as surface plasmon m I
resonance and coimmunoprecipitation. In vitro reconstitution Lt

experiments with deletion derivatives of ROS-GC1 were used ' 58 i b il s s

in conjunction with peptide competition experiments to

precisely define the structural and functional components of "m qlaneI06e
the GCAP2 binding site. 1016

EXPERIMENTAL PROCEDURES “‘OKC@O’ A97241054

Antibodies.The detailed experiments demonstrating the e
specificities of antibodies against ROS-GC1, GCAP2, and "’O@O il
GCAP1 have been published earli@2{-25). 965
Oligopeptides.Peptides covering the ROS-GC1 region o
V952—Q1022 were synthesized and purified according to “m PG e
ref 26. These peptides were 20 aa long and overlapped by o L
10 aa with the preceding one.

ROS-GC1 Fragment&xpression and purification of the )D el
ROS-GC1 fragments aa M73%K1054 and aa Y965K1054
were as described in ref7 and 28. 733 1054

Surface Plasmon Resonance (SPR) Spectrosdoggil- [ Y965-K1054
time binding analyses were performed at room temperature
using the BlAcore X system. Two ROS-GC1 fragments, aa 965 1054

M733-K1054 and Y965K1054, were tested. Each frag- Ficure 1: Schematic representation of ROS-GC1 and its deletion

. . . mutants. The following abbreviations denote the predicted do-
ment was dissolved in 0.05 M sodium acetate buffer, pH mains: LS, leader sequence; Ext, extracellular domain; TM,

4.0, and coupled to the surface of a CM5 sensor chip via ransmembrane domain; DD, putative dimerization domain; CCD,
the primary amino group using the manufacturer's amine cyclase catalytic domain; CTE, C-terminal extension. Numbers
coupling protocol. The amount of immobilized protein was indicated correspond to the mature protein. The basal guanylate
~0.2 ng/mné. The running buffer for binding experiments ~ cyclase activities [pmol of cGMP mitt (mg of proteiny ] of ROS-
contained 10 mM Tris-HCI, pH 7.5, 150 mM NaCl, 20 mM GC1 and of the deletion mutants are almost identi2d).(

MgCl,, 0.005% Surfactant P20, and, as appropriate, 1 mM th the wild-type recombinant or mutant ROS-GC1 expres-
EGTA or 1 mM CaCj (final concentration). MgGI(20 mM)  sjon constructs by the calcium phosphate coprecipitation
in the running buffer was used in order to avoid binding of technique 80). Sixty hours after transfection, cells were
Ca" to the free carboxy groups within the dextran layer on yashed twice with 50 mM Tris-HCI (pH 7.5)/10 mM buffer,
the CM5 sensor chip2Q). The flow rate was set to 1L/ scraped into 2 mL of cold buffer, homogenized, centrifuged
min. The control consisted of an independent flow cell on for 15 min at 5000, and washed several times with the same
the same sensor that was subjected to a “blank immobiliza- yyffer, The resulting pellet represented crude membranes.
tion” (no ROS-GC1 fragment was added in the process of  Guanylate Cyclase Aclity Assay.Membrane fractions
chip preparation). The purified recombinant myristoylated \yere assayed for guanylate cyclase activity as described
GCAP2 was dissolved in the running buffer at varying previously @1). Briefly, membranes were preincubated on
concentrations (1.2520 uM) and flushed over the experi-  an jce bath with or without GCAP2 in the assay system
mental (ROS-GC1 fragment-coated) and control (uncoated) containing 10 mM theophylline, 15 mM phosphocreatine,
flow cells. Binding was observed as an increase in resonance( ,q of creatine kinase, 50 mM Tris-HCI (pH 7.5), and 10
units (RU). Maximal amplitudes were corrected by subtrac- nv Cz2*. The total assay volume was 25. The reaction

tion of the nonspecific binding (control flow cell). Regenera- \yas initiated by the addition of the substrate solution
tion was performed by short pulses (1 min) of 10 mM containing 4 mM MgCl and 1 mM GTP and maintained by
glycine, pH 2.5. The binding parametekes, ko, Ka, @and  jncubation at 37C for 10 min. The reaction was terminated
Kp, for the interaction of GCAP2 with immobilized ROS-  py the addition of 225 of 50 mM sodium acetate buffer
GC1 fragment were calculated using BlAevaluation 3.2 (pH 6.2), followed by heating in a boiling water bath for 3

software. The curves were fitted according to a simple 1:1 min, The amount of cyclic GMP formed was determined by
interaction. A parameter for mass transfer was included to radioimmunoassay3g).

improve fitting in the case of fragment M73¥X1054. The Peptide Competition Experimentslembranes of COS
fitting residuals were minimak0.5 to 0.5) and showed very  cel|ls expressing ROS-GC1 were incubated with 2
small systematic deviations. GCAP2 and increasing concentrations of the peptides.

ROS-GC1 Deletion MutantsThe ROS-GC1 deletion  Guanylate cyclase activity was assayed in the presence of
mutantsAP1016-K1054,AS972-K1054,AY965—K1054, 10 nM C&*" as described above.
andAR966-S972 (Figure 1), were constructed as described  CoimmunoprecipitationBacterially expressed and puri-
previously @4). fied, soluble ROS-GC1 fragments, aa M7381054 or
Expression StudiesCOS-7 cells (simian virus 40- aaY965-K1054, and recombinant GCAPs were used. The
transformed African green monkey kidney cells), maintained fragment (2ug) was incubated with 2.9 of GCAP1 or
in Dulbecco’s modified Eagle’s medium with penicillin, GCAP2 in the reaction buffer (20 mM Tris-HCI, pH 7.5,
streptomycin, and 10% fetal bovine serum, were transfected150 mM NacCl, 1 mM PMSF, and 2 mM each of EDTA and
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Ficure 2: Functional integrity of the ROS-GC1 region aa M#33
K1054. A protein corresponding to the ROS-GC1 region aa—733
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fragment was observed as an increase in resonance units
(RU). Since GCAP2 stimulates ROS-GC1 activity in the
absence of C4, binding of GCAP2 to the ROS-GC1
fragment was determined initially in the presence of 1 mM
EGTA. Incremental concentrations of GCAP2 (120 uM)
resulted in a dose-dependent increase in binding of GCAP2
(Figure 3). A set of representative sensorgrams along with
the respective curves derived after fitting to a 1:1 Langmuir
binding model is presented in Figure 3A. The response at
equilibrium Reg) was plotted as a function of GCAP2
concentration to determine the half-maximal binding £gC

of GCAP2 with ROS-GC1, which was 2B (Figure 3B).
Analysis of the binding data (Scatchard transformation and
BlAevaluation 3.2 software) yielded th&, value of 2.2uM.

The EGo andKp values are in good agreement with the in

1054 was expressed and purified as described in ExperimentalViro reconstitution experiments where-8 uM GCAP2 is

Procedures. This protein was tested for basal and GCAP2-dependentequired for half-maximal stimulation of ROS-GC1 expressed
cyclase activity in the presence of 10 nM%aThe experiment in COS cells 17). The other apparent binding parameters
was repeated two times with separate preparations of the protein.qetermined through the BlAevaluation software are as

EGTA) for 4 h at 4°C. To minimize nonspecific interaction,
0.5% Triton X-100 was added to the reaction mixtus8)(
Immunoprecipitation was carried outrfé h at 4°C with

follows: ko, (@ssociation rate constant), 2310° M1 s,
kot (dissociation rate constant), 54 1072 s % and Ka
(equilibrium association constant), 45610° M1 (Table 1,
fragment aa 7331054 panel—-Ca). These results indicate

affinity-purified ROS-GC1 antibody coupled to an agarose- ihat the binding between GCAP2 and ROS-GC1 is of

bead matrix (2«9 of anti ROS-GC1 IgG/1@L of Amino-

Link plus coupling gel) according to the manufacturer’s

moderate affinity.
In the presence of micromolar concentrations of'Ca

protocol (Pierce). The immunoprecipitated complexes were gcap2 inhibits ROS-GC1 activityl@, 36). Therefore, it
spun down and washed several times. Bound antigens werg, st also bind ROS-GC1 under these conditions. To

eluted using SDS sample buffer, separated on -ST8%6

determine whether the GCAP2 inhibitory binding site resides

PAG'E, and transferred onto nitrocellulose m_embran_e's. also within the ROS-GC1 region aa M73B1054, the SPR
Triplicate samples were probed independently with specific binding experiments were performed in the presence of 1

antibodies against ROS-GC1, GCAP1, or GCAP2. The .\ cz+

. The results presented in Figure 3C show that the

control experiment involved bacterially expressed and puri- pos.gc1 fragment binds GCAP2 under these conditions

fied, soluble ONE-GC fragment M102Z°1110 87), re-
combinant GCAP2, and anti-ONE-GC antibod37). Im-

also. The observed half-maximal binding occurs atidvb
GCAP2 (Figure 3C), and its calculated value is 2/4.

munoprecipitation was carried out as described above for thege affinity values as well as the other kinetic parameters
ROS-GC1 fragments and GCAP2. Western blotting was o the interaction between ROS-GC1 fragment aa M733

carried out as described previousB2( 34).

RESULTS

The C-Terminal Region of ROS-GC1, Amino Acids M733
K1054, Binds GCAPXSystematic screening, through deletion

K1054 and GCAP2 in the presence of*Caare almost
identical to those in its absence (Table 1, fragment aa-733
1054, +Ca&" vs —Ca&"). These results demonstrate that
GCAP2 hinding to the ROS-GC1 fragment aa M#¥3L054
is direct and is CH-independent. Thus, GCAP2 remains

mutations, has shown that the ROS-GC1 region amino acidsbound to ROS-GC1 irrespective of the presence ¢f'Ca

(aa) Q731+K1054 is necessary and sufficient for the

The SPR binding experiments were performed in the

modulation by GCAP217). To assess whether this segment presence of 20 mM Mg@Gin order to avoid binding of Cd

binds GCAP2, its biological activity was ascertained first.

The ROS-GC1 fragment aa M73K1054 was expressed,
purified to homogeneity, and analyzed for its biological

to the free carboxy groups within the dextran layer on the
sensor chip resulting in changes in free?Caoncentration
in the flow cell 9). However, since MgGlhas been recently

activity: basal and GCAP2-modulated guanylate cyclase shown to have an effect on GCAP-dependent regulation of

activity. The reason for the choice of the fragment M733
K1054 over Q731+K1054 was that the aa at position 733 is

ROS-GC activity 85), the binding (in the presence of 1 mM
EGTA only) between GCAP2 and the aa M7381054

methionine and, thus, can serve as the translation start sitefragment of ROS-GC1 was measured without Mgi@lthe
for bacterial expression. The results presented in Figure 2running buffer. The half-maximal binding was at 2.«&1
show that this ROS-GC1 fragment contains a basal guanylateGCAP2. Thus, MgGldoes not have any effect on GCAP2

cyclase activity of 2.3 pmol of cyclic GMP miA (mg of
protein) 1, which increases to 5 pmol of cyclic GMP mih
(mg of protein)? in the presence of 1M GCAP2 at 10
nM C&*. Thus, the ROS-GC1 fragment aa M7381054

binding to ROS-GCL1 in the absence of’Ca

Mapped GCAP2-Modulated Site in ROS-GB&sed on
reasoning that the ROS-GC1 region aa M78364 is highly
(75—100%) conserved among all membrane guanylate cy-

is biologically active and can be used for the direct binding clases and its respective segments, aa BA&LL and

studies.

E812-1864, contain common dimerization and catalytic

Binding experiments were performed using SPR spectros-domains, it was considered unlikely that this region contains

copy. Binding of GCAP2 to the immobilized ROS-GC1

the specialized GCAP2-modulated domain of ROS-GCL1. For
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Ficure 3: GCAP2 binding to ROS-GC1 fragment M73B1054. Purified ROS-GC1 fragment aa M73R81054 was immobilized on a

CM5 sensor chip (BlAcore), and GCAP2 was supplied in the mobile phase at concentrations between 1.26Mrnd 26ning buffer.

(A) Typical set of sensorgrams for GCAP2 binding in the presence of 1 mM EGTA overlaid with the respective curves after fitting to a

1:1 Langmuir model. The curves presented were obtained after the effect of buffers and salts on resonance signals was subtracted using the
uncoated (blank) surface in flow cell 1 as a reference. (B) Binding dRtp\(ersus concentration of €afree GCAP2 (1 mM EGTA was

present in the running buffer). (C) Binding daf{ versus concentration of €aloaded GCAP2 (1 mM Caglvas present in the running

buffer). The experiment was repeated several times with different preparations of ROS-GC1 fragment immobilized on the chip and different
preparations of GCAP2. The results presented are from one typical experiment.

Table 1: Kinetic Characteristics of ROS-GC1 Fragments’ was calculated as 2.1AM (Scatchard transformation and
Interaction with GCAP2 the BlAevaluation program). Other kinetic parameters were
. -1. -1 1.
fragment aa 7331054 fragment aa 9651054 peptide as follows: Ka, 4.7 x 10° M™% kon, 1.0 x 10° M~ 574 ko,

2.0 x 102 s! (Table 1, fragment aa 965,054 panel,
—C&"). Similar results were obtained when the binding
experiments were performed in the presence of 1 mKf Ca

—Ca* +Cat —Ca* +Cat —Ca&*

Ko(M) 22x10%26x10° 21x10° 1.1x 105 1.9x 106
Ka(M™) 45x 10° 3.7x 10° 4.7x10° 89x 10° 5.2x 10°

k(M1 23x 10° 2.6x 10° 1.0x 10° 3.2x 10° 1.3x 1C0° (Figure 4C and Table 1, fragment aa 96H54 panel,
s +Ca). Thus, it is concluded that the ROS-GC1 region aa
koit(s!) 5.1x 107° 3.3x 10° 2.0x 10® 3.5x 10°% 2.5x 10° Y965—K1054 houses the GCAP2-binding domain.
®The ROS-GC1 fragments aa 733054 and 9651054 or the To define the core GCAP2-binding domain, the first

peptide aa 963985 was individually immobilized on a CM5 sensor : - :
chip, and GCAP2 (820 uM) was supplied in the mobile phase without approach consisted of the functional analysis of the aa

or with 1 mM C&* (for the peptide only without CGa). The binding Y965-K1054 fragment of ROS-GC1. Starting from the
data were analyzed by BlAevaluation 3.2 software. C-terminus, three increasingly larger fragments, aa P$016
K1054, aa S972K1054, and aa Y965K1054, were

this reason, the aa fragment Y96&1054 was analyzed for removed from ROS-GC1. These mutants with the deleted
the presence of the GCAP2-modulated domain. The ROS-Portions (Figure 1) were expressed in COS cells and tested
GC1 fragment was expressed, purified, and tested for GCAP2for their basal and GCAP2-dependent guanylate cyclase
binding through SPR. In these assays, the fragment im-activities at 10 nM C# concentration. Identically treated
mobilized on the sensor chip served as the stationary phasemembranes expressing wild-type ROS-GC1 were used as
and the increasing concentrations of GCAP2 20 M) in controls. The basal activities of all of these mutants are
the absence of Ca (1 mM EGTA) served as the mobile comparable, indicating that the deletions did not affect the
phase. A representative set of sensorgrams along with theintegrity of the basal catalytic module of ROS-GC24),
respective curves derived after fitting to a 1:1 Langmuir As expected, the wild-type ROS-GC1 responded to GCAP2
binding model is presented (Figure 4A). Transformation of in a dose-dependent fashion with angz6f 7 uM (Figure
these data into equilibrium bindindR{) as a function of 5). The mutants, however, varied in their response patterns:
GCAP2 concentrations (Figure 4B) is also presented. Half- AY965—K1054 was completely unresponsiv&S972-
maximal binding was at 1.6M GCAP2, and th&p value K1054 was about 50% responsive compared to the wild type,
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Ficure 4: Binding of GCAP2 to ROS-GC1 fragment Y36K1054. Purified ROS-GCL1 fragment aa Y9681054 was immobilized on

a CM5 sensor chip (BlAcore), and GCAP2 was supplied in the mobile phase. (A) Typical set of sensorgrams for GCAP2 binding in the
presence of 1 mM EGTA overlaid with the respective curves after fitting to a 1:1 Langmuir model. The curves presented were obtained
after the effect of buffers and salts on resonance signals was subtracted using the uncoated (blank) surface in flow cell 1 as a reference
surface. (B) Binding dataRe) versus concentration of €afree GCAP2 (1 mM EGTA was added to the running buffer). (C) Binding data

(Reg) versus concentration of €aloaded GCAP2 (1 mM Caglwas added to the running buffer). The experiment was repeated two times

with different preparations of ROS-GC1 fragment immobilized on the chip and different preparations of GCAP2. The results presented are
from one typical experiment.

8- Peptide Competition Experimeni further narrow down
the GCAP2-modulated domain, the ROS-GC1 segment aa
Y965—P1016 was subjected to peptide competition analyses.
Overlapping, 20 aa long peptides covering the aa 952
L1021 region were screened for their competitive effects on
GCAP2-dependent ROS-GC1 activity. For this purpose,
membranes expressing wild-type ROS-GC1 were individu-
ally incubated with increasing concentrations of the peptides
in the presence of GCAP2 and 10 nM*aand cyclase
activity was determined (Figure 6). Peptides V93271,
- G962-N981, and S972R991 inhibited GCAP2-stimulated
0 5 10 15 20 25 30 activity with differing efficiencies; peptides E98ZE1001,

GCAP2 [uM] T992-F1011, and T1002Q1022, however, had no effect
FiGURE 5: Mapping of the GCAP2-modulated region: effect of (Figure 6). The inhibition by peptide VO5R971 was~60%
GCAP2 on the cyclase activity of ROS-GC1 and its deletion with an 1G5, of 100 M, that by the peptide G962N981
mutants. CQS cells were individually transfected with ROS-GC1 \was~90% with an IGo of 70 uM, and that by the peptide
or its deletion mutant[(1016—1_054, A972—_1054, andA965— S972-R991 was about 30% with an 4gof 1304M. These
1054) cDNA, and the cell particulate fractions were prepared as S .
described in Experimental Procedures. These were assayed fof€Sults indicated that the core GCAP2-modulated domain
guanylate cyclase activity in the presence of incremental concentra-resides in the aa G962N981 region of ROS-GCL1. Together
tions of GCAP2 and 10 nM C&. The experiment was carried out ~ with the results of the SPR binding experiments, which
in triplicate and repeated two times for reproducibility. The results jemonstrate that the GCAP2-binding domain is in the aa
R]rgs;?éegf?rrg fsrgmbc())?: typical experiment. Error bars are within Y965—-K1054 fragrr_1en_t of RO_S—G_Cl_, it can now be inferred

that the GCAP2-binding region is in the aa Y9658981

andAP1016-K1054 responded identically to the wild-type ~S€gment of ROS-GC1.
ROS-GC1 (Figure 5). These results demonstrated that the This conclusion was validated by the direct binding
functional GCAP2-modulated domain resides in the 52 aa, experiments through SPR. The ROS-GC1 peptide corre-
Y965—P1016, segment of ROS-GC1. sponding to the aa L963.985 segment was synthesized

A1016-1054

o
1
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E
1

N
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Guanylate cyclase activity
(fold stimulation)
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the structural and functional components of the GCAP2-
modulated domain in ROS-GC1.

The GCAP2 Binding Site Is Distinct from the GCAP1
Binding Site in ROS-GC1rhe original studies showed that
the target sites of GCAP1 and GCAP2 in ROS-GC1 were
on distinct regions of the cytoplasmic part of ROS-GC#&, (

17). These studies involved in vitro reconstitution experi-
ments utilizing deletion and hybrid derivatives of ROS-GC1
expressed in COS cells and showed that (1) the GCAP1-
modulated region resides in the region between aa R437 and
1730 and (2) it is distinct from the GCAP2-modulated region,
00 01 02 03 04 05 which resides between aa Q731 and K1054. By using a
peptide [mM] synthetic peptide library spanning the aa R4&552
FiGure 6: Inhibition of GCAP2-dependent ROS-GC1 activity as domain and site-directed mutagenesis, Lange et1d) (
a function of peptide concentrations. Overlapping peptides covering identified two critical target regions in the juxtamembrane
the ROS-GC1 region aa V9521021 were synthesized as domain, M445-L456 and L503-1522, of ROS-GC1. The
expressing ROS-GCL were indvidually icubated with the inore->1udY concluded that the 1563522 region represented the
mepntal cogcentrations of the indicated geptides andM@GCAP2 core GC;APl-blndlng d.omaln. However, Subs_equent studies
in the presence of 10 nM €a Experiments were done in triplicate ~ Using different strategies showed three additional GCAP1
and repeated twice. The data shown are from one typical experi- binding sites in ROS-GC1: S68E&699 and Q724A738

activity)
(=23
(=]
1

952-971

Guanylate cyclase activity
(% of maximal GCAP2-dependent

962-981

o

ment. Error bars are within the size of the symbols. (19) and G966-G983 @0).
With the information from the present study that the
1004 GCAP2 target site resides beyond aa M733 of ROS-GC1,

the issue was raised: Does the aa M7831054 segment
of ROS-GC1 contain the GCAP1 hinding site? This issue
was resolved by the coimmunoprecipitation experiments.
GCAP1 or GCAP2 was incubated with the ROS-GC1
€—— ECy=2.1 uM fragment aa M733K1054 and the affinity-purified ROS-
GC1 antibody coupled to gel as described (Experimental
Procedures). The immunoprecipitated complexes were eluted
and analyzed by Western blotting using antibodies against
ROS-GC1, GCAP1, and GCAP2 (Figure 8). If the GCAP
binds to the ROS-GC1 segment aa M733L054, it should
be detected in the respective eluate. The eluate contained
GCAP2 [uM] the ROS-GC1 fragment aa M7381054 of molecular mass
FIGURE 7: SPR analysis of GCAP2 blndlng to peptide aa 963 ~40 kDa (Figure 8, lanes land 2’ indicated by an arrow-
K985. A peptide corresponding to ROS-GC1 sequence aa+963 1o44) |t contained GCAP2 (Figure 8, lane 4; indicated by
K985 was immobilized on a sensor chip, and GCAP2 was supplied ! ' .
in the running buffer (10 mM Tris-HCI, pH 7.5, 20 mM Mggl  @n arrowhead). However, no GCAP1 was detected (Figure
150 mM NaCl, 1 mM EGTA, 0.005% surfactant). Binding data 8A, lane 6). These results clearly show that GCAP2 binds
(Reg) versus the indicated concentrations of GCAP2 are presentedto the ROS-GC1 fragment aa M7381054, while GCAP1
(soliq eircles): A control experiment was performeq under identical dges not. As expected, identical results were obtained when
gggggfgj (\(/)v;)tgnald;:cokrerse)epondlng peptide but with a scrambled ,» pos.GC1 fragment aa Y96K1054 was used (not
shown). To verify that GCAP2 binding to the ROS-GC1
and assessed for GCAP2 binding. In comparison with the fragment aa Y965K1054 is specific, a coimmunoprecipi-
identified region Y965-N981, the peptide had additional tation experiment was performed using the corresponding
residues both at N- and at C-terminal sites to allow better region (M1022-C1110) of another Ga-modulated mem-
folding after attachment to the sensor chip. The control brane guanylate cyclase, ONE-G&7). Until now, the only
experiment involved the same peptide but with a scrambled known modulator of ONE-GC activity is neurocalain(37).
sequence. The peptides were individually immobilized on a The immunoprecipitated complexes were analyzed by West-
sensor chip, and incremental concentrations of GCAP2 wereern blotting using antibodies against ONE-GC and GCAP2.
supplied in the mobile phase in the absence of freé"Ca GCAP2 was not detected in these complexes (Figure 8B).
(presence of 1 MM EGTA). A transformation of the binding Thus, the results from the coimmunoprecipitation experi-
data Req versus GCAP2 concentrations is presented in ments demonstrate that (1) GCAP2 interaction with the ROS-
Figure 7. For the peptide L963.985, the half-maximal GC1 fragment aa Y965K1054 is specific and (2) the ROS-
binding was at 2.uM GCAP2 (Figure 7, solid circles), and GC1 region M733-K1054 contains the binding site for
the calculatedp is 1.9 uM. These values are comparable GCAP2 but not for GCAP1.
with those obtained for both of the previously described The conclusions of the immunoprecipitation experiment
ROS-GC1 fragments (Table 1). The scrambled peptide did were further validated by the functional studies involving
not exhibit any significant binding (Figure 7, open circles). deletion mutants. Deletion mutants of ROS-GC1 spanning
Thus, these results show that the aa Y968®81 region of the region Y965-K1054 were tested for their responsiveness
ROS-GC1 contains the GCAP2-binding domain. Further- to GCAPL. The response of all the mutants was identical to
more, it can now be concluded that this region defines both that of the wild-type ROS-GC1 (Figure 8C). These results
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Ficure 8: ROS-GC1 fragment aa M73¥1054 binds GCAP2 but not GCAP1. (A) Coimmunoprecipitation. The ROS-GC1 region aa
M733—-K1054, GCAP2, and GCAP1 were expressed and purified as described in Experimental Procedycésh2 ROS-GC1 fragment

was incubated with 2g of GCAP2 or GCAP1 fo4 h at 4°C in a buffer consisting of 20 mM Tris-HCI, pH 7.5, 150 mM NacCl, 0.5%

Triton X-100, and 1 mM PMSF in the presence of 2 mM EGTA/2 mM EDTA. After addition of anti-ROS-GC1 antibody coupled to
AminoLink plus coupling gel (Pierce) to the reaction mixture, the incubation was continued for 6 h. The immunoprecipitated complexes
were separated from the beads, electrophoresed on-Balgacrylamide gels, and analyzed by Western blotting with anti-ROS-GC1 antibody
(panel ROS-GC1, lane 1), anti-GCAP2 antibody (panel GCAP2, lane 4), and anti-GCAP1 antibody (panel GCAP1, lane 6). The ROS-GC1
fragment incubated without GCAP1 or GCAP2 with anti-ROS-GC1 antibody coupled to AminoLink plus coupling gel and then separated
(lane 2), ROS-GC1 fragment alone (lane 3), recombinant GCAP2 alone (lane 5), and GCAP1 alone (lane 7) were electrophoresed and
analyzed in parallel as controls. The immunoreactive bands are indicated in each panel. (B) Specificity of GCAP2 binding. ONE-GC
fragment aa M1022C1110 was expressed, purified to homogenedf),(and used with GCAP2 for coimmunoprecipitation experiments.

The experiment was done as described in (A) except that anti ONE-GC antibody was used. The specificity of anti ONE-GC antibody is
described in ref37. Lanes: 1, recombinant GCAP2 alone; 2, immunoprecipitated GCAP2; 3, ONE-GC fragment. The immunoreactive
bands are indicated in each panel. (C) GCAP1-dependent activation of ROS-GC1 and its deletion mutants. COS cells were individually
transfected with ROS-GC1 or its deletion mutani(016-1054,A972—-1054, andA965-1054) cDNA, and the cell particulate fractions

were prepared as described in Experimental Procedures. These were assayed for guanylate cyclase activity in the presenceMf 0.5 or 4
GCAP1 and 10 nM CH. The experiment was carried out in triplicate and repeated two times for reproducibility.

show that the GCAP1-modulatory domain does not reside GCAP2, but its deletion causes a conformational change that
within the ROS-GC1 C-terminal region aa Y96K1054 decreases the ROS-GC1 response to GCAP2. The second
(Figure 8C and Figure 9 in ré&4). Thus, the GCAP2 binding  interpretation, however, is not valid because (1) the mutant
site is distinct from the GCAP1 binding site in ROS-GCL1. is fully responsive to GCAP1 (Figure 8C), indicating that
The GCAP2 Binding Site #rlaps with, yet Is Not the lowered response to GCAP2 is an intrinsic property of
Identical to, the S100B Binding Sit8100B is another Ca- the protein and not the effect of a defective folding caused
sensor component of ROS-GC1. However, in contrast to by the deletion, and (2) the results from the direct binding
GCAPs, it stimulates ROS-GC1 with an Ez@alue of 0.75 and peptide competition experiments demonstrate that the
uM for Ca?*. The core S100B binding site resides in the aa L963—L985 region binds GCAP2 (Table 1 and Figure 7).
segment R966S972 of ROS-GC124). With the present  Thus, the R966S972 region is important for GCAP2
finding that the aa Y965N981 constitutes the GCAP2 binding. Since the R966S972 region is also involved in
binding site, it became clear that the core GCAP2- and S100B binding 24), these results indicate that the core
S100B-binding domains in ROS-GC1 might overlap. To GCAP2 and S100B binding sites partially overlap.
assess the extent of the overlap, two strategies, deletion Inthe competitive inhibition strategy, membranes of COS
mutation and competitive inhibition, were used. The conclu- cells expressing wild-type ROS-GC1 were preincubated with
sions arrived at through both strategies were identical. In saturated amounts of GCAP2 (1) in the presence of
the deletion mutation strategy, the core S100B-binding saturated amounts of €a(100uM). They were then tested
domain, aa R966S972, was deleted from ROS-GC1, the for their dose-dependent response to S100B (Figure 9B). The
mutant was expressed in COS cells, and its GCAP2 control membranes passed through the same operational steps
responsiveness was assessed. Compared to the wild-typbut without the GCAP2 preincubation step. The treated
ROS-GC1, the mutant’s response to GCAP2 wa&0% membranes showed40% less stimulation of guanylate
lower (Figure 9A). There are two possible interpretations of cyclase activity compared to the control. In addition, theEC
these results: (1) the region R966972 is important for  value for GCAP2 shifted from 0.8 to 1M upon treatment.
the binding of GCAP2 or (2) this region does not bind These results are consistent with the above results from the
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Ficure 9: GCAP2 binding site in ROS-GC1 partially overlaps with S100B recognition site. (A) Membranes of COS cells expressing
ROS-GCL1 or its mutanA966—972 (deleted the S100B recognition sequence; 2éfand 38) were assayed for guanylate cyclase activity
in the presence of incremental concentrations of GCAP2 and 10 rifvl Che experiment was carried out in triplicate and repeated two
times for reproducibility. The results presented are from one typical experiment. Error bars are within the size of the symbols. (B) Membranes
of COS cells expressing ROS-GC1 were preincubated for 10 min on an ice bath with (open circles) or without (closed cirdes) 10
GCAP2 in the presence of 1QfM CaCl. Incremental concentrations of S100B were added to the reaction mixture, and the guanylate
cyclase activity was assayed. The experiment was repeated two times for reproducibility. Error bars are within the size of the symbols.

deletion mutation studies and previous results on the S100B-binding as well as dissociation, with ROS-GC1 is?Ga
modulatory site in ROS-GC24) and indicate that the ROS-  independent, direct, and of moderate affinity.

GC1 region aa Y965N981 contains both GCAP2 and Thus, the findings of the present study support a model
S100B binding sites. An alternative possibility, if these in which light-dependent changes in free2Cdrigger a
experiments were considered in isolation, is that GCAP2 and conformational change in GCAP2 and subsequently in ROS-
S100B bind at different sites and the observed effect is dueGC1. This “activator-to-inhibitor transition”3g) operates

to stimulation of ROS-GC1 by S100B and inhibition by without discrete association, dissociation, and diffusion steps;
GCAP2. However, on the basis of results from competition instead, it allows a fast response according to varying free
and binding experiments with peptides, the alternative Cz*, Thereby, operation of GCAP2 is reminiscent of
interpretation is considered a remote possibility. GCAP1 targeting on ROS-GC1 (reviewed in 8f

Given the similarity in regulatory modes of the two
DISCUSSION GCAPs, the following two questions arise: 1. Does the
Through the means of a Comprehensive techno|ogy GCAP2-modulated domain overlap with the GCAP1-
involving the use of soluble constructs of ROS-GC1, direct modulated domain? 2. Do the two domains reside at the
binding measurements by SPR, coimmunoprecipitation, andC-terminal region of ROS-GC1? With respect to conflicting
finally functional reconstitution experiments utilizing pro- results in the literature, these issues have been revisited in
gressive deletion constructs and peptide competition, thisthe present investigation and have been resolved through the

study defines the Ga-sensor GCAP2-modulated site in  coimmunoprecipitation technique.

ROS-GC1. The site is absolutely specific for GCAP2 and  The affinity-purified ROS-GC1 antibody coprecipitated the
does not overlap with the GCAP1-modulated site. This ROS-GC1 fragment aa M7331054 and GCAP2. How-
clarifies the existing confusion in the literature that the two ever, it did not coprecipitate GCAP1 with this fragment.
GCAPs’ sites overlap. The identity of the mapped GCAP2- Thus, the M733-K1054 region of ROS-GC1 contains the
modulated site defines a new topography of ROS-GC1. In GCAP2 binding site and not the GCAPL1 site. As anticipated,
this topography, the catalytic module of ROS-GC1 is flanked similar results were obtained with the Y96K1054 frag-

by the GCAP1-modulated domain at its N-terminal site and ment of ROS-GC1. These results are in agreement with a
by the GCAP2-modulated domain at its C-terminal site. The previous investigation showing that the GCAP1-regulatory
identity of the site reveals its most curious structural feature. site is located outside the Y96%1054 region of ROS-GC1

It overlaps with the S100B-modulated site of ROS-GC1. This (24). These results establish that the two sites do not overlap,
indicates that only a small structural variation in the site they are separate, and the GCAP1 site does not reside at the
converts ROS-GC1 from the &ainhibitory mode to the  C-terminus of ROS-GC1, which includes the Y968981
Ca&*-stimulatory mode. These findings are elaborated below. segment of ROS-GC1.

The Modulation of ROS-GC1 by GCAP2 Is Specific and Identification of the GCAP2-Modulated Site at the C-
Occurs through a Defined Structural Motiih the present  Terminal Region Shows a New Topography of ROS-GC1
study, systematic screening of the Q7311054 region of (Figure 10).The knowledge that the GCAP1- and GCAP2-
ROS-GC1 has revealed that the core binding domain of modulated sites exist at the two opposite ends of the catalytic
GCAP2 resides in the aa Y96B981. The binding constants  module of ROS-GCL1 results in the revised topographic model
show that C& has no effect on the affinity of GCAP2 for of ROS-GC1. In this model, the two modules of ROS-GC1
ROS-GC1. GCAP2 hinds ROS-GC1 with similar affinities are independently modulated by the?Campulses. The
in the presence and absence offCwith respectiveKp critical feature of the model is that the independence of the
values of 3.1x 106 and 2.6 x 10°® M. The kinetic two modules is incurred by the orientation of the modules
parameters (Table 1) indicate that GCAP2 interaction, around the catalytic domain of ROS-GC1. The GCAP1
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Ficure 10: Topography of ROS-GC1. A schematic diagram of
ROS-GC1, with its multiple domains shaded differently, is provided.
The extracellular domain (Ext), the transmembrane (TM), the
juxtamembrane (JMD), the kinase homology (KHD), the putative
dimerization (DD), the catalytic core (CCD), and the C-terminal
extension (CTE) domains have been identified. The GCAP1-,
GCAP2-, and S100B-binding domains are indicated.

module transmits the €& signals to the catalytic domain
from its C-terminal side and the GCAP1 module from the
distant N-terminal side. In this manner both modules tightly
control the light-dependent €asensitivity of ROS-GC1.
Only a Small Structural Variation Exists between the
GCAP2 and S100B Ca Switches in ROS-GCAn intrigu-
ing structural/functional feature of the GCAP2-modulated
Ca&" switch in ROS-GC1 is that it overlaps and is only
minimally different from the S100B-modulated switch. This
indicates that the individual amino acid residues present in
the Y965-N981 motif of ROS-GC1 tightly control the €a
dependent specificity of ROS-GC1. The control is so delicate
that only very few (or even single) amino acids convert the
cyclase from being Ca-inhibited, as in the case of GCAP2,
to being Ca'-stimulated, as is the case with S100B. The
future task therefore will be to analyze the role of the
individual amino acids in the structural motif for control of
the C&"-dependent stimulation or inhibition of ROS-GC1.
In conclusion, the present study demonstrates, for the first
time, direct binding of GCAP2 to ROS-GC1 and provides a
detailed kinetic analysis of the ROS-GC1 and GCAP2
interaction. It further establishes that this interaction of
moderate affinity is CH-independent. It precisely defines
the ROS-GCL1 region Y965N981 that represents the binding
site for GCAP2. In contrast to GCAP1 and S100B sites,
which are composed of noncontiguous binding and trans-
duction regions, the Y965N981 region of ROS-GCL1 houses
both the structural and functional components that mediate
GCAP2 regulation.
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