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ABSTRACT: Retinal membrane guanylyl cyclase (RetGC) in the
outer segments of vertebrate photoreceptors is controlled by guanylyl
cyclase activating proteins (GCAPs), responding to light-dependent
changes of the intracellular Ca** concentrations. We present evidence
that a different RetGC binding protein, retinal degeneration 3 protein
(RD3), is a high-affinity allosteric modulator of the cyclase which
inhibits RetGC activity at submicromolar concentrations. It suppresses
the basal activity of RetGC in the absence of GCAPs in a
noncompetitive manner, and it inhibits the GCAP-stimulated
RetGC at low intracellular Ca** levels. RD3 opposes the allosteric
activation of the cyclase by GCAP but does not significantly change
Ca’" sensitivity of the GCAP-dependent regulation. We have tested a
number of mutations in RD3 implicated in human retinal degenerative
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disorders and have found that several mutations prevent the stable expression of RD3 in HEK293 cells and decrease the affinity
of RD3 for RetGC1. The RD3 mutant lacking the carboxy-terminal half of the protein and associated with Leber congenital
amaurosis type 12 (LCA12) is unable to suppress the activity of the RetGC1/GCAP complex. Furthermore, the inhibitory
activity of the GS7V mutant implicated in cone—rod degeneration is strongly reduced. Our results suggest that inhibition of
RetGC by RD3 may be utilized by photoreceptors to block RetGC activity during its maturation and/or incorporation into the
photoreceptor outer segment rather than participate in dynamic regulation of the cyclase by Ca** and GCAPs.

yclic GMP in vertebrate photoreceptors couples rhodop-
sin in disk membranes to cGMP-gated cation channels in
the plasma membrane of rod outer segments (ROS) through a
photoransduction cascade (reviewed in ref 1). Following
photoexcitation, cGMP in photoreceptors is first hydrolyzed
by a light-activated phosphodiesterase (PDE6) and then
replenished by a retinal membrane guanylyl cyclase
(RetGC).>™* In addition to its role as a key enzyme in
photoreceptor physiology, RetGC has been linked to multiple
cases of congenital blinding disorders in human patients
including Leber congenital amaurosis type 1 (LCAl) and
dominant cone—rod dystrophy.”~” RetGC activity in rods and
cones is controlled by Ca*"-sensitive guanylyl cyclase activating
proteins, GCAPs,* ™" via a Ca** feedback mechanism. When
c¢GMP-gated channels close in response to light, the reduced
influx of Ca®" through the channels causes GCAP to switch
from a Ca*"-bound (inhibitor) state to a Mg**-bound (RetGC
activator) state (reviewed in '*). This accelerates the resyn-
thesis of cGMP for timely recovery of photoreceptors to their
dark state or establishing light adaptation.""*
More recently, it has been shown that RD3, a 23-kDa protein
unrelated to GCAPs and linked to Leber congenital amaurosis
typel2 (LCA12) and rapid retinal degeneration in the rd3
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mouse,"® coimmunoprecipitates with RetGC and is essential for
the normal expression of RetGC in rod and cone photoreceptor
cells.'® The RD3 gene transcripts are highly abundant in the
retina and concentrated in photoreceptors but undetectable in
other mouse tissues."> An anti-RD3 polyclonal antibody was
observed to stain the inner and outer segments of mouse rod
and cone photoreceptor cells by immunofluorescence micros-
copy.'® RD3 also colocalized with RetGC in intracellular
vesicles when both proteins were coexpressed in HEK293
cells,' thus leading to a hypothesis that at least one function of
RD3 in photoreceptor cells is to participate in the intracellular
trafficking of the cyclase.

In the present study, we have investigated whether the
association of RetGC with RD3 can affect the catalytic function
of RetGC. We find that RD3 acts as a high-affinity allosteric
inhibitor of RetGC, capable of both effectively competing with
GCAPs and suppressing the catalytic activity of the cyclase.
Some mutations in the human RD3 gene found in patients with
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congenital retinal disorders strongly affect the inhibitory activity
of the human recombinant RD3 protein in vitro.

B EXPERIMENTAL PROCEDURES

Antibodies. Rabbit polyclonal antibody RD3 497 was
raised against the isolated full-length human recombinant
RD3 expressed in E. coli as described below and purified from
the serum by immunoaffinity chromatography on RD3 coupled
to CNBr-activated Sepharose CL-4B (GE Heath Sciences). The
Rho-1D4 mouse monoclonal antibody'’ was against the
TETSQVAPA peptide used as a C-terminal tag in some RD3
constructs, and the anti-RD3 mouse monoclonal RD3-9D12
antibody was produced against the C-terminal peptide of
RD3.'° The rabbit polyclonal anti-RetGCI antibody was
produced against the catalytic domain of human RetGCl,'®
and the mouse monoclonal GC-8AS antibody was raised
against the C-terminus of mouse RetGCl.

Human Recombinant RD3 Expression in E. coli.
Human RD3 ¢DNA was amplified from a pCMV-SPORT6/
MHS1010—9206149 cDNA clone (Open Biosystems/Thermo
Scientific) using high-fidelity Phusion Flash DNA polymerase
(Finnzymes), subcloned into the Ncol/BamHI sites of pET11d
vector (Novagen/Calbiochem), sequenced, and expressed in a
BL21(DE3)CodonPlus (Agilent Technologies) E. coli strain in
the presence of isopropyl f-p-1-thiogalactopyranoside for 2 h.
The protein which accumulated in inclusion bodies was purified
by series of sonication and centrifugation cycles described for
GCAP purification," solubilized in 10 mM Tris-HCI (pH 7.5)
buffer containing 2 mM EDTA, 8 M urea, and 14 mM 2-
mercaptoethanol, and dialyzed against 2 X 300 volumes of 10
mM Tris-HCI (pH 7.5) buffer containing 0.1 mM EDTA and
14 mM 2-mercaptoethanol at 4 °C. Insoluble protein was
removed by centrifugation at 10000g for 10 min at 4 °C, and
the supernatant containing RD3 (typically 80—90% purity by
SDS PAGE) was collected and used either immediately or after
storage at —70 °C with 50% v/v glycerol. RD3 has a tendency
to precipitate under normal storage conditions. For expression
of RD3 mutants '° in E. coli, the corresponding mutations were
introduced into the RD3 c¢DNA using Phusion Flash DNA
polymerase (Finnzymes) by a conventional “splicing by overlap
extension” method and the mutated cDNA was verified by
sequencing the entire coding region of the resulting plasmid.

Expression of a Full-Length Human RD3 in HEK293
Cells Used in RetGC Activity Assays. The RD3 cDNA was
inserted into the HindIIl/Xbal sites of a modified pRCCMV
vector (Invitrogen), transfected into a 50—80% confluent cell
culture (ca. 20 pg of DNA per 100-mm dish) using the calcium
phosphate DNA precipitation protocol, and expressed for 24—
36 h. The soluble fraction containing RD3 was extracted from
the harvested cells which were subjected to a hypotonic shock
on ice in a buffer solution containing 10 mM Tris-HCI (pH
7.5), 0.1 mM EGTA, 14 mM 2-mercaptoethanol, 60 pug/mL
aprotinin, and 30 pg/mL leupeptin and further disrupted by
10—15 strokes in a Dounce glass-to-glass homogenizer. The
soluble fraction was clarified by centrifugation at 12000g for 30
min, 4 °C, and concentrated in a Millpore Amicon Ultra-4
MW10000 cartridge. A 10-uL sample was subjected to SDS
PAGE on a 15% gel. Expression of RD3 was confirmed by
immunoblotting probed with the rabbit polyclonal anti-RD3
antibody 497 and visualized using a SuperSignal chemilumi-
nescence peroxidase substrate kit (Pierce/ThermoFisher) in a
FotoDyne Luminous FX imaging system.
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For comparative testing of the RD3 mutant expression in
cultured HEK293T cells, wild type and the mutant RD3 cDNA
constructs generated using the QuikChange Mutagenesis kit
(Agilent Technologies) all contained an extension that coded
for the C-terminal Rho-1D4 peptide, TETSQVAPA. HEK293T
cells were transfected with 10 ug of the RD3 plasmid DNA per
a 100-mm culture dish using the calcium phosphate
precipitation protocol. Forty-eight hours after transfection,
the cells from two plates were solubilized in 0.8 mL of 1%
Triton X-100 in PBS containing Complete Protease Inhibitor
cocktail (Roche) for 15 min at 4 °C, and the insoluble material
was removed by centrifugation. Each sample was resolved on a
10% SDS polyacrylamide gel and analyzed on immunoblots
sequentially probed with the Rho-1D4 mouse monoclonal
antibody and secondary goat antimouse antibody conjugated to
IR dye 680 for imaging on a LI-COR Odyssey infrared imaging
system.

GCAP1 and GCAP2 Expression. GCAP1 and GCAP2
were expressed from pET11d vector in a BLR(DE3) E. coli
strain harboring yeast N-myristoyl transferase as previously
described."*°

RetGC Activity. RetGC cyclase activity in ROS fraction
isolated from mouse retinas using Optiprep density gradient
centrifugation as described in ref 21 was assayed in the dark
using infrared viewers as described previously.'#**** The
activity of the recombinant human RetGCl expressed from
pRCCMV vector in HEK293 cells transfected by calcium
phosphate precipitation method was assayed under normal
illumination as described previously.”” The assay mixture (25
uL) contained (unless indicated otherwise) 30 mM MOPS—
KOH (pH 7.2), 60 mM KCl, 4 mM NaCl, I mM DTT, 2 mM
Ca**/EGTA buffer, 1 mM free Mg®', 0.3 mM ATP, 4 mM
c¢GMP, 1 mM GTP, 10 mM creatine phosphate, 0.5 unit of
creatine phosphokinase, 1 uCi of [@-**P]GTP, 0.1 uCi of
[8-*H]cGMP (Perkin-Elmer), PDEG6 inhibitors zaprinast and
dipyridamole, and variable concentrations of GCAPs, RD3, and
membranes containing RetGC1. The reaction continued at a
linear time-course for 12 min at 30 °C (40 min for the
recombinant RetGC1) and subsequently heat-inactivated at 95
°C for 2 min. The [**P]cGMP was quantified using a thin-layer
chromatography on polyethylenimine cellulose plates. Stat-
istical analysis of the data, where applicable, was performed
using KaleidaGraph (Synergy Software).

Ca** Buffers. Free Ca** and Mg?* concentrations in the
RetGC assay were maintained using a series of Ca®**/EGTA
mixtures prepared using the Tsien and Pozzan method,”* and
their free Ca** and Mg*" concentrations were calculated using
the Marks and Maxfield algorithm in Bound and Determined
and MaxChelator software which corrects for the effects of
other components of the assay mixture. The calculated
Ca*EGTA buffering was verified by fluorescent indicator
dyes as previously described in detail.>**®

Co-immunoprecipitation (co-IP). For the co-IP studies,
the HEK293T cell cultures were transfected with 10 pg of the
RD3 plasmid and 10 pg of human RetGC1 plasmid DNA per a
100-mm diameter culture dish. Twenty-four hours after the
transfection, the cells were solubilized in 800 uL 1% Trition X-
100 in PBS containing Complete Protease Inhibitor cocktail
(Roche). After removal of the insoluble material by
centrifugation, the supernatant was applied to an Rd3-9D12-
Sepharose immunoaffinity column. After 1 h the column was
washed several times with 0.1% Triton X-100 in PBS and the
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Figure 1. RD3 inhibits RetGC activity at submicromolar concentrations. (A) Wild-type mouse ROS were titrated with human recombinant RD3 in
the presence of 1 mM free Mg®* and 2 mM EGTA. Inset: Coomassie Brilliant Blue R250-stained gel of human RD3 isolated from E. coli (left lane)
and molecular weight standards (right lane). (B) Human recombinant RetGC1 activated by 1.5 uM GCAP1 in the presence of 1 mM free Mg>* and
2 mM EGTA was assayed at different concentrations of the human recombinant RD3 expressed and purified from E. coli. (C) Human recombinant
RetGC1 was activated by 1.5 uM bovine GCAPI in the presence of 1 mM free Mg®* and 2 mM EGTA and titrated with protein extracts from
HEK293 cells either expressing or not expressing RD3. To exclude the possibility of a nonspecific effect of different total protein concentrations, the
total amount of protein was equilibrated with a control protein extract in every assay mixture. Inset: immunoblotting of HEK293 cell extracts probed
with anti-RD3 antibody 497 (left lane, nontransfected cells; right lane, RD3 plasmid-transfected cells) (notice that there is no endogenous RD3
expression in the nontransfected cells). The data in A—D are fitted by the equation a = (a,,, — ain)/(1 + [RD3]/ICsy) + dpyy, where a,, and a,;,
are the maximal and minimal activity of guanylyl cyclase in the experiment, respectively, and the ICy, is the concentration of RD3 producing 50%
inhibition. (D—F) The effect of RD3 on guanylyl cyclase catalytic activity in ROS fractions measured in the absence of GCAPs. The RetGC activity
in ROS fraction from GCAP1,2™/~ mouse retinas >* was titrated with the purified E. coli-expressed RD3 in the presence of saturating 10 mM Mg**
and 2 mM EGTA; GTP concentration in D was 1 mM and in E—F varied as indicated. (E) Michaelis plot of the nonstimulated RetGC catalytic
activity in the absence (@) or in the presence of 30 nM (Jll) or 60 nM (M) purified recombinant RD3, representative from three similar
independent experiments. (F) Lineweaver—Burke plot for data from panel E illustrates a respective ~2.5-fold and 5-fold suppression of the V. by
30 nM and 60 nM RD3 without a major effect on K, grp. The K; calculated using the equation for a noncompetitive inhibition, V; = V,.,(1 + [RD3]/
K)™', from three independent experiments was 19 nM + 7 SD. The activity in assays containing retinal membranes is presented per rhodopsin
content, in membranes expressing recombinant RetGC it is normalized by the maximal activity for each series of the membrane preparations.

fraction containing bound proteins was eluted with 80 uL of 3% insensitive to Ca2*,'>*® and its basal cyclase activity is much
SDS. lower than the GCAP-stimulated RetGC,>! even though the

level of RetGC expression in the double knockout retinas
B RESULTS remains normal.>"*® Since RD3 inhibits RetGC activity in ROS

membranes from the GCAP1,2™/~ retinas (Figure 1D), it must

directly inhibit the catalytic activity of the cyclase per se.
Classical inhibitory analysis of Michaelis kinetics is presented

in Figure 1E,F for basal RetGC activity. There is no significant

Inhibition of the Basal and the GCAP-Stimulated
RetGC Activity by RD3. Recombinant RD3 strongly inhibits
the activity of the native RetGC1/GCAP1 complex in ROS
membranes and the recombinant RetGCl expressed in

HEK293 membranes and reconstituted with purified GCAP1 .dlfference between the KmGT? values (mean + SD from three
(Figure 1A—C). The suppression of the RetGC activity was 1nd§pendent measurements) in the absence (1.31 + 0.17 mM)
observed by RD3 expressed and purified from E. coli (Figure or in the presence of 30 nM (1.57 + 025 mM) and 60 nM
1A,B) and RD3 present in a soluble extract from the HEK293 (094 + 0.41 mM) RD3, whereas the V,,, was reduced nearly
cells expressing recombinant protein (Figure 1C). The 2.5-fold and $-fold, from 3.5 + 0.7 to 1.4 + 04 and 0.7 £ 0.4
experiment presented in Figure 1D also demonstrates that nmol min~' mg Rh'", respectively (P < 0.05). This argues that

RD3 suppresses the catalytic activity of RetGC in the absence the inhibition of the basal catalytic activity of RetGC by RD3 in
of GCAPs. Two isoforms of GCAPs, GCAP1 and GCAP2, are the absence of GCAPs is mostly noncompetitive (K; ~ 20 nM).

the products of neighboring genes, which are both eliminated On this basis, it is unlikely that RD3 directly binds to the
by a single knockout construct in GCAP1,27/~ mice.* GCAP1 catalytic pocket of the enzyme and affects substrate binding.
and GCAP 2 are the only two GCAP isoforms present in the Since the RetGC is active only as a homodimer,”*”~* one

mouse genome. Therefore, RetGC in the GCAP1,2~/~ remains possible mechanism for the RD3 affecting RetGC catalytic
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Figure 2. RD3 inhibits RetGC activation through competition with GCAPs. (A) The guanylyl cyclase activity in HEK293 homogenates containing
RetGCl1 expressed alone (@) or coexpressed with human RD3 () was assayed in the presence of added recombinant GCAP1. The data were
fitted assuming Michaelis hyperbolic function, a = a,,[GCAP]/(K;;, + (GCAP)); equalized by RetGCl content in both samples. (B)
Immunoblotting. The cells expressing RetGCl, either alone or cotransfected with RD3, from panel A were probed with anti-RetGC1 (left) or anti-
RD3 polyclonal antibody 497 (right). Nontransfected HEK293 cells (leftmost in each panel) were used as a specificity control. (C—F) Competition
of RD3 with GCAP1 and GCAP2 in RetGC assay. (C, D) RetGCl1 expressed in HEK293 cells was activated by purified GCAP1 (C) or GCAP2 (D)
in the absence (@) or in the presence of 3 nM RD3 (A) or 9 nM RD3 (lll). The data were fitted by Michaelis hyperbolic function. Maximal
RetGCl activity (@, mean + SD) at 0 nm, 3 nM or 9 nM RD3 was 4.8 + 0.13, 4.8 + 0.11, and 4.6 = 0.16 nmol/min/mg protein, respectively,
when activated by GCAPI1 and 2.1 + 0.05, 2.6 = 0.2, and 2.7 + 0.1 nmol/min/mg when activated by GCAP2. The respective concentrations of
GCAP producing half-maximal activation (K /,) were 1.1 + 0.12, 4.1 + 0.6, and 7.5 + 0.5 uM (GCAP1) and 5.9 + 0.6, 19 + 2.6, and 36 + 1.5 uM
(GCAP2). (E, F) Double-reciprocal plots related to panels C and D, respectively.

activity is by altering the conformation of the cyclase dimer.
This possible mechanism requires further study.

In addition to the basal activity, RD3 also inhibits the activity
of RetGC reconstituted with GCAP as well as the RetGC
activity in ROS fraction isolated from wild type mice (Figure
1A). This suggests that the GCAP-stimulated activity of RetGC
can also be affected by RD3, perhaps through its competition
with GCAPs. Indeed, the data presented in Figure 2 directly
support the possibility that RD3 strongly competes with
GCAP1 for the recombinant human RetGCl when both
regulator proteins are present in the assay. When RetGCl is
coexpressed with RD3, the concentration-dependence of its
activation by GCAP measured in HEK293 cell homogenates
shifts to a much higher range compared to the RetGCl
expressed in the absence of RD3 (Figure 2A). Likewise, the
competition between RD3 and GCAPs for the cyclase is also
evident from the experiments when RetGCl expressed in

9514

HEK293 cells is activated by purified GCAP1 (Figure 2C) or
GCAP2 (Figure 2D) in the presence of different concentrations
of purified recombinant RD3. While the maximal level of the
cyclase activity stimulated by GCAPs at saturation is only
slightly affected by RD3, the concentration-dependence of the
activation by each GCAP shifts toward much higher ECs,
values. The latter can only be interpreted as a competitive
blocking of the GCAP-dependent stimulation of RetGC by
RD3. We empbhasize that in these experiments RD3 competes
with the GCAPs regardless of what expression system is used to
produce the RD3 protein, i.e., HEK 293 cells (Figure 2A) or E.
coli (Figure 2C,D). Therefore, the effect we observe cannot be
attributed to a nonspecific artifact(s) of a particular RD3
expression system.

RD3 Affects the Activation of RetGC Rather than Ca**
Sensitivity of the GCAP-Dependent Regulation. The
effect of RD3 on Ca®* and Mg** dependence of RetGC

dx.doi.org/10.1021/bi201342b | Biochemistry 2011, 50, 9511-9519



Biochemistry

A

-1

T <
£ 25 ROS gor RetGCH1
i 2+ o 24
g 1 mM Mg ;4 | noRD3 1 mM Mg
- 20t 3
= -
g =3} 0.01uMRD3
o 15F0.1 uMm RD3 €
> S
2t
< "0F 0.5 M RD3 Q
£ 5
c L
S5t E 1
5} G
@ 0L L L | ool L
© 70.001  0.01 0.1 1 100 & 0.001 0.1 100
B [Ca®™"] free, uM E [Ca®"] free, uM
a0 T g5
230 ROS g RetGC1
2+ s 2+
g2 6 mM Mg o4t no RD3 6 mM Mg
P’.E 20}t v: s
E £3r 0.01 uM RD3
S15¢ o
o 22
Y] B
510} 2
£ s 0.03 uM RD3
< g1}
- 5L
Q c
o G
O QL. ol L 5 '] O 0oL al . . %
C X “0001 0.01 0.1 1 10 100 F & 0001  0.01 0.1 1 10 0
[Ca2 ] free, uM [Ca2+] free, uM
<100 kg3 ROS 100 | RetGC1
2> 2
280} 280}
O Q
o 6 mM free Mg** o
m
5 60 |- 6 9 g oot
& @
T aof T a0}
() [0}
= 2+ ) X
gzo.1mereeMg gzo.
S S
Z ol o a Z ol. i . —
0.001 001 0.1 1 10 100 0.001  0.01 0.1 100

[Caz*]free, UM

[Ca®"] free, pM

Figure 3. RetGC activation by GCAP suppressed by RD3 retains near normal sensitivity to Ca’*and Mg**. (A—C) ROS fraction isolated from
C57B6 mouse retinas was assayed for RetGC activity (open symbols) at various free Ca** concentrations and either 1 mM (A) or 6 mM (B) free
Mg** concentrations in the presence or in the absence of 0.1 uM or 0.5 uM recombinant RD3 as indicated; in panel C, the activities normalized to
the maximal RetGC activity in each assay series are shown as a function of free Ca®* concentrations. (D—F) Membrane fraction from HEK 293 cells
expressing human RetGC1 (filled symbols) was reconstituted with S M recombinant GCAPI in the absence or in the presence of 10 nM and 30
nM RD3 as indicated and assayed as described in the Experimental Procedures.

regulation by GCAPs was tested using two different
preparations, the native ROS fraction obtained from dark-
adapted mouse retinas by density gradient centrifugation
(Figure 3A—C) and a membrane fraction from the HEK293
cells expressing RetGC1 and reconstituted with the recombi-
nant GCAP1 (Figure 3D—F). When RetGC activity partially
suppressed by RD3 is measured as a function of Ca®'
concentration, its sensitivity to Ca’" remains similar to that in
the absence of RD3. The sensitivity of cyclase activity to Mg>*
is directly relevant to its sensitivity to Ca®*. This is because
Mg** is required for maintaining the activator conformation of
GCAP1 in the light'******° and competes with Ca** binding in
the EF hand domains of GCAP,*° thus shifting the Ca**
sensitivity of the cyclase regulation by GCAPs.”> This shift
appears in the presence of RD3 when the free Mg** level in the
assay is increased from a near-physiological 1 mM to 6 mM and
is similar to the control samples assayed in the absence of RD3
(Figure 3CF).

Mutations in Human RD3 Affect Its Expression in
HEK293 Cells and RetGC Activity in Vitro. A nonsense
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mutation in rd3 mice that terminates RD3 synthesis after
Glu'" and a mutation in LCA12 patients that alters a splicing
signal and also generates a stop codon after Arg” both delete
the C-terminal half of the protein."® In addition to the deletion
mutation directly linked to LCAI2, a number of missense
mutations were detected in patients with other retinal
disorders,"® although their roles in development of the disease
remain to be established. We have tested the effect of several
such mutations on human RD3 expression in HEK293 cells and
their ability to to associate with RetGC in co-IP expertiments
(Figure 4). The F100ter mutation mimicking the LCA-linked
truncation of RD3 as well as the GS7V mutant failed to
accumulate in transfected HEK293T cells at detectable levels
(Figure 4AB). This is in agreement with the very low
expression of the related mouse RD3 truncated protein
observed in transfected COS-1 culture cells.'> Other tested
RD3 mutants were expressed in HEK293 cells and
coimmunoprecipitated with RetGCl, indicating that they retain
their general ability to interact with the cyclase (Figure 4C). We
then evaluated the inhibitory activity of different mutants

dx.doi.org/10.1021/bi201342b | Biochemistry 2011, 50, 9511-9519
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Figure 4. Mutations found in human patients with retinal diseases '°
affect RD3 expression in HEK293 cells. (A) Expression of RD3
mutants in HEK293 cells. Human wild type and mutant RD3 tagged
with the 1D4 peptide at the C-terminus were detected by
immunoblotting as described in the Experimental Procedures. Actin
immunostaining (upper panel) was used as a protein load control. (B)
The average band intensities of the mutant RD3 proteins relative to
WT RD3 band were determined from 3 independent experiments
described in panel A (mean + SD). (C) Co-IP experiment. RetGC1
and RD3 were coexpressed as described in Experimental procedures
and co-IP using Sepharose-coupled anti-RD3 9D12 antibody. The
samples applied to the column (marked “I” for “input”) and the eluted
fractions (marked “B” for “bound”) were analyzed by immunoblotting
probed with anti-RetGC1 (GC-8AS; upper panel) and anti-RD3
(RD3-9D12; lower panel) antibodies. The GS7V RD3 mutant that
fails to express in HEK293 cells was used as a control to confirm that
RetGCl1 does not bind nonspecifically to the 9D12 antibody-coupled
Sepharose. The lower band on the blot is specific for RD3-transfected
cells and is most likely a partially proteolyzed RD3 polypeptide.

expressed and purified from E. coli (Figure S). Although the
expression of the F100ter and G57V mutants was undetectable
in HEK293 cells, their expression in E. coli is fairly robust. All
RD3 mutants expressed in bacteria were purified in quantities
sufficient for the in vitro RetGC assay (Figure SA). When
reconstituted with the recombinant RetGCl activated by
GCAPI, the purified F100ter RD3 did not compete with the
GCAP and was unable to suppress the RetGC activity (Figure
SB). All other mutants are able to inhibit the activity of the
GCAP1/RetGC1 complex, but to varying degrees. The W6R/
E23D and the G35R mutants both inhibited RetGC1 activity in
a manner nearly indistinguishable from the wild type protein,
whereas the R68W, K130M, and GS7V mutants were
significantly less effective in suppressing cyclase activation by
GCAP. This is particularly true for the GS7V mutant, which has
an ICy, value that is more than 10-fold higher than wild type
RD3 (Figure SB).
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Figure S. Effect of mutations in RD3 found in human patients with
retinal diseases on RetGC activity in vitro. (A) Wild-type and mutant
RD3 '° expressed in E. coli were stained by Coomassie Brilliant Blue R-
250 after SDS PAGE, 15% gel. For the use in subsequent RetGC
assays, RD3 concentration in each case was that of the main band. (B)
Inhibition of RetGCl1 activity by the E. coli-expressed RD3 mutants.
RetGC activity in independent assays was normalized per activity
measured in the absence of RD3. Recombinant RetGC1 expressed in
HEK293 cells was reconstituted with 1.5 yM GCAP1 at indicated
concentrations of RD3 (Q) or its mutants: W6R/E23D (@), G35R
(A), G57V (), R68W (M), K130 M (M), and F100ter (4p). The
IC, values (mean + SE, n) for the inhibition were 4.6 + 1.3 nM, S
(WT); 6.4 + 2 nM, 3 (W6R/E23D); 7.9 + 1 nM, 3 (G35R); 68 + 13
nM, 3 (G57V); 17.3 + 3.8 nM, 3 (R68W); and 14.3 + 2.4 nM, 3
(K130M); the ICs, for the F100ter was >>10 uM. The difference in
the ICy, values from the wild type was significant (p in unpaired
Student t test assuming equal variance) for the GS7V (<0.001),
F100ter (<0.0001), R68W (0.012), and K130 M (0.014) mutants.

Bl DISCUSSION

It was recently found that a retina-specific protein RD3 linked
to LCA12 blindness in humans and rapid retinal degeneration
in rd3 mouse line'> was expressed in rods and cones and was
capable of associating with the photoreceptor-specific guanylyl
cyclase RetGC.'® Our present data argue that this association
has a strong functional consequence and that RD3 is a novel
potent inhibitor of RetGC, capable of suppressing both the
basal and GCAP-stimulated activity of the cyclase. A diagram
summarizing the RD3 effects on the cyclase activity is
presented in Figure 6. In the absence of GCAPs, RD3
suppresses the basal catalytic activity of the RetGC acting as a
noncompetitive inhibitor (see also Figure 1EF). It also
counteracts the GCAP-dependent activation of the cyclase
acting as a negative allosteric modulator (see also Figure 2). It
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Figure 6. Diagram depicting the inhibition of RetGC by RD3. A
RetGC homodimer forms an active site by combining the Mg*'-
coordinating center from one subunit with the GTP binding center
from another subunit.””>® There are two symmetrical active sites in
the dimer, but only one such site is depicted here for simplicity. The
low RetGC basal catalytic activity (left) becomes accelerated up to
20-100 fold *"*' when GCAPs bind the cytoplasmic portion of
RetGC (middle). RD3 binding to the cyclase (right) inhibits the
RetGC catalytic activity but does not prevent binding of the Mg**GTP
substrate in the active site; at the same time, RD3 acts as a negative
high-affinity modulator of the RetGC/GCAP complex by displacing
GCAP; this prevents dynamic activation by GCAPs via Ca**-feedback
mechanism. The GCAP-stimulated activity is much higher than the
basal RetGC activity;*"*' therefore, the strongest effect of RD3 as a
negative allosteric modulator of the cyclase results from its
competition with GCAP. Other explanations are provided in the
Discussion.

should be emphasized that stimulation by GCAP increases the
Vinae for RetGC in mouse ROS up to 20-fold*! and up to 100-
fold in HEK293 membranes (ref 31 and Figure 2). Therefore,
compared to the noncompetitive inhibition of the basal RetGC
activity in GCAPs™/~ ROS (Figure 1E,F), a direct competition
with the stimulating effect of GCAPs clearly dominates the
overall effect of RD3 on the cyclase regulation in a RetGC/
GCAP complex (Figure 2). Indeed, once RD3 partially or
completely displaces GCAP from the complex with the cyclase,
the activity of the recombinant RetGC would fall as much as
100-fold since the cyclase is no longer activated by GCAP. The
additional suppression of the basal cyclase activity by RD3
would also contribute to the overall inhibition, but relatively
less than the displacement of GCAP from the cyclase. As a
result, the noncompetitive inhibition of the catalytic activity
evident in Figure 1D—F becomes masked in experiments
presented in Figure 2 by the more robust allosteric modulation,
i, RD3 competition with GCAPs. These results would be
consistent with a model in which RD3 does not strongly inhibit
the catalytic activity of the RetGC in complex with GCAP until
after GCAP is displaced from the complex (Figure 6).

The exact binding sites for RD3 in RetGC1 have not yet
been identified. Deletion of a 48-amino acid fragment from the
C-terminus of RetGC hampered RD3 binding in coimmuno-
precipitation experiments,'® but at this point it is unclear
whether or not this is the only critically important region for
RD3 binding and whether or not the binding sites for GCAP
and RD3 in RetGC overlap. Multiple fragments of RetGC
primary structure have been proposed by different groups to
participate in binding of GCAP, including a portion of the
cyclase catalytic domain.**™>° Yet, the fragments of the catalytic
domain that may participate in GCAP binding (or at least be in
a close proximity to the GCAP binding site, refs 33—36) are
thus far located upstream from the C-terminal fragment whose
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deletion affects coimmunoprecipitation with RD3. However, it
is also important to note that although a competition for an
overlapping epitope(s) in RetGC appears to be the simplest
and the most likely possibilityy, RD3 and GCAP do not
necessarily have to bind to exactly the same peptide epitopes;
the effect of their mutual exclusion can even be potentially
achieved through changing RetGC dimer conformation upon
binding of the two allosteric protein regulators in different
places.

At the same time, we see no evidence that RD3 is able to
critically affect Ca*" sensitivity of RetGC regulation by GCAPs
either in the native ROS fraction or as a recombinant cyclase
(Figure 3). This is generally consistent with the model
presented in Figure 6, where RD3 mainly competes with
GCAPs rather than alters the activity of the GCAP/RetGC
complex. Two different physiological forms of a metal-bound
GCAP1 have been characterized—a Mg**-bound activator form
to which GCAP converts in the light and a Ca**-bound
inhibitor form which suppresses the activity of RetGC in the
dark when the free Ca** rises (reviewed in ref 12). Competition
between Ca®>* and Mg** for EF-hands in GCAP1 and GCAP2
therefore strongly affects Ca®* sensitivity of RetGC regulation
by GCAPs resulting in a prominent right-shift of the Ca*
sensitivity curve as Mg2+ concentrations increase.”>*" This
same shift remains in the presence of RD3 (Figure 3). These
results argue that RD3 does not significantly affect metal
binding to GCAP and is unlikely to alter the dynamic
regulation of the cyclase in response to light induced changes
in Ca®* concentrations in photoreceptor cells.'”"?

What then is the possible role for the inhibitory activity of
RD3 on RetGC activity in a photoreceptor cell? Evidently, the
biochemical mechanism of RetGC inhibition by RD3 itself does
not require the environment of the photoreceptor cell (Figures
1 and 2), yet it should be specific for the photoreceptors since
both RD3 and RetGC'® are both highly expressed in rod and
cone cells and largely absent in other cells of the body."> RD3
displays a much stronger apparent affinity than GCAP for
RetGC since it inhibits the cyclase in a nanomolar range,
whereas GCAPs activate RetGC at micromolar concentrations
(Figure 2). Furthermore, unlike GCAP/RetGC complex, the
RD3/RetGC complex is sufficiently stable in detergent to
sustain the co-IP procedures (Figure 4 and ref 16). The precise
binding stoichiometry of RD3 and RetGC1 remains unknown
at this point, but the concentration of RD3 could hamper the
GCAP-dependent stimulation based on the following estimate.
Since nearly half of RetGC monomers may be coimmunopre-
cipitated with RD3 from the detergent—solubilized retinal
membranes as an irreversible complex'® and the concentration
of RetGC dimer in mammalian ROS lies in a micromolar
range36’37 reaching ~3.6 #M in mouse ROS (or 7.2 uM RetGC
monomer),”" the total concentration of RD3 could approach
~3.6 uM (assuming for simplicity that one RD3 binds per
RetGC monomer). The total concentration of GCAPs can
reach as high as ~17 yM in the mouse ROS cytosol, nearly five
times higher than RD3 (calculated on the basis of refs 21 and
36). However, RD3 exerts its allosteric modulation of the
cyclase at concentrations nearly 100 times lower than GCAPs
(Figures 2, 3, and S). Therefore, even by a conservative
estimate, RD3 has the potential for suppressing a large fraction
of the cyclase activity. Even though we do not know at this time
the fine mechanism of RD3/RetGC complex formation and
quantification of RD3 in photoreceptors needs further
investigation, we would not anticipate that RD3-dependent
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inhibition of the cyclase activity or its high-affinity competition
with GCAP contributes to the dynamic regulation of RetGC by
Ca”* and GCAPs. Furthermore, based on our data it would also
very likely require additional mechanisms to reduce or prevent
the RD3 inhibitory effects on RetGC at the cellular level to
allow the dynamic regulation of RetGC in the outer segment.

A possible functional role of RD3 in photoreceptor
physiology is to suppress the basal and GCAP activated
RetGC activity in the inner segment during its transport to the
outer segment. Another possibility is that RD3 itself can
actively participate in the process of the transport'® and/or
assembly of the cyclase complex into the proper structure of the
outer segment, during which its ability to strongly compete
with GCAPs can prevent GCAP from prematurely interfering
with this photoreceptor-specific process.

An apparent involvement of mutated RD3 in congenital
retinal diseases corroborates its possible physiological role in
photoreceptors. The 195-amino acid product of Rd3 (Clof36)
gene originally identified by Friedman and co-workers'® has
been linked to a recessive retinal degeneration in the rd3
mice*® and LCAI2 patients."> Although RD3 effectively
competes with GCAPs for the target enzyme, it fails to do so
when truncated by the F100ter mutation linked to LCA12
(Figure 5). A similar shortening of RD3 in rd3 mice' also leads
to the loss of interaction between RD3 and RetGC and
dramatically suppresses the levels of RetGCl and RetGC2
expression in mouse photoreceptors in vivo.'* A variety of
other mutations in the RD3 gene were reported in patients with
retinal disorders.'> While the importance of those mutations for
the development of congenital diseases remains to be
determined, we find that some of these mutations can affect
RD3 expression in human cultured cells and reduce the
inhibitor activity of RetGC (Figures 4 and $).

One could expect that a possible consequence of mutations
hampering RD3 binding to the cyclase would be to prevent
RetGC from reaching the outer segment resulting in its
accumulation in the inner segment. Evidently, this is not the
case in rd3 mice.'® When RD3 is truncated similar to the
F100ter mutant found in LCA12 patients and is unable to bind
RetGC, the photoreceptors suppress production of RetGC
rather than allow it to accumulate in the inner segment. It is
likely that the photoreceptors possess a safety check capability
that prevents the accumulation of RetGC in the absence of
RD3. It is therefore tempting to speculate that failure of the
mutant RD3 to properly bind the cyclase could trigger the
mislocalization and rapid destruction of the cyclase as a
protection against unsuitable activation of ¢cGMP synthesis.
Depletion of RetGC in ROS would inevitably suppress cGMP
production resulting in a drop in intracellular Ca** to a level
which could cause photoreceptor degeneration.lé The con-
sequence of the altered activity of several RD3 mutants shown
in this study requires further in-depth analysis of the mutants in
vivo.
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