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Heymut Omran2,5, Cristina Ghenoiu1,
Manfred Fliegauf2, Andrea Fekete2,
Judit Horvath2, Michael Köttgen1,
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Mutations in proteins localized to cilia and basal bodies

have been implicated in a growing number of human

diseases. Access of these proteins to the ciliary compart-

ment requires targeting to the base of the cilia. However,

the mechanisms involved in transport of cilia proteins to

this transitional zone are elusive. Here we show that

nephrocystin, a ciliary protein mutated in the most pre-

valent form of cystic kidney disease in childhood, is

expressed in respiratory epithelial cells and accumulates

at the base of cilia, overlapping with markers of the basal

body area and the transition zone. Nephrocystin interacts

with the phosphofurin acidic cluster sorting protein

(PACS)-1. Casein kinase 2 (CK2)-mediated phosphoryla-

tion of three critical serine residues within a cluster of

acidic amino acids in nephrocystin mediates PACS-1 bind-

ing, and is essential for colocalization of nephrocystin

with PACS-1 at the base of cilia. Inhibition of CK2 activity

abrogates this interaction and results in the loss of correct

nephrocystin targeting. These data suggest that CK2-

dependent transport processes represent a novel pathway

of targeting proteins to the cilia.
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Introduction

Cilia are highly conserved organelles that project from the

surfaces of many cells (Igarashi and Somlo, 2002). The

essential structure of cilia consists of nine peripheral micro-

tubule doublets forming the axoneme, surrounded by a

membrane lipid bilayer that is continuous with the plasma

membrane. Based on whether the axoneme includes an

additional central pair of microtubules, cilia are classified

as ‘9þ 2’ or ‘9þ 0’ cilia (Rosenbaum and Witman, 2002;

Hiesberger and Igarashi, 2005). Some cilia contain additional

dynein arms and are motile (Ibanez-Tallon et al, 2003). The

ciliary axoneme emerges from the basal body, a microtubule-

based structure that also functions as the spindle-organizing

center in mitosis. The boundary between the cellular and

ciliary compartments is demarcated by an area called the

transition zone (Rosenbaum and Witman, 2002; Snell et al,

2004). Mutations in proteins localized to cilia and basal

bodies have been implicated in a growing number of genetic

diseases, ranging from cystic kidney and retinal degenerative

disease to respiratory and neurologic disorders, diabetes, and

obesity (Calvet, 2002; Pazour and Rosenbaum, 2002; Ansley

et al, 2003; Pan et al, 2005). Access of proteins to the ciliary

compartment requires targeting to the base of the cilia, the

basal body, and the transition zone. However, the mechan-

isms involved in transport of ciliary proteins to this region are

not well understood.

Nephronophthisis (NPHP) represents a group of geneti-

cally heterogeneous renal cystic diseases that is associated

with extrarenal manifestations such as retinitis pigmentosa,

Leber congenital amaurosis, and cerebellar ataxia

(Hildebrandt and Otto, 2000). Nephrocystin, the protein

mutated in type I NPHP, localizes to the monocilia of polar-

ized kidney epithelial cells (Otto et al, 2003). Recently, it has

been demonstrated that renal monocilia are involved in

mechanosensation (Praetorius and Spring, 2001; Nauli et al,

2003; Pazour and Witman, 2003).

Here we report that nephrocystin is expressed in ciliated

respiratory epithelial cells and accumulates at the base of

cilia, overlapping with markers of the basal body area and

transition zone. Nephrocystin interacts and colocalizes with

the transport protein phosphofurin acidic cluster sorting

protein (PACS)-1. Casein kinase 2 (CK2)-mediated phosphor-

ylation of nephrocystin is required for PACS-1 binding and

nephrocystin targeting to the base of the cilia. Expression of a

dominant-negative version of PACS-1 resulted in the loss of

nephrocystin from the base of cilia. Therefore, these data

suggest that CK2-dependent transport processes represent a

novel pathway of targeting proteins to the base of the cilia.

Results

Nephrocystin is expressed in respiratory epithelial cells

and accumulates at the base of the cilia

Prompted by the observation that patients with type I

NPHP may experience an increased incidence of upper res-

piratory infections (H Omran, unpublished observation), we

examined the expression and subcellular localization of

nephrocystin in human nasal epithelial cells. Using an

affinity-purified, highly specific anti-nephrocystin antibody
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(Benzing et al, 2001), we found that nephrocystin was

abundantly expressed in respiratory cells (Figure 1A) and

present in motile cilia (Figure 1B and C). The punctate

pattern of nephrocystin staining in the ciliary axoneme

closely resembled staining of nephrocystin in the monocilia

of kidney cells (Otto et al, 2003). Confocal images revealed

that nephrocystin, in addition to its weaker punctate cilial

staining pattern, also intensively stained the base of cilia in

respiratory epithelial cells, suggesting that this localization

represents a pool of nephrocystin entering the ciliary com-

partment (Figure 1D). Costaining with markers of the ciliary

axoneme (Figure 1D, left panel, antiacetylated tubulin) and of

basal bodies (Figure 1D, right panel, anti-gamma-tubulin)

provided further evidence that nephrocystin accumulated at

the basal body and transition zone area of cilia. Although

partially overlapping with gamma-tubulin staining, nephro-

cystin staining was detectable more apically (Figure 1D, right

panel). This compartment has recently been shown to con-

tain the retinitis pigmentosa guanosine phosphatase regulator

(RPGR) (Hong et al, 2003). RPGR is mutated in hereditary

retinitis pigmentosa, and interacts with nephrocystin-5,

another NPHP disease protein (Otto et al, 2005). RPGR was

present in human respiratory cells and colocalized with

nephrocystin (Figure 2A). To confirm that nephrocystin loca-

lizes to the transition zone/basal body area of cilia, but not to

other parts of the apical membrane, we partially disintegrated

ciliated cells mechanically, and stained the disintegrated cilia

for acetylated tubulin and nephrocystin. Single dots of

nephrocystin staining, depicted in red, always delineated

the origin of single disintegrated cilia, depicted in green,
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Figure 1 Nephrocystin is expressed in respiratory epithelial cells and accumulates at the base of cilia. (A) Lysates of HEK 293T cells transfected
with FLAG-tagged NPHP1 (left lane) and human tracheal epithelial cells (right lane) were immunoblotted with an affinity-purified specific anti-
nephrocystin antibody (Benzing et al, 2001) demonstrating nephrocystin expression in respiratory epithelial cells. (B, C) Conventional
immunofluorescence microscopy of mouse tracheal cells (B) and human nasal epithelial cells (C) stained with a specific anti-nephrocystin
antibody (Benzing et al, 2001) demonstrates distinct and punctate nephrocystin staining in the ciliary axoneme and a strong signal at the base of
motile cilia of the respiratory tract (red). Cilia were visualized with antiacetylated tubulin antibody (green); blue, nuclei. (D) Confocal microscopy
confirms intense staining for endogenous nephrocystin (red) at the base of cilia in human nasal epithelial cells. Staining for acetylated tubulin
(green) is used to highlight the cilium. Nuclei are stained in blue (left panel). Double labelling for gamma-tubulin (green), a marker of the basal
bodies, and nephrocystin (red) confirms accumulation of nephrocystin protein at the transition zone/basal body area (right panel).

Nephrocystin targeting to cilia
B Schermer et al

The EMBO Journal VOL 24 | NO 24 | 2005 &2005 European Molecular Biology Organization4416



confirming that nephrocystin staining is confined to the

transition zone/basal body area in respiratory epithelial

cells (Figure 2B) and not to other parts of the apical mem-

brane. These data suggested that respiratory epithelial cells

may represent a valid model system to study targeting of

nephrocystin to the base of the cilia.

Nephrocystin associates with the phosphoacidic cluster

sorting protein PACS-1

Nephrocystin is a multiadaptor protein and contains an SH3

domain that is flanked by two clusters of acidic residues

harboring several potential CK2 phosphorylation sites.

Clusters of aspartate or glutamate (acidic clusters) are re-

quired to bind the phosphoacidic cluster sorting protein

PACS-1, a transport protein that has been shown to be

involved in sorting the endopeptidase furin, the mannose-6-

phosphate receptors (Wan et al, 1998), the R-SNARE VAMP4

(Hinners et al, 2003), the polycystin-2/TRPP2 cation channel

(Kottgen et al, 2005), the viral proteins nef (Piguet et al, 2000;

Blagoveshchenskaya et al, 2002), and cytomegalovirus glyco-

protein B (Crump et al, 2003). To determine the localization

of PACS-1 in respiratory epithelial cells, we raised a series of

specific monoclonal antibodies against human PACS-1.

Several clones including the one shown in Figure 3A (anti-

PACS-1 mAb#1) specifically recognized PACS-1 without

showing crossreactivity with the related PACS-2 protein.
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Figure 2 Colocalization of nephrocystin with RPGR at the transi-
tion zone/basal body area of cilia in human respiratory epithelial
cells. (A) Staining of endogenous nephrocystin (red) and RGPR
(green) in respiratory epithelial cells reveals colocalization of both
proteins at the transition zone/basal body area of motile cilia.
Nuclei (blue). Fluorescence signal intensities of nephrocystin
(red) and RPGR (green), generated from a scanned horizontal line
shown as red arrow in the merged image, are shown in the bottom
panel. (B) Nephrocystin staining is confined to cilia and does not
derive from other parts of the apical membrane. Cilia were disin-
tegrated mechanically to show localization of nephrocystin at the
base of each disintegrated cilium. Nephrocystin (red), acetylated
tubulin (green), and nuclei (blue).
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Figure 3 Nephrocystin colocalizes with the transport protein PACS-
1 at the base of cilia of respiratory epithelial cells. (A) Monoclonal
anti-PACS-1 antibody mAb#1 specifically recognizes HA-tagged
PACS-1, but does not show crossreactivity with the related protein
HA.PACS-2. HEK 293T cells were transfected with the plasmids as
indicated. Lysates were prepared and immunoblotted with anti-
PACS-1 antibody mAb#1 (left panel) as well as anti-HA antibody
(right panel). (B) Colocalization of PACS-1 (green) with nephrocys-
tin (red) at the base of the cilia. Nuclei (blue). Human nasal
epithelial cells were isolated by brush biopsy and stained with
anti-nephrocystin and anti-PACS-1 antibodies. (C) Native nasal
epithelial cells were stained with anti-golgin-97 (Molecular
Probes; left panel) and anti-TGN-46 antibody (Serotec; middle
panel). Costaining with anti-NPHP1 antibody demonstrates that
the base of the cilia is partially overlapping with a golgin-97-positive
distinct domain of the secretory pathway (right panel).
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Interestingly, staining of nasal epithelial cells with these

antibodies revealed colocalization of PACS-1 with nephro-

cystin at the base of cilia (Figure 3B). While nephrocystin

staining (in addition to its weaker staining in cilia) was

confined to the transition zone/basal body area, PACS-1

showed a slightly more widespread distribution at the ciliary

base. This area also stained positive with antibodies against

golgin-97 (Figure 3C) (Yoshino et al, 2003; Derby et al, 2004),

but was lacking reactivity for the TGN marker protein TGN-

46. These data illustrated that the transition zone/basal body

area may represent a previously ill-defined compartment in

the secretory pathway, and suggested a possible role for

PACS-1 in controlling the subcellular localization of ciliary

proteins such as nephrocystin.

To investigate whether nephrocystin may interact with

PACS-1, we generated a fusion construct of the furin-binding

region (FBR) of PACS-1 with the CH2 and CH3 domains of

human IgG (hIg.PACS-185�280), and coexpressed this con-

struct in HEK 293T cells together with FLAG-tagged nephro-

cystin (F.NPHP1). The FBR mediates association with acidic

clusters of various proteins (Wan et al, 1998; Scott et al,

2003). As demonstrated in Figure 4A, nephrocystin specifi-

cally co-precipitated with hIg.PACS-185�280, but not with the

control construct lacking the FBR (hIg). This interaction

could also be demonstrated in overlay assays, where we

used the bacterially expressed and affinity-purified

glutathione-S-transferase fusion protein of the FBR coupled

to glutathione-linked horseradish peroxidase as a reagent

to detect interaction with FLAG-tagged nephrocystin

(Figure 4B). Pulldown assays confirmed the interaction

(Figure 4C), and revealed that endogenous nephrocystin

from mouse kidney was specifically immobilized by FBR

fusion proteins (Figure 4D). Using the specific anti-PACS-1

and anti-nephrocystin antibodies, the interaction was demon-

strated for endogenous proteins precipitated from mouse

kidney lysates (Figure 4E), confirming that this interaction

occurs in vivo.

Requisite phosphorylation of serines 121, 123, and 126

of nephrocystin mediates interaction with PACS-1

To map the PACS protein interaction site, we generated a

series of truncations and deletion mutants of nephrocystin

(Figure 5A). PACS-1 interaction required the acidic cluster of

nephrocystin amino-terminal to the SH3 domain (Figure 5B).

This acidic cluster contains at least four perfect consensus

phosphorylation sites for CK2, and a bacterially expressed

version of nephrocystin containing these serine residues was

phosphorylated by CK2 in vitro (Figure 5C). Therefore, we

speculated that phosphorylation of these serine residues is

required for efficient binding of nephrocystin to PACS-1. To
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Figure 4 Nephrocystin interacts with acidic cluster sorting protein PACS-1. (A) Nephrocystin co-precipitates with PACS-1. Ig-tagged PACS-1
(amino acids 85–280) or a control protein and Flag-tagged nephrocystin (F.NPHP1) were expressed in HEK 293T cells and precipitated with
protein G. Western blot analysis was performed with a FLAG-specific antibody (top). Expression levels of F.NPHP1 in the lysates are shown
(bottom). (B) Lysates of cells expressing FLAG-tagged green fluorescent protein (F.GFP) or nephrocystin (F.NPHP1) were analyzed on Western
blots with anti-FLAG antibody (left) or by overlay assays using a GST fusion protein of PACS-1 coupled to horseradish peroxidase as detection
reagent (right panel). (C) Pulldown assays using a recombinant GST fusion protein of PACS-1 confirm specific interaction with nephrocystin.
(D) Pulldown of endogenous nephrocystin from mouse kidney lysates (top). Protein lysates from mouse kidneys were incubated with
recombinant MBP fusion proteins immobilized on beads. After incubation at 41C, the beads were washed extensively and bound proteins were
analyzed by immunoblotting. Co-precipitating endogenous nephrocystin protein is shown in the upper panel, expression of recombinant MBP
fusion proteins is shown in the lower panel. (E) Endogenous nephrocystin interacts with PACS-1 in the kidney, suggesting that the interaction
occurs in vivo. Protein lysates from mouse kidneys were subjected to immunoprecipitation with a control antibody (second lane) or specific
anti-nephrocystin antibody (third lane), washed extensively and immunoblotted with specific anti-PACS-1 antibody. The first lane depicts
PACS-1 expression in the kidney lysate.
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address this hypothesis, we mutated these serine residues to

alanines that abrogated phosphorylation (not shown).

Consistently, CK2 phosphorylation of nephrocystin dramati-

cally augmented binding of PACS-1, as shown by in vitro

interaction experiments (Figure 5D), whereas inhibition of

CK2 with the specific inhibitor 4,5,6,7-tetrabromo-2-azaben-

zimidazole (TBB, 20mM, 4 h) abrogated the interaction in

coimmunoprecipitation experiments (Figure 5E). To identify

the phosphorylated amino acids in vivo, we labelled cells

expressing wild-type nephrocystin and performed complete
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Figure 5 The interaction between nephrocystin and PACS-1 is phosphorylation-dependent and maps to a cluster of acidic residues in
nephrocystin. (A) Several Flag-tagged nephrocystin truncations were generated to analyze the interaction with PACS-1. The SH3 domain in
nephrocystin (green) is flanked by two clusters of acidic residues (red). (B) PACS-1 interaction requires a region of nephrocystin that contains
the first acidic cluster (top). HEK 293T cells were cotransfected with Ig-tagged PACS-1 (amino acids 85–280) and FLAG-tagged nephrocystin
constructs as indicated. Ig-tagged PACS-1 was precipitated with protein G and the precipitates were analyzed for co-precipitating nephrocystin
truncations (upper panel). Expression levels of FLAG-tagged nephrocystin constructs are shown (bottom). Expression level of hIg.PACS-1 was
identical in all cell lysates (not shown). (C) A bacterially expressed recombinant fusion protein of nephrocystin (MBP.NPHP1) containing the
first acidic cluster (amino acids 1–209) is time-dependently phosphorylated by CK2. Autoradiograph after in vitro phosphorylation of MBP or
MBP.NPHP1 with CK2 (top). Expression of recombinant fusion proteins is shown (bottom). (D) In vitro interaction of His.PACS-185�285 with
MBP (before and after treatment with CK2, lanes 1 and 2) and MBP.NPHP11�209 (before and after treatment with CK2, lanes 3 and 4) shows
dependence of the interaction on CK2 activity. His-tagged PACS-1 (amino acids 85–280) was bound to Niþ beads and incubated with equal
amounts of MBP (first two lanes) or MBP.NPHP1 (amino acids 1–209) preincubated or not preincubated with CK2. Niþ beads were washed
extensively and analyzed for co-precipitating MBP fusion proteins with anti-MBP antibody. His-tagged PACS-1 was visualized by reprobing the
blot with anti-His antibody. (E) Treatment of cells with the CK2 inhibitor TBB (20 mM, 4 h) prior to cell lysis inhibits the interaction of PACS-1
with nephrocystin (upper panel). Expression levels are shown (lower panel). Equal expression of Ig-tagged proteins was confirmed by
reprobing with anti-human-IgG antibody (not shown).
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tryptic digest. Phosphoamino-acid analysis of precipitated

nephrocystin revealed two major phosphopeptides

(Figure 6A, upper panel). The major phosphorylated peptide

was absent in a mutated nephrocystin lacking the serine

residues of the acidic cluster (Figure 6A, middle panel), or

a deletion mutant lacking the entire region (Figure 6A, lower

panel), demonstrating that these serine residues of nephro-

cystin are phosphorylated in vivo. Total hydrolysis and phos-

phoamino-acid analysis performed on the isolated spot

demonstrated that this peptide contained exclusively phos-

phoserine, but no phosphorylated tyrosines or threonines

(Figure 6B). The major fraction of the peptide was used for

solid-phase Edman degradation, revealing a pattern of

x*x*xx*xxxxx (‘*’ representing a radioactively labelled

residue, and ‘x’ a nonlabelled amino acid) (Figure 6C).

Comparison to the predicted fragments resulting from tryptic

digest (www.expasy.org/tools/peptide-mass.html) revealed

that this fragment corresponded to a peptide containing

parts of the first acidic cluster, indicating that Ser121,

Ser123, and Ser126, but not Ser 129, were phosphorylated

in vivo. Consistently, serine-to-alanine mutation of these

residues dramatically decreased binding of PACS-1 to nephro-

cystin, as depicted in Figure 6E, further supporting our

concept that efficient PACS-1 binding to nephrocystin

requires CK2-dependent serine phosphorylation within the

acidic cluster of nephrocystin.

CK2-dependent phosphorylation of nephrocystin is

required for localization to the transition zone of cilia

PACS-1 has been identified as a sorting connector, which

retrieves membrane-associated proteins to TGN and endo-

somes (Wan et al, 1998; Crump et al, 2001). These processes

are regulated through CK2-dependent protein interactions

of cargo proteins with PACS-1. To demonstrate that CK2-
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Figure 6 Requisite phosphorylation of serines 121, 123, 126, but not serine 129, of nephrocystin mediates interaction with PACS-1.
(A) Radioactive labelling, followed by precipitation of nephrocystin, completes tryptic digest of the protein, and two-dimensional separation
of the peptide fragments reveals a major phosphopeptide in wild-type nephrocystin that is absent in the serine-to-alanine mutants lacking
serine 121, 123, 126, and 129, as well as in the deletion mutant of the first acidic cluster of nephrocystin. (B) The indicated peptide was eluted
and a fraction was hydrolyzed and subjected to phosphoamino-acid analysis (locations of standard phosphoamino acids are indicated by black
circles, pS-phospho-serine, pT-phospho-threonine, pY-phospho-tyrosine). (C) The remaining portion of the eluted phosphopeptide was
subjected to 20 cycles of Edman degradation and cleaved amino acids were collected and analyzed using a PhosphorImager to locate the
position of the phosphorylation site(s). The content of 32P radioactivity of each sequencing cycle is expressed in arbitrary units (AU). (D) The
SH3 domain of nephrocystin (highlighted in gray) is flanked by two acidic clusters (yellow) containing putative CK2 phosphorylation sites
(red). (E) Mutation of the CK2 phosphorylation sites in nephrocystin to alanines prevents binding of PACS-1. HEK 293T cells were transfected
with the plasmids as indicated and subjected to precipitation with protein G, followed by immunoblotting with anti-FLAG antibody. The lower
panel shows expression in the lysates.
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mediated phosphorylation affects nephrocystin localization,

we incubated freshly isolated native human nasal epithelial

cells with the highly selective CK2 inhibitor 2-dimethylami-

no-4,5,6,7-tetrabromo-1H-benzimidazole (DMAT) (1.5 mM,

2 h at 371C). CK2 inhibition with DMAT resulted in the loss

of nephrocystin from the base of cilia (Figure 7A) without

affecting cilia morphology or antiacetylated tubulin staining.

Instead of localizing to the transition zone/basal body area,

nephrocystin assumed a vesicle-like subcellular distribution.

This was associated with an almost complete loss of nephro-

cystin staining in the ciliary axonemes. Similar results were

obtained with the CK2 inhibitors 5,6-dichloro-1-b-D-ribofur-

anosyl-benzimidazole (DRB) and TBB (not shown), demon-

strating that nephrocystin localization to the transition zone

is critically dependent on CK2 activity. To further investigate

the role of PACS-1 for targeting nephrocystin to the transition

zone, we next used a vaccinia virus to express a dominant-

negative version of PACS-1 (PACS-1 ADMUT; Crump et al,

2001) in respiratory epithelial cells. Transduction of mouse

trachea in primary culture resulted in expression of HA-

tagged PACS-1 ADMUT already 4 h after infection

(Figure 7B). Respiratory epithelial cells were harvested 16 h

after the infection with either control vaccinia virus or PACS-1

ADMUT vaccinia virus, and stained with antiacetylated tu-

bulin and antinephrocystin antibody. Expression of PACS-1

ADMUT resulted in the loss of nephrocystin from the transi-

tion zone, whereas the control vaccinia virus was without

effect. Taken together, these data demonstrated that phos-

phorylation-dependent PACS-1 interaction is required for the

targeting of nephrocystin to the base of cilia.

Discussion

Recent evidence has suggested that proteins that reside in the

cilia of various cell types are involved in the development of a

large number of diseases ranging from cystic kidney and

retinal degenerative disease to liver fibrosis, bone abnormal-

ities, and diabetes. Although of critical importance for human

disease, very little is known regarding how these proteins are

targeted to the ciliary compartment.

Here, we show that nephrocystin, a prototypical member

of this family of cilia-associated proteins, interacts with the

phosphoacidic cluster sorting protein PACS-1. CK2-mediated

phosphorylation of three critical serine residues within a

cluster of acidic amino acids in nephrocystin was required

for PACS-1 binding and targeting of nephrocystin to the

transition zone/basal body region of cilia. PACS-1 has been

implicated in trafficking of a variety of cellular proteins and

targeting of proteins to the TGN and the endosomal compart-

ment. Thus, it was surprising to see that in respiratory

epithelial cells PACS-1 specifically localized at the ciliary

base. This area stained positive for both PACS-1 and golgin-

97, a peripheral membrane protein that has been shown to

localize to a distinct domain of the TGN in unpolarized cells
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Figure 7 Targeting of nephrocystin to the transition zone/basal
body area requires CK2 activity and is dependent on PACS-1.
(A) Native human respiratory epithelial cells, freshly isolated by
brush biopsy, were incubated with solvent (upper panels) or the
highly selective CK2 inhibitor DMAT (1.5mM, 2 h at 371C) (lower
panels), fixated in paraformaldehyde (4%) and stained for nephro-
cystin (red) and acetylated tubulin (green). Nuclei (blue). Instead of
localizing to the transition zone/basal body area as shown in
solvent-treated cells (upper panel), nephrocystin assumes a vesi-
cle-like subcellular distribution (lower panel). (B) Vaccinia virus-
mediated expression of a dominant-negative mutant of PACS-1
(PACS-1 ADMUT) in mouse trachea. Time- and dose-dependent
expression of PACS-1 ADMUT was analyzed on immunoblots of
mouse tracheal cells with anti-HA antibody. (C) Expression of PACS-
1 ADMUT results in loss of nephrocystin from the ciliary base.
Respiratory epithelial cells were harvested 16 h after the infection
with either control vaccinia virus (Control) or PACS-1 ADMUT
vaccinia virus (PACS-1 ADMUT) and stained with antiacetylated
tubulin and anti-nephrocystin antibody.
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(Yoshino et al, 2003; Derby et al, 2004). Although cross-

reactivity with another closely related protein cannot be

excluded, these data suggest that distal parts of the TGN

are in close connection with the base of the cilia.

Alternatively, these data may suggest that the base of cilia

is part of a novel, previously undefined golgin-97- and PACS-

1-positive compartment that is distinct from the TGN. Both

explanations are in agreement with electron microscopy

studies revealing that parts of the TGN and endosomes

reach the apical surface in ciliated epithelial cells (for a

review of ‘cilia/flagella and transport’, see Pazour and

Rosenbaum, 2002; Rosenbaum and Witman, 2002). Our

results link established cellular transport mechanisms with

the targeting of ciliary proteins and have several important

implications. First, acidic cluster domains similar to the one

identified in nephrocystin can be found in a variety of

proteins involved in cilia-related human disease. These pro-

teins include the cystic kidney disease proteins polycystin-2,

the Bardet Biedl syndrome protein BBS2, and others.

Therefore, CK2-dependent transport processes involving

binding to the transport protein PACS-1 may represent a

more general mechanism for targeting of proteins to the

base of cilia. Second, this study identifies nephrocystin as a

component of the motile cilia of respiratory epithelial cells.

Interestingly, cystic kidney disease patients can present with

respiratory symptoms consistent with possible respiratory

ciliary defects. This study may initiate a search for a subtle

respiratory phenotype in NPH patients. Third, the localiza-

tion of nephrocystin to the transition zone/basal body area of

cilia suggests a possible role of nephrocystin in controlling

access of other proteins to the ciliary compartment. Although

cilia and flagella are ostensibly open to the cytoplasm, it

seems that only a subset of cytoplasmic proteins is admitted

to the ciliary/flagellar compartment. In Chlamydomonas

reinhardtii, the boundary between the cytoplasmic and fla-

gellar compartments is demarcated by transition fibers,

which extend from the distal end of the basal body and

connect each of the nine basal-body triplet microtubules to

the flagellar membrane (Rosenbaum and Witman, 2002).

Rosenbaum and Witman (2002) proposed that these transi-

tion fibers might be structural components of a flagellar pore

complex (FPC) that controls the movement of molecules and

particles between the cytoplasmic and flagellar compart-

ments, much as the nuclear pore controls movement between

the cytoplasmic and nuclear compartments. Immunoelectron

microscopy has shown that the transition fibers are docking

sites for the intraflagellar transport particle proteins at the

base of the flagellum. Interestingly, in photoreceptors, the

transition zone is formed by the connecting cilium of rods

and cones (Hong et al, 2003; Snell et al, 2004). Diseased

protein transport in the connecting cilium of photoreceptors

results in retinal degeneration, which can also be found in

NPHP patients (Deretic and Papermaster, 1991; Pazour et al,

2002). Thus, loss of nephrocystin from the transition zone/

basal body area may represent a common pathomechanism

for cystic kidney disease as well as respiratory disorders and

retinitis pigmentosa in NPHP patients. In the nematode

Caenorhabditis elegans, ciliated sensory neurons located in

the head and tail sense an extensive variety of environmental

signals and mediate a wide spectrum of actions. The male

possesses ciliated neurons primarily involved in male mating

behavior. Interestingly, NPHP1 is required for male sensory

behaviors (Jauregui and Barr, 2005). GFP-tagged NPHP1 and

NPHP4 proteins localized to ciliated sensory endings of

dendrites in male-specific sensory cilia. nphp1;nphp4 double

mutant males had intact cilia, but were response defective,

suggesting a role for NPHP1 and NPHP4 in ciliary sensory

signal transduction. To exert their action, these proteins have

to localize to the sensory organelles, to the base of cilia. Thus,

it is highly conceivable that trafficking defects may be

involved in the pathogenesis of NPHP1-related disease.

Together, these data suggest a critical role for CK2 and

PACS-1 in controlling access/transport of proteins destined to

reach cilia. Based on these data, one may expect that a deeper

understanding of the transport mechanisms involved in

targeting to the ciliary base as well as the physiological

function subserved by nephrocystin and PACS-1 will be

discernable by studying trafficking in ciliated respiratory

epithelial cells.

Materials and methods

Plasmids and antibodies
Nephrocystin and PACS-1 constructs have been described pre-
viously (Benzing et al, 2001; Kottgen et al, 2005). HA-tagged
versions of human PACS-1 were generously provided by Dr G
Thomas (Vollum Institute, Portland/Oregon). Fusion proteins of the
FBR of PACS-1 were generated by PCR cloning using a pCDM8
cassette that contained the leader sequence of CD5 fused to the CH2
and CH3 domains of human IgG1, followed by a cloning cassette
(kindly provided by Dr B Seed, Harvard Medical School, Boston,
MA) (Tsiokas et al, 1997). Site-directed mutagenesis was performed
using the QuickChange Site-Directed Mutagenesis Kit (Stratagene).
All plasmids were verified by automated DNA sequencing.
Antibodies were obtained from Sigma (anti-FLAG, antiacetylated
tubulin), Santa Cruz (anti-myc, anti-HA, anti-RPGR), Roche
Biochemicals (anti-HA), Serotec (anti-TGN-46), Molecular Probes
(anti-golgin-97), and Upstate Biotechnologies (anti-PY 4G10).
Vaccinia viruses expressing PACS-1 ADMUT were kindly provided
by Dr G Thomas (Vollum Institute, Portland, OR). These viruses as
well as control virus were produced as described previously (Wan
et al, 1998; Crump et al, 2001).

Cell culture and transfections
HEK 293T cells were cultured in DMEM supplemented with 10%
fetal bovine serum. For transfection experiments, cells were grown
until 60–80% confluence and transfected with plasmid DNA using a
modified calcium phosphate method as described previously
(Benzing et al, 1999, 2000). At 24 h after transfection, cells were
lysed in 1 ml/10-cm dish of ice-cold lysis buffer (1% Triton X-100,
20 mM Tris–HCl, pH 7.5, 50 mM NaCl, 50 mM NaF, 15 mM Na4P2O7,
2 mM Na3VO4 and protease inhibitors) for 15 min on ice. Lysates
were centrifuged at 41C for 15 min at 14 000 r.p.m., and sub-
sequently subjected to ultracentrifugation (100 000 g, 30 min, 41C).
Supernatants were used for in vitro binding assay, affinity
purification and coimmunoprecipitation studies.

Coimmunoprecipitation
Coimmunoprecipitations were performed as described (Huber et al,
2003). For precipitation of endogenous proteins, mouse kidneys
were perfused in situ with ice-cold phosphate-buffered saline (PBS)
and homogenized in 2 ml of lysis buffer (20 mM Tris–HCl, pH 7.5/
1% Triton X-100/25 mM NaF/12.5 mM Na4P2O7/0.1 mM EDTA/
50 mM NaCl/2 mM Na3VO4 and protease inhibitors). After centri-
fugation to remove cellular debris, the supernatant was subjected to
an ultracentrifugation (100 000 g) for 30 min, followed by extensive
preclearing with protein G Sepharose. Immunoprecipitation with
control antibody or anti-nephrocystin antiserum was performed as
described (Benzing et al, 2001). Briefly, 50ml was kept as lysate and
the rest (1 ml) was divided into two portions and subjected to
immunoprecipitation with 2 mg of control or nephrocystin antibody
and protein G beads. Precipitates were washed extensively and
analyzed for co-precipitating proteins.
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Pulldown assay
HEK 293T cells were transiently transfected with plasmid DNA as
indicated. After stimulation, cells were lysed in ice-cold lysis buffer.
Following centrifugation, the supernatant was incubated for 1 h
at 41C with 2mg of recombinant purified glutathione-S-sepharose
(GST), histidine-tag, or maltose-binding-protein (MBP) fusion
proteins prebound to glutathione-Sepharose (Amersham Bio-
sciences), nickel beads (Qiagen), or amylose resin (New England
Biolabs) as indicated. Bound proteins were separated by SDS–PAGE,
and precipitated proteins were visualized by immunoblotting with
anti-FLAG and anti-myc antibodies. Equal loading of fusion proteins
was confirmed by Coomassie Blue staining of the gels. For
pulldown assays of endogenous proteins, kidney lysates were
prepared as described above.

In vitro phosphorylation and interaction
In vitro phosphorylation of MBP.NPHP11�209 was performed for
30 min at 251C in a 100-ml reaction in a buffer containing 20 mM Tris–
HCl, 50 mM KCl, 10 mM MgCl2, pH 7.5, 100mM ATP (with or without
g-32P-ATP). The phosphorylation was initiated by the addition of 1.0 U
of recombinant CK2 (New England Biolabs) in enzyme dilution buffer
or enzyme dilution buffer alone (control). To monitor the incorpora-
tion of phosphate, the unlabelled ATP was supplemented with 10mCi
of g-32P-ATP, and radiolabelled MBP.NPHP11�209 was visualized by
SDS–PAGE and autoradiography. For in vitro interaction studies,
purified recombinant protein (1mg of phosphorylated (through CK2)
or unphosphorylated MBP.NPHP11�209 or MBP alone) was incubated
with 2.5mg recombinant His.PACS-185�280 immobilized on Niþ beads
for 90 min in 450ml of binding buffer containing 50 mM potassium
phosphate, pH 7.5, 150 mM KCl, 1 mM MgCl2, 10% (v/v) glycerol,
1% Triton X-100, and protease inhibitors. The washed precipitate was
separated on a 10% SDS acrylamide gel. Bound MBP.NPHP11�209 was
detected by immunoblotting using an anti-MBP rabbit antiserum
(New England Biolabs). His.PACS-185�280 was counterstained with
monoclonal anti-His antibodies (Qiagen, Germany). DRB (30mM final
concentration) was purchased from Alexis (Germany); DMAT and
TBB (20mM final concentration) were purchased from Calbiochem.

Generation and purification of a PACS-1-specific monoclonal
antibody
A bacterially expressed and affinity-purified His-tagged PACS-1
fragment (His.PACS-185�280) was used to immunize mice following
a standard immunization protocol (Kohler and Milstein, 1975).
Fusions resulted in the generation of more than 20 specific
monoclonal antibodies that were subcloned and typed as mouse
IgG1. Protein A/G columns were used to concentrate the PACS-1-
specific antibodies. Specificity was verified by using bacterially
expressed recombinant proteins, cell lysates from transfected cells,
and homogenized renal tissue.

32P labelling and two-dimensional mapping
of phosphorylation sites
32P labelling of cells (1–2 mCi/ml for 6–8 h), solubilization, and
immunoprecipitation of nephrocystin were performed as described
previously (Blaukat et al, 2001; Kruljac-Letunic et al, 2003). All
experiments were performed in six-well plates. After separation of
the immunoprecipitated proteins by 10% SDS–PAGE, the proteins
were transferred onto nitrocellulose membranes. Radiolabelled
proteins were detected by PhosphorImager (BAS2000, Fuji) analysis
and tryptic digests were performed as described previously with
minor modifications (Blaukat et al, 2001). Briefly, membrane pieces
containing the 32P-labelled proteins were cut out and blocked with
0.5% polyvinylpyrrolidone 40 in 0.6% acetic acid, for 30 min at
371C. Following extensive washes with water, membrane-bound
nephrocystin was cleaved in situ with sequencing grade trypsin in
50 mM (NH4)HCO3 for 12 h at 371C. Released tryptic peptides were
vacuum-dried and oxidized with performic acid for 1 h on ice.
Reactions were stopped by dilution with 20% (v/v) ammonia
solution. Thereafter, samples were frozen, vacuum-dried, and a

second digest was performed for 12 h at 371C. Following vacuum
drying, samples were dissolved in electrophoresis buffer (formic
acid:acetic acid:water, 46:156:1790 (v/v/v)) and phosphopeptides
were separated by electrophoresis on cellulose thin-layer plates in a
first dimension (2000 V, 40 min, electrophoresis buffer) and ascending
chromatography in a second dimension (15 h, isobutyric acid,
1-butanol, pyridine, acetic acid, water, 1250:38:96:58:558 (v/v/v/v/
v)). Phosphopeptides were detected by PhosphorImager analysis and
eluted from the cellulose matrix with 20% (v/v) acetonitrile in a
sonicated water bath for 15 min. Part of the extract (25–100 c.p.m.)
was hydrolyzed with 6 M HCl for 1 h at 1101C and subjected to a
phosphoamino-acid analysis. The second fraction (50–500 c.p.m.)
was sequenced by Edman degradation using a solid-phase sequencer
(ABI 477). In all, 20 sequencing cycles were collected, dried, and
analyzed for their content of 32P radioactivity using a Phosphor-
Imager. Data obtained from Edman degradation were used to predict
phosphorylation sites. The prediction was verified by in vitro
mutagenesis of corresponding phosphoacceptor sites.

Immunofluorescence staining of respiratory epithelial cells
Human respiratory epithelial cells were obtained by transnasal
brush biopsy using a cytobrush plus (Medscand Malmö, Sweden)
and suspended in RPMI1640 without supplements. Samples were
spread onto glass slides. Cells were fixed with 4% paraformalde-
hyde in PBS for 15 min and permeabilized with 0.2% Triton-X 100 in
PBS for 5 min prior to blocking with 0.5% skim milk in PBS
overnight. Cells were incubated with primary antibodies for 5 h and
for 30 min with secondary antibody at room temperature. Anti-
bodies were diluted in 0.5% skim milk and slides were washed 3–4
times with PBS after each step. Appropriate controls were
performed omitting the primary antibodies. DNA was stained with
10mg/ml Hoechst 33342 (Sigma) in H2O. Images were taken on a
Zeiss laser scan confocal microscope (LSM 510 iUV) and Zeiss
microscopes equipped with the Apotome Imaging System.

Mouse trachea primary culture
Tracheas from female Balb/C mice (8–12 weeks) were aseptically
dissected, collected in DMEM containing 20 mM HEPES, pH 7.4,
and cut into half rings of the length of 3–4 rings of cartilage. These
rings were placed ciliated site up within a cell culture insert on a
0.4 mm polyester membrane (Transwell, Corning). The remaining
media around the tissue was partially removed with a micropipette.
The outer site of the transwell plate was filled with 1 ml DMEM:F12
(1:1) supplemented with 10% Nu-Serum (Becton Dickinson), 1%
fungizone (Invitrogen), and antibiotics (50 U/ml penicillin and
50mg/ml streptomycin, Invitrogen). This technique avoids submer-
sion of the ciliated areas, while still providing nutrients to the
tissue. After culture times of up to 6 days (371C, 5% CO2), the
epithelium showed a normal morphology with intact and beating
cilia. Infection of the cultures with vaccinia virus was performed as
described (Wan et al, 1998) immediately after preparation of the
tracheal rings. To harvest ciliated respiratory epithelial cells, the
epithelium was scraped in PBS with a scalpel, cells were collected
by centrifugation, resuspended in a very small volume of DMEM,
spread onto glass slides pretreated with Cell Tak (BD Biosciences),
air dried, fixed with 4% PFA, permeabilized with 0.1% TX-100,
blocked in 0.5% milk overnight, and stained as described above.
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