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The PKDI1 and PKD2 genes are the genes that are mutated in
patients suffering from autosomal dominant polycystic kidney dis-
ease. The human PKD2 gene codes for a 968-amino acid long mem-
brane protein called polycystin-2 that represents a cation channel
whose activity can be regulated by Ca>* ions. By CD, fluorescence,
and NMR spectroscopy, we have studied a 117-amino acid-long
fragment of the cytoplasmic domain of polycystin-2, polycystin-2-
(680 -796) that was proposed to contain a Ca*>*-binding site. NMR
structure determination reveals the existence of two Ca>"-binding
sites in polycystin-2-(680-796) arranged in a typical and an atypi-
cal EF-hand motif. In the absence of Ca>* the protein forms a dimer
that is dissociated by Ca** binding. This dissociation may be
related to the Ca®" inactivation observed earlier. The calcium
affinity of the protein was determined by fluorescence and NMR
spectroscopy. At 293 K, the K, values for the high and low affinity
sites are 55 um and 179 um, respectively.

The PKD2 gene is one of the two genes mutated in patients with
autosomal-dominant polycystic kidney disease (1). It encodes
polycystin-2, a 968-amino acid-long protein with 6 putative mem-
brane-spanning domains. According to structural predictions,
both its N and C termini extend into the cytoplasm; furthermore, a
pore-forming region has been postulated between the fifth and
sixth membrane-spanning domains. By sequence comparison a
coiled-coil domain and a Ca*>*-binding EF-hand have been pre-
dicted in the C terminus of polycystin-2 (1) and a homology model
has been published recently (2). However, so far only indirect evi-
dence for the presence of these motifs has been presented. Electro-
physiological measurements by several groups have demonstrated
that polycystin-2 is a non-selective cation channel and that its
channel activity is regulated by calcium. One report has shown the
activation of polycystin-2 by the addition of 1 um Ca* to the bath
solution and its inhibition by millimolar concentrations of Ca>*
(3). An R742X mutant protein, however, did not respond to the
addition of Ca®". These initial observations were confirmed by
other publications that reported that Ca>* concentrations of up to
1.26 mM increase the probability for the open state of full-length
polycystin-2 (4), whereas higher concentrations are inhibitory (4,
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5). Again, the activity of a truncated protein, this time a 703-amino
acid mutant, is not modulated by calcium (4).

From the above it seems obvious that the C terminus via binding
of Ca®" exerts a modulatory activity on the channel activity of
polycystin-2. This part of the protein, however, also is of particular
interest because it interacts with a wide variety of other proteins,
among them polycystin-1, ion channels (inositol 1,4,5-trisphos-
phate receptor, polycystin-2 itself, and TRPC1), cytoskeletal pro-
teins (a-actinin, CD2AP, mDial, troponin I, and tropomyosin-1),
intracellular trafficking proteins (PACS-1, PACS-2, and PIGEA-14)
and even a transcription factor (Id2) (6). Whether all of these interac-
tions are direct or require additional cofactors is not clear at present;
furthermore, it is not known whether any of them are cooperative or
exclusive. We have therefore decided to subject the C terminus of
polycystin-2 to an extensive biochemical and structural analysis.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Polycystin-2—A
fragment coding for amino acids 680—796 of human polycystin-2
(Fig. 1) was expressed in BL21(DE3) cells (Novagen) grown and
adapted in a modified new minimal medium (NMM) (7) as de-
scribed by Gronwald et al. (8). (1 liter contained 1 g of [">’N]H,Cl
(>98%, Cambridge Isotope Laboratories), 10 g of glucose, 7.5 g of
Na,HPO,2H,0, 3 g of KH,PO,, 0.5 g of NaCl, 0.25 g of
MgSO,7H,0, 14 mg of CaCl,2H,0, 50 mg of ampicillin, 100 ug
of ZnSO,7H,0, 30 ug of MnCl,, 300 ug of H;BO,, 200 ug of
CoCl,*6H,0, 10 ug of CuCl,-2H,0, 20 ug of NiCl,-6H,0O, and 30
pg of Na,MoO,2H,0, 5 mg of EDTA, and 2 mg of FeSO,-2H,O
freshly dissolved in 1 ml of water.) The recombinant protein was puri-
fied as published earlier by us (9). Unlabeled, **N-, **N/**C-, and
2H/"*N/**C-enriched samples were used in this study. The finally
obtained polycystin-2-(680-796) fragment contains six additional
amino acids (Gly-Ser-Thr-Ala-Ile-Gly) encoded by the vector.

Determination of the Protein Concentration—For quantitative
experiments the initial protein concentration was determined
photometrically by using a molar absorption coefficient €,
of 4470 M~ ' cm ! calculated according to Pace et al. (10) for
polycystin-2-(680-796). Alternatively, the protein concen-
tration was checked by NMR in the samples by using the
integral of well resolved protein resonances and the DSS>

3The abbreviations used are: DSS, 2,2-dimethyl-2-silapentane-5-sulfonic
acid; CDPK-q, calmodulin-like domain of the calcium dependent soybean
protein kinase «; HSQC, heteronuclear single quantum coherence; ISIC,
intelligent structural information combination; TOCSY, total correlation
spectroscopy; NOE, nuclear Overhauser effect; NOESY, nuclear Overhauser
effect spectroscopy.
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methyl signal added to the solution. The concentrations
obtained by the two methods were identical in the limits of
error of £5%.

Determination of the Ca®" Content—Polycystin-2-(680—
796) was dissolved at a concentration of 51.9 um in 5 mm Tris-
HCI, pH 6.8, 500 mm NaCl. The amount of bound calcium ions
was determined by inductively coupled plasma optical emission
spectroscopy with a JY 70 Plus spectrometer (HORIBA Jobin
Yvon, Miinchen, Germany) at a wavelength of 393.366 nm and
under a gas pressure of 0.8 MPa. Alternatively, the inherent
Ca®" concentration was determined by titrating the sample
with EDTA until the NMR signals of Ca*>*-free EDTA were
observed. Both methods gave identical results in the limits of
error of £10%.

NMR Spectroscopy—Data were recorded at a magnetic field
strength of 14.1 and 18.8 tesla (T) using a Bruker AVANCE 600
and AVANCE 800 spectrometer equipped with TXI and TCI
cryogenic probes operating at 'H resonance frequencies of 600.13
and 800.20 MHz. Usually, NMR spectra were acquired at 293 K.
Unless stated otherwise, the NMR measurements were performed
ona 0.5 mM protein sample in 10 mm potassium phosphate buffer,
pH 6.8, 500 mm NaCl, 2 mum dithioerythritol, and 0.1 mm DSS con-
taining 90% H,O and 10% D,O. 'H chemical shifts were referenced to
DSS used as internal standard. **N and **C chemical shifts were indi-
rectly referenced to DSS as described by Wishard et al. (11).

Sensitivity improved 'H-'>N-HSQC experiments were re-
corded with 128 X 2048 complex data points using a sweep width
of 8400 Hz in the 'H dimension and 2400 Hz in the "N dimension.
The sequential backbone assignment was performed on the *C/
5N-labeled protein sample of polycystin-2-(680-796) using
HNCA, CBCA(CO)NH, HNCACB, HNCANNH, HNCO, '°N-
TOCSY-HSQC, and *H-'*N-NOESY-HSQC three-dimensional
spectra. Side-chain assignments are based on HCCH-TOCSY, "°N-
TOCSY-HSQC, and two-dimensional NOESY spectra. NOE dis-
tance restraints were obtained from two-dimensional NOESY spectra
and from '3C- or '®N-edited three-dimensional NOESY-HSQC
spectra. For all NOESY spectra a mixing time of 120 ms was used.

Spectral Analysis, Structure Calculation, and Analysis—All
NMR spectra were processed and analyzed using the TOPSPIN
2.1 software (Bruker Biospin) and AUREMOL (12). ¢ and ¢
angle restraints were obtained from an analysis of the pro-
ton, nitrogen, and carbon chemical shifts with the program
TALOS 1999.019.15.47 (13). Paramagnetic relaxation en-
hancement restraints were used only in a qualitative manner,
because the protein contains two closely spaced metal bind-
ing sites. Hydrogen bonds were derived from the secondary
structure prediction and confirmed by an analysis of the
NOE patterns. For the ISIC refinement the x-ray structure of
the calmodulin-like domain from soybean CDPK-« (pdb
code 1S61) (14) was selected. After sequence alignment res-
idues 87-135 of 1S61 (corresponding to residues 415—463 of
CDPK-a) show 30.6% sequence identity in the region 730 —
778 of polycystin-2.

Structure calculations were performed with the program
CNS 1.1 (15) employing a simulated-annealing protocol for
extended-strand-starting structures. High temperature tor-
sional angle dynamics were run at 50,000 K for 1,000 steps
with a time step of 0.015 ps. In the first cooling stage, tor-
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sional angle dynamics were used for 1,000 steps with a start-
ing temperature of 50,000 K and a time step 0.015 ps. The
second cooling stage was performed with 3,000 steps of Car-
tesian dynamics with a time step of 0.005 ps and a starting
temperature of 3,000 K. Final energy minimization was per-
formed for 2,000 steps.

The 10 lowest energy structures were refined using the ISIC
procedure (16) on the basis of the NMR structural bundle of
1S61. Out of 1000 calculated final structures, the 10 structures
with the lowest pseudo-energies were further refined in explicit
solvent (17, 18). The obtained structures are deposited in the
Protein Data Bank (PDB) under the accession codes 2KLD and
2KLE.

Structure Analysis—Secondary structure elements, root mean
square deviation values, and Ramachandran plots were calcu-
lated with the program MOLMOL 2K.2. The agreement of the
NOESY data with the calculated structures was calculated from
a two-dimensional-NOESY and a three-dimensional-NOESY-
'H, '*N-HSQC with AUREMOL-RFAC-3D (19).

Diffusion Measurements—Longitudinal eddy current delay-
stimulated echo (LED-STE) diffusion measurements (20) were
performed with gradient sandwiches (21) (gradient lengths, 2
ms). In addition, during longitudinal evolution, spoiler gradi-
ents of 2- and 1-ms lengths were used. At least 32 scans were
accumulated for each gradient strength. The data were evalu-
ated as described by Munte et al. (22).

Ca®" Binding Studied by Fluorescence Spectroscopy—The
tyrosine fluorescence of polycystin-2 was measured by exciting
the protein sample at 280 nm and measuring light emission
from 290 nm through 310 nm using the fluorescence spectro-
photometer Cary Eclipse (Varian). The slit-width used for exci-
tation and emission was 5 nm. All fluorescence measurements
were performed at 295 K. The polycystin-2-(680-796) frag-
ment was dissolved at a concentration of 50 um in buffer A (5
mwm Tris-HCl, pH 6.8, 500 mm NaCl). A solution of 10 mm CacCl,
in buffer A was added in increments of 1 and 2 ul to 1 ml of the
protein solution. Dilution effects were corrected by measuring a set
of data using the same amounts of Ca*>*-free buffer A. After each
addition of CaCl, the sample was mixed for 10 s and incubated for
another 60 s before the fluorescence measurement was performed.
Care was taken to use Ca® " -free solutions by using H,O additionally
purified over a Chelex 100 column (Sigma).

Ca®" Binding Studied by NMR Spectroscopy—41.5 um unla-
beled polycystin-2-(680 —796) was dissolved in 5 mm Tris-HCI, pH
6.8, 500 mm NaCl, 90% H,O, 10% D,O. A solution of CaCl, (stock
solution 10 mm) in the same buffer was titrated in 2-ul aliquots to
the sample. At every titration step a proton experiment was carried
out using a Watergate W5 water suppression (23). A recycle delay
of 3.36 s was used with 1024 scans/free induction decay (FID) to
obtain a reasonable signal-to-noise ratio.

Fitting of the Binding Data—K, values for the binding of
Ca’" ions were obtained from chemical shift changes A or
changes of signal volumes Al measured at different titration
steps. The dissociation constant K}, for a single independent
binding site can be calculated from the chemical shift A§' by
Equation 1,
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Al is defined as I — I,, Al as I, —
I3, and AL, as Iy — Ip. I, Ip, and
I, ; are the fluorescence intensi-
ties at the lowest ligand concen-
tration, in the ligand-free state
and the completely bound state,
respectively, saturation. In case of
slow exchange conditions in one-
dimensional spectroscopy Equa-
tion 2 also holds but the intensity
of the line under consideration in
the absence ofligand must be zero.
In case of two-dimensional HSQC
spectra the situation is more com-
plex, because relaxation effects
during the mixing time may also
influence the result (24).

The above functions were either
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FIGURE 1. C-terminal domain of polycystin-2. Fragment of the C-terminal sequence of polycystin-2-(680-
796) investigated in this report. Italics, amino acids from the thrombin cleavage site. An EF-hand is predicted by
Prosite, with the central, metal binding loop in gray. Amino acids predicted to interact with Ca* ion are given
in bold letters and labeled by (+). Helices predicted by Jpred3 (30) are labeled in yellow. Note that the three last
amino acids EHE of the presumed EF-hand (gray) are also predicted as helical. A second EF-hand is obtained
from the NMR structure analysis of this report. Residues of this hand show strong line broadening in the
presence of manganese and thus are close to the metal binding site are labeled by (+). Blue, predicted coiled
coil-region, red, predicted ER-retention signal (31).

ASBMB

) entered in the fit program Origin, or, alternatively, the fluo-
QQQ & rescence data were evaluated with the specialized Origin
\5} q? software (MicroCal, LCC), which also assumes a single bind-
00 (}G‘ ing site model and gave the same results. The NMR data
@ & show that an additional weaker Ca**-binding site exists.
§ .°° ,$' The corresponding intensity changes AI* were fitted by
Equation 3
= 47.5 o ’
)
§ 32-5_
.§5 25_ AIZ — AIE*L total + total + KZ __ total A81 + ASJ)
.§ = e Cp a D~ Cp ASY |+ A8)
& 16.5
\ - —
S iariis —
E total total 2 total AS] + AS& ’
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- — —_ 2
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[N — 4. C'éotal . C|t_0ta| _ C;()otal - :
ﬁ FIGURE 2. Gel electrophoresis of the C-terminal fragment of polycystin-2. Adp_ | + Ad,

PAGE of polycystin-2-(680-796) before and after removal of the His tag.
with K,? the dissociation constant of the second binding site.
The corresponding equation for the chemical shift changes is

: AS)_, ol | total ; then Equation 4.
A" = W[(CP + ™ + Kp)
P

_ \//(C;r)otal ¥ C;c_otal + KI1))2 4. (C'F)otal ,CtLotal)] + Aﬁé (Eq. 1) B AS;,L

2 2
A81 — ctotal + Ctotal + K1 _ Ctotal Al + AIO
2C'E’otal P L D

P AIZ + A/z
P—-L 0
with C;otal and C}_Otal the total concentrations of the protein

and the ligand (Ca®" ion), respectively. A§" is defined as 6" —
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8o, A8} as 85 — 8, and AS} | as 8p ;. — 8p. &, 8p, and 8} ; are
the chemical shifts at the lowest ligand concentration, in the
ligand-free state, and the completely bound state, respec-
tively. Equation 1 accounts for the case when spectra for the
ligand-free state are not available, and A8} is an additional fit
parameter. An analogous equation holds for fluorescence
intensity changes Al and cross-peak intensity changes when
slow exchange conditions prevail. In Equation 2,

AIP ~Lr/ total total 1
Al = W[(Cp + C + KD)

_ \//(C'(Potal 4 Clt_otal + K1D)2 4. (d}otal N CtLotaI)] 4 A/O (Eq.2)
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Ctotal + ctotal + K1 _ Ctotal AIZ + AIS ’
e e TRTe A A |,
[ ( AP + AR )} o (0t
— 4 e

total total __ -total

c =0 T
P - POAR 4+ AP

In principle, these equations have to be solved simultaneously.
However, the fitting procedure can also be used iteratively by
improving K,' with the obtained Az _; and so on.

RESULTS

Expression and Spectroscopic Characterization of the C-ter-
minal Fragments of Human Polycystin-2—The hydropathy
analysis of polycystin-2 predicts 6 membrane-spanning
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FIGURE 3. "H-">N HSQC spectra of polycystin-2-(680-796). The sample conditions were: 0.25 mm polycystin-2-(680-796) in 10 mm potassium phosphate
buffer, pH 6.8, 500 mm NaCl, 2 mm dithioerythritol, and 0.1 mm DSS containing 90% H,0 and 10% D,O. Temperature 293 K. Before (left) and after (right) the
addition of 1.00 mm CaCl,. In bold letters peaks of the predicted EF-hand, in thin and italic letters are those of the second EF-hand.

domains of which the most C-terminal region ends with amino
acid 679. Because amino acids 754 —782 may represent an EF-
hand motif (1), the channel activity of polycystin-2 is regulated
by Ca®" (3-5), and a coiled-coil motif has been identified in the
region between amino acids 772-796 (25), we have started our
structural characterization of polycystin-2 with a region
extending from amino acids 680796 (Fig. 1). This region was
produced as a recombinant protein in Escherichia coli and puri-
fied to homogeneity (Fig. 2). The obtained 'H,'*N-HSQC spec-
trum (Fig. 3, left panel) was poorly resolved and contains signif-
icantly less than the expected number of 126 amide back bone
signals. After addition of 1 mm CaCl, the spectral quality
improved dramatically (Fig. 3, right panel). The spectrum

SEPTEMBER 4, 2009 +VOLUME 284+NUMBER 36

showed satisfactory chemical shift dispersion, although still a
rather large number of resonances were found at random-coil
positions.

There are two mechanisms that would lead to a reduced
spectral quality, the formation of large aggregates and the slow
or intermediate exchange between different conformations.
Because the spectral quality increased substantially after addi-
tion of CaCl,, a reduction of the effective molecular mass
and/or the suppression of chemical exchange broadening must
occur after calcium binding (Fig. 3).

Because the line broadening in the absence of divalent ions
could be due to protein aggregation, diffusion measurements
were performed (Fig. 4). Using DSS as reference apparent
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molecular masses of ~24,300 g'rmol ! and 9,200 g'mol ' are
obtained for polycystin-2-(680-796) in the absence and pres-
ence of 2 mm CaCl,, respectively (Table 1). The value in the
absence of CaCl, is clearly larger than 13,515 g'mol ' expected
for a monomeric polycystin-2 fragment and corresponds
closely to that expected for a dimer. The addition of CaCl,
reduces the relative hydrodynamic radius significantly, and the
experimentally determined apparent mass is smaller than that
calculated for a monomer. Addition of 2 mm MgCl, does not
have a significant effect on the diffusion constant determined
and thus on the aggregation state of the protein.

Because the diffusion constant is not only a function of the
molecular mass but in addition also dependent on the macro-
molecular shape, the Ca®"-induced changes could also be
caused at least partly by a change of the molecular shape. CD
spectroscopy in the absence and presence of CaCl, can be used
to analyze the secondary structure of the protein (Fig. 5). The
so-obtained CD spectra are indicative of a partially folded pro-
tein and reveal small changes of secondary structure on calcium
binding. Without CaCl, added the secondary structure analysis

1.0 —k—k—k—k—k—k—k—k—k—k—k—k—k—k—k—k—k—k
0.8+

0.6 4

I/Iref

0.4+

0.2+

0.0+

G[%]

FIGURE 4. Aggregation state of polycystin-2-(680-796). Plot of ///,.¢ as a
function of the relative gradient strength G with / denoting the signal inten-
sity at gradient G and /¢ the intensity at the lowest gradient strength. The
samples contained 200 um polycystin-2-(680-796) in 5 mm Tris-HCl, pH 6.8,
500 mm NaCl, 0.1 mm DSS containing 90% H,0, and 10% D,0. As a reference
DSS in buffer was used. Polyacrylamide (in 90% H,O, 10% D,0) was used to
check the stability of the gradient system before and after the measurement.
The signal of HDO in a sample of 99.9% D,0 0.1% H,O was used to calculate
the diffusion constants D. ¥, polyacrylamide; +, HDO; ¢, DSS; B, polycystin-
2-(680-796) in the absence of divalent ions; @, in the presence of 2 mm CaCl,;
or O, 2 mm MgCl,. Temperature was 298 K.

TABLE 1

results in relative contents of a-helix, B-strand, turns, and
unordered regions of 30, 16, 14 and 40%, respectively. In the
presence of 2 mm CaCl, the secondary structure is 47% o-heli-
cal, 12% -strand, another 12% coiled, and 28% unordered con-
formation, that is, the a-helical content increases from 30% to
47% and the B-strand content decreases somewhat after addi-
tion of CaCl,.

Resonance Assignments and Secondary Structure of Poly-
cystin-2-(680-796) in the Presence of CaCl,—The assignments
of the resonance lines of polycystin-2-(680-796) were per-
formed with heteronuclear methods (9) in the Ca?* -saturated
state and are deposited in the BMRB (Biological Magnetic Res-
onance Bank) under accession number 16191.

From the 127 amino acids of the polycystin-2 sequence
(not counting the 6 linker residues), it was possible to assign
sequentially the backbone HY, H*, N, C’, and C* resonances
of 92 amino acids. This corresponds to the backbone signals
of ~95% of all residues where an amide signals could be
reliably detected in the HSQC spectrum. From these resi-
dues ~80% of the corresponding side-chain resonances
could be identified.

The combined backbone chemical shift changes (26) are
plotted in Fig. 6a as function of the sequence. The N-terminal
amino acids originating from the vector show very narrow lines
and typical random coil chemical shifts. Amino acids 680-705
from polycystin-2 are characterized by somewhat broader lines
and chemical shift values that are still close to the random-coil
values. The amide signals of amino acids 707-724 are broad-
ened beyond detection probably by slow or intermediate
exchange processes. The following amino acids show large
deviations from the random-coil chemical shifts and solely the
last 6 amino acids show chemical shifts that are typically
expected for an unstructured peptide. The heteronuclear NOE
data fit into the picture (Fig. 6b): the first two N-terminal amino
acids show a high mobility characterized by negative NOEs, the
heteronuclear NOEs for the next amino acids slowly increase
up to values of 0.6 as it is typical for mobile, weakly structured
elements. In the central part NOEs typical for well folded struc-
tures are found. The 6 C-terminal amino acids show again
decreasing NOEs that are typical for highly mobile peptides,
whereas the terminal Leu-796 is again characterized by a neg-
ative NOE.

The chemical shift index (Fig. 6¢) predicts two B-strands B1
and B2 from Lys-735 to Asn-737 and Glu-769 to Thr-771 and
two a-helices H2 and H3 from Phe-738 to GIn-743 and from
Ala-753 to Tyr-762, respectively. An analysis of the short and

Apparent molecular masses and relative hydrodynamic radii of polycystin-2-(680-796) in the presence and absence of Ca?* ions
The samples contained 200 uM polycystin-2-(680-796) in 5 mm Tris-HCI, pH 6.8, 500 mm NaCl, 0.1 mm DSS in 90% H,O, and 10% D,O. Data were recorded in the absence

and presence of 2 mm CaCl,. Data were evaluated as described by Munte et al. (22).

Compound D Ry/R, pss” M, M .2

107 2 m*s™! gmol ™! gmol ™!

Polycystin-2-(680-796) 1.51 = 0.04 4.98 + 0.14 24,249 *+ 2,045 13,515
Polycystin-2-(680-796)-2Ca** 2.09 = 0.09 3.60 = 0.17 9,160 * 1,297 13,595
Polycystin-2-(680-796), MgCl, 1.47 £ 0.05 5.15*0.17 26,742 + 0,902 13,515

“ The diffusion constant was quantified by measuring the signal decay in 99.9% D,0, 0.1% H,O as a function of the gradient strength and assuming a diffusion constant of HDO

0f 1.872:10 %'m*s " at 298 K.
? Ratio of the hydrodynamic radii of polycystin-2 and DSS.

¢ Apparent molar mass of polycystin-2 experimentally obtained using DSS (196.34 g mol " !) as reference.

% Molar mass calculated from the sequence.
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intermediate range NOE patterns reveals the existence of two
additional helices H1 and H4, helix H1 from Leu-729 to Lys-735
and helix H4 from Thr-771 to His-775. According to this anal-
ysis, helix H2 is extending from Phe-738 to Leu-745 and helix
H3 from Asp-752 to Tyr-762. This result fits into the picture of

10,000 4

5,000

T T T T 1
200 210 220 230 250 260

Wavelength/

o/degecm?dmol™
o

-5,000

-10,000

-15,000 -

FIGURE 5. CD spectra of polycystin-2-(680-796). The sample contained 424
M polycystin-2-(680-796) in 5 mm Tris-HCl, pH 6.8, 500 mm NaCl, before (thin)
and after (bold) the addition of 2 mm CaCl,. The data were fitted using the
online server DICHROWEB (32) with the reference set SP 175 (33). With no
CaCl, added the secondary analysis gives a a-helix, B-strand, turns, and unor-
dered content of 30%, 16%, 14, and 40%, respectively. In the presence of 2 mm
CaCl,, 47% a-helix, 12% B-strand, 12% coiled, and 28% unordered are found.

(© 17

0.5

two paired helix-loop-helix (EF hand) motifs connected to each
other by another small loop (Lys-746 to His-751). The struc-
tural elements are arranged in the topology aBaaBa. The two
B-strands B1 and B2 show the typical strong daN(i,i+1) NOEs
(Leu-736 H*-Asn-737 HY, Asn-737 H*-Phe-738 HY, Glu-769
H*-Leu-770 HY, and Leu-770 H*-Thr-771 HY). Additionally,
the mutual arrangement of the 3-strands is well defined by long
range NOEs (Leu-736 HY-Glu-769 HY, Leu-736 HN-Leu-770
H™, Asn-737 H-Leu-770 H", and Asn-737 H*-Leu-770 H")
between the two B-strands. This NOE pattern is typical for an
antiparallel B-sheet.

Binding of Divalent Ions to Polycystin-2-(680-796)—Because
we observed a strong effect of CaCl, at submillimolar concen-
trations under high salt conditions (500 mm NacCl), polycystin-
2-(680-796) must have at least one binding site for Ca®>" ions.
Titrations with EGTA show that the protein samples always
contain some calcium even if they are prepared in calcium free
buffers. This was also confirmed by inductively coupled plasma
optical emission spectroscopy measurements. In the freshly
prepared samples the protein has initially 0.1- 0.2 calcium ions
bound per polycystin-2-(680-796) even if calcium was not
added to the sample.

Human polycystin-2-(680 —796) contains three tyrosine res-
idues at positions 684, 708, and 762; one of them (Tyr-762) is
located close to the predicted calcium binding site, the two
others in the unfolded regions of the protein. It can be expected
that the tyrosine fluorescence intensity changes when Ca®"
ions are bound. Indeed, the fluores-
cence intensity increased when
CaCl, was added (Fig. 7). Taking
into account that initially 8.4 um
calcium is contained in the sample
as determined by optical emission
spectroscopy, the data can be fitted

B1 B2

CsI

-0.54

720 740 -1.04
residue

residue

FIGURE 6. Secondary structure from chemical shifts and back bone dynamics. g, the combined chemical
shift changes A ,,, of the HY, N, H¥, C%, C’, and CP resonances were calculated according to Schumann et al.
(26) using the Hamming distance from the random-coil values. The corrected standard deviation o,,°" was
used as a measure for the deviation from random-coil conditions. b, 'H,"*N NOEs plotted as a function of the
sequence. Experiments were performed at 293 K in the presence of 5 mm CaCl,. ¢, the secondary structure
elements were predicted from the H*, C% CP, and C’ chemical shifts according to Wishart et al. (34). Residues
not observable are indicated by (x and x-x). Negative values are indicative for a-helices (H2 and H3), positive

values for B-pleated sheets (B7 and B2).

SEPTEMBER 4, 2009 +VOLUME 284+NUMBER 36

T T T T T
680 690 700 710 720 730

well by Equation 2 (“Experimental
Procedures”) that assumes a single
calcium binding site. This is a good
approximation even if a second
binding site exists as long as the
H3 affinity of the second site is signifi-
cantly lower. From the fit of the data
a dissociation constant K, of 68 * 2
uM ™! was obtained (Table 2).

The spectral changes induced by
Ca®* can also be used to calculate
binding constants from the NMR
spectra. The one-dimensional pro-
ton spectrum (Fig. 8a) as well as the
two-dimensional HSQC spectrum
of polycystin-2-(680-796) without
Ca®" ions (Fig. 3a) are typical for a
partially structured protein. Addi-
tion of CaCl, leads to shifts of reso-
nance lines as well as to the appear-
ance of new resonance lines. At the
highest calcium concentration the
total intensity of the signals has sub-
stantially increased in the HSQC

770 780 790

residue
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FIGURE 7. Calcium binding of polycystin-2-(680-796) detected by fluo-
rescence spectroscopy. The sample contained 51.9 um polycystin-2-(680 -
796)in 5 mm Tris-HC, pH 6.8, 500 mm NaCl. The initial calcium concentration of
the sample was 8.4 um. Data were measured at 295 K and fitted with Equation

2.The line represents a fit of the data with a K, of 68 =2 um™".

TABLE 2

Ca?™ affinity of polycystin-2-(680-796) measured by NMR and
fluorescence spectroscopy

The samples contained 51.9 uMm polycystin-2-(680—-796) in 5 mm Tris-HCl, pH 6.8,

500 mMm NaCl, 2 mm dithioerythritol. For NMR spectroscopy DSS and D,O to end
concentrations of 0.1 mm and 10% were added. The temperature was 295 K.

Method Kp! K% R/ Ry, 1yso”
M M
Fluorescence” 68 =2
NMR“ 55+ 12 179 = 29

“ Data were fitted assuming two binding sites by Equations 3 and 4.
® Data were fitted assuming a single calcium binding site by Equation 2.

spectra of ">N-enriched protein (Fig. 3, right panel) as well as in
the one-dimensional spectra of unlabeled protein (Fig. 8a).

As an example for calcium-dependent chemical shift
changes the amide proton resonance of Asp-752 has been
selected. Itislocated in helix H3. It can easily be identified in the
one-dimensional spectra and thus can serve as a reporter group
for calculating the K, value for calcium. However, the 'H and
>N chemical shifts of a number of residues that can easily be
followed in the two-dimensional HSQC spectra show an anal-
ogous dependence on the Ca>" concentration (GIn-743, Asp-
744, Glu-754, and Glu-772). The chemical shift changes of Asp-
752 are plotted as a function of the calcium concentration (Fig.
8b). A fit of the data with the simple one binding site model
(Equation 1) gives a K, of 72 = 7 um for binding site 1 sensed by
Asp-752. The resonance of Phe-738 (located in B-strand B1) is
barely visible at low calcium concentrations, its intensity
increases strongly with the calcium concentration. A similar
behavior in the two-dimensional-HSQC-spectra is observed for
the vast majority of residues between positions 732 and 777,
which include the proposed EF-hands 1 and 2 as well as the
linker sequence joining the two Ca®*-binding motifs. Although
the Ca®>* concentration dependences of the HSQC peak vol-
umes vary between individual residues, we did not attempt to
analyze the data quantitatively, because peak volumes are
potentially modulated by additional factors (e.g. polarization
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transfer efficiency) apart from conformational exchange broad-
ening. A plot of the intensity of the resonance line of Phe-738 as
a function of the calcium concentration is shown in Fig. 8c. The
obtained curve is less steep and reaches a plateau much later.
This indicates that polycystin-2 has at least two different bind-
ing sites for calcium. Fitting the data with Equation 2, which
assumes a single binding site, results in a K, of 172 * 11 uM for
the second binding site. In this calculation the fact was taken
into account that the sample contained already some calcium as
determined by ORS and NMR.

A more rigorous evaluation is provided by fitting the data
with a two-binding site model. Here, a K, for site 1 of 55 * 12
uM and K, of 179 *+ 29 um is obtained (Table 2). The binding
sites are specific for calcium, because the addition of MgCl, to
the solution does not lead to significant spectral changes in the
concentration range up to 10 mm.

Divalent manganese ions usually can replace divalent ions
such as Mg>" or Ca®" at their binding sites. Because Mn(1l) is
paramagnetic it can be used to map the binding sites by the
induced paramagnetic relaxation enhancement. We have
mapped the binding sites by titration of the *°N-enriched poly-
cystin-2 fragment with MnCl, (Fig. 9). Fig. 9 displays the results
merely for the C-terminal part of our polycystin-2 fragment
(amino acids 730-776), because significant relaxation
enhancement was absent in the N-terminal part. The strongest
effects are observed for Gln-731, Asn-737, Gln-743, Asp-744,
Leu-745, Glu-754, Ile-755, Asp-765, and Asp-767.

Tertiary Structure of Polycystin-2-(680-796)—Based on the
hetNOE data and the NOESY patterns it is evident that
polycystin-2-(680—-796) is only partly folded, even in the pres-
ence of calcium. This was also in line with the results of a first
structure calculation that lacked well defined conformations in
the N-terminal fragment from residues 680 to 724 (data not
shown). Hence, our efforts to determine three-dimensional
structures were limited to the C-terminal fragment of the pro-
tein sequence between residues 724 and 796. A set of three-
dimensional structures was calculated on the basis of 534 NOE
restraints, 73 angle restraints, and 4 hydrogen bonds (Table 3).
After water refinement it shows an afaafa structure typical
for two consecutive EF-hands. The first helix H1 is not well
defined, the second helix H2 extends from Phe-738 to Leu-745,
the third helix H3 from Asp-752 to Tyr-762, and the fourth
helix H4 from Glu-772 to GIn-777. The B-pleated sheet con-
sisting of strand B1 (residue Leu-736/Asn-737) and strand B2
(residues Glu-769/Leu-770) is well formed (Fig. 10). In the well
folded part of the protein (amino acids 728 —778) the density of
restraints is 13 NOEs per residue and thus high enough (Table
3) to obtain a sufficiently well defined structure. The experi-
mental restraints are sufficiently well fulfilled in the computed
structural bundle. After water refinement the structural param-
eters are in the expected range, e.g. the Ramachandran plot is
indicative of a rather good structural quality (only 3.2% of the
¢, p-angles are in the energetically disfavored range) (Table 4).
The root mean square deviation values are 0.19 nm for the
backbone atoms and 0.26 nm for all heteroatoms. Outside the
region from amino acid 728 to 778 only 52 additional experi-
mental restraints are available; therefore, the density of exper-
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FIGURE 8. Ca®* affinity measurements by NMR spectroscopy. a, Ca® "-induced spectral changes observed in a sample of 40 um polycystin-2-(680-796) in 5
mm Tris-HCI, pH 6.8, 500 mm NaCl, 2 mm dithioerythritol, and 0.1 mm DSS containing 90% H,0 and 10% D,0O. The temperature was 293 K. The initial calcium
concentration was 9.2 uMm, the concentrations of CaCl, added are indicated. The position of the amide proton resonance frequency of Asp-752 at 9.2 um CaCl,
is depicted by a vertical line crossing all one-dimensional spectra. b, chemical shift change A8’ of the amide proton of Asp-752 was plotted as a function of the
Ca®" concentration. ¢, the change of the peak volume A8I° of the amide resonance of Phe-738 is plotted as a function of the calcium concentration. The curves
shown represent a fit of the data assuming a two site model (Equations 3 and 4).The resulting parameters are given in Table 2.
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FIGURE 9. Manganese binding to polycystin-2-(680-796). To a sample of
500 um unlabeled polycystin-2-(680-796) in 5 mm Tris-HCl, pH 6.8, 100 mm
NaCl, 2 mm dithioerythritol, 0.1 mm DSS, 5 mm CaCl, in 90% H,0, 10% D,0 a
concentrated solution of MnCl, was added, and "H-"H NOESY spectra were
recorded. The ratio of the cross-peak volumes in the absence (/) and the
presence (lyn».) of MnCl, was determined. For every residue the intra-resid-
ual cross-peak with the lowest ratio of I, , /I, at a MnCl, concentration of 0.4
mMm was plotted as a function of the sequence. Residues where intra-residual
cross-peaks are too weak to be observed in the absence of MnCl, are labeled
by x.
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TABLE 3
Experimental restraints for the NMR structure of polycystin-2-(680-796)

Values in parentheses, restraints in the well folded part of polycystin-2 (amino acids
728-778).

Type of restraint Number of restraints

NOE restraints 534 (496)
Intraresidual (i, i) 228 (207)
Sequential (i, i+1) 185 (168)
Short distance (i, i + j;2 =) = 4) 108 (103)
Long distance (i, i + j; j = 5) 136 (136)

¢- and Y-angles from TALOS-analysis 73 (64)

Hydrogen bonds 4 (4)

Total 734 (682)

imental restraints is much too small to obtain a well defined
structure in these parts of the structure.

The unbiased structure refinement method ISIC (16) allows
to improve NMR structures by other structures of related pro-
teins. By sequence alignment the metal binding site of the calm-
odulin-like domain of the calcium-dependent soybean protein
kinase-a (14) (pdb entry 1S6I) was identified that shows 31%
identity with amino acids 702-778 of polycystin-2. The bundle
of NMR structures of the calmodulin-like domain of protein
kinase-a was used to find an improved solution consistent with
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(©)

Residue 728 (a)

Residue 778

(b)

Residue 728

FIGURE 10. Well folded domain (residues 728 -778) of the three-dimensional structure of polycystin-2-
(680-796). a, sausage representation of structural ensemble obtained without AUREMOL-ISIC refinement
(dark blue) and with AUREMOL-ISIC refinement (red). The spline radius is proportional to the average displace-
ment of the C* atoms from the mean structure of the ensemble. b, structural ensembles before (dark blue) and
after (red) AUREMOL-ISIC refinement. Only the backbone atoms are shown. ¢, structural bundle after AURE-
MOL-ISIC refinement. All atoms are shown. d, comparison of the lowest energy structure after AUREMOL-ISIC
refinement and the ROBETTA model PC2-EF by Celic et al. (2). The alignment was made by superposition of the

backbone atoms of EF-hand 2.

our experimental data (shown in red in Fig. 104, b). Indeed, the
ISIC-refined structural bundle (Fig. 10c) led to a reduction of
the NMR R-factor and improved structural features (Table 4).
For a comparison with the structural prediction by Celic ez al.
(2), the lowest energy structure after ISIC refinement is
depicted in Fig. 10d (in dark blue) and directly compared with
the ROBETTA model PC2-EF by Celic et al. (2) shown in light
blue. While the overall topologies of the experimental structure
and the model are comparable, the exact positioning of the
individual helices within the protein sequence, their lengths,
and relative orientations are notably different. One obvious rea-
son for the observed differences is the fact that the ROBETTA
protocol does not take into account the presence of Ca>" ions,
whereas the NOE-derived distances used to calculate the
experimental structure were obtained in the presence of satu-
rating concentrations of Ca>*. Moreover, addition of paramag-
netic Mn?" to Ca®" saturated polycystin-2 enabled us to locate
the positions of the two Ca®>* binding sites by observing para-
magnetic enhancement of nuclear relaxation on 'H nuclei in
sufficient proximity to protein-bound Mn>" (Fig. 11). The data
are in reasonable agreement with the predictions for Ca*"
binding residues shown in Fig. 1 and provide structural evi-
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Predicted
EF-hand 2

dence for the existence of two
paired EF-hands able to bind diva-
lent ions.

DISCUSSION

Three-dimensional Structure of
Polycystin-2-(680-796)—The C-
terminal fragment of polycystin-2,
polycystin-2-(680-796), shows an
NMR spectrum that is typical for a
partially folded protein. Addition of
CaCl, to the sample leads to a strong
increase of the diffusion constant
that would be in line with a mono-
merization of the protein. Using
DSS as standard, the obtained
molecular mass is even somewhat
smaller than that calculated for a
monomer. This could be due to the
more compact structure of the pro-
tein and associated reduction of the
shape factor. Strong conformational
changes can also influence the
hydrodynamic radius and thus the
calculated  diffusion  constants.
However, neither CD spectroscopy
nor NMR spectroscopy support
such an interpretation. Because
information theory requires the dif-
fusion constants were calculated
from the directly measured data,
not from the derived logarithmic
plot of the data. A further benefit
from this presentation is the fact
that deviations from the expected
functional behavior can be seen
more easily (Fig. 4). Indeed, at high gradient strengths the dif-
fusion curve for polycystin-2 in the presence of calcium displays
such a systematic deviation from the expected functional
description: the signal intensity is higher than expected. This
would be typical for the presence of some dimers in solution.

The most likely interpretation is a Ca®>*-induced monomer-
ization of the protein. The observed reduced line widths would
be in good agreement with this view. The addition of MgCl,
does not have significant effects on diffusion constants or line
widths. This indicates that the observed structural transitions
are specific for calcium ions.

In the presence of calcium, the N-terminal and a few of the
C-terminal residues are rather mobile, and the central part
from amino acid 728 to 782 has an internal mobility that would
be expected for a well folded protein. The region from amino
acid 706 to 727 cannot be observed in the NMR spectrum, the
corresponding amino acids are most probably broadened by
chemical exchange processes. This can be due to conforma-
tional exchange in the monomeric structure, possibly by an
exchange between two conformations where this part is either
extended or back folded to the central part of the protein.
Another (or additional) reason could be a still existing exchange

S
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TABLE 4
Structural statistics

Structural statistics before ISIC refinement”

Energies (average in the ten lowest-energy structures) kJ mol *
ot —9548 * 312
Epond 224 + 15
ngle 681 + 52
Eqne 196 = 20
Evor 41
NOE violations > 0.05 nm 0.1+0.3
¢, -angles in Ramachandran plot
Residues in most favored regions 74.5%
Residues in additional allowed regions 17.2%
Residues in generously allowed regions 5.1%
Residues in disallowed regions 3.2%
Number of non-glycine and non-proline residues 100.0%
Root mean square deviation values for the ten lowest nm
energy structures
Backbone atoms C*, C’, N in the well folded region 0.192 * 0.062
(residues 728-778)
Heavy atoms in the well folded region (residues 0.262 = 0.069
728-778)
Combined NMR R-factor” 0.798
Structural statistics after ISIC refinement®
Root mean square deviation values for the ten lowest nm
energy structures
Backbone atoms C*, C’, and N in the well folded 0.034 = 0.008
region (residues 728-778)
Heavy atoms in the well folded region (residues 0.094 = 0.009
728-778)
¢, -angles in Ramachandran plot
Residues in most favored regions 73.1%
Residues in additional allowed regions 20.9%
Residues in generously allowed regions 4.5%
Residues in disallowed regions 1.5%
Number of non-glycine and non-proline residues 100.0%
Combined NMR R-factor” 0.756

“The structure was determined as described under “Experimental Procedures,”
including a refinement in explicit water using the protocol proposed by Linge et al.
(17) and by Nabuurs et al. (18).

» The combined NMR R-factor (19) was calculated from a two-dimensional 'H,"H
NOESY and a three-dimensional *>’N-NOESY-HSQC spectrum.

¢ The structures were refined using the AUREMOL-ISIC algorithm (16) on the basis
of the NMR structures of the calmodulin-like domain from soybean CDPK-« (pdb
code 1S6I) (14) as described under “Experimental Procedures” and refined in
explicit water.

between monomeric and dimeric (polymeric) structures with
this part of the protein being involved in the protein-protein
interaction process.

CD spectroscopy reveals an a-helical content of 47% (corre-
sponding to 58 residues out of 123 residues) that is somewhat
smaller than the predicted 64% (79 residues, Fig. 1) by Jpred3.
The secondary structure analysis of amino acids 728 to 778
included in the structure calculation (Fig. 10b) recognizes 28
residues as a-helical. For the region 706 —727 not observable in
the spectra a predominantly helical structure has been pre-
dicted by Jpred3, a fact that at least partly could explain the
discrepancy between the helical content found by NMR spec-
troscopy and CD analysis. Indeed, the non-visible region is
flanked by residues with C*-chemical shifts typical for a-helices
(these residues were not assigned by CSI to be in a-helical con-
formation, probably because the number of residues is below
the minimal threshold needed for this algorithm).

Celic et al. (2) have analyzed three different fragments of
polycystin-2, PC2-C, PC2-EF, and PC2-CC that, according
to our nomenclature, correspond to polycystin-2-(704-968),
polycystin-2-(720-797), and polycystin-2-(828 -927). One of
the constructs, polycystin-2-(720-797) is closely related to the
polycystin-2 fragment 680—-796 used in the present study. The
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FIGURE 11. Calcium-binding sites of polycystin-2-(680-796). a, ribbon
presentation of the lowest energy conformation of polycystin-2-(680-796)
obtained after AUREMOL-ISIC refinement. The side-chain atoms of residues
predicted to interact with Ca®* are displayed in blue and green for the atypical
EF-hand 1 and the canonical EF-hand 2, respectively. The positions of residues
affected by enhanced relaxation of some of their nuclei due to nearby para-
magnetic Mn?" are indicated using spheres. b, Van der Waals surface of
polycystin-2-(680-796). Predicted Ca®*-interaction sites (shaded in blue) are
compared with the experimentally determined binding sites (in yellow).
Experimental setup and molecular view are as in a.

analysis of CD spectra by Celic et al. gave an a-helical content of
27 and 45% in the absence and presence of calcium, respec-
tively. This is close to the values found for our fragment that
also shows an increase of a-helicity from 30% to 47% and indi-
cates that overall the two fragments have similar structural fea-
tures (even though the secondary structure distributions in the
two constructs may be different). However, the experimentally
determined three-dimensional structure has only weak similar-
ities with the three-dimensional structure calculated by
ROBETTA (Fig. 10).

Calcium Binding Sites—Our data show that polycystin-2-
(680-796) contains two binding sites with different calcium
affinities that form a pair of EF-hand structures. One of the
EF-hands was predicted earlier (1), and a homology model of
the fragment polycystin-2-(704-797) has been published
recently (2). According to the latter study polycystin-2-(719 —
800) has a single calcium site with a K, of 214 um by isothermal
titration calorimetry (ITC) (25 mm Tris-HCI, pH 7.5, 250 mm
NaCl). A shorter construct, polycystin-2-(772-796), has a
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much higher affinity with a K, of 12 um, although it binds
calcium with a stoichiometry of only 0.4. The calcium affinity
can be destroyed by mutations in the predicted EF-hand (EF-
hand 2). In contrast, we can identify two calcium binding sites
with K, values of 55 um (EF-hand 2) and 179 um (EF-hand 1) in
5 mm Tris-HCI, pH 6.8, 500 mm NaCl, 295 K, respectively. The
detection of the low affinity site by ITC or fluorescence spec-
troscopy is often difficult when the AH changes or fluores-
cence changes induced by binding to the second site are
small. In fact, the second site could also not be detected
directly by fluorescence spectroscopy in this study. The dif-
ferences in the K, of the canonical high affinity site may be
partly due to the different experimental conditions, because
higher ionic strength should reduce the Ca®*-affinity. An
alternative explanation might be that the study of Celic et al.
(2) was performed at a different temperature and pH. pH
may be an important regulatory factor by itself, because the
second EF-hand contains a histidine residue that may
decrease dramatically the calcium affinity when positively
charged at lower pH values. A third reason for altered Ca>™"
binding behavior could be conformational changes associ-
ated to the protein fragment lengths, which were chosen
differently in the two studies.

NMR structural analysis shows two paired EF-hands that are
able to bind divalent ions. One of the predicted EF-hands has a
typical metal recognition site. A sign of an intact EF-hand motif
in NMR is a strong downfield shift (>2 ppm) of an amide pro-
ton signal located in the middle of the EF-hand (consensus posi-
tion 6) that forms a hydrogen bond to the side-chain carbonyl of
the acidic residue at consensus position 1 (27, 28). Such a high-
field shift can indeed be observed in polycystin-2-(680-796) for
Gln-768 in consensus position 6 (§(HY) 10.1 ppm). For the first,
non-canonical calcium binding site such a downfield shifted
residue was not observed.

Calcium Coordination—The manganese paramagnetic re-
laxation enhancement-measurements should delineate the res-
idues directly involved in the coordination of the physiologi-
cally occurring Ca*>* ions. However, because the majority of
residues are visible only after Ca®" saturation, the experiments
had to be performed as competition experiments. Under these
conditions unspecific manganese binding may also occur. A
further difficulty is that the two Ca>"-binding sites are close in
the tree-dimensional structure, the manganese binding on one
site can also influence the line widths of the second binding site.
Therefore, these data can only be evaluated qualitatively.

The high affinity calcium binding site is expected to have a
higher specificity for calcium binding. In line with this expec-
tation, the manganese effects are smaller for this site than for
the EF-hand 1 (Fig. 9). Strong line broadening can be observed
GIn-731, Asn-737, GIn-743, Asp-744, and Leu-745 that most
probably form binding site 1. For the canonical binding site
strong effects can be observed especially for Asp-764 and Asp-
766. The 6 residues probably involved in the calcium coordina-
tion in each EF-hand are labeled in Fig. 1. The last residue in the
position usually denoted as -Z must be an aspartate or a gluta-
mate residue and usually forms a bidentate complex with the
calcium ion via its side chain carboxylate group. In EF-hand 1 it
would be Asp-744 and in EF-hand 2 Glu-774. For the second,
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canonical EF-hand motif the residues involved in the interac-
tion with the metal ion can safely be predicted from the amino
acid sequence itself and agree well with the manganese data. For
the first EF-hand an unequivocal prediction is not possible, but
the scheme given in Fig. 1 is consistent with all experimental
data.

CONCLUSION

The C terminus of polycystin-2 contains a pair of EF-hands
that bind Ca®* ions with different affinities. The K, value of the
first, atypical binding site is 179 uM, that of the second site with
55 uM is clearly smaller. In polycystin-2-(680-796) Ca** bind-
ing to the low affinity site leads to a monomerization of the
protein. A coiled-coil structure (a typical dimerization motif)
has been predicted in the region of the second EF-hand. In the
absence of calcium ions the coiled-coil may exist, but a possible
coiled-coil structure is necessarily destroyed by the formation
and stabilization of the EF-hand structure on calcium binding.
This mechanism would explain the observed monomerization.

In vivo, the functional state of polycystin-2 in the endoplas-
mic reticulum or the plasma membrane is not known, although
a homodimerization has been observed (29). Saturation of the
weak calcium-binding site in polycystin-2-(680-796) leads to
monomerization of the domain that may be responsible for the
observed calcium-dependent inactivation of the channel (4, 5).
Occupation of the second EF-hand by calcium may also have a
functional role by inducing local or global structural changes in
the C-terminal domain that change the opening rate of the
channel and/or influence the binding of other proteins that are
identified as possible interacting partners (see the introduc-
tion). However, the molecular details of these interactions are
not known, and it is even not known if they preferentially inter-
act with the monomeric or dimeric state of polycystin-2.

The experimentally determined calcium affinities are much
higher than the physiological levels in the cytoplasm where the
C terminus is located. However, millimolar calcium concentra-
tions exist in the extracellular space and can occur in the endo-
plasmic reticulum. Because polycystin-2 is also a calcium chan-
nel, it is possible that also at the cytoplasmic site of the
membrane transiently rather high local calcium concentrations
occur. In addition, protein-protein interaction may also modu-
late the calcium sensitivity and may explain the observed acti-
vation of the channel by 1 um calcium (3).
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