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biochemical reasons for dominant cone-rod dystrophy but
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Mutations in the GUCY2D gene coding for the dimeric
human retinal membrane guanylyl cyclase (RetGC) isozyme
RetGC1 cause various forms of blindness, ranging from rod dys-
function to rod and cone degeneration. We tested how the
mutations causing recessive congenital stationary night blind-
ness (CSNB), recessive Leber’s congenital amaurosis (LCA1),
and dominant cone-rod dystrophy-6 (CORD6) affected RetGC1
activity and regulation by RetGC-activating proteins (GCAPs)
and retinal degeneration-3 protein (RD3). CSNB mutations
R666W, R761W, and L911F, as well as LCA1 mutations R768W
and G982VfsX39, disabled RetGCl activation by human
GCAP1, -2, and -3. The R666W and R761W substitutions com-
promised binding of GCAP1 with RetGC1 in HEK293 cells. In
contrast, G982Vf{sX39 and L911F RetGC1 retained the ability to
bind GCAP1 in cyto but failed to effectively bind RD3. R768W
RetGCl1 did not bind either GCAP1 or RD3. The co-expression
of GUCY2D allelic combinations linked to CSNB did not restore
RetGC1 activity in vitro. The CORD6 mutation R838S in the
RetGC1 dimerization domain strongly dominated the Ca** sen-
sitivity of cyclase regulation by GCAP1 in RetGC1 heterodimer
produced by co-expression of WT and the R838S subunits. It
required higher Ca®>* concentrations to decelerate GCAP-acti-
vated RetGC1 heterodimer—6-fold higher than WT and 2-fold
higher than the Ser®*®-harboring homodimer. The heterodimer
was also more resistant than homodimers to inhibition by RD3.
The observed biochemical changes can explain the dominant
CORDSG6 blindness and recessive LCA1 blindness, both of which
affect rods and cones, but they cannot explain the selective loss
of rod function in recessive CSNB.

Two isozymes of retinal membrane guanylyl cyclase, RetGC1
and RetGC2 (1-4), produce cGMP in the outer segments of
vertebrate photoreceptors via negative Ca>* feedback. The
inward current carried by Na* and Ca®>" influx through
cGMP-gated channels partially depolarizes rods and cones in
the dark (Refs. 5-7; reviewed in Refs. 8—10). Light activates
cGMP hydrolysis by phosphodieterase-6 and hyperpolarizes
photoreceptors by closing cGMP-gated channels (reviewed in
Refs. 8—12). Ca®>*/Mg*"-binding proteins, GCAPs (13-16),
respond to the interruption of Ca>* influx through the chan-
nels by converting into a Mg> " -liganded state (16) and acceler-
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ate cGMP synthesis by RetGC, thus expediting the recovery of
rods and cones from excitation and allowing them to adapt to
light (17-19). Once the cGMP-gated channels reopen in the
dark and the influx of Ca®" is restored, Ca>" GCAPs decelerate
RetGC activity (reviewed in Refs. 12 and 16). Unlike GCAPs,
RD3 protein (20, 21) is a Ca®"-insensitive inhibitor of RetGC
(22, 23), and it does not affect the Ca>* feedback regulation of
cyclase (22). Instead, RD3 helps rods and cones to accumulate
RetGC in the outer segment (21, 24) and also protects them
from degeneration (20, 25), possibly by suppressing RetGC acti-
vation in the inner segment of photoreceptor (24—27).

Numerous mutations in GCAP1, RD3, and RetGC1 have
been linked to congenital blindness (reviewed in Refs. 9, 21, and
28-32). Mutations in GUCY2D gene coding for a human
RetGC1 cause various forms of blindness, ranging from selec-
tively disabling rod responses to dim light to complete blind-
ness via degeneration of rods and cones. Substitutions of Arg®*®
in the RetGC1 dimerization domain cause autosomal dominant
cone—rod dystrophy type 6 (CORD6), a rapidly progressing loss
of vision caused by the degeneration of functional cones and
rods (33-35). The CORD6-linked mutations reduce the sensi-
tivity of the GCAP/RetGC1 complex to deceleration by Ca**
(34—36). Consequently, the excessive production of cGMP in
the dark elevates the influx of Na*™ and Ca®" in photoreceptors
and provokes their apoptosis (37-38).

Various nonsense and missense GUCY2D mutations in
RetGC1 cause recessive blindness, Leber’s congenital amauro-
sis type 1 (LCA1) (30, 31), where most rods and cones remain
alive but are dysfunctional from birth (39). The LCA1-linked
mutations in the intracellular portion of the cyclase eliminate
or strongly reduce the activity of RetGC1 in vitro (39). Reces-
sive GUCY2D mutations were also recently reported to cause
congenital stationary night blindness (CSNB) (40). Unlike
LCA1, CSNB patients retain daylight (cone-specific) vision but
lack dim light (rod-specific) vision. Stunkel et al. (40) identified
four CSNB GUCY2D alleles, three of which coded for muta-
tions in a cytoplasmic portion of RetGC1. Notably, in every
reported case the recessive CSNB allele was accompanied by a
recessive GUCY2D LCAL1 allele.

In the present study, we analyzed how the activity and regu-
latory properties of RetGC1 were affected by substitutions in
the cytoplasmic portion of the enzyme, causing different types
of blindness (Fig. 1). As expected, two LCA1 RetGC1 mutants
completely lacked GCAP-stimulated activity. Surprisingly,
however, the three tested CSNB-linked mutants were also
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Figure 1. Human RetGC1 (GUCY2D) mutations analyzed in this study. A,
the diagram of RetGC1 primary structure (1, 2, 4). LP, leader peptide; ECD,
extracellular domain; TM, transmembrane segment; KHD, kinase homology
domain; DD, dimerization domain; CAT, catalytic domain. Arrows indicate the
positions of mutations causing blindness: the R768W substitution and
G982VfsX39 frameshift/truncation cause LCA1 (30, 39, 41); the R666W,
R761W, and L911F substitutions cause CSNB (40); and the R838S substitution
causes dominant cone-rod dystrophy CORD6 (34). B, Western immunoblot-
ting of RetGC1 variants expressed in HEK293 cells as described under “Experi-
mental procedures.”

inactive when expressed individually or co-expressed with the
LCA1 variants accompanying them in CSNB patients. We also
found that the CORD6 substitution, R838S, dominates Ca*"
sensitivity in the cyclase heterodimer containing a WT subunit.
This can further explain the strong dominant phenotype of the
mutations, leading to the abnormal Ca®* sensitivity of the
¢GMP production that is typical for this disease (33—36).

Results

RetGCT1 variants harboring GUCY2D CSNB, LCA1, and CORD6
mutations

The primary structure of RetGC1 includes several domains
homologous to other membrane guanylyl cyclases (Fig. 14).
The “extracellular” domain, located in the intradiskal space of
the photoreceptor disks, connects with the cytoplasmic portion
of the cyclase via a short transmembrane region. The cytoplas-
mic part of the enzyme includes a protein kinase homology do-
main, a catalytic domain, and a short dimerization domain
located between the kinase homology and the catalytic domains
(2, 4, 32). The GUCY2D CSNB alleles encode substitutions:
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R666W or R761W, in the RetGC1 kinase homology domain or
LI11F in the catalytic domain (40). The CSNB alleles R761W
and L911F were both accompanied by the LCA1 allele R768W,
and the R666W allele was accompanied by the LCA1 allele
G982VfsX39 (also known as ¢.2943delG or p.S981dellbp) (30
39-41). Unlike the recessive LCA1 and CSNB mutations, the
CORD6-linked R838S substitution in RetGC1 dimerization do-
main causes degeneration of heterozygous photoreceptors (33—
35). All these RetGCl1 variants in our study were expressed in
HEK?293 cells, and immunoblotting of the membrane fractions
isolated from the transfected cells confirmed the presence of
RetGC1 polypeptides of ~105 kDa in the case of G982Vf{sX39
and of 115 kDa for all other variants (Fig. 1B).

GCAP1 and RD3 binding to RetGC1 mutants in cyto

We tested how the LCA1l and CSNB mutations affected
RetGC1 association with its regulatory proteins. Biochemical
testing of such protein complexes by conventional pulldown or
co-immunoprecipitation techniques could not be applied to
studying the RetGC—GCAP complex, because it disintegrates
in detergents (42). Therefore, we employed a previously charac-
terized method of co-localization in living HEK293 cells (43—
45) using co-expression of mOrange-tagged RetGC1 with its
GFP-tagged regulatory proteins (Figs. 2—5). GCAP1-GFP and
RD3-GFP expressed in the absence of RetGC1 are diffusely
spread throughout the cytoplasm and the karyoplasm (43—-45),
but when co-expressed with the mOrange-RetGC]1, they co-
localize with the membrane cyclase, mostly in the endoplasmic
reticulum (43-45). In contrast to WT (Fig. 24), the LCA1
R768W RetGC1 (Fig. 2B) failed to bind GCAP1 in cyto (Table
1). However, GCAP1 co-localized with the G982V{sX39 LCA1
RetGC1 in a manner very similar to the WT RetGC1 (Fig. 2C
and Table 1). CSNB mutations also differentially affected the
ability of RetGC1 to bind with GCAP1 in cyto (Fig. 3). The co-
localization of GCAP1 with R666W and R761W RetGC1 was
visibly compromised (Fig. 3, A and B, and Table 1), whereas its
co-localization with the L911F RetGC1 was not significantly
different from the WT RetGC1 (Fig. 3C and Table 1). The abil-
ity to associate in cyto with RD3 also varied between different
LCAl and CSNB mutants. It was clearly presented in the
R666W RetGC1 but became completely undetectable in R768W
or strongly compromised in other mutants, such as R761W,
L911F, and G982VfsX39 (Figs. 4 and 5 and Table 2). The
CORDSG6 substitution, R838S, did not compromise the in cyto
RetGC1 binding with GCAP1 or RD3 (Tables 1 and 2).

CSNB mutations suppress RetGC1 activation by human GCAPs

Mg*" GCAP1, a ubiquitous activator of RetGC1 in rods and
cones, stimulated WT human RetGC1 in vitro ((GCAP],,, =
1.13 £ 0.04 um) (Fig. 6A), but not the LCA1 RetGC1 variants
(30, 39, 41, 46) coded by the second GUCY2D alleles in CSNB
patients (40), R768W and G982V{sX39 (Fig. 6). GCAP2, the an-
cillary activator of RetGC in rods (14, 47, 48), and GCAP3, an
isoform expressed exclusively in a subset of cones (49, 50), both
stimulated WT human RetGC]1, albeit with a lower apparent
affinity than GCAP1 ([GCAP],, = 19 = 2.4 um, and [GCAP],, =
5.3 = 0.9 uM, respectively). However, they also completely failed
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Figure 2. Localization of LCA1 RetGC1 and GCAP1 co-expressed in HEK293 cells. A-C, representative confocal images of GCAP1-GFP (green) and the mOr-
ange-tagged WT (A), R768W (B), and G982VfsX39 (C) RetGC1 (red). Blue bar, 20 um. The distribution of the two fluorochromes across the cells along the dashed
line in the respective merged images are shown in the bottom panels. Note the co-localization patterns in the cases of WT and G982VfsX39 RetGC1 and the
lack of co-localization in R768W RetGC1. The PCC values are summarized in Table 1. The other details are described under “Experimental procedures.”

to activate the two LCA1 RetGCl1 variants (Fig. 6, B and C). It is
worth pointing out here that the inability of a human Mg*"
GCAP2 to activate WT human RetGC1 in vitro reported in Ref.
56 was most likely due to a deficiency in the preparation of a func-
tional GCAP2.

Surprisingly, none of the mutants coded by CSNB-specific al-
leles was efficiently activated by GCAPs (Fig. 6, A-C). A low
level of activity was detectable in GCAP1-stimulated R666W
RetGC1, but the apparent affinity for GCAP1 was strongly
reduced ((GCAP1];,, = 7.25 * 0.83 uM versus 1.13 = 0.04 um
in WT; p = 0.006, Student’s ¢ test). The R761W and L911F
RetGC1 were completely inactive in the presence of all three
GCAP isoforms. The lack of activity in the L911F RetGC1 (Fig.

SASBMB

6A) appeared to be at odds with the clearly defined GCAP1 co-
localization pattern in cyto (Fig. 3C). To ensure that the
GCAP1-GFP binds with the L911F RetGC1 in cyto specifically
via GCAP1 rather than GFP moiety, we used V77E GCAP1
lacking the ability to bind WT RetGC1 (43) as a control. The
LI911F RetGC1 did not co-localize with the V77E GCAP1 in
cyto (PCC =0.33 £ 0.12, n = 27) (Fig. 7).

CSNB and LCA1 mutations in RetGC1 do not complement
each other

The inactive CSNB RetGC1 mutants could hypothetically
create functional heterodimers in CSNB patients using the

J. Biol. Chem. (2020) 295(52) 18301-18315 18303
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Table 1
PCC for co-localization of RetGC1 with GCAP1 variants in cyto

The mOrange-RetGC1 was co-expressed in HEK293 cells with GCAP1-GFP as
described under “Experimental procedures.” The PCC was determined using con-
focal microscopy and Olympus FluoView FV10-ASW software (45, 59). Statisti-
cally significant differences from wildtype (ANOVA/Bonferroni post hoc test,
confidence level 99%) are highlighted in bold. Note that PCC = 1.0 for the theoreti-
cal complete co-localization of two fluorochromes, whereas PCC < 0.6 indicates
lack of co-localization (67).

Mutation PCC (means * S.D., n) P (ANOVA/Bonferroni)
WT 0.900 = 0.054, 23
CSNB mutations
R666W 0.64 = 0.15, 37 <0.0001
R761W 0.64 = 0.14, 33 <0.0001
L911F 0.89 * 0.06, 33 1
LCA1 mutations
R768W 0.11 = 0.10, 27 <0.0001
G982V{sX39 0.87 += 0.05, 26 1
CORD6 mutation
R838S 0.89 = 0.05, 25 1

respective GUCY2D LCAL1 allele products (40). Therefore, we
co-expressed in HEK293 cells the pairs of CSNB and the LCA1
RetGC1 variants, mimicking their allelic combinations in
CSNB patients: R666W + G982VfsX39, R761W + R768W,
and L911F + R768W (Fig. 8). No cyclase activity was detected
in any of the three combinations, arguing against functional
complementation between the LCA1 and CSNB alleles.

Ca’* sensitivity in heterodimers containing R838S RetGC1

R838S substitution has a dominant degenerative phenotype
in CORDG6 patients and in transgenic animals (33, 35, 37, 38).
When the WT and R838S RetGC1 are co-expressed in a cell
culture or in the retina, deceleration of the GCAP-stimulated
RetGC activity requires higher than normal free Ca®" concen-
trations (35-38). However, it remains unclear whether the
overall Ca>" sensitivity decreases only because of the presence
of the R838S RetGC1 homodimer or whether the heterodimers
containing WT (Arg®*®) and CORDG6 (Ser®*®) subunits also con-
tribute to the change. Their co-expression produces the Arg®*®:
Ser®® heterodimers mixed with Arg®**:Arg®® and Ser®**:Ser®*®
homodimers. Those dimers cannot be biochemically separated
to test their individual Ca®" sensitivities, largely because the
detergents required for extraction of RetGC1 from the mem-
brane destroy cyclase regulation (42). Instead, we tested the
Ca’" sensitivities in the Arg®*®:Ser®® heterodimers using a
modification of the functional complementation method origi-
nally developed in J. Hurley’s laboratory (35, 51) (Fig. 9).

In the RetGC1 catalytic domain structure (52), the active site
of the cyclase binds two Mg>" GTP molecules, each held by the
opposite subunits via two different binding pockets (Fig. 9A4).
Each subunit (subunits a and b) coordinates the guanine base
(the g site) of one GTP molecule and the ribose-5-triphosphate
(the r site) of the other GTP molecule (Fig. 9, A and B). Substi-
tutions E925K and C997D disable coordination of the guanine
moiety (g7), and D929A disables coordination of the ribose-5-
triposphate moiety (1) (35, 51). Consequently, neither (g~ r™)
nor (g r~) RetGC1 homodimer can bind GTP and produce
c¢cGMP (35, 51) (Fig. 9C). However, cGMP can be produced
when (g7 r") and (g" r™) subunits are combined as a hetero-
dimer. In this case, the remaining functional r site of the subu-
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nit a pairs with the remaining functional g site on the opposite
subunit b (35, 45, 51) (Fig. 9D). We reasoned that the functional
complementation between the Arg®*® and Ser®*® subunits (Fig.
9, E and F) should allow for selectively testing the Ca>* sensitiv-
ity of GCAP1-activated heterodimers in the presence of the
inactive homodimers.

We verified that the Ser®® in dimerization domains permit-
ted the functional complementation between GCAP1-activated
(g~ r") and (g% r~) RetGC1 subunits. The Ser®*® did not pre-
vent binding of GCAP1 (Fig. 10A and Table 1), but neither
Ser®¥(g™ ™) nor Ser®**(g™ r™) RetGC1 produced cGMP in the
presence of Mg>" GCAP1 when expressed separately. Only
their co-expression enabled cGMP synthesis through the for-
mation of the heterodimer (Fig. 10B), making it possible to
compare the regulatory properties of different dimeric RetGC1
combinations (Fig. 9). Deletion of Ala®® through Met*** from
the extracellular domain did not prevent the complementation
(Fig. 10B). It is worth mentioning that the E925K/C997D sub-
stitutions enable binding of ATP instead of GTP via the g~ site
(35, 45, 51). We only assessed the Ca®" sensitivity of GTP to
cGMP conversion, because high concentrations of Mg>"ATP
as a substrate for adenylyl cyclase activity skew the Ca®>"/EGTA
buffering accuracy in the assay.

R838S substitution increases the affinity of RetGC1 for
Mg®" GCAP1 (34-37). It was also elevated in the Ser®**(g— r™):
Ser®¥(g"* r™) heterodimer harboring a single GTP-binding site
as compared with the Arg®®:Arg®*® dimers binding one or two
GTP molecules (Fig. 10C). The apparent affinity of RetGC1 for
Mg”>" GCAP1 was increased even further in the Ser®*(g™ r™):
Arg®¥(g” ™) heterodimer (Fig. 10C), which recognized GTP
via the Arg®® subunit (Fig. 9E). R838S substitution also did
not prevent RD3 binding to RetGC1 in cyto (Fig. 10A and
Table 2), but the deceleration of GCAP1-stimulated RetGC1
activity required higher concentrations of RD3 to inhibit the

Ser838(g* r+):Arg838(g+ r— ) heterodimer than the Arg838:
Arg®® and even the Ser®%(g™ r*):Ser®%(g™ r™) dimers
(Fig. 10D).

In the Arg®*®(g™ r"):Arg®**(g™ r™) RetGCl1 that binds only
one GTP molecule per active site (Fig. 9C), the Ca®" sensitivity
of its regulation by GCAP remained identical to the WT (Fig.
11A). In contrast, it was strongly reduced in the dimers harbor-
ing Ser®®®. The [Ca®*]y), in Serge's(g+ I“J'):Sergg"g(g+ r*) and
Ser®¥(g— 1‘+):Ser838(gJr r—) dimers was increased ~2.5-fold
compared with the WT, also regardless of whether they bound
two or just one GTP per active site (Fig. 11, A and B). The
[Ca®"],, increased even further, to ~6.5-fold higher than the
WT, in the Arg838:Ser838 RetGC1 heterodimers (Fig. 11, A and B).
In contrast to the single-residue substitution, R838S, a deletion of
~40-kDa fragment from the cyclase extracellular domain did not
alter the Ca®" sensitivity of the Ser®**(g™ r™):Arg**®*(g™ r™") het-
erodimer (Fig. 11A4), because the extracellular domain does not
contribute to the regulation of RetGC1 by GCAP (57).

Discussion
GUCY2D CSNB alleles paradoxically code for inactive RetGC1

GUCY2D LCA1-linked substitutions in RetGC1 disable rod
and, even more severely, cone function, yet the vast majority of
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Figure 3. Localization of CSNB RetGC1 and GCAP1 co-expressed in HEK293 cells. The mOrange-tagged CSNB RetGC1 mutants R666W (A), R761W
(B), and L911F (C) were co-expressed with GCAP1-GFP and analyzed as described in Fig. 2 and under “Experimental procedures.” Note the clearer co-
localization pattern in the case of L911F and the less clearly defined patterns in the cases of R666W and R761W RetGC1. The PCC values are summar-

ized in Table 1.

the photoreceptors remain alive (39). The residual physiologi-
cal rod, but not cone, responses can be detected in RetGC1-de-
ficient retinas (5, 39), most likely because of the presence of a
rod-specific (6) RetGC2(GUCY2F) isozyme (2, 3, 7, 48), which
does not form a heterodimer with RetGC1 in vivo (53). RetGC2
regulated by GCAP2 provides a smaller-scale ancillary cGMP
production (7, 45), helping to accelerate rod recovery from ex-
citation (47, 48, 54). In contrast, cones would normally produce
c¢GMP using almost exclusively GCAP1-regulated (and possibly
GCAP3-regulated) RetGC1 (6, 14, 50, 55). Therefore, the loss
of RetGC1 activity documented previously (39, 44—46) and in
the present study (Fig. 6) can explain the main biochemical rea-
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sons for the loss of function in GUCY2D LCA1 photoreceptors
reasonably well.

The role of GUCY2D mutations in selectively suppressing
rod vision (40) is much more difficult to explain. Instead
of finding biochemical differences in RetGC1 regulation by
GCAPs and RD3, potentially explaining the unusual physiology
of the affected retinas, we documented that CSNB GUCY2D al-
leles (40) merely code for biochemically inactive RetGC1 (Figs.
6 and 8). The low residual activity detectable in GCAP1-stimu-
lated R666W RetGCl1 (Fig. 6A) was similar to that of previously
characterized LCA1 mutant R1091X (39), and its apparent af-
finity for GCAP1 was even 7-fold lower than in R1091X (39).

J. Biol. Chem. (2020) 295(52) 18301-18315 18305
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Figure 4. Localization of RD3 and LCA1 RetGC1 co-expressed in HEK293 cells. A-C, representative confocal images of RD3-GFP (green) and mOrange-
tagged (red) WT RetGC1 (A), R768W (B), and G982VfsX39 (C). The cells were transfected and analyzed as described under “Experimental procedures.” Note the
well-defined RD3 co-localization with the cyclase in case of WT RetGC1 and the lack of co-localization in the cases of both LCAT mutants. The PCC values are

summarized in Table 2.

The two other tested CSNB mutants were completely inactive
(Fig. 6). The L911F RetGC1 retains the ability to recognize and
bind GCAP1 in cyto (Figs. 3C and 8 and Table 1), but even in
the presence of GCAP1, it lacks catalytic activity (Fig. 64). Acti-
vation by GCAP3, expressed exclusively in a subset of human
cones (50), would have helped to explain the selective preserva-
tion of cone vision in CSNB, but none of the tested CSNB
mutants was stimulated by GCAP3 (Fig. 6C).

Hypothetically, RetGC1 in CSNB photoreceptors could ac-
quire activity through complementation with the accompany-
ing products of LCA1 alleles (40). However, co-expression of
CSNB RetGC1 with their respective LCA1 mutants failed to

18306 . Biol. Chem. (2020) 295(52) 18301-18315

produce active enzyme (Fig. 8). Evidently, CSNB and LCA1l
RetGC1 are unable to form heterodimers, or such heterodimers
remain nonfunctional. The loss of the residual activity in
R666W (Fig. 6A) after its co-expression with G982V{sX39 (Fig.
8) may reflect the formation of a nonfunctional heterodimer in
which the truncated catalytic domain of the LCA1-specific sub-
unit completely disabled the active site.

We found yet another deficiency in two CSNB/LCA1 allelic
combinations, L911F/R768W and R761W/R768W (40), which
would also likely make them nonfunctional in vivo; none of the
individual mutants in these combinations effectively binds RD3
(Figs. 3 and 5 and Tables 1 and 2). The delivery of the cyclase in
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Figure 5. Localization of RD3 and CSNB RetGC1 co-expressed in HEK293 cells. A-C, the representative confocal images of mOrange-tagged R666W (A),
R761W (B), and L911F (C) RetGC1 co-expressed with RD3-GFP. Note the well-defined RD3 co-localization with R666W RetGC1 and its poor co-localization with

the R761W or L911F RetGC1. The PCC values are summarized in Table 2.

the outer segment requires RD3 (21, 24, 25); therefore, the
mutated RetGC1 would be unlikely to effectively reach the
outer segment.

Based on the biochemical properties observed in this study,
one would expect that the GUCYD CSNB mutations would be
more likely to cause LCA1-like rod and cone blindness than to
selectively preserve cone vision (40). Two hypothetical scenar-
ios could conceivably reconcile the biochemical and clinical
phenotypes: (i) some presently unknown modification(s) rescue
the activities of CSNB RetGC1 variants in cones but not in rods
or (ii) RetGC2 in those CSNB patients is strongly expressed in
cones and produces cGMP instead of RetGC1. Neither possibil-
ity, however, can be experimentally tested, which currently

SASBMB

leaves the field with a paradox, because the biochemistry of
RetGC1 regulation directly contradicts the physiology of the
GUCY2D CSNB photoreceptors.

Ca’* sensitivity of R838S RetGC1 defines the CORD6
dominant phenotype

The gain-of-function substitutions of Arg®*® cause a domi-
nant degenerative phenotype by hampering RetGC1 decelera-
tion at the Ca®* concentrations typical for dark-adapted photo-
receptors (34—37). The Ca*" sensitivity of the RetGC1-GCAP
complex is reduced because the affinity of RetGC1l for
Mg>"GCAP increases as a result of the mutation (34—36).
We find that the guanylyl cyclase activity in heterodimers

J. Biol. Chem. (2020) 295(52) 18301-18315 18307
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Table 2
Co-localization of RetGC1 variants with RD3 in cyto

The PCC values for co-localization of the mOrange-RetGC1 and RD3-GFP co-
expressed in HEK293 cells (45, 59, 60). Statistically significant (ANOVA/Bonfer-
roni post hoc test) differences from wildtype are highlighted in bold.

Mutation PCC, Mean *= S.D., n P (ANOVA/Bonferroni)

wT 0.91 = 0.03, 29
CSNB mutations

R666W 0.90 + 0.03, 26 1

R761W 0.50 = 0.15, 31 <0.0001

LI911F 0.60 + 0.10, 37 <0.0001
LCA1 mutations

R768W 0.27 = 0.17, 32 <0.0001

G982V£sX39 0.43 % 0.09, 32 <0.0001
CORD6 mutation

R838S 0.91 = 0.04, 27 1

comprised of the Arg®*®*- and Ser®**-containing subunits
becomes even less sensitive to the inhibition by Ca®>* than in
the Ser®*®:Ser®® homodimer (Fig. 11). The very high Arg®®®:
Ser®3® heterodimer resistance to deceleration by Ca**, even
stronger than in the Ser®*®:Ser®® homodimer (Fig. 114), is
consistent with the additional increase of the heterodimer’s
affinity for Mg> " GCAP1 (Fig. 10C).

Mutational analyses of RetGC1 indicate that its dimerization
domain and the kinase homology domain are most critical for
GCAP binding (44, 45). Previous studies of R838S RetGC1 (35—
37) suggested that its Ser®**:Ser®*® coiled-coil dimerization do-
main is more optimal than WT for the regulatory binding of
GCAP1. We find in our study that pairing WT and CORD6-
specific dimerization domains is even more conducive to
GCAP1 binding.

To summarize, the heterodimers formed in photoreceptors
that harbor heterozygous CORD6 GUCY2D allele would likely
stimulate Ca>" influx in the dark even more than Ser®®:Ser®3®
homodimers. It would therefore seem unreasonable to expect
that decreasing the fraction of the Ser®*®:Ser®*® homodimers by
increasing the level of WT GUCY2D allele expression instead
of reducing the expression of the CORDS6 allele could alleviate
photoreceptor degeneration.

Possible role of RD3 in GUCY2D CORDG6 pathology

RD3 suppresses RetGC—GCAP complex activity by displac-
ing GCAP from the cyclase (22, 23, 37). RetGC1 binds RD3 via
interface that is nonidentical to the GCAP-binding site(s) (58—
60). The C-terminal portion of RetGC1 is critical for binding
RD3 (24) but not GCAPs (24, 45). Consistent with that, the
G982V{sX39 and L911F RetGC1 can bind GCAP1 but not RD3
in cyto (Figs. 2Cand 3C, Tables 1 and 2). Conversely, the cyclase
dimerization domain is more critical for GCAP binding than
for RD3 binding (44, 45). On the other hand, some of the dis-
ease-linked substitutions in the cyclase kinase homology do-
main (R761W and R768W) can compromise both GCAP1 and
RD3 binding (Figs. 4 and 5), thus suggesting that the GCAP-
binding and RD3-binding interfaces on the cyclase could be
partially overlapped or affect each other in the quaternary
structure of the complex. The increased affinity for Mg>*
GCAPI1 evidently causes the Arg®*®:Ser®® heterodimer to
require higher RD3 concentrations for its inhibition than the
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Figure 6. LCA1 and CSNB RetGC1 mutations disable activation of
RetGC1 by Mg®*GCAPs. A-C, the guanylyl cyclase activity (means + S.D.,
three independent measurements) in the HEK293 membranes reconstituted
with purified recombinant human GCAP1 (A), GCAP2 (B), or GCAP3 (C) in the
presence of 10 mm Mg2+ and 2 mm EGTA: filled circles, WT RetGC1; filled
square, R666W; open circle, R761W; filled triangle, L911F; open diamond,
G982VfsX39. The data were fitted assuming a sigmoidal function, A = Ay/(1 +
([GCAP]VZ/[GCAP])"), where Ay is the maximal cyclase activity, [GCAP] is the
concentration of GCAPs in the assay, and h is the Hill coefficient. See “Experi-
mental procedures” for other details.

WT RetGC1 homodimer and even higher than the Ser®®:
Ser®® homodimer (Fig. 10C). In vivo studies strongly indicate
that one of the essential RD3 functions in photoreceptors pre-
vents photoreceptor degeneration by suppressing aberrant gua-
nylyl cyclase activation by GCAPs (27), most likely in the inner
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Figure 7. L911F RetGC1 does not bind V77E GCAP1. A, guanylyl cyclase activity in HEK293 membranes expressing WT (circles) or L911F (triangles) RetGC1
reconstituted with the WT (filled symbols) or the V77E (open symbols) GCAP1 (43). B and C, representative merged confocal images of the mOrange-tagged WT
(B) and L911F (C) RetGC1 co-expressed with V77E GCAP1-GFP. The respective bottom panels show the distribution of the two fluorochromes across the cells
along the dashed lines. The respective PCC values (0.43 = 0.19, n = 29, and 0.33 * 0.12, n = 27) indicated the lack of co-localization. Compare with Figs. 2A and

3Cand Table 1.

segment (27, 61). Consequently, the increased resistance of the
heterodimers to inhibition by RD3 would likely contribute to
the severity of CORD6 retinal degeneration.

Experimental procedures
Materials

Unless specified otherwise, nucleotides were purchased from
Millipore/Sigma, chemicals (ultrapure or molecular biology
grade) were from Millipore/Sigma or Fisher Scientific, restric-
tion endonucleases were from New England Biolabs, Phusion
Flash polymerase was from Thermo Scientific, and oligonu-
cleotide primers were from Integrated DNA Technologies.

SASBMB

RetGC1 mutagenesis, expression, and activity assays

Human RetGC1 (GUCY2D) cDNA inserted in pRCCMV
vector (Invitrogen) was modified to introduce new restriction
sites for subsequent cloning without changing the encoded pro-
tein sequence. LCA1l-, CSNB-, and CORD6-specific substitu-
tions were then introduced using “splicing by overlap exten-
sion” method (62). DNA fragments amplified in a Phusion
Flash DNA polymerase mixture were purified using a ZymoRe-
search DNA Cleanup kit, digested at the ends with the appro-
priate restriction endonucleases, and ligated in the RetGC1
cDNA part of the plasmid. The resultant plasmids were isolated
using a Promega Wizard protocol and verified by sequencing
on both strands. Where indicated, the mOrange tag (Clontech)

J. Biol. Chem. (2020) 295(52) 18301-18315 18309
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Figure 8. CSNB GUCY2D allelic combinations fail to restore RetGC1 ac-
tivity. A, Western immunoblotting of CSNB and LCA1 RetGC1 co-expressed
in HEK293 cells matching the GUCY2D allelic combinations in CSNB patients
(40); the lower band in the R666W1G982fsX39 sample belongs to
G982VfsX39 RetGC1 (see Fig. 1). B, RetGC1 activity in the presence of 10 mm
GCAP1, 10 mm Mg”, and 2 mm EGTA; WT (filled circles), R666W1 G982fsX39
(filled diamonds), L911F1 R768W (filled triangles), and R761W 1 R768W (open
circles). The p values are from ANOVA/Bonferroni post hoc test).

cDNA was inserted, substituting in-frame a ~26-kDa portion
of the RetGC1 “extracellular” domain, downstream from the
leader peptide and upstream from the transmemebrane do-
main (44-45). RetGCl1 variants were expressed in HEK293 cells
transfected using calcium-phosphate precipitation method (44,
58), and the membrane fractions containing the recombinant
RetGC1 were isolated as previously described (44). The gua-
nylyl cyclase activity was assayed as previously described in
detail (36) with the modifications described in Ref. 59. In brief,
the assay mixture (25 ul) containing HEK293 membranes, 30
mM MOPS-KOH, pH 7.2, 60 mm KCl, 4 mm NaCl, 1 mm DTT,
2 mMm EGTA, or 2 mm Ca®*/EGTA buffers, Mg>* as indicated
in experiments, 0.3 mmM ATP, 4 mm cGMP, 1 mm GTP, and 1

18310 J Biol Chem. (2020) 295(52) 1830118315

uCi of [a—**P]GTP (PerkinElmer), 100 um zaprinast and dipyr-
idamole was incubated for 30 min at 30°C, and the reaction
was stopped by heat-inactivation for 2 min at 95°. The [**P]
¢GMP product was separated by TLC using fluorescently
backed polyethyleneimine cellulose plates (Merck) developed
in 0.2 M LiCl. The cGMP spots visualized under UV light were
cut out from the plate, and the [**P]cGMP was eluted with 0.5
ml of 2 M LiCl in 20-ml scintillation vials. The radioactivity was
counted by liquid scintillation in 10 ml of UniverSol (MP Bio-
chemicals). Data fitting was performed using Synergy Kaleida-
graph 4 software.

Immunoblotting

HEK293 cell fractions containing the recombinant RetGC1
were subjected to electrophoresis in 7% SDS-PAGE and trans-
ferred to Immobilon-P membrane (Millipore Sigma) at 60 V for
20 h. The membranes were blocked using SuperBlock blend
(Fisher Scientific), and probed by rabbit polyclonal antibody
raised against the recombinant C-terminal fragment, Met”**—
Ser''%, of a human RetGC1l (RRID:AB_2877058), and the
chemiluminescence image developed using a Pierce SuperSig-
nal Femto kit was acquired using a Fotodyne Luminous FX
instrument.

RD3 expression and purification

The recombinant human RD3 was expressed from pET11d
(Novagen/Calbiochem) vector in BL21(DE3) CodonPlus Esche-
richia coli strain (Agilent Technologies), extracted from the
inclusion bodies, and purified as previously described (22, 59)
with the modifications described in Ref. 60. The purity of the
preparations was verified by SDS-PAAG electrophoresis, Coo-
massie Blue staining, and densitometry. The protein solution
was mixed with glycerol to final 35% (v/v), then aliquoted, fro-
zen in liquid Nj, and stored in —70°C. The aliquots were
thawed only once, immediately before use in the RetGC assay.

GCAP expression and purification

Human GCAP1 (E6S), GCAP2, and GCAP3 cDNAs were
inserted into the Ncol/BamHI sites of the pET11d vector (origi-
nated from Novagen/Calbiochem). The N-myristoylated
GCAPs for the in vitro assays were expressed in BLR(DE3) E.
coli strain harboring pBB131 plasmid coding for a yeast N-myr-
istoyl transferase and urea-extracted from the inclusion bodies.
GCAP1 was purified by calcium precipitation, butyl-Sepharose
chromatography, and Sephacryl S—100 chromatography using
previously published procedure (58) modified as described in
Ref. 64. The purity of GCAPs preparations verified by SDS gel
electrophoresis was >90%. The human GCAP2 was purified as
previously described (65) with the following modifications. The
cells were grown in 0.5 liter of standard LB medium containing
50 pg/ml kanamycin and 100 pg/ml ampicillin until they
reached Agpp 0.6—0.7. Myristic acid was added from a concen-
trated ethanol solution to the suspension of bacterial cells to
the final concentration of 100 wg/ml, 30 min prior to the induc-
tion with 0.5 mm isopropyl-B-p-thiogalactopyranoside. 3 h
after the induction, the bacterial pellet was harvested by centrif-
ugation at 8,000 X g for 10 min 4 °C, and frozen in —70°C. The
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Figure 9. A paradigm for measuring guanylyl cyclase activity in RetGC1 heterodimer Arg®33:Ser®3%, A, three-dimensional structure of the active site in
RetGC1 (52). The catalytic domains from two subunits, a (gray) and b (blue), coordinate two GTP molecules (green and orange), each guanine base, via Glu®?®
and Cys® (the g site) and the Mg® " ribose-5"-triphosphate moiety, via Asp®?’ (the r site). B, binding of each GTP molecule requires the g and r sites located on
the opposite subunits. C, inactivation of a single g or r site (g or r ) prohibits the resultant homodimers from coordinating both GTP molecules (35, 45, 51).
D, complementation between the (g~ r") and (g* r ) subunits allows their heterodimer (g7 r"):(g™ r™) to coordinate one GTP molecule in the active site (the
subunit coordinating guanine base is shown with dark shading) (35, 45, 51). E and F, to selectively measure the activity of heterodimer Arg®*®:5er®%, the
(9" r7) subunit harboring WT Arg®*® (F) or CORD6 Ser®3® (F) in its dimerization domain is co-expressed with the complementing (g r") subunit that harbors,

respectively, Ser®®® (E) or Arg®*® (F). Only the Arg®*®:Ser®*® heterodimers in both cases can bind and convert GTP to cGMP, whereas the homodimers Arg®®®:

838 838_Ser838

Arg®>® and Ser are inactive.

pellet was thawed; resuspended in 25 ml of 10 mm Tris-HCl,
pH 7.5, containing 2 mm EDTA and 14 mwm 2-mercaptoethanol;
and sonicated on ice for 2 min. The inclusion bodies from the
disrupted cells were collected by centrifugation at 20,000 X g
for 20 min, 4°C. The sonication/centrifugation step was
repeated two more times. GCAP2 was extracted from the pel-
let by homogenization in 10 ml of 10 mm Tris-HCI, pH 7.5,
containing 2 mM EGTA, 14 mMm 2-mercaptoethanol, 2 mm
MgCl,, and 8 M urea for 30 min at 4 °C. After centrifugation at
20,000 X g for 20 min at 4 °C, the supernatant was dialyzed at
4°C, first for 3—4 h against 2.0 liters of 10 mm Tris-HCl buffer,
pH 7.5, containing 0.5 mm EGTA, 1 mm MgCl,, and 7 mm
2-mercaptoethanol, and then overnight against 2 liters of 10
mM Tris-HCl, pH 7.5 buffer containing 0.1 mm EGTA, 1 mm
MgCl,, and 7 mM 2-mercaptoethanol. After the dialysis, the
insoluble material was removed by centrifugation at 20,000 X
g for 20 min at 4°C, and Tris-HCI and CaCl, were added to

SASBMB
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the supernatant fraction to 50 mm and 10 mwm, respectively.
After 20 min at room temperature, the precipitated material
was removed by centrifugation at 20,000 X g for 20 min at
4°C, and the supernatant was collected, concentrated to 5 ml
using Amicon Ultra-15 (10,000 molecular weight cutoff) cen-
trifugal filter and then centrifuged for 10 min at 200,000 X g
at 4°C in a Beckman Optima ultracentrifuge and loaded on a
Sephacryl S-100 column (2.6 X 60 cm) equilibrated with 20
mM Tris-HCI, pH 7.5, containing 100 mm NaCl and 0.3 mMm
CaCl,. After the main peak containing GCAP2 was collected,
dithiothreitol was added to 4 mm and EDTA was added to
2 mum to remove Ca>" bound to GCAP2. The excess of EDTA
was then removed by 3—4 cycles of 20-fold concentration/
dilution in 10 mm Tris-HCI, pH 7.5, containing 30 um EDTA
using an Amicon Ultra-15 (10,000 molecular weight cutoff)
centrifugal filter at 4°C. Human GCAP3 was purified using
similar procedure except that 1.0 X 30-cm Superdex-200

J. Biol. Chem. (2020) 295(52) 18301-18315 18311
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Figure 10. A, R838S substitution in RetGC1 does not prevent binding of GCAP or RD3 in cyto. R838S mOrange-RetGC1 was co-expressed with GCAP1-
GFP (top panel) or RD3-GFP (bottom panel) in HEK293 cells as described under “Experimental procedures.” Bars, 20 um. The distribution of two fluoro-
chromes is shown in the right panel. PCC values are presented in Tables 1 and 2. B, neither Ser®3® nor shorter extracellular domain prevent complemen-
tation between RetGC1 subunits. Left panel, Agz_434 R838S RetGC1 variants (g+ ) (closed circles) or (g~ r") (open circles) are inactive when expressed
separately but create the active dimer when co-expressed (closed triangles). Right panel, immunoblotting of the RetGC1 preParations used in the
assay. C, RetGC1 activation by GCAP1in 10 mm Mg?* and 2 mm EGTA (means * S.D., n = 3): WT (closed black circles), Arg®8(g™— r"):Arg®*¥(g™ r™) (open
black triangles), Ser838(gf rJr):Ser838(g+ r—) (open red squares), and Ser838(gf r*):Argms(g+ ) (open red circles) RetGC1. The data were fitted assum-
ing a sigmoidal function, Ay, = 100/(1 + ([GCAP],,»/[GCAP])™), where Ao, is a percentage of the maximal activity in each mutant, [GCAP] is the concen-
tration of GCAP1 in the assay, [GCAP],,, is the half-saturating concentration of GCAP1 (1.1 = 0.05, 1.65 = 0.041, 0.40 = 0.02, and 0.22 = 0.02 um,
respectively), and h is the Hill coefficient. D, dose dependence of RetGC1 inhibition by RD3. The Arg®*8(g™ r*):Arg®38(g™ r™) (open black triangles),
Ser®3¥(g™ r"):Ser®*8(g™ 1) (open red squares), and Ser®*4(g™ r"):Arg®33(g™ r™) (open red circles) RetGC1 dimers in the assay were preactivated by 1.5
uMm GCAP1 in the presence of 10 mm Mg2+ and 2 mm EGTA. The data (means =+ S.D., n = 3) were fitted assuming a sigmoidal function, A¢, = 100/(1 +
([RD3]/[RD3]1/2)"), where Aq, is a percentage of the maximal activity in each mutant, [RD3] is the concentration of RD3 in the assay, h is the Hill coeffi-
cient, and [RD3],,, is the RD3 concentration causing 50% inhibition (2.3 = 0.24, 23 = 7,and 42 = 1.5 nm, respectively).

column equilibrated with 20 mm Tris-HCI, pH 7.5, and 100 using Tsien and Pozzan method (66) and verified by fluorescent

mmMm NaCl was used for size-exclusion chromatography indicator dyes as previously described in detail (63).

instead of Sephacryl S-100.

Co-transfection and confocal imaging

ot The DNA transfection followed a Promega FuGENE proto-

Ca”"/EGTA buffers col by the manufacturer as described in Refs. 45, 59, and 60.
The EGTA/CaCl,/MgCl, mixtures maintaining required The HEK293 cells were transfected after reaching 30-50% con-

free Ca®* concentrations at 1 mm free Mg®" were prepared fluence in a LabTeck 4-well cover glass chamber with the
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heterodimer Arg®*%:Ser®*® even stronger than in homodimer Ser
Ser®38, A, Ca®"-dependent deceleration of the RetGC1 activity. WT RetGC1
(filled circles) and the dimeric combinations, Arg®¥g— r*):Arg®¥g™ r™)
(open circles), Ser®*¥(g™ r"):Ser®*®g™ r") (red open triangles), Ser®*¥g~— r"):
Ser®3¥(g™ r™) (red open diamonds), Ser®*8(g r"):Arg®8(g™ ™) (red filled dia-
monds), and Ser®*3(g™ r):Arg®*¥(g ") (red filled triangles) or the Ags 434
Ser®¥¥(g™ r):Arg®*8(g™ r") RetGC1 (red filled squares) were activated by 14
uM GCAP1 at 0.9 mm free Mg®" in the presence of variable free Ca®* concen-
trations; the data were fitted assuming a sigmoidal function, Ay, = (100 —
Amin)/(1 + ([Ca]/[Ca]1/2)") + Amins Where A, is @ % of the maximal cyclase
activity in each case, Amin is the activity at saturating Ca*, [Ca] is the concen-
trations of free Ca%" in the assay, and h is the Hill coefficient. The respective
[Cal;, values (means *+ S.D., n = 3) were 0.27 = 0.033, 0.305 = 0.040, 0.507 =
0.04,0.717 = 0.080, 1.84 = 0.43,1.70 = 0.4, and 1.70 = 0.39 uM. B, left panel,
in the Ser®®:5er®38 dimers, [Cal;» is ~2.5-fold higher than in WT (Student’s t
test, p < 0.0013). Right panel, [Cal,,; in Ar9838:Ser838 heterodimers rises to
~6.5-fold higher than in WT (p < 0.0001), regardless of which subunit in the
dimer, the Arg®®® or Ser®®8, binds the purine base of GTP.

mixtures of bBGCAP-GFP or hRD3-GFP coding plasmids with
mOrange-RetGC1 coding plasmid, at ~1/100 molar ratio (58—
60), using 3 ul of Promega FUGENE reagent per 1 ug of DNA.
Confocal images were taken after 24—30 h of incubation in 5%
CO, at 37°C, using an Olympus FV1000 Spectral instrument
with the respective 543- and 488-nm excitation for the red and
the green fluorochromes in sequential mode. The images were
processed, and the PCC values in whole-cell images were deter-
mined using Olympus FluoView FV10-ASW software as previ-
ously described (43-45, 58-60). No changes to the original
images were made except for minor y correction applied to
whole image for more clear presentation in print. Quantitative
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analyses were performed using the original images without
corrections.

Statistics

Statistical significance of the differences was tested by
ANOVA/Bonferroni post hoc at 99% confidence level or by
unpaired/unequal variance Student’s ¢ test using a Synergy
Kaleidagraph 4 software.

Three-dimensional molecular visualization

The image of the RetGC1 active site was created using
PyMOL molecular graphics system (version 2.0, Schrédinger,
LLC) utilizing coordinates of the model structure reported by
Liuetal. (52) (DOI110.5452/ma-cps37).

Data availability
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