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ABSTRACT: Autosomal dominant polycystic kidney disease (ADPKD) is caused
by mutations in the genes encoding either polycystin-1 (PC1) or polycystin-2
(PC2). PC2 acts as a nonselective cation channel and together with PC1 plays a
role in intracellular Ca2+ signaling. Using atomic force microscopy (AFM) imaging,
we have shown previously that the N and C termini of PC1 appear as unequally
sized particles connected by a “string” largely composed of tandem
immunoglobulin-like, polycystic kidney disease (PKD) domains. Here, we show
that coexpression of PC1 and PC2 causes an elongation of the PC1 string and a corresponding reduction in the size of the larger
(C-terminal) particle. This change in the conformation of PC1 does not depend on its delivery to the plasma membrane. In
addition, the use of the L3040H PC1 mutant showed that the conformational change does not require GPS cleavage.
Coexpression of PC1 with PC2 mutants revealed that the conformational change in PC1 does not require either a stable
interaction between PC1 and PC2 or PC2 channel function. Finally, we show that the tandem PKD repeats and to a lesser extent
the receptor for egg jelly (REJ) domain both contribute to the extension of the PC1 string in the presence of PC2. We propose
that the PKD repeats detach from the C-terminal fragment in response to PC2 activity. The resulting remodeling of PC1 may be
responsible for enhancing GPS cleavage of PC1 and the separation of the PC1 N-terminal fragment from the C terminus during
its maturation.

Autosomal dominant polycystic kidney disease (ADPKD)
affects around one in a thousand individuals, making it

one of the most common inherited diseases (reviewed in refs
1−3). Patients with ADPKD develop multiple fluid-filled cysts
lined by renal tubular epithelial cells, which is a process that
impairs kidney function and in many cases leads to end-stage
renal failure. ADPKD is caused by mutations in either the
PKD1 or PKD2 genes that encode the proteins polycystin-1
(PC1) and polycystin-2 (PC2), respectively.
PC2 is an ∼110 kDa multispanning transmembrane protein

that belongs to the transient receptor potential (TRP) family
and functions as a nonselective Ca2+-permeable cation
channel.4,5 In addition to forming heterotetrameric complexes
with other TRP channels, PC2 can form homotetramers.6,7

PC2 homo-oligomerization is facilitated by domains at both the
N and C termini,8 and the oligomeric state of PC2 is modulated
by Ca2+-induced conformational changes in the EF-hand within
its C-terminal cytoplasmic tail.9

PC1 is an ∼460 kDa integral membrane protein with 11
transmembrane domains and a large ∼3000 amino acid
extracellular region containing several structural domains,
including multiple immunoglobulin-like PKD repeats, a G-
protein-coupled receptor proteolytic site (GPS), and a sea
urchin receptor for egg jelly (REJ) domain (Figure 1). Atomic
force microscopy (AFM) imaging of purified PC1 has revealed
two unequally sized particles attached by a ∼35 nm string
structure composed of tandem PKD repeats.10 The vascular
endothelial growth factor receptor-2, which also has several
similar immunoglobulin-like repeats, has been shown by
electron microscopy to adopt a similar structure.11 Interest-

ingly, epidermal growth factor receptor activation has been
shown to enhance PC2 channel activity;12 hence, these
extended structures and the involvement of extracellular signals
may be crucial for modulating PC2 function.
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Figure 1. Schematic diagram of the PC1 and PC2 constructs. FL
mouse PC1 contains a G protein-coupled receptor proteolytic site
(GPS), tandem polycystic kidney disease (PKD) domains, a
polycystin-lipoxygenase-alphatoxin (PLAT) domain, a receptor for
egg jelly (REJ) domain, and a cell-wall integrity and stress-response
component (WSC). Also shown are PC1-L3040H (the PC1 GPS-
cleavage mutant), PC1-ΔREJ (the REJ domain deletion mutant), PC2-
R872X (a clinically relevant truncation mutant), PC2-D511V (a
clinically relevant channel-dead mutant), and PC2-T721A (another
channel-dead mutant). The positions of the epitope tags are indicated.
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PC1 undergoes autoproteolytic cleavage at its GPS site,
which is a process that appears to be required for its
function.13,14 The C-terminal tail of PC1 can also be cleaved,
causing the release of fragments that enter the nucleus and
regulate cell-signaling pathways.15,16 Coexpression studies have
shown that PC2 promotes both GPS cleavage of PC1 17 and
cleavage at the C-terminal tail.18

PC1 and PC2 can interact via C-terminal cytoplasmic coiled-
coil domains19,20 to form a polycystin complex. Exogenously
expressed PC1 and PC2 have been shown to colocalize at the
cell surface,21−23 and plasma-membrane delivery of PC1 has
been shown to depend on PC1 GPS cleavage.17 In vivo, PC1
and PC2 are expressed in kidney tubular epithelial cells where
they colocalize at primary cilia.24,25 In ciliated LLC-PK1 cells,
colocalization of PC1 and PC2 at the cilia is promoted by PC2
channel activity and involves a coiled-coil interaction between
the two proteins.17

Cells cultured from ADPKD cysts have lower Ca2+

concentrations than those from normal kidney tissue,26

indicating that the deregulation of PC1- and PC2-mediated
cellular Ca2+ signaling may be important in the development of
the disease. PC1 has also been implicated in controling PC2
channel activity. Patch-clamp experiments showed that removal
of the C-terminal coiled-coil domains from either PC1 or PC2
decreased the PC1-PC2 interaction and reduced Ca2+ flux.21

Some studies have suggested that PC1 and PC2 together act as
a cellular mechanosensor that is stimulated by extracellular
stimuli. For example, in embryonic kidney cells expressing both
PC1 and PC2, antibodies directed against the extracellular
region of PC1 increased cytosolic Ca2+.23 Furthermore, the use
of fluid flow to bend the primary cilium of MDCK cells caused
an increase in intracellular Ca2+,27 but cells lacking PC1 or
incubated with antibodies directed against the extracellular
regions of PC1 and PC2 showed a reduced Ca2+ influx.28

Having recently resolved the domain structure of PC1 using
AFM,10 we set out here to investigate the structural basis of the
interaction between PC1 and PC2. We show that PC1
undergoes a conformational change when coexpressed with
PC2. This change involves the PKD repeats and to a lesser
extent the REJ domain but does not require a stable interaction
between PC1 and PC2, cell surface delivery of PC1, PC2
channel function, or GPS cleavage of PC1.

■ MATERIALS AND METHODS

Constructs. The wild-type mouse PC1 construct, contain-
ing a triple FLAG tag near the N terminus and a triple HA tag
at the C terminus,29 together with the L3040H PC1 GPS-
cleavage mutant,30 both in pcDNA3.1, were kindly provided by
Dr. M. J. Caplan (Yale University, New Haven, CT). PKD-
ΔREJ (Δ2142C-2926L) was created by inserting a PCR
product containing the region encoding the sixteenth PKD
domain into the EcoRV and SacII restriction sites. Wild-type
human PC2 as well as PC2-R872X, PC2-D511V, and PC2-
T721A mutants, all tagged with V5 and His6 at the C terminus
in pcDNA3.1, were produced in-house. The constructs used are
illustrated schematically in Figure 1.
Cell Culture and Transfection. tsA 201 cells were grown

as described previously.10 A total of 250 μg of DNA was used to
transfect tsA 201 cells in 5 × 162 cm2 culture flasks. For tsA
201 cells in a 75 cm2 culture flask, 25 μg of DNA was used.
After transfection, cells were incubated for 48 h to allow protein
expression.

Solubilization and Isolation of Epitope-Tagged
Proteins. A crude membrane fraction of transfected tsA 201
cells was solubilized in 1% Triton X-100 for 1 h before
centrifugation at 100 000g to remove insoluble material. To
isolate PC1, the solubilized extract was incubated with anti-HA-
agarose beads (Sigma) for 2 h at 4 °C. The beads were washed
extensively, and bound proteins were eluted with HA peptide
(300 μg/mL). Eluted samples were analyzed by SDS-
polyacrylamide gel electrophoresis (SDS-PAGE), and proteins
were detected either by silver staining or immunoblotting.

Cell-Surface Biotinylation. Transiently transfected tsA
201 cells in one 75 cm2

flask were washed with ice-cold
phosphate-buffered saline (PBS) and incubated with 250 μM
Sulfo-NHS-SS-biotin (Thermo Scientific) in PBS for 45 min at
4 °C. The reaction was quenched for 30 min at 4 °C with 300
mM NaCl and 50 mM Tris-HCl, pH 7.2. The cells were
solubilized in 1% Triton X-100 for 1 h before centrifugation at
20 800g for 15 min. The lysates were incubated with
streptavidin-agarose beads for 2 h at 4 °C, and the beads
were washed thoroughly before elution in SDS-PAGE sample
buffer.

AFM Imaging. Isolated proteins were diluted appropriately,
and 45 μL of the sample was allowed to adsorb onto freshly
cleaved, poly-L-lysine-coated mica disks. After a 5 min
incubation, the sample was washed with biotechnology
performance certified-grade water (Sigma) and dried in a
stream of nitrogen gas. Imaging was performed with a Veeco
Digital Instruments Multimode atomic force microscope
controlled by a Nanoscope IIIa controller. Samples were
imaged in air using tapping mode. The silicon cantilevers used
had a drive frequency ∼300 kHz and a specified spring constant
of 40 N/m (Olympus). The applied imaging force was kept as
low as possible (AS/A0 ∼0.85).
The molecular volumes of protein particles were determined

from particle dimensions on the basis of AFM images. After
adsorption of the proteins onto the mica support, the particles
adopted the approximate shape of a spherical cap. Scanning
Probe Image Processor (SPIP) version 5 (Image Metrology)
was used to measure the particle height (zmax) and diameter. It
is well known that the geometry of the scanning AFM probe
introduces a tendency to overestimate particle diameter. To
minimize this probe convolution error, we used an SPIP
particle threshold of 0.3 nm to provide accurate measurements
of the diameter. This value was chosen after comparing the
volumes calculated manually for immunoglobulin G molecules
with both the volumes generated using SPIP and the predicted
volume, which is based on the molecular mass. The molecular
volume was calculated using the equation

π= +V h r h( /6)(3 )m
2 2

(1)

where h is the particle height and r is the radius. The molecular
volume based on the molecular mass was calculated using the
equation

= +V M N V dV( / )( )c 0 0 1 2 (2)

where M0 is the molecular mass, N0 is Avogadro’s number, V1
and V2 are the partial specific volumes of the particle (0.74
cm3/g) and water (1 cm3/g), respectively, and d is the extent of
protein hydration (taken as 0.4 g of water/g of protein). Note
that it has been shown previously31 that the molecular volumes
of proteins measured by imaging in air are similar to the values
obtained by imaging under fluid; hence, the process of drying
does not significantly affect the measured molecular volume. It
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has also been shown by us32 and others31 that there is a close
correspondence between the measured and predicted molecular
volumes for various proteins over a wide range of molecular
masses; hence, molecular volume is measured reasonably
accurately by AFM imaging.
Data Analysis. The data were separated into appropriate

bin widths and histograms were plotted. Gaussian curves were
fitted using SigmaPlot version 10.0, and the mean value of the
peaks were calculated. Welch’s t tests of unequal sample size
and unequal variance were used to determine whether the
mean particle volumes were significantly different from each
other. All errors quoted are standard errors of the mean (SEM).

■ RESULTS
PC2 Coexpression Enhances GPS Cleavage and Cell-

Surface Delivery of PC1. Wild-type PC1 was first expressed
alone in tsA 201 cells and purified by immunoaffinity
chromatography using its C-terminal triple HA tag. Silver
staining of a purified sample revealed a band at ∼460 kDa
representing full-length (FL) PC1 and a fainter band at ∼330
kDa corresponding to the GPS-cleaved N-terminal fragment
(NTF; Figure 2A). Cleavage should generate equimolar
amounts of the NTF and the C-terminal fragment (CTF),
which will be isolated directly through the triple HA tag.
However, the ratio of the molecular masses of the NTF and
CTF is about 3:1; hence, the CTF will be more difficult to
detect on the silver stain because the band intensities depend
on the amount of protein present. By contrast, detection of the
CTF on immunoblots will depend on the availability of the
epitope tag, which will be the same, mole for mole, for the CTF
as for FL PC1. Therefore, as expected, both FL PC1 and the
CTF were detected on the anti-HA immunoblot (along with
two smaller bands, which are likely to represent degradation
products), whereas FL PC1 and the NTF were detected on the
anti-FLAG blot. Inspection of the blots reveals that wild-type
PC1 is about 50% cleaved when expressed alone and that the
NTF and CTF remain at least partially associated, allowing the
isolation of both through binding of the CTF to the
immunobeads.
When wild-type PC1 was purified from cells coexpressing

both PC1 and PC2, GPS cleavage was significantly enhanced, as
judged by the clear detection of the CTF on the silver-stained
gel and the dramatic enhancement of the CTF signal seen on
the anti-HA immunoblot (Figure 2B). Interestingly, the ratios
of FL PC1 to NTF on both the silver stain and the anti-FLAG
immunoblot were similar to those seen for PC1 expressed
alone, indicating that although cleavage was enhanced the
tendency of cleaved NTF (a peripheral membrane protein) to
adhere to the CTF was reduced. Coimmunopurification of PC2
with PC1 was confirmed through the appearance of a ∼110
kDa band on an anti-V5 blot. Note, however, that PC2 was not
detected on the silver stain, indicating a substoichiometric
copurification.
The effect of the coexpression of PC1 and PC2 on the

delivery of the two proteins to the cell surface was assessed by
treating intact cells with a membrane-impermeant biotinylating
reagent. Biotinylated proteins were captured using streptavidin-
agarose, and the total and bound fractions were immunoblotted
for PC1, PC2, and β-actin (as a control for cell permeabiliza-
tion; Figure 2C). In agreement with the result of the previous
experiment, PC2 coexpression increased GPS cleavage of PC1,
as indicated by the stronger signal for total CTF on the anti-HA
blots in the presence of PC2. The enhancement of the cell-

surface delivery of the CTF in the presence of PC2 was even
more dramatic. However, according to the anti-FLAG blot,
both FL PC1 and GPS-cleaved PC1 NTF could be detected at
the cell surface in similar relative amounts regardless of PC2
expression, indicating that after GPS cleavage much of the NTF
dissociated from the CTF, which is again consistent with the
results presented in Figure 2B. The amount of PC1 at the cell
surface was not substantially affected by coexpression of PC2,
indicating that almost all of the additional PC1 at the cell
surface has undergone GPS cleavage. The anti-V5 blot showed
that PC1 expression increased the delivery of PC2 to the cell

Figure 2. PC2 coexpression enhances GPS cleavage and cell-surface
delivery of PC1. (A) FLAG/HA-tagged PC1 expressed alone and
purified by anti-HA immunoaffinity chromatography was analyzed by
either silver staining or immunoblotting with anti-HA and anti-FLAG
antibodies. Total (T) and eluted (E) samples are shown. FL PC1,
CTF, and NTF are indicated (right). Molecular mass markers (kDa)
are shown (left). (B) FLAG/HA-tagged PC1 coexpressed with V5/
His-tagged PC2 and purified by anti-HA immunoaffinity chromatog-
raphy was analyzed by either silver staining or immunoblotting with
anti-HA, anti-FLAG, and anti-V5 antibodies. PC1, CTF, NTF, and
PC2 are indicated (right). (C) Immunoblot analysis of surface-
biotinylated PC1 and PC2 expressed alone or together using anti-HA,
anti-FLAG, anti-V5, and anti-β-actin antibodies.
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surface, as reported previously.21,22 The absence of a β-actin
signal in the immunoblot of the fractions bound to
strepatavidin-agarose shows that intracellular proteins were
not biotinylated. Note that we have reported previously10 that
when expressed in tsA 201 cells PC1 is predominantly
intracellular, as indicated by immunofluorescence. Hence,
even if the delivery of the protein to the cell surface is
increased several fold by coexpression of PC2, only a small
minority of the protein will be at the surface.
PC2 Coexpression Has a Structural Impact on PC1.

AFM images of purified PC1 (Figure 3A) displayed the domain
structure reported previously,10 with FL PC1 consisting of a
large C-terminal particle connected via a string of PKD
domains to a smaller N-terminal particle. Given that PC2 was
copurified with PC1 according to the immunoblots, we
expected that the association of PC2 during coexpression
would increase the mean volume of the C-terminal PC1
particle. However, AFM images showed the opposite result: in
the presence of PC2 the volume of the large C-terminal particle
fell by 130 nm3 from 405 ± 7 (SEM) nm3 (n = 197) when PC1
was expressed alone to 275 ± 8 nm3 (n = 191) in the presence
of PC2 (P < 0.001; Figure 3B). This decrease in volume was
accompanied by an 8 nm increase in string length from 34 ± 1
nm (n = 197) to 42 ± 1 nm (n = 191; P < 0.001; Figure 3C).
Hence, PC2 expression caused the volume of the C-terminal
region of PC1 to decrease and the string length to increase,
indicating an unraveling effect on PC1. The fact that the
majority of the PC1 isolated during affinity chromatography is
located intracellularly10 strongly indicates that the PC2-induced
conformational change in PC1 does not require delivery of the
protein to the cell surface.
Stable Interaction between PC1 and PC2 Is Not

Required for the Conformational Change in PC1. To
determine whether a stable interaction between PC1 and PC2
was required for the conformational change in PC1, we
coexpressed PC1 with PC2-R872X, which is a disease-

associated truncation mutant that lacks the coiled-coil region
needed for complex formation with PC1 (Figure 1; ref 19). As
expected, PC2-R872X did not copurify with wild-type PC1
during the anti-HA immunoaffinity purification (Figure 3D).
Nevertheless, when compared with wild-type PC1 expressed
alone, the volume of the large PC1 particle decreased by 81
nm3 to 324 ± 10 nm3 (n = 193; P < 0.01; Figure 3A,B), and the
string length increased by 5 nm to 39 ± 1 nm (n = 193; P <
0.05; Figure 3A,C). These changes were smaller than those
seen with wild-type PC2, perhaps because the expression level
of the PC2-R872X upon coexpression with PC1 was lower than
that of the wild-type protein (Figure 3E). Nevertheless, this
result demonstrates that a stable interaction between PC1 and
PC2 is not required for the conformational change in PC1.

PC2 Channel Function Is Not Required for the
Conformational Change in PC1. We next sought a
mechanism by which PC2 may remotely alter the structure of
PC1. PC2 functions as a nonselective cation channel, and a
single amino acid disease-causing mutation in the third
transmembrane region, D511V, is known to disrupt channel
activity.5 To test whether PC2 channel activity is required for
the conformational change in PC1, PC1 and PC2-D511V were
coexpressed and PC1 was captured on anti-HA immunobeads.
In contrast to PC2-R872X, PC2-D511V was efficiently
copurified with PC1 (Figure 3D). However, analysis of the
AFM images (Figure 3A) showed that the volume of the large
particle (399 ± 24 nm; n = 198) was not significantly different
from that of PC1 expressed alone (Figure 3B). Interestingly, a 5
nm reduction in string length to 29 ± 1 nm (n = 198; P <
0.001) was seen (Figure 3C), suggesting that PC2-D511V
might have a dominant-negative effect on the function of wild-
type PC2.12 The lack of a corresponding effect on the volume
of the large particle may indicate that the tandem PKD domains
tend to interact with each other as demonstrated previously33

and that this interaction is inhibited in the presence of channel-
active PC2. The behavior of the PC2-D511V mutant suggested

Figure 3. PC2 coexpression has a structural impact on PC1. (A) Representative AFM images of PC1 expressed alone or with PC2, PC2-R872X,
PC2-D511V, and PC2-T721A. Horizontal scale bar, 20 nm; color height scale, 0−5 nm. (B) Mean volumes of large particles of PC1 when expressed
alone or with PC2, PC2-R872X, PC2-D511V, and PC2-T721A. Mean volumes were calculated from Gaussian curves fitted to volume-distribution
histograms. ***P < 0.001, **P < 0.01 versus PC1 alone. (C) Mean string lengths of PC1 when expressed alone or with PC2, PC2-R872X, PC2-
D511V, and PC2-T721A. Mean lengths were calculated from Gaussian curves fitted to string length-distribution histograms. ***P < 0.001, *P < 0.05
versus PC1 alone. (D) FLAG/HA-tagged PC1 coexpressed with V5/His-tagged PC2-R872X, PC2-D511V, or PC2-T721A were purified by anti-HA
immunoaffinity chromatography and analyzed by immunoblotting with anti-V5 antibodies. Total (T) and eluted (E) samples are shown. Molecular
mass markers (kDa) are shown (left). (E) Cells were transfected with equal amounts of DNA encoding PC1 plus V5/His-tagged PC2, PC2-R872X,
PC2-D511V, or PC2-T721A. Detergent extracts of crude membrane fractions were immunoblotted with anti-V5 antibodies or anti-β-actin antibodies
to control for protein loading.
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that PC2 channel function might be required for the unraveling
of PC1. To explore this possibility further, we examined the
effect of another channel-dead mutant, PC2-T721A.34 As with
PC2-D511V, PC2-T721A was efficiently copurified with PC1
(Figure 3D). Note also that the expression levels of both PC2-
D511V and PC2-T721A in the presence of PC1 were similar to
that of wild-type PC2 (Figure 3E). Surprisingly, PC2-T721A
had a similar effect on the structure of PC1 as that of wild-type
PC2, reducing the volume of the large PC1 particle by 166 nm3

to 239 ± 6 nm3 (n = 200; P < 0.001; Figure 3A,B) and
increasing the string length by 9 nm to 43 ± 1 nm (n = 200; P
< 0.001; Figure 3A,C). This result indicates that PC2 channel
function is not required for the conformational change in PC1;
hence, the D511V mutation must have a negative effect on the
function of PC2 in addition to its inhibition of channel
function.
GPS Cleavage of PC1 Is Not Required for PC2-Induced

Conformational Change. To test whether the conforma-
tional change in PC1 in the presence of PC2 involves GPS
cleavage, we coexpressed PC2 with the PC1 GPS-cleavage
mutant PC1-L3040H (Figure 1; ref 30). Silver staining and
immunoblotting with both anti-HA and anti-FLAG antibodies
now revealed a single major band at ∼460 kDa, and the anti-V5
immunoblot showed that PC2 was copurified with PC1-
L3040H (Figure 4A). When coexpressed with PC2, the mean
large-particle volume of PC1-L3040H decreased by 59 nm3

compared with PC1-L3040H alone from 429 ± 7 nm3 (n =
198) to 370 ± 8 nm3 (n = 187; P < 0.05; Figure 4B,C), whereas
the mean string length increased by 8 nm from 28 ± 1 nm3 (n
= 198) to 36 ± 1 nm (n = 187; P < 0.001; Figure 4B,D).
Hence, GPS cleavage is not required for the observed structural
alterations in PC1.
REJ Domain Contributes to the Conformational

Change in PC1. We have shown previously that several
PKD domains and the REJ domain contribute to the volume of
the large particle.10 When PC1 is coexpressed with PC2, the
REJ domain itself could become incorporated into the string or
alternatively control the release of PKD domains from the large
particle. To explore these possibilities, we created the construct
PC1-ΔREJ that lacked amino acids C2142-L2926, which
represent the REJ domain and part of the linker between the
REJ domain and the GPS domain (Figure 1). PC1-ΔREJ was
purified from cells coexpressing PC1-ΔREJ and PC2. A band at
∼390 kDa was detected on the silver-stained gel, corresponding
to full length PC1-ΔREJ (Figure 5A). The same band was also
seen on anti-HA and anti-FLAG blots. Lower molecular-mass
bands, which likely represent degradation products, were also
seen. In contrast to the anti-HA immunoblot of wild-type PC1
(Figure 2A, B), a strong ∼130 kDa CTF band was not detected
with PC1-ΔREJ, demonstrating that the REJ domain is
required for efficient GPS cleavage, as reported previously.13

AFM imaging of PC1-ΔREJ (Figure 5B) revealed that when
expressed alone the mean volume of the large particle, 181 ±
12 nm3 (n = 199; Figure 5C), was significantly (P < 0.001)
smaller than that for FL PC1 not only when it was expressed
alone but also when FL PC1 was expressed with PC2 (Figure
3B). Hence, when wild-type PC1 is expressed with PC2, the
whole of the REJ domain cannot become incorporated into the
string during the conformational change. Furthermore, because
the mean string length of PC1-ΔREJ, 31 ± 0.3 nm (n = 199;
Figure 5D), was not significantly different from that of FL PC1
(34 ± 1 nm; Figure 3C), the REJ domain cannot be required to
secure the PKD domains to the large particle. When PC1-ΔREJ

was coexpressed with PC2, the mean volume of the large
particle, 133 ± 10 nm3 (n = 200; Figure 5B,C), was not
significantly affected. However, the string length, 36 ± 0.5 nm
(n = 200; Figure 5B,D), was significantly increased (P < 0.001).
Taken together, these results indicate that the tandem PKD
domains, and probably to a lesser extent the REJ domain, both
contribute to the increase in string length seen in the presence
of PC2.

■ DISCUSSION
PC1 and PC2 are believed to form a Ca2+-permeable ion-
channel complex21 that transduces extracellular mechanical
stimuli via the renal primary cilium28 and regulates multiple
intracellular Ca2+-sensitive signaling pathways.21,23 PC2 also
appears to have a role, which is independent of PC1, in
regulating Ca2+ efflux from the ER.35,36 It is clear that PC1 and
PC2 are not always colocalized; for example, only PC2 is found
in the cilia of the embryonic node,37 and the knockout of PC2

Figure 4. GPS cleavage is not required for the PC2-induced
conformational change in PC1. (A) FLAG/HA-tagged PC1-L3040H
and coexpressed V5/His-tagged PC2, purified by anti-HA immunoaf-
finity chromatography, were analyzed by either silver staining or
immunoblotting with anti-HA, anti-FLAG, and anti-V5 antibodies.
Total (T) and eluted (E) samples are shown. FL PC1-L3040H and
PC2 are indicated (right). Molecular mass markers (kDa) are shown
(left). (B) Representative AFM images of PC1-L3040H structures
when expressed alone or with PC2. Horizontal scale bar, 20 nm; color
height scale, 0−5 nm. (C) Mean volumes of large particles of PC1-
L3040H when expressed alone or with PC2. Mean volumes were
calculated from Gaussian curves fitted to volume-distribution histo-
grams. *P < 0.05 versus PC1-L3040H alone. (D) Mean string lengths
of PC1-L3040H when expressed alone or with PC2. Mean lengths
were calculated from Gaussian curves fitted to string length-
distribution histograms. ***P < 0.001 versus PC1-L3040H alone.
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causes left-right symmetry defects in mice.38 In the present
study, we have found that PC2 copurifies with PC1, but it does
so substoichiometrically, suggesting a rather transient associa-
tion between the two proteins. This suggestion is borne out by
our failure to detect either PC2 on silver-stained gels or a PC1/
PC2 complex by AFM imaging. This result is in contrast to a
previous report claiming the detection of a 1:3 complex
between PC1 and PC2.39

Although we found no evidence for a stable complex
between PC1 and PC2, it was clear that the two proteins were
functionally interacting within the cells; for example, PC2
enhanced GPS cleavage of PC1, and both proteins were
delivered to the cell surface more efficiently when they were
coexpressed, which is in agreement with previous reports.17,21,22

Intriguingly, the presence of PC2 caused an unraveling of the
structure of PC1. This effect of PC2 did not require surface
delivery of PC1 and was also seen with the PC1-L3040H GPS-
cleavage mutant. The conformational change in PC1 persisted
when the interaction of PC2 with PC1 was abolished by a PC2-
truncation mutation. Of the two channel-dead PC2 mutants
tested, one, PC2-D511V, failed to cause the conformational

change and indeed appeared to exert a dominant-negative
effect, reducing the string length observed with PC1 alone. In
contrast, the other channel-dead mutant, PC2-T721A, mim-
icked the effect of wild-type PC2. Our results closely parallel
those of a previous study,17 which demonstrated that in
HEK293 cells PC2 increases the surface delivery of PC1 and
this effect does not require either a stable interaction between
PC1 and PC2 or PC2 channel activity.
The mean size of the large C-terminal particle of wild-type

PC1 when coexpressed with PC2 was smaller than the
corresponding particle of a PC1 mutant lacking PKD domains
6−15, as measured in our previous study,10 but it was larger
than the C-terminal particle of a mutant lacking PKD domains
5−16 and most of the REJ domain. In addition, the complete
removal of the REJ domain in this study abolished the effect of
PC2 on the large particle volume but not on the string length.
Together, these data suggest that the PKD domains and
possibly part of the REJ domain separate from the large particle
and join the string structure in the presence of PC2. This
rearrangement might be responsible for the observed increase
in autoproteolytic GPS cleavage of PC1 in the presence of PC2
and the consequent detachment of the NTF from the CTF.13

Our study represents the first report of an effect of PC2 on
the conformation of PC1. We propose that PC2 promotes a
rearrangement of the structure of PC1, which enhances GPS
cleavage and separation of the NTF from the CTF and may
prepare PC1 for its functional role at the plasma membrane.
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