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Energetic landscape of polycystin channel gating
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Abstract

Members of the polycystin family (PKD2 and PKD2L1) of transient
receptor potential (TRP) channels conduct Ca?* and depolarizing
monovalent cations. Variants in PKD2 cause autosomal dominant
polycystic kidney disease (ADPKD) in humans, whereas loss of
PKD2L1 expression causes seizure susceptibility in mice. Under-
standing structural and functional regulation of these channels
will provide the basis for interpreting their molecular dysregula-
tion in disease states. However, the complete structures of poly-
cystins are unresolved, as are the conformational changes
regulating their conductive states. To provide a holistic under-
standing of the polycystin gating cycle, we use computational pre-
diction tools to model missing PKD2L1 structural motifs and
evaluate more than 150 mutations in an unbiased mutagenic func-
tional screen of the entire pore module. Our results provide an
energetic landscape of the polycystin pore, which enumerates gat-
ing sensitive sites and interactions required for opening, inactiva-
tion, and subsequent desensitization. These findings identify the
external pore helices and specific cross-domain interactions as
critical structural regulators controlling the polycystin ion channel
conductive and nonconductive states.
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Introduction

Polycystins are ion channel subunits whose members can be sepa-
rated into two groups by homology—those that are related to PKD1
(PKD1, PKDI1L1, PKD1L3, and PKDREJ) and those related to PKD2
(PKD2, PKD2L1, and PKD2L2; Nomura et al, 1998; Wu et al, 1998;
Hughes et al, 1999; Veldhuisen et al, 1999; Guo et al, 2000; Li
et al, 2003; Esarte Palomero et al, 2023). PKD1-related subunits have
11 transmembrane segments and do not form channels when
expressed alone. However, they may oligomerize with PKD2-related

members to form heterotetrameric complexes (e.g., PKD1-PKD2)
with combined channel and adhesion G-protein-coupled receptor
features (Su et al, 2018a, 2021). However, there is only a limited
functional understanding of heteromeric polycystins beyond their
proposed ligand- or autoproteolytic regulation (Promel et al, 2013;
Maser et al, 2022). In contrast, PKD2-related subunits comprise the
polycystin subfamily of transient receptor potential (TRPP) ion chan-
nels and form homotetrameric pores that are voltage- and calcium-
modulated (Shen et al, 2016; Kleene & Kleene, 2017; Liu et al, 2017).
Human variants in PKD2 cause autosomal dominant polycystic kid-
ney disease (ADPKD)—a common, lethal, and monogenetic disorder
characterized by profuse kidney cysts that precipitate renal failure
(Willey et al, 2019). In contrast, murine genetic studies implicate
PKD2L1’s role in the central nervous system, where the channel
influences the excitability of neurons in the hippocampus and spinal
cord (Basora et al, 2002; Orts-Del’Immagine et al, 2016; Yao
et al, 2016). Constitutive loss of PKD2L1 expression in mice results
in phenotypic seizure susceptibility (Yao et al, 2016). Thus, under-
standing the biophysical and molecular mechanisms controlling
polycystin channel function is of considerable significance to the eti-
ology of ADPKD and the regulation of neuronal excitability.

In this study, we are interested in determining how homomeric
polycystins open their ion-conducting pathway—the so-called “gat-
ing” process—to understand the molecular mechanics governing this
conformation change in the channel pore. While PKD2 channels
function in primary cilia, patch clamping the cilia membranes is a
low-throughput method, which prohibits its use in a large-scale
mutagenic screen (Kleene & Kleene, 2017; Liu et al, 2017). The pore
of PKD2L1 is homologous with PKD2 (Fig EV1A) and was selected
for our study because it is the only polycystin that forms activatable
channels on the plasma membrane when heterologously expressed
(DeCaen et al, 2013). High-resolution cryo-EM structures of homote-
trameric polycystin channels, PKD2 and PKD2L1, have provided a
structural foundation for our study (Shen et al, 2016; Grieben
et al, 2017; Wilkes et al, 2017; Hulse et al, 2018; Su et al, 2018b).
From this work, conserved features of polycystin biological assembly
have emerged. Each of the four subunits contains six transmembrane
helices or segments (S1-S6). The first four segments (S1-S4) form a
bundle called the voltage sensor domain (VSD). Sitting on the extra-
cellular side of the VSD and threading from S1, the “tetragonal open-
ing for polycystins” (TOP) domain emanates and forms homotypic
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intersubunit contacts. Each of the VSDs flanks the central pore
domain (PD), which creates the ion-conducting pathway formed by
the S5 and S6 of each the four subunits. The selectivity filter is but-
tressed by two short pore helices (PH1, PH2) that point toward the
conducting pathway on the PDs extracellular side. The ion-
conducting pathway of PKD2L1 is constricted by residues
(°*>°FLA®®®) near the cytoplasmic end of S6, forming the inner gate.
Conserved residues within the selectivity filter (***GDF>?%) are pro-
posed to form a second gate for polycystin channels, but the function
of this external gate in TRPV (Vanilloid) channels has been chal-
lenged (Shen et al, 2016; Samanta et al, 2018; Jara-Oseguera
et al, 2019).

Recent work implicated interdomain molecular regulation
between the VSD and PD that is required for polycystin channel gat-
ing (Ng et al, 2019). In response to membrane depolarization, each
PKD2L1 VSD transfers a single gating charge (K452) found in the S4
(Ng et al, 2019). This activation step precedes and is required for
opening of the ion-conducting pore (Fig EV1B). In this study, we
build from this work by assessing the mechanism of the final steps
of the gating cycle—channel opening, inactivation, and desensitiza-
tion—by conducting a complete multi-pass mutagenic screen of the
pore domain (S5-PH1-PH2-S6) and its associated VSD linker (S4-S5
linker). It is important to note that site selection within our screen is
unbiased by a priori knowledge of the polycystin structures
discussed. Rather, our motivating assumption is that an impartial
approach will provide a holistic understanding of the energetics con-
trolling conformational changes within the pore, such as sites of
allosteric regulation, which would not be apparent by structural
inspection alone.

Results

Mutagenic screen identifies the pore helices as structural
regulators of channel opening

To assess the overall energies involved, we developed an extensive
and unbiased functional screen of the entire pore domain and its
associated S4-S5 linker—which together we call the “pore module”
(Figs 1A and EV1A). We generated 122 channel constructs expres-
sing alanine substitutions at every position within the pore module
(residues 458-580). Alanine was selected because its methyl func-
tional group is small, chemically inert, and has the greatest a-helix
propensity—which constitutes 91% of the secondary structure
found in the pore module. We then expressed these channels in
immortalized human kidney cells and conducted whole cell voltage-
clamp experiments designed to assess the mutations impact on
channel gating (Fig EV1C-E). Although most channels were func-
tional, 45 alanine substitutions did not support tail current above
background levels found in the native cell line (Appendix Table S1).
We then retested the loss-of-function sites, this time making con-
structs with serine and valine substitutions, but only gained func-
tionally from seven valine mutant channels. The remaining 38
nonfunctional mutant sites are excluded from further analysis in this
manuscript as their impact on gating could not be assessed using
our approach (Appendix Table S2). From the functional 84 mutant
channels, we acquired and fit voltage-dependent tail currents to a
two-state Boltzmann function (Figs EV1C and D, and EV2). We then
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factored the resulting slope (Z) and half-maximal of activation (V;,
,) to calculate the energetics of channel opening from each mutant
(G°), an approach previously used in voltage-gated K* channel stud-
ies (Yifrach & MacKinnon, 2002). The difference in G° between WT
and mutant channels was used to compile a global summary of the
change in free energy of gating (AG°®) at each position within the
pore module (Fig 1A). To interpret our functional results in a struc-
tural context, we sought to map the location of sensitive residues
onto the existing PKD2L1 channel structures solved by cryo-EM
(Hulse et al, 2018; Su et al, 2018b). However, the cytoplasmic por-
tion of the pore-lining S6 (561-580 and onward) and the S4-S5
linker (467-479) are undetermined in these structures (Fig EV3A).
To address this, we used AlphaFold to structurally predict these
missing components (Varadi et al, 2022). We generated five PKD2L1
models that all converged on closed states—having an occluded ion-
conducting pathway at the intercellular gate (Fig EV3B). We then
selected the top scoring structure as our closed state AlphaFold
model (Fig EV3A and C). With this more complete structure in
hand, we plotted the severity of AG®° results as color gradations from
white to magenta onto the AlphaFold model (Fig 1B). Nearly all
(97%) of the alanine and valine substitutions to the pore residues
energetically disfavored channel opening (+AG°), rather than
favored (-AG°). While sensitive sites were found throughout the
pore module, substitutions with the highest impact unexpectedly
concentrated on the extracellular side. Here, several mutations of
hydrophobic residues located in the pore loop and pore helices
(PH1, PH2) that interface with neighboring subunits caused the
most energetically expensive shifts (Figs 1B and EV2). To compare
how mutations that alter AG® effect the kinetic state of pore closure
(Tel0se), We fit the decay of their tail currents to a single exponential
(Fig EV1D). The change in t¢jose for each mutant compared with WT
(Atcose) Was plotted relative to the pore module topology and on
the AlphaFold structural model (Figs 1A and B, and 2A; Appendix
Table S1). Most mutation sites that cause unfavorable effects on the
energetics of opening (+AG°) also cause an increase in the rate
channel closure relative to the WT channel (-Atqose). These results
suggest that most pore module mutations stabilize the closed state,
or conversely, destabilize the open state. This correlation also sup-
ports the hypothesis that voltage-dependent conformational changes
within the VSD are coupled to opening of the pore module. How-
ever, several proximally located residues on the intracellular and
extracellular sides of the pore had the opposite correlation (+AG°
and +Atgse), effectively disassociating voltage dependence from
the kinetics of channel closure (Fig 2A-C). The first is located
between the S4-S5 linker site R472A and C-terminal S6 site ES569A—
sites that were unresolved in the reported cryo-EM structures
(Fig 2C). When mapped onto the PKD2L1 AlphaFold structural
model, R472 forms an intra-subunit salt-bridge with E569. Mutating
these residues to alanine would exclude this interaction, which may
disrupt the mechanical coupling of the VSD to the closing and open-
ing of the inner gate actuated by the S4-S5 linker interaction with
the S6. The second set of sites, N531 and R534, mapped to the exter-
nal side of channel on PH2. The side chains of these residues form
hydrogen bonds with backbone carbonyls of the finger 2 motif
(W259-R261), which extend from adjacent channel subunit’s TOP
domain (Fig 2D). Taken together, our screen and modeling results
identify internal and external sites in the pore module that engages
VSD and TOP domains of the channel, respectively. We hypothesize

© 2023 The Authors
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that these domains may allosterically regulate the channel via the
opening of two gates within the pore, as investigated in the next
section.

Opening the inner and outer pore gates is energetically coupled

As discussed, the complete structure of the PKD2L1 pore module is
unresolved (Hulse et al, 2018; Su et al, 2018b). We used Rosetta to
model PKD2L1 in an open state and predict the S4-S5 linker and
extend the C-terminus of the S6, as described in Methods (Figs 3A
and EV3A-D) (Huang et al, 2011; Wang et al, 2016). When compar-
ing the structural transition from the modeled closed (AlphaFold) to
open state (Rosetta), hydrophobic plugging residues F556 of the
inner gate move into and out of the ion-conducting pathway, respec-
tively (Movie EV1). Below the hydrophobic plug, homotypic hydro-
gen bonds formed between the side chain carboxamides of N561,
which we hypothesize acts to stabilize the closed state (Figs 3A and
B, and EV3E). This bond breaks as the PKD2L1 pore transitions to
the open state in the Rosetta model, where the N561 carboxamide
interacts with the hydroxyl of T469 extending from the S5 of the
adjacent monomer (Movie EV2). Alanine, leucine, and serine substi-
tutions to T469 were all nonfunctional in our screen, suggesting that
interactions at this site are essential for channel function (Appendix
Table S2). The PKD2L1 inner gate radius expands by 1.4 A, which
creates sufficient pore diameter (4.2 A, total) to support the passage
of a fully dehydrated (2.3-2.7 A) and possibly partially hydrated
Na*, K*, and Ca*" ions (Figs 3B and EV3B; Rahm et al, 2016). The
outer gate of the pore is formed by backbone carbonyls of G522,
F524, and the side chains of D523. Here, the backbone carbonyl
oxygen of F524 and the side chain carboxylate of D523 hydrogen
bond across the channel subunits—an interaction that is not state-
dependent in our modeled structures (Figs 3C and EV3F). The outer
gate pore radius dilates 0.9A from the closed and open-state
modeled structures, which suggests a relatively small conforma-
tional change at this gate during pore opening (Fig 3C). To evaluate
if the proposed interactions participate in gating, we introduced
seven substitutions at outer (D523) and inner gate (N561) residues,
which altered their side chain polarity and measured their effect on
PKD2L1 function (Appendix Table S1). We observed that mutations
at the outer gate followed the expectations postulated by “hydro-
phobic gate theory” (Aryal et al, 2015). Here, mutations preserving
hydropathy and hydrogen bond capability normally found at the
outer gate (red circles) had the least impact on AG®, whereas hydro-
phobic substitutions (blue circles) caused the greatest energetic
expense (Fig 3C). Conversely, we observed the opposite trend from
N561 mutations near the inner gate. Amino acid substitutions,
which exclude hydrogen bond formation and enhance hydropathy,
decreased the energy required to open PKD2L1 (Fig 3B). This obser-
vation is consistent with the proposed structural role of the closed-
state N561 hydrogen bonding, where removal of this interaction
with hydrophobic mutations is expected to be destabilizing and
favor channel opening.

Next, we wondered if mutations at the inner and outer gates
would affect gating independently or in a coupled fashion—as this
distinction helps us to understand if the two gates are working
together (Yifrach & MacKinnon, 2002). Since the two sites are sepa-
rated by > 22 A, mutations at both locations would expectedly have
energetically additive effects (uncoupled) where coupling energy

© 2023 The Authors
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(AAG°®) would be nearly zero if the gates are functioning indepen-
dently (Horovitz, 1996). Alternatively, the impact of the two muta-
tions may have non-additive (i.e., coupled) effects on AAG®, which
would indicate cooperative regulation of channel opening by the
inner and outer gates. Our mutant cycle analysis results identified
functional coupling between D523A and N561A, as indicated by
their significant non-additive coupling energy (AAG°=+1.28£0.2
kcal/mol, Fig 3D and E; Appendix Table S3). To evaluate the fidelity
of this method, we selected two sites located within the S4-S5 linker
(D476 and G479) to use as controls and conducted cycle analysis
with residues of the inner and outer gates. Here, we observed little
difference in coupling energy (AAG°=0kcal/mol) from G473A-
D523A and G473A-NS561A pairs, validating the sensitivity of our
approach (Fig 3D and E). In summary, although the modeling data
indicate that the inner gate undergoes the greatest conformational
change, our functional results demonstrate that the two gates are
energetically coupled despite being separated over long distances.
These results suggest that opening the pore involves apparent allo-
steric regulation between the outer and inner gates and/or concerted
roles during pore opening.

Inactivation and desensitization are dependent on an interaction
between PH1 and S6

Unlike any other member of the TRP family, PKD2L1 undergoes
reversible and voltage-dependent inactivation (Figs 4A and EV1B;
Shimizu et al, 2009, 2017; Numata et al, 2017). The voltage of half-
maximal inactivation (Inact. V,,,) of the WT human PKD2L1 chan-
nel is equal to 20.8 2.2 mV (Appendix Table S1; Fig EV2). Studies
carried out with various voltage-gated channels have implicated the
pore loops and helices as structural regulators of “slow” or “C-type”
inactivation—a non-conducting state caused by the collapse of the
selectivity filter (Fan et al, 1999; Pavlov et al, 2005; Abderemane-Ali
et al, 2019; Reddi et al, 2022). Since comparatively little is known
regarding the molecular regulation of polycystin channel inactiva-
tion, we used our library to screen the pore module for mutation
sites that alter this channel state. We observed that sites throughout
the pore module cause considerable positive and negative shifts in
Inact AV,,, (Fig 4B; Appendix Table S1). Thus, unlike sites that
alter AG®, inactivation sensitive sites do not aggregate and are dif-
fused within the pore module (Fig EV4). However, two mutations
from this screen, F514A located in PH1 and P538A of the S6,
completely abolished inactivation (Fig 4A and C, and EV2A and B).
When examining our AlphaFold PKD2L1 model, we observed that
F514 and P538 side chains interface (distance Ca-Co=3.4 ;\) each
other between subunits (Fig 4D). We hypothesize that alanine muta-
tions at these sites may either disrupt a CH-r bond or intersubunit
hydrophobic packing of the pore turret, and that this interaction is
essential for channel entry into the inactivated state. To test this, we
generated the cysteine double-mutant channel F514C:P538C, which
like the single mutants did not inactivate (Fig 4A and C). However,
when the cells expressing the double mutant were treated with the
bifunctional cysteine cross-linking agent 1,1 methanediyl bismetha-
nethiosulfonate (M1M), voltage-dependent inactivation was rein-
stated (Fig 4C). The distance between the cysteine sulfthydryl’s of
F514C and P538C is 3.0A when modeled into the AlphaFold
PKD2L1 structure, which is within the known modification range of
MIM (<5 A; Fig 4D) (Green et al, 2001). As a control, we evaluated
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Functional screen of the PKD2L1 pore module implicates the pore helices in channel gating.

A Perturbation in the free energy of PKD2L1 opening (AG®) and difference in closure rates (Atose) inducted by substitutions within the pore module. AG® is estimated
from the results shown in Fig EV2 and tabulated in Appendix Table S1. Error bars = SD as estimated by the propagation of error equation, as described in statistics
subsection. Mutation sites that produced nonfunctional channels are listed in Appendix Table S2. The number of cells voltage clamped (N) for each mutation is

indicated within the parenthesis of Fig EV2.

B Heat maps of AG® (top) and At¢ese (bottom) applied on the AlphaFold PKD2L1 channel model. Expanded views of the pore module are shown in the inset, and
complete channel structure is shown in the outset. Side chains of high-impact sites are represented as spheres of graduated color intensity, and those from low

impact sites are omitted.

Source data are available online for this figure.

voltage-dependent inactivation of WT channels with and without
MIM but found no difference in the data generated from both condi-
tions (Fig 4C). Thus, we propose that the observed recovery of inac-
tivation by MIM treatment of the F514C:P538C channels is due to
the reinstatement of PH1-S6 intersubunit interactions, which is
essential for PKD2L1 inactivation.

PKD2L1 inactivation and calcium-dependent desensitization are
distinct functional kinetics (Fig EV1B; DeCaen et al, 2016; Shimizu
et al, 2017). Inactivation is reversible and occurs over the timescale
of a few hundred milliseconds, whereas calcium-dependent desen-
sitization is irreversible and develops over 4-7 min as a function of
calcium accumulation inside of the cell (Fig 5A and B). Previous
work has determined that PKD2L1 desensitization is linked to Ca**
occupancy of the pore selectivity filter (DeCaen et al, 2016). Impor-
tantly, we observed that all functional mutant channels tested in
our pore module screen desensitize within 5min when 0.81 pM
free Ca** is added into the cytosolic/pipette recording conditions,
with the exceptions of F514A and P538A (Fig 5B-D). However, like
its effects on voltage-dependent inactivation, M1IM reinstated
calcium-dependent desensitization of the F514C:P538C double-
mutant channel. When comparing the loss of inactivation and
desensitization observed in the F514A and PS538A channels, the
results suggest that desensitization entry is dependent on the chan-
nels ability to inactivate. By extension, this finding suggests that
desensitization is an irreversible form of inactivation, and that the
two non-conducting channel states are structurally related (See
Discussion).

Discussion

Structural regulation of polycystin channel opening and the two
gate hypothesis

As briefly covered in the introduction, the ion-conducting pathway
from the structures of polycystins and several related TRP channels
are constricted at inner and outer sites, which are proposed to serve
as gates. The single gate hypothesis states that TRP channel pore
domains contain one inner gate formed by the crossing of S6 heli-
ces, which cooperatively bend to create an iris-like opening along
the ion-conducting pathway. The existence of the inner gate is well
supported by functional studies of TRP members, including polycys-
tins (Samanta et al, 2018). Previous results from voltage clamp stud-
ies of heterologously expressed channels in oocytes identified
hydrophobic residues, which comprise the inner gate of PKD2L1
(F556, L557, A558; Zheng et al, 2018). Our Rosetta and AlphaFold
models and results from our voltage clamp studies are consistent

© 2023 The Authors

with this view, but our work also identifies a symmetric interdo-
main hydrogen bond ring formed by N561 in the closed state. Neu-
tralization of the side chains proposed to participate in the hydrogen
bond results in channels that open with less energy (AG°),
supporting the hypothesis of this closed-state-dependent interaction
at the inner gate. In contrast, the two-gate hypothesis proposes that
a second outer gate is also present (G522, D523, F524). While it is
accepted that the selectivity filter of TRP channels may undergo
dilation in response to continuous ligand stimulation, its function as
a gate is controversial (Huffer et al, 2020). Our results demonstrate
that the inner and outer gates are energetically coupled, but our
work does not define how allostery coordinates the opening of the
inner and putative outer gates. Thus, our conservative interpretation
is impartial to either “one-gate” or “two-gate” models. Rather, our
results are conceptually peripheral to this debate by demonstrating
long-range coupling energetics between these restricted sites within
the pore.

Opening of the pore is regulated by internal and external
domain interactions

Previous mutagenesis studies have assessed the impact of a few
selected sites within the polycystin pore, but our study represents
the most comprehensive functional analysis of this structural
module published to date (DeCaen et al, 2016; Shimizu
et al, 2017; Zheng et al, 2018). Results from our unbiased func-
tional screen identified the extracellular pore helices and loops as
gating-sensitive structural motifs within PKD2L1. As identified in
the reports of the PKD2L1 cryo-EM structures, the external side of
the pore has a restricted negative charge density locally surround-
ing the hydrated ion conducting pathway (Hulse et al, 2018). As
proposed, this feature undoubtably attracts incoming cations to
the local environment of the pore. However, changes in hydropa-
thy and electrostatics induced by alanine and valine substitutions
of pore module residues cannot explain the functional results from
our screen. Here, mutations that cause the greatest energetic
expense (+AG°) localize to the hydrophobic interface between the
pore helices of the PKD2L1 subunits. Most of these sites also
enhanced the rate of channel closure, functional results which are
consistent with destabilizing effects on the open state, or con-
versely, stabilizing the closed state. On the other side of the pore
module, mutations that altered a salt-bridge interactions with the
S6 and S4-S5 linker disassociate voltage-dependent opening from
the closure rate of the pore. These findings implicate a mechanical
coupling between the state of the pore and VSDs on the internal
side of the channel. Other decoupling mutations were observed
on the external side of the pore at sites where PH2 side chains

EMBO reports 24: 567832023 5 0f 13
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A Heat maps of AG® applied on to a single PKD2L1 subunit model by AlphaFold.

B Exemplar tail currents from mutant channels where the energetics of opening are disassociated with the rate of channel closure—mutations that cause slower

closure (+Atose) While also increasing the free energy opening (+AG°).
C,D

Mutations sites that alter At . mapped onto a single PKD2L1 subunit modeled using AlphaFold. Insets, expanded views of the intra-subunit salt-bridge formed

between the S6 and S4-S5 linker, and the intersubunit hydrogen bond network formed between finger 2 of the TOP domain and PH2 of the adjacent subunits pore

module.

Source data are available online for this figure.
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form intersubunit hydrogen bonds with the finger 2 motif of the
TOP domain. ADPKD-causing missense variants in the finger
motifs positively shift PKD2’s voltage dependence, which rein-
forces the hypothesis that the conductive state of the pore is regu-
lated by intersubunit engagement between the VSD and TOP
domains (Vien et al, 2020). Taken together, these results suggest

EMBO reports

movement of the VSD to pore opening via internal S4-S5 linker
and external TOP domain structural motifs. Finally, residues that
form the gates and participate in interdomain interaction are con-
served in PKD2 and PKD2L1 (yellow boxes, Fig EV1A), which
suggests that the gating mechanism is shared by both polycystin
channels. Future electrophysiology studies assessing the impact of

a cooperative functional link between voltage-dependent these sites on PKD2 channels measured from the primary cilia
A Outer gate D WT, D523A, N561A,
1 1 D523A:N561A P
AlphaFold, closed i
Rosetta, open
0 I ' .
-10 0 100 200
WT, D523A, D476A,
D476A:D523A "
B 5
D " m
N
©
£
S - (@] b T
o = A -100 0 100 200
O T
g OQ WT, G479A, N561A,
S a T | 1 ] G4TOANS61A o
3 =
L
o A L4
Q
O 0 5 10 z
AHydropathy 0" i ' '
-100 0 100 150
c Voltage (mV)
F524 A E _ v v
_ of o &
2 i PUSN PR AN SR AN o
L Q.08 O O o
£ 0
® (T2 71 % =+
Q \V; ©
< N m
5 = - 5
2 0 3 (M
0 5 10 l
AHydropathy
Figure 3.
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Figure 3. Inner and outer gates of the pore are energetically coupled.

Leo CT Ng et al

A AlphaFold and Rosetta modeled PKD2L1 in the open and closed states. Transmembrane view of the channel and an expanded view of the pore domain with the outer

and inner gates indicated.

B Left, intracellular structural view of the inner gate with an expanded view of the homotypic intersubunit hydrogen bond formed between the carboxamide side
chains of N561. Right, the linear decreasing relationship between AG® and Ahydropathy induced by mutations to D523.

C Left, extracellular structural view of the outer gate with an expanded view of the intersubunit hydrogen bond formed between the backbone carbonyl of F524 and
the side chain carboxylate of D523. Right, linear increasing relationship between AG® and change in hydropathy (AHydropathy) induced by mutations. Side chains of

mutations, which are incapable of forming hydrogen bonds, are indicated in blue.

D Comparing voltage-dependent opening based on normalized tail currents measured from WT, single, and double mutant channels. Top, single and double mutant
channels including mutations to the outer and inner gate. Middle and bottom, control groups comparing tail currents from non-gate S4-S5 linker mutations (D476A

and G479A) and those from the outer and inner gates.

E The coupling energy (AAG®) resulting from the mutant cycle analysis resulting from the data shown in (D).

Data information: Error bars indicate standard deviation for (B—E) as estimated by the propagation of error equation, as descried in statistics subsection. Number cells

tested (N) are indicated in parentheses for each group.
Source data are available online for this figure.

membrane will be required to test this hypothesis (DeCaen
et al, 2013; Liu et al, 2017).

Intersubunit interactions with the pore helices are essential for
pore inactivation

As discussed, PKD2L1 undergoes voltage-dependent inactivation, a
reversible feature shared in Na,, Ca,, and K, channels, but one that
sets polycystins apart from other TRP channels (Hoshi et al, 1990;
Pavlov et al, 2005; Abderemane-Ali et al, 2019; Reddi et al, 2022).
Our mutation screen identified numerous sites that shift the voltage
dependence of inactivation and ultimately alter channel availability
(i.e., closed and not inactivated or desensitized) along the mem-
brane voltage continuum. Inactivation sensitive sites were scattered
throughout the pore module of PKD2L1, which indicates that multi-
ple structural motifs influence this channel kinetic. However, we
identified only two mutations that completely abolish inactivation
and therefore are critical for channel entry into this non-conductive
state. F514A in PH1 and P538A in S6 are adjacently located in the
modeled and cryo-EM determined structures of PKD2L1 (Hulse
et al, 2018; Su et al, 2018b). Here, we propose that the two residues
form a hydrophobic intersubunit interface or CH-r bond based on
our bifunctional cysteine cross-linking results at these sites, which
reinstated normal inactivation. Previous work identified the N533Q
mutation, which also abolished voltage-dependent inactivation and
was subsequently localized at the connecting PH2-S6 pore loop in
the PKD2L1 cryo-EM structures (Shimizu et al, 2017). While the
alanine mutation at this same site (N533A) did not abolish

inactivation in our hands, it did cause one of the largest shifts (AV,,
> inact=34 mV) in the voltage dependence of inactivation (Appen-
dix Table S1). Based on this previously published work and our
results, we propose that interactions made between the S6 and pore
helices are critical for entry into the inactivated state. Taken
together, these mutations (F514A, N533A, P538A) and possibly
other nearby sites can result in significant gain-of-function effects by
enhancing channel availability. Such mutations would cause hyper-
excitability of hippocampal and spinal cord contacting neurons—tis-
sues that natively express PKD2L1 channels, which regulate high-
frequency action potentials (Orts-Del’Immagine et al, 2016; Yao
et al, 2016).

Inactivation and desensitization are distinct non-conducting
states that are structurally related

As proposed in our scheme representing PKD2L1 states (Fig EV1B),
desensitization is a distinct channel kinetic that is preceded and
dependent on channel entry into the inactivated state. Several lines
of evidence support this view. First, inactivation is rapid, reversible,
and voltage-dependent. Whereas desensitization has a relatively
slower kinetic and is dependent on accumulation of internal Ca**.
Structurally, desensitization occurs after a high-affinity interaction
with the outer gate/selectivity filter residue D523 (DeCaen
et al, 2016). Second, we observed that PH1 and S6 mutations, which
abolish inactivation (F514A and P538A), also do not desensitize,
which demonstrates desensitization dependence on the preceding
inactivation step. This supports the possibility that the two

Figure 4. Disrupting an intersubunit CH-t bond between PH1 and S6 abolishes inactivation.

A Gray, voltage protocol used to measure voltage-dependent inactivation. Black trace, PKD2L1 currents were activated by a 4 s “prepulse” depolarization in 20 mV incre-
ments. A “test pulse” to 120 mV was used to assess the mount of available (non-inactivated) current after the prepulse. Red trace, currents activated by the prepulse
depolarization to 160 mV. Note, the decrease of the test pulse tail currents (arrow) for the WT and F514C:P538C treated with M2M, whereas the other channel cur-

rents remain stable (non-inactivating).

B Summary of the change in voltage-dependent inactivation (AVy, Inact) of pore mutant channels. AV,,, Inact, as measured in Fig EV2 and tabulated in Appendix

Table S1, are plotted relative to the pore module topology of the channel.

C Voltage-dependent inactivation of test pulse tail currents recorded from WT, single and double mutant channels.
D Outset, transmembrane view of the AlphaFold PKD2L1 structural model identifying the non-inactivating mutant sites at the intersubunit interface of the pore turret.
Inset, expanded views showing Ca-Ca distance between F538 (S6) and F514 (PH1) and modeled sulfur—sulfur distances when cysteine substitutions are made (F514C:

P5380).

Data information: All error bars indicate standard deviation and the number cells voltage-clamped (N) are indicated in parentheses of Fig EV2.

Source data are available online for this figure.
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channel states are structurally related. We speculate that inactiva-
tion causes pore collapse at the outer gate and is probably related
to C-type inactivation reported in other voltage-gated channels (Fan
et al, 1999; Pavlov et al, 2005; Abderemane-Ali et al, 2019; Reddi

© 2023 The Authors
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et al, 2022). Since PH1 and PH2 form the structural scaffold of the
polycystin outer gate, it seems logical that mutations at these sites
could alter desensitization by indirectly disrupting Ca*" binding at
this gate. However, future work solving high-resolution structures
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Figure 5. Abolishing inactivation also eliminates Ca?>*-dependent desensitization.

A Schematics of the calcium condition (Black) and voltage protocol (Gray) that induces Ca®*-dependent desensitization.
B Exemplar WT PKD2L1 current (Top) activated by a train of depolarizations to the 0, 3, and 7 min time points. The average time course of PKD2L1 tail current

desensitization over 8 min (N =6 cells, gray = SD).

C Exemplar whole cell currents (Top) at the 0, 3, and 7 min time points. Current records (Bottom) from cells expressing the F514C:P538C and treated with extracellular

100 uM 1,2-methanediyl bismethanethiosulfonate (M2M).

D Box (SEM) and whisker (SD) plots comparing tail currents normalized to their initial amplitude at 3 min (Left) and 7-min time points (Right). N =6 cells per group.
Results from each individual cells are indicated by gray open circles, and the average for the channel is indicated by a horizontal line. P-value results from a one-way
ANOVA statistical analysis are shown above the plots. Dashed lines the level normalcy, no change in I ,; relative to time point zero.

Source data are available online for this figure.

of the polycystins in the inactivated and desensitized states is
needed to define the molecular features and chemical interactions
responsible for the two non-conducting channel conformations.

Materials and Methods

Voltage-clamp experiments recording plasma membrane
PKD2L1 currents

All research chemicals used for our electrophysiology experiments
were purchased and supplied Millipore-Sigma, except for 1,1-
methanediyl bismethanethiosulfonate, which was supplied by
Toronto Research Chemicals. HEK 293T cells (CRL-3216), authenti-
cated by the supplier (ATCC), were transiently transfected (Lipofec-
tamine 2000, Invitrogen) with the mammalian cell expression
plasmids pTracer IRES GFP in CMV2 containing the human PKD2L1
gene (isoform 1) or pcdna3.1 with N-terminal HA-tagged PKD2L1
(HA-PKD2L1, isoform 1). Cultured cells were periodically tested for
mycoplasma contamination using the PCR reagents provided by
ATCC (30-1012K). Transfected cells were seeded onto glass cover-
slips and placed in a perfusion chamber for voltage clamp recordings
in the whole cell configuration. Electrophysiologists were not
blinded to the genetic identity of the channel tested. Data were
excluded from final analysis if voltage error exceeded 10 mV at the
beginning or termination of the experiment. The pipette electrode
solution contained (in mM): NaMES (80), NaCl (20), HEPES (10),
Nay-BAPTA (10), and EGTA (5). In desensitization experiments,
0.81 mM free Ca®* was calculated using Maxchelator using 1 M CaCl,
dilution (Bers et al, 2010). The standard bath solution contained
NaCl (150), HEPES (10), and CaCl, (2). All our solutions were for-
mulated with ultrapure water (Milli-Q IQ 7005 water), which has <
0.29 ng/l Ca*" ions present. All solutions were pH adjusted to 7.4
with NaOH. The osmolarity of all solutions was measured using an
evaporation osmometer (Westcore, Vapro). If needed, internal and
external solutions were adjusted to 300 mOs (4 5) with mannitol.
Whole cell electrodes used to measure PKD2L1 currents were fire
polished to 1.5-4 MQ resistances. Normalized PKD2L1 tail current—
voltage relationships were fit to a Boltzmann function to estimate
voltage of half-maximal activation of current (V,,,), using the follow-
ing equation: f(x) =1/[1+exp(V1/2-Vm)/K], where K is equal to
the Boltzmann constant. To determine the time course of channel
closure (tqose), tail currents triggered by repolarization were fit
using the following exponential equation: f(x) =B+ A exp[(1/7)x],
where 7 is the half time constant. The amount of free energy (AG®)
required to open WT and mutant channels was calculated using this

© 2023 The Authors

equation: AG°=2z-F-V%, applying voltage-dependent parameters of
the Boltzmann equation. Here, F is Faraday’s number, z is the esti-
mated charge-based slope derived from K, and V,,, is the half-
activation voltage. For our double-mutant cycle analysis, we are
assuming that the mutations evaluated only effect the final opening
of the channel pore since all the mutations assessed are located
within the pore domain. The interaction energy takes into the
account the free energy of activation of the wild type (Wt), the indi-
vidual single mutations (M1, M2), and the double mutant (M1:M2)
using the mutant cycle analysis equation:

AAG® = (AGw; + AGmim2)—(AGwm + AGum)-

Modeling channel structures in closed and open states using
AlphaFold and Rosetta

PKD2L1 tetrameric structures (amino acids 90-580) were predicted
using AlphaFold V2 multimer structural prediction modeling (doi:
https://doi.org/10.1101/2021.10.04.463034) (Varadi et al, 2022). Five
structural models were determined by AlphaFold, all of which con-
verged on the closed state. We selected the highest ranked structure
(model 1) as our “closed state” PKD2L1 model, as its pore domain
most closely resembled the diameter of the published closed state
cryo-EM structure (Su et al, 2018b). For the open-state models, we
used Rosetta structural modeling software and the open-state cryo-
EM structure (PDB 5Z1W) as a template to model unresolved por-
tions of the PKD2L1 structure (Hulse et al, 2018). Loop regions
formed by residues 140-148, 174-187, 370-385, and 402-415 in the
PKD2L1 closed-state model and residues 372-385 and 457480 in the
PKD2L1 open-state model were modeled de novo due to gaps and
insertions between sequences of PKD2L1 structures. In total, 10,000
structural models of PKD2L1 channel were generated for each state,
and the top 1,000 lowest-scoring models were clustered as described
previously (Huang et al, 2011; Wang et al, 2016). PKD2L1 channel
models representing top clusters in each state were chosen as the
best models.

PKD2L1 models in an open state were generated using Rosetta
Remodel to model the C-terminus. In total, 10,000 cryo-EM refined
open-state models were generated, and a representative model was
chosen among the top 50 lowest-scoring models with all-atom root
mean square deviation (RMSD) < 1.0 Ato open-state PKD2L1 structure
(PDB: 5Z1W) and having the lowest side chain RMSD to open-state
PKD2L1 structure for inner gate PKD2L1 residues (F556, L557, A558)
(Huang et al, 2011; Wang et al, 2016; Su et al, 2018b). The representa-
tive open-state model has all-atom RMSD of 0.7 A to PDB 5Z1W and
0.66 A side chain RMSD to inner gate residues. Comparative analysis
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modeled and cryo-EM determined of the channel pore diameters were
calculated using the HOLE program (Smart et al, 1996).

Statistics

Unless stated otherwise, all error bars are equal to standard devia-
tion. Propagation of uncertainty (or propagation of error) for AG and
A, was calculated using the following= v/ (0*+¢°...), where 9 is
equal to the standard deviation of each measurement. All results were
normally distributed per Shapiro-Wilk Test with a P value threshold
of 0.1 to reject normalcy. ANOVAs corrected for multiple compari-
sons with Dunette, and unpaired Students t-tests were calculated
using Prism (GraphPad Software, La Jolla, CA). T-test results from
data sets with a P value > 0.05 were deemed not significant (N.S.).

Data availability

All unique reagents generated in this study are available by request
to the corresponding author. Data reported in this paper are depos-
ited and available at the NU library ARCH (https://doi.org/10.21985/
n2-rkpd-p847). Additional information required to reanalyze the data
reported in this paper is available from the authors upon request.

Expanded View for this article is available online.
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