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ABSTRACT. Guanylate cyclase-activating protein 1 (GCAP1), a photoreceptor-specifieb@aling protein,
activates retinal guanylate cyclase 1 (GC1) during the recovery phase of phototransduction. In contrast
to other C&"-binding proteins from the calmodulin superfamily, theeGfree form of GCAP1 stimulates

the effector enzyme. In this study, we analyzed thé*@Rependent changes in GCAPL1 structure by
limited proteolysis and mutagenesis in order to understand the mechanismtedelaitive modulation

of GC1 activity. The change from a €abound to a C& -free form of GCAP1 increased susceptibility

of Ca¢*-free GCAP1 to proteolysis by trypsin. Sequencing data revealed that in fiebGand form,

only the N-terminus (myristoylated GlyLys®) and C-terminus (172205 fragment) of GCAP1 are
removed by trypsin, while in the C&free form, GCAP1 is readily degraded to small fragments. Successive
inactivation of each of the functional EF loops by site-directed mutagenesis showed that only EF3 and
EF4 contribute to a Ca-dependent inactivation of GCAP1. GCAPIIB,E1D,E®D) mutant did not

bind C&" and stimulated GC1 in a [@8-independent manner. GCAP1 and GCAP2, but not $3100

a high [C&"]nee activator of GC1, competed with the triple mutant at highqQae, inhibiting GC1 with

similar IGsg's. These competition results are consistent with comparable affinities between GC1 and
GCAPs. Our data suggest that GCAP1 undergoes major conformational changes ddtirmn@img

and that EF3 and EF4 motifs are responsible for changes in the GCAP1 structure that converts this protein
from the activator to the inhibitor of GC1.

Calcium ions, C#, play a crucial role in cellular signaling. and GCAP2, were found to fulfill such functions in the
Because they are nondegradable, several systems haveegulation of photoreceptor guanylate cyclase (Gt} (
evolved to regulate the cellular concentration of freé'Ca  4).

([C&']ire), including intracellular compartmentalization/ GCAP1 and GCAP2 are acidiey23-kDa, homologous
sequestration, pumping to the extracellular space, and buffer{proteins that contain three functional high-affinity, EF-hand
ing by C&*-binding proteins. Some of these Lainding Ca*-chelating motifs (reviewed in ref 5). At low [C8lfree
proteins are also poised to take advantage of transientGCAPS increase the activity of GC#)(at least 10-fold 1)
changes in [CH]mee to affect properties of regulatory by an unknown mechanism. GCAP1 forms a stable complex
enzymes and ion channels. In cells that lower their internal with GC1, independent of [C&lree The GC1/GCAP1
[Ca*]ree UpON excitation, such as rod and cone photoreceptor complex may switch between two conformations, active and
cells, distinct types of proteins have evolved that act as inactive, with the binding or dissociation of €a(2, 7).
activators of effector enzymes when they are in thé*€a  GCAP2 may translocate from the cytosol to the membrane-
free state. Guanylate cyclase-activating proteins, GGAP1 bound cyclase when it is free of €aand stimulates GC1
activity (8). The N-terminal fatty acid-acylated regions of
- both GCAPs show weak sequence conservation, and the
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Following light excitation, the stimulation of GC1 by recombinant plasmid using the LiAc procedufd)(except
GCAP(s) is an essential step in the recovery of photoreceptorthat the lithium acetate buffer was at pH 7.5 instead of 4.9.
cells to preillumination conditionslQ). Null mutations of RecombinansS. pombawvere selected on minimal medium
GCL1 result in the elimination of the internal transmitter of and grown in EMM.
phototransduction, cGMP1{—13). A salient feature of GCAP1-Hig Purification. Recombinan$S. pombg5 x
those findings is that GC2, the second photoreceptor cyclase10'%) were harvested by centrifugation for 5 min at 4900
(14), does not substitute for GC1 in cGMP production. Thus, washed in distilled water, and resuspended in 5 mL of 10
the function, localization, and properties of GC2 in pho- mM Hepes, pH 7.5, containing 300 mM NaCl and 2 mM
totransduction remain to be elucidated. The stimulation of benzamidine. Yeast cells were broken by vortexing for 4
the photoreceptor type of GC (particulate GC) by intracellular min (30 s on/off cycle on ice) with 10 mL of acid-washed
proteins provides a novel mechanism to regulate theseglass beads (0.5-mm diameter). After centrifugation for 10
enzymes, in addition to the regulation of non-photoreceptor min at 35 000 rpm, the supernatant was incubated for 90
cyclase via extracellularly circulating peptides (reviewed in min at 4 °C with 1 mL of Ni-NTA resin. The resin was
ref 15). GC1's “extracellular domain” is sequestered inside washed with the same buffer until absorption at 280 nm was
the disk membranes of rod outer segmerit§),(and its <0.02, then washed with 50 mM phosphate buffer, 300 mM
function is currently unknown. Apart from GCAP1 and NaCl, 10% glycerol, pH 6.0, until thésgonm < 0.02 and
GCAP2, a third GC1 activator, S-180 was recently  eluted with 10 mM Hepes, pH 7.5, containing 100 mM NaCl
identified (17). S-10 stimulates GC1 at micromolar and 250 mM imidazole. Purified proteins were dialyzed
[Ca?*]ree however, its physiological significance and the against 2.5 mM Hepes, pH 7.5, containing 50 mM NacCl
mechanisms of GC1 stimulation are unknown. overnight at 4°C.

In these studies, we provide additional evidence that Site-Directed MutagenesisTo generate point mutations
GCAP1 remains in a complex with GC1 irrespective of its in the EF2, EF3, and EF4-loops of bovine GCAP1, the
C&* occupancy, that N-terminal myristoylated GCAP1 following sense primers were used: th&IE mutagenic
inhibits basal GC1 activity in the C&bound form, that  primer was 5GAT TTC ATG GAC TAC GTG GCG-3
GCAP1 undergoes significant conformational changes duethe E*'D mutagenic primer was'85GC AAC GGA TGC
to C&" binding as analyzed by limited proteolysis, that ATC GAC CGC GAC GAC CTG CTC ACC-3 and the
inactivation of EF-hand motifs by site-specific mutagenesis E'*D mutagenic primer was 8ATT GAC GTC AAT GGG
leads to constitutive activity of GCAP1 mutant in the GAT GGG GAA CTC TCC CTA GAG GAC TTC-3 An
physiological range of [Gd]re. and that GCAP1 and antisense primer W2322) was used. The template for PCR
GCAP2 interaction sites on GC1 are likely to at least partially was bGCAP1 in pBluescript (GCAP-19). The PCR products
overlap, while S-108 protein interacts and activates the were purified and digested witRsil/Sfil for the EF3-hand
cyclase at a different site. Interestingly, from the structural motif mutant orAatll/Sfil for the EF4-hand motif mutant.
point of view, the proteolysis data of GCAP1 resemble those The fragments were cloned into pVL941gcapl transfer vector
obtained previously for recoveriBl). The effects of inacti-  from which the corresponding wild-type fragments had been
vating mutations in EF-hands of GCAP1 are similar but not removed. To generate double mutants, plasmids carrying a
identical to those reported independently for GCARZ) ( single mutation were used as a template and the desired poin
MATERIALS AND METHODS mutations were introduced. For triple mutants, plasmids

_ o carrying double mutations (for example!°B,E>D) were
Protein Determinations, SDSPAGE, and Reagent<Lon- used. In some cases, PCR fragments were cloned in

centrations of GCAP1 and its mutants were determined pBluescript Il vector first and then recloned using another
spectrophotometrically assuming t#atonm= 1 was equiva-  restriction enzyme in baculovirus vector.
lent to 0.386+ 0.056 mg/mL of the protein (1 mg/mL To create EF1-hand motif (EF1-fix), a 72-mer sense primer
GCAP1 yieldedAxgonm= 2.58) and that the molecular mass  containing 13 substitutions was synthesized (substitutions are
was 23.5 kDa9). The concentrations of other proteins were followed by asterisks): 'SAGC ACC GAG TGC CAC CAG
determined by the method of Bradfortl]. SDS-PAGE TGG TAC AAG AAG TTC G*TG G*A*T* A*AG G*A*C
(19) and the electrotransfer of proteins onto Immobilon was G*G*C G*A*C GGC CAG CTC ACC CTC G*A A* GAG.
carried out using a Hoefer minigel system. 2Ghinding For amplification of the mutant fragment, the protocol of
protein S-10B was purchased from Calbiochem (cat. no. asymetric PCR was use@3). The starting concentration
559290), and all other reagents were obtained from Sigma.of 72-mer mutagenic primer wasuly/tube. After the first
Expression of GCAP1 in Schizosaccharomyces pombe5 cycles (96°C for 1 min, 72°C for 3 min), 100 ng of
The GCAP1 coding sequence was amplified by PCR with antisense primer (W233) was added. The amplification was
primers which inserted dldd restriction site on the ATG  continued for 25 cycles (98C for 1 min, 55°C for 1 min,
and a 6 histidine tag just before the stop codon and cloned72 °C for 2min). The resulting 630-bp fragment was
into pCR 2.1 vector (Invitrogen). This cDNA, after being purified, digested withDralll/Nhd, and cloned into
transferred as BcoRI-EcaRl fragment in theEcadRl site of pVL941gcapl transfer vector as described above. The
pBluescript Il KSt, was isolated as lddd-BanHI fragment construct with restored EF1-hand motif and disabled-E42
and inserted between the sitédd andBarHI of the pREP1 loops of C&"-binding sites was cloned using EF1-fix as a
(Leu™) vector @0). pREP1 vector was obtained from Dr. template and the mutagenic primers described above. All
K. Maundrell (Glaxo Institute, Geneva, Switzerland). The mutant DNA constructs were purified by CsCl centrifugation,
Schizosaccharomyces pon{beul-32, k) strain, provided and both strands of the final product were sequenced with
by Dr. Paul Nurse (Imperial Cancer Research Fund, London, tagged pvl941 primers flanking the insertion site. Sequenc-
U.K.), was grown in Edinburgh minimal medium (EMM) ing was performed using a Licor L4000 automatic sequencer
containing 50ug/mL leucine and transformed with the as described previously24).
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Expression of Bane GC1, GCAP1, and GCAP1 Mutants
in High-Five Insect Cells Bovine GC1 (obtained from Dr.
R. Sharma), bovine GCAP1, GCAP1-G2A\10-GCAP1

Rudnicka-Nawrot et al.

vacuum-dried, and resuspendedd M urea, and 80% of
total was injected onto a bm Vydac HPLC C18 column
(1 x 250 mm) at 0% B. Chromatography was at a flow

(9), and other mutants were cloned into the pVL941 vector rate of 50uL/min with the following gradient: time 3 min,
(Invitrogen), and the recombinant proteins were expressed0% B; time 43 min, 100% B. Solvent A was 0.040%

in insect cells as described previousB).( GCAP1 and all
mutants were immunoaffinity-purified to apparent homoge-
neity (9, 25) and their properties studied from at least four

trifluoroacetic acid in HO, and solvent B was 84% aceto-
nitrile containing 0.036% trifluoroacetic acid.
Preparation of ROS.ROS were prepared from fresh

independent preparations. In addition, the DNA sequenceshovine retinas (Schenk Packing Co., Inc., Stanwood, WA)

of all mutants were verified in the infectious virus.
Expression ofA7-GCAP2 and Purification of Nate
Bovine GCAP2. The GCAP2-7 plasmid encompassing the

according to Papermasté2d). ROS were suspended in 50
mM Hepes, pH 7.8, containing 60 mM KCl and 20 mM NacCl
(final concentration of 812 mg/mL rhodopsin). Washed

coding sequence for GCAP2, except for the first seven amino ROS were prepared from ROS by removing soluble proteins,

acids, was selected i&scherichia coliJM109 and then
transferred intcE. coli M15. A7-GCAP2 tagged with His
residues at the N-terminus to facilitate purification of the

including GCAP1, as described previoush).(
GC Assays.The GC assays were performed usiogtP]-
GTP and washed ROS or using expressed GC1 as describe

recombinant protein was purified as described by Otto-Bruc previously ). Although the data are shown without

et al. (9). Native GCAP2 was purified from bovine retinas
using immuno-affinity chromatographg¥).

Limited Proteolysis of GCAP1 and Its Mutant&CAP1,
or its mutants (0.4 mg/mL), in 10 mM Hepes, pH 7.5,
containing 100 mM NaCl, 0.1 mM Caglor 0.1 mM
EGTA), and 1 mM DTT was incubated with appropriate
amounts of trypsin (a GCAP1-to-trypsin ratio between 55:1
and 73:1) at 37C. A portion of the sample was withdrawn

standard deviations, they are an average of two determina-
tions. Similar results were obtained from at least three
different sets of experiments performed in duplicate. Due
to the high sensitivity of the GC syster)( the absolute
values of one series occasionally varied from another by 10
15%, but with preservation of the ratio between activity of
two different preparations (for example, mutants of GCAP1).
Since only a limited number of the test samples could be

at various times, and proteolysis was quenched by mixing performed in a single assay (maximally 24 samples), we

the sample with a solution dfi*-tosyl-Lys chloromethyl
ketone (0.1 mM final concentration) or phenylmethanesulfo-
nyl fluoride and benzamidine (1 mM each). The products
of digestion were analyzed by SBSAGE.

Electrospray Mass Spectrometrilectrospray mass spec-
trometry (ESMS) and liquid chromatography ESMS (LC
ESMS) were performed with a Perkin-Elmer Sciex API300

triple quadrupole mass spectrometer (Concord, Thornhill,

always included a relevant control (low, high RChee and
+/— GCAP1).

Electroblotting of Tryptic Fragments of GCAP1 on PVDF
and Direct Protein Microsequencing SDS-PAGE gels
were placed in transfer buffer (10 mM BTP, pH 8.4)
containing 10% methanol for 10 min. Electroblotting onto
a PVDF membrane (Millipore, Bradford, MD) was per-
formed at 90 V fo 1 h at 4°C. After completion of the

Ontario, Canada) fitted with an articulated ion spray plenum transfer, the membrane was stained for 10 min with 0.1%

and an atmospheric pressure ionization sou?&. (Initial

Coomassie brilliant blue R-250 in 45% methanol and 10%

tuning and calibration was performed with a standard mixture gcetic acid and then destained in 45% methanol and 7%

of poly(propylene glycol) (PPG) from PE Sciex. Resolution

acetic acid for 1615 min. The bands (2x 5 mm)

was adjusted to approximately a 50% valley between adjacenicorresponding to proteolytic fragments of GCAP1 were
isotope peaks in a singly charged cluster, allowing singly excised with a razor blade. Corresponding bands freré 4
charged ions to be identified by apparent spacing between|anes (1 ug of protein) were loaded into a blot cartridge
peaks and doubly charged ions to be distinguished from thoseiapplied Biosystems), and 10 cycles of Edman degradation
with higher charge states. Nitrogen was used as theas performed to identify the N-terminal sequence using an
nebulization gas (at 40 psi) and curtain gas and was suppliedapplied Biosystems model 470A protein sequencer.

from a dewar (XL-45; Taylor Wharton) of liquid nitrogen
(Merriam-Graves, Claremont, NH).

LC ESMS were acquired in positive ion mode at an orifice
potential of 55 V over the scan rang&z400-2500 using

RESULTS

Ca?*-Dependent Inhibition of GC1 by GCAPThe C&*-
free form of GCAP1 stimulated 5-foldohotoreceptor GC

0.25-amu steps and a total scan time of 6 s. Syntheticin washed ROS and recombinant GC1 (expressed in High-
peptides of known mass were used to verify correct calibra- Five insect cells) (Figure 1A). The low basal cyclase
tion during LC ESMS. The HPLC eluant was split with 20%  activity, which is unaffected by up to 2/M [Ca2*]qee, is

going to the mass spectrometer and the remainder collectednhibited 80% by the C-loaded form of GCAP1 (Figure

in 1-min fractions. Reverse-phase HPLC for LC ESMS was 1B). The dose dependency (&C- 3 uM) for the stimula-
performed at a flow rate of 50L/min on a 5um Vydac  tjon and inhibition of recombinant GC1 was comparable
C18 microbore column (x 250 mm) using an Applied  (Figure 1B). Similar inhibition, with 16 ~ 1.5 uM, was
Biosystems model 120A HPLC system equipped with a 75- found using washed ROS (data not shown). Because GCAP1
uL dynamic mixer and aqueous acetonitrile/trifluoroacetic s purified using immunoaffinity chromatography and eluted

acid solvents. Specifically, native GCAP (280 ug) was  atlow pH, this apparent inhibition could be due to a partially
digested with trypsin [for 20 min, at room temperature, 1%

trypsin by weight in 10 mM Hepes, pH 7.5, containing 100
mM NacCl, 0.1 mM Cadl (or 0.1 mM EGTA)] and 1 mM
DTT (-/+EDTA). The reaction was stopped by acidification,

2 Frequently, up to 10-fold stimulation is observed on freshly
prepared GC in washed ROS and recombinant GC1 expressed in insec
cells.
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Ficure 1: Activity of GC1 at high and low [CH]seein the presence
of GCAP1. A. C&* titration of GC activity in washed ROS. €a
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Ficure 2: Limited proteolysis of bovine GCAP1. A. Tryptic
fragments of GCAP1 were separated by SIPAGE as described

in Materials and Methods. GCAP1 (1) was digested by trypsin

at a GCAP1-to-trypsin weight ratio of 60:1 (left panel) at {0ace

= 40 nM (EGTA) or (right panel) at [Cdlfee = 1 uM (Ca&t) at

30 °C. The amino-terminal amino acids were determined by
automated sequencing. The carboxyl-terminal position of the
cleavage was estimated using the sequence information of peptide:
released from GCAP1 by trypsin and the molecular weight loss of
the fragment relative to native GCAPL1. The following fragment
assignments were made: a, myristoylatec@5 (native GCAP1);

b, myristoylated 2-182; ¢, myristoylated 2172; d, 12+205 and

sensitivity of GC was assayed in washed ROS membranes in the121-182; e, 123+172; f, 9-91; g, dye front of the gel;'a

presence @) or absenceM) of 2 uM GCAPL. [C&"]fee Was

myristoylated 2-205; B, myristoylated 2-196; ¢, 9—182; d,

adjusted by EGTA/Ca buffer, and measurement of GC activity was 9—178; &, 25-172, and f, dye front of the gel. The molecular

carried out as described in Materials and Methddset GC1 in
washed ROS was stimulated at different{Qa.e by 2uM GCAP1-
Hiss purified in nondenaturing conditions using?Nichelex column.

B. Stimulation of recombinant bovine GC1 expressed in High-Five
insect cells by GCAP1 at low [C&]see = 10 nM and inhibition at
high [C&"]fee = 2.5 uM.

denatured form of GCAP1. In control experiments, GCAP1-
Hiss, expressed irs. pombeyeast cells and isolated using

Ni%*-chelex chromatography in nondenaturating conditions,

yielded myristoylated, fully active GCAP1 with properties
identical to native GCAP1 or GCAP1 expressed in High-

mass markers are, from the top, 43, 30, 20, and 14 kDa. B. Decreas¢
of GC stimulation activity by GCAP1 proteolytic fragments.
GCAP1 was digested with trypsin for the indicated periods of time.
Trypsin was inactivated by addition of 1 mM benzamidine and 1
mM phenylmethanesulfony! fluoride. GC stimulation was measured
as described in Materials and Methods. Horizontal shaded boxes
indicate the range of the basal cyclase activity.

LC ESMS was used to identify GCAP1 peptide fragments
generated by trypsin (Figure 3). The double detection
method (mass spectrometry and UV absorption) allowed us
to identify fragments covering essentially the complete

Five insect cells. These data suggest that GCAP1 stimulatesGCAP1 polypeptide under both low and high fCle.. At

at low [C&"]yee and inhibits GC1 at high [Cdl]ee

Changes in GCAP1 Structure as Monitored by Limited
Proteolysis. To test the effect of Gd on the GCAP1 protein
structure, limited tryptic proteolysis was performed at low
and high [C&']ee Large internal tryptic fragments of

low [Ca"]rree, many more tryptic fragments were generated
than at high [C&]we and the masses of the peptides
produced under low-[Cd]ee conditions were smaller than
those produced at high [€dse. (Figure 3, Tables 1 and 2).
At high [C&]fee the central portion of the protein was

GCAP1 were electrotransferred on PVYDF membrane and protected, while at low [Cd]see, the central portion of the
identified by Edman sequence analysis (Figure 2A). Atlow protein was more vulnerable to tryptic proteolysis (sum-

[Ca&*]fee N- and C-terminal€.g, cleaved at residue'f)
fragments of GCAP1 were rapidly produced. At high

marized in Figure 4). These data suggest that the unligandec
form of GCAP1 contains a less ordered structure than the

[Ca']wee large fragments, encompassing most of the GCAP1 liganded form.

sequence, were identified from PVDF electroblots (mostly

cleaved at residues®< Concurrent with the time course of

GCAP1 proteolysis, GC stimulatory activity also decreased,

resulting in the inhibition of basal activity (Figure 2B).

Effect of Single EF-Hand MutationsTo inactivate C#'-
binding loops of GCAP1, the invariant Glu in position 12
(—2) of the EF hand was mutated into Asp (Figure 5). The
rationale was to introduce a shorter amino acid that would

These data are consistent with inhibition of GC1 by peptides prevent the coordination of €aion but preserve the negative

encompassing the primary sequence of GCA®1 (

charge, thus, minimally affecting the conformation of the
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Ficure 3: Chromatographic profiles of peptides generated during limited proteolysis of GCAP1. LC ESMS was preformed with a
Sciex API300 triple quadrupole mass spectrometer and UV absorbance monitored at 220 nm. The digests were preformed as descri
Materials and Methods. A. Total positive ion current (TIC) and peptide UV map (220 nm) in lot]iea B. Total positive ion current
(TIC) and peptide UV map (220 nm) in high [€ace

Table 1: Tryptic GCAP1 Peptides Obtained in the Absence &f Gientified by LC ESMS3

retention time (min) obsd mass residues calcd fhass error sequence
16.1 (a) 5425 179182 542.4 0.1 RIVR/R>L
16.5 (b) 891.5 197205 891.3 0.2 RETEAAEADG
18.9 (c) 1489.0 183196 1488.6 0.4 RLQNGEQDEEGASGR E
19.6 (d) 1645.0 182196 1644.7 0.3 RR/LQNGEQDEEGASGRE
23.5(e) 2363.4 183205 2363.3 0.1 RLQNGEQDEEGASGR/ETEAAEADG
23.8 (f) 2519.0 182205 2519.5 0.5 RR/LQNGEQDEEGASGR/ETEAAEADG
26.7 (9) 703.8 173178 703.4 0.4 RSLDLTR>|
29.1 (h) 1953.0 924 1952.9 0.1 KSVEELSSTECHQWYK
29.9 (i) 1825.0 9-23 1824.8 0.2 KSVEELSSTECHQWYK K
30.6 (j) 642.5 9497 642.3 0.1 RWYFK>L
31.5 (k) 738.3 4%46 738.4 0.1 RQFFGLK>N
31.8()) 911.8 92-97 911.5 0.3 KLR/WYFK>L
32.4 (m) 1204.6 163172 1204.6 0 KDQMLLDTLTR>S
33.2(0) 2050.1 2440 2050.4 0.3 KK/FMTECPSGQLTLYEFR-Q
33.8(p) 721.5 41-46 721.4 0.1 R*QFFGLK>N
33.8 (p) 1921.3 2540 1920.9 0.4 KFMTECPSGQLTLYEFR Q
34.4 (q) 2293.3 98117 2293.6 0.3 KLYDVDGNGCIDR/DELLTIIR>A
36.3(n) 2918.5 94117 2918.3 0.2 RWYFK/LYDVDGNGCIDR/DELLTIIR >A
38.7 (s) 3396.7 143172 3396.8 0.1 KIDVNGDGELSLEEFMEGVQK/DQMLLDTLTR>S
40.4 (1) 5773.6 123172 5773.4 0.2 RAINPCSDSTM...K/IDQMLLDTLTR>S
41.8 (u) 5281.3 4491 5281.0 0.3 KNLSPWASQYV...LVLK/GK/VEQK=>L
42.1 (u) 9841.9 991 9842.2 0.3 KSVEELSSTEC...LVLK/GK/VEQK>-L
42.7 (v) 7906.0 2591 7906.1 0.1 KFMTECPSGQL...LVLK/GK/VEQK>L
43.8 (w) 2879.6 224 2880.0 0.4 Myr-GNIMDGK/SVEELSSTECHQWYK/KF
45.1 (x) 10768.6 291 10768.0 0.6 Myr-GNIMDGK/SV...LVLK/GK/VEQK- L
46.7 (y) 943.8 28 943.3 0.5 Myr-GNIMDGKe S

aTryptic peptides from partial digest of GCAP1 (20-min digest), identified by LC ESMS (Figure 3B) are listed by retention time, observ
masses, peptide identity, calculated masses, and amino acid sequence. Residue values are based on bovine GCAP1 sequence with N-term
b Peptide calculated mass values are based upon monoisotopic residue weights below 2000 and average residue weights above 2000. Errc
to the difference between the observed and calculated mé&sg®es.721.5 peptide is very likely the pyroglutamate form of-4®, cyclized during
digestion (loss of 17 amu). Symbols (@nd >) denote proteolytic cleavage sites.

Cat-free form of GCAP1. At low [C& e the GCAP1- (E®D) mutants had similar dose dependency and GC1
(E™D) mutant showed a similar dose dependency of GC1 stimulation at low [C&wee However, high [C&]free
stimulation to native GCAP1 in washed ROS (Figure 6A) inactivated these mutants only partially50%) (Figure 6A),
and recombinant GC1 (data not shonjt high [C&Jee, activities which were not suppressed even at 50 ang400
similarly to GCAP1, GCAP1(ED) mutant inhibited GC1 ¢4 (data not shown). These results suggest that the
basal activity (Figure 6A). GCAPL{ED) and GCAP1- mutations of the EF-hand loops do not affect stimulation of

GC1 at low [C&"]ee and that the binding of Ca to EF2
contributes little to GCAP1 inactivation.

%In all studies, both GC in washed ROS and recombinant GC1
expressed in insect cells gave similar results.
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Table 2: Tryptic GCAP1 Peptides Obtained in the Presence &f [@entified by LC ESMS3

retention time (min) obsd mass residues calcd fhass  error sequence
22.2 (a) 542.3 179182 542.4 0.1 RIVR/R>L
22.4 (b) 891.5 194205 891.3 0.2 RETEAAEADG>
23.3(c) 1489.0 183196 1488.6 0.4 RLQNGEQDEEGASGR E
23.6 (d) 1644.9 182196 1644.7 0.2 RR/LQNGEQDEEGASGRE
24.6 (e) 2363.5 183205 2363.3 0.2 RLQNGEQDEEGASGR/ETEAAEADG
24.6 (e) 2519.6 182205 2519.5 0.1 RR/LQNGEQDEEGASGR/ETEAAEADG
26.6 (f) 703.5 173178 703.4 0.1 RSLDLTR>1
28.2(9) 1953.0 924 1952.9 0.1 KSVEELSSTECHQWYK/K-F
29.0 (h) 1825.2 923 1824.8 0.4 KSVEELSSTECHQWYK K
30.7 (i) 738.5 4146 738.4 0.1 RQFFGLK>N
32.9 () 2050.1 2440 2050.4 0.1 KK/FMTECPSGQLTLYEFR-Q
33.4 (k) 721.5* 4146 721.4 0.1 R*QFFGLK>N
33.4 (k) 1921.6 2540 1920.9 0.7 KFMTECPSGQLTLYEFR Q
43.8 (1) 22670 9-205 22663.4 6.6 KSVEELSSTEC...RIETEAAEADG
43.8 (I) 21794 9-196 21789.6 4.4 KSVEELSSTEC...EQDEEGASGRE
44.2 (m) 19796 9178 19793.5 25 KSVEELSSTEC...TLTR/SLDLTRI
45.1 (n) 23596 2205 23589.2 6.8 full length myristoylated protein
46.7 (0) 943.5 28 943.3 0.2 Myr-GNIMDGKe S

aTryptic peptides from partial digest of GCAP1 (20-min digest), identified by LC ESMS (Figure 3A)are listed by retention time, observe
masses, peptide identity, calculated masses, and amino acid sequence. Residue values are based on bovine GCAP1 sequence with N-term
b Peptide calculated mass values are based upon monoisotopic residue weights below 2000 and average residue weights above 2000. Erro
to the difference between the observed and calculated m&sges.721.5 peptide is very likely the pyroglutamate form of-4®, cyclized during
digestion (loss of 17 amu). Symbols @nd>) denote proteolytic cleavage sites.
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Ficure 4: Linear structure of GCAP1. Within the linear structure of GCAP1, potential sites of trypsin cleavage (Lys, Arg) are marked
(®@). A. In the presence of low [Cd]qee (40 NM), trypsin cleaves at most of the potential cleavage sites in addition to the N- and C-termin:
regions. B. In the presence of high Ch.e (2 uM), trypsin generates N- and C-terminal peptides with the most prominent cleavage site
at K& and R78,

Effect of Double and Triple EF-Hand MutationsThe maximally at comparable concentrations as native GCAP1,

double GCAP1(ED,E*D) mutant is similar to the single
GCAP1(E'D) and showed a dose dependency of GC1
stimulation similar to native GCAP1 at low [Ede.. High
[Ca*]ree inactivated this mutant only partially~75%)
(Figure 6B). However, GCAP1({ED,E*'D) mutant is more
susceptible to G4 inactivation than GCAP1(E'D) mutant.
The double GCAP1(ED,E®D) mutant stimulated GC1

and it was not inactivated at high [€3.e (Figure 6B). As
expected, an additional mutation in positioP[E did not
further affect the properties of GCAP D, E5D) mutant,
although C&" could be bound in reduced amounts as
determined by the Hummel-Dryer metho@8|. Even
nonphysiologically high [C&]ee (50 or 500uM) did not
inactivate these mutants (data not shown). GCAP1-
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GCAP1(E™D)

GCAP1(E"'D)

GCAP1(E™D)

FiIGure 5: Domain structure of GCAP1. The N-terminal Met of
GCAP1 is removed and{s N-acylated by fatty acid(s). Conserved

residues among bovine, mouse, human, chicken, and frog GCAP1

and GCAP2 are shown throughout the sequend®-GCAP1 is a
deletion mutant (residues marked by different light shading) lacking
the N-terminus, respectively. GCAP1 contains three EF-hand motifs
(EF2—4) responsible for Ca chelation. The EF1-hand motif does
not contain residues essential for the?Ghinding coordination.

To disable the Cd binding to EF2-, EF3-, and EF4-hand motifs,
invariant Glu residues & E'%, and B5° (residues marked by white
letters on black background) were changed to Asp (D). To restore
Ca&*-binding properties to the EF1-hand motif 2/ T27, C29, P3O,

S%1 and Y¥7 (residues marked by white letters on shaded back-
ground) were substituted by2¥/ DZ7, D29, G30, D31, and B7 . EF1*-
GCAP1 has a functional EF1 motif and nonfunctional EB2
motifs.

(E™D,E™D,ES™D) mutant did not bind C4, as determined
in direct binding assays using gel filtration (Figure 7).
Limited proteolysis of this mutant was indistinguishable in
low (data not shown) and high [€4 (Figure 7) and similar
to the C&"-free form of native GCAP1 (Figure 2). These
data suggest that the EF3-hand motit{B) and EF4-hand
motif (E'5D mutant) are the most critical and sufficient for
C&'-sensitive inactivation of GCAP1. Thus, GCAP1-
(E™D,E*D,ED) mutant and GCAP1(ED,E®®D) mutant
are constitutively active, and they stimulate GC1 indepen-
dently of [C& ]ree

In GCAP1, the EF1-hand motif is disabled for a
binding. To investigate its contribution to GC1 stimu-
lation, we modified its sequence TECPSGQLTLYE
to DKDGDGQLTLEE in the triple mutant GCAP1-
(E”D,E"D,E'D) (Figure 5). The resulting mutant with a
functional EF1 and nonfunctional EF2 was shown to bind
Ca* but was inactive in GC1 stimulation (results not shown).

Rudnicka-Nawrot et al.

for GCAP1 (Figure 8A). This is an important observation
which suggests that GCAP1 has comparable affinity at high
and low [C&"]yee for GC1, as proposed in our early studies
(2). Lack of a myristoylated moiety or the N-terminal region
of GCAP1 or GCAP2, mutants GCAP1-G2A ankll0-
GCAP1, decreased the inhibition at high fClaece These
truncated mutants did not inhibit GC1 even at 2M.
Another myristoylated Ca-binding protein, recoverin, did
not have any effect in this assay.

Competition of GCAP2 with GCAP1 and AddéiStimu-
lation of GC1 with S-108. Native GCAP2 also competed
effectively at high [C&']see With an 1Go comparable to the
affinity of the constitutively active mutant for GC1 (Figure
8B). This result suggests that GCAP1 and GCAP2 have
comparable affinities for GC1. One of several possibilities
is that the binding sites for GCAP1 and GCAP2 may at least
partially overlap. This conclusion is consistent with the
saturable effects of GCAP1 (or GCAP2), and addition of
GCAP2 (or GCAP1) does not increase the activity of GC1.
Lack of a myristoylated moiety also eliminated inhibition at
high [C&']ee Of GCAP2. Another activator of GCI,
S-10@, the physiological role of which is unclear, acted
additively with the constitutively active mutant at high
[Ca?M]ee and relieved inhibition by the Ca-occupied native
GCAP1 (Figure 8C) or GCAP2, suggesting that GCAP1 (or
GCAP2) and S-10®have nonoverlapping binding sites. This
experiment also served as an important control, suggesting
that if the binding sites are nonoverlapping, then the GC1
stimulation was additive. S-1@0did not have any affect
of GCAP1-dependent inhibition of the GC1 basal activity
at low [C&free

DISCUSSION

Does GCAP1 Dissociate from GC1 in aaependent
Manner? As a result of this and earlier studies, an interesting
mechanism emerges for GC1 stimulation by GCAP1. It
appears that GCAP1 forms a stable complex with GC1 and
the changes in [Cd]e lead to a conformational switch that
activates GC1 510-fold. These conclusions are based on
several lines of evidence including: (a) the presence of
GCAP1 in the membrane fraction of ROS independently of
[Ca&2t] (2), (b) competition of C&-loaded GCAP1 with a
constitutively active GCAP1 mutant (Figure 8), (c) compa-
rable affinity of C&*-loaded and Ca-free forms of GCAP1
for GC1 (Figure 1), and (d) cross-linking of GCAP1 with
GC1 irrespective of [C]jree (7).

GCAP2 dissociates from membranes when it is saturated
with C&" (8); however, this phenomenon is likely to be only
observed in the presence of low-ionic strength buffers. In
the C&t-loaded form, GCAP2 potently competes with the
constitutively active mutant form of GCAP1 (Figure 8) or
GCAP2 8, 29, suggesting strong interaction of GCAPs and
GC1 at high [C&]fee It is worth noting also that both
GCAP1 and GCAP2 share topological similarity with calm-

These results suggest that residues in the EF1 region argdulin and recoverin. Cainduces conformational changes

critical in the interaction with GC1 and/or in maintaining
the native conformation.

N-Terminal Region of GCAPL1 Is Necessary for Inhibition
at High [Ca&2*]ee GCAP1 competed for GC1 with GCAP1-
(E™D,E*D,E'®D) mutant at high [C&H]iee With an 1Gyo
comparable to the affinity of the constitutively active mutant

in these proteins that expose the hydrophobic regions of the

4 These results are similar to those reported originally by Gorczyca
et al. (1995). The data were reproduced in the present study using
recombinant GCAP1 and GCAP2 at 10-fold higher concentrations of
the complementary protein than before, with identical results.
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FiIGURE 6: Dose dependence and®C#itration of GC activity in ROS membranes by GCAP1 mutants. A. Characterization of GC1 stimulatior
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molecules and allow strong interactions with some hydro- 180

phobic targets.

Do GCAP1 and GCAP2 Interact with GC1 at the Same 160
Binding Site? The binding sites on GC1 for GCAP1 and
GCAP2 are at least partially overlapping. These conclusions 140
are derived from the competition of GCAP1 and GCAP2
with the constitutively active GCAP1 mutant (Figure 8). An
alternative explanation could be that GCAP2 binding evokes
a “dominant” effect on GC1 that could remove the stimu-
latory effect of GCAPL1. This point is illustrated using
S-10@ protein, another activator of unknown physiological
relevance, in the activation of GC1 at high®Ca The effect
of stimulation by S-100 is additive with the constitutively
active GCAP1 mutant, suggesting that the binding sites are
independent, but high €adependent inhibition by native
GCAP1 can be abolished by S-J)0which exerts a
“dominant” effect in the stimulation of GC1. GCAP1 and
GCAP2 at low [C&8Miee, however, do not stimulate GC1 20 | [ | [ 1 | | | |
additively ). Further experiments are needed to bring this 2 4 6 8 10 12 14 16 18 20
important point to a conclusion. Fraction No.

How Do EF-Hand Motifs Regulate the Conformation and
Activity of GCAP1? The GCAPL(E®D) mutant with a FiGURE 7: Binding of C& to GCAP1 and GCAP1-
disabled EF2-hand motif did not alter the stimulation of GC1, (E™D,E!D,ED) mutants. Gel filtrations8) of GCAP1 (circles)
when compared with native GCAP1. The most critical for and its mutants (squares) were carried out using a G-25 Sephade»

+_ itva i ivati . _ column (1.6x 2.5 cm) at a flow rate of 0.2 mL/min. The buffer
Cat-sensitive inactivation of GCAP1 are the EF3- and EF4 (10 mM BTP. pH 7.5, 100 mM NaCl) contained:M [#Ca]CaCh

ha”?’ mOtifo and ‘?'i,s‘?‘b””g mu,tations i.n these motifs led to and 1.6-3.8 uM proteins.Inset: Limited proteolysis of GCAP1-
partial C&" insensitivity. Consistent with these results, the (7sp,E111p E155D) mutant by trypsin in the presence of M
GCAP1(E®D,E*'D,E®D) and GCAP1(E"D,E™D) mu- CaCb.
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FiGURE 8: Inhibition of GC stimulation by GCAP1 mutants and othe?Ghinding proteins. A. Inhibition of GC stimulation by GCAP1
mutants. GC in washed ROS devoid of endogenous GCAP1 was stimulated\byGCAP1(E°D,ED, E5D) mutant at [C& ]ee = 10

uM in the presence of various concentrations of native GCAP1, GCAP1-2AAA08GCAPL. In control experiments, no inhibition was
observed in the presence of recoverin. B. Inhibition of GC stimulation by GCAP1 mutants. GC in washed ROS devoid of endoger
GCAP1 was stimulated by gM GCAP1(E°D,E*D,E*D) mutant at [Cé'lree = 10 «M in the presence of various concentrations of
native GCAP2 and bacterially expressed GCAB2Additive stimulation of GC activity by GCAP1(ED,E*D,E®D) mutant and S-108)

GC in washed ROS devoid of endogenous GCAP1 was stimulateciby GCAP1(E°D,E*ID,ES®D) mutant and various concentrations

of S-10Q at [C&"]ee = 10 uM. In control experiments, GCAP1(ED,E11D,E®D) mutant was replaced by GCAP1. Horizontal shaded

boxes indicate the range of the basal cyclase activity.

tants are constitutively active, because they stimulate GC1[C&]xee inhibition of thebasal actvity of GC1 is a useful

independently of [CH]ree It is worth noting that the
sensitivity of GCAP1(E°D,E*'D) mutant to C&" inactiva-
tion is higher than that of the GCAPI{ED) mutant.
Apparently, the loss of two EF-hand motifs with the EF4-
hand motif occupied by Cain GCAP1(E*®D,E*'D) mutant

tool for studying the interaction between cyclase and GCAPs,
it is unclear whether this inhibition is physiologically relevant
in photoreceptor cells. The inhibition is observed at{(iae

> 1 uM, a concentration which is not likely to be achieved
in photoreceptor cells 30) with the exception of the

can lead to a less active conformation than the one assumedmmediate vicinity of the cation channel. However, due to

by the mutant which lacks only the EF3-hand motif.
Independent from our studies, Dizhoor and Hurl@g)(

investigated the effects of inactivation of GCAP2 by
introducing a disabling mutation of invariant Glu to Gln at
position 12 of each of the EF-hand motifs individually or in
combination. All three EF-hand motifs contributed to the
inhibitory properties of GCAP2, and each individual mutant,
with an altered EF-hand motif, was fully inactivated by*Ca

(29). These data obtained for GCAP1 described in this study ,,

differ from those obtained with GCAP2. These functional

differences between GCAP1 and GCAP2 could be a result
of differences in the primary sequences between these two

proteins.

Conformational Changes in GCAP1 upon?Ca&inding
and the Role of the N-Terminal Regiobepletion of C&"
leads to significant changes in the conformation of GCAP1,
generating a structure highly accessible for trypsin. This is
surprising, because it is the “unfolded” form of GCAP1 that
stimulates with GC1. ltis likely that, in the complex, GC1

localization of both GC13) and GCAP1 2) throughout
photoreceptor cells, it is conceivable that such regulation is
important for processes in cell bodies and synaptic regions
of cones and rods. The high-[€3. inhibition would
suppress cGMP production in [E€3y.ec-0verloaded cells.
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