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ABSTRACT: This study documents the detailed biochemical, structural, and functional identity of a novel
C&"™modulated membrane guanylate cyclase transduction system in the inner retinal neurons. The guanylate
cyclase is the previously characterized ROS-GC1 from the photoreceptor outer segments (PROS), and its
new modulator is neurocalcid. At the membrane, the myristoylated form of neurocaléirsenses
submicromolar increments in free €abinds to its specific ROS-GC1 domain, and stimulates the cyclase.
Neurocalcind is not present in PROS, indicating the absence of the pathway in the outer segments and
the dissociation of its linkage with phototransduction. Thus, the pathway is linked specifically with the
visual transduction machinery in the secondary neurons of the retina. With the inclusion of this pathway,
the findings broaden the understanding of the existing mechanisms showing how ROS-GCL1 is able to
receive and transduce diverse?Caignals into the cell-specific generation of second-messenger cyclic
GMP in the retinal neurons.

Visual transduction is a broad biochemical term used to a membrane guanylate cyclase, ROS-GC. An increased level
define the steps involved in the transformation of the patterns of synthesis of cyclic GMP, concomitant with the inactivation
of light and darkness into the defined images of shape with of the phototransduction cascade, leads to the reopening of
depth and color intensity in the visual cortex of the brain. the CNG channels and thereby restoration of the dark current
The first biochemical process of visual transduction is of the photoreceptors. Thus, the Zamodulated ROS-GC
phototransduction (reviewed in reifsand 2). It occurs in transduction machinery is a pivotal component of the
the outer segments of the photoreceptors (PRO®)e phototransduction process, and two interlocked second
photon captured by its receptor rhodopsin causes a declinemessengers, cyclic GMP andaare its critical elements.

in the level of CyC"C GMP. This results in closure of the The ROS-GC transduction machinery is a two-component
cyclic GMP-gated cation (CNG) channels, and hyperpolar- system: C& sensor protein, termed GCAP, and the core
ization of the photoreceptor plasma membrane. Closure oftransduction component, the ROS-GC enzyme. The GCAP
the channels stops €afrom entering the cell; however, a  senses a change in €aconcentration and proportionately
continuous operation of N&C&", K* exchanger leadsto a  adjusts the ROS-GC activity. A decrement in the?Ca
decrease in the intracellular €aconcentration from~500 concentration causes stimulation of ROS-GC and an incre-
nMin the dark-adapted photoreceptor cell to less than 100 ment inhibition. The identity of native ROS-GC has been
nM. The decrease in the &alevel signals the activation of  revealed by its direct purification from bovine PROS(
6), the site of phototransduction; by its subsequent sequenc-
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10.1021/bi035631v CCC: $27.50 © 2004 American Chemical Society
Published on Web 02/21/2004




Ca"-Dependent Neurocalcid-ROS-GC1 Transduction System Biochemistry, Vol. 43, No. 10, 20042709

contains defined GCAP1 and GCAP2 modulatory regions
in its intracellular segment8( 14—16). In the current
phototransduction model (reviewed in @®f GCAPs sense
light-dependent Ca fluctuations and, in turn, through their
defined domains, cause proportionate changes in ROS-GC1
activity. In the DARK phase, G4 is bound to GCAP, and
the cyclase is in its basal state. During the LIGHT phase,
the free C&" concentration decreases, and below 100 nM,
ROS-GC is fully activated by Ca-free GCAP, resulting in
recovery of the DARK state. Thus, the GCAP/ROS-GC1
transduction system is intricately linked with all phases of
phototransduction.

Until very recently, the Cd-modulated ROS-GC1 trans-
duction system had been assumed to be within the exclusive
domain of ROS, where it is solely linked with phototrans-
duction. With the recent studies, this view is changing,
however. In photoreceptors, outside PROS, the ROS-GC1B
transduction machinery is present also in the presynaptic
region of the cone pedicles; therein, it is linked with GCAP1
and mimics the features of its linkage with phototransduction
(17). Again, in photoreceptors, outside PROS, it is present
in the outer plexiform layer (OPLY@). In this case, instead
of GCAPL, it coexists with its other €a sensor protein,
S10@3, which, unlike GCAP1, causes &adependent stimu-
lation of ROS-GC1 with aKj, of 1 uM (18). Thus, a
remarkable feature of ROS-GC1 is that it is a bimoda'Ca
switch. Through GCAPL, it is inhibited, and through Sg00
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Ficure 1: Purification of retinal neurocalcid. Neurocalcin was
purified from the retinal IPL soluble fraction via phenyl-Sepharose
column chromatography followed by antibody affinity chromatog-

it is stimulated. The GCAP1- and S1®nodulated domains  raphy, as described in Experimental Procedures. The elution profile
om the phenyl-Sepharose column is presented in panel A. The

n ROS'G.C]' have been mapped; they are sep_arate, reside bsorbance of the eluate was monitored at 280 nm and is plotted
the opposite ends of the catalytic module, and independentlyas a function of volume. The neurocalapositive fractions are
modulate ROS-GC1 activityl{, 18; reviewed in ref® and indicated in the shaded area of the peak. An aliquot of each fraction
19). Thus, the cell-specific residence of ROS-GC1 with its from both phenyl-Sepharose and antibody affinity columns was
C&* sensor partner defines the Talependent inhibitory a”a'yzedt(?Dsf.w% PAGE) by .Sta"t‘r']”g ?”t‘.j WeStfe.Ir n blotting. /? g
: . : representative figure, summarizing the elution profile, is presente
or stimulatory status of the ROS-GC transduction machinery. in panel B: lane 1, unbound; lane 2, EGTA eluate; lane 3, distilled
The three known partners of ROS-GC1 are two GCAPs and water eluate; and lane 4, eluate from the antibody affinity column.
S10Q. The left panel (STAINING) presents Coomassie blue staining of
This report defines the biochemical, structural, and func- the_fractions analyzed via SD95% PAGE. The right panel

tional identity of a new (fourth) C& sensor ROS-GC1 (WESTERN) presents the results of probing the same fractions with

modulator in the retinal neurons. The modulator is the
N-myristoylated form of neurocalcié (myr-neurocalcin).

neurocalcind-specific antibody via Western blotting. The band
corresponding to neurocalcih is denoted with a thick arrow in
both panels. Molecular size markers are provided alongside. The

It exists in the membranes of the IPL but is not detected in Ca&*-dependent shift in the mobility of the purified protein is
PROS; thus, it appears to be unrelated to the physiology of presented in panel C. The purigied neurocaléirmmunoreactive
phototrans_duction. At the resting state of th_e ceI_IuIa?fCa ﬂ?ﬁ‘;’%‘r’;ﬁ'ﬁgg&zid&ﬁ %Bﬁ%/;’gfﬁff E.;Ir\]ﬂeéérﬁglz_vggl_%z;fied
concentration, between 100 and 200 nRQ)( it resides in Molecular size markers are given alongside.
the proximity of ROS-GC1 in the membranes of nonphoto-
receptor neurons, and via its own domain, it stimulates ROS-termed “P2”. The IPL was washed with buffer containing
GC1 in a C&'-dependent manner with I§;, of 0.8 uM. 0.32 M sucrose, 10 mM Tris-HCI (pH 7.5), and 2 mM
Immunohistochemical analysis shows the presence of neuro-EGTA. The 100000 pellet represented the IPL membrane
calcin 6 in the amacrine and ganglion cells. Biochemical fraction. The supernatant (IPL soluble fraction) was used for
analyses indicate that neurocalcin and ROS-GC1 are  purification of neurocalcind. This involved two steps,
copresent in the inner plexiform layer (IPL). The findings purification on a phenyl-Sepharose column followed by the
provide a new regulatory mechanism of ROS-GC1 trans- antibody affinity column. For phenyl-Sepharose column
duction, demonstrate that this pathway exists outside photo-chromatography, the fraction was dialyzed overnight against
receptor cells, and broaden the view of how ROS-GC1 100 volumes of buffer containing 20 mM Tris-HCI (pH 8.0),
transduction machinery achieves operational versatility and 100 mM NaCl, 1 mM PMSF, and 1 mM Mgg(buffer A)
functional specificity for the diverse €asignals originating containing 1 mM CaGlat 4°C and loaded onto the column
in different layers of the retinal neurons. (typically, 5 mL) equilibrated with the same buffer. Elution
was monitored by the absorbance at 280 nm, and 1 mL
EXPERIMENTAL PROCEDURES fractions were collected (Figure 1A). The column was
Purification of Retinal Neurocalcid. The isolation of the ~ washed with buffer A (typically, #10 column volumes) to
IPL from fresh bovine retinas was carried out according to remove unbound proteins. Elution of bound proteins occurred
the established protocoR{), where the fraction has been with buffer A containing 2 mM EGTA (6 column volumes),
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followed by distilled water (10 column volumes). To identify  facilitate cloning. The amplicon encompassing the entire
the fractions containing neurocalciyy SDS-15% PAGE neurocalcind coding region was obtained from the retinal
analysis was carried out. Fractions were electrophoresed inRNA after RT-PCR. It was cloned into the pET21d expres-
duplicate. One was used for staining (Coomassie-blue) andsion vector and was sequenced to confirm its identity. For
the other for Western blot analysis. The neurocaléin protein expressiorkscherichia colistrain BL21 Codon Plus
immunoreactive protein eluted in the second column volume was transformed with the construct. The bacterial cells were

of distilled water (Figure 1A, gray shaded region of the peak).
SDS-PAGE analysis showed this fraction to be a mixture
of several proteins, one of which, indicated by the arrow,
was revealed to be neurocaldirby Western blotting (Figure
1B, lane 3 in STAINING and WESTERN panels). The
fractions containing the immunoreactive protein were con-
centrated and further purified on an antibody affinity column.
For generating the antibody affinity column, the neurocalcin
o-specific antibody was purified on a Montage spin column
containing ProSep-A media (Millipore) according to the
manufacturer’s protocol. The purified IgG was coupled to
activated Affi-gel Hz matrix (Bio-Rad). The column was
extensively washed with 10 mM Tris-HCI (pH 7.5) contain-
ing 0.5 M NaCl and equilibrated with buffer B [20 mM Tris-
HCI (pH 7.5), 1 mM MgC}, 0.1 mM CaCj, and 1 mM
PMSF] containing 0.1 M NaCl. The antibody reacting

grown in LB medium at 37C and induced with 1 mM IPTG
when theAgoo reached 0.6. The cells were harvelsBeh after
induction, suspended in buffer A containing 0.1 M NacCl,
and frozen at-80 °C until they were used. To obtain the
N-myristoylated form, neurocalci® and N-myristoyltrans-
ferase ofSaccharomyces cearsiaewere coexpressed. BL21
Codon Plus cells were cotransformed with the plasmid
pBB131 harboring th&-myristoyltransferase and the neu-
rocalcind expression vector. Myristic acid was added to the
culture at a concentration of 5@g/mL, 30 min prior to
induction with IPTG. Recombinant myr-neurocaldiror its
nonmyristoylated form was purified from the bacterial lysate
by hydrophobic interaction chromatography on phenyl-
Sepharose in the presence of 1 mM?Cafollowed by
Q-Sepharose as described previoug$) (

Antibodies Characterization of highly specific antibodies

fractions from the phenyl-Sepharose column were pooled andraised in rabbit against ROS-GC1 and neurocaldiias been
diluted with an equal volume of the same buffer and loaded described previously2@—25). The antibodies were enriched

onto the antibody affinity column. To remove unbound
proteins, the column was washed in the following se-
quence: 20 volumes of buffer B containing 0.1 M NaCl, 5
volumes of buffer B containing 0.5 M NacCl, and, finally, 5

volumes of buffer B containing 0.1 M NaCl. The bound
protein was eluted with 0.2 M glycine (pH 2.5). Fractions
(12 mL) were collected and neutralized with 0.1 mL of 1 M
Tris-HCI (pH 9.0). To detect the fractions containing the
antibody reacting protein, SDS5% PAGE analysis was

by precipitating the immunoglobulin fraction using am-
monium sulfate. ELISA and Western blots were used to
determine the titer of the enriched antibodies.

Expression StudiesCOS-7 cells (simian virus 40-
transformed African green monkey kidney cells), maintained
in Dulbecco’s-modified Eagle’s medium with penicillin,
streptomycin, and 10% fetal bovine serum, were transfected
with the wild-type recombinant (wt-r) ROS-GC1 expression
construct by the calcium phosphate coprecipitation technique

carried out. Duplicate samples were analyzed by staining (26). Sixty hours after transfection, cells were washed twice

(Coomassie blue) and Western blotting. A single protein
(~20 kDa) was eluted from the antibody column (Figure
1B, lane 4 in the STAINING panel, denoted with an arrow).
This protein also reacted with the neurocaléirantibody
on Western blot analysis (Figure 1B, lane 4 in the WEST-
ERN panel, denoted with an arrow).

Protein Identification.The purified protein was electro-
phoresed on an SDSL5% polyacrylamide gel. The gel was

with 50 mM Tris-HCI (pH 7.5) and 10 mM buffer, scraped
into 2 mL of cold buffer, homogenized, centrifuged for 15
min at 500@, and washed several times with the same bulffer.
The resulting pellet represented crude membranes.
Guanylate Cyclase Aclity Assay.Membrane fractions
were assayed for guanylate cyclase activity as described
previously 7). Briefly, membranes were preincubated on
an ice bath with or without regulatory proteins in the assay

stained with Coomassie blue and destained. The gel piecesystem containing 10 mM theophylline, 15 mM phospho-
containing the stained protein was excised and used forcreatine, 2Qig of creatine kinase, and 50 mM Tris-HCI (pH

protein identification. It was subjected to proteolytic digestion

7.5) adjusted to the appropriate free?Caoncentrations with

with trypsin, and the resultant peptides were analyzed by precalibrated Ca/EGTA solutions (Molecular Probes). The
matrix-assisted laser desorption ionization mass spectrometrytotal assay volume was 24.. The reaction was initiated

(MALDI-MS). Bradykinin and ACTH were used for internal

by addition of the substrate solution containing 4 mM MgCl

calibration. The masses were used to search the proteirand 1 mM GTP and maintained by incubation at°87for
database using two independent programs: ProFound andlO min. The reaction was terminated by addition of 225

Mascot (Howard Hughes Medical Institute biopolymer
laboratory and W. M. Keck Foundation biotechnology
resource laboratory at Yale University, New Haven, CT).
The purified protein was identified as neurocaldin
Cloning, Expression, and Purification of Recombinant
Neurocalcind. To clone the cDNA encoding the retinal
neurocalcind, primers were designed on the basis of
the known bovine brain neurocalcind sequence:
5'CAGTCCATGGGAAAACAGAACAGCAAGCTGCG-
CCCGGA3 and BTGCAAGCTTACGACAGAGAAGCT-
GAATTCGAAZ', with introduced\cad andHindlll (under-

of 50 mM sodium acetate buffer (pH 6.2) followed by heating
in a boiling water bath for 3 min. The amount of cyclic GMP
formed was determined with a radioimmunoass2g).(
Western BlotWestern blotting was carried out according
to the previously published protocol23-25). Briefly, the
protein samples were transferred onto nitrocellulose mem-
branes after electrophoresis. The membranes were incubated
in Tris-buffered saline containing 0.05% Tween 20 (TBS-
T) and 3% bovine serum albumin (BSA)rfd h atroom
temperature followedybl h incubation in the same solution
containing the primary antibody. After the membranes had

lined) in the forward and reverse primers, respectively, to been washed with TBS-T, incubation was continued for the
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same period of time in TBS-T containing 3% BSA and the twice with 20 mM Tris-HCI (pH 8.0), 0.1 M NaCl, and 1
secondary antibody. After they had been washed in TBS-T, mM PMSF (buffer C) and resuspended in the same buffer.
visualization of the immunoreactive protein bands was Association studies were carried out in a total volume of 25
carried out according to the manufacturer’s (Pierce Biotech- uL in buffer C. Eight micrograms of recombinant myr-
nology) protocol. neurocalcird was incubated with the membrane (equivalent
Cross-Linking.Cross-linking was carried out with BMH  to 15ug of protein) in the presence of either 1 mM EGTA
(bismaleimidohexane), a homobifunctional, sulthydryl-reac- or 1 mM EGTA and 2 mM CaGlat 22°C for 20 min. This
tive cross-linker. Membranes were first reduced by addition was followed by centrifugation at 14 000 rpm for 15 min.
of 1. mM DTT. Following incubation on ice for 10 min, the The pellet was resuspended in 2b of buffer C. Both the
membranes were extensively washed with 10 mM HEPES- pellet and the supernatant were subjected to -SDE%
KOH (pH 7.0), to remove DTT. Cross-linking was carried PAGE, and the proteins were transferred onto a nitrocellulose
out in a reaction volume of 4@L. For the native system, = membrane and probed with the anti-neurocatcantibody
IPL membranes (10@g of protein equivalent) in 10 mM  as described previously.
HEPES-KOH (pH 7.0) and 1 mM Caglvere incubated with For dissociation studies, 1xg of COS membranes
10 mM BMH for 60 min at room temperature with shaking. transfected with ROS-GC1 incubated withu@ of myr-
For the reconstituted system, membranes isolated from COSneurocalcin) in the presence of Gawas washed twice with
cells expressing ROS-GC1 (10@ of protein equivalent) 25 uL of buffer C containing 2 mM EGTA. After the final
were incubated with 2ug of bacterially expressed and wash, the pellet was resuspended irng@250f buffer C. All
purified recombinant myr-neurocalcid under identical the fractions were electrophoresed via SH1S$% PAGE,
conditions. The reaction was stopped by the addition of 4 transferred to nitrocellulose, and probed with the anti-
uL of 1 M Tris-HCI (pH 7.0). Samples were boiled inx6 neurocalcind antibody.
sample buffer without DTT, separated on SBIFAGE (10 Surface Plasmon Resonance (SPR) Measurenmieatd:
or 7%), and transferred to nitrocellulose. Duplicate samples time binding analyses were performed at 25 using the
were probed independently with highly specific antibodies BlAcore X system. myr-Neurocalci [150 nggL in 50 mM
against ROS-GC1 or neurocalcin Western blotting was ~ sodium acetate (pH 4.0)] was covalently immobilized on the
carried out as described previousB3( 25). CM5 sensor chip via the primary amino group using the
ImmunohistochemistryCryosections of the retina were manufacturer’s amine coupling procedure. The amount of
prepared and used according to the procedure describedmmobilized myr-neurocalcind was ~0.4 ng/mnd. The
previously (7). Briefly, the retina was fixed fol h in 4% buffer for the mobile phase of the interaction experiments
formaldehyde at 4C; it was cryoprotected in 25% sucrose contained 10 mM Tris-HCI (pH 7.5), 150 mM NaCl, 2 mM
overnight at 4°C and sectioned at a thickness of af CaCl, and 0.005% Surfactant P20. An independent flow cell
(Leica cryostat). To block nonspecific protein binding, on the same sensor was subjected to a “blank immobiliza-
sections were incubated in 0.1 M phosphate buffer containingtion” (no neurocalciny was added in the preparation of the
10% normal goat serum, 5% sucrose, and 0.5% Triton X-100 chip) and used as a control flow cell. The purified ROS-
for 60 min at room temperature. The sections were then GC1 domain containing amino acids 73B054 [stock
incubated in the same solution containing primary antibodies solution at 0.5«g/uL (10 «M) in the mobile phase buffer]
overnight at 4°C, washed, and incubated in secondary was diluted to varying concentrations (from 0O ta:§!) in
antibodies conjugated to a fluorescent dye and diluted in thethe same buffer and injected into the flow cell. The flow
blocking solution. Washes were carried out at room tem- rate was maintained at 20./min. Binding was observed as
perature (three times, 10 min each) with 0.1 M phosphate an increase in resonance units (RU). Specific binding was
buffer containing 5% sucrose. Specimens were mountedobtained by subtraction of binding at the control flow cell
using Vectashield mounting medium. Images were acquired (no immobilized neurocalcid) from that at the experimental
using a confocal microscope (Leica). Digital images were cell (neurocalcir-coated). The sensor surface was regener-
processed using commercially available software (ImageProated after each cycle by injection of& of 0.05 M glycine-
Plus; Phase3 Imaging Systems and Adobe Photoshop)HCI (pH 2.5) at a flow rate of SuL/min. The binding
Controls included immunostaining reactions carried out under parameterskg, Kor, Ka, andKp) for the interaction of the
identical conditions except that either excess antigen wasROS-GC1 domain with immobilized neurocalcin were
included or primary antibody was omitted or was replaced calculated using BiaEvaluation version 3.2. The curves were
with preimmune serum. Staining was insignificant under all fitted according to a simple 1:1 interaction with mass transfer.
these conditions. Identical conditions were used to assess binding of 8100
Ca?™—Myristoyl Switch.To assess the function of the and myr-neurocalcid to bacterially expressed and purified
C&™—myristoyl switch, C&"-dependent binding of myr- ROS-GC1 amino acids 9631054 except that the ROS-GC1
neurocalcind to membranes was assayed. In the native IPL fragment was immobilized by amine coupling and 100
membranes, isolation was carried out in the absence oror myr-neurocalcind (at 14M) was in the mobile phase at
presence of 1 mM Ca (Ca*-enriched condition) or 1 mM  a saturating Cd concentration of 2 mM.
EGTA (Ca'-depleted condition). The membranes were
subjected to SDS15% PAGE, transferred onto a nitro- RESULTS
cellulose membrane, and probed with the anti-neurocalcin
0 antibody as described previously.
In thein vitro assay system, COS membranes transfected
with ROS-GC1 were reconstituted with bacterially expressed  Purification. SDS-PAGE and Western blot analyses using
recombinant myr-neurocalcih The membranes were washed the neurocalcim-specific antibody showed that the protein

Characterization of Neurocalcid from the Retinal Inner
Plexiform Layer
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Ficure 2: Neurocalcind is not present in photoreceptor outer
segments, as determined by Western analysis. The biochemical
fraction corresponding to photoreceptor outer segments (PR-OS)
was isolated according to standard protocols. One hundred micro-
grams of protein was electrophoresed, transferred to nitrocellulose
membranes, and probed with the neurocateispecific antibody.

One microgram of recombinant neurocaléinrNCALC) served

as a positive control. The position of the immunoreactive band is
denoted with a double-headed arrow. Molecular size markers are
provided alongside.

isolated from the IPL of the bovine retina was pure (Figure
1B). It migrated as a 20 kDa protein on SB$5% PAGE B m.wt

in the presence of Ga Addition of EGTA to the protein (kDa) rVILIP1 rGCAP2 rGCAP1 rNCALC
sample created a gel shift in its migration to 23 kDa (Figure

1C), which is a typical characteristic of the Tainding

proteins 9—31). Thus, the IPL protein is, or is very similar,

to the C&*-binding protein neurocalcin. 25 —p

MicrosequencingThe tryptic digest of the IPL protein p—
yielded 52 peptides. The mass spectral analysis of these 15— '
peptides demonstrated that the masses were identical to those 10 —>

generated from neurocalcid derived from a variety of  pgure3: Neurocalcin is expressed in the amacrine and ganglion
mammalian brain sources, including bovine and the human cells of the retina. (A) Immunohistochemical analysis. Cryosections
forms 32, 33). Because the N-terminus was modified, c_>f bovine retina were immunost_ained for neurocattibbrevia-
N-terminal sequencing was not successful. Mass spectral}'ons; SSLOUtetr Se?m‘?f”ts? lIS’ '“”"hr\lSLegme”tS; OIN'-' f”ter nll;)cLIear
. . e layer; , outer plexiform layer; , inner nuclear layer; IPL,
a”a'YS'S _Showed ,that th? major modification at the N inner plexiform layer; GCL, ganglion cell layer. Neurocalein
terminus is N-myristoylation. Therefore, the IPL 20 kDa staining (green) is strong in the IPL, amacrine cells (INL layer;
protein is neurocalcid, and it exists in its major N-acylated  some are denoted with white arrows), and some ganglion cells (GCL
form as myristoylated. layer; one is denoted with a pink arrow). Some staining of the cone

; ; i . inner segments is also seen. (B) Specificity of the neurocalcin
Molecular Cloning of Retinal Neurocalcid. The se antibody. One microgram each of recombinant VILIP1 (rVILIP1),

quences of all the tryptic peptides of the native IPL protein, s-apq (rGCAP1), GCAP2 (rGCAP2), and neurocalcin ((NCALC)
neurocalcin, were encoded in the full-length cDNA clone,  were electrophoresed and subjected to Western analyses. The
indicating that the mRNA encoding the protein had been immunoreactive band is denoted with a thick arrow. Molecular size
cloned. The cDNA-based sequence of the protein was markers are provided alongside.

identical to the published sequence of bovine brain neuro-

calcin & (32). The protein contains four €&binding EF- a colored arrow), and in the distinct regions of the IPL. The
hand motifs, yet only three (EF2, EF3, and EF4) are predicted 0uter segments (OS) exhibited only insignificant staining.
to be functional 82, 34, 35). Thus, the IPL neurocalcid is Minor staining was also observed in the inner segments,
identified at a molecular and chemical level. particularly those of the cones, and in the perinuclear layer

Neurocalcind Is Undetectable in the Photoreceptor Outer Of defined cells in the outer nuclear layer (ONL). There was
SegmentsTo assess the possible involvement of neurocalcin NO staining in the bipolar cells.
o in any of the C&-modulated processes operating in the  These results support the conclusion that neurocaléin
PROS, the outer segments were surveyed for their contentnot present in the outer segment of the photoreceptors. They
of neurocalcind. No immunoreactivity was observed with also suggest that neurocaleiris also absent in the bipolar
the neurocalcird antibody [Figure 2, lane PR-OS; recom- cells. Its primary presence is in certain amacrine and ganglion
binant neurocalcid (rNCALC) served as a positive control], neurons and in some structures located in the distinct regions
indicating that neurocalcitt has no role in the phototrans-  of the IPL. It is noteworthy that the neurocal@rantibody
duction process. This conclusion is further supported by the used in this study is exclusively specific to neurocalgin
immunohistochemical studies provided below. and has no cross-reactivity with any of its homologous

Some Amacrine and Ganglion Cells of the Retina Expressneuronal C& sensor proteins (reviewed in re3§ and37):
Neurocalcind. To determine the cell-specific expression of VILIP1, GCAP1, and GCAP2 (Figure 3B). The expression
neurocalcind in the retinal neurons, cryosections of the of neurocalcin in the amacrine and ganglion cells has been
bovine retina were probed with the neurocaléispecific reported previously 38). Due to the lack of antibody
antibody (Figure 3A). Strong staining was observed in a specificity among the multiple “isoproteins” of neurocalcin
significant number of amacrine cells (some denoted with 6, Nakanoet al (38), however, were unable to differentiate
white arrows), in large ganglion cells (one is denoted with between these isoproteins.
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Ficure 4: Neurocalcin) is expressed in the IPL membrane fraction
and exhibits C& -dependent association. (A) Presence in the IPL
membrane. The inner plexiform layer (IPL) fraction was isolated
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neurocalcind is myristoylated, it was possible that, like
recoverin, it has a functional €a—myristoyl switch.

This prediction was investigated in greater detail. Both
the native IPL and the heterologous reconstituted systems
were used for this purpose, and in both systems, similar
results were obtained. In the native system, the IPL mem-
branes were isolated under three?Caonditions: (1) no
treatment, (2) CH-treated (1 mM C#%), and (3) Ca'-
depleted (washed with 1 mM EGTA). The fractions were
analyzed by Western blotting, using the neurocaldin
antibody probe. The results are presented in Figure 4B. A
single immunoreactive band, corresponding to neurocalcin
0, was seen in all three fractions. The intensity of the bands
was different, however. The most intense band was in the
C&*-treated fraction (Figure 4B, lan¢Ca), which was
followed by the fraction without treatment (Figure 4B, lane
—) and then by the Ca-depleted fraction (Figure 4B, lane
+EGTA). These results demonstrate that (if Canhances
the membrane anchoring property of neurocadsitii) there

from retina, electrophoresed, and analyzed by Western blotting asjg 5 sufficient concentration of residual Tan the IPL to

described in Experimental Procedures. Fifty micrograms of the
membrane protein was loaded. One microgram of bacterially
expressed and purified recombinant myr-neurocalgirfNCALC)
served as a positive control. The highly specific neurocadcin

keep neurocalcid membrane-bound, and (iii) it is difficult
to remove this residual amount of €afrom the native
membranes. Thus, some neurocaltis always membrane-

antibody was used as the probe. The immunoreactive band ishound, and is ready to initiate €asignal transduction

denoted with a double-headed arrow. Molecular size markers are

given alongside. (B) CGa-dependent association in the native

system. Western analysis was carried out with IPL membrane

fractions from retina isolated in the presence of 1 mM'Qa-Cat)
or 1 mM EGTA HEGTA) or in the absence of either additive
(). Fifty micrograms of protein was loaded in each lane. (GQ'€a

dependent association in the reconstituted system. Bacterially

expressed and purified recombinant retinal neurocafciwas

processes occurring within millisecond time intervals, a
feature that is essential for the transmission of visual signals.

In the heterologous system, the nonmyristoylated and
myristoylated forms of neurocalciéi were incubated with
the membranes of COS cells in the presence (1 mKkf)Ca
or absence of G4 (1 MM EGTA) and the membranes were

incubated with membranes from COS cells expressing recombinantprobed for the presence of neurocaldirby Western blot

ROS-GCL1 in the presence of €a+Ca&") or EGTA (+EGTA).
The neurocalcind was in its myristoylated form (my) or
nonmyristoylated form (mym). Incubation, subsequent isolation

of the pellet (P) and supernatant (S) fractions, and analysis by

analysis. Membranes incubated with 1 mMPCahowed an
intense neurocalcind band when incubated with myr-
neurocalcin (Figure 4C, panel myr, lane P unde#-C&™).

Western blotting were carried out as described in Experimental In contrast, no band was observed with the nonmyristoylated

Procedures.

Membrane Portion of the IPL Contains the myr-Neuro-
calcin 6. To act as a Cd sensor protein involved in the
membrane signaling processes, neurocaicmust be able
to readily associate with the membrane fraction. This was

form of neurocalcin in the presence of Ca (Figure 4C,
panel myr, lane P) or in the Cd-depleted membranes
(Figure 4C, panel myr, lane P undef-EGTA). These results
again show that the myristoyl group of neurocaldinis
critical in making the neurocalcid membrane-bound, and
when the group is missing, neurocalcinis no longer
membrane-bound. Thus, in the IPL, neurocaltioontains

assessed by the Western blot analysis of the native IPL. The . . . )
native membrane fraction was isolated and probed with the an a}ctlve C& —myristoyl switch and a fraction of neuro-
neurocalcind-specific antibody. A single immunoreactive Calcind is always membrane-bound.

band (denoted with a double-headed arrow) was observed These studies establish that the functional form of neuro-

(Figure 4A, IPL). The mobility of the immunoreactive protein
was identical to that of the recombinant myr-neurocaltin
(in Figure 4A, compare IPL and rNCALC). Therefore,
neurocalcind is present in the IPL membrane fraction.
The presence of myr-neurocale¥rin the IPL membranes

has important bearing on its being a receiver and transmitter

calcind in the IPL is the myristoylated form and that, under
native conditions, the IPL membranes contain a sufficient
concentration of C4 to keep neurocalci®® membrane-
bound, ever ready to receive and transmit thé"Gagnals

in quick succession.

of C&" signal transduction processes. Extensive studies onCharacterization of the Neurocalcié+Modulated C&"

the role of the myristoyl group in neuronal calcium sensor
proteins, particularly recoverin and the bovine brain neuro-
calcin 6, have revealed the following: (i) in the &afree
state, the myristoyl group is tethered inside a hydrophobic
pocket by the three EF-hands; (ii) upon binding?Cly the
EF-hands, it is extruded from the pocket; and (iii) the exposed
myristoyl group promotes binding to membranes and/or
protein targets31, 39—45). The biochemical term for this
process is the “Ca—myristoyl switch”. Because the IPL

Signaling Pathway in the IPL

The IPL Fraction of the Retina Contains a Membrane
Guanylate Cyclasewhich Exhibits a Biphasic Manner of
C&" Modulation The PROS and the OPL components of
the photoreceptors contain two distinct 2Canodulated
membrane guanylate cyclase (ROS-GC1) transduction path-
ways. In PROS, the pathway is linked with phototransduc-
tion, and the C& sensor component of ROS-GC1 is GCAP.



2714 Biochemistry, Vol. 43, No. 10, 2004 Krishnanet al.

A B A
M. Wt M. Wt ]
PR-OS OPL IPL (kpay OPLIPL (kDa) 100
+—50 75
4—3? 754
—_— 50 IC5,=60 nM

—25 d—

«—37

Ficure 5: Purity of the IPL fraction. Photoreceptor outer segment
(PR-0S), outer plexiform layer (OPL), and inner plexiform layer
(IPL) fractions were isolated from retina, electrophoresed, and

Guanylate cyclase activity
(% activity in 10 nM Ca 2*)

analyzed by Western blotting as described in Experimental Proce- 0 — — —
dures. Fifty micrograms of membrane protein was loaded in each 1072 10 10° 10°
lane. (A) PR-OS, OPL, and IPL fractions were probed with an 24

antibody against rhodopsin. (B) OPL and IPL fractions were probed Ca™ [uM]

with a cone arrestin antibody. Molecular size markers are given

alongside. 34 B

GCAP senses the €aimpulses and inhibits the cyclase
(reviewed in refs2 and 19). In the OPL, C&" operates
through two reciprocal pathways. One pathway is specific
to the cone pediclesly). Like PROS, in the pedicles, the
C&" sensor component of ROS-GC1 is GCAP1 and th& Ca

2

Guanylate cyclase activity
(fold stimulation)

impulses inhibit the cyclase; in the other OPL region, the 14 EC50=0.8 LM

Ca&" sensor component is S1®@&nd the Ca" impulses

stimulate ROS-GC11(7, 18). To ensure that these cell- .

specific pathways do not interfere with the IPL results, it

was made certain that the IPL fraction was not contaminated 90 A S S S

with PROS or OPL. Two probes were used for this
purpose: a rhodopsin antibody to test for the presence of Neurocalcin 3 [uM]

rods and a monoclonal antibody against cone pedicles (7G6) FEGTA G
for the cones. The Western blot results are presented in panels
A and B of Figure 5, respectively. Neither antibody exhibited
reactivity with IPL; however, in positive controls, the two
antibodies exhibited PROS- and OPL-specific reactivity
(Figure 5A, lane PR-OS and OPL; Figure 5B, lane OPL).
Thus, the IPL preparation is not contaminated with PROS
or OPL and is suitable for exploring the presence of th& Ca

(4]
(=3
g

£y

(=]

o
L

Guanylate cyclase activity
(pmol cGMP/min/mg prot)
8
<

200
neurocalcind-modulated guanylate cyclase signaling path-
way in the IPL. 100+

The native IPL membrane guanylate cyclase responded
in a biphasic fashion to the incremental concentrations of 0
Ca* (Figure 6A): the range from 10 nM to Q:BVI inhibited 0
the cyclase, and the higher ranges stimulated it. The Neurocalcin § [uM]

inhibitory value (IGg) for C&" was ~60 nM, and the

stimulatory (EGo) was ~1 uM. Thus, the IPL contains a . -
. ' FicUrRe 6: C&" regulation of guanylate cyclase activity in the IPL.
+
na'uv_e ca -modulatgd membrane_ guanylate CY_C""‘_S_e rans- the |pL fraction was isolated from the bovine retina, and the
duction system, which is both stimulated and inhibited by membranes were assayed for guanylate cyclase activity as described
free C&" concentrations. Although this investigation was in Experimental Procedures. The experiments were carried out in
focused on only the identification of the stimulated system, triplicate and repeated three times with separate membrane prepara-

- inhili .- tions. The results presented here are from one representative
:Ei Iigévgks_goiiliggg%ts that the inhibitory system in experiment. Error bars are smaller than the symbols. (A) Response

] ) ) to Ca&*. The IPL membranes were incubated in the presence of
To assess if the Céastimulated native IPL membrane  incremental concentrations of &aThe results are expressed as a

guanylate cyclase was neurocalctitmodulated, myr- percentage of maximal activity. (B) Response to myr-neurocalcin

neurocalciny was incubated with the IPL membrane fraction 9 The IPL membranes were incubated in the presence 1

- L Ca&* and incremental concentrations of myr-neurocal&inThe
and assayed for guanylate cyclase activity. Addition of results are expressed as the fold stimulation over basal activity.

neurocalcino stimulated endogenous membrane guanylate ¢y Response to myr-neurocaloinby C&*-depleted IPL mem-
cyclase in a dose-dependent fashion with agB€0.8 uM. branes. IPL membranes isolated in the absence (NATIVE) or
The stimulation was-2.5-fold over the basal value (Figure presence of 1 mM EGTAKEGTA) were assayed for guanylate
6B). When the incubation was carried out witi?Gaepleted ~ Cyclase activity in the presence ofuM Ca* and the indicated

. . . concentration of myristoylated neurocalcih The activity is
(EGTA-treated) membranes, the maximal stimulation of the expressed as picomoles of cyclic GMP synthesized per minute per

cyclase increased to-4-fold (Figure 6C). These results  miligram of protein. The fold stimulation over basal activity is
indicate two things. One, they show that the native IPL given in parentheses.
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membranes contain a neurocal@irmodulated membrane A RETINA PROS  IPL Mol Wt
guanylate cyclase transduction system. Two, they show that (kDa)
in its native state the cyclase exists with?Gaound myr-
neurocalcind and, as a consequence, is partially active. This
interpretation rationalizes the previous finding, which showed
the presence of C&dependent membrane-bound myr-
neurocalcind in the native IPL membranes.

The Membrane Guanylate CyclaseOS-GC1ls Linked — --‘."‘"T“'""'""._wo
with the Neurocalcir-Modulated C&" Signaling in the IPL
Reconstitution studies in the heterologous system of COS
cells have shown that the recombinant neurocalgin
stimulates ROS-GC1 in a €adependent fashior6). To — 76
determine if the C&-dependent myr-neurocalcihstimu-
lated native IPL cyclase is ROS-GC1, the IPL membrane
cyclase was subjected to four independent verifications.

(1) Verification 1: Biochemical IdentitfROS-GC1 is the
original member of the Ga-modulated membrane guanylate
cyclase subfamily whose identity was established first in the
ROS region of the retinazf. Subsequently, immunohisto-
chemical studies with antibodies against retinal guanylate
cyclase have also localized the cyclase to ROS; however,
these antibodies did not distinguish between the ROS-GC
forms (47, 48). To make a biochemical comparison between
the native forms of the IPL membrane guanylate cyclase and
ROS-GC1 present in the outer segments and retina, Westerr 24
blot analysis of these fractions was carried out with a ROS-
GC1-specific antibody according to the previous protocol
(23). A single 118 kDa immunoreactive band was detected e 2 4 & s
in all three fractions (Figure 7A), indicating that the native
IPL membrane guanylate cyclase is biochemically indistin-

«—200

101B

(=]
1

Guanylate cyclase activity
(fold stimulation)

GCAP1 [uM]

guishable from the ROS-GC1 present in the PROS region C
of the retina. It is important to note that the ROS-GC1 1
antibody used in this study does not cross-react with the two 10.04 PY
other remaining ROS-GC1 subfamily members: ROS-GC2 & ’
and ONE-GC 24, 25). % _
(2) Verification 2: Functional IdentityROS-GC1 is a < §
bimodal C&" switch (reviewed in ref@ and 19). Its two @5 7.5
distinctive functional features are that the?Csignal inhibits S £
it when it is present with a GCAP and the signal stimulates 9 2
it with S10Q5 (reviewed in ref19). Ca&t-free GCAP1 &3 5.04
stimulated the native IPL membrane guanylate cyclase in a E‘é
dose-dependent fashion with an &6f 1 uM (Figure 7B), S
and C&*-saturated S1@Dstimulated the cyclase in a dose- ~ © 254/ ECg=1uM
dependent fashion with an Bgbf 1 uM (Figure 7C). Both
these EGy values are comparable with the established values
for the wt-r and native ROS-GCB,(49—-51). Thus, ROS-
GC1 is present in the native IPL membrane. 0'06 ' é ) :‘ ’ é ' E'i ’ 1'0

(3) Verification 3: Physical InteractionTo have func-
tional relevance at the physiological level, neurocafcand $100p [uM]

ROS'GCl.mUSt res.’lde In_proximity O.f each other._Th_ls Ficure 7: Ca&*/neurocalcin d-regulated membrane guanylate
parameter in the native IPL was determined by cross-linking cycjase in the IPL is ROS-GC1. Membrane fractions from whole
studies. The homobifunctional, sulfhydryl-reactive BMH was retina (RETINA), photoreceptor outer segments (PR-OS), and the
used as a cross-linker. In the absence of the cross-linker,inner plexiform layer (IPL) were isolated as described in Experi-

the ROS-GC1 and neurocalainantibodies identified only ][“e”ta'hprloced_ures(- (A) Weiter{]‘ analysis with membrane fra‘(’tions
. . - rom whole retina (RETINA), photoreceptor outer segments (PR-
the res_,pectlve MOoNomers (I_:Igure 84, lanes). Wr_[h th_e 0S), and the IPL fraction (IPL) was performed with the ROS-GC1
cross-linker, both neurocalcit and ROS-GC1 antibodies  antibody (10Qug of protein/lane). Molecular size markers are given
identified a common immunoreactive band a280 kDa alongside. The position of the immunoreactive band is denoted with
(Figure 8A,+ lanes, denoted with a double-headed arrow). a thick arrow. (B and C) Membranes of the IPL fraction were
The size is that expected for a ROS-GC1 dimeeurocalcin assayed for guanylate cyclase activity in the presence of incremental

. . - concentrations of (B) GCAP1 at 10 nM &aor (C) S10( at 10
o dimer complex. Previous studies have shown that the uM Ca&'. The experiments were carried out in triplicate and

functional unit of ROS-GC1 is a dime$2-55). Ithas also  repeated three times with separate membrane preparations. The
been shown that bovine neurocaldirexists as a dimer in  results are from one representative experiment.
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Ficure 8: ROS-GC1 and neurocalcih are in physical proximity in the IPL. Cross-linking and immunohistochemical analyses. Cross-
linking was carried out as described in Experimental Procedures. Duplicate samples were electrophoresedRGEDgeIs and probed

by Western blotting with the ROS-GC1 or neurocaldiantibody. The results are presented in the respective panels. The equivalent of 50

ug of membrane protein was loaded in each lane. A common band, correspondi28@dkDa, is observed with both antibodies in the
presence of the cross-linket-(lanes) and is denoted with an arrow. Only the monomer (neurocdlomROS-GC1) is observed in the

absence of the cross-linker (lanes). Molecular size markers are given alongside. (A) In the native system, IPL membranes were isolated
and incubated in the presence or absence of added cross-linker BMH. (B) In the reconstituted system, mempiganépr@ein equivalent)

isolated from COS cells expressing ROS-GC1 were incubated with bacterially expressed and purified myr-nedrétalgh (C) For
immunohistochemical analyses, consecutive cryosections of bovine retina were analyzed as described in Experimental Procedures.
Abbreviations: OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer;
IPL, inner plexiform layer; GCL, ganglion cell layer. Staining with the neurocalcamd ROS-GC1 antibodies is presented in their respective
panels. Neurocalcin staining (green) is strong in the IPL, amacrine cells (not seen in the field), and some ganglion cells (GCL layer; one

is denoted with an arrow). Some staining of the cone inner segments is also seen. No staining was observed when the reaction was carried
out in the presence of a 50-fold excess of the antigen. The result is presented as an inset. ROS-GC1 staining is observed through multiple
retinal layers, with the most intense staining in the outer segments. Staining in the lower strata of IPL and ganglion cell is indicated: IPL,
dashed arrow; ganglion cell, solid arrow. All staining was eliminated by the inclusion of a 50-fold excess of antigen (inset). The neurocalcin

0 staining was converted to a red/orange color and aligned with the ROS-GC1 staining using ImagePro Plus. The result is presented in the
MERGE panel. Regions positive for both ROS-GC1 and neurocalejppear yellow and are observed in the lower strata of the IPL (some
denoted with dashed arrows) and ganglion cells (one in the field denoted with an arrow).
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solution @1). The size of the cross-linked complex is Direct Binding Studies

consistent with a ROS-GC1 dimer binding to a neurocalcin ) ) ) ) )

o dimer. To verify this result, the experiment was repeated _ Myr-Neurocalcind Binds the Biologically Actie ROS-
with a different cross-linker, DMS. Again, the commei280 GC1 DomainAmino Acids 7331054 in a C&*-Dependent

kDa band reacted with both the neurocaldirand ROS- Fashion with High Affinity Reconstitution studies with the
GC1 antibodies (data not shown). deleted and hybrid mutants have suggested that the biologi-

To furth it th its obtained with th i cally active neurocalcind modulatory site in ROS-GC1
0 further verify nese results obtained wi € nallVe esides within the fragment of amino acids 731054 @6).
IPL system, cross-linking experiments were repeated in a

. ; The investigation presented here was designed to assess (i)
reconstituted, heterologous system: membranes isolated fro

; ) he neurocalcin-dependent biological activity of the frag-
COS cells expressing ROS-GC1 and bacterially expressedmem and (i) whether the fragment binds neurocaldin
and purified recombinant myr-neurocalcin A common

) . . directly if it is, indeed, biologically active. The fragment
immunoreactive band;280 kDa, was observed inonly the .o o cterially expressed and purified according to the
presence of the cross-linker (Figure 8B, denoted with a

. L % previously described protocol52). Consistent with the
double-headed ar.row). The_band was identical in its mobility previous resultsg?), it contains inherent guanylate cyclase
to that observed in the native IPL membrane. activity. The activity was 6 pmol of cyclic GMP mi# (mg

It is noteworthy that additional minor bands are observed of protein)? (Figure 9A, aa7331054 fragment). Thus, it
with the neurocalciny antibody probe in the presence of s biochemically active. When the fragment was incubated
the cross-linker (Figure 8At- lane, NCALC panel), indicat-  with a series of concentrations of the recombinant form of
ing that this protein may interact with several proteins other myr-neurocalcind in the presence of saturated amounts of
than ROS-GC1 in the IPL. Cat (10 uM), it showed a concentration-dependent incre-

(4) Verification 4: ColocalizationTo investigate if ROS- ~ ment in its cyclase activity (Figure 9A). The Efvalue for
GC1 and neurocalcin, in addition to being proximal, also  neurocalcind was 1.2uM, and the maximal stimulation of
colocalize in the same cellular compartments, immuno- the enzyme was-2.5-fold over its basal value; for the wild
histochemical analyses were carried out. Because bothtype, it was 5-fold (in Figure 9A, compare wt-rROS-GC1
antibodies are raised in rabbits, for colocalization experi- With aa733-1054 fragment). The results show that the
ments, consecutive cryosections were independently stainedieurocalcin-dependent stimulatory profiles of the soluble
with antibodies against ROS-GC1 or neurocaliidentical ~ fragment and the wild-type ROS-GC1 are very similar:
regions were then chosen, on the basis of markers such agompare the E& of 0.8.M for the wild type with the value
blood vessels, for analyses to determine colocalization. One©f 1.2uM for the soluble fragment. Thus, the fragment is
such region is presented in Figure 8C. Individual staining biologically active and is appropriate for the direct binding
with the neurocalcid and ROS-GC1 antibodies of identical ~ Studies with neurocalcin.
regions from retinal sections are presented in their respective Direct binding between neurocalcihand the ROS-GC
panels. Staining is in green. Distinct patterns of staining are fragment was assessed by surface plasmon resonance (SPR)
observed with the two antibodies. Positive staining with spectroscopy. myr-Neurocalciéh was immobilized on a
neurocalcin is primarily in the inner retina: defined regions sensor chip. The ROS-GC1 fragment was applied in the
distributed throughout the multiple strata of the IPL (some mobile phase. Real-time binding of the ROS-GC1 fragment
denoted with dashed arrows in Figure 8C, NEUROCALCIN with neurocalcin was assessed as an increase in resonance
0) and ganglion cells (one in the field denoted with an arrow units. To determine if Cd, essential for neurocalcin
in Figure 8C, NEUROCALCINY) are stained. No staining  o-mediated regulation of ROS-GC1, is also essential for
was observed when the reaction was carried out in the binding, initial experiments were carried out in the absence
presence of a 50-fold excess of the antigen (Figure 8C, or presence of Ca. Results presented in Figure 9B clearly
NEUROCALCIN ¢, inset). Positive staining with the ROS- demonstrate that no binding is observed in the absence of
GC1 antibody is spread throughout the retinal layers, C&* (in the presence of 1 mM EGTA, Figure 9BEGTA,).
consistent with previous finding4 7, 18, 47, 48). The most Binding of neurocalcid with the ROS-GC1 fragment occurs
intense staining is observed in the layer of outer segments.only in the presence of Ga(in Figure 9B, compare-Ca*

In addition, staining is observed in the ONL, some cells in with +EGTA). These results demonstrate that binding of
the INL, lower strata of the IPL (denoted with dashed arrows myr-neurocalcird to ROS-GC1 is C-dependent and direct

in Figure 8C, ROS-GC1), and ganglion cells (one denoted and that the neurocalch+binding domain in the ROS-GC1
with an arrow in Figure 8C, ROS-GC1). Staining was fragment resides between amino acids 733 and 1054.
insignificant in the presence of a 50-fold excess of antigen  Further experiments were designed to determine the
(Figure 8C, ROS-GC1, inset), demonstrating the specificity binding parameters for the ROS-GEfeurocalcind pair.

of the antibody. After color conversion of neurocaldirto Incremental concentrations of the ROS-GC1 fragment (from
red/orange, the neurocalcin and ROS-GC1 panels were0 to 5 M) in the mobile phase at the saturated?Ca
merged using ImagePro Plus (Figure 8C, MERGE). Regions concentration of 2 mM resulted in a dose-dependent increase
that are positive for both neurocaleirand ROS-GC1 appear in the level of binding to neurocalcid (Figure 9C). The
yellow and are observed in the lower strata of the IPL (some response at equilibriumiR{,) was plotted as a function of
denoted with dashed arrows in Figure 8C, MERGE) and the fragment concentration to calculate the half-maximal
ganglion cells (one in the field denoted with an arrow in binding (EGg) of neurocalcind with ROS-GC1, which was
Figure 8C, MERGE). Thus, neurocalcinand ROS-GC1 0.5 uM (Figure 9D; 8-10 determinations of three inde-
appear to be colocalized in the lower strata of the IPL and pendent data sets). This value is comparable to thg\Elie

a subpopulation of ganglion cells. of 0.8uM observed for the neurocalcirdependent stimula-
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tion of ROS-GC1 (Figure 6B). Other binding parameters recently been mapped). It is composed of two regula-

were as follows:k,, (association rate constant)5.4 x 10* tory sites in ROS-GC1. One site comprises amino acids
M~1 s, ko (dissociation rate constant) 2.3 x 102s™1, Gly®62—Asn®%: the other comprises amino acids '#fé—

Ka (equilibrium association constant) 2.3 x 10° M1, and GInt%4% To determine if these two sites overlap with the
Kp (equilibrium dissociation constanty 4.2 x 1077 M. neurocalcin-binding site, the fragment of amino acids 963

These values indicate that the binding is of high affinity, 1054 was bacterially expressed, purified, and immobilized
and that the association as well as dissociation rates betweemn a BIAcore sensor chip. S180@r myr-neurocalcird was
neurocalcind and the ROS-GC1 fragment are rapid. It is applied in the mobile phase. Consistent with the previous
also noted that the calculatéd value for the neurocalcin  results, this fragment bound S1®®ith an EG, of 395 nM
0—ROS-GCl interaction, 426 nM, is in good agreement with (18); however, it did not bind myr-neurocalcin(Figure 9F).
the value of half-maximal binding (&g) at equilibrium, 500 Thus, the neurocalcin-binding domain in ROS-GC1 is distinct
nM (Figure 9D). from that of S108, is specific to itself, and resides in the
To determine the E& value of C&" needed for binding region between amino acids 732 and 962 of the cyclase.
neurocalcind with the ROS-GC1 fragment, real-time binding
experiments with incremental concentrations of'Cat a DISCUSSION
constant concentration of the ROS-GC1 domain gfM This paper is a detailed molecular description of the
were conducted. A dose-dependent increase in the level ofhiochemistry of a new Ga-modulated membrane ROS-GC1
binding was observed (Figure 9E). A plot of equilibrium  sjgnal transduction pathway. The novelty of the pathway is
binding Re) as a function of the C& concentration yielded  pased on the discovery that the?Caensor neurocalcid is
an EGo value of 0.1uM for Ca#* (Figure 9E), indicating  functionally interlocked with the ROS-GC1 transduction
that the optimum interaction of neurocalanwith ROS- machinery in the specified regions of retinal neurons. With
GC1 occurs at 100 nM Ca. This concentration of Ca is this finding, neurocalci® becomes the fourth natural &a
within the resting state, 166200 nM, of a cell 0). Results  sensor modulator of ROS-GC1. The other three are the two
presented earlier (Figure 4) show that under native condi- GCAPs, 1 and 2, and S180The neurocalcim-modulated
tions, the C&"—myristoyl switch is active in the IPL and ROS-GC1 signal transduction pathway becomes a new
myr-neurocalcind is bound to the membranes of the IPL, paradigm of C# signaling in the retinal neurons.
where ROS-GC1 resides. Results from the direct binding  Neurocalcin has been purified from the IPL of the retinal
experiments show that ROS-GC1 exists as a complex with neyrons and characterized on the basis of the sequence of
Cat-bound neurocalcin in the IPL membranes even in s internal fragments. The sequencing failed with the intact

the resting state of the cell. native protein, indicating that its N-terminus is blocked, and
The Neurocalcind-Binding Domain in ROS-GC1 Is the protein is acylated in its native state. Mass spectral
Specific to ItselfBesides housing the neurocalcitbinding analyses showed that the acyl group is the myristoyl group.
domain, the ROS-GC1 fragment, amino acids #3654, This identifies the native IPL protein as myr-neurocalgin
also houses the S18®inding domain 18). S10( is another Consistent with this conclusion, the sequence of the cloned
C&*-dependent modulator of ROS-GC18( 50, 51; re- form of the protein shows that it contains a consensus site

viewed in refs56 and57). The S10@8-binding domain has  for myristoylation. Except for the Kv channel subfamily, the

Ficure 9: Neurocalcind-binding domain which resides in the ROS-GC1 fragment of amino acids-¥@34 and is distinct from the
S10@5-binding domain, as studied by direct binding. (A) Dose-dependent stimulation of ROS-GC1 with neurécdMi@mbranes were

isolated from COS cells expressing wt-r ROS-GC1. The cDNA fragment encoding the ROS-GC1 domain of amino acidf¥Z38as

amplified by PCR, cloned into the bacterial expression vector, and purified as a His tag fusion protein as described in Experimental Procedures.
The guanylate cyclase activity was assayed in the presence of incremental concentrations of nedrheadtgnially expressed and purified,
myristoylated form) and at 10M Ca&*. The specific activity, picomoles of cyclic GMP synthesized per minute per milligram of protein,

was plotted as a function of the concentration of neurocalcirhe experiments were carried out in triplicate and repeated for reproducibility.

The results are from one representative experiment. (B) Binding of the ROS-GC1 fragment of amino a€iti8528® neurocalcio is
Ca&"-dependent. For real-time analysis, neurocaltiwas immobilized on a CM5 chip (BlAcore) and the soluble ROS GC-1 cytosolic
domain of amino acids 7331054 (analyte) was supplied in the mobile phase ap®5n the presence of Ca (2 mM) or in its absence

(in the presence of 1 mM EGTA). Overlaid sensorgrams display the binding of the analyte to neurd@calw@ncurves were obtained after
subtracting the effect of buffers and salts on resonance signals using the unimmobilized surface in flow cell 1 as a reference surface. (C)
Binding of the ROS-GC1 cytosolic domain of amino acids #3854 to neurocalcii. For real-time analysis, the soluble ROS GC-1
cytosolic domain of amino acids 733054 (analyte) was supplied in the mobile phase at concentrations between 0. Ln®Serlaid
sensorgrams display the concentration-dependent binding of the analyte to immobilized neudoicathim presence of 2 mM CaglIThe
concentration of the analyte is indicated alongside the curves. The curves were obtained after subtracting the effect of buffers and salts on
resonance signals using the unimmobilized surface in flow cell 1 as a reference surface. (D) Binding of the ROS-GC1 cytosolic domain of
amino acids 7331054 to neurocalcid. The binding response at equilibriurRsf) determined through real-time analysis was plotted as

a function of the concentration of the analyte (ROS-GC1 fragment). The half-maximal binding occurred at 500 nM. (E) Binding of the
ROS-GCL1 cytosolic domain of amino acids 73854 to neurocalcid. To assess the calcium dependence, real-time binding analyses with
neurocalcind were carried out using 0,6M analyte with incremental calcium concentrations-({® xM). The response at equilibrium

(Reg) was plotted as a function of €aconcentration. Half-maximal binding occurred at @NI. (F) The neurocalcim-binding site on the
ROS-GCL1 cytosolic domain does not overlap with its §EB0hding sites. The cDNA fragment encoding the ROS-GC1 domain of amino

acids 963-1054 was amplified by PCR, cloned into the bacterial expression vector, and purified as a His tag fusion protein. The fragment
was immobilized as described in Experimental Procedures. (Bl@@mmercially obtained) or bacterially expressed and purified myr-
neurocalcind was supplied in the mobile phase at a concentration pMLin the presence of 2 mM G&, and real-time binding was
monitored. (G) ROS-GC1 domain (amino acids #3854). A schematic diagram of ROS-GC1, with its multiple domains shaded differently,

is provided. The leader sequence (L), the transmembrane (TM), the extracellular (EXT), and the intracellular (INT) regions have been
identified. The neurocalcin-binding domain, which resides between ROS-GC1 amino acids 733 and 963, is denoted.



2720 Biochemistry, Vol. 43, No. 10, 2004 Krishnanet al.

myristoylation consensus sequence, MGXXXS, at the N- and they also function on a millisecond time scale in the
terminus is conserved in all subfamilies of the neuron&ifCa  operation of phototransduction. The recent studies show that
sensor proteins (reviewed in re3§ and37); with this study, in both of these GCAPs, the &a-myristoyl switch does
it has been determined that this feature is also present in thenot operate like recoverin and neurocaléiin GCAP2, the
IPL neurocalcind. switch appears to function in a reverse fashion: it is
Recoverin is the founding member of the neuronai®Ca membrane-bound in the absence ofCand exists in the
sensor protein family40, 41; reviewed in ref45). It occurs cytosol in its presence6(). In GCAP1, it has no role in
in the membranes of ROS and, therein, inhibits the rhodopsinanchoring it to the membran&4); instead, it controls its
kinase activity in a millisecond time process of phototrans- C&"-dependent regulatory propertiess( 64, 65). This is
duction @2, 58, 59). Through comprehensive studies, a role an important point and is discussed latter to show that the
for the myristoyl group has been assigned in recoved® ( neurocalcind Ca*—myristoyl switch imparts both the
41, 42, 44, 45, 60). Once C&" binds, the group translocates membrane anchoring and regulatory properties to the protein.
recoverin from the cytosol to the membrane. The proposed Earlier reconstitution studies with the recombinant non-
mechanism holds that without &a the myristoyl group is myristoylated neurocalciti and ROS-GC1 have shown that
sequestered within a hydrophobic pocket of the protein in neurocalcind stimulates ROS-GC1 in a €adependent
the cytosol. Once CGa& binds, it is extruded out, which  manner 46). With the finding that neurocalcid is present
permits it to interact with the lipid bilayer. This mechanism in the native membrane fraction of the IPL of the retina, its
has been confirmed recentl$3). natural interaction with ROS-GC1 was envisioned, tested,
The results of this study show that the operational featuresand found. Both neurocalcih and ROS-GC1 are in the
of the above mechanism are also present in the case of nativgoroximity of each other which indicates that they interact
retinal neurocalcird present in the IPL. In the presence of with each other, and their interaction might be functionally
C&", neurocalcind exists as a membrane-bound protein, productive. The finding that the added presence of exogenous
and in the absence of &a the majority of it,but not all C&" in the IPL membranes stimulates native guanylate
moves into the cytosol. cyclase activity reveals that the interaction between neuro-
An important noteworthy fact revealed by this study is calcind and the hypothetical cyclase is, indeed, functionally
that even extensive washing of the native IPL membranesrelevant. It also indicates that these membranes contain a
with EGTA does not completely dissociate neurocalgéin  sufficient amount of the residual €ato place neurocalcin
from the membranes. This indicates that a residual fraction d in contact with the membranes. Thus, the role of'Ca
of neurocalcin is always bound with the native membranes. appears to be twofold: (1) in its nanomolar (resting)
This conclusion is validated with the studies on the recom- concentration range, to keep neurocaftimembrane-bound;
binant reconstituted system. In the presence ofCthe and (2) in its submicromolar to micromolar range, to create
recombinant form of the myr-neurocalanincubated with the physical and functional interaction between neurocalcin
the native membrane fraction of the inner plexiform layer 6 and the cyclase.
remains membrane-bound, and when?'Caé removed These findings establish that the myristoylated form of
through the treatment of EGTA, the majority of lfut not neurocalcind is present in the membranes of the IPL and
all, is no longer membrane-bound (Figure 4B). Thus, the that it physically interacts with ROS-GC1. The findings,
recombinant neurocalcid in the native membranes of the however, do not show the direct and specific functional
IPL mimics the C&"-dependent mobility and the membrane interaction between neurocaladnand ROS-GC1. There are
anchoring profile of the native neurocalainpresent in the  three known forms of ROS-GC: ROS-GC1, ROS-GC2, and
native inner plexiform membranes. There are two possible ONE-GC (reviewed in ref2 and19). Which of the cyclases
reasons for the association of neurocalgiwith the native is linked with neurocalcird in the OPL?
membranes, and both are related to the concentration’df Ca  To solve this problem, we took advantage of the known
in the resting state of the membranes. First, a cellul& Ca biochemical features of ROS-GCs and the existing discrimi-
concentration of 1080200 nM is able to keep the neurocalcin  natory probes against the ROS-GCs. ROS-GC1 is the only
0 membrane-bound. Second, when present with its targetcyclase which is stimulated by all four modulators: two
protein at this concentration of €a the neurocalcin  GCAPs, S108, and neurocalcid. Neurocalcind does not
O0—target protein complex has a stronger affinity for the affect the activity of ROS-GC24g), and GCAPs have no
membranes than does neurocal@ialone. Any, or both, of  effect on ONE-GC Z5). The IPL membrane guanylate
these possibilities suggest that the membrane-bound neuroeyclase responds to all four modulators. Thus, it meets the
calcino can participate in the C&dependent events, which  criteria of being ROS-GCL1. Further biochemical analysis of
occur at millisecond time intervals. the inner plexiform membrane guanylate cyclase fraction
The detailed studies with the brain and reconstituted lipid shows that it directly and specifically interacts with neuro-
membranes have already established the role of tR&-Ca  calcin . The only other membrane guanylate cyclase that
myristoyl switch for neurocalcind (31, 44). The study senses and responds to the*Cdependent stimulation via
presented here is in accord with and extends the conclusionsieurocalcind is ONE-GC [also called GC-D6g)], present
of those findings. It confirms the role of the myristoyl switch in the bovine olfactory neuroepithelial layer. However, ONE-
for the native IPL membranes, and it also shows that the GC is not present in the retinal neurorgoy; It is, thus,
switch is operative at the resting states of the cellul&i™Ca concluded that the neurocaladamodulated C& signaling
(100-200 nM) in the native IPL. ROS-GC1 transduction machinery is present specifically in
In common with recoverin and neurocalein two other the IPL of the retinal neurons.
neuronal C&" sensor proteins, GCAP1 and GCAP2, under  To have meaningful physiological participation of Ca
native conditions in ROS are also myristoylat&d{64), signaling in the neurocalcid-modulated ROS-GC1 trans-
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duction machinery in the retinal neurons, the machinery must membrane domain in the two small regions, amino acids
respond and be operated rapidly by the submicromolar to M#45—L4%6 and 15%3—1522 of ROS-GC1 15), and the neuro-

micromolar range of free Ga concentrations. The binding
constants obtained with SPR studies show that withoéit,Ca
neurocalcin has no affinity for ROS-GCL1. In the presence
of C&", it binds ROS-GC1 with high affinity with &, of
2.3 x 10° M~* and aKp of 4.6 x 1077 M. This indicates
that neurocalcind binding to and dissociation from ROS-
GC1 are C&-dependent, direct, and of high affinity, and

calcin -modulated site resides in the C-terminal region of
the cyclase46). The S10B-modulated site also resides in
the C-terminal region of ROS-GC1§). It has also been
mapped, and it resides in the two small regions, Gly
Asn8land 11e93%-GIn'%4, of the cyclase. The direct binding
studies presented here show that neurocal¢ias no affinity
for the S10@ sites. Thus, the neurocaladamodulated C&

they occur very rapidly in response to the submicromolar to signaling of ROS-GC1 occurs through a domain that is

the micromolar C& fluctuations. Thus, once €abinds,

separate from the GCAP- and S1Bthodulated domains;

neurocalcind undergoes conformational change, as evi- it resides within the segment of amino acids #3562, and
denced by the mobility shift assay, and stimulates ROS-GC1.the domain is neurocalcid-specific.

The EGo of C&* for the neurocalcim-dependent ROS-
GCL1 activation is~0.8 uM, and the EGo value of neuro-
calcin o for ROS-GC1 stimulation is alse0.8 uM. Thus,
the stimulation of ROS-GC1 by neurocal@iroccurs within
the physiological concentration range of?Cand at the
physiological concentration of neurocalain In an earlier
publication, the authors reported an & @alue of 20uM
for C&" in the neurocalci-dependent activation of ROS-

With regard to the physiological linkage of the neurocalcin
0/ROS-GC1 transduction pathway with the activity of a
specific retinal neuron, it can be categorically stated that the
pathway is not present in the outer segments of the rods and
cones. Thus, it is not linked with the phototransduction
machinery. In the initial survey of the retina, the study shows
that both neurocalcid and ROS-GC1 are present in the
lower strata of the IPL and a subpopulation of ganglion cells,

GC1 @6). That value was obtained with the reconstituted and provides a strong argument that the pathway is biologi-
system of the nonmyristoylated recombinant form of neuro- cally relevant to the physiology of these cellular compart-
calcind and ROS-GCL1. The value requires a revision in this ments. Guided by the knowledge gained from the studies in
investigation. In the comprehensive study presented here angbhotoreceptors, we predict that the modulation of*Ca
in the repetition of the old study, the authors find no impulses in these neurons via the neurocalgitependent
difference in the E values between the nonmyristoylated ROS-GC1 transduction pathway will result in the elevation
and myristoylated forms of neurocalady with both forms, of the level of cyclic GMP, which, in turn, via a hypothetical
the Ky, for activation of free C# is 0.8-1 uM for the CNG channel will depolarize their membranes. This hypoth-
neurocalcin 6 stimulation of ROS-GC1. The maximal esis deserves serious consideration in its operational ap-
velocity of ROS-GC1 achieved by the myr-neurocaldéin  plicability in the ganglion neurons. Modeled after the
is, however~2-fold higher than that of the nonmyristoylated hypothesis, the future work will bring us a step closer in
form (manuscript being prepared). Thus, compared to the explaining the visual transduction process at a molecular

nonmyristoylated form, myr-neurocalcinis a more produc-

tive modulator of ROS-GC1, yet the potency of the two

forms is identical. Thus, it is concluded that myristoylation
has no effect on the potency of neurocaldint, however,
significantly elevates th&/n.x of ROS-GC1. The primary
function of the myristoyl group is to carry neurocalai

level.

There is one other significant aspect of this study. The
study underscores the universality of the emerging concept
which predicts that the ROS-GC transduction machinery may
be linked with the C& signal transduction processes of all
sensory neurons (reviewed in rE9). The recent studies and

from the soluble to the membrane portion of the cell. This this study show that the machinery is present in the ROS
occurs even in the resting (nanomolar to submicromolar) (reviewed in reR), cones (pedicles)L{), the photorecepter
range of C&" concentrations in the neuron. Its secondary bipolar synapsel@), the pinealocytes2@), the olfactory
function is to respond quickly, in the millisecond range, to neuroepithelium Z5), and the olfactory bulb 24). The
additional C&" fluctuations. The increments in &acon- varying composition of the machinery defines its operational
centration enhance the saturation activity of the cyclase, andspecificity toward being stimulated or inhibited by the?Ca
the decrements proportionately decrease it. Thus, throughimpulses. When ROS-GC is present with the GCAP modula-
its myristoyl group neurocalcid acts like recoverin in being  tors, it is inhibited, and when it is present with SBoor
anchored to the membranes of the IB9{43, 45) and like neurocalcin, it is stimulated. In this manner, it is inhibited
GCAPs in regulating ROS-GC155%, 64, 65). These two in ROS (reviewed in rep), in the cone pedicles, and in the
features together classify neurocaldias a unigue member  olfactory bulb neurons. However, in the photoreceptor
of the neuronal Cd sensor protein family, which is a part  bipolar synapse region, it is stimulatetB. In the olfactory
of the ROS-GC1 transduction machinery in the IPL of the neuroepithelium region, it occurs in the form of neurocalcin/
retina. These findings also support the concept that the ONE-GC, and is stimulated by the €ampulses 25). ONE-
myristoyl group bestows selectivity in function to the GC is a variant form of ROS-GC, which does not exist in
neuronal C&" sensor proteins3({, 67). the retinal neurong), and so far has been reported to exist
The next question examined herein was whether ROS-solely in the sensory neurons of the olfactory neuroepithelial
GC1 contains a neurocalcid-specific domain. Through layer, the site of odorant transductio?5( 66). In contrast
deletion and hybrid mutagenesis with the recombinant ROS-to ROS-GC, ONE-GC is only stimulated by the Ca
GCl1, it has been established that the neurocaleimodulated impulses, and its natural €amodulator is only neurocalcin
site in ROS-GC1 is separate from the GCAP1-modulated 6 (25). With the study presented here, we conclude that
site @6). The GCAP1-modulated site has been mapdé&il ( neurocalcind is a natural C& modulator of two ROS-
It resides at the N-terminal site juxtaposed to the trans- GCs: ROS-GC1 and ONE-GC. With ONE-GC, it appears
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to be linked with the odorant transduction machinery, and
with ROS-GC1, it appears to be linked with the IPL
machinery. These illustrations show that with the change in

its composition, the ROS-GC transduction machinery achieves

universality, cellular specificity, and variability in its opera-
tion by the C&" signals generated in a wide variety of
neurons: retinal, olfactory, pineal, and others to be identified.
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