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ABSTRACT. Among single-spanning transmembrane receptors (STMRS), two guanylyl cyclase receptors,
GC1 and GC2, are critically important during phototransduction in vertebrate retinal photoreceptor cells.
Ca*-free forms of guanylyl cyclase-activating proteins (GCAPs) stimulate GCs intracellularly by a
molecular mechanism that is not fully understood. To gain further insight into the mechanism of activation
and specificity among these proteins, for the first time, several soluble and active truncated GCs and
fusion proteins between intracellular domains of GCs and full-length GCAPs were generated. The GC
activity of myristoylated GCAP-#3"105GC displayed typical [Cd] dependence, and was further enhanced

by ATP and inhibited by guanylyl cyclase inhibitor protein (GCIP). The myristoyl group of GCAP1
appeared to be critical for the inhibition of GCs at high {Qaeven without membranes. In contrast,
calmodulin (CaM}-43"-1054GC1 fusion protein was inactive, but could be stimulated by exogenous GCAP1.
In a series of experiments, we showed that the activation of GCs by linked GCAPs involved intra- and
intermolecular mechanisms. The catalytically productive GCAP1T1954GC1 complex can dissociate,
allowing binding and stimulation of the GC1 fusion protein by free GCAP1. This suggests that the
intramolecular interactions within the fusion protein have low affinity and are mimicking the native system.
We present evidence that the mechanism of GC activation by GCAPs involves a dimeric form of GCs,
involves direct interaction between GCs and GCAPs, and does not require membrane components. Thus,
fusion proteins may provide an important advance for further structural studies of photoreceptor GCs and
other sTMRs with and without different forms of regulatory proteins.

The intracellular regulation of single transmembrane concomitantly with lower intracellular [G4], which is
receptors (STMRs) by soluble proteins is at the heart of many detected by small Cé-binding proteins (CBPs), termed
fundamental cellular processes. For example, tyrosine au-guanylyl cyclase-activating proteins (GCAPR), that in turn
tophosphorylation of growth hormone sTMRs and other regulate GCsZ—4). GCAP1 and GCAP3 are more closely
related receptors modulate their own kinase activity. Con- related than GCAP2; however, these three proteins share
sequently, autophosphorylated sTMRs recruit intracellular strong similarity in overall topology. They are myristoylated
proteins to plasma membranes, including phospholipase Cand contain four EF-hand motifs with EF1 nonfunctional,
and ras GTPase-activating protein, or proteins containing Srcas a consequence of the lack of key residues involved in
homology domainsl). In vertebrate retina, sSTMR guanylyl C&" coordination. GCAP1 and GCAP2 are rod- and cone-
cyclases GC1 and GC2 are responsible for the productionspecific proteinsZ—4), while GCAP3 is only expressed in
of the internal messenger cGMP, which is depleted via cones (Imanishi et al., unpublished results).

photoactivated rhodopsin/G-protein-mediated stimulation of Regulation of GCs could be considered as a model sys-
phosphodiesterase. The increase production of cGMP occur§em, for understanding the molecular mechanisms of intra-
: cellular interactions between sTMRs and intracellular CBPs.
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domain of GCs12). All GCs display a significant relation-

Sokal et al.

TCCCAGAAAAC-3'). 514-1054G5C1 was cloned by PCR with

ship to vertebrate adenylyl cyclases (ACs) with respect to primers GC19 (5sGATATCCCCAGGAGATCGGCATAT-
the catalytic mechanisms of cyclic nucleotide synthesis, AG-3') and PL7 and primers PL6 and XE2. ThdseoRI—
including a conserved set of key residues involved in enzy- Bglll or EcaRV—Bglll fragments, for 468-10%4GC1 and

matic catalysis 13, 19, although the transmembrane seg-
ments of ACs and GCs are dissimild5-17). Various AC

514-1054GC1, respectively, were cloned with tBglll —EcaRl
fragment into pET30b-opendficoR| or ECORV—EcORI.

isozymes are also regulated in a subtype-specific manner by Cloning of GCAP-GC Fusion ProteinsBovine GCAP1,

intracellular proteins, such as G-proteinandfy-subunits,
calmodulin (CaM)18), and, interestingly, by a GCAP-like
protein, termed VILIP119, 20. Here, we use novel fusion

GCAP2, or CaM was fused to the intracellular domain of
bovine GC1 or GC2 in the pET30b vector. The coding
sequences of bovine GCAP1, GCAP2, and CaM were

proteins between photoreceptor GCs and CBPs to understandmplified by PCR to remove the stop codon using primers
the mechanism and regulation of cGMP production. We FH23 (3-CATATGGGGAACATTATGGAC-3) and LN1

found that activation by GCAPs involves a dimeric form of

(5-CATATGACCGTCGGCCTCCGCG-Bfor GCAP1, prim-

GC, direct interaction between GCs and GCAPs, and thaters GCAP2U (5CACGGATCCATGGGGCAGCAGTTCA-
the membrane components are dispensable during thisSGCTGGGAG-3) and LN2 (3-CATATGGAACATGGCAC-
process. This novel approach may provide an important stepTTTT-3') for GCAP2, and primers FH30 '&CATATG-
for further structural studies, not only for photoreceptor GCs GCTGACCAACTCAC-3) and KP142 (5CATATGCT-

with and without different forms of regulatory proteins, but
also for other sTMRs.

MATERIALS AND METHODS

Cloning of the Intracellular Domain of Béne GC1 and
GC2 PCR products were cloned into pCRII-TOPO vector
(TOPO TA Cloning Kit, Invitrogen) and sequenced by the
dyedeoxyterminator method (ABPrism, Perkin-Elmer).

A Kpnl site was introduced at the N-terminus of the intra-
cellular domain of bovine GC1 by PCR with primers GCa
(5-CGGTACCAGGCACCGGCTGCTTCACATCCABand
GCb (B-CCCTCTTCACCACTTCCTCGGGA-3. The in-
tracellular domain of bovine GC1 (amino acids 43054)
was then transferred between sitgsnl and BanH| of the
pPET30b vector (Novagen) in two fragmentspnl—Xmn
(PCR fragment) anXmn —BanH]I, covering the C-terminus
of bovine GCL1.

The intracellular domain of retGC2 (amino acids 437
1054) was amplified from a bovine retina cDNA library in
two fragments with primers GC6'(&GTACCAGACATCG-
TATAAATAAAATCCAG-3 ') and GC9 (5CAAAGCTAT-
AGACGTCTCCTG-3) and primers GC8 (5CAGGA-
GACGTCTATAGCTTTG-3) and GC10 (5GTCGACT-
CACCAGCTGCTTTTCTGC-3. These Kpnl—Aatl and
Aatll —Sal fragments covering the intracellular domain of
retGC2 were then transferred betweenklipal and Sal sites
of pET30b.

The*7 105G C1 and®7 194G C2 fused to a Histag/throm-

TAGCCGTCATCATTTG-3) for CaM. The PCR was heated
for 5 min at 94°C, followed by 25 cycles at 94C for 30 s,
primer specific temperatures for 30 s, and°&for 2 min
followed by 7 min at 68°C. GCAP1 and CaM were then
cloned into theNdd site, GCAP2 between th&¥bd and
Ndd sites of pET30b vector upstream of the 36 amino acid
long linker—437"1054GC1, —468-1054GC1, —5147105GC1, or
—437-10545C2. The GCAP-linker—GC fusion proteins were
then transferred as fragmentba —Xhd into the pFastBacl
vector and expressed in insect cells as described above.

Cloning of His-tag-, PPE-tag-, and Strep-tage GCAP—

GC Fusion Proteins. Ndoand Ndd restriction sites were
inserted by PCR, respectively, on the ATG or before the
stop codon of bovine GCAP1. Annealed oligonucleotides
(5'-CTAGATTATGGCCCCGCGTGGACCGGACCG-
ACCCGAGGGGATCGAGGAGGC-3and 3-CATGGC-
CTCCTCGATCCCCTCGGGTCGGTCCGGTC-
CACGCGGGGCCATAAT-3) encoding the “PRGPDRP-
EGIEE” HIV peptide fragment (PPEGC1), that introduced
Xba and Ncd protruding ends, were cloned with the
fragmentNcd —Ndd encoding GCAP1 betweekbd and
Ndd in pET30b upstream of the 36 amino acid long linker
4377105AGC1_

The His-tag was inserted at the GCAPLénd by PCR
with primers FH210 (5SCATATGCACCATCACCATCAC-
CATGGGAACATTATGGACGGTAAG-3) and LN1 (8-
CATATGACCGTCGGCCTCCGCG-3that also introduced
Ndd sites. TheNdd—Ndd GCAP1 fragment was then
subcloned in pET30b upstream from the 36 amino acid long

bin/S-tag/enterokinase peptide linker (36 amino acids long, linker—437-1054GC1.

MHHHHHHSSGLVPRGSGMKETAAAKFERQHMDS-
PDL) were transferred as ¥ba—Xhd fragment into the

Strep-tag, a short peptide (8 amino acids long) with highly
selective binding properties for Strep-Tactin (an engineered

pFastBacl expression vector (Bac-to-Bac system, Life streptavidin), was also fused to the N-terminus of GCAP1
Technologies, Inc.). SF9 insect cells were transfected with |inker—437-105GC1 @1). Annealed oligonucleotides '(5

the recombinant bacmids using cationic liposome-mediated GATCCAATATGGCTAGCAACTGGAGCCACCC-

transfection (CellFECTIN reagent, Life Technologies, Inc.).

GCAATTTGAAAAAGGCGGGCA-3 and 5TATGCCC-

Expression of recombinant proteins was tested 3 days aftertGCCTTTTTCAAATTGCGGGTGGCTCCAGTTG-

infection.

Cloning of the Truncated Intracellular Domain of GC1.
Truncated GC1 was amplified from a bovine retina cDNA
library into two fragments#68-1054GC1 was amplified by
PCR with primers PL4 (SATGGGGAATTCTCGAAAG-
GTGGCCCAG-3) and PL7 (5GGATCAGATCTTCCAG-
GTTACTG-3) and primers PL6 (SATGGAAGATCTGA-
TCCGGGAGCGCACA-3 and XE2 (5GAATTCTCACT-

CTAGCCATATTG-3') encoding the “MASN-WSHPQFEK-
GG” Strep-tag peptide, that introduc&hnmHI and Ndd
protruding ends, were cloned with thield —Xhd fragment
encoding linker-*3710%GC1 or GCAPL-linker—*3710%GC1
in pFastBac-openeBanHI|—Sal.

GC Actiity Assay and Protein PurificationVashed rod
outer segment (ROS) membran@®)(were prepared from
fresh bovine retinas (Schenk Packing Co., Stanwood, WA)
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reconstituted with recombinant GCAPs and assayed asmm, Pharmacia), equilibrated with 10 mM BTP, pH 7.5,
described previously2@). [Ca&'] was calculated using the  containing 150 mM NaCl and 0.05% BSA at a flow rate of
computer program Chelator 1.0@4). All assays were 0.5 mL/min. Fractions (0.5 mL) were collected, and aliquots
repeated at least twice. of 40 uL were tested for GC activity. The proteins were

All purification procedures were carried out atG or on identified by SDS-PAGE using 15% polyacrylamide gels.
ice. Recombinant GCs and GCAPs were expressed in SF9For immunoblotting, membranes were blocked with 2% BSA
insect cells. After homogenization, cell suspensions were in 20 mM Tris, pH 8.0, containing 150 mM NaCl and 0.05%
centrifuged at 1000@Pfor 20 min at 4°C. Supernatants were  Tween 20, and incubatedrf@ h with primary antibody at a
used as a source of recombinant proteins for protein dilution of 1:1000. Cross-reacting anti-GC1 and -GC2
purification. GCAPs and GCAPGC fusion proteins were  antibody was raised against the conserved dimerization
purified by N#*-nitrilotriacetic acid (N¥"-NTA) metal- domain @6), while GCAP1- and GCAP2-specific antibodies
affinity chromatography (Qiagen). The cells were harvested were generated as described previougly) (

and homogenized with 10 mL (10 plates, 15 cm in diameter)  |mmunocytochemistrylnsect cells were immersed in

of 10 mM BTP, pH 7.5, containing 2 mM benzamidine. After  chilled 4% formaldehyde in PBS for 2 h. Antibody labeling
centrifugation for 10 min at 350@0 the supernatant was was assessed by indirect immunofluorescence. Fixed cells
incubated for 90 min at 4C with 1 mL of Ni-NTA resin.  were incubated in blocking buffer (PBS containing 3% BSA
The resin was washed with the same buffer until the and 0.2% Triton X-100, pH 7.0) for 30 min at room
absorption at 280 nm was0.02, and then washed with 10 temperature to reduce nonspecific labeling, washed with PBS,
mM BTP, containing 300 mM NaCl, untizgo nm < 0.02 incubated for 1.5 h with rabbit polyclonal antibody (UW28,
and eluted with 10 mM Hepes, pH 7.5, containing 100 MM  anti-dimerization domain of GC1 at 1:100 dilutioR,

NaCl and 250 mM imidazole. Purified proteins were dialyzed washed 3 times with PBS, incubated for 30 min with
against 10 mM BTP, pH 7.5, containing 50 mM NaCl indocarbocyanine (Cy3)-conjugated goat anti-rabbit antibody

overnight at £C. The purity of proteinsx90% for GCAPs  (1:200 in PBS), extensively washed with PBS, mounted in
and >60% for GCAPs-GCs) was estimated by SBS 504 n-propyl gallate in glycerol, and examined under

polyacrylamide gel electrophoresis (PAGE) and Coomassiefluorescence microscopy at 568 nm.
staining.

PPE-GCAP1-%37"105GC1 protein was purified using RESULTS AND DISCUSSION
antibodies against anti-PPE peptide (PRGPDRPEGIEE)
coupled to CNBr-activated Sepharose resid (mg of IgG Studies of photoreceptor GC are hindered by several
per 1 mL of the gel) as described previousBB) Insect biochemical properties that are difficult to eliminate or
cells were homogenized in 10 mM BTP, pH 7.5, and control. In general, photoreceptor GCs are poorly extractable
centrifuged (10 min, 1000@Q 4 °C), and the supernatant With detergents; they are expressed at low levels, sensitive
from 10 plates (15 cm) of SF9 cell culture infected with to inactivation during biochemical manipulations, and in
baculovirus-containing GCAPGC constructs was loaded ROS, difficult to assay as a consequence of the opposing
onto an antibody Sepharose column (0.8 mg of the gel) Phosphodiesterase activity. GCs are stimulated by small
equilibrated with 10 mM BTP, pH 7.5, at a flow rate of 6 C&*-binding proteins, GCAPs, in a reaction that is highly
mL/h. The column was then washed with 10 mM BTP, pH Ssensitive to various factors, such as detergents or salts. In
7.5, containing 200 mM NacCl, and then with 10 mM BTP, particular, the sensitivity to detergent does not allow for a
pH 7.5. The elution was performed with 1 mM PRGPDR- clear determination of whether GCAP activation involves
PEGIEE peptide in 10 mM BTP, pH 7.5, containing 50 mM dimerization of GC, as documented to other sTMRs. Inability
NaCl. Fractions (0.5 mL) were collected and analyzed for to reconstitute GC modulation with GCAPs using purified
GC-stimulating activity and proteins visualized by SBS ~ components could also indicate that other proteins, factors
PAGE and immunoblotting (Figure 3). Typically, 109 of of structural elements of ROS, or heterologous expression
GCAPs and 510 ug of GCAP-GC fusion protein were  Cell systems are needed for this regulation. Therefore, our
obtained from 10 plates of monolayer SF9 insect cell culture approach was to generate a soluble fusion protein that would
(15 cm in diameter). GCAPGC proteins were stable for ~ circumvent these problems (Figure 1).
>12 h. Active Truncated Forms of GCs and Constitelly Active

For the dilution experiments, the amount of cGMP was Fusion Proteins between GCs and GCAR&combinant
determined by standardized Mono Q column chromatography GC1 is associated with the membranes and requires detergent
(Pharmacia) using unlabeled GTP as a substrate. Samplesor solubilization. The basal activity of recombinant GC1
(50 uL in 950 uL of 10 mM BTP, pH 7.5) were loaded on  expressed in insect cells was 0.820.005 nmol/min, and
the Mono Q column (5x 50 mm), and nucleotides were was stimulated 1820-fold by addition of purified GCAP1
separated by a linear gradient from 0% solvent B (300 mM and GCAP2 (Figure 2A) [reviewed also in re3)]. The
NaClin 10 mM BTP, pH 7.5)/100% solvent A (10 mM BTP, intracellular fragment of GC1 (4371054) was active,
pH 7.5) to 100% solvent B in 30 min at a flow rate of 0.75 suggesting that the extracellular domain is nonessential for
mL/min, monitored at 260 nm. To obtain radiolabeled GCAP stimulation as was previously postulates,(29.
myristoylated GCAPE4371054GC1, the cells were grown in  Full-length GC1 and®7"194GC1 activities (IG, equal to
the presence of [9, 10(ifH]myristic acid (0.5 mCi/15 mL 225-230 nM) stimulated by soluble GCAP1 had comparable
of cell culture). activity versus [C#&] relationships (Figure 2A), and similar

Gel Filtration, SDS-PAGE, and Immunoblotting. The to the activation of ROS GCs by GCARH). Further
supernatant containing soluble recombinant GC (0.25 mL) systematic truncation of the kinase-homology domain (KHD)
was loaded on a Superose-6 gel filtration column x1800 led to a 468-1054 product that was stimulated by exogenous
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total, 51 different constructs were generated and tested in
this study. All mutations at the C-terminus of GC, such as
the addition of a linker (see below), GFP, kiag, truncation

of the last 6-10 amino acids, led to inactivation of the
cyclases and were not useful for further analysis. Shortening

inactive

the linker also led to inactive cyclase constructs. Therefore,
mutants that provided additional information on the proper-
ties of GCs and GCAPs are only discussed in this report.

Based on these deletion experiments, fusion proteins were
generated between selected CBPs and GCs (Figure 1). The
fusion proteins were active when CBPs were added to the
N-terminus of GC, while the addition of a 35 amino acid
long linker (see Materials and Methods) to the GC1 and GC2
FIGURE 1: S_chemati(_: representation of truncated GCs and C-termini led to inactivation of the enzymes, without
g%ﬁﬁ%‘;gﬁfnﬂep%og%gsé)maBc?gr'gesé?ﬁgﬁf&gtgy;xé(De)zgf‘ngglrl_”' significant changes in the expression levels of the constructs
ization), and Cat (catalytic) domains of GCs. The GC activity was (data not shown). Shortening of the GC construct by 44
assayed in the whole cell homogenate and in the detergent-freeamino acids from position 468 (Figure 1) and longer
extracts in the presence of GCAP1 at 46 nM {Ga. systematic deletions (data not shown), as observed for

truncated GC1, led to cyclase inactivation.

By Although GCAP1/2-GC1/2 constructs were constitutively
active at 46 nM [C&'free With 1Cso = 220-255 nM [C&*]-
(Figure 2B,C), further addition of exogenous GCAP1 or
GCAP2 increased the GC activity by $@0%, suggesting
that not all molecules in the GCARGC complexes are fully
enzymatically productive and some are in a dissociated form
with the regulatory site of GCs accessible for soluble free
GCAPs. Moreover, at low [CG4], guanylyl cyclase-inhibitor
protein (GCIP), a CBP related to GCAP, competes with
GCAPL1 in the GCAPL4¥71954GC1 complex (Figure 2B).
This observation confirms that the binding of GCAP1 to GC1
in the fusion protein is of low affinity, similar to stimulation
in ROS membranes. Both binding sites for GCAP1 and
GCIP, therefore, must overlap at least partially.

The inhibition of GC1 at high [CA] required myristoy-
lated GCAP1 23), and when the recognition site for
myristoyl-transferase was disabled by the addition ogHis
tag, enhanced cyclase activity was observed in high'Ca
which is typically reduced to basal levels by the myristoy-
lated C&"-free form of GCAP1 (Figure 2B). These results
indicate that the functional role of the N-terminal domain
of GCAPL1 in the inhibition of GC1 is independent of
membrane anchoring.

Photoreceptor GC1 has been reported to be stimutaged
fold by 1-2 mM ATP, while higher concentrations of ATP
decreased GC activity, most likely by competing with the
substrate, GTP30). To assess if the fusion protein still
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FIGURE 2: Activity of GC constructs as a function of [€3gee

(A) Activity of GC for full-length GC1 and truncatet}”-105GC1
(enzyme was stimulated by addition of exogenous, recombinant
GCAP1). IG, for GC1 was 230+ 40 and 225+ 34 nM for
43771054GC1 (= 3). (B) Activity of GC for GCAPLI-437-105GC1

and Hig-GCAP1-437-105GC1 (arrow shows competition of
GCIP with GCAP1 in GCAP%437-1054GC1 fusion protein at
low [CaM)fred). ICso for HissGCAP1-437-1054GC1 was 220+

34 nM. Inset: ATP titration of GC constructs (solid circles, . . . . .
GCAP1-437105GC1; open circles!¥-1054GC1 + GCAP1; open responds to ATP, increasing concentrations of this nucleotide

triangles, GC1+ GCAP1) in low [C&*]nee. Similar results were ~ were included in the assays. GC responsiveness to ATP was

obtained in three independent measurements. (C) Activity of GC preserved both for the truncatééf-1°4GC1 and for the

for GCAP1-437"105GC2, GCAP2-437"105GC1, and GCAP2 i 437-105

437-105GC2, |Gy values for GCAP2 47 19GC1 and GCAP2 f“S'OF GtCAPk ; AC;Cdl' Aé(.)"r;bl.f dm'\{'rﬁTﬁ , the GC t

437-1054GC1 were 245+ 74 and 255+ 30 nM, respectively. (D) constructs were aclivated and inhibited at higher concentra-
tions (Figure 2B, inset). As a result, the truncated GC1 fully

Activity of GC for CaM—437"1054GC1 after stimulation by addition ; Incatec
of GCAPL. Arrow shows recovery of GC1 activity by reconstitution preserved the responsiveness to ATP, indicating that the
membrane component is not needed for this regulation as

with GCAPL in low [C&]free. ICso for CaM—437-1054GC1 was 195
+ 15 nM. The dashed line represents stimulation of ROS GCs by well.

APL. In all Is, th hed li ts stimulati f . .
GC n all panels, the dashed line represents stimulation o The GCAPL7-105GC1 properties in response to an

ROS GCs by GCAP1. _ _

increase in [C&] were also comparable to those of GCAP2
GCAP1, but not GCAP2 (data not shown). Additional #319%4GC1, GCAPL*7"104GC2, and GCAP2437 105G C2
truncation rendered the GC fragment inactive, indicating that (Figure 2C). These results indicate compatibility between
the KHD either is needed for the proper folding of active GC1 and GC2/GCAP1 and GCAP2, suggesting that underly-
GCl1, is important for GCAP binding (Figure 1), or is ing mechanisms of activation are similar for both GCAPs
required for GC activity, as suggested previou2g)( In and GCs. This finding is in contrast to other observations in
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A cC “ @ cellular domain of GC1 may be due to either differences in
the expression system (insect cells vs HEK293 cells) or
gegrea differences in GC1 intracellular sequences (human vs
bovine), rather than a general feature of this GC domain. It
is worth noting that the intracellular domain of GC type C
" @ is also soluble in insect cell82). The cellular localization
of GCAP1-%37"1954GC1 showed cytosolic distribution in
X § b contrast to plasma membrane association of GC1 (Figure
312 3 £ 1Yy ™~ 3B). To determine if GCAPL437-10%GC1 is myristoylated,
cearamEGat ook the fusion protein was produced in the presence3e-[
myristic acid. Becauséli-myristoy]-GCAP1-437105GC1
D - was eluted in fractions that corresponded to the GC-stim-
OCAPLATIHGE! ) —— ulated activity at low [C&], and no radioactivity was
= detected in the fraction for the control mutant with the
- disabled myristoylation site, these results and inhibition of
- GC1 at high [C&"] (Figure 2B) suggest that the fusion
- protein is myristoylated (Figure 3C).
The GCAPL-*37"105G 1 fusion proteins were subjected

F'CftURE % F;lmp‘?”iles of GCA';&G(%l. f”Si(?fr.‘ ;:)tr_otei?:)g Icetl!l't to various purification schemes. For example cHBECAP1—
culture, biochemical assays, and protein purification. olubili a . o . e
of GC1 constructs. GC WZS prepgred asF()JIescribed under Materi)z/als437 1%GC1 was partially purified by Nf meta}l'aﬁ'n'ty .
and Methods. Activity (as a percent of maximal activity) was chromatography (data not shown). Enzymatic properties
measured in membrane and soluble cell fractions. Similar results (such as [C&] sensitivity) of purified fractions of GCAP

were obtained in four independent measurements. Inset: Immu-GC fusion proteins were indistinguishable from regulation
noblot analysis of GC1 solubility using polyclonal anti-GC1 f membrane-associated GC in ROS or HEK293 membranes.

antibodies. (B) Localization of GCAP4437-1054GC1 fusion protein L
in cytoplasm (1) and full-length GC1 in the membrane fraction (2) Strep-GCAP+GC1, containing the MASN-WSHPQFEK-

(upper panels corresponded to image in bright light, bottom panels GG-tag sequence, can be developed using the streptavidin
show fluorescent image). (C) Gel filtration chromatography of affinity purification method 21). Another construct with an
GCAP1-#37105GC1 and Hig GCAP1-*37"10%GC1 (Materialsand  antibody recognition tag, PPESCAP1-437-105GC1, con-

Methods) and correlation with GC stimulation activity. Panel 1, taining the PRGPDRPEGIEE sequence, was purified to
GC activity profile; panel 2, incorporation of the myristoyl group '

into GCAP1-GC1 mutants. (D) Purification of PPEGCAPL- ~ apparent homogeneity by immunoaffinity chromatography
437-10543C1. The GC1 fusion protein was purified as described (Figure 3D). It appears, therefore, that no other membrane
under Materials and Methods. The purity was assessed by-SDS component is needed for GC1 stimulation by GCAP1 and
PAGE (lane 1) and by immunoblotting using anti-GC1 antibody that these proteins interact directly, rather than through
Eg’;‘i ?hggghgﬁﬁspelB?T'l%?dé’sﬁ'\?%%;?E,)g ang‘uemisrﬁéggéé?i a?{)in(ig‘ adapter molecules such as cytoskeletal proteins, and that no
anhydrase, 34.9; soybean trypsin inhibitor, 29.9; lysosyme, 21.8. Mémbrane component is needed for the activation process.
The expression of fusion proteins has been extensively
reconstituted systems using the mutated and native GCs andtudied inE. coli without success. The vast majority of the
GCAPs [reviewed in ref31)]. These differences between expressed protein formed insoluble aggregates, and both the
membrane-bound and free systems could result from thesoluble fraction and the insoluble fraction, renatured from
alteration in affinities between these two nonlinked compo- urea, were without GC activity. Further improvements, such
nents and changes in effective concentrations in a milieu of as simplifying the purification procedures, are required for
other proteins on the surface of the membranes as comparedhcreasing protein levels in various heterologous expression
to soluble proteins. As expected, not all CBPs have the systems, including insect cells, before structural studies could
stimulatory effect on GC1. When CaM was fused to be embarked on.
437710545 C1, only a basal activity was observed at all tested Mechanism of GC Stimulation by GCAPR probe the
[Ca?*], and the cyclase activity was enhanced in low{Ga  mechanism of GC stimulation, we employed GCAP1
upon addition of exogenous GCAP1 (Figure 2D). Together, 437-194GC1 protein; however, other constructs yielded similar
these data show that the fusion proteins between GCs andesults. To further investigate the affinity of GCAP1 for
GCAPs display all major enzymatic characteristics of the GCAP1-437"104GC1 in a mixture of free components and
native system in ROS. Therefore, these constructs wereas a fusion protein, the GC activity was measured in the
further evaluated to understand the mechanism of cyclasepresence of increasing concentrations of the constitutively
modulation by GCAPs. active GCAP1 mutant at high [€g(33) (Figure 4A). In
Soluble Forms of GC Fusion Proteinghe fraction of these conditions, without the constitutively active mutant,
active and soluble GCAPI#%7 105G C1 was estimated by  native GCAP1 inhibits GC activity (Figure 2A). For GCAP1
the enzymatic assays in membrane suspensions and solubls GCAP1-437"1054GC1, the EG, for stimulation with the
fractions, and fusion proteins were visualized by immuno- GCAP1 mutant was comparable .8 uM), and similar in
blotting with anit-GC1 antibodies. A major fraction of all our conditions to the E& for membrane-bound GC and
fusion proteins or truncated GCs was soluble, in contrast to GCAP1(-1.5uM) (33), supporting again the hypothesis that
full-length GC1 (Figure 3A). The production of the soluble GCAP1 in GCAPLE*371054GC1 forms a freely dissociable
active products in insect cells is different from the expression complex and that GCAPL in the fusion protein can be out-
of insoluble truncated GC1 obtained in HEK293 cell§)( competed by soluble GCAPs. Although the activation of
These differences suggest that the insolubility of the intra- GCAP1-%37"105GC1 could be intermolecular (Figure 2B,D),

/[
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2. supernatant
3. pellet

GC Activity (%)
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Ficure 4: Intramolecular and dimeric nature of GCAPGC1-

stimulated activity at low [CH]tee (A) Competition of GCAPE
431-1054G,C1 and*37-1954GC1 with GCAP1(E75Q E111Q E155Q)

at 2uM [Ca?*]ee The EGpvalues were 0.8 0.1 and 0.85: 0.1

uM for GCAP1-437-1054GC1 and*3"105GC1, respectively. (B)
Dilution effect on GCAP$+437-105GC1 and GCAP1/ROS GC1
activities. Samples were diluted 0, 2, 4, and 8 times with increasing
concentrations of all reagents in the assay at constant amounts o
protein. Results are an average of two measurements. (C) Gel
filtration chromatography. GCAP4437-1054GC1 was loaded at 5
UM [Ca?t]ee OF With (gray circles and dashed line) addition of 1
mM EDTA (solid circles) on a Superose-6 column as described
under Materials and Methods. Arrows show standardsimylase
(200 kDa) and alcohol dehydrogenase (150 kDa). (D) The calibra-
tion curve for the gel filtration column. The standard proteins and
compounds used were NgNcytochromec (12 kDa), carbonic
anhydrase (29 kDa), bovine serum albumin (67 kDa), alcohol
dehydrogenase (150 kDaj;amylase (200 kDa), and blue dextran
(void volume, 2000 kDa) as the high molecular mass standard. The
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causing relative reorientation of two structural domains
containing a pair of EF-hand motifs, and thus switching its
partner, GC, from an inactive to an active conformatidn (

The essential components required to transform an inhibitory
to an activating protein are contained within the N-terminal
region of GCAPL1 (residues43) (23, 38, 39. These results
deviate from the mechanism proposed for the photoreceptor
GC regulation, in which GCAP2 promotes a dimerization
of GCs in the C& -free form @35).

In summary, active and soluble GCARSC fusion pro-
teins were generated and characterized in biochemical assays.
The interaction of GCs with GCAPs did not require any
membrane components or adapter proteins. The soluble
GCAP-GC fusion proteins are dimers in all tested condi-
tions, and the GC activity showed typical Talependent
stimulation that was further enhanced by ATP. The myristoyl
group of GCAP1 appeared to be critical for the inhibition
of GCs at high [C#&"]. Expression of the active soluble
intracellular GC domain in a complex with GCAPs opens
new possibilities for using these constructs in structural
studies. Thus, the sensitivity of GCs and GCAPs to various
reagents, such as salt and detergents, and the relatively low
affinities compared to CaM and its target proteins could be
overcome by fusing these two components. This raises the
possibility to determine the high-resolution structures of the
fusion proteins in both Ca-free and C&'-bound forms.

fTheir critical role in the physiology of photoreceptors and

vision makes GE GCAP systems an attractive target for
further studies. These studies may also influence further
progress on other sTMRs and their interactions with modula-
tory proteins.
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nm, and azide at 260 nm. ve/vo is a ratio of the elution volume to

void volume. The GC fusion protein eluted at a volume that

corresponded to 180 kDa. Similar relationships for the retention
time and molecular mass were obtained in three independent
experiments.

in diluted conditions, most of the activation occurs through
an intramolecular mechanism (Figure 4B) because dilution
of GCAP1-43""105%4GC1 had only a minor effect on the
activity as compared to strong inhibition by the dilution of
GCs in ROS in the presence of exogenous GCAPL.
GCAP1-437"104GC1 formed a homodimer of intracellular
domains as judged by the gel filtration method in both low
and high [C&'] (Figure 4C). These results are consistent
with the observations made using other methods for photo-
receptor GCs in membranes( 34, 3) and other membrane-
associated GCslR, 32. X-ray structure determination of
the soluble extracellular domain also suggests a dimeric form
of this part of GC 86), and that the extracellular and
intracellular domains permit a set of interactions that brings
the two subunits together. The regulatory interactions of
GCAPs with the effector GC molecules cause conformational

changes that produce the most efficient enhancement in the 1

catalysis, rather than physical dimerization. Recently, we
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