
communications biology Article
A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-08103-x

Molecular basis of TRPV3 channel
blockade by intracellular polyamines
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Jingying Zhang1,2, Peng Yuan 1,2, Colin G. Nichols 3,4 & Grigory Maksaev 3,4

ThermoTRPV1-4 channels are involved in the regulation ofmultiple physiological processes, including
thermo- and pain perception, thermoregulation, itch, and nociception and therefore tight control of
their activity is a critical requirement for correct perception of noxious stimuli and pain. We previously
reported a voltage-dependent inhibition of TRPV1-4 channels by intracellular polyamines that could
be explained by high affinity spermine binding in, and passage through, the permeation path. Here,
using electrophysiology and cryo-electron microscopy, we elucidate molecular details of TRPV3
blockade by endogenous spermine and its analog NASPM. We identify a high-affinity polyamine
interaction site at the intracellular side of the pore, formed by residues E679 and E682, with no
significant contribution of residues at the channel selectivity filter. A cryo-EM structure of TRPV3 in the
presence of NASPM reveals conformational changes coupled to polyamine blockade. Paradoxically,
although the TRPV3 ‘gating switch’ is in the ‘activated’ configuration, the pore is closed at both gates.
Amodified blockingmodel, in which spermine interacts with the cytoplasmic entrance to the channel,
from which spermine may permeate, or cause closure of the channel, provides a unifying explanation
for electrophysiological and structural data and furnishes the essential background for further
exploitation of this regulatory process.

The natural organic cations polyamines (PAs: putrescine, spermidine, and
spermine) are present in sub-millimolar concentrations in cellular
cytoplasm1, and sometimes at much higher concentrations in extracellular
fluids2. Due to their high positive charge, PAs have long been recognized as
protein expression regulators via binding toDNAand RNAmolecules3 and
are involved in cell growth and proliferation4,5, inflammation and immune
response6–8, parasite and viral infections9,10, and plant responses to abiotic
stress11. Since PAs exist mostly in bound forms, their intracellular free
concentration is estimated to be ~10–100 µM. Intracellular PA levels are
normally stable, but they decrease with age, and significant changes are
linked to neuronal degeneration and brain aging12–15, various types of
cancer16–18, and some rare developmental diseases19,20. PA-targeted treat-
ment has proven effective for maintenance of cognitive functions21–23, gas-
trointestinal balance24,25, Bachman-Bupp syndrome19, and for cancer
management26–29. PAs are also known as strong modulators of cation
channels of different nature, such as inward-rectifier potassium channels
(Kir channels)30–32, BK channels33, voltage-gated sodium channels34, iono-
tropic glutamate receptors35,36, cyclic nucleotide-gated channels (CNGs)37,38,
and at least several members of the canonical39,40, melastatin41,42, and
vanilloid TRP subfamilies43,44. A certain degree of PA permeability has also

been reported or hypothesized for some channels, including CNG37,
TRPV144, and TRPV245.

The TRPV protein subfamily generates two groups of structurally
related cationic channels: TRPV1–4 that are essentially non-selective,
and TRPV5-6 that are highly Ca2+-selective. TRPV1-4 channels are
gated by various stimuli: natural compounds (such as capsaicin and
cannabinoids), endogenous ligands, pH, as well as synthetic drugs and
heat46. Gating of these channels is not strongly voltage-independent,
except for TRPV147,48. Broad expression of TRPV1-4 channels in mul-
tiple organs and tissues reflects their involvement in many physiological
processes. Of particular interest is expression of TRPV1-4 in excitable
cells (such as neurons and pancreatic β-cells, in which at least TRPV1, 2,
and 4 are functionally expressed and modulate excitation), and in
dividing, proliferating, and cancer cells that are characterized by both
strongly depolarized membranes and elevated PA levels. TRPV dys-
function results in a wide range of pathologies, including chronic pain
and hyperalgesia (TRPV1, 4), itch, pruritus, and skinOlmsted syndrome
(TRPV3), arthritis and other musculoskeletal and neurological diseases
(TRPV4), as well as various immune system–related disorders (TRPV2).
Since the most severe pathologies are typically related to channel over-
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activity49, inhibition of these channels may serve as a powerful tool for
treatment of multiple TRPV-related diseases. Therefore, pharmacology
of TRPV channels requires investigation of novel regulatory pathways,
one of which is our recently reported inhibition of TRPV channels by
endogenous intracellular polyamines43. PA inhibition of TRPV1-4 is
strongly voltage-dependent, peaks around 0 mV, and is most potent for
TRPV3. Similar (although not identical) voltage-dependent block by
spermine in different TRPV channels suggests a common molecular
mechanism. Here, using combined electrophysiological and cryo-EM
approaches, we reveal the molecular determinants of PA inhibition of
TRPV3 channels.

Results
TRPV channel inner pore structure and electrostatics
The strong voltage-dependence of TRPV channel block by intracellular
spermine43 naively suggests that spermine interactswith a site locatedwithin
the membrane field, i.e. inside the conductive pore. The pore inner cavity-
lining transmembrane helix 6 (S6) does not contain any charged amino
acids (Fig. 1A), in contrast to inward rectifier potassium channels, which
require negative charge within the inner cavity for strongly voltage-
dependent block by spermine30,50,51. Alternatively, spermine may interact
with negative charges that are located below the inner cavity, at the
C-terminal negatively charged region, or that are located above the inner
cavity, within the selectivity filter (SF). These two pore regions are struc-
turally most different between TRPV3, and TRPV1 and 4 (Fig. 1A), and

we therefore hypothesized that these two regions (SF and intracellular
negatively charged ‘ring’ (Fig. 1)), may be key players in spermine interac-
tion, and potentially underlie the difference in potency between TRPV
sub-types.

Role of the selectivity filter in TRPV3 inhibition by intracellular PA
Voltage-dependent inhibition by intracellular spermine is stronger in
TRPV3 channels than in TRPV1 and TRPV443, and parallels difference in
the classic SF ‘GXGD’motif,whereX=Met forTRPV1andTRPV4,butX=
Leu inTRPV3 (Fig. 1A). To addresswhether theSFplays any significant role
in intracellular PA inhibition of TRPVs, we first introduced a single
mutation L639M into the TRPV3 SF to mimic the amino acid sequence in
TRPV1andTRPV4SFs (Figs. 1, 2). In excised-membranepatches, a stepped
voltage protocol43 revealed no significant differences in the effect of 100 μM
intracellular spermine on this mutant versus the wild type (Fig. 2G,
Table S1). In TRPV1, 3 and 4 channels a conserved negatively charged
aspartate residue (D641 in TRPV3) located 2 residues beyond L639 (Fig. 1)
plays a role in activation and potentiation of the channel by extracellular
gadolinium ions52 and spermine44. In TRPV3, the D641 residue is also
involved in inhibition by extracellular acid53, Gd3+52, and Mg2+54.
However, similarly to the L639M mutant, we observed only marginal
effect of the TRPV3 D641N mutation on 100 μM intracellular spermine
inhibition (Fig. 2B, G, Table S1). Taken together, these results indicate
minimal involvement of the SF in TRPV channel inhibition by intracel-
lular PA.
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Fig. 1 | Conductive pores of TRPV channels. (A) Amino acid sequences in the pore
and inner cavity regions of TRPV channels. The mostly hydrophobic inner cavity-
lining S6 is flanked by a charged SF extracellular loop and C-terminal regions. Two
unconserved residues in TRPV3 – L639 (in SF) and E682 as well as highly conserved
negatively charged residues in SF and in C-terminal negatively charged ‘ring’ are
highlighted with black boxes. (B) Potential polyamine interaction sites. Top row:
open structures of rat TRPV1 (PDB: 7L2M), human TRPV3 (PDB: 8V6N), and

human TRPV4 (PDB: 8T1D). Only two opposing monomers are shown for clarity.
Two hypothesized interaction site at the SF (labeled red for acid residues and yellow
for methionine in TRPV1 and TRPV4 or green for leucine in TRPV3) and the
C-terminal negatively charged ‘ring’ at the HBC (labeled red for glutamic acid) are
highlighted. Bottom row: Close up views of these regions are shown for each channel
viewed from the cytoplasm through the membrane plane.
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Negatively charged ‘ring’ defines TRPV3 inhibition by
intracellular PA
In mouse TRPV3, negatively charged E679 and E682, located at the cyto-
plasmic entrance to the inner cavity, are responsible for tonic inhibition of the
channel by intracellular Mg2+54. We used available open cryo-EM structures
to examine this location in rat TRPV1, human TRPV3, and human TRPV4
(Fig. 1B). In TRPV3, E679 and E682 are both in close proximity to the pore
lumen, forming a negatively charged ‘ring’ (Fig. 1) immediately below the
pore constriction formed by I674 residues at the helical bundle crossing

(HBC). Interestingly, TRPV1 and TRPV4 have only one negatively charged
residue each (E684 and E720, respectively, Fig. 1A, B) at this location, and
lower charge density. Spermine interaction with this ring would be predicted
to be strongest in TRPV3, correlating with the significantly stronger effect of
intracellular spermine on TRPV3 compared to TRPV1 and 443, and con-
sistent with experimental data suggesting that PA inhibition of BK potassium
channels involves interaction at the analogous location33.

We generated two single point mutations (E679Q, E682Q), as well as
double mutation E679Q/E682Q and measured channel activity using the
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Fig. 2 | Spermine block ofWT andmutant hTRPV3 channels. A–FRepresentative
traces of the 2-APB-induced hTRPV3 currents (WT and indicated mutants),
measured using a voltage-step protocol (A, top) in absence (black traces, controls)
and presence (color-coded traces) of 100 μM cytoplasmic spermine. G Averaged
(n = 6 forWT, n = 7 for L639M, n = 5 for D641N, ± SE) Grel-V relationships forWT
hTRPV3 (solid red line) and selectivity filter L639M (dashed violet line) and D641N
(dashed dark yellow line) mutants in the presence of 100 μM cytoplasmic spermine.

H Averaged (n = 6 for WT, n = 5 for all mutants, ± SE) Grel-V relationships for WT
hTRPV3 (red line), single E679Q mutant (blue line), single E682Q mutant (green
line), double E679Q/E682Qmutant (orange line), and triple E679Q/E682Q/D641N
mutant (dashed dark yellow line) in presence of 100 μM cytoplasmic spermine.
Datasets were fitted with the sum of two Boltzmann distributions except
E679Q/E682Q/D641N mutant, which was fitted with a linear regression. WT
TRPV3 data is taken from ref. 43.
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same voltage step protocol43 in the presence of 100 μM intracellular sper-
mine (Fig. 2). In excised patches, spermine inhibition of E679Q was mod-
erately relieved compared to WT (Fig. 2C, H). Spermine inhibition was
strongly relieved in E682Q (Fig. 2D, H), and was essentially abolished in
double E679Q/E682Qmutant channels (Fig. 2E,H). Fitting ofGrel-V curves
with the sum of two Boltzmann distributions (Function 1, Fig. 2H and
Table 1) indicated only moderate changes of both gating charges and the
position of Vmid

1 (descending distribution, blocking) in all three mutants
compared to WT, but a strong shift of Vmid

2 (ascending distribution,
unblocking) to hyperpolarizing potentials, reflecting increasingly potent
relief of block with decreasing net charge of the negatively charged ‘ring’.
Grel-V curves were well predicted by the 2-state blocking model (Function
2), by assuming that these mutations had additive effects on reduced
potency of block (ka, kb) and, most dramatically, by increasing the per-
meation constant (KP), without affecting the voltage dependence of any
transition (reviewed in more detail in Discussion). While neutralization of
the external aspartate (in the D641N mutant) had no overall significant
effect on its own (Fig. 2G, Table S1), neutralization of all pore-lining charges
in the triple TRPV3-D641N/E679Q/E682Q mutant completely abolished
the inhibiting effect of intracellular spermine (Fig. 2F, H). Together, these
results indicate a critical role of residues E679 and E682 in the negatively
charged ‘ring’ at the cytoplasmic entrance to the pore in interacting with
blocking polyamines, and a minor role of the extracellular D641.

Gain-of-function mutant K169A
Although open conformation structures of TRPV3 in complex with its
agonists 2-APB and THCV have been obtained recently55, TRPV3 activity
appears to decay in the continuous presence of the agonist 2-APB56.
However, a TRPV3 gain-of-function mutant K169A57,58, which activates
spontaneously in excised patches, does not significantly inactivate, and
adopts an essentially open conformation in the presence or absence of
agonists56. In excised patches, spontaneously active TRPV3-K169A in the
absence of agonist was still inhibited by intracellular spermine in the same
voltage-dependent manner and with similar efficacy as WT (Fig. 3A).
Moreover, the double E679Q/E682Qmutation, introduced into the K169A
background, resulted in a virtually identical pattern of spermine inhibition
relief (Fig. 3A).

Thus, both WT and K169A share the same PA blocking mechanism
and, since K169A does not inactivate, this mutant may be conformationally
stable enough to capture polyamine-inhibited structures. NASPM, a bulky
synthetic spermine analog (Fig. 3D), is an efficient blocker of Ca2+-permeable
AMPA receptors35,36, and NASPM binding within the inner cavity of AMPA
receptors has been identified by cryo-electron microscopy (cryo-EM)59. As
we showed previously, intracellular NASPM blocks WT TRPV3 channels
with similar voltage-dependence to spermine, albeit with much weaker
permeation43. But, unlike spermine, NASPM also induces a potent voltage-
independent inhibition at even low NASPM concentrations43. As shown in
Fig. 3B, spontaneously active K169A also showed strongly voltage-dependent
inhibition by intracellular NASPM but, in contrast to WT, K169A did not
demonstrate any additional voltage-independent inhibition in the presence
of 100 µM intracellular NASPM. Voltage-dependent NASPM inhibition of
K169A had similar concentration dependence to WT43, showing signs of

channel permeation at positive potentials and block relief (Fig. 3B and
Table S2). Inhibition was virtually absent at −70 mV within 1 – 100 µM
NASPM range, while the estimated NASPM IC50 at 0mV was about
15 µM (Fig. 3B).

To confirm the involvement of the negatively charged ‘ring’ inNASPM
inhibition, we further introduced the same mutations tested previously in
WT TRPV3, into the TRPV3-K169A background. Again, similarly toWT,
we observed relief of NASPM block by either E679Q or E682Q single
mutants, with no change in the steepness of the voltage dependence, and
with no evidence of permeation (Fig. 3C). The double E679Q/E682Q
mutation further weakened NASPM block on this K169A background and
now showed significant NASPM permeability at 100 µM and almost
complete block relief at 10 µM (Fig. 3C). Fitting of the TRPV3-K169A
mutant datawith a sumof twoBoltzmanndistributions (Function1, Fig. 3C,
Table 2) demonstrated qualitative similarity between behavior of the same
mutants in theWTTRPV3background subject to spermineblock and in the
TRPV3-K169A background subject to NASPM block. Again, Grel-V curves
were reasonably well predicted by the 2-state blocking model (Function 2),
by assuming only that these mutations had additive effects on reduced
potency of block (ka, kb) and by increasing the permeation constant (KP),
without affecting the voltage dependence of any transition (Fig. 6D and
Table 3), confirming the similar role of E679/E682 residues in both WT
TRPV block by spermine and TRPV3-K169A block by NASPM.

Structure of human TRPV3 in the presence of NASPM
Togetherwith the bigger size ofNASPM(compared to spermine), the above
results suggest the TRPV3-K169A+NASPM pair as a system of choice for
structural investigation of the mechanism of TRPV polyamine block, and
hence we aimed at visualization of NASPM interaction with spontaneously
open and non-inactivating TRPV3-K169A mutant channels using cryo-
EM. We determined the cryo-EM structure of full-length human TRPV3-
K169A in nanodiscs, in the presence of 100 µM NASPM, to an overall
resolutionof 3.39 ÅwithC4 symmetry imposed (Fig. S1 andTable 4), which
is on par with available TRPV3 cryo-EM structures60–63. The cryo-EM
density map allowed us to build an atomic model that included residues
117 to 748.

The structure of human TRPV3-K169A in the presence of NASPM
was similar to previously published domain-swapped four-fold symmetric
tetrameric structures of ligand-freeWT and K169Amutant56,58,64, with each
monomer consisting of extensive N- and C-termini, a transmembrane
domain formed by six transmembrane helices, and the TRP helix
(Fig. 4A, B). Multiple lipid-like densities were found surrounding the
channel (Fig. 4A, B, labeled in yellow). The spatial organization and
orientation of lipid densities were very similar to those previously reported
for the open ligand-free conformation of human TRPV3-K169A (PDB:
6UW6)56 and open agonist-bound human WT TRPV3 (PDB: 8V6L,
8V6N)55. Although two distinct conformations, open (69%) and inactive
(31%), were determined for the ligand-free K169A mutant56, this mutant
channel adopted only a single conformation in the presence of NASPM
(Fig. 4, S1) with higher overall similarity to the open K169A conformation
(Fig. 4D, RMSD= 0.96 Å and 2.65 Å vs open and closed structures
respectively). Significant differences compared to the apo closed state were

Table 1 | Results offitting of theGrel-V relationships forWTTRPV3 (Fig. 2H), itsmutants,WTTRPV1, andWTTRPV4with the sum
of two Boltzmann distributions (Function 1) for inhibition by 100 μM intracellular spermine

WT TRPV3a TRPV3-E679Q TRPV3-E682Q TRPV3-E679Q/E682Q WT TRPV1a WT TRPV4a

Vmid
1, mV −48.9 −33.8 −21.6 −44.2 −22.9 −26.1

Z1, e −1.81 −2.70 −1.83 −1.54 −3.28 −4.07

Vmid
2, mV 82.5 60.0 7.6 −36.3 17.1 9.7

Z2, e −1.27 −0.87 −1.14 −1.86 −1.99 −1.56

Net charge at the ‘ring’ position −8 −4 −4 0 −4 −4
aData for WT TRPV1, WT TRPV3, and WT TRPV4 block by 100 μM spermine were taken from43.
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localized to the distal C-terminal domain, where the CTD gating ‘switch’56,58

was found in an ‘activated’ α-helical conformation, and to the N-terminal
domain, with the finger 5 loop from the adjacent ankyrin repeat domain
(ARD) slightly rotated (Fig. 4C). A nearly identical ‘activated’ α-helical
conformation of theCTDgating ‘switch’was also reported for open agonist-
bound human WT TRPV355, which suggests no influence of the K169A

mutation on the behavior of the gating ‘switch’. While these features of the
N- andC-termini indicate overall similarity to the previously reported open
and inactivated (PDB: 6UW9) conformations of K169ATRPV356, the pore-
lining S6 helix clearly maintained a π-helical structure at the HBC con-
striction (formed by the I674 residue side chains, Fig. 4E), as in the open and
closed conformations, in contrast to an α-helix in the inactivated agonist-
bound state in nanodiscs56. Thus, despite the ‘activated’CTD gating ‘switch’
anddisplacedARDfinger 5 loop, theoverall structureof the conductivepore
itself was quite similar to the closed channel pore, as described in
detail below.

TRPV3 ion conduction pore in the presence of NASPM
While the high quality of the cryo-EMdensitymap was sufficient to resolve
annular and inter-subunit lipid densities (Fig. 4A, B), no NASPM-
attributable density was detected either inside or outside of the conductive
pore. To address potential asymmetry induced by NASPM or partial
occupancy of bound NASPM, we also determined the structure without
imposed symmetry. The structure was essentially identical to that with C4
symmetry (Fig. S2), and still showed no density corresponding to bound
NASPM.Despite theCTDgating ‘switch’ α-helical ‘activated’ conformation
(Fig. 4C), the TRPV3-K169Amutant pore was essentially closed at both the
lower (HBC at I674) and upper (SF atG638) gates (Fig. 5)with similar inner

Table 2 | Results offittingof theGrel-V relationships for TRPV3-
K169A mutants with one (K169A, K169A/E679Q, K169A/
E682Q), or the sum of two (K169A/E679Q/E682Q), Boltzmann
distributions (Function 1) for inhibition by 100 μM intracellular
NASPM (Fig. 3C)

K169A K169A/
E679Q

K169A/
E682Q

K169A/
E679Q/E682Q

Vmid
1, mV −34.7 −16.0 −10.7 −16.5

Z1, e −2.38 −2.52 −3.13 −2.81

Vmid
2, mV −36.6

Z2, e −0.48

Net charge at the
‘ring’ position

−8 −4 −4 0

A B
G

 re
l

mV
−100 −50 0 50 100

G
 re

l

mV
−100 −50 0 50 100

NASPM

NH2

N
H

N

O

H

N
H

D

Spermine

NH2

N
H

H N2

N
HC

G
 re

l

mV
−100 −50 0 50 100

Spermine

NASPM

NASPM

WT
K169A

E679Q/E682Q
K169A/E679Q/E682Q

WT (100) WT (100) scaled K169A (100)
K169A (10)
K169A (1)

K169A

K169A/E682Q
K169A/E679Q/E682QK169A/E679Q
K169A/E679Q/E682Q (10)

Fig. 3 | Blocking of hTRPV3-K169A by polyamines. A Averaged (n = 6 for WT,
n = 7 for K169A, n = 5 for E679Q/E682Q, n = 5 for K169A/E679Q/E682Q, ± SE)
Grel-V relationships for WT TRPV3 (solid red line), TRPV3-K169A (dashed red
line), TRPV3-E679Q/E682Q (solid orange line), and TRPV3-K169A/E679Q/
E682Q (dashed orange line) in presence of 100 μM intracellular spermine.
BAveraged (n = 5 for all, ± SE) Grel-V relationships forWTTRPV3 (solid pink line),
normalized WT TRPV3 (dashed pink line), and TRPV3-K169A (solid yellow line),
in the presence of 100 μM intracellular NASPM, and TRPV3-K169A in the presence
of 10 μM (teal line) and 1 μM (brown line) intracellular NASPM. Similarity of
K169A and normalized WT Grel-V relationships suggests voltage-independent

inactivation mode of WT TRPV3 in the presence of NASPM, which is absent for
K169A mutant. Datasets were fitted with Boltzmann distributions (Function 1).
UnscaledWTTRPV3 data is taken from ref. 43.CAveraged (n = 5 for all, ± SE) Grel-
V relationships for TRPV3-K169A (solid red line), TRPV3-K169A-E679Q (solid
blue line), TRPV3-K169A-E682Q, and TRPV3-K169A (solid orange line), in the
presence of 100 μM intracellular NASPM, as well as TRPV3-K169A in presence of
10 μM intracellular NASPM (teal line). Datasets were fitted with Boltzmann dis-
tributions (Function 1), fitting results are presented in Table S2. (D) Molecular
structures of spermine and NASPM, respectively.
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cavity shape to the closed WT channel (Fig. 5C), and with similar con-
striction dimensions: 5.96 Å vs 5.34 Å at the lower (HBC, I674) gate and
5.26 Å vs 4.48 Å at the upper (SF, G638) gate (Fig. 5B), opposed to 9.4 Å and
7.4 Å (PDB: 8V6N) of the open state. There was ~2 Å local expansion of the
outer mouth of the pore right above the SF (Fig. 5C) in the immediate
vicinity of extracellular residueD641.Unfortunately, in the predicted region
of spermine interaction, the quality of the local cryo-EM density map was
insufficient tounambiguously identify the orientationofE679 andE682 side
chains (Fig. S1D, inset), although the TM backbones clearly adopted closed
conformations in this region (Fig. 5A, C).

Discussion
We recently demonstrated a similarly voltage- and concentration-
dependent blocking effect of intracellular spermine on TRPV channels,
most potently on TRPV343, in each case with voltage-dependent relief of
block at positive potentials. A previously proposed model for similarly

weakly PA-permeable CNG channels37,38 adequately described spermine
block using high- and low-affinity PA binding sites, with relief of block
resulting from PA permeation43. In the present study, we used a combina-
tion of mutagenic and structural approaches to identify the molecular
determinants of PA block in TRPV3 channels.

Consistent with the main PA interaction site being below the HBC at
the negatively charged ‘ring’ formed by the E679 and E682 residues (Fig. 1),
neutralization of either of the two ring glutamates in TRPV3-E679Q or
E682Q single mutants significantly decreased spermine block efficiency,
while removal of both residues in the double E679Q/E682Qmutant resulted
in almost complete relief of block across the whole range of membrane
potentials (Fig. 2H). Fitting ofGrel-V curveswith the sumof twoBoltzmann
distributions (Fig. 2H, Table 1) indicated a strong shift of Vmid

2 to hyper-
polarizing potentials as the primary driver of weaker spermine block in
TRPV3 mutants and model predictions are consistent with decrease of the
net negative charge in the ‘ring’ leading to a reduced blocking affinity,

Table 3 | Optimized parameters used in Fig. 6C, D

Spermine (100 µM) NASPM (100 µM)

Parameter WT E679Q E682Q E67Q-E682Q K169A K169A-E679Q K169A-E682Q K169A-E679Q-E682Q

Ka
1 3 2 0.5 0.2 0.3 0.1 0.09 0.06

Z1* 1 1 1 1 1 1 1 1

Ka
-1 25 50 60 70 4.00 4.75 5.75 6.00

Z-1* −1 −1 −1 −1 −1 −1 −1 −1

Ka
2 35 80 110 400 0.055 0.075 0.4 11

Z2* 1.6 1.6 1.6 1.6 1.2 1.2 1.2 1.2

KC* 6 6 6 6 2 2 2 2

ZC* 0 0 0 0 0 0 0 0

KP =Ka
2/ Ka

-1 1.4 1.6 1.8 5.7 1.4*10−2 1.6*10−2 7*10−2 1.8

Parameters labeled with an asterisk (*) were fixed.
Transitions to and from the closed state were considered voltage-independent (i.e. net charge ZC ≡ 0).
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Fig. 4 | Cryo-EM structure of TRPV3-K169A in nanodiscs with NASPM.ACryo-
EMdensitymap. Subunits are uniquely colored and lipid-like densities are colored in
yellow. B Side view of the modeled TRPV3-K169A structure. Electron density of the
distal C-terminal domain and finger 5 of ARD are labeled in red. C Bottom view of
(B). C-terminal ‘gating switch’ (arrow) adopts clearly an α-helical conformation, as
in open conformation of the channel. Superposition of the overall structure (D) and

the pore region (E) of TRPV3-K169A+NASPM (green) with TRPV3-K169A open
(PDB: 6UW6, red) and WT TRPV3 closed (PDB: 6UW4, blue) structures. RMSD
values for TRPV4-K169A+NASPM vs open (6UW6) and closed (6UW4) struc-
tures are presented in (D). Constrictions at SF (G638) andHBC (I674), as well as the
π-helical bulge in S6 helix are labeled in (E). Only two opposing subunits are shown
for clarity in (D, E).
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without affecting the voltage dependence of the blocking step, as well as
markedly increased spermine permeation rates. TRPV1 and TRPV4
channels each contain only one ‘ring’ glutamate, and the striking similarity
of WT TRPV1 and TRPV4 Grel-V curves in the presence of 100 μM
intracellular spermine43 to those of the TRPV3-E682Q mutant (Table 1:
Vmid

1 and Vmid
2), explains the difference in spermine block sensitivity

between the channel subtypes. Interestingly, in BK channels a negatively
charged ‘ring’ of 8 acidic residues, located at the entrance to the inner
vestibule, mediates Mg2+ and PA block33, hinting at a commonmechanism
of PA block in TRPs and potentially other cation channels that contain
acidic residues at this location immediately below the inner cavity. At the
same time, PA inhibition of TRPV1-4 appears tobe distinct frompreviously
reported block of the closely related TRPV5/6 channels by intracellular
calmodulin65,66 and PCHPDs67 primarily due to its extremely high voltage
sensitivity and relief at depolarizing potentials (43, Fig. 2), both arising from
the unique properties of PA molecules.

Previous extensive studies localized PA block of both potassium-
selective inward rectifier channels50,68 and non-selective AMPA59 and
kainate69 receptors to the inner cavity and SF region of the pore. Given the
presence of one negatively charged aspartate in the TRPV SF, we thus
hypothesized that PA interactionmay also occur in the SF region in TRPVs.
However, neither TRPV3-L639M nor TRPV3-D641N mutants, the first
mimicking the TRPV1 and TRPV4 SF ‘GMGD’ sequence, and the second
neutralizing the aspartate residue in the SF (Fig. 1A), had any significant
effect on spermine block (Fig. 2G), although addition of the D641N
mutation did abolish the residual very weak block on the E679Q/E682Q
background (Fig. 2H). This suggests aminor contribution of this location to
controlling spermine permeation, consistentwith previous reports of TRPV
interaction with extra- as well as intracellular polyvalent cations44,52,54.

Previous high-resolution structures ofAMPA59 and kainate69 receptors
visualized the bulky spermine analog NASPM and phylantotoxin PhTx-74
in the inner cavity and extending into the SF. In striking contrast to this, and
to the binding of the weakly cationic hydrophobic TRPV3 pore blocker
anesthetic dyclonine63,70, we observe noNASPM-attributable density within
the inner cavity or SF of TRPV3-K169A58, even though thismutant channel
spontaneously adopts an open and non-inactivating conformation in the
absence of agonists, and our cryo-EM reconstruction was clear enough to
visualize lipid-like densities decorating the channel. Moreover, the pore is
closed,with tight constrictions at both theHBCandSF regions, such that the
water-accessible surface profile between the HBC and the SF is almost

identical to that of the WT channel in the completely closed state56. The
remainder of the structure differs, however, with the pore-lining S6 main-
taining a π-helical organization, as in both open (PDB: 6UW6) and closed
(PDB: 6UW4), but not inactivated (PDB: 6UW9) states, and theCTDgating
‘switch’58 and ARD finger 5 loop as seen in the open structures. These latter
features are consistent with the previously suggested TRPV3-K169A gating
mechanism56,58, as well as the heat-induced TRPV3 activation via ‘con-
formational wave’71, where the gating signal, ultimately resulting in the
opening of the pore, is transferred from the α-helical CTD ‘switch’ via the
finger 5 loop and linker domain rearrangements to the TRP helix and
transmembrane domain.

The electrophysiological data strongly support channel block being the
result of spermine or NASPM interaction with the E679 and E682 side
chains that form the negative ‘ring’ immediately below the inner cavity:
neutralization of either residue significantly reduces block, and block is
essentially abolished in the doublemutant (Figs. 2H, 3C). The quality of the
cryo-EM density map for the E679 and E682 side chains (Fig. S1D, inset)
was low, as it is not uncommon for acidic residues72. Tight binding of the
blocker could theoretically have helped visualization of E679 and E682
residues, however, no specific NASPM density was observed in the region.
These data suggest a quite dynamic interaction of polyamines with E679/
E682 acidic sidechains, which may reflect the high flexibility of polyamine
molecules. We propose that spermine interaction, in blocking the channel,
promotes closure – or inhibits opening - of the pore above it, thereby
excluding ions, including spermine, from entering the inner cavity, and
explaining why the resolved cryo-EM structure is in a closed conformation
in the presence of NASPM.

Basedonboth the electrophysiological andcryo-EMstructural data,we
propose amolecularmodel that qualitatively andquantitatively accounts for
polyamine block of TRPV channels (Fig. 6). Themodel is similar to that we
proposed previously43 in assuming that bound polyamines block the
channel, and that block can be relieved either by spermine unblocking to the
cytoplasm or by permeating to the outside. In contrast to the previously
proposedmodel, rather than a second blocking conformation arising froma
distinct polyamine interaction reaction43, we suggest that a second con-
formation is the result of the channel undergoing voltage-independent
closure once polyamine is bound (Fig. 6A, B).Optimization of themodel for
spermine block of the WT channel involved voltage-dependence to sper-
mine entry and exit, with the voltage-dependence potentially resulting from
associated displacement of permeant ions towards the outside of the pore,
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rather than the interaction site itself being within the field. Accordingly, the
effects of individual E679 and E682 neutralizations were well predicted
solely by reducing on-rates and increasing off-rates to the cytoplasm and
permeation rates to the outside (Fig. 6A, C and Table 3) with no change in
voltage-dependence, while the on-rate to off-rate ratios (Ka

1/Ka
-1, Table 3)

reflected a highly dynamic interaction of polyamines with E679/E682
residues. The effect of the double E679Q/E682Q mutation was then well
predicted by energetic summation of the effects of each individualmutation
(Fig. 6C and Table 3).

The only essential change accounting for mutant channels was the
interaction energy of 679/682 residues with polyamines. With variation of
only 3 initial parameters (on-rateKa

1, off-rateKa
-1, and permeation rateKa

2,
Fig. 6A and Table 3), the model also accounts reasonably well for NASPM
block, primarily by reducing the permeation rate. By similar energetically
additive adjustments of entry and exit rates to those for spermine, NASPM
block of E679 and E682 neutralization mutations is also accounted for
(Fig. 6C, D and Table 3).

Structural and electrophysiological data support a model whereby
cytoplasmic PA interaction with a ring of negatively charged residues at the
entrance to the TRPV3 channel pore blocks permeation (and promotes
channel closure), and block can be relieved by voltage-dependent permeation
(Fig. 6B). A quantitative implementation of this model satisfactorily explains
conductance-voltage relationships for block by spermine, or the bulky analog
NASPM, of both wild type channels andmutations in which the critical ‘ring’
charges are neutralized. Increased understanding of the molecular mechan-
ism of PA block of TRPV channels opens new avenues for investigation of
novel voltage-dependent modulation of this important ion channel family.

Materials and methods
Channel constructs and drugs. All experiments were performed on the
recombinant full-length human TRPV373,74 channel with a C-terminal EGFP
tag, inserted into pPICZ-B vector and pV10 mammalian expression vector.
Spermine, 1-Naphthylacetyl spermine trihydrochloride (NASPM), and
2-Aminoethoxydiphenylborate (2-APB) were purchased from Sigma. Point
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mutations were introduced using QuikChange mutagenesis kit (Agilent).
Sequences alignments (Fig. 1A) were made with Unipro UGENE suite75.

Electrophysiology
HEK293 (Thermo Fischer Scientific) cells were transfected with 0.5 μg of
human TRPV3-EGFP in pV10 vector per 35mm Petri dish, using
FuGENE6 (Promega), and were used for patch-clamp analysis of expressed
channels within 24-48 hours. Patch-clamp experiments were performed on
inside-out membrane patches, excised from cellular plasma membranes.
Glass patch pipettes (Kimble Chase 2502) with ~2 MOhm resistance were
produced with a Sutter P-96 puller (Sutter Instruments). The experiments
were carried out in symmetric divalent-free solution (148mM KCl, 1mM
EGTA, 1mMK2EDTA, 10mMHEPES, pH 7.38). In experiments with the
spontaneously active hTRPV3-K169A mutant, no agonist was used. In all
experiments with WT hTRPV3, the agonist 2-APB at saturating con-
centration of 1mMwas applied to excised inside-outmembrane patches via
continuous bath perfusion. Relative conductance in the presence of sper-
mine or NASPM was assessed by perfusion of the bath with the same
solution, containing both 2-APB and respective polyamine (for WT
TRPV3) or only polyamine (for TRPV3-K169A mutant) at 100 μM.
Axopatch-200B patch-clamp amplifier (Axon Instruments) and Digidata
1320 digitizer (Axon Instruments) were used for data acquisition (3 kHz)
and low-pass filtering (1 kHz).

Data processing and fitting
Data were further filtered and analyzed with pClamp 10.7 software suite
(Molecular Devices). Grel-V relationships for all TRPV3 mutants represent
the average data (5–7 individual patches per data point ± S.E.) and were
independently fit (Figs. 2, 3) in QtiPlot data analysis suite (Ion Vasilief,
https://www.qtiplot.com):
(A). with the sum of two (ascending and descending) Boltzmann dis-

tributions (Function 1):

Grel Vð Þ ¼Gmin
1 þ ðGmax

1 � Gmin
1 Þ

1þ eZ1�0:039�ðVmid
1 �VÞ þ Gmin

2

þ ðGmax
2 � Gmin

2 Þ
1þ eZ2�0:039�ðV �Vmid

2 Þ

where Gmin and Gmax are minimal and maximal normalized conductances
(PA and agonist vs only agonist forWTTRPV3 and spontaneous activity in
presence of PA vs spontaneous activity for TRPV3-K169A), Z1 and Z2 are
gating charges, Vmid is a mid-point potential, and V is membrane potential,
or were predicted (Fig. 6)
(B). with the suggested 2-state blocking model (Function 2):

Grel Vð Þ ¼ 1

1þ CPA � k1a � e�Z1�0:039�V�ð1þ KC
1þ e�ZC�0:039�V Þ

k�1
a � eZ�1�0:039�Vþ k2a � eZ2�0:039�V

which implies oneTRPV-PA interaction site, fromwhich the PAmay either
dissociate back to the cytoplasm, or permeate the channel exiting to
extracellular space, or drive the channel into the closed conformation
(Fig. 6A). CPA is intracellular polyamine (spermine or NASPM) concentra-
tion, while extracellular PA concentration is zero. KC = kb

1/kb
-1 is the

equilibrium association constant for PA in the closed channel state and its
valuewas fixed at 6 (spermine fits) or 2 (NASPM fits).Z1,Z-1,Z2, andZC are
apparent charges associated with ka

1, ka
-1, ka

2, and KC respectively
(Fig. 6A, B). For fitting all block experiments these charges were fixed:
Z1 = 1, Z-1 =−1, ZC = 0 (no net charge transfer), and Z2 = 1.6 or 1.2 for
spermine and NASPM block respectively (Table 3). The ratio ka

2/ ka
-1 =KP

(permeation constant, Table 3), represents the relative probability of PA
traversing the channel vs going back to cytoplasm.

Graphics andmodeling. Molecular structures (presented in Figs. 1, 5B)
were plotted using University of Illinois VMD76. Water-accessible pore
profiles (presented in Fig. 5C) were calculated with the RCSB.org alignment

tool (rcsb.org/alignment)77 and the program HOLE78. Pore electrostatic
profiles (presented in Fig. 5A) were generated with MOLEonline server79

and UCSF ChimeraX 1.7 suite80.

Cryo-EM sample preparation
The TRPV3-K169Amutant was expressed, purified, and reconstituted into
lipid nanodiscs following an established protocol56. The expression of
TRPV3-K169A mutant was carried out in Pichia pastoris. The cells were
disrupted by milling (Retsch MM400), followed by resuspension in lysis
buffer containing 50mM Tris-HCl pH 8.0, 150mM NaCl, 2.5 μg/ml Leu-
peptin, 3 μg/ml Aprotinin, 1 μg/ml Pepstatin A, 1mM Benzamidine,
200 μM phenylmethane sulphonylfluoride, 100 μg/ml 4-(2-Aminoethyl)
benzenesulfonyl fluoride hydrochloride, and DNase I. The resuspended
cells were then solubilized in 1% LaurylMaltose Neopentyl Glycol (LMNG,
Anatrace) for 2 hours. After centrifugation at 30,000 g for 30minutes, the
supernatant was collected and incubated with cobalt-charged resin (G-
Biosciences) for 3 hours at 4°C. The resin was then washed with 30mL of
wash buffer containing 20mM Tris-HCl, pH 8.0, 150mM NaCl, 85 μM
glyco-diosgenin (GDN, Anatrace), and 10mM imidazole, followed by
elution with buffer containing 20mM Tris-HCl, pH 8.0, 150mM NaCl,
85 μMGDN, and 200mM imidazole.

The purifiedTRPV3-K169Amutantwas then concentrated to~20 µM
and incubatedwithMSP2N2and soybeanpolar lipid extract at amolar ratio
of 1:0.5:50 for 10minutes on ice. PreScission protease was then added to the
mixture to remove the GFP-His10 tag. Bio-beads SM-2 resin (Bio-Rad) was
added to themixture to a final concentration of ~12.5% (v/v) and incubated
overnight at 4°C. The resin was subsequently removed by centrifugation.
Reconstituted proteins were further purified using a Superose 6 Increase 10/
300 gel filtration column (GE Healthcare Life Sciences) equilibrated with
20mM Tris-HCl pH 8.0 and 150mM NaCl. Fractions were collected and
concentrated to 1.5mg/ml, and then incubatedwith 100 μMNASPMon ice
for 20min before freezing.

A volume of 3.5 μl protein sample was applied to glow-discharged
Quantifoil R1.2/1.3 copper grids (Q350CR1.3, Electron Microscopy Sci-
ences). The grids were blotted for 2 s after waiting for 20 s at 4 °C and 100%
humidity, and then plunged into liquid ethane using the FEI VitrobotMark
IV (FEI). The grids were then imaged under a Glacios Cryo-TEMoperating
at 200 kV with a Falcon IV detector (ThermoFisher Scientific) at a mag-
nification of 120 k, with a defocus range from−0.8 to -2.4 μmand pixel size
of 1.2 Å. The total accumulated dose was 44.1 e–/Å2 (Table 4).

Cryo-EM data collection and processing
3,749 raw movies were imported into cryoSPARC V3.4.081 and subjected to
patch motion correction and patch CTF estimation. After discarding low-
quality images, 3744 images were used for blob and template-based particle
picking. These particles were then subjected to 2D classification. High-quality
particles were selected to generate initial 3D models for subsequent hetero-
geneous refinement. To further improve the map quality, a total of 266,529
final particles were subjected to non-uniform refinement, local refinement,
and global CTF refinement with imposed C4 symmetry (Fig. S1).

Model building and visualization
To build the model of TRPV3-K169A with NASPM, wild-type TRPV3
(PDB: 6UW4) and TRPV3-K169A (PDB: 6UW6) models were used as
initial templates. After adjusting the initial models with rigid body fit and
real-space refinement in COOT 0.982, the model was further refined against
the sharpened map by real-space refinement in PHENIX 1.20.183. Model
evaluation was performed using MolProbity84. Figure images were gener-
ated with UCSF ChimeraX 1.7 suite80.

Statistics and reproducibility
Each data point in Figs. 2, 3, and 6 represents ameasurement obtained from
individual patches, all pulled from different cells. The mean values and
standard errors were calculated from the data obtained from at least 5
individual patches (n = 5 - 7, specified in figure captions). Results in the
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figures are reported as mean values along with individual data points, SE
error bars, and fitted curves.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data supporting the findings of this manuscript are available from the
corresponding author upon reasonable request. Electrophysiological data
have been deposited in a Zenodo repository [https://doi.org/10.5281/
zenodo.15133465]. The TRPV3-K169AwithNASPMmodel was deposited
in the ProteinData Bank under accession code 9BKU.Mapswere deposited
in the Electron Microscopy Data Bank with accession code EMD-44645.
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Table 4 | Cryo-EM data collection, refinement, and validation
statistics

TRPV3-K169A in nanodiscs with NASPM
(EMD-44645)
(PDB 9BKU)

Data collection and processing

Magnification 120k

Voltage (kV) 200

Electron exposure (e–/Å2) 44.1

Defocus range (μm) −0.8 to −2.4

Pixel size (Å) 1.2

Symmetry imposed C4

Initial particle images (no.) 1,864,667

Final particle images (no.) 266,529

Map resolution (Å) 3.4

FSC threshold 0.143

Map resolution range (Å) 2.5–4.5

Refinement

Initial model used (PDB code) 6UW6

Model resolution (Å) 3.6

FSC threshold 0.5

Map sharpening B factor (Å2) −162.7

Model composition

Nonhydrogen atoms 17,504

Protein residues 2,352

Ligands 36

B factors (Å2)

Protein 60.52

Ligand 56.37

R.m.s. deviations

Bond lengths (Å) 0.002
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