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ABSTRACT.

In rod and cone photoreceptor cells, activation of particulate guanylate cyclase (retGC1) is

mediated by a Cd-binding protein termed GCAPL1, that detects changes idflga. In this study, we

show that N-acylated GCAP1 restored?Caensitivity of native and recombinant photoreceptor retGC1.
ATP increased the affinity of retGC1 for GCAP1 and accelerated catalysis. Using peptides derived from
the GCAP1 sequence, we found that at least three regions, encompassing the N-terminus, the EF-1 motif,
and the EF-3 motif, were likely involved in the interaction with retGC1. MutatiofG3¥f to Ala (GCAP1-

G2A), which abolished myristoylation and a 25 amino acid truncation at the N-termkR% GCAP1)
reduced retGC1-stimulating activity dramatically, while deletion of 10 amino adifil8-GCAP1) reduced

the specific activity by only~60% and modified the Ga sensitivity. At 10°¢ M [Ca2t]fes in conditions

that inactivated native GCAP1, retGC1 showed significant activity in the presedcEeGCAPL. Native

and all three mutant forms of GCAP1 had similar affinities foPCas demonstrated by gel filtration and

the changes in tryptophan fluorescence. All mutants bound to ROS membranes 4h-iadependent
manner, exceph25-GCAP1, which was mostly soluble. These findings suggest that the N-terminal region
is important in tethering of GCAP1 to the ROS membranes.

Guanylate cyclase (GEatalyzes the conversion of GTP
to 3,5-cyclic-GMP (cGMP) and pyrophosphate. Soluble
forms of GC are heterodimers bearing an iron atom

oligomerization, phosphorylation, nucleotides, and'ca
binding proteins (Garbers & Lowe, 1994).

During phototransduction in vertebrate photoreceptor cells,

coordinated by the heme prosthetic group that is the site of particulate GC replenishes cGMP that has been hydrolyzed

regulation by NO or CO (Koeslingt al,, 1991; Schmidt,

by phosphodiesterase as a consequence of a light-dependent

1992). Particulate forms of GCs are proteins composed of cascade of reactions in rod and cone cell outer segments.
an extracellular domain connected by a single-transmembrane:GMP is produced at accelerated rates under lovi G,
segment to an intracellular domain that includes a protein which in turn is regulated by influx via cGMP-gated channels

kinase-like region, a dimerization domain, and a catalytic
site (Garbergt al,, 1994). Regulation of particulate GCs is
complex and may involve extracellular peptide ligands,
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1994). In contrast to other particulate GCs, the photoreceptor
enzyme is stimulated intracellularly (Lavetal, 1996; Duda

et al, 1996), most likely via the kinase-like domain (Duda
et al,, 1996).

Two photoreceptor-specific GCs, retGC1 and retGC2
(Goraczniaket al., 1994; Loweet al, 1995; Yanget al,
1995), were cloned. However, only retGC1 (termed also
ROS-GC and GC-E) and GCAP1 were isolated from ROS
(Margulis et al,, 1993; Gorczycat al, 1995; Frinset al,
1996; Aparicio & Applebury, 1995). Immunocytochemical
localizations of retGC1 (Dizhooet al., 1994; Liuet al,
1994) and GCAP1 (Gorczyas al,, 1995; Frinset al., 1996)
to rod and cone outer segments are consistent with their
function in phototransduction. The retGC2 was found mostly
in the photoreceptor cell layer tiy situ hybridization (Lowe

S0006-2960(96)03000-0 CCC: $14.00 © 1997 American Chemical Society
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et al, 1995), but the precise subcellular localization within
these highly differentiated cells has not been reported. The
most intense GCAP2 immunoreactivity was found in the
inner segments, somata, and synapses of monkey and frog
cones (Otto-Bruet al., 1997).

The difficulty of purifying GCAP1 from native tissue was
recently overcome by expressing GCAPL1 in an insect cell
system (Gorczycat al, 1995). However, this heterolo-
gously expressed GCAP1 has not been extensively character-
ized and compared to the native protein. This is particularly
important because GCAPL1 readily undergoes oligomerization
and proteolysis to several 320 kDa forms and becomes
ineffective in retGC1 stimulation (Gorczyae al, 1994a;
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Ficure 1: Purification of radiolabeled GCAP1 expressed in insect
cells. An extract of High Five cells that had been grown for 1 day

this study). The function of the N-terminal region of GCAP1
is not known, but it is highly conserved among GCAP1s
from different species and only weakly related to the
N-terminus of GCAP2. Peptide inhibition studies suggest
that the N-terminus might be a part of an interacting domain
with retGC1 (Palczewskiet al, 1994). However, the
inhibition could be explained by detergent-like property of
the N-myristoylated peptide. In addition, which form of
GCAP1, Cé&'-free or with one or two Cd-bound, is the
most effective in the stimulation of retGC1? AreZand
ATP involved in promoting the association of GCAP1 with
membranes?

in the presence of 0.25 mCi ofH]Leu or 9,10-H]myristic acid

and then transfected for 3 days with pVL941GCAP was purified
on the mAb G2 column as described in Materials and Methods.
An aliquot of GCAP1 was analyzed by SB8AGE [molecular
markers (in kDa): 92, 67, 43, 30, 20, and 14; from Pharmacia]
and stained with Coomassie Blue. SBIBAGE gels containing
[®H]-Leu- or 9,10-fH]myristoyl-GCAP1 were stained with Coo-
massie Blue or incubated with 2,5-diphenyloxazole (Coliggal.,
1995), dried, and the radioactive band was visualized by fluorog-
raphy.

A soluble extract containing GCAP1 was prepared from
either bovine ROS (equivalent to 50 bovine retinas), from

The present study used biochemical and biophysical 25 bov_ine _retinas, or from 10 _plates (15 cm diameter) of
methods to address many of these questions. We report thaf1i9h Five insect cells expressing GCAP1 with 25 mL of

retGC1 stimulation by GCAP1 involves several regions of Water, containing 1 mM benzamidine. The extract was
GCAP1, including the N-terminal region, and propose that Séparated from membrane particulates by centrifugation
GCAP1 stimulates GC via its intracellular domain in an (4800@ for 30 min) and loaded onto an antibody-Sepharose

interaction enhanced by ATP.

MATERIALS AND METHODS

Preparation of ROS.ROS were prepared from fresh
bovine retinas (Schenk Packing Co., Inc., Stanwood, WA)

column (UW14 pAb; 6 mg of antibody per 1 mL of the
CNBr-activated Sepharose;x12 cm; Gorczycat al, 1995)

equilibrated with 10 mM BTP buffer, pH 7.5, at a flow rate
of 15 mL/h. The column was washed with 10 mM BTP
buffer, pH 7.5, containing 200 mM NacCl, with 10 mM BTP,

according to Papermaster (1982). ROS were suspended irpH 7.5, containig 4 M urea, followed by 10 mM BTP, pH

50 mM Hepes, pH 7.8, containing 60 mM KCI and 20 mM
NaCl (final concentration, 812 mg/mL of rhodopsin).

7.5. The elution was performed with 0.1 M of glycine, pH
2.5. Fractions (0.5 mL) were collected, immediately neutral-

Washed ROS were prepared from ROS by removing solublejzed with 1 M Tris/HCI, pH 8.4, and analyzed for retGC1-

proteins, including GCAP1, as described previously (Gorc-
zycaet al, 1994a).
Expression of Bane GCAP1 in High Fie Insect Cells.

stimulating activity.

Site-Directed MutagenesiS=GCAP1 was mutated employ-

The transfer vector pVLgcap was constructed by subcloning ing site-directed mutagenesis using a Transformer Kit

full-length DNA fragments encoding bovine GCAPL1 into the
pVL941 vector (Invitrogen). High Five cells [(23) x 1(f]

(Clontech Laboratories, Palo Alto, CA). The mutagenic
primer for GCAP1-G2A was'5GCC TGA GCG ATG GCG

derived from the cabbage looper (Pharmingen) were co- AAC ATT in which the codon for Gly (GGG) was replaced

transfected with 0.5tg of BaculoGold DNA and 5.9 of
pVLgcap in a 25 crhtissue culture flask as described
previously (Gorczycat al., 1995).

Preparation of GCAP1.Gorczycaet al. (1995) developed
a combination of affinity chromatography methods for
isolation of GCAP1 and GCAP2 from retinal or GCAP1 from

ROS extracts and from an insect cell expression system.
However, these methods produced GCAPs contaminated b
several high molecular weight proteins. Subsequently, we

found that the interaction between GCAP1 and UW14 pAb
or G2 mAb was strong and withstood up& M urea and 1

by the codon for Ala (GCG, underlined). The mutation was
introduced directly into the pVL941 insect cell vector
construct expressing GCAPL1 (Gorczyataal,, 1995). Dele-
tions were introduced by specific primers and PCR. To
delete residues-211 of GCAP1 A10-GCAP1), a sense
primer 11M (3-CAG GCC TGA GCG ATG GAG CTG

yAGC AGC) and an antisense primer W233 (Palczeveski

al., 1994) located ten bp downstream of the stop codon were
used. To delete residues-25 of GCAP1 A25-GCAP1),
11M was replaced by 26M (6CAG GCC TGA GCG ATG

M NaCl, while GCAP2 eluted under these conditions. The ACA GAG TGC CCC). 11M and 26M primers retain 9 bp

chromatography, for example, of a retinal extract on UW14

of upstream sequence including an in-frame stop codon

pAb showed that after washing with urea, GCAP1 was eluted (TGA), and ATG of GCAP1. The amplified products were

with glycine/HCI (pH 2.5) as a pure protein. The chroma-

cloned into PCRII vector (Invitrogen), excised wBamHl|

tography was specific for GCAP1, as GCAP2 was eluted in and Hindlll, and recloned into the corresponding sites of
flow-through fractions. Similar results were obtained using pVL941. All insect expression vector constructs were
G2 mAb coupled to CNBr-Sepharose. completely sequenced on both strands with tagged pVL941-
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Ficure 2: Effect of increasing amounts of GCAP1 on stimulation of retGC1 in washed ROS and retGC1 expressed in insect cells in the
presence of ATP. (Left Panels) Activity is expressed in pmol/min. (Right Panels) Activity is given as a percent of maximal stimulation at
4 uM of GCAP1. ATP concentration was 0.4 mM. The GC assays using retGC1 expressed in inse@)cetlsvashed ROSK) were
performed as described in Materials and Methods.

specific primers using a LI-COR L4000 automatic sequencer. GC Assays.The GC assays were performed using GTP-
All mutants were expressed in the High Five cells and a-%S(S) and washed ROS or GT&-*?P using expressed
purified using G2 affinity chromatography as described for retGC1 as described previously (Gorczyegal, 1995).
recombinant GCAP1. To produce radioactive-labeled GCAP1 When indicated, the concentration of the substrate was
and its mutants, the cell culture was carried out in the changed and ATP was included (typically 0.4 mM). Qg

presence of 1 mCi of3H]Leu or 0.5 mCi of f°S]Met. was calculated using the computer program Chelator 1.00
GCAP1 was also radioactively labeled when the tissue (Schoenmakerst al, 1992) and adjusted to higher concen-
culture medium was supplemented with 1 mCidi]myris- trations in some assays by increasing the amount of added
tic acid ([9,103H(N)]tetradecanoic acid; NEN DuPont). No CaCh. In addition, [C&']ee Wwas measured from fluores-
radioactivity was found associated with GCAP1-G24,0- cence changes of Fura-2 in the presence &f @acording
GCAP1, orA25-GCAP1 mutants, when expressed in the to Grynkiewiczet al.(1985). C&" solutions were also used
presence of3H]myristic acid. from calibrated °C&"] stock solution. All solutions used

Expression of GC.Human photoreceptor GC (retGC1) for the C&" titration were depleted of C& by passing
was produced in a kidney 293 cell line (a gift from D. Lowe; through a Chelex-Sepharose gel.
Genentech, Inc.) as described previously (Shyganal, Although some of the data are without standard deviations,
1992). Bovine retGC1 (obtained from Dr. R. Sharma) was they are the averages of two determinations. Similar results
cloned into pVL941 and expressed in High Five insect cells were obtained from at least two different sets of experiments
as described previously (Gorczyegaal., 1995). performed in duplicate. Due to high sensitivity of the GC

Peptide SynthesisPeptides were synthesized by the solid system [for details see Gorczyeet al. (1994a,b)], the
phase method using an automated synthesizer (model 431Aabsolute values of one series occasionally varied from another
Applied Biosystems, Foster City, CA). Synthesis was by 10-15% but with preservation of the ratio between
performed at the 0.25 mmol level using the Fmoc protocol. activity of two different preparations (for example, mutants
Half of the p-alkoxybenzyl resin containing peptide-28 of GCAP1) since only a limited number of the test samples
was acylated with myristoyl chloride (Sigma) in pyridine. could be performed in a single assay (maximally 24 samples)
Following deprotection, peptides were purified by preparative that always included a relevant control (low or high {Qge
reverse phase liquid chromatography on a 2.5 cm and+ GCAP1).
Partisil-10 ODS-3 column (Whatman), using a40% Protein Determinations and SD®AGE. GCAP1 con-
gradient of acetonitrile in 0.05% acetic acid. Peptides had centration was determined spectrophotometrically (1 mg/mL
the expected composition by amino acid analysis and wereof GCAP1 yieldedAxsonm= 2.58) and assuming the molec-
single components when examined by analytical HPLE€ (0 ular mass 23.5 kDa. This value was obtained directly from
40% gradient of acetonitrile in 0.01% phosphoric acid on a amino acid analysis of a GCAP1 solution of known absorp-
4.6 x 150 mm column of Partisil-5 ODS-3). tion. The concentrations of other proteins were determined
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Ficure 3: (A) Inhibition of GC stimulation by peptides encompassing the whole sequence of GCAP1. Numbers represent the length of the
peptide fragments and the position in the sequence of GCAP1,; the differential shading shows inhibition by peptided/atot @thich

the inhibition was<30%, 30-60%, or>60% in standard GC assay using washed RO&, H€presents 50% inhibition of GC stimulation

by GCAP1 for the indicated peptide. (B) Amino acid sequence of GCAP1 and mutants at the N-terminal region. Three mutant GCAP1
forms were produced: GCAP1-G2A, in which Glyas mutated to Ala (black background)10-GCAP1 and\25-GCAP1 deletion mutants

(“-" indicates deleted amino acids) were made retairfidi@t. Note thatTrp is deleted inA25-GCAP1.
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Ficure 4: Stimulation of GC activity in washed ROS membranes and retGC1 by GCAP1 and its mutants. (A) Stimulation of GC activity
in washed ROS (left panel). (B) Expressed retGC1 (right panel) by native and mutant forms of GCAP1.

by the method of Bradford (1976). SBDPAGE was sinapinic acid (3,5-dimethoxy-4-hydroxycinnamic acid) dried
performed according to Laemmli (1970). from acetone. The protein was dried and overlaid with 1
Fluorescence Measurementdntrinsic fluorescence of  uL of matrix (25 mM sinapinic acid in 30% acetonitrile).
GCAP1 was measured using a Perkin-EImer LS 50B The mass spectra were recorded on a MALDI Voyager Elite
fluorimeter and a Ix 1 cm quartz cuvette. The sample was in the linear and positive ion modes by summing an average
stirred continuously and thermostated at°®5 The buffer of 100 laser pulses. The voltage acceleration was 30 kV,
contained 50 mM Hepes, pH 7.8, 60 mM KCI, 20 mM NaCl, and the laser wavelength 337 nm. The instrument is housed
1 mM EGTA, and 1 mM DTT. The excitation wavelength in the Department of Biochemistry (Dr. K. A. Walsh and
was at 290 nm, and the emission scan speed was 100 nmDr. L. H. Ericsson).
min. The excitation and emission slit widths were 5 nm. A

concentrated solution of CaC(5—-50 mM) was added RESULTS

several times in order to raise [€dee from 1078 to 3 x Expression of GCAP1 in Insect Celldvost of GCAP1
105 M. Spectra were corrected by the dilution due to the expressed in High Five insect cells was myristoylated as
addition of CaCdl. shown by a combination of the mAb G2 chromatography

Matrix-Assisted Laser Desorption/lonization Time of Flight and autoradiography of3fi]myristoylated GCAP1 and
Mass Spectrometry (MALDI TOF)The samples of native  [3H]Leu-labeled GCAP1 (Figure 1). The autoradiogram of
and mutant forms of GCAP1 (2a.00 pmol/L) were placed SDS-PAGE gels showed that two forms were produced:
on a stainless steel target plate that contained 100 mMone (93% on the basis of the radioactivity) that is identical
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FiIGUReE 5: C&" titration of GC activity in washed ROS and retG1 expressed in insect cells. (Left Panels) Activity is expressed in pmol/
min. (Right Panels) Activity is expressed as a percent of maximal activity at IoW &zd with 14g of GCAP1. The GC assay using
washed ROS (A) or retGC1 expressed in insect cells (B) was carried out as described in Materials and Methdgls.\i@a adjusted by
C&t/EGTA buffer as described in Materials and Methods.

to native GCAP1 (myristoylated with a molecular mass reported to possess kinase-like activity and undergoes
similar to native protein as determined by MALDI TOF) and autophosphorylation in the presence of ATP (Aparicio &
a second unmyristoylated form with reduced mobility. Applebury, 1996). Here, we found that ATP doubled the
Myristoylated GCAP1 could be separated from the unmyris- affinity of retGC1 for GCAP1 in reconstituted systems
toylated form on a CN-HPLC column (Duds al., 1996),  composed of purified GCAP1 and washed ROS or photo-
although this step was typically omitted since we observed receptor retGC1 expressed in insect cells (Figure 2A and
no difference in retGC1 stimulation between HPLC purified 2B). Similar results were obtained using a combination of
(myristoylated GCAP1) and mAb G2 purified GCAP1  photoreceptor retGC1, expressed in a human kidney embry-
(myristoylated GCAPH unmyristoylated GCAP1). These  gpic cell line (Shyjaret al, 1992), with expressed or native
results demonstrate that active GCAP1 was expressed t0 g&5cap1 (data not shown). These data suggest that ATP is
high level in insect cells and could be radiolabeled for further key component of the retGC1 regulation that influences

biochemical and structural characterization. the rate of cGMP production by increasing the rate of
Effect of C&" and ATP on retGC1 Stimulation by GCAPL. catalysis and affinity for GCAPL.

AP1 i th f phot t t 1 without
GCAPL increased théa of photoreceptor retGCL without o o ¢ G AP That Affect retGC1 Stimulaticihe

affecting theKy, for its substrate GTP ow-thio-GTP. For ) . )
example, when [Ca]qee = 1076 M, the VimaWas 0.3 nmol/ N-terminal region of GCAP1 was suggested to be involved

min/mg for washed ROS membranes; while when the in the regulation of retGC1, since a myristoylated peptide
[Ca2*ree = 2.2 x 10°7 M and [C&Jqee = 4.3 x 1078 M, corresponding to the N-terminal 20 amino acids, strongly
the Vimax Was 0.6 and 3 nmol/min/mg, respectively. These inhibited the effect of GCAP1 (Palczewsdd al, 1994). In
data suggest that GCAP1 increases the efficiency of theaddition to the N-terminal region, peptides encompassing the
catalysis, but does not influence the affinity for the nucleotide EF-1 and EF-3 motifs strongly inhibited retGC1 stimulation
substrate. (Figure 3A). A “scrambled” peptide that contained the same
Another important factor in GC regulation is ATP. amino acids as the N-terminal peptide, which was also
RetGCl1 is activated by adenosine nucleotides in the presencényristoylated, had 20-fold reduced inhibitory properties as
of GCAPs. The nucleotides cause an increase inthg ~ compared with the native peptide (data not shown). The
of retGC1 and slightly affect thi&y (Gorczycaet al, 1994b).  peptide encompassing the C-terminus, the most divergent
Similar levels of stimulation were observed for retGC1 and region among GCAP1 from different species, did not affect
GCAP2 (Lauraet al, 1996). In addition, Ca-sensitivity retGC1 stimulation (Figure 3A). These data suggest that the
of retGC1 is modulated by protein kinase A phosphorylation interaction between GCAP1 and photoreceptor retGC1 on
(Wolbring & Schnetkamp, 1996), and retGC1 has been disc membranes is provided by a multipoint attachment that
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FiGURE 6: Fluorescence emission spectra of native and mutant forms of GCAPL1 as a functioA"df{CeA) Three selected fluorescence
spectra of GCAP1 (0.15M) with excitation at 290 nm in 50 mM Hepes, pH 7.8, 60 mM KCI, 20 mM NaCl, 1 mM EGTA, and 1 mM
DTT, containing 108, 1077, and 10° M [Ca?']#e Inset: Difference fluorescence spectra of GCAP1 measuredaahd 10° M [Ca? ]ree
minus values at I¢ M [Ca?']xee (B) Changes in the maximum fluorescence intensity at 344 nm i&]Gafrom 108to 3 x 10> M

for GCAP1, GCAP1-G2AA10-GCAP1, and\25-GCAPL. Inset: Gel filtrations (Hummel & Dreyer, 1962) of native and mutant forms of
GCAP1 were carried out using G-25 Sephadex (4.8.5 cm) at a flow rate of 0.2 mL/min. The buffer (10 mM BTP, pH 7.5, 100 mM
NaCl) contained M [*°Ca]CaC} and 1.6-3.8 uM proteins. Other concentrations of Ca@ked were 0.25, 0.5, anduiM (not shown).

most likely involves the N-terminal region EF-1 and EF-3 retGC1 expressed in human kidney cells (data not shown).
motifs of GCAP1. GCAP1-G2A did not compete with GCAP1 for binding to
Mutant Forms of GCAP1 with Modified N-Terminal retGC1 and did not affect the retGCL1 stimulation by GCAP1
Region. To explore the importance of the conserved significantly (data not shown).
N-terminus of GCAP1 (only two divergent residues in the ~ A10-GCAP1 displayed distinct €a sensitivity (Figure
first 35 amino acids of vertebrate GCAP1s) (Semple- 5A and 5B). The retGC1 activity was reduced©$0% at
Rowlandet al,, 1996; Palczewslét al, 1994), we generated  high C&", as assayed using washed ROS membranes or
mutants lacking 10X10-GCAP1) or 25 amino acida\e5- expressed retGC1. These results suggest that the N-terminal
GCAP1) at the N-terminus, and a mutant in whiGly was 10 amino acids, althougk70 amino acids distant from the
replaced with Ala, GCAP1-G2A (Figure 3B). All mutants nearest EF motif, contribute to €asensitive modulation
lacked a site for N-terminal myristoylation. The N-termini of retGC1. The retGC1 activity was stimulated additively
of these mutants were inaccessible for Edman degradationjn the presence of GCAP1 adl0-GCAP1. GCAP1-G2A
suggesting thatMet was not removed and acetylated, but has lower specific activity but its Gatitration was similar
not myristoylated, as observed for GCAP1-G2A antD- to that of native GCAP1 (data not shown).
GCAP1 which lacked the incorporation ¢H]myristic acid Ca"-Binding Properties of Natie and Mutant Forms of
(by analogy to the experiment presented in Figure 1). The GCAP1. GCAP1 exhibits C#&-sensitive changes in its
molecular mass for GCAP1, as estimated by MALDI TOF intrinsic fluorescence (Palczewsét al, 1994). We have
mass spectrometry, was found at the center of a peak to benoticed that the prolonged incubation of GCAP1 at room
23 729+ 360 at half-height (for myristoylated GCAP1 the temperature in the presence of’Caor unbuffered EGTA,
calculated mass 23 587.4 Da); for GCAP1-G2A, the peak leads to aggregation or complex formation with the chelator
was at 23 636t 345 (calculated for acetylated mutamnt (Gorczycaet al, 1994a), respectively. Thus, all of our
23 564.5); forA10-GCAP1, the peak was at 22 449270 measurements were completed in=3M min and with a
(calculated for acetylated mutant22 519.5); and foA25- concentration no lower than 10 nM [€3«e. and no higher
GCAP1, the peak was at 20486 140 (calculated for  than 50uM [Ca?']see. These changes in the fluorescence,
acetylated mutant= 20 619.4). These data are consistent as a function of [C# ]see resulted from changes in emission
with acetylation of N-terminal Met in all GCAP1 mutants. of fluorescence from one or more of the three Trp residues
Similar to GCAP1, all mutants exhibited characteristic shifts (at positions 21, 51, and 94). At low [€dse., GCAP1 had
in SDS-PAGE in the presence of EDTA (data not shown). an emission maximum at 344 nm. The changes of GCAP1
Mutation of?Gly to Ala (Figure 3B) significantly reduced  fluorescence, as a function of [E3.e, Were biphasic;
the ability of the mutant to stimulate retGC1 (Figure 4A). initially, as [C&"]xe increased, the fluorescence decreased
Surprisingly, the removal of 10 amino acidsAi0-GCAP1, at Amax emat 1077 M [Ca?M]ee.  After addition of extra CaG)
restores stimulation t6-30—45% of the original GCAP1  the fluorescence gradually increased from the lowest value,
level. Further truncation of the N-terminus A25-GCAP1 but did not reach the value at lowestZand thedmax.em
nearly abolished the retGC1 stimulation. Similar results were shifted to 346 nm (Figure 6). The fluorescence measure-
observed when ROS membranes were replaced by photo-ments revealed two processes: one which occurred4t-10
receptor retGC1 expressed in insect cells (Figure 4A) or 107 M [Ca?*]wee and led to C&-induced changes in the
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Ficure 7: Binding of native and mutant forms of GCAP1 to ROS membranes. (A) Radiolabeled GCAP1 was incubated with washed ROS
membranes in the standard GC assay conditions at 45 nM (circles) afdlEquares) [C& e The complex between GCAP1 and
membranes was collected by ultracentrifugation (15 min; 8§080d the amount of unbound protein determined by measuring radioactivity
(normalized, 1 or 4M = 1, triangles) left in the supernatant. {I®) Results of similar experiments are shown for GCAP1 mutants.

GCAP1 conformation, and a second process that correlatesbinding to membranes (GC) with similar affinities. The
with the C&"-dependent inactivation. Similar results were GCAP1-G2A mutant, with the unprocessed N-terminus
obtained using native GCAP1 (data not shown). These (acetyl-M-A-Q-...) lacking myristoylation, showed even
fluorescence changes agree with thé'@tependent changes  slightly increased membrane association (Figure 7C). The
in GCAP1 stimulation of retGC1, which is highest-at0~* inability of A25-GCAPL1 to associate with membranes is not
M [Ca?"]wee (Figure 5; Frinset al, 1996). More importantly,  due to misfolding, since Gabinding, which requires correct
GCAP1-G2A exhibited qualitatively similar fluorescence folding of the protein, is not impaired (Figure 6B, inset).
changes, suggesting that its integrity and the tertiary structureThese results suggest that GCAP1 is membrane-associated
were not dramatically altered due to the mutation and lack at low and high [C#&], as proposed earlier (Gorczyeaal,
of myristoylation. 1995; Koutaloset al.,1995). In addition, it appears that the
Truncation neaf'Trp in A10-GCAP1 modified fluores-  myristoyl group is not critical for the membrane binding.
cence properties only at higher [Che The second phase
of the fluorescence changes recovered only~#0%, as DISCUSSION
compared with GCAP1 (Figure 6). These results correlate In this study, we developed a significantly improved
with the partial activity of this mutant at high [€d. A25- method to isolate GCAP1 from the retina and from an insect
GCAP1, which lacks'Trp, also lacked this second phase cell expression system. We found that the expressed protein
of C&*-induced fluorescence changes and, as shown beforejs myristoylated ¢ 90%) and able to stimulate photoreceptor
had almost no stimulating activity. Using gel filtration retGC1 indistinguishably from native protein. On the basis
(Hummel & Dreyer, 1962), we tested if these mutants were of peptide competition experiments, the interaction between
qualitatively abnormal in the binding at 0.25, 0.5, 1, and 2 GCAP1 and retGC1 may involve several regions of GCAP1
UM [Ca?*]fee In all conditions tested, no differences were including the N-terminal region and EF-1 and EF-3 motifs
found in C&" binding between GCAP1 and any of the (Figure 3). The N-terminal lipid modification is not essential
mutants (Figure 6B, inset). These results suggest that thefor activity sinceA10-GCAPL1 stimulates retGC1, although
N-terminal region, which includesTrp, is part of a domain  with reduced specific activity. AtM levels of [C&see,
sensitive to C& binding and is probably involved in retGC1 retGC1 remains active in the presence\dD-GCAP1 while
regulation or membrane association. it is inactivated in the presence of GCAPL. Interestingly,
Membrane Association of Nag and Mutant Forms of  the GCAP1-G2A mutation, which lacks myristoylation and
GCAP1. The differences in retGC1 stimulation of native retains the acetyl-Met, has low specific activity, although
and mutant forms of GCAP1 could result from impairment its C&" sensitivity was similar to that of native GCAP1.
of membrane association. We tested, therefore, the ability The N-terminal modification in this mutant may prevent the
of radiolabeled GCAP1s to associate with ROS membranescorrect orientation in the complex with GC, resulting in low
(Figure 7). Except fon25-GCAP1, which does not associ- specific activity. Complete removal of the N-terminal
ate with membranes, the mutants showed@adependent  domain A25-GCAP1) largely abolished the ability to bind
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to membranes and stimulate retGC1. These properties of Chem. 27025200-25206. .
the A25-GCAP1 mutant did not result from instability or Duda, T., Goraczniak, R., Surgucheva, I., Rudnicka-Nawrot, M.,
misfolding as tested by several independent methods {SDS ~ Gorczyca, W., Palczewski, K., Sitaramayya, A., Baehr, W., &

T . - Sharma, R. K. (1996Biochemistry 358418-8423.
+
PAGE, Ca&" bhinding by fluorescence and gel filtration Frins, S., Baigk, W., Miler, F., Kellner, R., & Koch, K. (1996)

methods). o o J. Biol. Chem. 2718022-8027.
Our results are reminiscent of a model originally proposed Garbers, D. L., & Lowe, D. G. (1994). Biol. Chem. 26930741
by Zozulya and Stryer (1992) and Dizhoairal. (1993) for 30744.

recoverin. The binding of Ca to recoverin induces the  Garbers, D. L., Koesling, D., & Schultz, G. (199pl. Biol. Cell.
exposure of a hydrophobic surface, and the myristoyl group 5 1-5.

is extruded enabling it to insert into a lipid bilayer membrane. G()(&%ng;aBlfécFﬁl'GM" JD%%%hgg_i'éTamayya’ A., & Sharma, R. K.

In a C&-free form, this hydrophobic surface may interact Gorczyca, W. A., Gray-Keller, M. P., Detwiler, P. B., & Palczewski,
with the hydrophobic tail. This Ga&-myristoyl switch could K. (1994a)Proc. Natl. Acad. Sci. U.S.A. 92014-4018.
be responsible for the €adependent inactivation of GCAP1  Gorczyca, W. A., Van Hooser, J. P., & Palczewski, K. (1994b)
that prevents stimulation of retGC1. Removal of part of the c BiOChem\i/?/tr)A33p32|17_3i225' < v 1 G Subb |
; orczyca, W. A., Polans, A. S., Surgucheva, |. G., Subbaraya, |.,

GCAP N-termlnusAllo—.GCAPl) produced a molecule that Bae);lr, W., & Palczewski, K. (1995§Jj Biol. Chem. 27C(22029—y
preserved retGC activity even aM levels of [C& ]see 22036.
Consistent with our results, experiments described by Frins grynkiewicz, G., Poenie, M., & Tsien, R. Y. (1985)Biol. Chem.
et al. (1996) showed that a recombinant GCAP1 fusion  260,3440-3450.
protein had lower specific activity (1:40) and that?€Ca  Hummel, J. P., & Dreyer, W. J. (196Bjochim. Biophys. Acta 63,
sensitivity was shifted to higher values. 531-532.

On the basis of biochemical evidence (Gorczgtal., Koesling, D., Bohme, E., & Schultz, G. (199BASEB J. 52785~
1995; Dudeet al., 1996; this study) and under physiological 2791. ;

" ' Rt Koutalos, Y., & Yau, K.-W. (1996)rends Neurosci. 19/3—81.
conditions (Koutalot al, 1995), it is likely that GCAP1  kqutalos, Y., Nakatani, K., Tamura, T., & Yau, K.-W. (1995)
stays in a complex with retGC1 irrespective of fCaee Or Gen. Physiol. 106863—890.
is sequestered in proximity to the cyclase. The affinity of Laemmli, U. K. (1970)Nature 227,680—685.

GCAP1 for retGC1, however, is low, and the complex in La;l% Tigd-r,gilzlhggln A. M., & Hurley, J. B. (1998) Biol. Chem.
ROS can be disrupted in hypotonic buffer or in the presence <> o . .

of detergent. The stimulation of photoreceptor retGC1 L'u,\’/lgi's'ur?]%?g’ |_||< vv:kgég\;vgéh\if'%ﬁ?ﬁ:&k&é,T]?ngg;)lé.A"
occurs intracellularly, with GCAP1 sensing changes in  gye Res. 59761-768.

[C&"]ree levels during phototransduction (Dudgal., 1996; Lowe, D. G., Dizhoor, A. M., Liu, K., Gu, Q., Spencer, M., Laura,
Laura et al., 1996). This interaction may be further R., Lu, L., & Hurley, J. B. (1995Proc. Natl. Acad. Sci. U.S.A.
weakened when ATP is exhausted (or significantly reduced), 92, 5535-5539.

R ; ; Margulis, A., Goraczniak, R. M., Duda, T., Sharma, R. K., &
resulting in slower production of cGMP and affecting the Sitaramayya. A. (1993Fiochem. Biophys. Res. Commun. 194,

rate of recovery from the illumination. 855-861
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