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The cytoplasmic tail of the mechanosensitive channel Pkd2
regulates its internalization and clustering in eisosomes
Mamata Malla, Debatrayee Sinha, Pritha Chowdhury, Benjamin Thomas Bisesi and Qian Chen*

ABSTRACT
Polycystins are a family of conserved ion channels, mutations of
which lead to one of the most common human genetic disorders,
namely, autosomal dominant polycystic kidney disease.
Schizosacchromyces pombe possesses an essential polycystin
homologue, Pkd2, which directs Ca2+ influx on the cell surface in
response to membrane tension, but its structure remains unsolved.
Here, we analyzed the structure–function relationship of Pkd2
based on its AlphaFold-predicted structure. Pkd2 consists of three
domains, the extracellular lipid-binding domain (LBD), nine-helix
transmembrane domain (TMD) and C-terminal cytoplasmic domain
(CCD). Our genetic and microscopy data revealed that LBD and TMD
are essential for targeting Pkd2 to the plasma membrane from the
endoplasmic reticulum. In comparison, CCD ensures the polarized
distribution of Pkd2 by promoting its internalization and preventing its
clustering in the eisosome, a caveolae-like membrane compartment.
The domains of Pkd2 and their functions are conserved in other
fission yeast species. We conclude that both extracellular and
cytoplasmic domains of Pkd2 are crucial for its intracellular
trafficking and function. We propose that mechanosensitive
channels can be desensitized through either internalization or
clustering in low-tension membrane compartments.

KEY WORDS: Polycystin, Pkd2, Schizosaccharomyces, Fission
yeast, Cytokinesis, Transmembrane, Eisosome, ER–PM contact

INTRODUCTION
Polycystins are a family of transmembrane proteins that are
evolutionarily conserved from yeast to humans. Loss-of-function
mutations in either one of two human polycystin genes, PKD1
(encoding PC-1) and PKD2 (encoding PC-2), results in autosomal
dominant polycystic kidney disease (ADPKD). ADPKD is one of
the most common human genetic disorders, affecting one in 1000
live births in the world (Burn et al., 1995; Mochizuki et al., 1996).
PC-1 is a putative G-protein coupled receptor (GPCR)-like
mechanosensor (Geng et al., 1996; Parnell et al., 2018; Su et al.,
2015). In comparison, PC-2 oligomerizes into a Ca2+-permissive
transient receptor potential (TRP) channel, but it permeates
monovalent cations such as K+ and Na+ much better than Ca2+

(Foggensteiner et al., 2000; Liu et al., 2018; Pazour et al., 2002).
Together, these two human polycystins are also capable of
assembling into a hetero-tetrameric channel (Grieben et al., 2017;

Su et al., 2018). The polycystin channel is presumably activated by
fluid flow in kidneys to regulate the Ca2+ homeostasis in primary
cilia (Nauli et al., 2003). In addition to its function in kidneys, PC-2
also promotes left-right determination during embryonic
development of vertebrates (Pennekamp et al., 2002). Overall,
polycystins play a wide range of cellular and developmental
functions, many of which depend on them being at the right
intracellular compartments.

The intracellular trafficking of polycystins is rather complex.
PC-1 undergoes proteolysis that cleaves this GPCR-like protein into
two: an extracellular fragment including dozens of immunoglobin-
like repeats called PKD domains, and another fragment consisting
of all the transmembrane helices and the cytoplasmic tail (Qian
et al., 2002). These two PC-1 fragments nevertheless interact with
each other on the cell surface. In comparison, the other polycystin,
PC-2, can be found at both the cell surface and the endoplasmic
reticulum (ER) (Cai et al., 1999). On the plasma membrane (PM),
this TRP channel is sorted into the primary cilium (Pazour et al.,
2002). Adding to the complexity, polycystins also localize to
extracellular vesicles (Hogan et al., 2009; Wang et al., 2014). The
underlying molecular mechanisms regulating the intracellular
trafficking of polycystins remain largely unknown.

Schizosacchromyces pombe (S. pombe), commonly known as
fission yeast, presents an attractive unicellular model to study the
evolutionally conserved polycystin channels. This model organism
possesses an essential polycystin homologue, Pkd2. This putative
TRP channel (Palmer et al., 2005) is targeted to the PM, but it also
localizes to intracellular membrane compartments (Morris et al.,
2019). In the PM, the channel stays within the cell tips during
interphase growth, before translocating to the equatorial plane
during cell division. Pkd2 is an essential protein required for cell
proliferation, including both cell division and cell growth (Morris
et al., 2019; Sinha et al., 2022). In cytokinesis, the last stage of cell
division, Pkd2 modulates contractile ring constriction at the
beginning and promotes cell separation at the very end (Morris
et al., 2019). This channel also antagonizes the essential yeast
Hippo-like signaling pathway septation initiation network (SIN). As
a result, mutations of pkd2 partially rescue the lethal SIN mutation
(Sinha et al., 2022). During interphase growth, Pkd2 promotes cell
tip extension by regulating turgor pressure. A temperature-sensitive
mutation, pkd2-B42, leads to significantly reduced cell tip growth
and a failure to maintain cell volume homeostasis, a unique
phenotype termed ‘deflation’ (Sinha et al., 2022).

As an ion channel, Pkd2 permeates Ca2+ when it is activated
by mechanical force. In vitro-reconstituted Pkd2 can be activated by
membrane stretching (Poddar et al., 2022). This mechanosensitivity
allows Pkd2 to direct the Ca2+ influx during both the osmotic
adaption and the separation of daughter cells during cytokinesis
(Poddar et al., 2022, 2021). However, it remains unknown
how Pkd2 is targeted to the PM, where it can sense membrane
tension.
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In this study, we took advantage of the new AlphaFold (Jumper
et al., 2021)-predicted structure of Pkd2 to examine how its three
domains, the lipid-binding domain (LBD), the transmembrane
domain (TMD) and C-terminal cytoplasmic domain (CCD),
contribute to its intracellular localization and function. We
constructed a series of Pkd2 truncation mutants, characterized
their localization by fluorescence microscopy and tested their
function through genetic analyses and quantitative microscopy.
We discovered that LBD is essential for the targeting of Pkd2 to
the PM. The cytoplasmic tail or CCD plays a crucial role in the
intracellular trafficking of Pkd2, including its clustering in
eisosomes and selective internalization. This mechanism of
trafficking largely determines the polarized localization of Pkd2
on the cell surface. We also compared S. pombe Pkd2 to its
homologues from another fission yeast S. japonicus and humans for
their intracellular trafficking as well as function. Overall, our results
revealed that targeting of the mechanosensitive Pkd2 to its active sites
requires both its cytoplasmic tail and the extracellular domain. We
proposed a novel model regulating the intracellular trafficking of this
essential ion channel.

RESULTS
AlphaFold-predicted tertiary structure of Pkd2
As the structure of fission yeast Pkd2 has not been experimentally
determined, we employed AlphaFold to predict its putative domains
and their respective structures. Preliminary analysis of the primary
and secondary structures of Pkd2 suggested that it possesses a 23
amino acid (aa) N-terminal signal peptide (SP). It is projected to be
cleaved in the ER (probability of 96%), based on the analysis by
SignalIP6.0 (Teufel et al., 2022). To test this hypothesis, we tagged
the N-terminus of Pkd2 with GFP at the endogenous locus.
Consistent with the cleavage of the SP in the ER lumen, the
fluorescence of GFP–Pkd2 marked the ER membrane exclusively
(Fig. S1A, left). This was in contrast to the C-terminally tagged
Pkd2–GFP, which localized to the PM and was largely absent from
the ER (Fig. S1A, middle) (Morris et al., 2019). Although the yeast
ER network looks similar to the PM in some extents, three features
distinguish them from each other. Firstly, only the ER network
distributes around the nucleus (Fig. S1A, left). Secondly, only the
ER network consists of the unique tether structure linking the
cortical and peri-nuclear ER (Fig. S1A, left). Lastly, only the PM is
enriched at the equatorial plane of a dividing cell during cleavage
furrow ingression, whereas the ER is excluded from the plane
(Fig. S1A, left) (Marek et al., 2020; Vještica et al., 2020;
Zhang et al., 2012). The intracellular distribution of GFP– Pkd2
fluorescence completely matched that of the ER, represented by the
ER marker mCherry–ADEL (Fig. S1D). Another fusion protein,
SP–GFP– Pkd2, sandwiching GFP between the SP and the rest of
Pkd2, expressed poorly (Fig. S1A, right), but its fluorescence was
detectable at the PM as the C-terminally tagged Pkd2–GFP was.
Thus, like many other integral membrane proteins, Pkd2 possesses
an N-terminal SP removed in the ER during translation.
The SP of Pkd2 is followed by three putative domains: a 147 aa

putative LBD, a 405 aa TMD and a 135 aa CCD (Fig. 1A). Largely
agreeing with this, AlphaFold predicted a tripartite structure of three
distinct domains (Fig. 1B), with high confidence for the LBD and
TMD. In this structure, the extracellular N-terminal LBD adopts an
immunoglobulin (Ig)-like fold (Bork et al., 1994), consisting of two
opposing β-sheets, each with four anti-parallel β-strands (A to H)
(Fig. 1C). A hydrophobic cavity is projected to form between the
two β-sheets, with potential lipid-binding capacity. Two pairs of
cysteine, C36/C155 and C92/C100, likely stabilize the IgG fold

(Fig. 1C). Unlike either human PC-1 or PC-2, the TMD of yeast
Pkd2 contains nine projected transmembrane helices (Fig. 1D) that
make extensive contacts with the LBD. The CCD, the structure of
which was predicted with the lowest confidence among the three
domains, consists of mostly disordered sequences (Fig. 1B).
Contrary to the previous secondary structure prediction (Morris
et al., 2019), AlphaFold found no coiled-coil motif in the CCD. As
human polycystins can form either homo- or hetero-tetramers, we
also employed AlphaFold to calculate the structure of the Pkd2
homo-tetramer, but the algorithm failed to make any high-
confidence predictions. Based on these computational analyses,
we concluded that Pkd2 most likely consists of the three structurally
distinct domains, i.e. LBD, TMD and CCD.

Both theLBDandTMDofPkd2are required for its localization
and function
Based on the structural prediction, we expressed each of the three
Pkd2 domains separately to determine their localization and
function. They were tagged with GFP, expressed from an
exogenous locus driven by the strong actin promoter in wild-type
yeast cells, except for LBD, the expression of which was driven by
the 3nmt1 promoter. Both LBD–GFP and CCD–GFP diffused
throughout the cytoplasm (Fig. S1B,C). In comparison, TMD–GFP
stayed in the ER, marked by mCherry–ADEL, instead of localizing
to the PM as the full-length protein does (Fig. S1D). Not
surprisingly, this ER-localized TMD failed to rescue the deletion
mutant pkd2Δ (Fig. S1E). Therefore, none of the three domains are
targeted to the PM on their own.

Next, we determined which of these three domains was
indispensable for the function of Pkd2. As pkd2 is an essential
gene (Morris et al., 2019), we tested this by replacing the full-length
gene with three truncation mutants: pkd2ΔLBD, pkd2ΔTMDΔCCD
or pkd2ΔCCD, expressed at the endogenous locus. The first two
were inviable (Fig. 1E,F). In contrast, the last one without CCD
was viable, achieving similar growth as the wild type did at
temperatures ranging from 25 to 36°C (Fig. 1G). We concluded
that both the LBD and TMD domains are essential for the
function of Pkd2 but CCD is not.

Curiously, the TMD of Pkd2 is projected to possess more
transmembrane helices than human polycystin PC-2 (six helices),
but less than PC-1 (11 helices). To determine whether all the
transmembrane helices of Pkd2 are essential, we systematically
removed one or more of them from Pkd2 to generate a series of
overexpressed truncation mutants (Table S1). However, all these
Pkd2 mutants were retained in the ER, unable to reach the PM
(Table S1). None of them rescued the temperature-sensitive mutant
pkd2-B42 (Sinha et al., 2022) (Table S1), unlike the full-length
protein, which even fully rescued the pkd2Δ mutant (Fig. S2A–C).
Thus, all nine transmembrane helices are essential for the
intracellular trafficking of Pkd2.

CCD-less Pkd2 becomes depolarized in the PM and clustered
in eisosomes
To determine the potential function of CCD, we first characterized
how it regulates the intracellular trafficking of Pkd2. We compared
the localization of Pkd2–GFP and Pkd2ΔCCD–GFP, both driven by
the native promoter and expressed from the endogenous locus
(Fig. 2A,B). Consistent with our previous study (Morris et al.,
2019), we found that full-length Pkd2 was targeted to the PM of cell
growth sites, including both the cell tips and equatorial division
plane (Fig. 2B). In comparison, the distribution of Pkd2 on the cell
surface was polarized, enriched at the tips, whereas the distribution
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of the truncation mutant was not (Fig. 2C). In addition, the full-
length Pkd2 was also found in many intracellular membrane
compartments of various sizes (Fig. 2B,D). The smaller
compartments were often marked by the endosomal marker Cfr1
(Hoya et al., 2017) (Fig. 2B). The larger ones were usually in the
lumen of vacuoles, the yeast equivalent of lysosomes, identified by
the integral vacuolar membrane protein Vph1 (Mulholland et al.,
1999) (Fig. 2D). In contrast, although Pkd2ΔCCD–GFP continued
to be targeted to the PM, it was not restricted to the growth sites of
cell tips anymore (Fig. 2B–D). The truncated Pkd2 was mostly
absent from either Cfr1-labeled endosomes or Vph1-labeled
vacuoles (Fig. 2B,D). Therefore, CCD promotes both the
polarized distribution of Pkd2 in the PM and the sorting of Pkd2
through the endocytic pathway to vacuoles.
Next, we focused on how CCD regulates the distribution of Pkd2

in the PM by imaging the cell surface through confocal microscopy
(Fig. 3A). Unlike the full-length protein, which concentrated

towards the cell tips and the division plane on the cell surface,
Pkd2ΔCCD–GFP clustered in a network of intertwined short
filaments. Its appearance was similar to that of eisosomes, which are
caveolae-like invaginating microdomains of the yeast PM (Fig. 3A)
(Kabeche et al., 2011). Indeed, these Pkd2ΔCCD–GFP filaments
partially overlapped with eisosomal filaments, marked by Pil1–
mCherry, with the average Pearson’s colocalization coefficient of
∼0.3 (Fig. 3A,B). In contrast, the colocalization between the full-
length Pkd2 and Pil1 was close to zero (Fig. 3A,B). Without
eisosomes, Pkd2ΔCCD failed to form any clusters in the pil1-
deleted cells (Fig. S3A) (Kabeche et al., 2011). We concluded that
CCD-less Pkd2 is targeted to the eisosomes in the PM where this
channel clusters into short filaments (Fig. 3A,C).

As eisosomes associate closely with the contact sites between ER
and the PM (Ng et al., 2020), we asked whether these membrane
contacts regulate the clustering of Pkd2ΔCCD as well. We
determined the localization of Pkd2ΔCCD–GFP in the mutants of

Fig. 1. AlphaFold-predicted structure of Pkd2. (A) Schematics of the primary structure (top) and topology (bottom) of Pkd2. The topology was predicted
using Protter (Omasits et al., 2014). (B) Ribbon diagram of the AlphaFold-predicted tertiary structure (rainbow colored) of Pkd2. The signal peptide (SP) is
projected with high confidence to be cleaved (SignalIP6.0; Teufel et al., 2022); therefore, it was not included. The structure was rendered using ChimeraX.
(C,D) Ribbon diagrams of the structures of LBD (C) and TMD (D). (C) Left: side-view of LBD with two pairs of cysteines labelled and rendered with
surface view. Right: 2D topology of eight β-strands (labeled A to H) in LBD. (D) Top view of the nine transmembrane helices (labeled 1 to 9) in TMD.
(E,F) Representative tetrad dissection plates of sporulated diploids pkd2+/pkd2ΔLBD (E) and pkd2+/pkd2ΔTMDΔCCD (F). At least 20 tetrads were dissected
for each. Neither pkd2::pkd2ΔLBD (red circles) nor pkd2::pkd2ΔTMDΔCCD (red circles) was viable. (G) Ten-fold dilution series of yeast on YE5S plates at
various temperatures. pkd2::pkd2ΔCCD grew similarly as the wild type. Images are representative of three independent experiments.
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scs2 and scs22, encoding two VAMP-associated proteins, which are
tethers between the ER and PM (Manford et al., 2012; Zhang et al.,
2012). As reported previously (Ng et al., 2020), deletion of scc2
and scs22 reduced the number of the eisosomal filaments in
scs2Δscs22Δ cells but increased the filament length compared to
those of wild-type cells (Fig. 3A). In correlation, Pkd2ΔCCD
filaments in these scs2Δscs22Δ cells also became longer and
more distinct than those of wild-type cells. Pearson’s colocalization
coefficient between Pkd2ΔCCD and Pil1 doubled to 0.6 in
scs2Δscs22Δ cells compared to that in the wild type (Fig. 3B).
In comparison, full-length Pkd2 did not cluster visibly in
eisosomes in scs2Δscs22Δ cells (Fig. S3C). Although there was
no genetic interaction between pkd2ΔCCD and pil1Δ mutants
(Fig. S3B), we found a strong negative genetic interaction between

the temperature-sensitive mutant pkd2-B42 and pil1Δ (Fig. 3D),
consistent with the role of eisosomes in the intracellular trafficking
of Pkd2. We concluded that ER–PM contacts modulate the
clustering of Pkd2ΔCCD in eisosomes.

Lastly, we examined how the clustering of Pkd2ΔCCD affects its
translocation to the equatorial division plane. During cytokinesis,
the GFP-tagged full-length protein was targeted to the equatorial
division plane, coinciding with the start of the contractile ring
constriction (Fig. 4A,B). Pkd2ΔCCD–GFP acted similarly during
cytokinesis (Fig. 4B). The fluorescence intensity of Pkd2ΔCCD–
GFP at the division plane peaked just as ring constriction completed
(Fig. 4C), but the intensity decreased by ∼50% compared to that of
the full-length Pkd2–GFP (Fig. 4C), despite their similar expression
levels (Fig. S3D). More differences lay in their kinetics. Whereas

Fig. 2. CCD promotes the intracellular trafficking of Pkd2 to endosomes and vacuoles. (A) Diagram of the center slice in the confocal z-series of a cell
(side view). (B,D) Micrographs (center slice) of the cells co-expressing either Pkd2–GFP (green, top) or Pkd2ΔCCD–GFP (green, top) and either the
endosomal marker Cfr1–mCherry (red, middle, B) or the vacuole marker Vph1–mCherry (red, middle, D). The merged micrographs are shown at the bottom.
Dashed boxes are magnified views of representative cells. Arrowheads indicate endosomes where Pkd2 and Cfr1 colocalized. Circles indicate vacuoles,
outlined by Vph1, with Pkd2 in the lumen. In contrast to the full-length protein, Pkd2ΔCCD–GFP was largely absent from either eisosomes or vacuoles.
Images are representative of three independent experiments. Scale bars: 5 μm. (C) Line scans of the periphery of two representative cells (asterisks in B)
expressing either Pkd2–GFP or Pkd2ΔCCD–GFP. Although the full-length protein was concentrated at the cell tips (shaded area), the truncation mutant was
not. A.U., arbitrary units.
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the fluorescence intensity of Pkd2ΔCCD–GFP remained constant
throughout the cell separation, the intensity of the GFP-tagged full-
length protein decreased gradually (Fig. 4C). Deletion of pil1,
which is required for eisosome assembly, slightly increased the
localization of Pkd2ΔCCD–GFP at the equatorial division plane by
∼20% (P=0.03) (Fig. S3E). Thus, CCD is necessary for the
effective trafficking of Pkd2 to the equatorial plane during
cytokinesis.
Although it is clear that CCD regulates the localization of Pkd2,

we wondered whether it has a role in the function of this
transmembrane protein. As Pkd2 is required for cell tip expansion
and cytokinesis, we quantified tip growth and cytokinesis of
pkd2::pkd2ΔCCD mutant cells through time-lapse microscopy.
In comparison to the wild-type cells, pkd2::pkd2ΔCCD cells

extended their tips only at a slightly higher rate (Fig. 4D). Likewise,
both the contractile ring constriction and cell separation proceeded
mostly unperturbed in the truncation mutant cells (Fig. 4E,F). We
concluded that CCD is largely dispensable for the cellular functions
of Pkd2 in cell proliferation, despite its essential role in regulating
the intracellular trafficking of Pkd2.

Comparisons among Pkd2 and its two S. pombe paralogues
AlphaFold predicted that two other putative ion channels in
S. pombe share a similar tripartite structure with Pkd2 (Fig. 5A),
despite their overall sequence identity being only∼20%. Like Pkd2,
both Trp663 and Trp1322 possess a 23 aa N-terminal SP that is
projected to be cleaved at the ER. Consistent with this prediction,
in cells expressing the N-terminally tagged GFP–Trp663, the

Fig. 3. Pkd2ΔCCD clusters in eisosomes in the plasma membrane. (A) Top: diagram of the surface slice in the confocal z-series of a cell (side view).
Bottom: micrographs (surface slice) of the cells co-expressing either Pkd2–GFP (top) or Pkd2ΔCCD–GFP (middle and bottom) and the eisosomal marker
Pil1–mCherry. The merged micrograph is pseudo-colored with Pkd2 or Pkd2ΔCCD in green and Pil1 in magenta. WT: wild-type cells. Dashed lines indicate
outlines of the representative cells. Rectangles indicate the selected cell surface area for the zoomed-in view (right). Scale bar: 5 µm. (B) Dot plot of the
average Pearson’s colocalization coefficient between Pil1–mCherry and either Pkd2–GFP or Pkd2ΔCCD–GFP on the cell surface. ***P≤0.0001 (one-way
ANOVA followed by two-tailed paired Student’s t-tests). Numbers indicate the total number of cells analyzed. Bars show mean±s.d. Data are from at least two
independent biological repeats. (C) Diagrams of the localization of Pkd2 (left) and Pkd2ΔCCD (right) in the plasma membrane (PM), based on A and B.
Full-length Pkd2 (green) concentrates at the cell tip region of the PM, largely segregated from eisosomes (magenta). In contrast, CCD-less Pkd2 clusters
throughout the cell surface, including at eisosomes, modulated by ER–PM contacts. (D) Ten-fold dilution series of yeast on YE5S plates at various
temperatures. The double mutant pkd2-B42 pil1Δ grew very poorly even at the permissive temperatures of 25 and 30°C, unlike the temperature-sensitive
mutant pkd2-B42. Images are representative of two independent experiments.
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fluorescence signal was present only in the ER (Fig. S4A). As for
Pkd2, Trp663 and Trp1322 also possess an extracellular LBD,
which shared the unique Ig-like fold consisting of eight β-strands
(Fig. 5A). The transmembrane domains of both Trp663 and
Trp1322 contain nine helices each. This was surprising as the
secondary structure analysis using TMHMM (https://services.
healthtech.dtu.dk/services/TMHMM-2.0) predicted eight and 11
helices for Trp663 and Trp1322, respectively. Lastly, both their
cytoplasmic tails are disordered, like that of Pkd2 (Fig. 5A).
Compared to Pkd2, Trp663 has the shortest CCD with 97 aa,
whereas Trp1322 has the longest with 284 aa. We concluded that
both Trp663 and Trp1322 are Pkd2 paralogues that possess a similar
tripartite structure including an Ig-like LBD, a TMD with nine
helices and a disordered CCD.
We then compared the intracellular localization of Pkd2 and its

two paralogues. The localization of endogenous Trp663 and
Trp1322 remained unknown, because both express too weakly to
be detected (Morris et al., 2019). Therefore, we overexpressed
both ectopically, tagged with either GFP (Fig. S4A) or mCherry
(Fig. 5B,C) at the C-terminus, under the control of a strong actin

promoter. As a control, we also ectopically overexpressed Pkd2.
Although Pkd2–GFP continued to be targeted to the PM
(Fig. S1A, middle), a larger fraction of Pkd2 was sorted to
the endosomes and vacuoles compared to the endogenously
expressed Pkd2 (Fig. S1A, middle). In comparison, Trp663 was
targeted to the PM almost exclusively, largely absent from the
intracellular membrane compartments (Fig. 5B; Fig. S4B).
Compared with Pkd2 localization, Trp663 did not enrich at
either the cell tips or the equatorial division plane (Fig. 5B, top).
The depolarized distribution of Trp663 on the cell peripheries was
similar to that of Pkd2ΔCCD–GFP (Fig. 5B, bottom). Unlike Pkd2
or Trp663 localization, Trp1322–mCherry was absent from
the PM (Fig. 5C). Instead, Trp1322 localized to numerous
intracellular puncta (Fig. 5C) where it often colocalized with
Pkd2 (Fig. 5C). We concluded that these two Pkd2 paralogues
occupy intracellular membrane compartments distinct from that
of Pkd2.

Next, we compared the cellular functions of these two Pkd2
paralogues to Pkd2 through genetic studies. Expression of either
Trp663 or Trp1322 failed to rescue the temperature-sensitive

Fig. 4. Pkd2ΔCCD remains largely functional during both cell growth and cytokinesis. (A–C) Localization of Pkd2–GFP and Pkd2ΔCCD–GFP at the
equatorial plane during cytokinesis. (A) Schematics of fission yeast cytokinesis. The actomyosin contractile ring is indicated in red. Dashed boxes indicate
the equatorial division plane examined in B. (B) Time-series showing the division plane of a cell co-expressing the contractile ring marker Rlc1–tdTomato
(gray) and either Pkd2–GFP or Pkd2ΔCCD–GFP (pseudo-colored). Numbers indicate the time in minutes after the start of contractile ring constriction. Yellow
dots indicate completion of the ring constriction. The color bar indicates the fluorescence intensity scale. Red arrows represent the duration of the contractile
ring constriction. Blue arrows represent the duration of the cell separation. Scale bar: 5 μm. (C) Time course of the fluorescence intensities of Pkd2–GFP and
Pkd2ΔCCD–GFP in the division plane. The truncation mutant reduced the localization of Pkd2 at the equatorial plane by ∼50% (P<0.05). Solid lines show
the mean, and shaded regions represent the s.d. (D) Tip growth rates of wild-type (WT) and pkd2ΔCCD mutant cells, measured by time-lapse microscopy at
room temperature. (E,F) Progression of cytokinesis in WT and pkd2ΔCCD mutant cells. Dot plots of the contractile ring constriction rate (E) and the duration
of cell separation (F) are shown. Bars represent mean±s.d. **P≤0.001; ***P≤0.0001 (two-tailed paired Student’s t-test). All the data are pooled from at least
two independent biological repeats. The numbers in C–F represent the numbers of cells analyzed.
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mutant pkd2-B42, unlike similarly expressed Pkd2 (Fig. S4B).
Furthermore, neither trp663Δ nor trp1322Δ exhibited any negative
genetic interactions with pkd2-B42 (Fig. S4C). We concluded that
the functions of these two Pkd2 paralogues do not overlap with
those of Pkd2.
As the functions of Pkd2 and Trp663 do not overlap, we

wondered whether this is due to their respective LBD or TMD
domains. Firstly, we constructed a chimera between these two by
replacing the LBD of Pkd2 with that of Trp663, Trp663LBD–
Pkd2(TMD–CCD) (hereafter chimera I) (Fig. 6A). This chimera,
tagged with GFP, failed to reach the PM and remained in the ER
(Fig. 6A). Although it rescued pkd2-B42 (Fig. 6C and Table S2), it
failed to revive the pkd2Δ mutant (Fig. 6D). Secondly, we replaced
both the TMD and CCD of Pkd2 with those of Trp663 to construct
another chimera, Pkd2LBD–Trp663(TMD–CCD) (chimera II). This
chimeric protein was only partially targeted to the PM. A portion
of it remained in the ER (Fig. 6B). Chimera II failed to rescue
pkd2-B42 (Fig. 6C). Therefore, the TMD is not conserved between
Pkd2 and Trp663, whereas the LBD is partially conserved between
these two paralogues.

The localization and function of Pkd2 are conserved among
fission yeast species
To determine whether the structure and function of Pkd2 are
conserved in evolution, we first compared it to human polycystins.
The most conserved regions between yeast Pkd2 and human PC-2
are the last two transmembrane helices of the TMD. The sequence of
Pkd2 showed ∼20% identity with those of the human polycystins
PC-1 and PC-2, and ∼22% sequence similarity with human PC-2
(Fig. S6). First, we expressed the presumed Pkd2 homologue human
PC-2, tagged with GFP at its C-terminus, in fission yeast cells.
Unlike Pkd2, PC-2–GFP stayed in the ER (Fig. S5A). Not
surprisingly, it failed to rescue the pkd2Δ mutant (Fig. S5B),
likely owing to the inability of PC-2 being targeted to the PM.
As the LBD of Pkd2 is essential for its intracellular trafficking, we
next made two chimeras, Pkd2LBD–PC1TMD (chimera III) and
Pkd2(LBD+TM1)–PC2TMD (chimera IV), by appending the LBD to
the TMDs of both human polycystins (Fig. S5C,D). Each was
tagged with a fluorescence protein at its C-terminus and expressed
from an exogenous locus. However, both chimeras remained in the
ER, absent from the PM (Fig. S5D). As PC-1 and PC-2 can form

Fig. 5. Intracellular trafficking of Pkd2 differs from that of its two paralogues Trp663 and Trp1322. (A) Ribbon diagram of the AlphaFold predicted
structures (rainbow colored) of Trp663 (top) and Trp1322 (bottom). Similar to Pkd2, their N-terminal SPs are projected to be cleaved before maturation.
Therefore, they are not shown here. Both proteins possess an N-terminal LBD with a putative Ig-like fold, a nine-helix TMD and a largely disordered CCD.
(B) Top: diagram of the center slice in the confocal z-series of a cell (side view). Bottom: micrographs (center slice) of cells co-expressing Trp663–mCherry
(left, magenta) and either Pkd2–GFP or Pkd2ΔCCD–GFP (middle, green). Merged micrographs are shown on the right. Double-headed arrows indicate the
cell tips. Brackets indicate the sides of the cells. Asterisks mark the equatorial division plane. Unlike Pkd2, Trp663 distributed evenly between the tip and the
side of a cell. Scale bar: 5 μm. (C) Micrographs (center slice) of cells co-expressing Trp1322–mCherry (magenta) and Pkd2–GFP (green). Arrowheads
indicate intracellular puncta where Trp1322 and Pkd2 colocalized in a representative cell (dashed outline). Images are representative of two independent
experiments. Scale bar: 5 µm.
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hetero-tetramers, we also co-expressed chimeras III and IV.
Nevertheless, they continued to stay in the ER (Fig. S5E). Not
surprisingly, these chimeras, whether expressed on their own or
together, failed to rescue the temperature-sensitive mutant pkd2-
B42 (Fig. S5F). We concluded that fission yeast Pkd2 cannot be
replaced by the human polycystins, most likely because of their
failure to be trafficked to the PM.
Next, we determined whether Pkd2 has been conserved in

the other fission yeast species. Besides S. pombe, there are three
other fission yeast: Schizosaccharomyces octosporus (So),
Schizosaccharomyces crypophilus (Sc) and Schizosaccharomyces
japonicus (Sj) (Rhind et al., 2011). Through a BLAST search, we
identified a single Pkd2 homologue in each of them. They share
63%, 62% and 49% sequence identity with Pkd2, respectively.
For functional comparison, we chose SjPkd2 from S. japonicus,
which is the most distant relative of S. pombe (Rhind et al., 2011).
The putative topology of SjPkd2 was identical to that of Pkd2,
as was its AlphaFold-predicted tripartite structure consisting of
the LBD, TMD and CCD (Fig. 7A). When ectopically expressed
in S. pombe cells, SjPkd2, tagged with GFP at its C-terminus, fully
rescued the growth of pkd2Δ (Fig. 7B). SjPkd2–GFP was targeted
effectively to the PM, concentrating at the cell tips during the growth
and at the equatorial division plane during cytokinesis, as Pkd2 does
(Fig. 7C). SjPkd2 was also visible in intracellular puncta, presumably
representing the endosomes. To test whether the structures of these
two Pkd2 homologues are conserved, we constructed a chimera
(chimera V), by replacing LBDof Pkd2 with that of SjPkd2 (Fig. 7D).
When ectopically expressed in S. pombe cells, this chimera rescued
the growth of pkd2Δ partially, with slightly reduced efficiency
compared to that of Pkd2 (Fig. 7B). The intracellular localization of
chimera V was similar to that of SjPkd2, but a portion of the chimera
stayed in the ER (Fig. 7D). We concluded that both the intracellular

trafficking and function of Pkd2 are highly conserved in the clade of
fission yeast species.

Based on our results, we proposed a novel model of the
intracellular trafficking of Pkd2 throughout cell cycle (Fig. 8). This
model explains the essential function of LBD and TMD in directing
this mechanosensitive channel from the ER to the PM (Fig. 8, top).
It also incorporates the critical role of CCD in both promoting the
internalization of Pkd2 from the PM and preventing the clustering of
the channel in eisosomes (Fig. 8, bottom).

DISCUSSION
Despite what we have learned about the cellular functions and
localization of fission yeast polycystin Pkd2, little is known about
its structure. Unlike human polycystins, the structure of Pkd2 has
not been experimentally determined. Solving the structure of this
transmembrane protein remains challenging, more so owing to the
likely oligomerization of Pkd2. Like most TRP channels, human
polycystins assemble into a tetramer, either as a homo- or hetero-
tetramer (Grieben et al., 2017; Shen et al., 2016; Su et al., 2018;
Wilkes et al., 2017). With such a constraint in mind, the AlphaFold
prediction, despite its imperfection, provided us with the best
available option to understand how the three domains of Pkd2
contribute to its function and intracellular trafficking. Through
structure–function analysis, our study demonstrated for the first time
that the intracellular trafficking of yeast Pkd2 plays a key role in
activating and desensitizing this membrane tension-sensitive ion
channel. Our finding sheds new light on the regulation of the
mechanosensitive ion channels in general.

The predicted structure of LBD is unique in its Ig-like fold with a
potential for lipid binding. To our knowledge, the arrangement of
the eight β-strands of LBD is unlike that of any other Ig-like domain
found so far (Bork et al., 1994). Although there is no direct

Fig. 6. A chimera of Pkd2 and Trp663 is partially functional. (A) Top: schematic of Chimera I in which the LBD of Pkd2 was replaced with that of Trp663.
Bottom: micrographs (center slice) of cells expressing both chimera I tagged with GFP (green) and the ER marker mCherry–ADEL (magenta). Arrowheads
indicate the ER tether and arrows indicate the peri-nuclear ER. Scale bar: 5 μm. (B) Top: schematic of chimera II in which the SP, TMD and CCD of Pkd2
were replaced with those of Trp663. Bottom: micrographs (center slice) of the cells expressing both chimera II tagged with GFP (green) and mCherry–ADEL
(magenta). Asterisks indicate the equatorial division plane. Scale bar: 5 µm. (C) Ten-fold dilution series of yeast on either YE5S at 36°C (left) or YE5S plus
25 mM CaCl2 (right) plates. (D) Representative tetrad dissection plates of the sporulated diploid pkd2+/pkd2Δ expressing Chimera I–GFP. At least 20 tetrads
were dissected with similar results. Images are representative of at least two independent experiments.
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biochemical evidence, sequence analysis suggested that LBD is an
MD-2-related lipid-recognition (ML)-like domain found in both
Der f 2, a major mite allergen (Ichikawa et al., 1998) and Niemann–
Pick disease type C2 (NPC2) protein (Friedland et al., 2003).
Both Der f 2 and NPC2 are capable of binding lipids directly
(Johannessen et al., 2005). It is possible that LBD binds lipids such
as ergosterol directly in the PM. However, LBD is surprisingly
projected to be extracellular, in contrast to most other lipid-binding
domains, which are imbedded in the membrane.
The LBD is essential for the trafficking of Pkd2 from the ER to

the PM, where this mechanosensitive channel likely carries out its
function as an influx channel. Without the LBD, Pkd2 is stuck in the
ER. Although we cannot rule out the possibility that a portion of
Pkd2 is functional at the ER, our data are most consistent with the
model that Pkd2 is targeted to the PMwhere it can be activated. This
is unlike the human polycystin PC-2, which is sorted to both the ER
and PM. Nevertheless, future biochemical tests will be needed to
determine the precise distribution of Pkd2 between the ER and PM.
Because of the close contact between the LBD and TMD in the
predicted structure, the LBD is likely also essential for the proper
folding of Pkd2. The truncated mutant might remain in the ER as a
misfolded protein. Although similar LBD domains are present in
two fission yeast Pkd2 paralogues, Trp663 and Trp2322, neither can
replace that of Pkd2 fully. Only the LBD of the Pkd2 ortholog in
another fission yeast, S. japonicus, can. We predict that the LBD is
highly conserved in other fungal Pkd2 orthologues as well.
In addition to its function in trafficking, LBD might also gate the

ion channel pore of the Pkd2 channel, like the conserved TOP
domain of human polycystins (Shen et al., 2016). Future studies will
determine whether LBD can bind lipids directly in vitro and which
lipids it binds.

In comparison to the LBD, the TMD is absolutely essential for
the function of this mechanosensitive channel. This is most vividly
displayed by the inability of the Pkd2–Trp663 chimera to rescue the
pkd2 deletion mutation. The chimera Pkd2LBD–Trp663(TMD–CCD)

reaches the PM. Nevertheless, it fails to replace the function of the
wild-type Pkd2, despite the similar nine-helix fold of the TMD of
Trp663. Future structural study of Pkd2 channel would be needed to
determine the essential residues of the TMD. Mutating these key
residues in each of the nine transmembrane helices would help us
determine which one(s) of these helices is indispensable for the ion
channel activity of Pkd2.

Unlike either the LBD or TMD, the CCD plays a critical role in
regulating the internalization of Pkd2 and its distribution in the PM.
Its role explains the polarized distribution of Pkd2, concentrating at
the cell growth zones, unlike Trp663. This mostly disordered
domain likely recruits adaptor proteins to internalize Pkd2 through
endocytosis before being sent to vacuoles, the yeast equivalent of
lysosomes. Such internalizations likely ‘desensitize’ Pkd2 to the
membrane tension on the non-growth zone of fission yeast cells.
This process mimics that of many GPCRs. Overall, Pkd2 achieves
its enrichment at the cell tips and the equatorial division plane most
likely through selective internalization.

Without the CCD, Pkd2 forms filament-like clusters on the PM,
regulated by both eisosomes and ER–PM contacts. Although it has
not been reported for Pkd2, such clustering on the PM is common
among ion channels in animal cells (Sato et al., 2019). To our
knowledge, this is the first documented example of clustering of an
ion channel in yeast. Even more surprising is that the clustering is
largely concentrated in eisosomes. Eisosomes or MCCs (membrane
compartment of Can1) are furrowing microdomains of the yeast PM
(Malinska et al., 2003; Young et al., 2002). Although Pkd2 is so far

Fig. 7. The structure, function and intracellular trafficking of Pkd2 are conserved in the fission yeast S. japonicus. (A) Diagram of the predicted
topology of SjPkd2 by Protter (Omasits et al., 2014). Green: N-terminal SP. (B) Ten-fold dilution series of S. pombe cells grown on YE5S plates at various
temperatures. (C) Micrographs (center slice) of the S. pombe pkd2Δ mutant cells expressing SjPkd2–GFP. The arrow indicates the cell tip, asterisks mark
cells in various stages of cytokinesis, and the arrowhead indicates intracellular puncta. Scale bar: 5 μm. (D) A chimera of Pkd2 and SjPkd2 can replace Pkd2
in S. pombe. Top: a diagram of Chimera V in which the LBD of Pkd2 was replaced with that of SjPkd2. Bottom: micrographs (center slice) of the S. pombe
cells expressing Chimera V tagged with GFP. Asterisks indicate cells in various stages of cytokinesis. Unlike SjPkd2 or Pkd2, this chimera was only partially
targeted to the PM. A portion of it stayed in the ER. Scale bar: 5 μm. Images are representative of at least two independent experiments.
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the only ion channel found in fission yeast eisosomes, many amino
acid-polyamine-organocation (APC) transporters have been found
there (Bianchi et al., 2018; Gournas et al., 2018; Moharir et al.,
2018). The clustering of Pkd2 strongly suggests that it oligomerizes
on the cell surface, like the human polycystins and many other ion
channels. The clustering of Pkd2 in eisosomes is likely determined
by the LBD, as eisosomes are rich in ergosterol (Grossmann et al.,
2007).
Clustering of Pkd2 in eisosomes might keep this

mechanosensitive channel from being hyper-active. Two likely
roles of eisosomes have emerged (Appadurai et al., 2020). Firstly,
they could prevent those APC transporters from being endocytosed
and degraded (Grossmann et al., 2008). This might contribute to
the reduced internalization of Pkd2 in the pkd2ΔCCD mutant.
Secondly, this raft-like microdomain could provide the membrane
reservoir when the cells need to expand their PM under mechanical
stress (Kabeche et al., 2015; Lemier̀e et al., 2021). Thus, the storage
in eisosomes might serve as a mechanism to prevent Pkd2 from
being hyper-activated as an ion channel. Surprisingly, disruption of
ER–PM contacts, another microdomain of the PM, exacerbated
clustering of Pkd2. These contact sites are well established as sites
of lipid transfer between ER and the PM (Manford et al., 2012). One
likely explanation for our observation is the increased lipid
concentration in the PM of the membrane contact site mutant.
Overall, the lipid composition of the PM can have a critical role in
the intracellular trafficking of Pkd2.
In summary, we combined the predicted tertiary structure of the

essential fission yeast channel Pkd2 with genetic analyses and
quantitative microscopy to dissect its domains for the first time. The
putative structure is likely conserved in both fission yeast and other
fungi in which Pkd2 is a highly conserved essential protein (Hsiang
and Baillie, 2005). Our study reveals the potential mechanism for
trafficking this membrane tension-activated channel to the cell
growth zone. It requires both ER-to-PM trafficking mediated by the
LBD and targeted internalization depending on CCD. Our finding

of the clustering of this putative ion channel in eisosomes indicates a
novel role of this PM microdomain as a storage site for the
membrane tension-sensing channels.

MATERIALS AND METHODS
Structure prediction
We used ChimeraX (UCSF) (Pettersen et al., 2004) to retrieve the predicted
tertiary structure of a protein fromAlphaFold based on its UniProt identifier.
The Uniprot numbers for Pkd2, Trp663, Trp1322 and SjPkd2 are Q09917,
O74520, O94543 and B6K7F8, respectively. All the structures in the figures
were also rendered using ChimeraX.

Yeast genetics and cell culture
We followed the standard protocols for yeast cell culture and genetics
(Moreno et al., 1991). Fission yeast tetrads were sporulated on sporulation
agar with five supplements (SPA5S) plates and dissected using a SporePlay+
dissection microscope (Singer Instruments, UK). Transformation of yeast
used the standard lithium-acetate method. All the strains used in this study
are listed in Table S3.
For assays of viability, overnight cultures were diluted and grown for an

additional 6 h before being spotted for the ten-fold dilution series. To
measure growth curves in liquid culture, we diluted overnight cultures to an
optical density of 0.3 at A600nm. We then measured the cell density with a
spectrometer (Eppendorf ) every 2 h for the next 10 h, followed by the final
measurement at 24 h.

Cloning and expression of Pkd2 truncation mutants, chimeras
and other TRP channels
For molecular cloning, both the gene of interest and the vector were
amplified by PCR using Q5 polymerase (New England Biolabs, USA).
Unless specified, most of the vectors used were either pAV0714 (for tagging
a construct with GFP) or pAV0328 (for tagging a construct with mCherry)
(Vještica et al., 2020). After being digested with DpnI, the PCR products
were purified using NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel, 740609). Purified PCR products were assembled together using
NEBuilder HiFi DNA assembly kit (New England Biolabs, E2621). After
being verified by Sanger sequencing, 2 µg plasmid was linearized with the
restriction enzyme AfeI and integrated into the ura4 locus in the yeast

Fig. 8. A model of the intracellular trafficking of Pkd2. Top: intracellular trafficking of the full-length Pkd2. The transmembrane protein is synthesized in
the ER where the N-terminal SP is cleaved. Pkd2 is then trafficked through the Golgi apparatus before being secreted to the PM, which depends on the N-
terminal LBD. Upon reaching the PM, Pkd2 mostly resides in the growth zone of either cell tips during interphase (left) or division plane during cytokinesis
(right). Outsides the growth zone, Pkd2 is selectively internalized through endocytosis and degraded in vacuoles, a process dependent on CCD. As a result
of this intracellular trafficking route, the mechanosensitive Pkd2 channel distributes in a polarized pattern on the cell surface. When activated by the
membrane stretching, Pkd2 directs the Ca2+ influx at the cell tip and equatorial division plane. Bottom: without the cytoplasmic tail, Pkd2ΔCCD fails to be
internalized. Instead, it clusters in eisosomes in the PM on the sides of cells both during interphase (left) and cytokinesis (right). In these low-tension
membrane compartments, the mechanosensitive Pkd2 channel is likely desensitized. As a result of clustering in eisosomes, the number of Pkd2ΔCCD
molecules at either the tips or the division plane decreases significantly compared to the number for the full-length protein.
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genome. For the constructs that were integrated at the ade6 locus, a new
vector was generated by replacing the GFP sequence in the vector pAV0661
(Vještica et al., 2020) with that of mCherry, and the resulting vector was
linearized by PmeI. The linearized vectors were purified and then
transformed into yeast using the lithium-acetate method. mEGFP was
used to tag the Pkd2 truncation mutants at their endogenous locus or from
the leu1 locus. Super-fold GFP (sfGFP) was used for constructs expressed
from the ura4 locus.

The LBD–GFP was expressed at the leu1 locus driven by the 3nmt1
promoter. To construct the LBD–GFP expression vector, the DNA sequence
of LBD including that of the SP was amplified and cloned into the vector
pFA-kanMX6-3nmt1GFP (lab stock, Bähler et al., 1998) using the HiFi
assembly kit. The DNA fragment encoding P3nmt1-LBD-GFP was then
integrated into the leu1 locus through PCR-based homologous
recombination (Bähler et al., 1998). For N-terminal GFP tagging of Pkd2
and Trp663, either 3nmt1-GFP or 41nmt1-GFP was integrated at the N-
terminus of the respective gene at the endogenous locus using PCR-based
gene targeting (Bähler et al., 1998).

Microscopy
For microscopy, 1–2 ml of exponentially growing yeast cells at 25°C with a
density between 5.0×106/ml and 1.0×107/ml in yeast extract with five
supplements (YE5S) liquid medium (unless specified) were harvested by
centrifugation at 1500 g for 1 min and resuspended in 50 µl YE5S.
Resuspended cells (6 µl) were spotted to a 25% gelatin with a YE5s pad and
sealed under the coverslip using VALAP (1:1:1 mixture of Vaseline, lanolin
and paraffin) (Wang et al., 2016).
Live-cell microscopy was carried out on an Olympus IX71 microscope. It

was equipped with 100× (NA=1.40) and 60× (NA=1.40) objective lenses, a
confocal spinning-disk unit (CSU-X1; Yokogawa, Japan), a motorized xy
stage with a Piezo Z Top plate (Applied Scientific Instrumentation). The
microscope is housed in a designated microscopy room where the
temperature is maintained at around 22±2°C. The images were captured
on an Ixon-897 EMCCD camera controlled by iQ3.0 (Andor, Ireland).
Solid-state lasers of 488 and 561 nm were used for imaging green and red
fluorescence, respectively. For time-lapse microscopy, the cells were
imaged for 2 h with 2-min intervals and with Z-series of 15 slices at a
step size of 0.5 μm. To help minimize the potential variations in culture and
microscopy conditions, the wild-type control and the experimental groups
were imaged on the same day. Bright-field microscopy was used for the
quantification of deflated cells.
For calcofluor staining, 2 ml of exponentially growing cells were

harvested at 1500 g for 1 min. The cells were fixed in 4%
paraformaldehyde while being rotated for 10 mins. We spun down the
fixed cells and washed them three times with 1 ml of TEMK buffer (50 mM
Tris-HCl pH 7.4, 1 mM MgCl2, 50 mM KCl, 1 mM EGTA). The washed
cells were re-suspended in 1 ml TEMK buffer and stored at 4°C until
the next day. Just before imaging, 1 µl of calcofluor solution (1 µg/ml)
(Sigma-Aldrich, 18909) was added to 1 ml of cells. The cells were stained
while being rotated on a rocker in the dark for 5 min before they were
pelleted and resuspended in 50 µl TEMK. The stained sample (5 µl)
was spotted directly on a glass slide, covered with a coverslip, and sealed
with VALAP. Images were taken with a 60× objective lens using an
epifluorescence microscope (Olympus IX81) equipped with a mercury lamp
and a digital camera.

Image processing and analysis
ImageJ (National Institutes of Health) was used for processing all the images
with either freely available or customized macros/plug-ins. For quantitative
analysis of the fluorescence micrographs of a time-lapse series, we first
corrected x-y drifting using StackReg (Thevenaz et al., 1998). Average
intensity projections of z-slices were used for quantification. Kymographs of
the time-series of the contractile rings were generated to determine both the
start and end of ring closure.
To quantify the colocalization between two proteins, maximum-intensity

projections of the two top slices of a full z-series in which the green
fluorescence was visible were generated. The ImageJ (Fiji) macro Coloc2
was used to quantify the Pearson’s correlation coefficient (R) (no threshold).

R-value <0.1 was considered as no colocalization, 0.1–0.5 as partial
colocalization and >0.5 as significant colocalization.
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