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The opening of voltage-gated ion channels is initiated by transfer
of gating charges that sense the electric field across the mem-
brane. Although transient receptor potential ion channels (TRP)
are members of this family, their opening is not intrinsically linked
to membrane potential, and they are generally not considered
voltage gated. Here we demonstrate that TRPP2, a member of the
polycystin subfamily of TRP channels encoded by the PKD2L1
gene, is an exception to this rule. TRPP2 borrows a biophysical riff
from canonical voltage-gated ion channels, using 2 gating charges
found in its fourth transmembrane segment (S4) to control its con-
ductive state. Rosetta structural prediction demonstrates that the
S4 undergoes ∼3- to 5-Å transitional and lateral movements during
depolarization, which are coupled to opening of the channel pore.
Here both gating charges form state-dependent cation–π interac-
tions within the voltage sensor domain (VSD) during membrane de-
polarization. Our data demonstrate that the transfer of a single
gating charge per channel subunit is requisite for voltage, temper-
ature, and osmotic swell polymodal gating of TRPP2. Taken
together, we find that irrespective of stimuli, TRPP2 channel opening
is dependent on activation of its VSDs.

ion channels | biophysics | TRP channels | gating mechanisms | polycystins

Ion channels control the flow of ions across membranes and are
required for short- and long-range electrical signaling (1).

Voltage-gated ion channels (VGICs) are characterized by their
ability to turn on the flow of ionic current by opening their con-
ductive pore in response to changes in membrane potential. Typi-
cally, each VGIC subunit has 6 transmembrane segments (S1 to S6)
which oligomerize to form an ion channel as a homotetramer. Each
of the 4 subunits is domain swapped, where the S5 and S6 from
each subunit form the ion conducting pore domain (PD) which are
flanked by a 4-helix bundle (S1 to S4) called the voltage sensor
domain (VSD) (2–4). Voltage-dependent opening or gating of
VGICs is tightly controlled by the up or down state (activated or
deactivated) of the S4 transmembrane segment (5, 6). When the
cell membrane is depolarized, the opening of the PD is mechan-
ically linked to conformational changes in the S4 through physical
interactions between the S4–S5 linker and the S6 helix (7, 8). In the
quaternary channel structure, the activation of the VSDs is coupled
to a concerted 4-fold displacement of the S6 cytosolic gate, which
dilates the PD enough to allow the passage of ions (3, 9). There are
typically 4 highly conserved positively charged residues (arginine or
lysine), called “gating charges,” at every third amino acid position
within the S4 (6, 10). Based on structural, computational, and
functional studies, these gating charge residues form sequential
stabilizing electrostatic bonds within the VSD which catalyze the
S4 segment’s outward translocation in response to membrane de-
polarization (11–13).
Within the VGIC superfamily, the gating mechanisms of tran-

sient receptor potential (TRP) channel class are unique among
the 6 subclasses (A, C, M, ML, P, and V) (14). TRP channels
perform sensory functions for the cell, opening in response to
diverse stimuli such as temperature shifts and binding of chemical
ligands, which are often defining features of each subclass (15).
Here the energy of association between most TRP channels and

their ligands (exogenous or endogenous) is sufficient to initiate
channel opening. Although TRP channels share a similar to-
pology with most VGICs, few are intrinsically voltage gated, and
most do not have gating charges within their VSD-like domains
(16). Current conducted by TRP family members is often rectifying,
but this form of voltage dependence is usually attributed to divalent
block or other conditional effects (17, 18). There are 3 members of
the polycystin subclass: TRPP1 (PKD2 or polycystin-2), TRPP2
(PKD2-L1 or polycystin-L), and TRPP3 (PKD2-L2). TRPP1 is the
founding member of this family, and variants in the PKD2 gene
which encode this channel are associated with autosomal dominant
polycystic kidney disease (ADPKD) (19). Homomeric forms of
TRPP1 do not form functional channels on the plasma mem-
brane when expressed either heterologously or endogenously
(20). Rather, TRPP1 localizes and functions exclusively in the
membranes of primary cilia and ER organelles, which presents a
significant challenge to studying their gating behavior (21–23).
TRPP2 also localizes to the primary cilia of several nonrenal cells
but differs from TRPP1 because it forms an ion channel in the
plasma membrane as well (24). This localization feature facilitates
the present study, where gating behavior of TRPP2 and voltage
sensor function is assessed in plasma membranes under overex-
pressed conditions. The structures of TRPP1 and TRPP2 in closed
and ion occupied states have been reported, but our un-
derstanding of the intramolecular interactions responsible for
channel gating is largely undefined (20, 25–28). Here we ask, what
is the molecular mechanism responsible for this channel’s voltage
dependence? We have determined that opening of TRPP2
requires the transfer of a single gating charge per subunit, as
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measured directly in the form of gating current. These capacitive
currents are carried by residues K452 and K455 in the S4 segment
which are conserved gating charge positions in VGICs. In con-
junction with Rosetta structural modeling and the recently re-
solved polycystin structures, we find Y366 in the S2 segment is
energetically coupled to the S4 gating charges through the for-
mation of cation–π interactions. Based on our modeling of
TRPP2 gating, the S4 segment undergoes both translational and
lateral movements as the sensor activates. The activation of the
S4 is coupled to the ∼7.6-Å radial dilation of the 4 S6 helices that
form the intracellular gate, which opens the ion conducting
pathway. Like most TRP channels, TRPP2 gating is polymodal,
and stimuli such as membrane tension or thermal energy poten-
tiate its ionic current. Importantly, we find that TRPP2 cannot
open using these stimuli is unless both gating charges are intact.
Our results demonstrate that gating charge transfer and activation
of the VSD are necessary steps in TRPP2 channel opening. These
results define how TRPP2 integrates these stimuli in conjunction
with membrane potential to control the flow of calcium and
monovalent cations into the cell through cilia and plasma
membranes.

Results
TRPP2 and VGICs Share a Voltage-Dependent Gating Mechanism. A
cardinal feature of voltage-gated channels are large tail currents
activated by membrane repolarization, which capture the ion
flow during the transition from the open to closed states in the
whole-cell patch configuration. This feature is not commonly
found in TRP channels; however, we and several groups have
previously shown that TRPP2 is an exception (29–31). In the
symmetrical sodium conditions devoid of divalent ions, whole-
cell patched HEK293T cells overexpressing this channel gener-
ate robust tail currents upon repolarization and can be fit to a
Boltzmann function (SI Appendix, Fig. S1A). The half-maximal
voltage dependence of TRPP2 activation is positive (V1/2 =
47 mV), and the slope of the current voltage relationship is
shallow (Z = 1.1), which infers a transfer of approximately
1 gating charge per channel subunit (SI Appendix, Table S1).
Based on these functional characteristics, we hypothesized that
TRPP2 channel proteins likely contain a voltage sensing ele-
ment. Several high-resolution structures of TRPP1 and
TRPP2 have been determined by single partial cryo-EM (20, 25–
28), and their conserved S4 lysines (K452 and K455 in TRPP2)
structurally align to the third and fourth gating charge positions

Fig. 1. Gating currents generated by gating charges
in TRPP2’s voltage sensor. (A) A structural alignment
of TRPP1, TRPP2, and the prokaryotic voltage-gated
sodium channel NavMs (PDB accession codes 5T4D,
5Z1W, and 5HVX, respectively) (7, 20, 26). (Right)
Expanded view of the VSD helices. Note the con-
served gating charge positions R3/K3 and R4/K4
from TRPP2 and NavMs. (B) Steady-state voltage-
dependent Cs+ currents (blue traces, Top) recorded
from SF9 insect cells and blocked Gd3+ (gray traces,
Bottom). (C) HA-TRPP2-GFP gating currents (black
traces) activated by voltage steps shown above. The
integrated gating currents (red) convert from cur-
rent to charge (femtocoulombs [fC]). (D) The voltage
dependence of the central pore tail current (black)
and the estimated charges per channel (red), fit to the
Boltzmann equation. (E) A comparison of the rates of
central pore current opening (τopen) and gating
charge activation (τact.). Number replicates are in-
dicated in the parentheses, and error bars are SEM.

Ng et al. PNAS | July 30, 2019 | vol. 116 | no. 31 | 15541

BI
O
PH

YS
IC
S
A
N
D

CO
M
PU

TA
TI
O
N
A
L
BI
O
LO

G
Y

https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902917116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1902917116/-/DCSupplemental


found in canonical potassium (Kv) and sodium (Nav) VGICs
(Fig. 1A). Interestingly, among the 4 gating charge positions—
which can be lysine (K1 to K4) or arginine (R1 to R4)—the
innermost buried charges K3 and K4 are the most conserved in
the VGIC superfamily (SI Appendix, Fig. S1B). For simplicity,
the K/R1 to K/R4 nomenclature is used for the remainder of this
manuscript when referring to these gating charge positions.
Thus, because of their alignment along the S4 and the clear
voltage dependence of this channel, we hypothesize that K3 and
K4 are involved in voltage-dependent gating of TRPP2 channels.
Next, we asked, what is the functional impact of neutralizing

the present gating charges (K3 and K4)? In TRPP2, neutraliza-
tion of either K3 or K4 to 1 of 6 amino acids (A/C/D/H/Q/I)
completely ablates the tail currents. However, when the posi-
tively charged side chain is preserved with an arginine sub-
stitution, the tail currents from TRPP2 K3R and K4R channels
are restored (SI Appendix, Fig. S1C). While there is a small shift
in the V1/2 of K3R and K4R by 13 and 2 mV, respectively, the
mutations do not change the transfer of a single apparent charge
(SI Appendix, Table S1). Apparently, the positive nature of the
side chain at K3 and K4 is essential for TRPP2 voltage-
dependent gating. In contrast to TRPP2, the voltage de-
pendences of canonical VGICs are typically negative (V1/2 = −5
to −50 mV), and their apparent charge based on the slope is steep
(Z = 2.5 to 4.6). Thus, we hypothesized that TRPP2 voltage
dependence could be reproduced in VGICs by only removing
the first 2 gating charges (K1 and K2), leaving only K3 and
K4 intact as they are found in TRPP2. To test this, we selected
the NaChBac prokaryotic VGIC, whose gating current and
voltage-dependent properties have been extensively character-
ized (12, 32, 33). Here we neutralized the 2 most extracellular
gating charges (R1Q:R2Q) and observed a shift in its V1/2
from −34 to 45 mV and a reduction in its apparent charge
transfer (Z) from 3.7 to 1.1 compared with the Wt channels (SI
Appendix, Fig. S2 A and B and Table S1). Thus, voltage-dependent
parameters of the NaChBac R1Q:R2Q channel closely resemble
TRPP2. These data suggest that TRPP2’s positive and shallow
voltage dependence is a product of having only 2 gating charges in
its voltage sensor, a feature that can be recapitulated in a canonical
VGIC simply by reducing the number of gating charges from
4 to 2. However, additional glutamine neutralization of ei-
ther R3 (R1Q:R2Q:R3Q) or R4 (R1Q:R2Q:R4Q) abolishes
channel function without impacting its membrane localization
(SI Appendix, Fig. S2C). Based on these observations, we
conclude that K/R3 and K/R4 are essential gating charges to
TRPP and VGIC gating.

TRPP2 Channels Generate Gating Current Which Is Dependent on S4
Gating Charges. TRPP2 has a shallow voltage dependence (Z =
1.1) which implies the transfer of a single gating charge per
channel subunit. However, this is an indirect measurement, and
we sought to directly measure the gating charge transfer from
TRPP2 using the previously established Q/N method (34, 35).
The measurement of gating current requires the high expression
of channels because it is an order of magnitude smaller than
central pore current. To achieve this, we overexpressed HA-
TRPP2-GFP channels in SF9 insect cells using a baculovirus to
enhance the number of channels beyond the levels obtainable in
HEK cells. To estimate the total number of channels (N), we
measured the single-channel conductance (γ), open probability
(Po), and whole-cell current (Iwc) (Fig. 1B and SI Appendix, Fig.
S3 B–D). Here we used Cs+ as a charge carrier because K+ and
Na+ currents saturated the amplifier in nearly every cell clam-
ped, prohibiting the estimation of the total Iwc due to their high
conductance through the TRPP2 channel (SI Appendix, Fig.
S3A). We calculate an average of 29,734 channels per insect cell
using the above parameters (γ, Po, Iwc; SI Appendix, Table S2).
As expected, TRPP2 currents measured from insect cells are

outwardly rectifying with similar voltage dependence (V1/2 =
55 mV) and tail current kinetics (τclose = 20 ms) to those mea-
sured from HEK cells (SI Appendix, Tables S1 and S2). We then
blocked the central pore current by removing the permeant ion
and adding the trivalent pore-blocker Gd3+ (Fig. 1B). Then, we
measured capacitive gating currents activated by voltage steps
from a −100-mV holding potential (Fig. 1C). The gating currents
were integrated from each voltage step to establish the half
maximal gating charge–voltage relationship (Qon). Here the Qon
for TRPP2 was 22 mV, which is 23 mV more negative than the
voltage required to open of the central pore current (Fig. 1D).
After dividing the maximum gating charge by the number of
channels, we estimate that the complete activation of each
TRPP2 channel involves the transfer of 4.7 charges per channel,
or 1.1 charges per each of the 4 TRPP2 subunits. We compared
the opening rate of the ionic pore current (τopen) to the activa-
tion rate of the gating charges (τact.) and observed that the
voltage sensor charges activate 8 to 10 ms faster than the opening
of the central pore (Fig. 1E). Gating charge transfer measured
VGICs typically exhibit charge immobilization after prolonged
depolarization (36). To determine if TRPP2 channels exhibit this
feature, we held the membrane potential at +60 mV and stepped
to negative potentials to capture the deactivation charge (Qoff) of
the integrated inward gating currents (SI Appendix, Fig. S4A).
Here the corresponding voltage dependence was shifted
by −19 mV, suggesting that TRPP2 gating charges were immobi-
lized by the prolonged depolarization (SI Appendix, Fig. S4C and
Table S2). Taken together, these data suggest that the TRPP2 VSD
activation before pore opening along the temporal and voltage
scales is a sequence of events that is shared by VGICs (32, 37).
Finally, the gating charge measurement and central pore currents
were completely abolished when either K3 or K4 gating charges
were neutralized to glutamine (SI Appendix, Fig. S4 B and C).
Importantly, neither K3Q nor K4Q mutations altered the plasma
membrane localization levels in insect cells, as assessed by live cell
imaging of colocalized HA-TRPP2-GFP with plasma membrane
labeling and surface protein biotinylating (SI Appendix, Fig. S4 C
and D). Hence, preservation of charges at the K3 and K4 positions
is necessary for gating charge transfer, the first mechanistic step in
opening TRPP2.

TRPP2 Gating Charges Form Interactions within the VSD During
Activation. The classic and consensual view of voltage-dependent
gating of VGICs proposes that the S4 segments move up in re-
sponse to membrane depolarization. The movement of the S4 is
accompanied by rearrangements within the VSD, which exposes
gating charges to a water-filled cavity on the extracellular side.
During this transition, the gating charges form stabilizing hydrogen
bonds and salt bridge interactions with intervening side-chain and
carbonyl oxygens from the other VSD helices S1 to S3. We hy-
pothesized that the S4 of TRPP2 VSD might take a similar tra-
jectory. As identified in the initial reports of TRPP1 and TRPP2
channel structures, the hydroxylphenylalanine group of S2-Y366
faces the e-ammonium group of K3 and K4, which are sepa-
rated by ∼5 Å (Fig. 2B) (20, 26). Thus, we proposed that the
gating charges may form cation–π or hydrogen bond interac-
tions with Y366 during VSD activation. First, we calculated the
perturbation in free energy of channel opening (ΔG°) caused by
single point mutations. We observed 21- to 30-mV shifts in the
V1/2, which in turn increased the ΔG° by 0.8 to 1 kcal/mol for
the K3R, K4R, and Y366F single mutants compared with Wt
channels (Fig. 2A and SI Appendix, Table S1). Next, as quali-
tative support for the interactions, we applied the double-
mutant cycle analysis method to determine if these positions
are energetically coupled (ΔΔG°) during TRPP2 gating (SI
Appendix, Material and Methods) (9). We determined there
are −1.5 and −0.5 kcal/mol of coupled free energy (non-
additive) for the K3R-Y366F and K4R-Y366F interacting pairs,
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respectively (Fig. 2C). As a negative control of our cycle analysis,
we chose W434, which is located at the top of S4 facing away from
the center of the VSD helix bundle and thus is unlikely to interact
with gating charges K3 and K4 during the activation process (Fig.
2B). As expected, the couple energy for K3R-W434C and K4R-
W434C were additive (ΔΔG° < 0.25 kcal/mol), which suggests that
neither gating charge interacts with W434 during the opening of
TRPP2 (Fig. 2 A and C and SI Appendix, Table S1). Based on the
TRPP2 structures (26, 27), other sites within the VSD such as
Y107 of the S1 segment and D390 of the S3 segment may also
interact with the gating charges, but recordings from cells
expressing mutations at these positions did not yield current above
background levels.

Thus far, we have shown that TRPP2 generates gating currents
that are dependent on gating charges and that these residues
likely interact with Y366 during activation of the VSD. However,
does the TRPP2 VSD undergo voltage-dependent confor-
mational changes as reported for VGICs? Based on the
TRPP2 structures, the side chain of H404 in S3 faces the VSD
gating pore which might become solvated by extracellular water
in the activated state (Fig. 3A). We generated the H404C channel
mutant and tested for current modification by extracellularly ap-
plying 2-sulfonatoethyl-methanethiosulfonate (MTSES), a nega-
tively charged (cell impermeant) cysteine thiol modifying agent.
Here we observe rapid antagonism (τ = 230 ms ± 73) of the H404C
tail current, whereas the Wt current was unaffected upon MTSES

Fig. 2. Mutant cycle analysis reveals coupling energy between gating charges and Y366F. (A) (Top) Steady-state voltage-dependent currents from single- and
double-mutant TRPP2 channels recorded from HEK cells, with the same protocol shown in Fig. 1A. (Bottom) Resulting normalized tail current shown as
current–voltage relationship from proposed interacting pairs. (B) Structural locations of the proposed interacting (red dotted line) and noninteracting res-
idues within the TRPP2 voltage sensor. (C) The amount of nonadditive or coupled free energy (ΔΔG°) from 4 pairs cycle analyzed (SI Appendix, Methods).
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application (Fig. 3B). Next, we asked, is MTSES modification of
this site dependent on activating the voltage sensor? We held the
sensor in the deactivated state (or down state) and the channel pore
closed by clamping the membrane potential at −100 mV (without
depolarizing) while applying MTSES extracellularly (Fig. 3B). After
withdrawing the MTSES, we activated the channels using depola-
rizing ramps and observed no change in the current magnitude
from the control condition. However, from the same cell, when we
activated the channel in the presence of MTSES, the current rap-
idly decayed. The current did not return upon withdrawal of the
MTSES agent, a result consistent with covalent modification of the
cysteine sulfhydryl. We observed that the rate of channel closure—
given by the time constant of the tail current—was enhanced ∼3×
when H404C was MTSES-modified (control τclose = 32 ms and
MTSES τclose = 9 ms). To determine if the MTSES-induced re-
duction in ion current was due to VSD modification, we measured
Qon from H404C and observed a 92% reduction after applying
MTSES (Fig. 3C). These observations suggest that the MTSES
negative charge modification of H404C neutralizes the positive
gating charges or disrupts gating charge transfer during VSD acti-
vation. Regardless of interpretation, the VSD clearly undergoes
conformational changes which expose the buried H404 residue to

the aqueous environment when the sensor is activated. In the next
section, we use the Rosetta method to model the state-dependent
molecular interactions supported by our functional assays and to
predict how the voltage sensor controls the opening of the
TRPP2 pore.

Modeling of TRPP2 Voltage Sensor Activation and Channel Opening
Using Rosetta. We used Rosetta structural modeling to predict
TRPP2 conformational changes during channel gating using
cryo-EM structures of TRPP1 and TRPP2 templates as de-
scribed in our methods (20, 25–28). The S4–S5 linker region in
the TRPP2 open state model was predicted de novo because the
corresponding region was unresolved previously (26). There are
few global differences in the TOP domain, whereas the greatest
differences were observed in the VSD and PD between the
modeled open and closed states. Within the VSD, the
S4 segment moves transitionally and laterally by ∼3 to 5 Å, and
the S4–S5 linker moves laterally by ∼16 Å N-terminally and by
∼2 Å C-terminally (Fig. 4A). The Cα atoms of the gating charge
residues K3 and K4 in S4 segment move in the plane of the
membrane by ∼3.6 and ∼5.4 Å, respectively (Fig. 4B and Movie
S1). In this model, 2 electrostatic interactions in the VSD help

Fig. 3. MTSES modification of H404C is state dependent. (A) Transmembrane views of the TRPP2 channel structure, showing H404 (red) side chain is exposed
and accessible in the up state. (B) (Top) Reaction scheme of H404C thiol modification by 30 μM MTSES. (Bottom Left) Currents from Wt and H404C channels
activated by a 0.2-Hz train of 100-mV depolarizations. (Bottom Right) The time course of normalized tail current magnitudes before and after 30 μM MTSES
modification (blue shaded regions). The decay in tail current is only observed with the cysteine substitution and if MTSES is applied when the VSD is activated.
(C) (Left) H404C TRPP2 gating currents before (black traces) and after cystine modification (gray traces) with MTSES. Gating currents were activated by
depolarizing the membrane potential to 60 mV from a holding potential of −100 mV. (Right) Inward and outward gating charge transfer measured before
and after MTSES modification. Four cells expressing the H404C channel were tested, and the error bars are equal to SD. (D) Extracellular view of the Rosetta
structural model of the TRPP2 VSD. Note the displacement of the TOP domain by the S3 during transition from the deactivated (Top) to activated (Bottom)
states and the accessibly of H404 (red) from the extracellular side in the activated state.
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stabilize the gating charges during voltage sensor activation. In-
terestingly, the highly conserved negatively charged D390 of
S3 segment stabilizes K3 in the closed state and K4 in the open
state. Because these positions are conserved in the TRPP1 chan-
nels, this interaction is likely disrupted by the ADPKD-causing
D511V variant (Discussion). Our model predicts that the ammonium
side chain of K4 only forms a cation–π interaction with Y366 in
the open state but not the closed state. These interactions are
supported by the coupling energies measured between the gating
charges and Y366 (Fig. 2C). Here the S4 segment undergoes an
upward helical turn, transferring the side chain of K3 from be-
low to above the Y366 hydroxyphenylalanine side chain when
the VSD is activated (Fig. 4B). Thus, based on this model,
K3 appears to be the site responsible for delivering the observed
1.1 gating charges per channel subunit during channel activation.
After the VSD activates, the PD of TRPP2 opens. Based on the
reported TRPP2 channel structure, the pore was proposed to
have an intracellular and an extracellular gate. The extracellular
gate, which is formed by G522 near the selectivity filter, only
dilates by ∼2.7 Å during the transition from the closed to open
states in our models (Fig. 4C). In contrast, a much larger tran-
sition was observed in the intracellular gate, which is formed by
N561 in the S6. Here movement of the S4–S5 linker is coupled to
a 16° rotation and 4-fold ∼8 Å splay of N561 Cα atoms to open
the lower gate and allow for the conduction of cations (Fig. 4D
and Movie S2). On the extracellular side of the channel, the
vertical transition of the S3–S4 during VSD activation causes
structural changes in the external TOP domain (Fig. 3D). Here
the TOP domain shields part of the VSD from the extracellular

environment in the deactivated/closed state. When activated, the
H404 side chain becomes exposed to the aqueous environment, a
feature that likely explains the state-dependent accessibly of
H404C to MTSES modification (Fig. 3D and Movie S3).

Gating Charge Transfer Is Required to Polymodally Activate TRPP2.
The half maximal activation of TRPP2 is 47 mV, which is outside
the physiological range of membrane potentials experienced by
most cells. Thus, we wondered if other polymodal stimuli may
enhance channel opening by shifting its voltage dependence
to more negative membrane potentials. TRPP2 channels are
expressed in the apical processes and primary cilia of osmotically
active cells such as type III taste bud cells, spinal cord contacting
neurons, and retinal pigmented epithelium, where its open proba-
bility is increased under high membrane tension (≥40 mmHg of
membrane pressure) (24, 38, 39). However, it is not known how this
stimulus activates TRPP2. First, we compared TRPP2 whole-cell
currents in isotonic internal and external solutions and after shifting
the extracellular osmolarity to 240 mOs to swell the cell (Fig. 5A).
Here we observed a gradual increase in the TRPP2 outward peak
and inward tail current triggered by voltage ramps over a 3-min
time course which correlated with ∼2.5× expansion of the cells
volume. When measured in the on-cell configuration, osmotic-
induced membrane swell causes an increase in the number of
open channel events and mean open time without altering the
single-channel conductance (SI Appendix, Fig. S5 B and C). These
results suggest swell induction increases the time TRPP2 spends in
the open state but not the efficiency of ionic charge moving through
conductive pore (γ). Next, we compared the steady-state voltage

Fig. 4. Rosetta model of TRPP2 in the open and closed states. (A) A transmembrane view of the open (yellow) and closed (dark gray) TRPP2 channel models.
The arrows depict the conformational changes expected to occur in 1 TRPP2 protomer during channel opening. The S4 segment translates upward during
voltage sensor activation, shifting the gating charges K3 (green) and K4 (blue). The de novo predicted S4–S5 linker in the open state also shifts compared with
the closed state as a result. Finally, the S6 moves laterally away from the central pore, allowing the opening of the lower gate in D. (B) The gating charges
K3 and K4 form sequential cation–π interactions with the gating charge transfer center Y366 when the voltage sensor is activated. S3 residue H404 (red) does
not change significantly between the predicted states. (C) An extracellular view of the channel pore in the open and closed states. Residue G522 forms the
putative upper gate and dilates by 2.7 Å when the channel opens. (D) An intracellular view of the channel pore and the lower gate. The narrowest point in
the lower gate, N561, widens by 7.6 Å when TRPP2 opens.
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dependence before and after swelling the TRPP2-expressing SF9
cells. We observed a −38-mV shift in V1/2 and a small decrease in
the closure rate but no change in the fit of the Boltzmann curve
slope, suggesting that TRPP2’s sensitivity to voltage was enhanced
but the amount of apparent gating charge transfer (Z) remained
the same after swelling the cell (Fig. 5B and SI Appendix, Fig. S5B
and Table S2). As we had done previously, we blocked the central
pore current using Gd3+ and measured gating currents before and
after membrane swelling. We also observed a −28-mV shift in Q1/2
which was proportionally shifted relative to the V1/2 of the central
pore current (Fig. 5C and SI Appendix, Table S2). Importantly, we
observed little difference in the maximum gating charge transfer
(5.3 ± 0.8 charges per channel) after swelling the membrane, sug-
gesting that the maximum amount of gating charges transferred was

the same. These data demonstrate that membrane swell acts as
positive modifier of the TRPP2 voltage dependence, specifically
shifting the voltage sensitivity of the gating charge transfer, which
increases the open probability of TRPP2 at negative membrane
potentials.
Finally, we asked whether swell or heat stimuli can activate

TRPP2 channels independently of a functional voltage sensor.
However, we did not observe any macroscopic current from cells
expressing the gating charge variants K3Q and K4Q before or
after osmotic swell (SI Appendix, Fig. S5A). These data demon-
strate that a functioning voltage sensor is essential for TRPP2
channel gating and that the channel pore cannot be opened in-
dependently through membrane swelling. Besides osmotic
membrane swell, heat is another stimulus that polymodally

Fig. 5. Osmotic swell potentiation of TRPP2 is dependent on gating charge transfer. (A) The onset of the TRPP2 current potentiation and swelling of the cell
membrane. (Left) Images of a patch clamped SF9 insect cell in the on-cell configuration, the whole-cell configuration, and after swelling the membrane by
decreasing the external osmolarity (240 mOs). The pipette was filled with standard internal saline and 30 nM Alexa Fluor 588 (red color; Invitrogen) to vi-
sualize the continuity between electrode and the volume of the intracellular compartment while the cell swelled in response to lowering the external os-
molarity. (Scale bar, 15 μm.) (Middle) TRPP2 currents activated by a 0.2-Hz train of voltage ramps before and after membrane swell. Note that the outward
(Ipeak) and inward (Itail) currents are antagonized by the TRPP2 channel antagonist 30 μMGd3+. (Right) The time course of the increase in cell volume (red) and
the onset of TRPP2 current potentiation. (B) (Left) Exemplar steady TRPP2 whole-cell currents activated before and after membrane swelling. (Middle) Rate of
channel opening is estimated by the onset of current rise time. (Inset) Exemplar currents from the normal and swell conditions. (Right) Resulting normalized
tail currents demonstrating the shift in the voltage dependence of activation. (C) (Left) Exemplar gating current (green) and integrated current (red) traces
measured after blocking the central pore current with Gd3+ and osmotically swelling the cell membrane. (Right) Corresponding estimate of gating charges
per channel and membrane voltage relationship. Note the −28-mV shift in QV1/2 after 240 mOs membrane swelling (green circles, QV1/2 = −6 mV) compared
with the 300 mOs isotonic condition (white circles, QV1/2 = 22 mV).
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potentiates polycystin channel currents. Currents carried by
homomeric TRPP2 and heteromeric TRPP2+PKD1-L1 channels
are potentiated by heat when expressed in the cilium (tempera-
ture coefficient Q10 = 8) and plasma membranes (Q10 = 6) (24, 40).
We wondered if heat might alter TRPP2 voltage-dependent gating as
a mechanism for the observed effect. Consistent with our previous
findings, we observed potentiation of the TRPP2 whole-cell cur-
rents when the bath temperature was raised (SI Appendix, Fig. S6A)
(24). In addition, the 22 °C to 32 °C transition enhanced the rate of
channel opening (τopen) by ∼ 9× and closure (τclose) by ∼ 10× (SI
Appendix, Fig. S6 B and C). However, after comparing the steady-
state TRPP2 currents, the increase in temperature only minimally
shifted its voltage dependence of activation (ΔV1/2 = −11 mV) and
by itself is not a sufficient means to explain TRPP2’s large tem-
perature coefficient (SI Appendix, Fig. S6B). Thus, we conducted
single-channel recordings and observed an increase in the unitary
single-channel conductance (163 to 209 pS), consistent with reports
using the mouse ortholog of TRPP2 (SI Appendix, Fig. S6D) (40).
Since ion conductance is a property of the channel pore and not the
voltage sensor, we tested if the TRPP2 channel can be gated in-
dependently of a functioning voltage sensor. We recorded from
cells expressing the gating charge variants (K3Q and K4Q) and
found that heat fails to open channels when measuring the total
plasma membrane current (SI Appendix, Fig. S6A). Taken together,
these finding support the inescapable conclusion that opening
TRPP2 channels by swell, temperature, and membrane potential
requires the initial transfer of gating charges.

Discussion
VGICs and TRPP2 Channel Opening Requires Activation of the VSD.
VGICs open their ion conducting pores in response to changes in
membrane potential. This conformational change is preceded by
movement of 3 to 4 gating charges from each of their S4 voltage
sensors—a step that is crucial for their regulation of electrical
impulses in excitable cells (6). Most TRP channels have a low
open probability with voltage stimulation alone and require
specific ligand interactions or other stimuli to fully open.
Structural analysis of TRPV, TRPM, TRPA, and TRPML
channels suggest that their VSD-like domains form ligand
binding sites but the S4 remains relatively static during activation
(41–45). For several TRP channel subtypes, the biophysical
mechanism of current rectification is achieved through extrinsic
mediators, like divalent cation block of TRPM7 (17, 18). Thus, in
general, members of the TRP channel families are not consid-
ered intrinsically voltage sensitive. In this paper, we show that
TRPP2 channels (and possibly TRPP1) are intrinsically regu-
lated by membrane potential through the function of 2 crucial
gating charges (K3 and K4). For TRPP2, activation of the VSD
appears to be the rate-limiting step and requisite for channel
opening, regardless of polymodal stimuli. Results from our
Rosetta modeling of TRPP2 channel in open and closed states in
conjunction with our functional data support a model of poly-
cystin opening that shares hallmark structural features found in
VGICs. The consensus view of VGIC gating adopts structural
features of the previously proposed transporter and sliding helix
models (46, 47). The VSD undergoes voltage-dependent rear-
rangements where the S4 segment translocates 3 to 8 Å across
the membrane electric field, and gating charges form stepwise
counter charge and hydrogen bond interactions between polar
and electronegative residues of the VSD (11, 13). At the same
time, water-exposed crevasse within the VSD is formed on ex-
tracellular side of the membrane, where previously buried resi-
dues are exposed to the aqueous environment when the sensor is
activated (48).
We directly measured the transfer of 4.5 gating charges per

TRPP2 channel (or ∼1.1 charge per channel subunit). The ac-
tivation of the voltage sensor precedes the opening of the central
pore by 8 ms, and the voltage dependence of charge movement is

37 mV more negative than channel opening. The TRPP2 gating
current is one-fourth the size of those measured from voltage-
gated Nav, Cav, and Kv channels. This is expected since TRPP2
has fewer gating charges than are found within typical VGIC
voltage sensors (2 vs. 4 to 6 charges per voltage sensor). We
demonstrate that preservation of both K3 and K4 gating charge
positions is essential for the function of both TRPP2 and a
typical VGIC, NaChBac. These results are supported by muta-
genesis studies in the Shaker Kv channel, where the number of
gating charges could not be reduced beyond positions K3 and K4
(49). With few exceptions, TRP channels do not have gating
charges within their VSD. The cold-sensitive TRPM8 channel
has a single positively charged residue at gating charge position
K4 (44). While there is significant functional evidence that
TRPM8 currents are voltage dependent, there are no reports of
gating currents measured from TRPM8 channels. In addition,
neutralizing the putative gating charge alters voltage and thermal
sensitivity but does not abolish the ionic conductance entirely
(50). Thus, it appears that TRPM8 can still function without a
gating charge, an indication that its activation mechanism is
different from that of TRPP2 and VGICs. In this study, we have
shown that TRPP2 channels can be potentiated by osmotic
membrane swelling and heat. However, these stimuli potentiate
the TRPP2 current using distinct mechanisms. We find that
membrane swelling reduces the membrane potential required to
move the gating charge and enhances its open probability at
negative membrane potentials. This is achieved by increasing the
voltage sensitivity of the gating charges in the VSD. In contrast,
heat enhances TRPP2 unitary ion conductance, a parameter
controlled by the PD. Future work will be directed at a structural
mechanism showing how the VSD activation integrates the
membrane tension to alter TRPP2’s voltage-dependent activa-
tion. Importantly, all polymodal means of activating TRPP2 fail
to open the channel when 1 of the gating charges is neutralized.

State-Dependent Interactions and Structural Changes Within the VSD.
A major thermodynamic obstacle to channel activation is the
stabilization of gating charges within the hydrophobic core of the
4-helix bundle of the VSD. In VGICs, the gating charges form
sequential ion pairs with anionic centers (An1 and An2), which
are formed by glutamate and aspartate side chains of the S1 to
S3 segments (4, 12). Here ion pairing with the anionic centers
serves to stabilize the positive charge movement in a low di-
electric constant environment of the membrane and catalyze this
S4 segments transition. In VGICs, An1 forms an external co-
ordination site for K1 and K2; however, these sites are not
conserved in polycystin channels (F359 in TRPP2; SI Appendix,
Fig. S1B). An2 forms an internal salt bridge with K3 or K4 in the
deactivated and partially activated VGIC states (3, 4, 51).
However, the side chain densities of An2 (D390), K3 and K4 are
unresolved in the existing cryo-EM structures (20, 26–28). To
address this gap, we used Rosetta to model the gating charge
interactions in conjunction with mutant cycle analysis to test
their energy of interaction. From the model, the K4 ammonium
side chain clearly forms a salt bridge with carboxylate side chain
of An2 (D390) in the closed state of TRPP2. As discussed pre-
viously, TRPP1 forms an ion channel in the primary cilia of the
kidney collecting duct, and variants in TRPP1 cause autosomal
polycystic kidney disease. The An2 variant D511V was shown to
cause a complete loss of TRPP1 function when it was recon-
stituted from ER membranes into artificial bilayers (22). Here
we demonstrate that substitutions of the gating charges or
An2 rendered TRPP2 channels inactive as no TRPP2 current
could be measured. Evidently, An2 interactions with these gating
charges are essential for the opening of TRPP1 and TRPP2
channels, which are likely disrupted by nonsense and missense
variants found within the VSD of TRPP1 that are associated with
ADPKD (http://pkdb.mayo.edu/) (52).
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In VGICs, the high number of gating charges hydrates the
intracellular and extracellular clefts within the VSD and causes
the electric field to focus across a 4-Å-wide cluster of hydro-
phobic residues (53). This results in ion channels that are steeply
voltage dependent and open at negative membrane potentials
(53, 54). By comparison, the VSD of TRPP2 has fewer gating
charges and has a wider (7 Å) hydrophobic septum, features
which likely contributes to its positive (V1/2) and shallow (Z)
voltage dependence. Based on our model, we report that
S2 residue Y366 sequentially interacts with K3 in the deactivated
state and with K4 in the activated state and that these interacting
pairs are energetically coupled during channel opening. Since
TRPP2 function was only preserved with a phenylalanine sub-
stitution at Y366 and not from hydrogen bond donor substations,
we propose that it forms cation–π interactions with the gating
charges. In Kv channels, the analogous aromatic residue to Y366
(F233 in Shaker) forms a gating charge transfer center that
separates the aqueous extracellular from the intracellular lumens
of the VSD and forms cation–π interactions with the gating
charges (55). Using accessibility experiments, we determined
that a cysteine at position H404 becomes exposed to the aqueous
extracellular environment in the activated state. MTSES chem-
ical modification of this site abolishes the gating current. We
propose 2 possible explanations for these observations: either the
negative charge modification at H404C neutralizes the positive
gating charge transfer or it may impair the movement of the
voltage sensor, perhaps trapping it in the activated or deactivated
state(s). Since the charge state of H404 can influence channel
gating, future experiments should determine if this site is re-
sponsible for proton and lipid modulation of current (25, 29). In
addition, developing small molecules or biologics that target the
VSD may provide useful research tools to study polycystin
channels and may principally represent a therapeutic strategy to
regulate TRPP1 function for the treatment of ADPKD.

Physiological Impact of Voltage-Dependent Modulation by Polymodal
Stimuli. In this manuscript we demonstrate that osmotic mem-
brane swell acts as a modifier of TRPP2’s intrinsic voltage sen-
sitivity. What is the physiological purpose of this modulation?
The answer likely resides in the cellular and tissue-specific lo-
calization of polycystin channels. Channels containing hetero-
meric or homomeric versions of TRPP1 (TRPP1 + polycystin-1)
and TRPP2 (TRPP2 + polycystin-1L1) are found in the cilia,
plasma membrane, and ER membranes of epithelial cells of
disparate organ systems. Epithelial cells carry out secretion, se-
lective absorption, and sensory functions in organ systems. Since
they interface inside cavities and lumen of organs, the membrane
and cilia of these cells inevitably face osmotic changes which are
unlike interstitial fluid conditions. For example, TRPP1 is found
in the primary cilia and ER membranes kidney collecting duct
principle cells—the last portion of the nephron responsible for
the reabsorption of water to concentrate urine before excretion
(19). These cells must adjust their intracellular tonicity to match
that of the urine, which can oscillate between 200 and 1200 mOs/L
under normal human diurnal conditions (56). When urine shifts
from hypertonic to hypotonic salt conditions, water moves
through aquaporin channels into the cell, which would dilute
intracellular calcium levels. Here osmotic membrane swelling
increases TRPP1 open times and may replenish calcium and
monovalent ions to their basal intracellular concentrations.
Thus, swell-induced opening of TRPP1 may have a calcium-
homeostatic function in keeping the kidney collecting duct cells
isotonic with the urine and maintaining a constant resting in-
ternal Ca2+ concentration during these normal physiological
shifts in urine osmolarity. In addition to epithelial cells, TRPP2 is
also expressed in the plasma membrane and ciliary membrane of
excitable cells like cerebrospinal fluid contacting neurons (CSF-
cNs) and type 3 taste receptor cells (TRCs) (38, 39, 57). Al-

though 1% of our CSF is exchanged every minute, it is unclear if
osmotic changes occur during this process (58). However, the
CSF is under 10 to 15 mmHg of basal pressure and cells which
interface the CSF experience pulsatile flow changes that are
synchronized to the systolic blood pressure changes in the cho-
roidal arteries (59). Opening of TRPP2 channels is enhanced at high
pressure (>40 mmHg), and since both osmotic swell and pressure
exert mechanical force on the membrane, it is possible that these
pulsatile pressure changes may modulate the voltage dependence of
TRPP2 channels in CSF-cNs of the spinal cord. Although the
mechanism was not determined here, TRPP2 channels are also
reported to be activated by acidic and alkaline pH. This modulation
might not be physiologically relevant for these neurons because the
CSF pH is tightly maintained. Nonetheless, in taste reception, where
external pH is extreme, lingual TRCs express a heteromeric TRPP2+
polycystin-1L3 channels that contribute to the acid-evoked nerve
response (38). Since pH alters the ionic voltage sensitivity of
several divergent VGICs, it is possible that pH levels may modulate
TRPP2 through protonation of the VSD (60–63).

The Evolutionary Relationship Between TRPP and VGIC VSDs. The
polycystin channels diverged from primitive voltage-gated cal-
cium channels and are oldest within the TRP family. They are
found in simple eukaryotes like yeast, yet little is known about
their physiological role in single-cell organisms (64, 65). In this
study, we have compared the biophysical properties of TRPP2
and VGICs which share similar structural and functional features
that control their conducting states. Over time, a common an-
cestor of polycystins must have evolutionarily segregated from
the canonical VGICs and developed distinguishable traits, pos-
sibly to fill new physiological roles for these early eukaryotes.
The hypothesis is similar to how Nav was evolved as a result of
evolutionary diversification from the ancestral Cav to adapt to a
faster communication process in primitive multicellular organ-
isms and to maintain osmotic balance in environments where
salinity shifts (1). In the case of CaV to NaV, their divergence
began in the selectivity filter and is preserved in choano-
flagellates, whose NaV channel permeates Na+ and Ca2+ ions
(66, 67). In the case of TRPP channels, a major exaptation is the
loss of nonessential gating charges, effectively causing the volt-
age dependence to shift to more positive potentials and pre-
venting the channels from overfiring. We believe the VSD of
TRPP2 has evolved to preclude the readdition of gating charges
at positions K1 and K2, which cause a loss of function in our
mutagenesis studies. Reasons for this are that outermost anionic
countercharge center (An1) is replaced by bulky hydrophobic
residues, which would limit the translation of the S4 during
gating. Having a shallow and positive voltage dependence might
be advantageous for selectively opening the channel under specific
cellular conditions. For example, TRPP1 and TRPP2 channels
function in primary cilia, which has a less negative membrane
potential (−18 mV) compared with the plasma membrane
(−53 mV) (68). Therefore, these channels are more likely to be
opened in the ciliary compartment than on the membrane.
Polycystin channel activation is polymodal, where voltage ulti-
mately keeps the channel closed until stimuli—such as mem-
brane swelling or elevated intracellular calcium—lowers the
energetics of VSD activation to open the channel.

Materials and Methods
The experimental methods used to generate the presented data are summa-
rized below, and a complete description of the can be found in SI Appendix.
Unless otherwise indicated, all whole-cell electrophysiology experiments were
performed in in symmetrical sodium. HEK 293T cells were transiently trans-
fected (Lipofectamine 2000; Invitrogen) with the mammalian cell expression
plasmid pTracer CMV2 containing the human PKD2-L1 gene (isoform 1) or with
the pEGFP-N1 plasmid (Addgene) containing the Bacillus hallodurans voltage-
gated sodium channel, NaChBac. SF9 cells expressing the PKD2L1 were gener-
ated using the Bac-to-bac TOPO expression system (Invitrogen). Live SF9 cells
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expressing HA-PKD2L1-GFP and HEK cells expressing NaChBac-GFP were im-
aged using a Nikon A1 confocal microscope using a 40× objective 36 to 48 h
after infection (SF9 cells) or transfection (HEK cells). Statistical significance was
determined using Anova corrected for multiple comparisons with Dunette
and unpaired Student’s t tests. Rosetta structural modeling was performed
using the cryo-EM structures of TRPP1 (Protein Data Bank [PDB] ID 5T4D) (20)
and TRPP2 (PDB ID 5Z1W) (26) as templates to predict the TRPP2 structures in
closed and open states, respectively.
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