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RPGR-interacting protein 1 (RPGRIP1) is a key component of cone
and rod photoreceptor cells, where it interacts with RPGR (retinitis
pigmentosa GTPase regulator). Mutations in RPGRIP1 lead to au-
tosomal recessive congenital blindness [Leber congenital amauro-
sis (LCA)]. Most LCA-associated missense mutations in RPGRIP1 are
located in a segment that encodes two C2 domains. Based on the
C2 domain of novel protein kinase Ce (PKCe), we built a 3D-
homology model for the C-terminal C2 domain of RPGRIP1. This
model revealed a potential Ca2*-binding site that was predicted to
be disrupted by a missense mutation in RPGRIP1, which was
previously identified in an LCA patient. Through yeast two-hybrid
screening of a retinal cDNA library, we found this C2 domain to
specifically bind to nephrocystin-4, encoded by NPHP4. Mutations
in NPHP4 are associated with nephronophthisis and a combination
of nephronophthisis and retinitis pigmentosa called Senior-Loken
syndrome (SLSN). We show that RPGRIP1 and nephrocystin-4
interact strongly in vitro and in vivo, and that they colocalize in the
retina, matching the panretinal localization pattern of specific
RPGRIP1 isoforms. Their interaction is disrupted by either muta-
tions in RPGRIP1, found in patients with LCA, or by mutations in
NPHP4, found in patients with nephronophthisis or SLSN. Thus, we
provide evidence for the involvement of this disrupted interaction
in the retinal dystrophy of both SLSN and LCA patients.

retinal degeneration | RPGR protein complex | Senior-Loken | sensori-
neural disease

he X-linked gene RPGR (retinitis pigmentosa GTPase

regulator) is mutated in patients with retinitis pigmentosa
type 3 (RP3) (1, 2), cone or cone-rod dystrophy (COD1) (3, 4),
atrophic macular degeneration (5), and RP in combination
with impaired hearing and sinorespiratory infections (6). All
RP3-associated missense mutations in RPGR have been
identified in the N-terminal RCC1-homologous domain, and
they disrupt the interaction with the C-terminal domain of
RPGR-interacting protein 1 (RPGRIP1) (7, 8). Mutations in
RPGRIPI lead to Leber congenital amaurosis (LCA), a ge-
netically heterogeneous recessive disorder that is regarded to
be the earliest and most severe form of all retinal dystrophies
(9, 10). LCA accounts for at least 5% of all retinal dystrophies
and is one of the main causes for blindness in children (11).
RPGR and RPGRIP1 isoforms have been found to colocalize
at the connecting cilia as well as the outer segments of rod and
cone photoreceptors (12, 13). Differential localization among
species has also been reported (12, 14), and different isoforms
of RPGRIP1 have been described resulting from splicing
variation (7, 14, 15). The distinct partitioning of a subset of
RPGRIP1 isoforms between the nuclear and cytoplasmic
compartments combined with the differential and limited
proteolysis of RPGRIP1 among retinal neurons, and the
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impact of LCA-linked mutations in RPGRIPI in these pro-
cesses, support the involvement of nucleocytoplasmatic sig-
naling processes mediated by RPGRIP1 and its interacting
partners in the pathogenesis of LCA, RP3, and allied diseases
(15, 16). The presence of both RPGR and RPGRIP1 proteins
in basal bodies and centrosomes of cultured dividing, but not
interphase mammalian cells of nonretinal origin, suggests also
a pleiotropic function of this protein complex (17). The
absence of an RPGRIP1 isoform in Rpgripl /- mutant mice
appears to lead to a defect in outer segment disk formation,
suggesting a role in disk morphogenesis (18). RPGRIPI en-
codes three structurally different regions: an N-terminal
coiled-coil domain, which possibly mediates homotypic and/or
heterotypic interactions (13, 16); a C-terminal region that
contains the RPGR-interacting domain (RID) (7); and a
central region that contains a protein kinase C conserved
region 2 (C2) motif (19). C2 domains are implicated in
Ca?*-dependent membrane docking of proteins and in medi-
ating protein—-protein interactions (20).

We analyzed the presumed scaffolding function of RPGRIP1
by identifying proteins that interact with its C2 domains, and
identified nephrocystin-4 as an interactor toward a specific C2
domain of RPGRIP1 in the retina. This protein, which is also
reported to exhibit a dynamic subcellular behavior (21), is
associated with nephronophthisis type 4 (NPHP4), and a com-
bination of nephronophthisis and retinitis pigmentosa, called
Senior-Lgken syndrome (SLSN) (22, 23). Our data show that
LCA-associated mutations identified in RPGRIPI, or NPHP/
SLSN-associated mutations identified in NPHP4, disrupt the
RPGRIP1-nephrocystin-4 interaction, providing an explanation
for the retinal component of SLSN.

Materials and Methods

DNA Constructs. Human retina Marathon-Ready cDNA (Clon-
tech) was used to amplify the cDNA fragments of NPHP4 and
RPGRIPI. cDNA clones KIAA1005 and KIAA0673 were ob-
tained from the Kazusa DNA Research Institute (24). Gateway-
adapted constructs were created by using the Gateway cloning
system (Invitrogen). Procedures to create constructs used for
expression of different fragments of RPGRIP1, nephrocystin-4,
and SYT1 are included in Supporting Materials and Methods,
which is published as supporting information on the PNAS web
site.
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Yeast Two-Hybrid Screening. A GAL4-based yeast two-hybrid
system (HybriZAP, Stratagene) was used to identify proteins
that interact with RPGRIP1¢ZCTC2-N ysing methods described
in ref. 25. Bovine RPGRIP1¢2-¢+C2Nwag used as a bait to screen
1.2 X 109 clones of a bovine library of randomly primed retina
cDNA (25).

Analysis of Interactions in Yeast. Positive prey clones were isolated
and rescreened for transactivation of the reporter genes to rule
out fortuitous interactions, as described in ref. 25. The interac-
tions of the wild-type and mutated RPGRIP1 and nephrocys-
tin-4 proteins were quantified by determining the B-galactosi-
dase activity as reported in ref. 26.

Coimmunoprecipitation Assays. Epitope-tagged proteins for immu-
noprecipitation were expressed by using the following plasmids:
pcDNA3-HA-N4H/EXP (N-terminal HA-tag), pcDNA3-HA-N4-
I/EXP (N-terminal HA-tag), p3xFLAG-RPGRIP1-b/EXP (N-
terminal 3X FLAG-tag), p3XFLAG-RPGRIP1C*N+C2-C/EXP
(N-terminal 3X FLAG-tag), and STRAD-FLAG and LKB1-myc
control plasmids (27). Transfection of COS-1 cells, immunopre-
cipitation of the epitope-tagged proteins, and Western blot analysis
are described in Supporting Materials and Methods.

GST Pull-Down. For the production of GST fusion proteins,
BL21-DE3 cells were transformed with pDest-15/
RPGRIP1¢%€, pDest-15/RPGRIPIRIP, or pDest-15/N4-11
expressing proteins fused to GST at their N terminus. GST
fusion proteins were purified as described in ref. 26. The GST
pull-down procedure is described in Supporting Materials and
Methods.

Expression of Fluorescent Proteins. Fluorescent protein variants
fused to N4 and RPGRIP1-b were expressed in COS-1 cells by
using pDest-501 (N-terminal eCFP tag), pDest-504 (C-terminal
eYFP tag), and pDest-733 (N-terminal mRFP tag). The cells
were transfected and grown overnight on glass microscope slides,
fixed, and analyzed by fluorescence microscopy as described in
ref. 28.

Immunohistochemistry of Retinal Sections. Inmunolocalization of
the RPGRIP1 and nephrocystin-4 proteins in murine and bovine
retinas was carried out essentially as shown in ref. 14, with minor
variations. The affinity-purified antibodies MCW3 and MCW4
against the C2 domain of RPGRIP1 are described in refs. 12 and
15. The N4#5 and N4#6 antibodies were polyclonal mouse
ascites, generated against human nephrocystin-4, KLH-
conjugated peptide (C)NKRITYTNPYPSRR (Zymed Labora-
tories). The sections were coincubated with affinity-purified
rabbit polyclonal MCW3 (5 ug/ml), MCW4 (3 ug/ml), Ab 39 (3
pg/ml), and N4#6 (1:100) for 1.5 h followed by three washes and
a 1-h incubation with the secondary antibody (2.5 wg/ml). Then,
sections were washed three times in 0.1% Triton X-100/1X PBS
for 30 min, followed by three additional washes with 1X PBS for
10 min each. Visualization of retinal sections and localization of
proteins were carried out as described in ref. 14.

Molecular Modeling and Identification of Potential Ca2*-Binding
Sites. The procedures used to build a 3D-homology model of
RPGRIP1¢*C (amino acid residues 794-930) and to identify
potential Ca?>*-binding sites in this domain are described in
Supporting Materials and Methods.

Results

Homology Modeling Predicts Ca2* Binding of RPGRIP1¢%C. A con-
served C2 domain signature was identified in RPGRIP1 and its
orthologues (C2-C; Fig. 14 and Fig. 6, which is published as
supporting information on the PNAS web site). Upstream of
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Fig. 1. Structure of RPGRIP1 and 3D-homology model of its C2-C domain. (4)
Structure of human RPGRIP1 (GenBank NP_065099). (B) 3D-homology model
of human RPGRIP1%€ (Right), with the amino acid positions of residues that
correspond to the mutations analyzed in this study. The part of the peptide
chain colored yellow indicates the portion that is truncated in the RPGRIP1
p.V857fs mutant. (B Left) Close-up of the residues that are involved in the
predicted Ca?* binding.

RPGRIP1*C, we identified a second, although truncated, C2
homologous domain (C2-N; Figs. 14 and 6). The C2 domains are
encoded by exons 14-16, which are lacking in different splice
variants of RPGRIP1 (7, 8). RPGRIPI mutations have been
reported in patients with LCA (9) or CRD (29). As expected for
these recessive conditions, the protein truncating mutations are
evenly distributed along the gene. However, the missense mu-
tations are clustered in the region containing the C2 domains,
which points to a putative important role of this domain in retina
function.

The closest homologue of RPGRIP1¢%C of known crystal
structure was found to be the C2 domain of novel protein kinase
Ce (PKCe) (30), which was therefore chosen as a template for
building a homology model (Figs. 1B and 6). In the structural
alignment, we identified a conserved residue (Asp-876) that, in
classical Ca?*-binding C2 domains, is an essential aspartate for
Ca?* binding. This enabled us to address the question as to
whether RPGRIP1 can bind Ca?, given the potentially crucial
role of Ca?* for protein function. We added a Ca?* ion to the
homology model in silico and performed an energy minimization
to optimize surrounding side chains. A putative Ca’*-binding
site with a high Ca?* affinity could be identified involving the
side chains of the conserved residues Asp-876, Asp-877, Asp-
879, and GIn-819 (Fig. 1B).

Nephrocystin-4 Specifically Interacts with RPGRIP1¢%, To identify
interactors for the C2 domains of RPGRIP1, we screened a
randomly primed bovine yeast two-hybrid retina cDNA library
(25), using RPGRIP1¢2N*+C2-C g5 a bait. We initially isolated 27
independent prey clones, in which all four reporter genes were
activated. Further analysis showed that only six of these clones
bound to the C2-C domain. The clone that most strongly
activated the reporter genes, C77, contained a fragment of
nephrocystin-4 (assays 19-26 of Table 1, which is published as
supporting information on the PNAS web site). This protein is
encoded by NPHP4, the gene involved in nephronophthisis type
4 and SLSN (22, 23).

By assessment of the reporter gene activation in yeast, we
found that the human counterpart of bovine nephrocystin-4
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Fig.2. RPGRIP1 interaction with nephrocystin-4. (A) GST-RPGRIP1C efficiently pulled down in vitro-translated N4-I but not N-RPGR (lane 3). Unfused GST (lane

2) pulled down neither, whereas, as a control, GST-RPGRIP1RID pulled down N-RPGR (lane 4). Lane 1 shows 20% of the in vitro-translated protein input (20% IVT).
(B and C) Immunoprecipitation (IP) of nephrocystin-4 and RPGRIP1. (B) The immunoblot (IB) in Top shows that HA-nephrocystin-4t! (160 kDa, input shown in
Middle) coimmunoprecipitated with FLAG-RPGRIP12N+C2-C (Jane 1) and with FLAG-RPGRIP1-b (lane 3), but not with STRAD-FLAG (lane 2) or mock-transfected
cell lysate (lane 4). The anti-FLAG immunoprecipitates are shown in Bottom. (C) FLAG-RPGRIP1¢2N*C2C (Jane 1) and FLAG-RPGRIP1-b (lane 2) coimmunopre-
cipitated with the HA-tagged nephrocystin-4-I fragment (HA-N4-I, 58 kDa). Protein inputs are shown in Middle; anti-HA immunoprecipitates are shown in

Bottom.

fragment, nephrocystin-4-1 (Fig. 7, which is published as sup-
porting information on the PNAS web site), interacts with
RPGRIP1C#N*TC2C a5 well as with RPGRIP1*€ (Table 1,
assays 27-29 and 38) and its homologue KIAA1005“%C that is
52% identical (Table 1, assays 47 and 48), but not with the
prototype C2 domain of synaptotagmin 1, SYT1¢2, which is 20%
identical (Table 1, assays 49 and 50). Furthermore, we could
pinpoint the RPGRIP1-interacting domain of nephrocystin-4 to
amino acids 591-960 of GenBank entry NP_055917, encoded by
exons 15-21 of NPHP4 (Table 1, assays 29-46, and Fig. 7).

We tested whether interaction between RPGRIP1 and
nephrocystin-4 was direct by carrying out in vitro GST pull-down
assays. We found that GST-RPGRIP1¢%€ efficiently pulled
down N4-I but not N-RPGR (Fig. 24, lane 3), which was pulled
down by the RID (GST-RPGRIPIRID; Fig. 24, lane 4). Recip-
rocal GST pull-down assays from COS-1 cell lysates confirmed
these findings (Fig. 8, which is published as supporting infor-
mation on the PNAS web site). Analysis of this in vitro interac-
tion in presence of the Ca’* chelators EDTA and EGTA
indicates that the binding is Ca?"-independent (results not
shown).

To complement these results in a cell-based assay, epitope-

A

Fig. 3.

tagged full-length nephrocystin-4 (N4*) and RPGRIP1-b, which
also contains the RID (7, 8), were expressed in COS-1 cells. We
performed immunoprecipitation assays using anti-FLAG anti-
bodies and were able to show that HA-N4 efficiently coimmu-
noprecipitated with FLAG-RPGRIP1, both with the C2-N +
C2-C domain (Fig. 2B, lane 1) and with full-length RPGRIP1-b
(Fig. 2B, lane 3), but not with the unrelated protein STRAD
(Fig. 2B, lane 2). Furthermore, immunoprecipitation experi-
ments with anti-HA antibodies showed that both RPGRIP1
proteins also coimmunoprecipitated with HA-N4-1 (Fig. 2C,
lanes 1 and 2). The reciprocal assays of these experiments
confirmed these results (Fig. 9, which is published as supporting
information on the PNAS web site).

Using different fluorescent protein epitope tags (eCFP and
eYFP) in fluorescence microscopy, we could show that in COS-1
cells expressing only the full-length nephrocystin-4 fused to
eCFP, the protein was localized in specific structures around, but
not in, the nucleus (Fig. 3B). Interestingly, in cells only trans-
fected with RPGRIP1-b-e YFP, the protein was localized in the
nucleus (Fig. 3C), suggesting that the bipartite nuclear localiza-
tion motif in the RID of RPGRIP1 (bipartite NLS, Fig. 1.4) may
underlie the translocation to the nucleus. Coexpression of

C

Nephrocystin-4 colocalizes with RPGRIP1 upon overexpression in COS-1 cells. (A and E) DAPI staining of the cell nuclei (blue signal). (B) eCFP-

nephrocystin-4 (green signal) localized in the cytoplasm around, but not in, the cell nucleus (top cell) when singly transfected. (C) eYFP-RPGRIP1 (red signal)
localized only in the nucleus (bottom cell) when singly transfected. (D) overlay of A-C. (F-H) When both proteins are expressed in the same cell (F,
eCFP-nephrocystin-4; G, eYFP-RPGRIP1), they colocalize in the cytoplasm (H, overlay of E-G, yellow signal).
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Fig. 4. Immunolocalization of nephrocystin-4 and RPGRIP1 proteins in the retina and Western blot analysis of nephrocystin-4. (A-O) Localization of
nephrocystin-4 and RPGRIP1 proteins in the retina. Focal-plane images of radial retinal cryosections shown in A-C are, respectively, murine retinal sections
immunostained with MCW3 Ab against the C2 domain of RPGRIP1, Ab#6 against nephrocystin-4, and an overlay of A and B. The C2-containing RPGRIP1 isoform(s)
colocalized perfectly with nephrocystin-4 throughout the retina. D-F are, respectively, murine retinal sections immunostained with Ab39 against the RID domain
of RPGRIP1, N4#6 against nephrocystin-4, and an overlay of D and E. G-/ are, respectively, the photoreceptor layer of a bovine retinal section immunostained
with MCW4 Ab against the C2 domain of RPGRIP1, Ab#6 against nephrocystin-4, and an overlay of G and H. J-L, are respectively, the photoreceptors layer of
a murine retinal section immunostained with MCW4 Ab against the C2 domain of RPGRIP1, Ab#6 against nephrocystin-4, and an overlay of J and K. M-O are,
respectively, the photoreceptors layer of a murine retinal section immunostained with Ab39 against the RID domain of RPGRIP1, Ab#6 against nephrocystin-4,
and an overlay of M and N. (Scale bars: Jand M, 10 um; A and D, 50 um.) ROS, rod outer segments; RIS, rod inner segments; ONL, outer nuclear layer; OPL, outer
plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; CC, connecting cilium. (P) Immunoblot of tissue homogenates from
mouse and bovine, showing that anti-nephrocystin-4 antibody N4#6 specifically detects a single protein (indicated by an arrow) in the retinal extracts of mouse
and bovine. (Q) Recombinant HA-nephrocystin-4 was detected by antibody N4#6 (second lane) as well as by anti-HA (fourth lane) on immunoblots of COS-1 cell
lysates. In lysates from mock-transfected cells, only the N4#6 antibody detects a specific signal of lower intensity but of exactly the same size (indicated by an

arrow).

nephrocystin-4 with RPGRIP1 fully retained the latter to the
cytoplasm, because no nuclear signal could be detected in these
cells (Fig. 3 E-H), and resulted in vivo in the colocalization of
both proteins. Exchanging the e YFP tag with mRFP or switching
the fluorescent protein tags between RPGRIP1 and nephrocys-
tin-4 did not influence these (co)localization results (Fig. 10,
which is published as supporting information on the PNAS web
site).

RPGRIP1 and Nephrocystin-4 Colocalize in the Retina. Nephrocystin-4
exhibited panretinal expression with two independently raised
antibodies, N4#5 and N4#6. The antibodies prominently stained
the branching processes emanating from inner nuclear neurons,
the postsynaptic layer of the outer plexiform layer, and the cell
bodies of photoreceptors (Fig. 4 B and E). The staining toward
nephrocystin-4 was highly specific because its was fully blocked
by preincubation of the primary antibodies with the cognate
peptide epitope, and preimmune serum gave no signal (data not
shown). Nephrocystin-4 was also diffusely localized throughout
the inner segment compartment of photoreceptors (Fig. 4 B and
E) and colocalized perfectly with C2-containing RPGRIP1
isoforms (Fig. 4 A-C) and partially with an antibody against the
RID of RPGRIP1 (Fig. 4 B and D-F). The outer segments of
murine (Fig. 4 B, E, K, and N) and bovine (Fig. 4H) retinas lacked
any nephrocystin-4 staining. In specific focal planes, we observed
only a very limited overlap of localization between RPGRIP1
and nephrocystin-4 in the connecting cilium of photoreceptors
(Fig. 4J-0). Specificity of the N4#6 antibody was confirmed on
immunoblots (Fig. 4 P and Q). A single protein with an apparent
molecular mass of ~180 kDa was detected in the retina of bovine
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and mouse but not in the liver and brain (Fig. 4P). Furthermore,
in COS-1 cell lysates, the antibody detects the HA-tagged
recombinant full-length nephrocystin-4 protein (HA-N4),
which is also detected by the anti-HA antibody (Fig. 4Q). In
mock-transfected cells, the endogenous full-length nephrocys-
tin-4 protein and a smaller isoform of =97 kDa were detected
(Fig. 40). These features further confirm the specificity of the
nephrocystin-4 antibody used.

RPGRIP1 and NPHP4 Mutations Disrupt Their Interaction. Four of 6
LCA-associated amino acid substitutions in RPGRIP1 (9, 31)
and 10 of 19 NPHP/SLSN-associated amino acid substitutions in
nephrocystin-4 (32) are located in or very near to the interacting
domains of both proteins (Fig. 5 4 and C). We have introduced
asubset of these variants, as well as protein truncating mutations,
into both bait and prey plasmids encoding these domains and
analyzed the effects on the interaction of RPGRIP1 with
nephrocystin-4 using the yeast two-hybrid system (Fig. 5 B and
D and Table 2, which is published as supporting information on
the PNAS web site) and by coimmunoprecipitation (Fig. SE).
The RPGRIP1 p.D876G and p.R890X alterations (Fig. 5 B and
E and Table 2, assays 12 and 13) and the p.G746E and p.V857fs
alterations (Table 2, assays 9 and 11) severely disrupted the
interaction with nephrocystin-4, consistent with the pathologic
character of these variants. We also introduced the p.R852Q
variant that was found heterozygously in an isolated LCA patient
(R.R. and F.P.M.C,, unpublished data). This amino acid ex-
change did not affect the interaction (Fig. 5 B and E and Table
2, assay 10), which could indicate that this variant is nonpatho-
logic. This finding matched with the homology model (Fig. 1B),
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Fig. 5. RPGRIP1 and NPHP4 mutations disrupt the interaction of nephrocys-
tin-4 with RPGRIP1. (A) Exon structure of RPGRIP1 and mutations identified in
this gene. The sequence variants that were analyzed in the yeast two-hybrid
system in this study are annotated; the other missense mutations that have
been reported (9, 29, 31) are indicated by filled circles. (B) Wild-type and
mutated human RPGRIP12€ proteins (fused to GAL4-AD) were assessed for
interaction with nephrocystin-4-l, fused to the GAL4-BD domain. An ONPG
assay was used to quantify the p-galactosidase activity of the yeast cells (in
arbitrary units), which is indicated by the black bars. pBD-LaminC/pAD-pSV40
(pLC) was used as a negative control, indicating the somewhat leaky activation
of this reporter gene without selection for transactivation. (C) Exon structure
of NPHP4 and mutations identified in this gene. The sequence variants that
were analyzed in the yeast two-hybrid system in this study are annotated; the
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in which the p.R852Q exchange is predicted to be of little
structural consequence, because it is on the opposite side from
Arg-50 in the structural homologue (30), which is essential in
membrane binding. When membrane binding is involved, it
would face away from the membrane. Because the residue is also
not conserved among species, this variant is unlikely to be
pathologic.

Introduction of the p.G754R exchange, reported to be asso-
ciated with nephronophthisis (23), and the SLSN-associated
p.Q779X mutation (22) fully disrupted the interaction of
nephrocystin-4 with RPGRIP1 (Fig. 5 D and E). In contrast, the
p-R740H and p.R848W amino acid substitutions that were
reported to be nonpathologic (22, 23) showed no significant
effect on the interaction.

Discussion

The data reported herein and elsewhere support that RPGRIP1
isoforms mediate multiple biological processes that are vital for
retinal function (7, 14-16). This variety of functions likely
reflects the molecular diversity of RPGRIP1 isoforms and
composition of the RPGRIP1 interactome. We show that the C2
domain of RPGRIP1, encoded by a splice variant of RPGRIPI,
strongly interacts with nephrocystin-4 and that human mutations
in these abrogate the interaction. Mutations in the gene encod-
ing nephrocystin-4 (NPHP4) are associated with nephronoph-
thisis type 4 (NPHP4) and SLSN (22, 23). Nephronophthisis is
the most frequent monogenic cause for end-stage renal failure
in children and young adults (33, 34), who suffer from interstitial
inflammation, renal fibrosis, and cyst formation at the cortico-
medullary border (33). SLSN is characterized by nephronoph-
thisis in combination with retinal degeneration of variable
severity (35, 36). Here, we have shown that missense and
nonsense mutations in RPGRIPI (in LCA patients) or NPHP4
(in nephronophthisis and SLSN patients) disrupt the interaction
between RPGRIP1 and nephrocystin-4, whereas nonpathologic
variants do not. This finding might, at least partially, explain the
retinal degeneration of the SLSN syndrome, as well as LCA
patients. Because no kidney phenotype has been reported in
LCA patients with RPGRIP] mutations, it is unlikely that a
disrupted RPGRIP1-nephrocystin-4 interaction also primarily
leads to nephronophthisis. Our yeast two-hybrid data also sup-
port an interaction of nephrocystin-4 with the C2 domain of the
only RPGRIP1 homologue, KIAA1005. In light of KI4A1005’s
greater abundance in the kidney than RPGRIP1, and because
mutations in NPHP4 also affect the nephrocysin-4—-RPGRIP1
interaction (results not shown), it is possible that compensatory
mechanisms between RPGRIP1 and KIAA1005 (and/or other
RPGRIP1 partners) play a role in the expressivity of ocular-
renal diseases phenotypes.

Nephrocystin-4 has recently been found to be abundantly
present at the subcortical plasma membrane region of polarized
renal epithelial cells, in the centrosomes of dividing cells, and, to
a lesser extent, in the primary cilia of highly confluent cell
cultures (21), thus mirroring the dynamic properties of RP-
GRIP1. The shared subcellular properties of RPGRIP1 and
nephrocystin-4 are further strengthened by the panretinal colo-
calization of nephrocystin-4 and RPGRIP1 isoforms containing

other missense mutations that have been reported (32) are indicated by filled
circles. (D) Wild-type and mutated human nephrocystin-4-I proteins (N4, fused
to GAL4-BD) were assessed for interaction with RPGRIP1¢2C, fused to the
GAL4-AD domain. (E) Immunoprecipitation (IP) of wild-type and mutated
HA-nephrocystin-4™ and FLAG-RPGRIP1-b. Coimmunoprecipitation is shown
in Top, protein inputs are shown in Middle, and anti-FLAG immunoprecipi-
tates are shown in Bottom. The sizes (in kDa) of the proteins corresponding
with the specificantibody signals are indicated. Cross-reacting signals, present
in all samples, are marked with an asterisk.
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the C2 domain. The interaction of nephrocystin-4 with RP-
GRIP1 identified here strongly suggests an important functional
link of these proteins in the disease pathogenesis of RP/LCA
and NPHP/SLSN.

By combining 3D-homology modeling of the C2-C domain with
the RPGRIP1-nephrocystin-4 interaction data, we were able to
assess the pathogenicity of the identified alterations. One interest-
ing RPGRIP1 alteration that was strongly suggested to be patho-
logic, p.D876G, disrupted the putative Ca?>"-binding site of the
C2-C domain and fully disrupted the interaction with nephrocys-
tin-4. However, the interaction of the wild-type proteins was not
affected by Ca?* chelators, indicating that this protein—protein
interaction is Ca®>"-independent. Therefore, if Ca®* does bind to
this protein, this C2 domain may have evolved to provide multiple
functions, e.g., additionally binding phospholipids in a Ca?*-
dependent manner similar to synaptotagmin (37).

Important remaining questions concern the observed wide
variation of clinical phenotypes in patients with NPHP4 muta-
tions, and the fact that the NPHP4 mutation p.G754R, which
disrupts the interaction between nephrocystin-4 and RPGRIP1,
is found in a patient with nephronophthisis without signs of RP.
Because expression of RP is progressive and often variable in
severity, it is possible that the nephronophthisis patient might
still develop RP at a later stage. It is also possible that additional
factors in the retinal complex need to be disrupted to result in
a Senior-Lgken phenotype. The fact that the mutation in the
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