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Polycystin complexes, or TRPP-PKD complexes, made of
transient receptor potential channel polycystin (TRPP) and
polycystic kidney disease (PKD) proteins, play key roles in cou-
pling extracellular stimuli with intracellular Ca2� signals. For
example, the TRPP2-PKD1 complex has a crucial function in
renal physiology, with mutations in either protein causing
autosomal dominant polycystic kidney disease. In contrast, the
TRPP3-PKD1L3 complex responds to low pH and was proposed
to be a sour taste receptor candidate. It has been shown previ-
ously that the protein partners interact via association of the
C-terminal or transmembrane segments, with consequences for
the assembly, surface expression, and function of the polycystin
complexes. However, the roles of extracellular components,
especially the loops that connect the transmembrane segments,
in the assembly and function of the polycystin complex are
largely unknown. Here, with an immunoprecipitation method,
we found that extracellular loops between the first and second
transmembrane segments of TRPP2 and TRPP3 associate with
the extracellular loops between the sixth and seventh trans-
membrane segments of PKD1 and PKD1L3, respectively. Immu-
nofluorescence and electrophysiology data further confirm that
the associations between these loops are essential for the traf-
ficking and function of the complexes. Interestingly, most of
the extracellular loops are also found to be involved in homo-
meric assembly. Furthermore, autosomal dominant polycys-
tic kidney disease-associated TRPP2 mutant T448K signifi-
cantly weakened TRPP2 homomeric assembly but had no
obvious effect on TRPP2-PKD1 heteromeric assembly. Our
results demonstrate a crucial role of these functionally un-
derexplored extracellular loops in the assembly and function
of the polycystin complexes.

Autosomal dominant polycystic kidney disease (ADPKD)4 is
one of the most common inherited diseases, affecting 1 in every

400 –1000 individuals (1). Mutations in integral membrane
proteins TRPP2 and PKD1 are the cause of almost all clinically
identified ADPKD cases (2, 3). For this reason, proteins in both
families of TRPP2 and PKD1 are named “polycystins.” TRPP2
belongs to the transient receptor potential polycystin (TRPP)
subfamily of the TRP superfamily of cation channels (4, 5). All
TRPP proteins, including TRPP2 (polycystin-2), TRPP3 (poly-
cystin-2L1), and TRPP5 (polycystin-2L2), have six transmem-
brane domains and intracellular N and C termini (2). PKD1 is a
member of the polycystic kidney disease (PKD) protein family.
Proteins in this family, including PKD1 (polycystin-1), PKD1L1
(polycystin-1L1), PKD1L2 (polycystin-1L2), PKD1L3 (polycys-
tin-1L3), and PKDREJ (polycystin-REJ), all have 11 putative
transmembrane domains, a large extracellular N terminus, and
a relatively short intracellular C terminus (6 – 8). The last six
transmembrane domains of PKD proteins share significant
sequence similarity with TRPP proteins.

TRPP proteins can assemble as homotetrameric ion channels
by themselves (9 –14) and as heteromeric receptor-ion channel
complexes with PKD proteins (15). Although it is expected that
more polycystin complexes will be identified in the future, four
of them have been functionally studied so far. The TRPP2-
PKD1 complex was proposed to function as a sensor that cou-
ples extracellular stimuli with intracellular Ca2� signals on the
primary cilia of renal epithelial cells (6, 15, 16). The TRPP2-
PKD1L1 complex is expressed in the primary cilia of embryonic
nodal cells, where it senses nodal flow and determines left-right
asymmetry in the early development of vertebrate animals (17,
18). The TRPP3-PKD1L3 complex is expressed in a subgroup of
taste cells and has been proposed to function as a sour taste
candidate (19 –22), although a contradictory result was re-
ported with the PKD1L3 knock-out mouse (23). The last one,
the TRPP3-PKD1L1 complex, is a Ca2�-permeable channel in
primary cilia, contributing to the ciliary Ca2� signaling (24). It
is generally believed that, in the polycystin complexes, TRPP
subunits form an ion channel, whereas the PKD subunit
receives the extracellular signal as a sensor or receptor (2, 6).
However, our recent study showed that PKD1L3 is also a chan-
nel pore-forming subunit (25), suggesting that other PKD pro-
teins may also function as an ion channel subunit in their com-
plexes with TRPPs.

Previous studies on the assembly of the TRPP2-PKD1 and
TRPP3-PKD1L3 complexes have extended our understanding
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of these essential molecules. It has been found that both TRPP2
and PKD1 have intracellular C-terminal coiled-coil domains,
which are involved in the association between TRPP2 and
PKD1 (26, 27). Further evidence showed that the coiled-coil
domains from three TRPP2 subunits form a tightly bundled
trimer in both solution and protein crystal (28, 29). The down-
stream region of this trimer forms the PKD1-binding site and
binds to one copy of the C-terminal coiled-coil domain of
PKD1, determining a 3:1 (TRPP2/PKD1) subunit stoichiometry
of the full-length complex (29, 30). Our recent study concluded
that this 3:1 stoichiometry is shared by the TRPP3-PKD1L3
complex (25), suggesting a common assembly mechanism
among all polycystin complexes. Although several other
domains and amino acids were found to be involved in TRPP2
homomeric assembly (31, 32), so far, the C-terminal coiled-coil
domain is the only site shown to be directly involved in its
assembly with PKD1. The association between TRPP3 and
PKD1L3 differs from that of TRPP2 and PKD1. Since PKD1L3
lacks the C-terminal coiled-coil domain (33), the C-terminal
interaction may not exist in the TRPP3-PKD1L3 complex.
Instead, the transmembrane domains of TRPP3 and PKD1L3
were shown to mediate their association (34).

PKD and TRPP proteins have unique extracellular compo-
nents in their structures. TRPP proteins have a large extracel-
lular loop located between the first and the second transmem-
brane domains (S1-S2 loop), which has 224 amino acids in
human TRPP2 (5). As a significant portion of TRPP proteins,
S1-S2 loops span 23% (in TRPP2), 23% (in TRPP3), or 37% (in
TRPP5) of the total protein length (5, 35, 36). As for the PKD
proteins, besides the long extracellular N terminus (�3000
amino acids in human PKD1), they all have a relatively large
extracellular loop between the sixth and seventh transmem-
brane domains (S6-S7 loop), which is composed of 211 amino
acids in human PKD1 (7, 8). Considering the fact that the last
six transmembrane domains of PKD proteins have sequence
similarity with the six transmembrane domains of TRPP pro-
teins, the S1-S2 loop of TRPP and the S6-S7 loop of PKD
are located at homologous positions (Fig. 1, A and B). Many
ADPKD pathogenic mutations are located in these loops
(ADPKD Mutation Database), indicating a notable role of this
loop in TRPP2 structure and function. Despite their large size
and potential functional importance, very little was known
about these extracellular loops until recently. During the prep-
aration of this paper, three TRPP2 cryo-electron microscopy
(cryo-EM) structures were reported (9, 10, 14). From these
structures, it can be seen that the TRPP2 extracellular loops are
involved in the homomeric assembly of the TRPP2 channel and
may also be important for ion permeability and channel func-
tion regulation (9, 10). In this study, we hypothesized that TRPP
and PKD proteins also associate through extracellular loops
and tested this hypothesis with biochemical and biophysical
methods, using the TRPP2-PKD1 and TRPP3-PKD1L3 com-
plexes as model molecules. Our results indicate that the S1-S2
loop of the TRPP proteins and the S6-S7 loop of the PKD pro-
teins bind to each other and play an essential role in the assem-
bly and function of the polycystin complexes.

Results

DNA Constructs and Cell Surface Expression of the TRPP and
PKD Extracellular Loops—To eliminate the interference of
other regions and to mimic their native localization, we
expressed the isolated loop fragments on the extracellular side
of the plasma membrane and kept it tethered to the membrane.
The DNA constructs were made by cloning the cDNA of the
loop fragments into the pDisplay vector (Invitrogen). Proteins
expressed in this vector have an Ig �-chain leader sequence
fused to the N terminus, which directs the protein to the secre-
tory pathway, and a platelet-derived growth factor receptor
(PDGFR) transmembrane domain fused to the C terminus,
which anchors the protein to the plasma membrane (Fig. 1C).
An HA tag is inserted between the Ig �-chain leader sequence
and the TRPP2 (or TRPP3) loop fragment. Similarly, a FLAG
tag is placed between the Ig �-chain leader sequence and the
PKD1 (or PKD1L3) loop fragment (Fig. 1C). As a signal peptide,
the Ig �-chain leader sequence will be cleaved from the N ter-
minus after expression, and the HA or FLAG tag will be exposed
for detection.

The expression of the recombinant proteins on the extracel-
lular surface of the plasma membrane was then confirmed by
the immunofluorescence experiment (37). When either TRPP2
S1-S2 and PKD1 S6-S7 loops or TRPP3 S1-S2 and PKD1L3
S6-S7 loops were coexpressed in HEK 293T cells, we detected
cell surface expression of both pairs of proteins (Fig. 1D). These
results set the basis of our further tests.

The TRPP S1-S2 Loops Specifically Associate with the PKD
S6-S7 Loops—We then tested the association between TRPP
S1-S2 loops and PKD S6-S7 loops with the co-immunoprecipi-
tation (co-IP) method. All loop proteins migrate to the 40 –50
kDa range on the SDS-polyacrylamide gel (Fig. 2). When
expressed in HEK 293T cells, the HA-TRPP2 loop was immu-
noprecipitated by anti-FLAG antibody only when the FLAG-
PKD1 loop was present (Fig. 2A, lanes 1–3 in both the top and
bottom gels), indicating the association between the two loops.
This result was further verified by using anti-HA antibody
in co-IP. The FLAG-PKD1 loop was immunoprecipitated
together with the HA-TRPP2 loop, which only happens when
both proteins are coexpressed (Fig. 2A, lanes 4 – 6). It is worth
noting that the TRPP2 loop gave another weak band with the
size of about 100 –120 kDa (Fig. 2A, labeled with asterisks). We
also observed similar bands for other loops in some of the fol-
lowing experiments. Judging from the molecular weight, these
bands most likely represent dimers of the loop proteins that
were not completely separated by SDS treatment. However, we
cannot rule out the possibility that the loops form complexes
with endogenously expressed proteins. The homomeric assem-
bly of the loops was tested later in Fig. 3.

Similar results were obtained when co-IP was done between
the S1-S2 loop of TRPP3 and the S6-S7 loop of PKD1L3 (Fig.
2B). With either anti-FLAG (Fig. 2B, lanes 1–3) or anti-HA
antibody (Fig. 2B, lanes 4 – 6), the HA-TRPP3 loop and the
FLAG-PKD1L3 loop were co-immunoprecipitated only when
both proteins were coexpressed. The data in Fig. 2 suggest that
the association between the extracellular S1-S2 loop of TRPP
proteins and the S6-S7 loop of PKD proteins may be common
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within the complexes formed between these two families. To
test the specificity of the loop association, we used the
enhanced green fluorescence protein (EGFP) as the negative
control to replace the PKD loops in the co-IP experiments.
When FLAG-EGFP was coexpressed with the HA-TRPP2 loop
or the HA-TRPP3 loop, it was not co-immunoprecipitated with
either HA-tagged loop protein (Fig. 2C, lanes 1 and 2), although
it was expressed well in the cells, as seen in flow-through sam-

ples (Fig. 2C, lanes 3 and 4). These results indicate that the
S1-S2 loops of TRPP proteins associate with the S6-S7 loops of
their PKD partners.

Homomeric Assembly of the Extracellular Loops—Both the
TRPP2-PKD1 and TRPP3-PKD1L3 complexes consist of three
TRPP subunits and one PKD subunit (25, 29). The homomeric
trimers of TRPP2 and TRPP3 are assembled through their
C termini (28 –30, 38 – 41). Since TRPP2 and TRPP3 are also

FIGURE 1. PKD and TRPP loop constructs, which were cloned into pDisplay vector and transfected into HEK 293T cells, expressed on the extracellular
surface of the plasma membrane. A, the putative transmembrane topology of PKD (left) and TRPP (right) proteins, showing the position of extracellular loops
between the sixth and seventh transmembrane domains of PKD proteins (S6-S7 loop, colored in blue) and between the first and second transmembrane
domains of TRPP proteins (S1-S2 loop, colored in red). B, protein sequence alignment between the S1-S2 loop of human TRPP2 and the S6-S7 loop of human
PKD1, two examples in the families. Purple, identical; green, conserved. Identity was 57 of 230 (25.0%), and similarity was 97 of 230 (42%). Amino acids positions
in the full-length protein are labeled on both sides. C, schematic diagram of the structures of the expressed loop protein constructs whose association was
confirmed in this study. cDNA of the loops were inserted into modified pDisplay vector (Life Technologies), which generated extracellular loop fragments with
N-terminal FLAG or HA tag and C-terminal PDGFR transmembrane domain. D, surface co-localization of the FLAG-tagged PKD1 loop and HA-tagged TRPP2
loop and of the FLAG-tagged PKD1L3 loop and HA-tagged TRPP3 loop in HEK 293T cells. EGFP was co-transfected to label the cytosol. PKD loops and TRPP loops
were stained first with anti-FLAG or anti-HA antibodies followed by Cy5 or Texas Red-labeled secondary antibodies on non-permeabilized cells.
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able to form homotetrameric channels (9 –13), there should be
other domains responsible for the tetrameric assembly. We
speculated on whether the extracellular S1-S2 loops also con-
tributed to the homomeric assembly of TRPP and whether the
extracellular S6-S7 loops contributed to any possible homo-
meric assembly of PKD proteins. To test this, we generated
FLAG-tagged and HA-tagged versions of each loop protein and
cotransfected two versions into HEK 293T cells. The co-IP

experiments were then conducted with an anti-HA antibody,
and immunoprecipitated proteins were detected with both
anti-HA and anti-FLAG antibodies. Thus, the presence of the
FLAG-tagged protein in the immunoprecipitated sample
means that it has a homomeric association with its HA-tagged
version (Fig. 3, top right gel). Unique among the four pairs, the
PKD1 loop has the weakest, if any, homomeric interaction (Fig.
3, lanes 1 and 5), whereas the other three pairs of loop proteins

FIGURE 2. Specific association between the extracellular loops of PKD1 and TRPP2, and of PKD1L3 and TRPP3. A, co-IP shows the association between
the FLAG-tagged PKD1 loop (FLAG-PKD1-L) and the HA-tagged TRPP2-loop (HA-TRPP2-L). Co-IP was done with either anti-FLAG (left) or anti-HA (right) antibody.
With the N-terminal FLAG tag and the C-terminal PDGFR transmembrane domain, the PKD1 loop had an apparent molecular mass of about 45 kDa on
SDS-PAGE. The HA-tagged TRPP2 loop with the PDGFR transmembrane domain has an apparent molecular mass of about 50 kDa. Besides the monomers, a
small amount of the TRPP2 loop protein also migrated at a higher molecular mass position (labeled with yellow asterisks). B, co-IP shows the association between
the FLAG-tagged PKD1L3 loop (FLAG-PKD1L3-L) and the HA-tagged TRPP3 loop (HA-TRPP3-L). Co-IP was done with either anti-FLAG (left) or anti-HA (right)
antibody. Both proteins are about 40 kDa on SDS-PAGE. C, in the control experiment, when EGFP replaced the PKD loops, no association was found between
the FLAG-tagged EGFP and the HA-tagged TRPP2 or TRPP3 loops. Co-IP was done with the anti-HA antibody (left). The flow-through samples (right) confirm
overall expression of the FLAG-EGFP.
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demonstrate clear homomeric interaction (Fig. 3, lanes 2– 4
and 6 – 8). The co-IP results of the TRPP loops indicate that,
besides the interaction with PKD partners, the S1-S2 loops of
these proteins are also involved in homomeric assembly, con-
sistent with the homotetramer formed by this loop in the
TRPP2 cryo-EM structures (9, 10, 14). The homomeric assem-
bly of PKD1L3 is not expected because there is only one copy of
PKD1L3 in its complex with TRPP3 (25). However, it is still
possible that PKD1L3 can form a homomeric complex when it
is not associated with TRPP3. This feature is largely missing in
PKD1, consistent with the previous report showing that puri-
fied PKD1 is a monomer (42).

Extracellular Loops Assemble with Full-length Partners—
Thus far, we have demonstrated that the isolated S1-S2 loops of
TRPP2 and TRPP3 interact with the isolated S6-S7 loops of
their PKD partners. To further prove that the interaction hap-
pens naturally and has physiological relevance, we checked
whether these loops assemble with the full-length binding part-
ners and obtained positive results. First, when the HA-tagged
TRPP2 S1-S2 loop was coexpressed with the FLAG-tagged full-
length PKD1, it was co-immunoprecipitated with the latter by
the anti-FLAG antibody (Fig. 4A). Second, the FLAG-tagged
full-length TRPP2 was co-immunoprecipitated with the HA-
tagged TRPP2 S1-S2 loop or PKD1 S6-S7 loop by the anti-HA
antibody when they were coexpressed (Fig. 4B, lanes 2 and 3).
Similarly, when the FLAG-tagged TRPP3 S1-S2 loop was coex-
pressed with HA-tagged full-length PKD1L3, it was co-immu-
noprecipitated with the latter by the anti-HA antibody (Fig.
4C). At the same time, the FLAG-tagged full-length TRPP3 was
co-immunoprecipitated with the HA-tagged TRPP3 S1-S2 loop
or PKD1L3 S6-S7 loop by the anti-FLAG antibody (Fig. 4D,
lanes 2 and 4). These results confirmed that the S1-S2 loop of

TRPP proteins and the S6-S7 loop of the PKD proteins are
involved in the assembly of the full-length polycystin com-
plexes and that the TRPP loops are also involved in the assem-
bly of full-length TRPP homomeric complexes.

Effect of the ADPKD Pathogenic Mutations on the Assembly of
the Extracellular Loops—Both the S1-S2 loop of TRPP2 and the
S6-S7 loop of PKD1 are mutation hot spots for ADPKD. For
example, most clinically identified single-point pathogenic
mutations of TRPP2 happen within the S1-S2 loop (Fig. 5A).
The recently reported TRPP2 homotetrameric structures also
indicated that many of these mutated amino acids are poten-
tially important for stabilizing the structure of the S1-S2 loop or
the intersubunit interaction between TRPP2 subunits (9, 10,
14). Therefore, we tested the effects of some mutations on the
heteromeric assembly between the TRPP2 and PKD1 loops and
the homomeric assembly between TRPP2 loops (Fig. 5B). In the
first round of experimentation, three TRPP2 mutants (R325P,
C331S, and R420G) and three PKD1 mutants (L3731Q, L3749P,
and Y3819C) were tested. The three TRPP2 amino acids have
been shown to be important for stabilizing the TRPP2 S1-S2
loop structure (9, 10, 14). The three PKD1 amino acids are also
predicted to be crucial for protein structure, as seen in a struc-
tural model generated based on the TRPP2 cryo-EM structure
(Fig. 5B). However, none of these TRPP2 or PKD1 mutations
had a clear effect on the association between TRPP2 and PKD1
loops in the co-IP experiments (Fig. 5C). A further test revealed
that the three TRPP2 mutations did not affect the homomeric
TRPP2 loop assembly either (Fig. 5D). These results demon-
strate that the structure of the loops and their association are
quite stable, and these single-point mutations do not cause dis-
ease by directly disrupting the loop interaction. However, these
mutations may alter local conformation, which leads to the

FIGURE 3. Homomeric association between the extracellular loops. Co-IP followed by Western blotting (IB) shows the homomeric interaction between the
FLAG- and HA-tagged TRPP2 loops (lanes 2 and 6 of the top two gels), the FLAG- and HA-tagged PKD1L3 loops (lanes 3 and 7 of the top two gels), and the FLAG-
and HA-tagged TRPP3 loops (lanes 4 and 8 of the top two gels). However, the FLAG-PKD1 loop was not immunoprecipitated with the HA-PKD1 loop (lanes 1 and
5 of the top two gels), although it expressed well in cells, as can be seen in the flow-through sample (lane 5 in the bottom gel). Co-IP was done with the anti-HA
antibody-coated beads.
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pathological defect in the TRPP2-PKD1 complex. In contrast,
T448K of TRPP2, a mutation occurring in the intersubunit
interface (Fig. 5B), significantly weakened the homomeric
TRPP2 loop assembly, as shown by the co-IP results (Fig. 5E),
although it had no effect on the assembly between TRPP2 and
PKD1 loops (Fig. 5F). These results indicate that the hetero-
meric assembly between the TRPP2 and PKD1 loops may have
a different interface or interaction mechanism from that of the
homomeric TRPP2 loop assembly.

Assembly of the Extracellular Loops Is Essential for the Traf-
ficking of the Polycystin Complexes—Up to now, results showed
that the S1-S2 loop of TRPP proteins and the S6-S7 loop of PKD
proteins associate with each other and are involved in the
assembly of the polycystin complexes. If this association is crit-
ical, then when the loop fragments are coexpressed with full-
length proteins, a dominant negative effect on the assembly and
trafficking of the complexes is expected. Because it has been
reported that the plasma membrane expression of PKD1 and
PKD1L3 relies on forming complexes with TRPP2 and TRPP3,
respectively (15, 21, 25, 29, 43), detecting the cell surface
expression of PKD1 and PKD1L3 will allow us to monitor the
assembly and trafficking of the corresponding polycystin com-
plexes. In our experiments, FLAG-tagged full-length PKD1 was
expressed on the plasma membrane only when coexpressed
with full-length TRPP2 protein in HEK 293T cells (Fig. 6A, two
columns on the left), consistent with previous reports (29, 43).
However, coexpression of the PKD1 S6-S7 loop or TRPP2
S1-S2 loop greatly reduced the plasma membrane expression of

full-length PKD1 (Fig. 6A, two columns on the right). Similar
results were obtained with the TRPP3-PKD1L3 complex. HA-
tagged full-length PKD1L3 expressed on the plasma membrane
only when full-length TRRP3 was coexpressed in HEK 293T
cells (Fig. 6B, two columns on the left), consistent with previous
reports (21, 25, 44). Coexpression of the PKD1L3 S6-S7 loop or
TRPP3 S1-S2 loop fragments caused the dominant negative
effect on the plasma membrane trafficking of PKD1L3 (Fig. 6B,
two columns on the right).

Coexpression of the Extracellular Loops Exerted a Dominant
Negative Effect on the Channel Current of the Gain-of-function
TRPP2 Channel and the TRPP3-PKD1L3 Complex—Next, we
tested whether coexpression of the extracellular loop fragments
causes dominant negative effects on the function of the poly-
cystin complexes. Because the activation mechanism of the
TRPP2-PKD1 complex is not yet known, we examined the
effect of TRPP2 S1-S2 loop expression on the function of
TRPP2_F604P, a gain-of-function mutant of TRPP2 gener-
ated in our previous study (45). Our results clearly showed
that whereas TRPP2_F604P, compared with TRPP2 WT
channel, gave robust current when expressed in Xenopus
oocytes, coexpression with the TRPP2 S1-S2 loop abolished
its current (Fig. 7, A and B). ADPKD-causing mutation
D511V was introduced into TRPP2_F604P to serve as a neg-
ative control because it is known to abolish the TRPP2 cur-
rent (Fig. 7, A and B) (11, 45).

Previous reports have demonstrated that when the TRPP3-
PKD1L3 complex is expressed in HEK 293T cells or Xenopus

FIGURE 4. Extracellular loops of TRPP and PKD associate with full-length proteins. A, co-IP of the HA-tagged TRPP2 S1-S2 loop (HA-TRPP2-L) and the
full-length FLAG-tagged PKD1 protein in HEK 293T cells stably expressing FLAG-PKD1. Blue arrowhead, PKD1 N-terminal fragment, which is cleaved from the
full-length protein at the G-protein-coupled receptor proteolytic site (GPS) (47). B, co-IP of the HA-tagged TRPP2 S1-S2 loop or the HA-tagged PKD1 S6-S7 loop
with FLAG-tagged full-length TRPP2. Red arrowheads, oligomers of TRPP2 that occasionally show up on the SDS-polyacrylamide gel. FLAG-TRPP2 was not
immunoprecipitated when loops were absent in control experiments (lane 1). C, co-IP of the FLAG-tagged TRPP3 S1-S2 loop (FLAG-TRPP3-L) and the full-length
HA-tagged PKD1L3 in HEK 293T cells stably expressing HA-PKD1L3. Blue arrowhead, PKD1L3 N-terminal fragment, which is cleaved from the full-length protein
(25). D, co-IP of the HA-tagged TRPP3 S1-S2 loop or the HA-tagged PKD1L3 S6-S7 loop with FLAG-tagged full-length TRPP3. Red arrowheads, the oligomers of
TRPP3 that always show up on the SDS-polyacrylamide gel (25). Loops were not immunoprecipitated when FLAG-TRPP3 was absent in control experiments
(lanes 1 and 3). IB, immunoblotting.
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oocytes, it can be activated by acid through an off-response
mechanism (currents appear when acid is washed out) (21,
25, 44). In the current study, when TRPP3 and PKD1L3 were
coexpressed in Xenopus oocytes, robust channel currents

were recorded by applying a pH 2.8 solution, followed by
neutralization with a pH 7.5 solution (Fig. 7, C and D). How-
ever, when the TRPP3 S1-S2 loop or PKD1L3 S6-S7 loop was
coexpressed at the same time, the acid-induced current of
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the TRPP3-PKD1L3 complex was greatly inhibited (Fig. 7, C
and D). In both experiments of TRPP2_F604P and TRPP3-
PKD1L3, the reduction of channel activity was most likely
due to less surface expression of these proteins caused by
coexpression of the loops, as we showed in Fig. 6. Thus, the
results of the cell surface expression (Fig. 6) and channel
activity (Fig. 7) clearly prove that the extracellular S1-S2 loop

of TRPP and the S6-S7 loop of PKD are essential for polycys-
tin complex assembly and trafficking.

Discussion

Previous studies have indicated the involvement of several
different regions in the homomeric assembly of TRPP and het-
eromeric assembly between TRPP and PKD proteins. The

FIGURE 5. Effects of the ADPKD pathogenic mutations on the assembly of the extracellular loops. A, transmembrane topology of TRPP2 showing that
most of the clinically identified single-point mutations (including substitution and deletion, indicated with red dots) are located in the S1-S2 loop. B, localization
of the tested mutations in the loop structures. Left, amino acids shown as red van der Waals spheres indicate the four TRPP2 mutations mapped on the TRPP2
S1-S2 loop homotetramer viewing from the top (adapted from the cryo-EM structure of TRPP2, Protein Data Bank code 5T4D (9)). Right, amino acids in blue
spheres show the three PKD1 mutations mapped on a structure model of the PKD1 S6-S7 loop made based on the TRPP2 cryo-EM structure. The model was
generated on the SWISS-MODEL server (48). Structural graphics were prepared with the program PyMOL (49). C, three TRPP2 mutations in the S1-S2 loop and
three PKD1 mutations in the S6-S7 loop had no effect on the assembly between TRPP2 and PKD1 loops. Co-IP was done between WT or mutant loop fragments
proteins with anti-HA antibody-coated beads (same for all results in this figure). D, co-IP results indicate that the three mutations have no effect on homomeric
assembly of the TRPP2 S1-S2 loop. E, pathogenic mutation T448K significantly weakened the homomeric assembly between TRPP loops. The scatter plot on the
bottom shows the normalized ratios of the relative band intensity of the co-immunoprecipitated FLAG-TRPP2 loop to the indicated HA-TRPP2 loops. Data from
two independent experiments and the mean (black bars) are shown. F, T448K has no effect on the assembly between TRPP2 and PKD1 loops. The scatter plot
shows the normalized ratios of the relative band intensity of the co-immunoprecipitated FLAG-PKD1 loop to the indicated HA-TRPP2 loops. Data from two
independent experiments and the mean (black bars) are shown. IB, immunoblotting.

FIGURE 6. Dominant negative effect of the external loops on the cell surface expression and TRPP2-PKD1 and TRPP3-PKD1L3 complexes. A, represen-
tative images showing that the surface trafficking of the TRPP2-PKD1 complex was blocked by coexpression of the loop protein fragments. DNA combinations
(indicated above the pictures) were transfected into HEK 293T cell stably expressing FLAG-PKD1. Cells were stained with the anti-FLAG monoclonal antibody (to
show PKD1) at non-permeabilized (top row, showing surface proteins) or permeabilized (bottom row, showing overall expression) conditions. B, representative
images showing that the surface trafficking of the TRPP3-PKD1L3 complex was blocked by coexpression of the loop protein fragments. HEK 293T cells were
transfected with the indicated DNA combinations and stained with anti-HA monoclonal antibody to show PKD1L3.
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C-terminal coiled-coil domain (26 –29, 41), the N terminus
(32), and a cysteine residue in the outer pore region (Cys632)
(31) were all found to play roles in TRPP2 homomeric assembly.
In TRPP3, a homologous C-terminal coiled-coil domain and
a C1 domain, which is located upstream of the coiled-coil
domain, have been shown to be essential for its homomeric
assembly (25, 38). The TRPP2 coiled-coil domain is also
directly involved in binding to the C-terminal coiled-coil
domain of PKD1 and plays a key role in the TRPP2-PKD1 com-
plex assembly (26, 27, 29, 30, 41). In contrast, transmembrane
segments were found to play a crucial role in the assembly of the
TRPP3-PKD1L3 complex (34). In this study, we discovered a
new association site between the extracellular S1-S2 loops of
TRPP proteins and the extracellular S6-S7 loops of PKD pro-

teins. Although the association was only tested here in the
TRPP2-PKD1 and TRPP3-PKD1L3 complexes, it may also exist
in other polycystin complexes, such as TRPP2-PKD1L1 and
TRPP3-PKD1L1. Thus, the assembly of the TRPP proteins and
their PKD partners occurs at multiple sites, including at least
the extracellular loops, the transmembrane domains, and, in
some cases, the intracellular C termini. The intensive interac-
tion between these two groups of proteins indicates a close
functional coupling between them. This result is consistent
with the finding that PKD1L3 is part of the pore-forming sub-
unit of the TRPP3-PKD1L3 complex (25). It is worth noting
that when the C-terminal coiled-coil interaction is abolished,
the assembly between the full-length TRPP2 and PKD1 is
greatly reduced, although the extracellular loops and the trans-

FIGURE 7. Dominant negative effect of the external loops on the channel activity of gain-of-function TRPP2_F604P channel and TRPP3-PKD1L3
complex. A, representative current-voltage curves of the currents of the indicated proteins expressed in Xenopus oocytes, indicating that the coexpression of
TRPP2 S1-S2 loop inhibits the current of TRPP2_F604P. B, scatter plot showing that the TRPP2 loop exerts a dominant negative effect on the current of
TRPP2_F604P. **, p � 0.01. Currents at �60 mV are shown. Mean and S.D. are shown with purple bars. C, representative current-voltage curves of acid-induced
off-response currents in Xenopus oocytes expressing indicated proteins, revealing that the coexpression of either PKD1L3 S6-S7 loop or TRPP3 S1-S2 loop
inhibits the current of the TRPP3-PKD1L3 complex. D, scatter plot showing that both PKD1L3 and TRPP3 loops exert a dominant negative effect on the
acid-induced current of the TRPP3-PKD1L3 complex. Currents at �60 mV are shown. ***, p � 0.001. Error bars, S.D.
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membrane domains are intact (29, 30, 41). These results indi-
cate that the C-terminal interaction may serve as the initiating
site for the assembly of the TRPP2-PKD1 complex, although
our current data clearly showed the essential roles of these
extracellular loops in complex assembly.

The extracellular loops studied here are unique in TRPP and
PKD proteins and critical for their functions. TRP proteins in
the seven subfamilies (TRPC, TRPV, TRPM, TRPN, TRPA,
TRPP, and TRPML) all share sequence and structural similari-
ties, especially in their transmembrane domains (4). However,
within the whole family, only members in the TRPP and
TRPML subfamilies have the large S1-S2 loop. The S1-S2 loops
of TRPP proteins are homologous to the extracellular S6-S7
loops of PKD proteins. Several lines of evidence have suggested
the importance of their roles in the function of TRPP and PKD
proteins. First, these loops contain a highly conserved polycys-
tin motif, which is unique to both PKD and TRPP proteins (33).
Second, many ADPKD pathogenic mutations fall within these
loops. In the case of TRPP2, besides the truncation mutations,
there are 32 known single-point pathogenic mutations, includ-
ing substitutions and deletions (ADPKD Mutation Database).
Of these 32 mutations, 18 (56%) are located in the S1-S2 loop
(Fig. 5A). Considering that the S1-S2 loop is only 23% of the
total length of TRPP2, it is clearly a hot spot for pathogenic
mutations, suggesting the essential roles that the S1-S2 loop
plays in TRPP2 function. Third, in the cryo-EM structure of the
TRPP2 homotetramer, the S1-S2 loops from four individual
subunits form a tightly bound donut-like structure (9, 10, 14).
The extensive interaction formed between neighboring loops
indicates a significant role of this loop in channel assembly,
consistent with our results of the homomeric interaction
between TRPP2 S1-S2 loops (Fig. 3). In the structures, it can
also be seen that the S1-S2 loops form a wide opening right on
the extracellular side of the channel pore, suggesting possible
involvement in ion permeability and channel regulation by
extracellular stimuli (9, 10, 14).

The effects of the pathogenic mutations indicate a versatile
function of these loops. In a study conducted with the gain-of-
function TRPP2, the mutation R325P was found to have no
effect on the channel current, whereas two other mutations in
the S1-S2 loop, W414G and R420G, abolished channel activity
(45). In another report, W414G was shown to affect the traf-
ficking of TRPP2 to cilia when expressed in LLC-PK1 cells (46).
Here we showed that R325P, C331S, and R420G did not affect
homomeric TRPP2 loop assembly and the heteromeric TRPP2-
PKD1 loop assembly (Fig. 5, C and D). However, T448K,
another mutation that was predicted to affect TRPP2 loop
assembly based on the structural data (9), greatly weakened
TRPP2 homomeric loop assembly but did not affect the associ-
ation between TRPP2 and PKD1 loops (Fig. 5, E and F). Thus,
the TRPP2 S1-S2 loop is involved in the assembly, trafficking,
and functional regulation of the TRPP2 channel and the
TRPP2-PKD1 complex. Also, the result of T448K suggests that
the interaction interface between the TRPP2 and PKD1 loops is
different from that of the homomerically assembled TRPP2
loops.

The homomeric TRPP2 channel is a tetramer, and the S1-S2
loops from four subunits tightly assemble with each other (9,

10). The TRPP2-PKD1 and TRPP3-PKD1L3 complexes are also
tetramers that contain three TRPP subunits and one PKD sub-
unit (25, 29). Moreover, the coiled-coil domains of TRPP2 or
TRPP3 form trimers and determine the 3:1 subunit stoichiom-
etry of the TRPP2-PKD1 and TRPP3-PKD1L3 complexes (25,
29). Now we show that the extracellular loops assemble in poly-
cystin complexes. It will be interesting to investigate whether
the extracellular loops of TRPP and PKD proteins also assemble
in a 3:1 stoichiometry as the C termini and full-length proteins
do in the polycystin complexes.

Experimental Procedures

DNA Constructs—cDNAs for human TRPP2, TRPP3, PKD1,
and mouse PKD1L3 were used in this study. For expressing
isolated extracellular loops, the cDNAs that code the protein
fragment Asn245–Thr468 of TRPP2, Ser123–Asp349 of TRPP3,
Ala3683–Leu3896 of PKD1, and Ala1678–Ala1895 of PKD1L3 were
cloned into pDisplay vector (Life Technologies, Inc.). The final
constructs expressed the loop fragments with a fused murine Ig
�-chain leader sequence followed by an HA tag at the N termi-
nus and a fused PDGFR transmembrane domain at the C ter-
minus. The same loop fragments and EGFP were also cloned
into a modified pDisplay vector with HA tag replaced by FLAG
tag to generate N-terminal FLAG-tagged proteins. Full-length
HA-tagged TRPP2 and FLAG-tagged TRPP3 were cloned into
pCDNA3.1(�) vector. FLAG-tagged PKD1 and HA-tagged
PKD1L3 were cloned into a pIRESpuro2 vector for generating
stable cell lines. Their final constructs have the Ig �-chain
leader sequences to replace the original signal peptide. All con-
structs were made with PCR and verified by DNA sequencing.
For RNA synthesis via in vitro transcription, cDNA was cloned
into a modified pGEMHE2 vector.

Co-IP—DNAs were transfected into HEK 293T cells with
LipoD293 transfection reagent (SignaGen Laboratories). 36-
40 h after transfection, cells were harvested and lysed at 4 °C for
1 h with a lysis buffer containing 1% n-dodecyl-�-maltoside, 1
mM EDTA, and protease inhibitor (Sigma) in PBS. The cell
lysate was centrifuged at 13,000 rpm for 30 min, and the super-
natant was then incubated with either EZview anti-FLAG or
anti-HA affinity beads (Sigma) overnight at 4 °C. The beads
were collected by centrifuge at 6,000 rpm for 30 s and washed
three times by gently shaking in a wash solution containing
0.1% n-dodecyl-�-maltoside, 1 M NaCl, 0.5% Trion X-100 in
PBS for 5 min each time. The bound proteins were eluted with
0.1 M glycine-HCl, pH 2.6, and neutralized with 50 mM Tris-
HCl, pH 7.5. Samples were analyzed by SDS-PAGE followed by
Western blotting. Stable cell lines expressing FLAG-PKD1 or
HA-PKD1L3 were generated with a protocol similar to one
described previously (29). All co-IP experiments have been
confirmed by at least two independent experiments. When cell
lysates were included in Western blotting as a control, the vol-
ume of cell lysate loaded on the gel was �3⁄8 of the volume that
was used in obtaining the corresponding co-IP bands.

SDS-PAGE and Western Blotting—Co-IP samples were run
on 4 –12% SDS-polyacrylamide gels (Life Technologies) and
blotted with mouse monoclonal anti-FLAG (Sigma) or anti-HA
(Covance) primary antibodies and HRP-conjugated goat anti-
mouse secondary antibody. Western blotting images were visu-
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alized with a Molecular Imager Chemi Doc XRS� imaging sys-
tem (Bio-Rad). The relative intensity of Western blotting bands
was measured with ImageJ (National Institutes of Health) and
analyzed with Student’s t test.

Immunofluorescence—36 h after the HEK 293T cells were
transfected with LipoD293 transfection reagent (SignaGen
Laboratories), cells were washed twice with PBS solution and
fixed with 4% fresh paraformaldehyde in PBS for 15 min. After
three 5-min washes with PBS solution, cells were permeabilized
with 0.25% Triton X-100 in PBS for 20 min followed by another
three 5-min washes (Triton X-100 was omitted when non-per-
meabilized cells were needed). Cells were then blocked with 2%
goat serum in PBS for 1 h and incubated with the primary anti-
body in the same blocking solution at room temperature for 1 h.
After three 10-min washes with PBST (0.1% Tween 20 in PBS),
the cells were incubated with fluorescence-conjugated second-
ary antibody and 2% goat serum in PBS for 1 h at room temper-
ature. After another three 10-min washes with PBS, cells were
mounted on slides and imaged with a Zeiss LSM 700 confocal
microscope. Where only one antigen was detected, mouse
monoclonal anti-FLAG (Sigma) or monoclonal anti-HA (Cova-
nce) primary antibody and Alexa Fluor 488 goat anti-mouse
secondary antibody were used. For co-localization analysis,
mouse anti-FLAG (Sigma) and rabbit anti-HA (Santa Cruz Bio-
technology, Inc.) primary antibodies and Cy5-conjugated goat
anti-mouse (Life Technologies), and Alexa Fluor 594-conju-
gated goat anti-rabbit secondary antibodies were used.

Electrophysiology—DNA constructs in the pGEMHE2 vector
were linearized, and RNA was synthesized with T7 RNA poly-
merase. 50 ng of total RNA was injected into every Xenopus
oocytes, and the oocytes were then incubated at 18 °C for 3–5
days before recording. Channel currents were recorded with
the two-electrode voltage clamp method. For recording TRPP2-
F604P currents, bath solution containing 100 mM NaCl, 2 mM

HEPES, pH 7.5, was used. Oocytes were clamped at �60 mV,
and 50-ms voltage steps from �80 to �60 mV were applied in
10-mV increments to measure current-voltage relationships.
Recording of the acid-induced off-response of the TRPP3-
PKD1L3 complex was described in detail previously (25).
Standard bath solution used contained 100 mM NaCl, 0.5 mM

MgCl2, 2 mM HEPES, pH 7.5. The acid solution was generated
by adding citric acid into the standard bath solution until pH
reached 2.8. During the recording, oocytes were clamped at
�60 mV in the standard bath solution, and voltage ramps from
�80 to �60 mV were applied to monitor the current. The acid
solution was applied to oocytes for 12 s, followed by washing
with the standard bath solution until the current reached its
peak amplitude. Subsequently, the 50-ms voltage steps from
�80 to �60 mV were applied in 10-mV increments to measure
current-voltage relationships. All recording results were been
repeated with at least two batches of oocytes.
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