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In polycystic kidney disease (PKD), polycystin-2 (PC2) is fre-
quently mutated or truncated in the C-terminal cytoplasmic tail
(PC2-C). The currently accepted model of PC2-C consists of an
EF-hand motif overlapping with a short coiled coil; however, this
model fails to explain the mechanisms by which PC2 truncations
C-terminal to this region lead to PKD. Moreover, direct PC2 bind-
ing to inositol 1,4,5-trisphosphate receptor, KIF3A, and TRPC1
requires residues in PC2-C outside this region. To address these
discrepancies and investigate the role of PC2-Cin PC2 function, we
performed de novo molecular modeling and biophysical analysis.
De novo molecular modeling of PC2-C using the ROBETTA server
predicts two domains as follows: an EF-hand motif (PC2-EF) con-
nected by a linker to a previously unidentified C-terminal coiled
coil (PC2-CC). This model differs substantially from the current
model and correlates with limited proteolysis, matrix-assisted laser
desorption/ionization mass spectroscopy, N-terminal sequencing,
and improved coiled coil prediction algorithms. PC2-C is elon-
gated and oligomerizes through PC2-CC, as measured by analyti-
cal ultracentrifugation and size exclusion chromatography,
whereas PC2-EF is globular and monomeric. We show that PC2-C
and PC2-EF have micromolar affinity for calcium (Ca**) by iso-
thermal titration calorimetry and undergo Ca”*-induced confor-
mational changes by circular dichroism. Mutation of predicted EF-
hand loop residues in PC2 to alanine abolishes Ca** binding, Our
results suggest that PC2-CC is involved in PC2 oligomerization,
and PC2-EF is a Ca>* -sensitive switch. PKD-associated PC2 muta-
tions are located in regions that may disrupt these functions, pro-
viding structural insight into how PC2 mutations lead to disease.
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Polycystic kidney disease (PKD)*is among the most common
life-threatening inherited disorders, with clinical consequences
characterized by renal and hepatic cysts (1). Most cases of PKD
(>95%) are linked with mutations in the genes PkdI or Pkd?2,
which encode the membrane protein polycystin-1 (PC1) and
the calcium (Ca®")-permeable channel, polycystin-2 (PC2),
respectively (2, 3). PC2 belongs to the TRP channel family and is
expressed in most tissues (4—8). It has six transmembrane
spans, and both C and N termini are cytoplasmic. PC1 and PC2
interact directly and co-localize to primary cilia where they are
hypothesized to be necessary for a mechanosensory or chemo-
sensory response that triggers a rise in intracellular Ca>" (9).
Many aspects of PC2 function are mediated by the cytoplasmic
C-terminal tail (PC2-C), including co-assembly with PC1
through the PC1 C-terminal cytoplasmic tail (10-13). Two-
thirds of pathogenic mutations in PC1 and >90% of pathogenic
mutations in PC2 result in truncations of their C-terminal cyto-
plasmic regions and are predicted to abrogate interaction
between the proteins. There are no structural data describing
PC2, and current descriptions of PC2-C lack functional and
biochemical information.

The currently accepted domain model of PC2-C consists of an
EF-hand motif overlapping with a short coiled coil (6, 12). Helical
wheel projection of this purported coiled coil (Glu””?>~Leu””®)
shows that residues in positions “a” and “d” of the helix (i.e. the
coiled coil interface) are hydrophilic or charged and would be
unfavorable in a coiled coil interface (Fig. 1D). PKD-associated
truncations have been identified outside of these proposed
domains in PC2-C (Fig. 1F), suggesting that residues important for
PC2 function are located in the truncated regions. Moreover, PC2
binds directly to several proteins, including the inositol 1,4,5-
trisphosphate receptor (14), TRPCI1 (15), tropomyosin-1 (16), Id2
(17), troponin-1 (18), KIF3A (19), and PC1 (9, 20). All of these
interactions are dependent on residues C-terminal to the currently
accepted domain organization of PC2-C. To address these dis-
crepancies and to aid future studies into the molecular basis of
PKD pathogenesis and progression, we constructed a validated
structural model of PC2-C.

We have determined a de novo molecular model of PC2-C
using the ROBETTA server (21-23) and validated characteris-

“The abbreviations used are: PKD, polycystic kidney disease; PC2, polycys-
tin-2; PC2-C, polycystin-2 C-terminal cytoplasmic domain; PC2-EF, poly-
cystin-2 EF-hand domain; PC2-CC, polycystin-2 coiled coil domain; ITC,
isothermal titration calorimetry; AUC, analytical ultracentrifugation; MALDI-
MS, matrix-assisted laser desorption/ionization mass spectroscopy; 2DSA,
two-dimensional spectrum analysis; SEC, size exclusion chromatography.
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tics of this model using biophysical and biochemical analysis.
We show that PC2-C contains two domains, a single EF-hand
motif (PC2-EF) connected by a linker to a coiled coil domain
(PC2-CC). We propose that PC2-CC is the actual coiled coil
domain that has been assumed in the literature. Our results
suggest that PC2-CC is involved in PC2 oligomerization and
that PC2-EF acts as a Ca>"-sensitive switch. PKD-associated
PC2 truncation mutations are located in regions that would
disrupt these functions, providing insight into how PC2 muta-
tions may lead to disease.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—Fragments of polycys-
tin-2 are as follows. PC2-C (Ile”°*~Val®®®), PC2-EF (Asn”?°-
Pro”®”),and PC2-CC (Gly**®*~His®*”) were PCR-amplified from
human PC2 cDNA (obtained from S. Somlo, Yale University),
cloned into pET-28 (a*) (Novagen), and transformed into
BL21(DE3) CodonPlus RIL (Stratagene) for bacterial expres-
sion. Mutant variants of PC2-EF (PC2-EF-X-Z T771A/E774A)
and PC2-CC (L842P, V846E, M849K, 1853P, 1856K, V846E/
I856K, and M849K/V863E) were created using QuikChange
multiple site-directed mutagenesis kit (Stratagene). Cells were
grown to OD,,. ~0.4 at 37 °C and then shifted to 18 °C after
induction with 1 mm isopropyl 1-thio-f-p-galactopyranoside at
~18 h. Cells were harvested and resuspended in Buffer A (20
mM Tris, 500 mm NaCl, pH 8.0), lysed by freeze thaw/sonication
with lysozyme (~1 mg/ml) (Sigma), and clarified by centrifuga-
tion. Supernatant was loaded onto a 1-ml HisTrap column (GE
Healthcare). The column was washed with 30 column volumes
of Buffer A and then with 10 column volumes of Buffer A + 50
mM imidazole. Purified polycystin-2 fragments were eluted in
Buffer A + 500 mm imidazole and applied to a Superdex 200
SEC column equilibrated in Buffer A. PC2-CC was treated with
thrombin (1 unit/mg) for all experiments to remove the His tag.
PC2-C and PC2-EF contain an N-terminal His tag with the
sequence “MGSSHHHHHHSSGLVPRGSHM.”

Molecular Modeling—PC2-C (lle”**~Val®*®) and PC2-EF
(Asn”?°—Pro”®”) were submitted to the full-chain structure pre-
diction server ROBETTA (21-23). Models were analyzed for
secondary structure content using iMolTalk (24) and visualized
using PyMOL. Coordinates for the ROBETTA models are
included as supplemental data. The ROBETTA model for PC2-
C-(801-968) and PC2-EF-(719 —800) were also ligated to cre-
ate a theoretical model of PC2-C (supplemental Fig. 2). Coor-
dinates for this theoretical model are available in the
supplemental data file.

Limited Proteolysis Domain Mapping—PC2-C was treated
with trypsin (1:100 w/w) or proteinase K (1:10,000 w/w) in 25
mM Tris, 250 mm NaCl, pH 8.0. Reactions were quenched using
proteinase inhibitor mixture (Roche Applied Science). Prod-
ucts were resolved on SDS-PAGE, transferred to polyvinylidene
difluoride, and bands sent for N-terminal sequencing (Tufts
University Core Facility). Identical reaction products were sent
for MALDI-MS (Tufts University Core Facility). MALDI-MS
results were analyzed using FindPept (25).

Circular Dichroism—CD spectra (260-185 nm) were
recorded on an AVIV 215 spectrophotometer (Lakewood, NJ)
at 25 °C with 1-nm step size, 1-nm bandwidth, 3 s averaging
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time, and 1-mm path length. PC2-C and PC2-EF were stripped
of Ca®>" with 100 mm EDTA. Protein concentrations were
measured by A,g, (extinction coefficients: 9970 M~ ' cm ™!
(PC2-C), 1490 M~ ' cm ™" (PC2-EF), and 6990 M~ ' cm ™! (PC2-
CC)), and Bradford assay (Bio-Rad). Samples were diluted
in double distilled H,O and spectra recorded at 0.17 mg/ml
(PC2-C), 0.10 mg/ml (PC2-EF), and 0.05 mg/ml (PC2-CC).
PC2-C (0.17 mg/ml) and PC2-EF (0.10 mg/ml) spectra were
also recorded in the presence of 5 mm Ca®". Three spectra were
averaged before processing. CD spectra were converted to
mean residue ellipticity [0] (degrees cm® dmol ' residue™ ')
using IgorCD in IgorPro. Spectra were base-line corrected by
subtracting averaged data (250 -260 nm). Secondary structure
calculations were performed using DICHROWEB and
CDSSTR (26 -28). PC2-C and PC2-EF spectra (260 -190 nm) in
the presence and absence of Ca®>* were fit with reference set 7,
whereas PC2-CC spectra (260 —185 nm) were fit with reference
set 6 (26). Secondary structure values were compared with the
secondary structure content of de novo models of PC2-C
(Ile”**~Val®®®), PC2-EF (Lys”**~Met**°), or PC2-CC (Gly**"—
His?*’), respectively.

Isothermal Titration Calorimetry—Measurements were
done on a VP ITC (MicroCal, Northampton, MA) instrument;
PC2-C (208 um) was in the cell, and Ca®** (2.5 mm) was in the
syringe. For PC2-EF (188 um) and PC2-EF-X-Z (T771A/
E774A) (180 um), Ca*>* was 5 mm. Proteins were stripped of
Ca®* with 100 mm EDTA and desalted in 25 mm Tris, 250 mm
NaCl, pH 7.5. 79 injections of 3 ul were made at 210-s intervals.
Data were fit to a 1-site model using ORIGIN 7.0 (MicroCal),
and dissociation constant (K,), stoichiometry (#), and enthalpy
(AH) of binding determined.

Size Exclusion Chromatography—PC2-C, PC2-EF, or
PC2-CC (0.5 ml each) was applied to a Superdex 200 analytical
grade SEC column (GE Healthcare) equilibrated in 25 mm Tris,
250 mMm NaCl, pH 8.0, at 0.1 ml/min. The column was calibrated
using the following: thyroglobulin 670 kDa, bovine y-globulin
kDa 158, chicken ovalbumin 44 kDa, equine myoglobin 17 kDa,
and vitamin B, 1.35 kDa (Bio-Rad). The distribution coeffi-
cient, K,,, was measured and plotted versus log (molecular
weight): K, = (V, — V,)/(V, — V,) where V, = elution volume;
V,, = column void volume; V, = total volume. K, ,, was calcu-
lated for PC2-C (+Ca>*), PC2-C (—Ca>") (following treatment
with 100 mm EDTA), PC2-EF, and PC2-CC.

Analytical Ultracentrifugation—Sedimentation equilibrium
experiments were performed with a Beckman Optima XL-I at
the Center for Analytical Ultracentrifugation of Macromolec-
ular Assemblies (University of Texas Health Science Center,
San Antonio, Dept. of Biochemistry). AUC experiments were
analyzed with UltraScan version 9.5 (29). Hydrodynamic cor-
rections were made according Laue et al. (30), as implemented
in UltraScan. The partial specific volumes of PC2-EF, PC2-CC,
and PC2-C were estimated according to Cohn and Edsall (31),
as implemented in UltraScan yielding 0.722, 0.732, and 0.717
cm®/g, respectively. Equilibrium data were fit to multiple mod-
els, and the best chosen based on fitting statistics and visual
inspection of the residual run patterns. 2DSA and Monte Carlo
analyses were calculated on a Linux Beowulf cluster at the
Bioinformatics Core Facility, Department of Biochemistry,
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FIGURE 1. De novo modeling of PC2-C predicts a two-domain structure connected by a flexible linker. A, model of PC2-C (lle”®*-Val®*®) obtained from

ROBETTA showing PC2-EF (green), PC2-CC (blue), and proteolytically sensitive regions identified by limited proteolysis (red). B, ROBETTA model of PC2-CC
(Gly3%8-His®?”) shown as schematic with the central helix (Phe®*°-Met®”°) depicted as surface. Coiled coil interface a and d residues predicted by MARCOIL are
highlighted pink. C, ROBETTA model of PC2-EF alone (Lys”'°~-Met®®°) showing putative Ca>*-binding residues (sticks). D, helical wheel projection of PC2-C
(Glu””?-Leu’®®) previously reported to contain a coiled coil, and E, of (Phe®3*°~Asp®'?) proposed in this study to be the actual coiled coil domain. F, schematic
of PC2-C domain structure. PC2-EF (green), PC2-CC (blue) and proteolytically sensitive regions (red) are colored accordingly. Mutations listed are from the
Autosomal Dominant Polycystic Kidney Disease (ADPKD) Database (PKDB). Our proposed coiled coil domain (purple cylinder) is shown with a and d coiled coil

interface residues labeled.

University of Texas, Health Science Center, San Antonio, and
on Lonestar/Teragrid (Texas Advanced Computing Center,
University of Texas, Austin). Samples were analyzed in a buffer
containing 300 mm NaCl. Sedimentation velocity experiments
were performed at 20 °C and 60,000 rpm. Absorbance samples
were spun in two-channel Epon/charcoal centerpieces in the
AN-60-TT rotor. Loading concentrations of 1.0 OD (optical
density at 280 nm) for PC2-CC, 0.25 OD for PC2-EF, and 1.0
OD for PC2-C were scanned at 280 nm with 0.001-cm step size
setting and no averaging, corresponding to 120 um for PC2-CC
(€ = 6970 OD,g, mol ' cm™ '), 163 um for PC2-EF (e = 1280
OD,g, mol ' cm ™), and 87 um for PC2-C (e = 9530 OD,,
mol ™' cm™"). Extinction coefficients were estimated according
to Gill and von Hippel (32). Velocity data were analyzed with
2DSA (33) combined with Monte Carlo analysis (34), direct
nonlinear least squares fitting of finite element solutions of the
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Lamm equation (35) combined with the enhanced van Holde-
Weischet method as implemented in UltraScan (36).

RESULTS AND DISCUSSION

Molecular Modeling of the C-terminal Tail of Polycystin-2
Predicts Two Domains Connected by a Flexible Linker—De novo
structural models of PC2-C (Ile”**~Val®®®) and PC2-EF
(Lys”**—Met®*°) were obtained as output from the ROBETTA
server (coordinate files are available as supplemental material).
The PC2-C model predicts an a-helical, two-domain elongated
structure connected by a linker containing a known PC2 phos-
phorylation site (Ser®'?) (37). Domain 1 (~Ile”®*~Ser”®*) con-
sists of a globular a-helical bundle (PC2-EF), whereas domain 2
(~Gly®*?®-Val*®) contains a striking ~40-residue-long central
a-helix (Tyr®*°~Lys®”®) characteristic of coiled coil-containing
proteins (PC2-CC) (Fig. 1A). Unexpectedly, domain 1 was not
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Trypsin 1:100
0 5 10 30 60

FIGURE 2. Limited proteolysis identifies two stable domains, PC2-EF and PC2-CC. Time course of limited pro-
teolysis of PC2-C using (A) trypsin (1:100 w/w) or (B) proteinase K (1:10,000 w/w) as analyzed by SDS-PAGE. Proteo-
lytically resistant bands analyzed by N-terminal sequencing are indicated with white arrows and correspond to
cleavage at ALVKL and NTVDD for trypsin and SFPRS and SSRRR for proteinase K. Identical limited proteolysis
reaction products were analyzed by MALDI-MS to identify fragments corresponding to PC2-EF and PC2-CC.

modeled as an EF-hand motif in the top theoretical structure
received as output from the ROBETTA server. Because resi-
dues believed to participate in Ca>* binding were improperly
positioned for Ca>" coordination in this model, and the de novo
protocol utilized in ROBETTA is optimized for single domain
proteins, we submitted the sequence for the predicted EF-hand
domain alone (Lys”*?-Met*®°) for de novo modeling to the
ROBETTA server. Modeling the smaller PC2-EF fragment
resulted in a canonical single EF-hand motif with a well defined
Ca?*-binding site (Fig. 1C). The ROBETTA protocol does not
attempt to predict or model Ca®*-binding sites; thus the pres-
ence of a credible Ca®>* coordination loop in our model is inde-
pendent evidence in support of the presence of a Ca>"-binding
EF-hand motif in PC2-C. Interestingly, a structural domain
with similarities to a coiled coil (domain 2) was found C-termi-
nal to the position of the purported coiled coil domain in the
currently accepted model of PC2-C. To investigate the possi-
bility that a previously undiscovered coiled coil motif is present
in the C-terminal cytoplasmic tail of PC2, the sequence of
PC2-C was analyzed for coiled coil propensity using the pro-
gram MARCOIL (38) which contains an improved, more strin-
gent prediction algorithm. The resulting output from MAR-
COIL predicts that residues Phe®*°-Asp”’® have a high
probability to form a coiled coil (supplemental Fig. 3). Heptad
repeat residues (a— d) were mapped and found to correspond to
a hydrophobic stripe on the long a-helix in the PC2-CC model
(Fig. 1, B and E and supplemental Fig. 1). Typically, a—d resi-
dues are hydrophobic and make up the coiled coil interface (39).

The results of our de novo modeling for the cytoplasmic tail
of PC2 suggest that PC2-CC is the actual coiled coil domain
assumed in the literature. Residues within PC2-CC are neces-
sary for direct binding to PC2-interacting proteins (PCl,
TRPC]1, and KIF3A) and PC2-PC2 oligomerization (9, 14 -20).
Furthermore, PC2-CC includes the most C-terminal patho-
genic PKD-associated truncation variant (R872X) (40). This
truncation product is unable to interact with the C terminus of
PC1 (12), leading to a plausible hypothesis for PKD pathogen-
esis. These modeling studies identify a previously unreported
coiled coil domain within the C-terminal cytoplasmic tail of
PC2, which may serve as an oligomerization interface ablated
by PKD-associated truncations.
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Domain Mapping Using Limited
Proteolysis Validates the Presence
and Relative Positions of Two
Domains within the C-terminal Tail
of Polycystin-2—To test the validity
of our de novo structural model,
we mapped the domain structure
of PC2-C using limited proteo-
lysis experiments coupled with
MALDI-MS and N-terminal se-
quencing. PC2-C (lle”**~Val®*®) was
treated with trypsin or proteinase K
to identify proteolytically resistant
fragments under single hit kinetics
(Fig. 2). Two proteolytically resist-
ant bands from each reaction were
analyzed by N-terminal sequencing
and correspond to fragments that begin with the sequences:
“ALVKL” (Ala”*'-Leu’*®) and “NTVDD” (Asn”*°-Asp’**)
from trypsin digestion and “SFPRS” (Ser®**-Ser®*®) and
“SSRRR” (Ser®**~Arg®*”) from proteinase K digestion. Notably,
both proteinase K cleavage sites occur within the predicted
linker region of our PC2-C model. Given the broad substrate
specificity of proteinase K, these results support the presence of
an interdomain linker between residues Arg®®® and His®**2.
Identical proteolysis reaction products were analyzed by
MALDI-MS and matched with fragments of the PC2-C
sequence using the N-terminal sequencing results as a con-
straint, corresponding to Ala”''~Pro’®” and Gly**®*-His®*".
These results were obtained before modeling was complete
because full chain automated structure prediction using the
ROBETTA server can take several months. The residues corre-
sponding to these PC2-C fragments were mapped onto our
de novo model of PC2-C and overlap with the positions of the
predicted domains, validating our two domain model and the
position of the linker region (Fig. 1D). Using these results we
generated PC2-EF (Asn’*°-Pro””) and PC2-CC (Gly***-
His®*”) for biophysical analysis.

Circular Dichroism Shows That PC2-C Has a Highly a-Heli-
cal Fold and Undergoes Ca”"-induced Conformational
Changes—The de novo model of PC2-C predicts an all a-helical
protein. To test this, we compared the secondary structure con-
tent of the PC2-C model with values obtained by CD spectros-
copy. CD spectra were recorded for PC2-C, PC2-EF, and
PC2-CC and show each to contain high a-helical content in
agreement with our modeling results (Fig. 3). Secondary struc-
ture content, calculated using DICHROWEB (27), was com-
pared with percentage a-helicity from our structural model of
PC2-C for the entire model and for individual domains.
Because the model of PC2-C suggested a Ca>* binding domain,
we also investigated the Ca®" sensitivity of the conformation of
PC2-C. PC2-C and PC2-EF spectra were recorded in the
absence and presence of Ca®". PC2-EF shows an increase from
~27 to ~45% o-helicity after Ca®>* addition, and PC2-C
increases from ~34 to ~50% a-helicity with Ca®>*. These values
for Ca®>*-bound PC2-C (~50%) and PC2-EF (~45%) corre-
spond with our structural models of PC2-C (62%) and PC2-EF
(51%). Secondary structure content calculated from CD spectra

10 30 60 120 min
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been reported (41), but not experi-
mentally confirmed. Our structural
model and CD analysis suggest that
this EF-hand domain binds Ca®".

Wavelength (nm)

FIGURE 3. CD of PC2-C, PC2-EF, and PC2-CC indicate high a-helical secondary structure content. CD
spectra were recorded for PC2-C, PC2-EF, and PC2-CC, and secondary structure values were compared with the
secondary structure content of the de novo models of PC2-C (lle”®*-Val?®®) or PC2-EF (Lys’'°-Met®®°). CD
spectra of PC2-C (A) or PC2-EF (B) were recorded in the presence (smooth line) and absence (dotted line) of Ca®*.
C, CD spectrum of PC2-CC. D, a-helical content of PC2-C, PC2-EF, and PC2-CC estimated from CD spectra using
DICHROWEB in comparison with values obtained from de novo models of PC2-C (lle’®*~Val®®) or PC2-EF

(Lys”"°-Met®°).
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FIGURE 4. Isothermal titration calorimetry of PC2-C and PC2-EF identifies a
functional Ca®*-binding site. A, PC2-C (208 um); B, PC2-EF (188 um) or PC2-EF-
X-Z (T771A/E774A) (180 um, filled triangles) was titrated with Ca®*, and the result-
ing isotherm was fit to a one-site binding model. Bottom, ITC fitting results and
derived thermodynamic parameters for PC2-C and PC2-EF Ca*" titrations.

for PC2-CC (~70% a-helix) is also in agreement with our struc-
tural model of the coiled coil domain (74%). CD thus validates
the a-helical fold predicted by our model of PC2-C and suggests
that Ca®" binding induces a conformational change within the
EF-hand domain.

PC2-C Contains a Ca’"-binding EF-hand Domain by Iso-
thermal Titration Calorimetry That May Be Regulated by Res-
idues Outside of the EF-hand Fold—The presence of an EF-
hand motif within the C-terminal cytoplasmic tail of PC2 has
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To verify and quantify this Ca®"
binding, we conducted isothermal
titration calorimetry (ITC) (Fig. 4).
Fitting ITC isotherms with a one-
site binding model indicates that
PC2-C binds Ca>" with a K, of ~12
uM and a stoichiometry of 1:0.4,
whereas PC2-EF binds Ca®>" with

250 260

Circular Dichroism ..
34% (60%) lower affinity (K, ~ 214 um) and 1:1
27% (45%) stoichiometry. To verify that resi-
70%

dues predicted by our ROBETTA
model of the EF-hand domain of
PC2 are directly involved in Ca®"
binding, we created PC2-EF-X-Z
(T771A/E774A) by site-directed
mutagenesis. Thr’”! and Glu”’* are
predicted to be directly involved in
Ca?* coordination according to our
model (supplemental Fig. 4), and
the resulting ITC isotherms follow-
ing Ca”"titration indicate a com-
plete loss of affinity for Ca*>* (Fig. 4B).

Interestingly, our attempts to prepare PC2-C in a Ca*" -free
state by treatment of proteins with EDTA resulted in a binding
stoichiometry of 1:0.4, indicating that a significant fraction of
PC2-C remained in the Ca>*-bound state. This result contrasts
with PC2-EF, where identical treatment seems to have removed
all bound Ca””". The reduced effectiveness of EDTA treatment
correlates with the 17-fold lower affinity of the isolated EF-
hand domain. The stoichiometry values for Ca®>" binding do
not affect the final K, values obtained from fitting procedures.
The differential affinity for Ca>* of PC2-EF alone versus PC2-C
implies that regions of PC2-C outside of PC2-EF are involved in
stabilization or regulation of the Ca®" -binding site and support
the presence of a physiologically relevant Ca”>*-binding site
within PC2.

Oligomerization of the C-terminal Tail of Polycystin-2 Is
Mediated by an Extended Coiled Coil Domain as Shown by Size
Exclusion Chromatography—Our structural model and MAR-
COIL analysis predict that PC2-CC contains a coiled coil
domain with a hydrophobic stripe. We investigated whether
this region of PC2-C is important for oligomerization. Analyt-
ical SEC was used to analyze the conformation and oligomer-
ization states of PC2-C, PC2-EF, and PC2-CC (Fig. 5). PC2-C
(32 kDa) elutes at ~670 kDa, suggesting both oligomerization
and an elongated molecular conformation. Stripping Ca®"
from PC2-C reduces the apparent molecular weight by 50%,
implying a change in oligomerization state or molecular con-
formation driven by Ca*>*. PC2-EF (12 kDa) elutes at ~19 kDa,
consistent with the calculated molecular weight of a monomer,
whereas PC2-CC (12 kDa) elutes at ~75 kDa, indicating both
oligomerization and an elongated conformation. To test the
possibility that residues corresponding to positions a and d in
the PC2-CC coiled coil interface are directly mediating PC2

*After addition of Calcium
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FIGURE 5. Size exclusion chromatography of PC2-C, PC2-EF, and
PC2-CC shows the coiled coil motif in PC2-CC may mediate PC2 oli-
gomerization. A Superdex 200 analytical grade SEC column was cali-
brated using thyroglobulin 670 kDa, bovine y-globulin kDa 158, chicken
ovalbumin 44 kDa, equine myoglobin 17 kDa, vitamin B,, 1.350 kDa. K,,,
was determined for each standard (closed circles) and plotted versus log
molecular weight. K,,, was determined (open circles) for PC2-C (+Ca?"),
PC2-EF, and PC2-CC and their apparent molecular weights determined.
K,, for PC2-C (—Ca®") was measured following treatment with EDTA.
PC2-Celutes at ~670 kDa, but this shifts to ~330 kDa following removal of
Ca". PC2-EF elutes at ~19 kDa consistent with a monomeric state.
PC2-CC elutes at ~75 kDa consistent with an extended conformation and
oligomerization.

oligomerization, we created PC2-CC variants with substitu-
tions of hydrophobic a or d residues to either glutamate, lysine,
or proline. (PC2-CC L842P, V846E, M849K, 1853P, I856K,
V846E/1856K, or M849K/V863E). All point mutations tested
resulted in complete insolubility of recombinant PC2-CC sug-
gesting the importance of the integrity of the coiled coil inter-
face for proper folding and possibly oligomerization. (supple-
mental Fig. 5) It is possible that the extended hydrophobic
interface created by these a and d residues was disrupted by the
insertion of charged residues or putative helix breaking proline
residues resulting in nonspecific aggregation and misfolding.
Interestingly, although mutations resulting in truncation of the
entire coiled coil segment have been identified in PKD patients
within our proposed coiled coil domain, no point mutations
resulting in amino acid substitutions have been found. These
findings support our structural model of PC2-C and further
show that PC2-C is an extended oligomeric macromolecule
with PC2-CC responsible for this oligomerization.

Analytical Ultracentrifugation Shows That the C-terminal
Tail of Polycystin-2 Has an Extended Oligomeric Structure with
Oligomerization Mediated by the Coiled Coil Domain—To fur-
ther examine the oligomerization state and molecular confor-
mation of PC2-C, PC2-EF, and PC2-CC, we performed high
speed sedimentation velocity ultracentrifugation experiments.
In a velocity experiment, sample composition can be deter-

mined and multiple components

resolved. The van Holde-Weischet
analysis provides a model-indepen-
dent view of the sedimentation
coefficient distribution (42), where-
as 2DSA resolves heterogeneity in
the solution according to both
shape and molecular weight. Com-
bining the 2DSA with a Monte
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FIGURE 6. Velocity sedimentation analysis indicates PC2-CC mediates oligomerization of PC2-C and has
an elongated molecular shape. Velocity data were analyzed with 2DSA combined with Monte Carlo analysis
(A-C), and results are shown in pseudo-three-dimensional plots versus frictional coefficient (f/f,). f/fy >1.0
indicate an extended molecular shape. The relative concentration of solutes is shown using a color gradient
(light blue to black with black centered peaks corresponding to the highest concentration). A, PC2-EF exists as a
monomer with globular shape. B, PC2-CC is present as an elongated oligomeric species (trimer or tetramer).
G, PC2-Cappears to be elongated and present in a monomer-dimer equilibrium. D, van Holde-Weischet differ-
ential sedimentation distributions plotted as molecular weight distributions. All proteins appear narrowly
distributed in the sedimentation coefficient.
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Carlo analysis reduces the effects of
stochastic noise on the appearance
of false-positive peaks and enhances
the inherent signal in the data (34).
We used a color gradient indicating
the relative concentration of solutes
to create pseudo-three-dimensional
plots (Fig. 6). Van Holde-Weischet
analysis showed that all samples
were mostly free of aggregates and
degradation products, and 2DSA
analysis showed one predominant
species with narrow confidence
bands, and several minor species
with little signal. Velocity sedimen-
tation results suggest that PC2-CC
is mostly present as an oligomer (tri-
mer or tetramer) with an elongated
shape, and that PC2-EF is mono-
meric with globular shape (Fig. 6, A
and B). PC2-C appears to be present
in a monomer-dimer equilibrium
in velocity sedimentation experi-
ments, which at the concentration
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tested (87 um) appears to be mostly shifted to the dimer state
(Fig. 6C). These results are also in agreement with our SEC
analysis, and support a model of PC2-C as an oligomeric elon-
gated macromolecule whose oligomerization is mediated by
the C-terminal coiled coil domain, PC2-CC, identified in this
study.

Conclusion—In PKD, PC2 is frequently truncated in PC2-C.
The currently accepted domain model of PC2-C fails to explain
the mechanisms by which truncations in PC2-C lead to PKD.
Moreover, direct PC2 binding to proteins involved in PKD pro-
gression requires residues outside this region of PC2-C. To
address these discrepancies and provide a framework to inves-
tigate the role of PC2-C in PC2 function and PKD progression,
we performed de novo molecular modeling and validated this
model through biochemical and biophysical analysis.

Structural modeling using the ROBETTA server predicts an
extended a-helix C-terminal to the currently accepted coiled
coil domain of PC2. The correlation of our structural model
with limited proteolysis and MARCOIL results suggests that
there is a previously unidentified coiled coil domain C-terminal
to the EF-hand motif, and that this is the actual coiled coil
domain assumed in the literature. Using AUC and SEC, we
found the EF-hand motif domain to be monomeric, whereas the
coiled coil domain forms oligomers. Mutagenesis of a and d
heptad repeat residues predicted to form the PC2 coiled coil
interface result in complete insolubility of recombinant PC2-
CC, suggesting their importance in folding and possibly oli-
gomerization. This is in agreement with findings for TRP chan-
nels where a C-terminal coiled coil region mediates channel
oligomerization (43), but it remains to be tested on active full-
length PC2 ion channels.

Ca®" binding to the EF-hand motif domain was investigated
using ITC, CD, and site-directed mutagenesis. This is the first
experimental data supporting the presence of a Ca>"-binding
site within PC2. EF-hand motif proteins bind Ca>" with affini-
ties ranging from nanomolar to millimolar (44), and our ITC
experiments for the EF-hand domain of PC2 suggest one Ca**-
binding site with micromolar affinity. Given the relatively high
concentration of Ca>" predicted at the mouth of the PC2 chan-
nel pore and locally because of opening of associated ryanodine
or inositol 1,4,5-trisphosphate receptor channels at the endo-
plasmic reticulum surface, a micromolar affinity for Ca®>* may
allow PC2-EF to sense local changes in Ca®>" concentration.
This result, coupled with the conformational changes observed
upon Ca®* binding, suggests a functional role for Ca®>* in PC2
activation.

We report here the first molecular model of the C-terminal
cytoplasmic tail of PC2. This model provides a framework to
guide experiments probing normal PC2 function and the
molecular basis of PKD pathogenesis and progression. Our
results validate the presence of a functional Ca®*-binding site
and identify a previously unreported coiled coil domain in PC2.
These analyses further suggest that the coiled coil domain
may serve as a PC2 oligomerization interface. Additionally,
the presence of a coiled coil encompassing ~Tyr®3°—Lys®7¢
may provide a structural explanation for previous reports
that show the importance of this region for PC2 binding to
PC1 and other proteins. Significantly, all known PKD-asso-
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ciated PC2 truncations disrupt this new PC2 coiled coil
domain. Our results thus provide a plausible molecular
mechanism for PKD pathogenesis.
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