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Autosomal dominant polycystic kidney disease (ADPKD) is caused
by mutations in TRPP2 and PKD1, which form an ion channel/recep-
tor complex containing three TRPP2 and one PKD1. ATRPP2 C-term-
inal coiled-coil trimer, critical for the assembly of this complex,
associates with a single PKD1 C-terminal coiled-coil. Many ADPKD
pathogenic mutations result in the abolishment of the TRPP2/PKD1
coiled-coil complex. To gain molecular and functional insights into
this heterotetrameric complex, we computationally constructed a
structural model by using a two-step docking strategy, based on a
known crystal structure of the TRPP2 coiled-coil trimer. The model
shows that this tetrameric complex has a novel di-trimer configura-
tion: An upstream trimer made of three TRPP2 helices and a down-
stream trimer made of two TRPP2 helices and one PKD1 helix.
Mutagenesis and biochemical analysis identified critical TRPP2/
PKD1 interface contacts essential for the heteromeric coiled-coil
complex. Mutation of these interface positions in the full-length
proteins showed that these interactions were critical for the assem-
bly of the full-length complex in cells. Our results provide a means
to specifically weaken the TRPP2 and PKD1 association, thus facil-
itating future in vitro and in vivo studies on the functional impor-
tance of this association.

he transient receptor potential (TRP) channel family consti-

tutes a large group of cation-permeable channels expressed
in diverse species and cell types (1, 2). TRPP2 (also known as
PKD?2 or polycystin-2), a member of the TRPP subfamily (3),
coassembles with PKD1 (also known as polycystin-1), an integral
membrane protein that presumably functions as a cell surface re-
ceptor (4), to form an ion channel/receptor complex (5-12). Both
TRPP2 and PKD1 are widely distributed, with high expression
levels in kidney epithelial cells (3, 4, 10, 11), where they appear
to colocalize in the primary cilia and may function as mechano-
sensitive, Ca’*-permeable cation channels (5, 13). The functional
importance of TRPP2 and PKD1 is demonstrated by the fact that
mutations of these proteins are the prevalent causes of autosomal
dominant polycystic kidney disease (ADPKD), one of the most
common inherited human diseases (14-17). That mutations of
TRPP2 and PKD1 produce similar pathological manifestations
suggests that they may act through a disruption of a common
complex of the two proteins.

TRPP2 and PKD1 also interact with numerous other proteins,
with significant functional consequences (17). For example,
PKD1 interacts with and activates heterotrimeric Gj, proteins,
potentially affecting diverse downstream signaling pathways
(18-21). On the other hand, TRPP2 interacts and forms func-
tional heteromeric cation channels with other TRP channel
subunits, including TRPC1 and TRPV4 (9, 22-24). To fully un-
derstand the cellular and molecular mechanisms underlying
ADPKD, it would be a major advantage to be able to selectively
disrupt the TRPP2/PKD1 complex and thereby distinguish its
function from those of other TRPP2- and PKDI-containing
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complexes. We therefore set out to elucidate structural details
about the TRPP2/PKD]1 interface.

TRPP2 and PKD1 associate directly through their C termini
(25, 26), forming a complex containing three TRPP2 and one
PKD1 (27). This association involves coiled-coil domains in
the C termini of the two proteins (25, 27). The TRPP2 coiled-coil
domain forms a homotrimer, both in solution (27-29) and in
crystals (27). Disruption of this trimer abolishes the assembly
of heteromeric TRPP2/PKD1 complexes (27). Although a high-
resolution crystal structure of the TRPP2 coiled-coil trimer has
been solved (27), how the PKD1 coiled-coil binds to this trimer
is still unknown.

The potential importance of the TRPP2/PKD1 coiled-coil in-
teraction is underscored by the fact that many ADPKD-causing
mutations, including R742X, where X stands for a stop codon
mutation, R807X, E837X, and R872X in TRPP2 and R4227X
and Y4236X in PKD1 (15, 30, 31), result in the deletion of the
coiled-coil domains. However, besides abolishing the TRPP2/
PKD1 C-terminal interaction, these truncation mutations could
produce global and detrimental effects on the folding, assembly,
function, or regulation of the TRPP2/PKD1 complex. To probe the
functional importance of the TRPP2/PKD1 coiled-coil interaction
it would be helpful to have a high-resolution structure; however,
no such structure is yet available despite extensive efforts (27).

In this study, we undertook a computational approach to
construct a structural model for the TRPP2/PKD1 coiled-coil
complex, starting with a 1.9-A resolution crystal structure of the
TRPP2 coiled-coil trimer and the knowledge that a single PKD1
coiled-coil binds to this trimer (27). Two sequential computa-
tional steps were taken. First, a rigid-body docking procedure
termed iterative modular optimization (IMO), which was origin-
ally developed for refining secondary structure elements within
homology models (32), was used to generate a model of the
TRPP2/PKD1 coiled-coil complex. Second, molecular dynamics
(MD) simulations in implicit solvent (33) were employed to
optimize the TRPP2/PKD1 coiled-coil interface, using standard
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as well as replica-exchange MD (REMD) simulation protocols
(34, 35). The resulting structural model was subsequently verified
by extensive mutagenesis experiments at both the fragment and
full-length protein levels.

Results

Construction of a TRPP2/PKD1 Coiled-Coil Docking Complex. The
region from L4214 to R4248 of PKD1 forms a coiled-coil domain
and binds the TRPP2 C terminus (25), specifically to the G833—
G895 region (denoted as TRPP2_G833-G895) (27). A crystal
structure of TRPP2_G833-G895 shows that it forms an « helix
and assembles into a homotrimer (27). This trimer contains two
distinct regions: The upstream region, from F839 to A873, forms
a classical coiled-coil domain and is tightly packed together,
whereas the downstream region, from K874 to G895, splays open
(27) (Fig. S1).

Based on the above information, we docked a PKD1 coiled-
coil helix (PKD1_S4212-R4248) to the TRPP2 coiled-coil trimer
to generate an initial model of the TRPP2/PKD1 coiled-coil com-
plex by using an IMO-based docking procedure (32). Twenty
docking calculations were carried out with a predetermined pack-
ing mode, parallel or antiparallel, each with a different sampling
pathway (Fig. S2). The model complexes obtained from parallel
docking were found to have a lower distance-scaled, finite, ideal-
gas reference (DFIRE) statistical potential energy (36) than
those from antiparallel docking, on average by 106 kcal*mol™!
(Fig. 1 A and B), suggesting that parallel packing is energetically
more favorable and is likely the native form. A structural com-
parison revealed that eight of the ten parallel docking calcula-
tions with lower DFIRE energies converged to an almost iden-
tical conformation (Fig. S24), with the backbone rmsd of the en-
tire PKD1 helix within 3.0 A. After minimization with a detailed
physical energy function, one of these eight conformations that
gave the lowest physical energy (Fig. 14, complex 4 depicted
in Fig. 1C) was selected as being representative and as the model
for the following disulfide bond analysis. In this complex, the
PKD1 helix binds to a groove formed by two of the three TRPP2
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Fig. 1. Conformations of the TRPP2/PKD1 coiled-coil domain complex ob-
tained from docking. (A and B) DFIRE energy and structural similarity for
TRPP2/PKD1 coiled-coil complex conformations generated from parallel
docking (A) and antiparallel docking (B). (C) The complex conformation se-
lected from parallel docking (run 4) and used in subsequent MD simulations.
(D) The lowest-energy complex conformation obtained from random dock-
ing with an artificial connecting loop consisting of 100 glycines.
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helices, located at the C-terminal open region of the TRPP2
coiled-coil trimer (Fig. 1C). In an alternative random docking
procedure where both parallel and antiparallel packing were
allowed, seven out of ten docking calculations converged to par-
allel packing conformations (Fig. S2C). The one of these that had
the lowest DFIRE energy (Fig. 1D) was structurally very similar
to the complex 4 model from the parallel docking procedure
(Fig. 1C). The agreement of these two docking studies led us
to test this model biochemically.

Testing the Docking Complex Model by Disulfide Bond Analysis. The
docking complex is characterized by two coordinates of the PKD1
helix: the translation along the TRPP2 groove and the rotation
around its helical axis (Fig. 2 4 and B). To test the validity of
this model, we examined the distance between a selected pair of
amino acids, TRPP2_I860 and PKD1_ V4217, which the model
predicts to be in close proximity (Fig. 24). These residues were
mutated to cysteines in a TRPP2 fragment containing a six his-
tidine (Hisg) tag (Hissc—TRPP2_K695-V968) and in a fusion pro-
tein of maltose-binding protein (MBP) and the PKD1 coiled-
coil domain (MBP-PKD1_S4212-R4248). If these introduced
cysteines were located in as close proximity as seen in the docking
model then they should be able to form a disulfide bond under
nonreducing conditions.

WT and/or mutant protein fragments were coexpressed in bac-
teria and copurified, and disulfide bond formation was examined
by SDS-PAGE under reducing and nonreducing conditions
(Fig. 2C). Another mutant of PKD1 in which cysteine was sub-
stituted for L4238 (PKD1_L.4238C), far away from TRPP2_I860
in the structural model (Fig. 24), was examined for comparison.
WT TRPP2 and PKDI1 fragments gave only monomer bands,
with molecular masses of 20 and 43 kDa, respectively, in both
nonreducing and reducing conditions (Fig. 2C, lane I). Under
nonreducing conditions, the combination of TRPP2_I860C and
PKD1_V4217C yielded major monomer bands for the two pro-
teins, as well as a strong band at 65 kDa, corresponding in size
to the disulfide-bonded heterodimer of the TRPP2 and PKD1
fragments (Fig. 2C, lane IV). This 65-kDa band disappeared
under reducing conditions, as expected for a disulfide bonding
dimer. It was not seen when the same cysteine version of TRPP2
(TRPP2_I860C) was combined with the other cysteine mutant of
PKD1 (PKD1_14238C) (Fig. 2C, lane V), supporting the model.
Two other faint bands were seen in the heteromeric mixtures
which disappeared under reducing conditions. One of these
was a band at 40 kDa that was seen in all mixtures that included
TRPP2_I860C and corresponded in mass to a dimer of Hiss—
TRPP2_K695-V968 (Fig. 2C, lanes II, IV, and V). The other of
these was a band at 90 kDa that was seen in every mixture that
included either of the PKD1 cysteine mutants (V4217C or
LA4238C) and corresponded in mass to a dimer of MBP-PKD1_
S4212-R4248 (Fig. 2C, lanes III, IV, and V).

To further test the specificity of disulfide bond formation and
the validity of the docking complex in Fig. 24, we examined
whether TRPP2_I860C was able to form disulfide bonds with
three other PKD1 cysteine mutants: PKD1_Q4215C, PKD1_
E4219C, and PKD1_Q4224C. According to the docking complex,
Q4215 and E4219 are located near 1860 on TRPP2 (Fig. 24),
but their side chains point away from the TRPP2/PKD1 interface
(Fig. 2 A and B); on the other hand, although the side chain of
Q4224 faces the interface, it is located two a-helical turns away
from 1860 (Fig. 2 4 and B). Thus, the docking complex predicts
that PKD1_Q4215C, PKD1_E4219C, and PKD1_Q4224C would
not dimerize with TRPP2_I860C through a disulfide bond. This
prediction was fully borne out by experiment (Fig. 2D). These
results indicate that our docking calculations are realistic and that
the resulting docking complex (Fig. 1C and Fig. 24) is a good
starting point for MD refinement.
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Fig. 2. Disulfide bond analysis of a predicted close TRPP2/PKD1 contact in the docking complex. (A) The TRPP2/PKD1 coiled-coil docking complex, illustrating
the side-chain positions of 1860 of TRPP2 and five PKD1 residues that were individually mutated to cysteines and tested for disulfide bond formation. (B) Helical
wheel representation of a portion of the TRPP2/PKD1 coiled-coil docking complex, showing the location and side-chain projection of 1860 of TRPP2 and
the tested PKD1 residues (red). (C and D) SDS-PAGE of various purified TRPP2/PKD1 C-terminal complexes (lanes I-V) in a reducing and nonreducing condition
[with or without 100 mM DTT and 5% p-mercaptoethanol (3-ME) in a 3X SDS sample buffer]. WT protein fragments, Hiss—TRPP2_K695-V968 (simplified as
Hisg—TRPP2) and MBP-PKD1_S4212-R4248 (simplified as MBP-PKD1), and their mutants, are annotated at the bottom. Putative protein composition of the
major bands is indicated on the right, with the disulfide-bonded TRPP2/PKD1 complex framed with a red dashed line.

Structural Model of the TRPP2/PKD1 Coiled-Coil Complex. The
docking complex was refined by two MD simulation protocols:
standard MD and REMD. Ten 5-ns standard MD simulations
and a 5-ns REMD simulation with 20 replicas were performed.
A structure clustering algorithm was used to group the structures
into clusters and select a small set of conformations to represent
the conformational space sampled in the last 1 ns of the MD
simulations. The top 10 clusters that had the lowest energy
and contained at least 500 conformations were analyzed, with a
representative conformation for each cluster displayed in Fig. S3.
All the representative conformations shared the following struc-
tural features: (i) the upstream region of the TRPP2 trimer (up
to G854) was stable during the MD simulation with virtually
all the coiled-coil interactions preserved; (ii) the downstream
region of one of the three TRPP2 helices that did not interact
directly with the PKD1 helix became highly flexible and tended
to peel away from the other two TRPP2 helices; (iii) in most cases
the downstream region of the remaining two TRPP2 helices
formed stable interactions with the one PKD1 helix.

Notably, conformer 2 from the standard MD protocol and
conformer 1 from the REMD protocol were very similar and were
characterized by low energy and a distinct di-trimer configura-
tion: an upstream trimer formed by three TRPP2 helices and a
downstream trimer formed by two TRPP2 helices and one PKD1
helix (Fig. 3). We consider the conformation in Fig. 34 from the
standard MD to be a more suitable structural model for the
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Fig. 3. Structural models of the TRPP2/PKD1 coiled-coil domain complex.
(A) Representative conformation of the second lowest-energy cluster ob-
tained from the standard MD protocol (MD6_447 in Fig. S3A). Top and bottom
views show a distinctive di-trimer configuration. (B) Representative conforma-
tion of the lowest-energy cluster obtained from the REMD protocol (RE0_999
in Fig. S3B), with top and bottom views showing a highly similar di-trimer
configuration. Their coordinates are available as Datasets S1 and S2.
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TRPP2/PKD1 coiled-coil complex because it exhibits a more
compact packing than the one obtained from REMD (Fig. 3B).
We also performed standard MD on the TRPP2 coiled-coil tri-
mer itself. Clustering analysis shows that the upstream region of
the TRPP2 trimer (up to G854) remains stable whereas the down-
stream region adopts various open conformations (Fig. S4).

Structural Model-Derived Mutations Disrupt the Assembly of the
TRPP2/PKD1 Coiled-Coil Complex. To analyze TRPP2/PKD1 coiled-
coil interface contacts, four parameters were extracted from an
ensemble of 1,000 conformations sampled in the last nanosecond
of 10 standard MD runs or 10 lowest-temperature REMD repli-
cas. These parameters included the C,-C, and C-Cy distances
between pairs of interfacial contacting residues, the total number
of simulation runs in which these contacts were observed, and the
average frequency of occurrence (FOC) of these contacts in the
runs where they were found (Table S1). These parameters show
how stable a given residue-residue contact is in the simulations.
However, they do not, on their own, provide information on the
contribution of a contact to the binding energy, because an ap-
parent stable contact with a high FOC can result from other
interfacial interactions that contribute more significantly to bind-
ing. To confirm the structural model and determine which inter-
facial contacts were actually critical for binding, we designed
a total of 26 mutations to disrupt a selected set of predicted stable
interface contacts and examined the effect of these mutations
on the assembly of the TRPP2/PKDI1 coiled-coil complex by
pull-down experiments, using coexpressed fusion protein frag-
ments Hise—TRPP2_K695-V968 and MBP-PKD1_S4212-R4248
(Table 1). Overall, the experimental results are in remarkable
agreement with the predictions, with the majority of mutations at-
tenuating or severely disrupting TRPP2/PKD1 binding (Table 1).
As expected, the effect of mutating two or more contact residues
was more severe than mutating a single contact residue (Table 1).
In the following, we highlight three examples of critical interfacial
contacts in a C terminus-to-N terminus order.

First, two hydrophobic interactions near the C-terminal end of
the complex, involving PKD1 14238, PKD1_ 14242, TRPP2_
L881, and TRPP2_1.885, appeared to be most important for bind-
ing (Fig. 4 A-C). In the structural model, this cluster of leucines
forms tightly packed hydrophobic contacts (Fig. 44) with a C4-Cy
distance of 4.1-5.4 A (Table S1), and their contacts have a high
FOC ranking in the contact analysis (Table S1). A double alanine
mutation of PKD1 14238 and PKD1 14242 or TRPP2_L881
and TRPP2_1.885 abolished binding (Fig. 4 B and C and Table 1),
and even a single mutation of PKD1_14238 significantly wea-
kened binding (Table 1).
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Table 1. Mutations and their effects on the assembly of the TRPP2
and PKD1 coiled-coil domain complex

PKD1 mutations TRPP2 mutations

Binding Binding

No. Mutation ability, % No. Mutation ability, %

WT 100 WT 100
1 R4213A/N4217A 106 1 D861A/I864A/ 22

V865A
2 VA4217A/L4228A 15 2 V865A/I869A 34
3 F4225A/R4227A 9 3  K876A/R877A 11
4 F4225A/L4228A 5 4  K876A/R877A/ 15
5  L4228A/N4229A 5 R878A/E879A
6 DA4234R 25 5 K876G/R877G/ 5
7  Y4236R 39 R878G/E879G
8 D4234A/Y4236A 50 6 R877A/R878A 42
9 L4238A 22 7 R877G/R878G 1.5
10 L4238A/E4239A 1.3 8 V8B0OA/L881A/ 2.9
L885A
11 L4238A/L4242A 3 9 L881A/L885A 3
12 L4238A/L4242A/ 4 10 L881D/L885D 35
L4245A 11 R883A/L884A 41

13 Q4240A 101
14 L4245A 72
15 Q4246A 83
Negative control: Negative control:
16 Q4241A/H4243A 11 12 R883A/D886A 115

17 H4243A/54244A 128

Binding ability was tested by pull-down experiments in which Hisg—
TRPP2_K695-V968 was used to pull down MBP-PKD1_S4212-R4248 after
they were coexpressed in E. coli. Binding ability is defined as the
normalized ratio of the intensity of MBP-PKD1_54212-R4248 to Hisg—
TRPP2_K695-V968 on SDS-PAGE gels. See S/ Text for details.

Second, the charge-charge interactions midway along the
length of the coiled-coil interface were also important for bind-
ing. Four charged amino acids, K876/R877/R878/E879, form a
KRRE charge cluster midway along the binding interface on
TRPP2 (Fig. 4D). This charge cluster may facilitate the formation
of the downstream trimer by increasing the flexibility of the
C-terminal portion of the TRPP2 helix, allowing the displace-
ment of one TRPP2 helix by the PKD1 helix. Mutating two con-
secutive positively charged residues in this cluster, R877/R878
or K876/R877, to alanine, or mutating one of their interacting
partners on PKD1, D4234, to arginine, greatly weakened binding
(Fig. 4 E and F and Table 1). A double glycine mutation in the
TRPP2 charge cluster, R877G/R878G, completely disrupted
binding (Table 1). The more potent effect of the glycine muta-
tions could be due to a further increased flexibility and mobility
of the C-terminal portion of the TRPP2 helix, which might reduce
the stability of critical downstream contacts, including the hydro-
phobic contacts described above.

Third, like near C-terminal hydrophobic contacts, near
N-terminal hydrophobic interactions also played a crucial role in
binding (Fig. 4G and Table 1). A double alanine mutation of
F4225 and L4228 on PKD1 nearly abolished binding (Fig. 4H
and Table 1). Other double alanine mutations involving only one
of these two residues, such as F4225A/R4227A, L4228 A/N4229A
and V4217A/L4228A, also significantly weakened or nearly abol-
ished binding (Table 1). Similarly, the corresponding mutation of
their binding partners on TRP2, V865A/I869A, also significantly
weakened binding (Fig. 4/ and Table 1).

Two mutations in PKD1 had no effect on TRPP2/PKD1 coiled-
coil binding, one was R4213A/V4217A and the other Q4240A
(Table 1). R4213 and V4217 are at the very N-terminal end of
the PKD1 coiled-coil, and Q4240 is sandwiched between 1.4238
and L4242, two of the most critical PKD1 residues for binding.
Thus, the high FOC of contacts involving R4213, V4217A, and
Q4240 is likely a consequence of the strong interactions of other
nearby interfacial contacts.
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Fig. 4. Experimental test of selected TRPP2/PKD1 interface contacts. (A, D,
G) Critical contacts in three different locations of the TRPP2/PKD1 coiled-coil
domain complex: (A) near C terminus, (D) midway, and (G) near N terminus.
(B, C, E, F H, I, K, L) SDS-PAGE showing the effects of the indicated mutations
(at the bottom of each panel) on the association between Hisg—TRPP2_K695-
V968 (labeled as TRPP2) and MBP-PKD1_5S4212-R4248 (labeled as PKD1).
Hisg-TRPP2_K695-V968 fragments were used to pull-down the coexpressed
MBP-PKD1_S4212-R4248 fragments (upper gel), which were expressed at a
similar level in each case (lower gel). Bar graphs at the lower right corner of
the gels show the normalized ratio of the intensity of PKD1fragment:
TRPP2 fragment. (J) Cartoon of a portion of the TRPP2/PKD1 coiled-coil
domain complex, showing the location of the indicated TRPP2 and PKD1
residues on a helical wheel representation. The red residues project away
from the TRPP2/PKD1 interface and were tested by mutagenesis.

In the structural model, residues Q4241, H4243, and S4244 of
PKD1 and R883 and D886 of TRPP2 project away from the
TRPP2/PKD1 interface (Fig. 47). If the model was correct then
mutating these residues should not affect TRPP2/PKD1 binding.
In agreement with this prediction, three sets of double alanine
mutations, PKD1_Q4241A/H4243A, PKD1_H4243A/S4244A, and
TRPP2_R833A/D886A, produced little effect on or a slight increase
in binding (Fig. 4 K and L and Table 1). These results, together with
those described above, strongly support the structural model.

Disruption of the TRPP2/PKD1 Coiled-Coil Complex Disrupts the
Assembly of the Full-Length Complex in Cells. To examine the validity
of our structural model in the context of full-length proteins, we
investigated whether disruption of the TRPP2/PKD1 coiled-coil
complex affects the assembly of the full-length TRPP2/PKD1
complex. To this end, we first examined the effect of selected
mutations that disrupted the TRPP2/PKD1 coiled-coil binding
on the coimmunoprecipitation (coIP) of mouse PKD1 with an
N-terminal FLAG tag (FLAG-mPKD1) and human TRPP2 with
an N-terminal HA tag (HA-TRPP2). When HA-TRPP2 was
expressed in HEK 293T cells stably expressing FLAG-mPKD1
(27), it was abundantly colPed with FLAG-mPKD1 by antiFLAG
antibody (Fig. 5 A and B, lane 1), as shown previously (27).
Expression of a TRPP2 mutant, L881A/L885A, reduced the colP
of HA_TRPP2 (Fig. 54, lane 2), and expression of a more se-
vere TRPP2 mutant, V8S0A/L881A/L885A, further reduced the
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Fig. 5. Effect of selected mutations on the assembly of the full-length
TRPP2/PKD1 complex. (A, B, C) Western blotting showing the effect of the
indicated mutations (bottom of each panel) on the colP of HA-TRPP2
(labeled as TRPP2) and FLAG-mPKD1 (labeled as mPKD1). IP was preformed
with an antiFLAG antibody, and TRPP2 and PKD 1 were detected by an antiHA
or antiFLAG antibody, respectively. HA-TRPP2 showed a similar expression
level in each experiment (lower gel). Bar graphs at the lower right corner
of the gels show the normalized ratio of the intensity of HA-TRPP2:
FLAG-mPKD1. (D-G) Confocal images of HEK 293T cells transfected with the
indicated constructs. Surface PKD1 was detected by staining with an anti-
FLAG antibody without permeabilizing the cell membrane. None of the
mutations affected the total expression of PKD1, as detected by antibody
staining after membrane permeabilization (Fig. S5). Scale bar: 50 pm.

ability of TRPP2 to bind PKD1 (Fig. 5B, lane 2). Similarly,
when a PKD1 mutant, mPKD1_I4229A/E4230A (corresponding to
human LA238A/E4239A), was expressed in HEK 293T cells stably
expressing HA-TRPP2 (27), coIP of HA_TRPP2 was greatly reduced
(Fig. 5C, lane 2). Expression of another mPKD1 mutant, mPKD1_
LA229A/14233A (corresponding to human 14238A/LA242A), nearly
abolished the colP of HA_TRPP2 (Fig. 5C, lane 3). These results
indicate that the TRPP2/PKD1 coiled-coil interaction is critical for
the assembly of the full-length TRPP2/PKD1 complex.

We next examined the effect of the above mutations on
the surface expression of full-length TRPP2/PKD1 complexes
(Fig. 5 D-G and Fig. S5). Previous work shows that in heterolo-
gous expression systems PKD1 does not reach the plasma mem-
brane on its own but does so when coassembled with TRPP2
(27, 37, 38). In agreement with it, we found that FLAG-mPKD1
did not reach the cell surface when transfected alone into HEK
293T cells (Fig. 5D), but exhibited robust surface expression when
cotransfected with TRPP2 (Fig. 5E). Cotransfection of FLAG-
mPKD1 with TRPP2_V880A/L881A/L885A, which binds weakly
to PKD1 (Fig. 5B), did not yield PKD1 surface expression (Fig. 5F).
Likewise, cotransfection of WT TRPP2 with mPKD1_L4229A/
LA4233A, which binds weakly to TRPP2 (Fig. 5C), failed to stimu-
late PKD1 surface expression (Fig. 5G). These results further de-
monstrate the critical importance of the TRPP2/PKD1 coiled-coil
interaction in the assembly of full-length TRPP2/PKD1 complexes
and further support the validity of our structural model.
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Discussion

In studying protein-protein interactions, docking can be em-
ployed to generate structural models of protein complexes of un-
known structures. In such studies, prior experimental data are
often required to guide the docking process (39-45). In this work,
however, we constructed a structural model of the TRPP2/PKD1
coiled-coil complex solely based on a two-step docking strategy,
and mutagenesis experiments were performed only to verify the
computational predictions. The remarkable agreement between
our computational predictions and the consequent experimental
results at both the fragment and full-length protein levels suggests
that the structural model in Fig. 34 represents a native-like struc-
ture in the TRPP2/PKD1 complex. Although the two-step com-
putational strategy employed in this study was specially designed
for the TRPP2/PKD1 coiled-coil complex, it may have general
applications in generating structural models for other protein/
protein or protein/peptide complexes.

The starting point of our modeling was the 3:1 complex of the
TRPP2/PKD1 coiled-coil domain. Using static light scattering,
we determined that the PKD1 coiled-coil domain alone existed
as a monomer (Fig. S6). In a previous study, we showed, by using
static light scattering and X-ray crystallography, that the TRPP2
coiled-coil domain itself and four different TRPP2 C-terminal
fragments containing the coiled-coil domain all form homomeric
trimers, and that these trimers associate with a single PKD1
coiled-coil to form a 3:1 complex (27). Two recent studies using
avariety of biochemical and biophysical approaches also reported
that the TRPP2 C terminus forms a trimer (28, 29). On the other
hand, another recent study reported that the TRPP2 C terminus
forms a dimer (46). This conclusion, however, is debatable (29) as
the method (namely analytical ultracentrifugation) used for deter-
mining protein oligomeric states in this study depends critically on
protein shape. Using single-molecule photobleaching, we further
demonstrated that the full-length TRPP2/PKD1 complex hetero-
logously expressed on the plasma membrane of Xenopus oocytes
has a 3: 1 stoichiometry (27). No other reports exist concerning the
stoichiometry of either the TRPP2/PKD]1 coiled-coil domain com-
plex or the full-length TRPP2/PKD1 complex. Thus, we consider
the 3: 1 stoichiometry a reasonable starting point for our structural
modeling. That the experimental results match well with the pre-
dictions of the final structural model validates this approach.

A unique feature of our structural model is the di-trimer con-
figuration (Fig. 34). The upstream trimer, formed by three
TRPP2 helices, is stable during all MD simulation runs, either
in the presence or absence of the PKD1 coiled-coil (Fig. S3
and Fig. S4). This result is expected because this region is packed
together by extensive hydrophobic contacts (27). That the PKD1
coiled-coil binds to the C-terminal portion of the TRPP2 coiled-
coil trimer is also understandable, as this region is not bundled
together (27) and, due to the presence of the KRRE charge clus-
ter, is likely more flexible and more adaptable. Further analysis
suggests that the upstream TRPP2 coiled-coil trimer determines
the formation and stability of the downstream TRPP2/PKD1
coiled-coil trimer (Figs. S7 and S8). This notion is consistent with
a prior finding that the PKDI1 coiled-coil interacts with the
TRPP2 coiled-coil trimer but not the monomer (27). We specu-
late that during the biogenesis of the TRPP2/PKD1 complex, the
formation of the upstream TRPP2 coiled-coil trimer precedes
and determines the formation of the downstream TRPP2/PKD1
coiled-coil trimer.

The structural model provides a basis for understanding the
pathogenic mechanism of ADPKD-causing mutations that
disrupt the TRPP2/PKD1 coiled-coil association. A particularly
illuminating example is TRPP2_R878del (31), which deletes a
single amino acid in the TRPP2 KRRE charge cluster. This dele-
tion should not affect the formation of the TRPP2 coiled-coil tri-
mer, as deleting the entire KRRE charge cluster and downstream
region has no such effect (27). However, according to our model,
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the R878del mutation would abolish the TRPP2/PKD1 coiled-
coil association because it induces a rotation of the downstream
region of the TRPP2 coiled-coil helix and, as a result, disrupts the
downstream hydrophobic contacts (involving V880, L881, and
L885) that are critical for the association of the PKD1 coiled-coil
(Table 1). This example, in conjunction with previous studies
showing that ADPKD pathogenic mutations that delete the
TRPP2/PKD1 coiled-coils (such as TRPP2_742X and PKDI1_
4227X) abolish TRPP2/PKD1 assembly (6), indicate that the
TRPP2/PKD1 coiled-coil association is crucial for the assembly
and/or function of the TRPP2/PKD1 complex.

The only association between TRPP2 and PKD1 reported to
date is through their C termini (25-27). A recent study reported
that TRPP2 and PKD1 could still be expressed on the plasma
membrane of HEK 293 cells even when the C terminus of one
of the proteins was deleted (37). We also observed that in Xeno-
pus oocytes, TRPP2 and PKD1 could still form complexes and
reach the plasma membrane when their coiled-coil association
was severely disrupted (Fig. S9). Although these studies were not
quantitative and even significant reduction of the surface ex-
pression level might not have been detected, they suggest that
other regions of TRPP2 and PKD1, probably the transmembrane
segments, likely interact and contribute to the assembly of the
TRPP2/PKD1 complex. The availability of a structural model
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of the TRPP2/PKD1 coiled-coil complex now makes it possible
to weaken or abolish the TRPP2/PKD1 coiled-coil association by
mutating as few as two amino acids (Table 1). This ability will help
clarify the role of the TRPP2/PKD1 coiled-coil association in the
assembly, membrane targeting, function, and regulation of the
TRPP2/PKD1 complex. It also opens up the possibility to speci-
fically weaken the TRPP2/PKD1 association without affecting
the interaction of either protein with other partners, thereby
facilitating future studies on the physiological functions of the
TRPP2/PKD1 complex, both in vitro and in vivo.

Materials and Methods

A two-step docking strategy that combines IMO-based rigid-body docking
(Fig. S10) and MD simulation was used for building and refining the structural
model. Details for this computational strategy and all biochemistry experi-
ments are provided in S/ Materials and Methods.
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