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Background: The TRPV1 ion channel alters its ionic selectivity in an activity-dependent manner.

Results: Mutations in multiple subregions of the TRPV1 pore selectively augment or reduce large cation permeability changes.
Conclusion: Side chain identities within the pore shape conformational changes underlying dynamic ionic selectivity.
Significance: Understanding TRPV1 dynamic ionic selectivity will provide crucial insight into channel activation and nocice-

ptive signaling.

Transient receptor potential vanilloid 1 (TRPV1) has been
shown to alter its ionic selectivity profile in a time- and agonist-
dependent manner. One hallmark of this dynamic process is an
increased permeability to large cations such as N-methyl-p-glu-
camine (NMDG). In this study, we mutated residues throughout
the TRPV1 pore domain to identify loci that contribute to
dynamic large cation permeability. Using resiniferatoxin (RTX)
as the agonist, we identified multiple gain-of-function substitu-
tions within the TRPV1 pore turret (N628P and S629A), pore
helix (F638A), and selectivity filter (M644A) domains. In all of
these mutants, maximum NMDG permeability was substan-
tially greater than that recorded in wild type TRPV1, despite
similar or even reduced sodium current density. Two additional
mutants, located in the pore turret (G618W) and selectivity fil-
ter (M6441), resulted in significantly reduced maximum NMDG
permeability. M644A and M6441 also showed increased and
decreased minimum NMDG permeability, respectively. The
phenotypes of this panel of mutants were confirmed by imaging
the RTX-evoked uptake of the large cationic fluorescent dye
YO-PRO1. Whereas none of the mutations selectively altered
capsaicin-induced changes in NMDG permeability, the loss-of-
function phenotypes seen with RTX stimulation of G618W and
M6441 were recapitulated in the capsaicin-evoked YO-PRO1
uptake assay. Curiously, the M644A substitution resulted in a
loss, rather than a gain, in capsaicin-evoked YO-PRO1 uptake.
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Modeling of our mutations onto the recently determined
TRPV1 structure revealed several plausible mechanisms for the
phenotypes observed. We conclude that side chain interactions
at a few specific loci within the TRPV1 pore contribute to the
dynamic process of ionic selectivity.

Transient receptor potential vanilloid 1 (TRPV1)? is an ion
channel that can be gated by vanilloid compounds such as cap-
saicin (the spicy component of chili peppers) and resinifera-
toxin (RTX) or, alternatively, by other agonists, including nox-
ious heat (>42 °C), protons, and certain lipids (1, 2). TRPV1 is
highly expressed in primary nociceptive sensory neurons,
where it contributes to heat- and chemical-evoked pain. Func-
tional TRPV1 channels consist of four identical subunits, each
possessing six transmembrane (TM) domains and a pore region
located between TM5 and TM6 (3, 4).

Like most TRP channels, TRPV1 is a nonselective cation
channel. It exhibits similar permeabilities to sodium versus
potassium ions but with an ~10-fold greater preference for
calcium over monovalent cations and an exceptionally high
permeability to large cations (5-9). A remarkable feature of
TRPVI1-mediated ion permeation is that its cation selectivity
profile is not invariant, but rather it can change as a function
of activation state (10). During prolonged activation with vanil-
loids, permeability to large cations, such as N-methyl-p-glu-
camine (NMDG) or the propidium dye YO-PROI, increases,
despite the channel continuing to exclude anions and regard-
less of whether NMDG is used as the predominant intracellular
or extracellular cation. Selectivity for calcium is also altered,
although the direction and magnitude of this change depend
upon the extracellular calcium concentration. These dynamic
permeability effects are influenced by both agonist concentra-

2 The abbreviations used are: TRPV1, transient receptor potential vanilloid 1;
NMDG, N-methyl-D-glucamine; RTX, resiniferatoxin; TM, transmembrane;
E..., reversal potential; Pyypa/Prnas NMDG permeability relative to sodium;
DkTx, double knot toxin; rTRPV1, rat TRPV1; mTRPV1, mouse TRPV1.
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tion and agonist identity. High concentrations of capsaicin
readily evoke a robust increase in large cation permeability,
whereas low concentrations normally do not, unless TRPV1 has
been phosphorylated by PKC. Moreover, certain agonists, such
as camphor and heat, evoke only minimal changes in large cat-
ion permeability.

Agonist-evoked changes in ionic selectivity are not restricted
to TRPV1 but have additionally been reported for TRPV3 and
TRPA1 (11-14). Outside of the TRP channel family, ATP-gated
P2X channels also show increased permeability to large cations
following prolonged activation (15-18). Two distinct mecha-
nisms have been proposed for P2X-mediated large cation
uptake as follows: agonist-evoked conformational changes
within the P2X channel pore itself and activity-induced recruit-
ment of a separate large pore hemichannel (19, 20). In the case
of TRPV]1, current data suggest that large cations are taken up
via the channel pore (10), although the nature of any conforma-
tional changes associated with this uptake is unknown.

In this study, we hypothesized that introducing mutations
into the TRPV1 outer pore region would perturb the ability of
the channel to alter its selectivity profile. We therefore system-
atically mutated the TRPV1 pore in an attempt to gain insight
into the mechanisms underlying vanilloid-induced increases in
large cation permeability. This strategy yielded both gain- and
loss-of-function mutants, allowing us to identify several loci
within the pore turret, pore helix, and selectivity filter domains
that influence this activity-dependent process.

EXPERIMENTAL PROCEDURES

Chemicals—All chemical reagents were obtained from Sigma,
unless otherwise specified. RTX and capsaicin were dissolved in
ethanol and YO-PRO1 iodide (Invitrogen) in DMSO. All
reagents were diluted in aqueous solution on the day of the
experiment.

Site-directed Mutagenesis and Cell Culture—Rat and mouse
TRPV1 cDNAs, subcloned into pcDNA3, have been previously
described (1, 11). Residue-specific mutations were introduced
into these cDNAs using the QuikChange mutagenesis kit
(Stratagene) and sequence-confirmed. Most mutants contain-
ing substitutions at rTRPV1-N628 for use in electrophysiology
experiments were subcloned into pcDNA5 (21). rTRPV1-
N628P was also generated in pcDNA3 for use in YO-PRO1
uptake experiments. HEK293 cells were transiently transfected
with 1 ug of plasmid encoding wild type or mutant TRPV1,
along with a separate plasmid encoding the fluorescent marker
mCherry, using PolyJet DNA transfection reagent (SignaGen).
All experiments were performed 1 day after transfection.

Electrophysiology—Whole cell voltage clamp was used to mon-
itor agonist-evoked changes in ionic selectivity as described (10).
Transfected HEK293 cells were bathed in extracellular solution
containing (in mm) the following: 140 NaCl, 4 KCl, 2 CaCl,, 2
MgCl,, 10 HEPES, 5 glucose, adjusted to pH 7.4 with NaOH.
Borosilicate glass electrodes were pulled to a resistance of 2-5
megaohms on a P-97 Flaming/Brown micropipette puller (Sut-
ter) and were filled with internal solution containing (in mm)
the following: 150 NaOH, 10 EDTA, 10 HEPES, adjusted to pH
7.4 with HCI. Once the whole cell mode had been reached, the
extracellular solution was exchanged to one containing 150 mm
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NMDG, 10 mm EDTA, 10 mm HEPES, adjusted to pH 7.4 with
HC], to allow evaluation of Pyypg/Pra- Osmolarity of all solu-
tions was adjusted to 290 = 10 mosM with mannitol. Holding
potential was set to 0 mV, and series resistance was compen-
sated by >70%. Voltage ramps (1 mV ms™ ', 0.5 Hz) were
applied as cells were stimulated with varying concentrations of
RTX and capsaicin, delivered via a gravity-driven application
system at a flow rate of 3 ml/min into a bath of ~200 ul (10). To
account for delays in agonist delivery, kinetic measurements on
responses were performed only once the current-voltage traces
rose above baseline. Agonist-evoked currents were recorded
using an Axopatch 200B amplifier and pClamp 9 software
(Molecular Devices).

Relative ionic permeabilities were determined as described
previously (10). Reversal potential (E,,) was monitored
throughout agonist application and was corrected for liquid
junction potential (range 2.1 to 3.5 mV, calculated using
pClamp software) prior to the calculation of Pypg/Pra USing
Equation 1,

AEreF

Pwwoc  [NMDG™], = afer
= X e RT

Pa [Na+]o

(Eq. 1)

where F is the Faraday constant; R is the gas constant; T is
absolute temperature (297.15 K, room temperature); AE, ., is
the difference in reversal potential between extracellular
NMDG™ and Na™ ions, and [X ] is the activity of ion X™. The
activity coefficients used for calculating [X™] are 0.75 for Na™
and 0.81 for NMDG ™. The subscript o represents extracellular.
In agreement with previous findings, E,,, in the presence of
external Na™ was close to 0 mV (range —2 to —3.9 mV) when
recorded from cells expressing either WT rTRPV1 or one of
four selected pore mutants (G618W, N628P, M644A, and
M6441) (10), and therefore an Ey, value of 0 mV was used for all
NMDG permeability calculations. Inclusion of actual mean E,
values did not substantially alter the NMDG permeability phe-
notypes of these mutants.

To ensure that any observed alterations in ionic selectivity in
pore mutants were not due to global changes in channel function,
this latter parameter was assayed in two ways. We recorded peak
outward sodium current density measured at +20 mV, as well as
sodium conductance calculated using Equation 2,

i

9=, ) a2

where gis conductance; i is current amplitude, and E,, = E ., +
10 mV.

YO-PRO1 Uptake Assay—HEK293 cells expressing TRPV1
plus mCherry were bathed in extracellular solution containing
(in mm) the following: 150 NaOH, 10 EDTA, 10 HEPES,
adjusted to pH 7.4 with HCL. YO-PRO1 (1 um) was added to the
perfusate for 60 s before the addition of RTX or capsaicin, in the
continued presence of the dye. Flow rate was ~1.5 ml/min.
Fluorescence intensity (470 nm excitation, 525 nm emission,
measured every 2 s) was recorded in individual cells and visu-
alized on an inverted microscope (Nikon), using a CCD camera
(Coolsnap ES, Roper) and Ratiotool software (ISee Imaging).
Control cells were transfected with empty pcDNA3 plasmid
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plus mCherry. Rates of change in YO-PRO1 fluorescence at
each 2-s interval were averaged across all mCherry-positive
cells on a coverslip (identified without visualizing YO-PRO1
fluorescence) and normalized to the average peak rate recorded
from wild type coverslips on that same day.

Immunoblot Analysis—HEK293 cells transfected with wild
type or mutant TRPV1 were lysed using mammalian protein
extraction reagent (Pierce), supplemented with a mixture of
protease inhibitors (in ug/ml: 1 leupeptin, 2 antipain, 10 apro-
tinin, 10 benzamidine, 1 chymostatin, 1 pepstatin-A). Protein
concentration of lysates was measured using the bicinchoninic
acid method (Pierce). Equal amounts of protein from parallel
lysates were subjected to PAGE on 7.5% gels (TGX™, Bio-Rad)
and transferred to polyvinylidine difluoride membranes. Blots
were blocked in 5% bovine serum albumin in TBST (20 mMm
Tris, 150 mm NaCl, 0.05% Tween 20, pH 7.2), probed with rab-
bit anti-TRPV1 (1:1000) (22) or mouse anti-actin (1:1000,
Sigma), washed in TBST, probed with horseradish peroxidase-
conjugated goat anti-rabbit IgG (1:5000, Amersham Biosci-
ences) or horseradish peroxidase-conjugated goat anti-mouse
IgG (1:2000, Jackson ImmunoResearch), washed with TBST,
subjected to enhanced chemiluminescence (GE Healthcare),
and exposed to photographic film. Films were scanned on a
flatbed scanner and analyzed by densitometry using Image]J
software (National Institutes of Health). The intensity of the
TRPV1 band for each sample was normalized to actin, and this
ratio, in turn, was normalized to the average value for wild type
TRPV1 samples transfected on the same day. Data from three
to four independent transfections for each construct were aver-
aged to obtain the value used for normalization of YO-PRO1
uptake rates.

Structural Modeling—Structural modeling of TRPV1 substi-
tutions was performed using the published structures of apo-
TRPV1 (Protein Data Bank code 3J5P) capsaicin-bound TRPV1
(3J5R) and RTX/DkTx-bound TRPV1 (3]5Q) as templates (3,
4). To prepare Protein Data Bank structures for energy minimi-
zation, histidine residues were converted to protonated histi-
dine, and several glutamates with missing atoms beyond Cf
(Glu-361, Glu-391, and Glu-397) were converted to alanine.
Wild type structural models were energy-minimized using
CHARMM (23). Backbone structural changes were con-
strained by applying an energetic penalty of 1 kcal/mol A% to the
Ca. Using Mac PyMOL (Schroédinger), mutant substitutions
were introduced individually into the resulting structural mod-
els, and energy minimization was repeated using the same
parameters.

Statistical Analysis—Mutant channels were compared against
wild type TRPV1 using two-tailed unpaired Student’s ¢ test or
Kaplan-Meier test. A p value of < 0.05 was considered statisti-
cally significant.

RESULTS

Mutations in the TRPV1 Outer Pore Domain Alter Dynamic
Ionic Selectivity—Dynamic ionic selectivity in recombinant
TRPV1 channels was initially assessed by looking for changes in
permeability to the large monovalent cation NMDG. Under
voltage clamp conditions, and with NMDG and sodium as the
sole external and internal cations, respectively, whole cell cur-
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rents were recorded from HEK293 cells expressing wild type
(WT) rat TRPV1 (rTRPV1) or mouse TRPV1 (mTRPV1).
Application of the TRPV1 agonist RTX (1 um) produced a large
outward sodium current at +20 mV that reached a peak with a
time constant of 3.5 * 0.1 s (mean = S.E.) before declining to a
much lower plateau (Fig. 1, A and B). In contrast, inward
NMDG current recorded at —100 mV rose more slowly, with a
time constant of 15.7 = 1.1 s in rat TRPV1 and 12.2 = 1 s in
mouse TRPV1 (p < 0.001 versus rise in outward sodium cur-
rent). Consequently, at the time of the sodium current peak, the
inward NMDG current recorded at —100 mV had reached only
34.3 * 1.7% (rat) or 38.4 = 2% (mouse) of its eventual maxi-
mum. Current at —60 mV consisted of a transient outward
sodium phase followed by a sustained inward NMDG compo-
nent. Like the sodium current rise, the sodium current decline
observed at +20 mV was rapid (with a time constant of 3.4 =
0.5 s in rat and 2.9 *= 0.3 s in mouse), relative to the rise in
NMDG current (Figs. 1, A and B, and 2A4), and did not occur
when sodium was used as both the intracellular and extracellu-
lar cation (data not shown) (10). One likely contributor to the
time-dependent sodium current decline is a progressive
increase in TRPV1 relative permeability to NMDG, such that
inward NMDG current begins to negate the outward sodium
current. We cannot exclude a contribution from other pro-
cesses, such as NMDG ions entering the pore and blocking
outward sodium flux. However, any such block is likely limited
in extent, because the sodium current conductance, measured
as the slope of the outward current within 10 mV of the reversal
potential (E_,,) of the RTX-evoked current, declined by only
~10-15% from its initial peak in rTRPV1 (Fig. 2B).

As reported previously (10), the E,, of the RTX-evoked cur-
rent exhibited by WT rTRPV1 gradually shifted from —77.4 =
0.6to —34.6 £ 1mV (p <0.001, n = 98). According to Equation
1 (see under “Experimental Procedures”), this corresponded to
an increase in the apparent permeability of NMDG relative to
sodium (P pa/Pya), from a minimum of 0.05 £ 0.002 at the
onset of continuous RTX stimulation to a maximum of 0.3 =
0.01 (p < 0.001) (Figs. 1A and 2C). As with NMDG current,
much of this increase in relative NMDG permeability occurred
following the peak of the outward sodium current. At the time
of this peak, Py \ipg/Pna had increased to just 9.6 * 0.8% of its
maximum. Thirty seconds post-peak, sodium current had
plateaued at 25.2 £ 1.3% of peak, and NMDG current was con-
tinuing to climb, reaching 81.2 * 1.1% of its maximum, and
Pympa/ P had increased to 77.4 = 1.2% of its maximum. Con-
sequently, both NMDG current and Py pg/Py. reached their
maxima after sodium current amplitude had ceased to change
measurably (Figs. 14 and 24).

A similar dynamic pattern of ionic selectivity was recorded in
WT mTRPV1, whose E, ., shifted from —75.1 = 0.8 to —34.2 =
1.2 mV (p < 0.001, n = 81), corresponding to an ~5-fold
increase in Py pg/Pra from 0.06 = 0.002 to 0.3 = 0.01 (p <
0.001) (Figs. 1B and 2E). The RTX-evoked change in NMDG
permeability (AP\ypg/Pna) did not differ between species
(0.25 + 0.01 in rTRPV1 versus 0.25 £ 0.01 in mTRPV1). The
rate of change in E, ., was also comparable between rat and
mouse channels (rTRPV1, = 10.5 + 0.6 s; mTRPV1, 7= 10 =
0.7 s), and in each case it was slower than the rate of change in
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FIGURE 1.RTX-evoked increase in NMDG permeability via wild type TRPV1 channels. A and B, representative traces of RTX (1 um)-evoked currents recorded
from HEK293 cells transfected with wild type rat (A) or mouse (B) TRPV1. Top, whole cell current density recorded in the presence of 150 mmintracellular sodium
and 150 mm extracellular NMDG. Middle, corresponding shifts in reversal potential (E,.,, black trace) and NMDG permeability (Pymps/Pnar red trace). Bottom,

current-voltage (/V) curves extracted at the indicated time points.

the outward sodium current, measured at +20 mV (Fig. 2, D
and F). The relationship between peak sodium current density
and change in NMDG permeability was not linear (Fig. 2, G and
H). For any given range of sodium current densities, there was
significant variability in the RTX-evoked APy \pc/Pna- Fur-
thermore, there was no overall correlation between peak
sodium current density and minimum or maximum NMDG
permeability (data not shown). A lack of correlation between
outward current density and Py, pg/Pyn. has previously been
reported for P2X, channels (24, 25). As suggested in those stud-
ies, current density-independent variability in ionic selectivity
changes could be due to biological differences between cell
batches used for channel recording. For example, changes
within the channel pore giving rise to altered ionic selectivity
might be influenced by components of the surrounding mem-
brane and/or cytosol that differ between cells. Nevertheless,
despite such variability, in mouse TRPV1, peak outward
sodium current densities of less than 1 nA/picofarad were typ-
ically associated with lower RTX-evoked APy \;pg/Pn, (corre-
lation coefficient, r = 0.6). In rat TRPV1, any such correlation
was less clear.

The outer pore of TRPV1 is created by the loop between
TMS5 and TM6 and consists of adjoined pore helix and selectiv-
ity filter domains, flanked by pore turret domains (3, 4, 26).
Given its importance in defining ion selectivity, we hypothe-
sized that introducing mutations into the TRPV1 outer pore
region would perturb the ability of the channel to alter its selec-
tivity profile, and consequently, we undertook a series of scan-
ning mutagenesis experiments that spanned the region from
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the large pore turret distal to TM5, through the pore helix, and
into the selectivity filter. We first assessed 19 alanine substitu-
tion mutants for RTX-evoked AP \,pg/Py.- To avoid over-in-
terpretation of AP \ipg/Pn. deficits in mutant channels that
might exhibit more general functional impairments and to
account for potential current density dependence of dynamic
NMDG permeability, we also compared the sizes of sodium
currents measured at +20 mV. Two mutants were nonfunc-
tional (L637A and K639A), and three were severely hypofunc-
tional (L630A, F640A, and G645A) based on sodium current
density, precluding accurate E, ., measurement. Of the remain-
ing 14 mutants, two were statistically indistinguishable from
WT TRPV1 in terms of peak sodium current density and min-
imal, maximal, and APy \;pg/Pra (Y631A and T633A) (Fig. 34).
Nine mutants showed a reduction in RTX-evoked AP\ pg/
Py, but also exhibited substantially smaller sodium currents
(Fig. 3C). We therefore could not classify these latter mutants as
having a selective loss-of-function in terms of large cation per-
meability. The final three mutants, S629A (located in the pore
turret just above the pore helix), F638A (located in the pore
helix), and M644A (located in the selectivity filter), all displayed
a gain-of-function phenotype. Although their peak sodium cur-
rent densities were slightly smaller than that of WT rTRPV1,
the RTX-evoked AP\ \ipg/Pn. Values were significantly
increased (0.37 £ 0.03 in S629A (p < 0.001, » = 18);0.41 £ 0.03
in F638A (p < 0.001, n = 13); and 0.63 = 0.04 in M644A (p <
0.001, n = 16); compared with 0.25 = 0.01 in WT rTRPV1) (Fig.
3A; Table 1). The disproportionate increase in NMDG perme-
ability was clearly evident when AP pg/Pn. Was plotted
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FIGURE 2. Analysis of RTX-induced cation permeability changes in TRPV1. A, summarized change in rat TRPV1-mediated RTX-evoked sodium current at
+20 mV (black symbols) and NMDG current at —100 mV (gray symbols) after the point of maximal sodium current in the experiment shown in Fig. 1. Data are
normalized to the maximal currents observed for either ion and are presented as mean = S.E., n = 98. B, time-dependent changes in sodium conductance
(measured between £, and E,, + 10 mV) in rat TRPV1 during stimulation with RTX as in Fig. 1. Conductance plotted at 10 s (arrow) is the peak value during
thefirst 10 s of the response. Other values were measured at the indicated time points. Data are presented as mean = S.E., n = 98. C-F, NMDG permeability and
kinetic parameters measured in wild type rat (Cand D, n = 98) and mouse (E and F, n = 81) TRPV1 during stimulation with RTX as in Fig. 1. Cand E show values
for minimum (Min), maximum (Max), and change in Pyypc/Pna- D @and F show time constants for peak outward sodium current measured at +20 mV and rate
of RTX-evoked change in E,,,. Data are presented as mean = S.E. *** p < 0.001 (paired Student’s t test). G and H, change in Pyypc/Pna Plotted as a function of
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mean. Error bars represent S.E.

against sodium current density, both for individual cells
expressing a given mutant and for data averaged among all cells
expressing a given mutant (Fig. 3C, data not shown). This gain-
of-function was due primarily to the mutant channels reaching
a greater maximum Pypg/Pna during RTX stimulation, with
minimum Pyy,;pg/Py. Values similar to or only slightly greater
than that of WT TRPV1 (Fig. 3A).

We next postulated that introducing cysteine residues into
the TRPV1 pore could hinder activity-evoked conformational
changes within the channel, due either to alterations in side
chain size or charge or to spontaneous formation of disulfide
bonds between neighboring side chains. Of 14 mutant channels
tested, 10 produced currents with measurable E,, (Fig. 3B). Of
the remaining four mutants, one was nonfunctional (L630C)
and three had currents too small to enable accurate E, ., mea-
surement (L635C, G643C, and D646C). With the exception of
Y627C and S632C, which resembled WT rTRPV1, many of the
cysteine substitutions did significantly attenuate the RTX-
evoked APy ipg/Pra (Fig. 3B). This was predominantly attrib-
utable to a decrease in the maximal Py pg/ Py, achieved. How-
ever, these same mutants also displayed a significantly smaller
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peak sodium current density, and thus could not be considered
to be disproportionately defective in NMDG permeability
dynamics (Fig. 3C). Thus, substitution of cysteine at these res-
idues did not selectively alter ionic permeability.

We next tested the effects of substituting a bulky tryptophan
residue in the pore helix and adjacent upper pore turret region.
The selectivity filter was spared in this scan to avoid dramatic
changes in pore architecture. Furthermore, although our ala-
nine and cysteine scans were performed in rTRPV1, our tryp-
tophan scan was performed in mTRPV1, whose amino acid
sequence within the mutated region is identical to that in rat. Of
24 tryptophan mutants assayed, one (L638W) failed to respond
to RTX. The remaining mutants conformed largely to the wild
type phenotype, with three notable exceptions (Fig. 4, A and B).
The first of these, N629W, is located within the pore turret,
adjacent to the homolog of rTRPV1 Ser-629. Like rat S629A,
the mouse N629W substitution enhanced the RTX-induced
change in NMDG permeability 2-fold, without altering sodium
current density. Tryptophan substitution at Leu-636, located in
the middle of the pore helix, produced a similar effect
(APyripe/Paa 0.5 % 0.04in N629W (p < 0.001, 11 = 33); 0.47 =+
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FIGURE 3. lonic selectivity changes following alanine or cysteine scan-
ning mutagenesis within the outer pore region of TRPV1. A and B, sum-
mary of alanine (A) and cysteine (B) scanning data. Top, minimum (blue sym-
bols) and maximum (red symbols) Pyypc/Pna €voked by 1 um RTX. Bottom,
peak sodium current density measured at +20 mV. Dashed lines indicate wild
type values. Data are presented as mean = S.E. max p, p values comparing
maximum Pyype/Pna in Wild type versus mutant; min p, p values comparing
minimum Pyupc/Pna in Wild type versus mutant; *, p < 0.05; #,p < 0.01;$,p <
0.001; NS, not statistically significant (unpaired Student's t test). Regions of
the pore, as annotated above the panel, are delineated by shading. n, number
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0.03 in L636W (p < 0.001, n = 14); versus 0.25 = 0.01 in WT
mTRPV1). As with the rat TRPV1 gain-of-function mutants
described above, the increased APy ;pg/ Py, €xhibited by these
two tryptophan mutants was attributable primarily to increased
maximum NMDG permeability (Fig. 44; Table 1). The third
mutant of interest was G619W, located in the upper pore turret,
in which the maximum Py,,pe/Pn, Was significantly lower
than that observed in wild type TRPV1, leading to a reduced
AP vpg/Pra 0 0.15 £ 0.02 (n = 6) in the context of a normal
RTX-evoked sodium current density (Fig. 44; Table 1). A
nearby mutant, K616W, also trended toward reduced maxi-
mum and APy pg/Pr, While retaining normal sodium current
density, but the deviation from wild type did not reach statisti-
cal significance. Once again, plotting AP\ pc/Prn. against
sodium current density clearly demonstrated the dispropor-
tionate shift in ionic selectivity versus channel function, in both
the gain- and loss-of-function mutants (Fig. 4B). Thus, trypto-
phan substitution can produce selective augmentation or
impairment of dynamic large cation permeability, depending
on the targeted residue.

Because two of the most robust gain-of-function phenotypes
were observed in rTRPV1-M644A and mTRPV1-N629W,
these two residues were subsequently chosen for further
mutagenesis. First, we took advantage of an existing set of sub-
stitution mutants at the Asn-628 residue in rat TRPV1, which is
homologous to mouse Asn-629 (21). Consistent with the mouse
N629W mutant, substituting tryptophan for asparagine at the
same position in rTRPV1 appeared to augment NMDG perme-
ability, although the difference between mutant and wild type
was not statistically significant (AP ypg/Pra 0.34 = 0.08 in
N628W (1 = 10) versus 0.25 + 0.01 in WT rTRPV1) (Fig. 5, A
and B; Table 1). The screen did, however, identify two muta-
tions that produced a much stronger phenotype than that of
the tryptophan substitution. Replacement of Asn-628 with
either arginine or proline significantly increased RTX-induced
APy ipe/Pr, (039 + 0.04 in N628R (p < 0.001 versus W'T
rTRPV1, n = 9); 0.45 £ 0.04 in N628P (p < 0.001, n = 14))
without increasing sodium current density (Fig. 5, A and B;
Table 1). As with the gain-of-function mutants described
above, minimum NMDG permeability remained relatively sta-
ble, whereas maximum NMDG permeability was greatly
increased (Fig. 5A).

Met-644 lies near the narrowest part of the open TRPV1
pore, at the center of the selectivity filter (3). Because the intro-
duction of an alanine residue at this position appeared to aug-
ment the RTX-evoked increase in rTRPV1 large cation perme-
ability, we hypothesized that the inclusion of larger amino acids
would conversely constrict the pore, reducing minimal and/or
maximal Py pg/Pra. A number of mutations, including the
methionine-to-alanine substitution, were therefore made at the

of observations; nd, not determined; x, E,., not measurable. C, change in
Pumpa/Pna Plotted as a function of peak sodium current density for wild type
and mutant TRPV1. Top, individual recordings from cells expressing wild type
rat TRPV1 (open symbols) or rTRPV1-M644A (red symbols). Bottom, cysteine
(green) and alanine (blue) mutant populations. Open symbols represent indi-
vidual wild type recordings. Colored symbols represent population means for
wild type (black) and mutant channels. Mutants displaying a selective gain-
of-function are shown in red. Error bars represent S.E. Wild type data are repro-
duced from Fig. 1.
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TABLE 1

Gain- and loss-of-function phenotypes are conserved across species

Data are presented as mean = S.E. Min is minimum and Max is maximum.

TRPV1 lon Selectivity

Mutant MinE Max E,., AE,., Min Pyyipg/Pra Max Pyvipg/Pra AP vinG/ P n
mV mV mV
Rat
wWT —774 %+ 0.6 —346* 1 428 + 1.2 0.05 + 0.002 0.3 = 0.012 0.25 + 0.012 98
G618W —795+ 2.8 —453 + 3.1° 34.2 + 3.7% 0.05 + 0.007 0.19 + 0.017¢ 0.14 + 0.017¢ 9
M6441 —915 + 1.7 —45.2 * 1.6° 463 + 2.8 0.03 + 0.002¢ 0.19 + 0.012¢ 0.16 = 0.013¢ 8
N628W -761+ 1.5 —29.1 * 4.4 47 + 4.1 0.06 + 0.003 0.4 * 0.08 0.34 + 0.078 10
N628P —76.6 + 1.2 —20.6 + 2.2° —56 * 2.6° 0.06 + 0.003 0.5 = 0.036° 0.45 + 0.037¢ 14
F638A —68.7 + 1¢ —21.3 +2° 474+ 2 0.07 + 0.003¢ 0.49 + 0.033¢ 0.41 * 0.032¢ 13
M644A —68.7 + 1.9° —11.5 * 1.6° 57.2 + 2.4¢ 0.08 + 0.006" 0.71 + 0.042° 0.63 * 0.042¢ 16
Mouse
WT —751+0.8 —342+ 1.2 409+ 1.5 0.06 + 0.002 0.31 + 0.014 0.25 + 0.015 81
G619W —824 +1.9° —45 +2.7° 373+ 4.3 0.04 + 0.004 0.19 + 0.02¢ 0.15 + 0.023 6
M6451 —86 *+ 2.4¢ —39.9 25 46 + 4.2 0.04 = 0.004" 0.24 + 0.027 0.2 = 0.029 9
N629W -714 + 1.5% —18.8 £ 2.1° 52.6 + 2.3° 0.07 + 0.005” 0.57 + 0.041¢ 0.5 = 0.041° 33
N629P —755+ 1.4 —26.7 +2.1° 488 + 1.9 0.06 + 0.003 0.4 * 0.031” 0.34 + 0.03” 14
F639A —69.8 + 1.4° —24.5 = 3.1¢ 453+ 3 0.07 = 0.004" 0.44 = 0.044" 0.37 * 0.044" 11
M645A —70.4 + 2.3 —20.4 * 37 50 + 4.3 0.07 + 0.006 0.51 + 0.063¢ 0.44 + 0.066° 8
“p <001,
»p <0.05.

¢ p < 0.001 (mutant versus wild type, unpaired Student’s ¢ test). Some data are represented in graphic form in Figs. 1-6.
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FIGURE 4. lonic selectivity changes following tryptophan scanning mutagenesis within the outer pore region of TRPV1. A, summary of tryptophan
scanning mutagenesis in mouse TRPV1. Top, minimum (blue symbols) and maximum (red symbols) Pyype/Pna €voked by T um RTX. Bottom, peak sodium current
density measured at +20 mV. Dashed lines indicate wild type values. Data are presented as mean = S.E.*, p < 0.05; #, p < 0.01; $, p < 0.001; NS, not statistically
significant (mutant versus wild type, unpaired Student’s t test). Regions of the pore, as annotated above the panel, are delineated by shading. nd, not
determined; x, E,., not measurable. B, change in Pyype/Pna Plotted as a function of peak sodium current density for wild type and mutant TRPV1. Top, individual
recordings from cells expressing wild type mouse TRPV1 (open symbols) or mTRPV1-G619W (red symbols). Bottom, tryptophan mutant population. Open
symbols represent individual wild type recordings. Colored symbols represent population means for wild type (black) and mutant (orange) channels. Mutants

displaying a selective gain- or loss-of-function are shown in red. Error bars represent S.E. Wild type data are reproduced from Fig. 1.

corresponding position in mouse TRPV1. As observed previ-
ously for rat M644A, the mTRPV1-M645A substitution
resulted in a clear gain-of-function. RTX-evoked APy ipc/Pua
was 0.44 = 0.07 in M645A (n = 8), compared with 0.25 = 0.01
in WT mTRPV1 (p <0.001), a difference that stemmed from an
increase in maximum NMDG permeability, and was accompa-
nied by a small but significant increase in sodium current den-
sity (Fig. 5, A and C; Table 1). In contrast to the alanine substi-
tution, replacing Met-645 with large residues uniformly
reduced minimum Py;pg/Pr,- In several cases (Lys, Trp, Tyr,
Arg, and Leu), this reduction was associated with concomitant
reductions in both maximal Py;pg/Pra a0d AP ipg/Pra (Fig.
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5, A and C). However, these permeability defects were also
accompanied by a significant loss of sodium current density.
These results may indicate that channel gating as a whole was
compromised in these mutants, that the pore was constricted to
a point where even sodium flux was impeded, or both. One
mutant exhibiting a distinct phenotype was M6451. Neither
sodium current density nor AP,pg/Pn, Was statistically dis-
tinguishable from wild type; however, minimum Pypc/Pua
was significantly lower (0.04 * 0.004 in M6451 (n = 9) versus
0.06 = 0.002 in WT mTRPV1 (p < 0.01)). Maximum Pypg/
Py, exhibited a trend toward a reduced value (0.24 * 0.03 in
M6451 versus 0.31 = 0.01 in WT mTRPV1) that did not reach
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FIGURE 5. Further mutagenesis at rTRPV1-N628 and mTRPV1-M645. A, effects of substitution of rTRPV1-N628 (left) and mTRPV1-M645 (right) to various
amino acid residues on NMDG permeability. Top, minimum (blue symbols) and maximum (red symbols) Pyyoc/Pna €voked by 1 um RTX. Bottom, peak sodium
current density measured at +20 mV. Dashed lines indicate wild type values. Data are presented as mean = S.E.*, p < 0.05; #, p < 0.01; $, p < 0.001; NS, not
statistically significant (mutant versus wild type, unpaired Student’s t test). x, E,., not measurable. B and C, change in Pyypo/Pna, Plotted as a function of peak
sodium current density for rTRPV1-N628 mutants (B) and mTRPV1-M645 mutants (C). Open symbols represent individual wild type recordings. Filled symbols
represent population means for wild type (black) and mutant (Asn-628: orange; Met-645: blue) channels. Mutants displaying a selective gain- or loss-of-function
are shown in red. Error bars represent S.E. Wild type data are reproduced from Fig. 1.

statistical significance (Fig. 5, A and C; Table 1). Based on its
reduced minimal NMDG permeability, in the face of normal
sodium current density, M645I was classified as a loss-of-func-
tion mutant. As with the rTRPV1-N628 residue, the choice of
substituting amino acid at position Met-645 had a clear impact
on NMDG permeability, and this was most evident when plot-
ting AP \pg/ P against sodium current density (Fig. 5, B and
Q).

Because we had introduced substitutions on both the rat and
mouse TRPV1 backgrounds during our screens, we sought to
determine whether the mutant phenotypes were conserved
across the two species. Indeed, this generally proved to be the
case (Fig. 6, A and B; Table 1). The gains-of-function docu-
mented in the rat mutants N628P, F638A, and M644A were
faithfully reproduced in the equivalent mouse channels. As
described above, the gain-of-function recorded in mTRPV1-
N629W was not statistically recapitulated in rTRPV1-N628W,
but this latter mutant still showed a trend toward a greater
AP vipa/Pra- The modest loss-of-function phenotype exhib-
ited by mTRPV1-G619W was also recapitulated in rTRPV1-
G618W. Furthermore, although mTRPV1-M6451 was most
noteworthy for a reduction in minimal Py;pg/Pr, and exhib-
ited only a trend toward reduced APy \pg/Prna. 'TRPVI-
M6441 exhibited significantly reduced minimum, maximum,
and AP ipg/ P (Fig. 6, A and B; Table 1). Because most phe-
notypes were more robust in rat mutants, all further character-
ization was performed in mutants of that species. As shown in
Fig. 6C, although two of our mutants of interest (M6441 and
M644A) exhibited slight alterations in minimum Pypc/Pra
the abnormal APy,,pg/Pn. Phenotypes in all mutants were
attributable predominantly to increases or decreases in maxi-
mal Pyupg/Pna (mutant versus wild type TRPV1, Kaplan-
Meier test).

As described above, measurement of peak outward sodium
current density at +20 mV provided us with one means of

5714 JOURNAL OF BIOLOGICAL CHEMISTRY

accounting for any global changes in channel function in our
mutants of interest. However, differences in the rate and extent
of the E,,, change might have skewed the amplitude of the peak
sodium current assayed at a fixed membrane potential. As an
alternative means of evaluating general channel activation, we
therefore analyzed maximum sodium conductance in our
selected rTRPV1 mutants (see “Experimental Procedures”). For
this approach, conductance was measured near E,, to mini-
mize the impact of voltage-dependent TRPV1 gating, which is
most prominent at strongly positive potentials. As with sodium
current density, alterations in AP\\pg/Pn. among our
mutants of interest were well out of proportion to any differ-
ences in maximal slope conductance (Fig. 6D), arguing strongly
that the phenotypes we observed were not simply a reflection of
alterations in general channel activity.

The kinetics with which the various rat TRPV1 mutants
underwent agonist-evoked changes in E,.,, and consequently
Pympa/Prn. Were not uniform. For example, while in WT
rTRPV1, E ., was found to shift with a time constant of 10.5 +
0.6 s, and two gain-of-function mutants, N628W and M644A,
recorded a significantly faster rate of change (p < 0.001) (Fig. 6,
E and F). By contrast, the rate of E,, increase was slower in two
other gain-of-function mutants, N628P (p < 0.01) and F638A
(p < 0.001), whereas the two mutants with a loss-of-function
phenotype, G618W and M644], did not deviate from wild type.
The various mutants also differed with respect to sodium cur-
rent kinetics. In WT rTRPV1, sodium current rise time was
3.5 £ 0.1 s. Although the N628W mutant did not differ from
wild type, the N628P (p < 0.05), F638A (p < 0.001), M644A
(p < 0.01), G618W (p < 0.05), and M644I (p < 0.001) mutants
all displayed slower kinetics (Fig. 6F). The time constant of
sodium current decay (3.4 £ 0.5 s in WT rTRPV1) was accel-
erated in the N628W (p < 0.01) and M644A (p < 0.001)
mutants, slowed in the F638A mutant (p < 0.01), and
unchanged in the remaining mutants under focus (Fig. 6F).

SASBMB

VOLUME 290-NUMBER 9-FEBRUARY 27,2015



TRPV1 lon Selectivity

rat 0.8 w Wt Vi(avg) 1 |
o wt V1 (indiv) o4 | FeasA
< & - = N628P s LT
206 Mos4A T 06 ' F638A 5 | N628P
% g e 218 7 s +
Q F638A SSZQMGZEP Z 04 5 = M4l 8 | & wmrTRPVI
; 0.4 + - Ne2sR % : - 2 8
o N628W ° [ G618W | —e— ——
< o s WUTRPVI 3 - T | Ne2sw M644A
202 : § 02 0
= 5= = ey
s “ . Ge1gw  M64dl o 8 o
(&) Lot 0 7 |
o ‘ ‘ ] 0 100 200 300350 56N |
0 1 2 2679 N ressa  weosp
Current Density (nA/pF) Max Na Conductance (nS) 5 + | N
& a4+ -
© Getew ;N MowA
B E Z 5 wtrTRP‘\/1 N628W
mouse
0 7‘#‘—Y—Y7
0.6 ks 0.8
2 HPwezsavv o 10 - |
%,) LW Me4SA 8 0.6 —wt rTRPV1 —~ g8 | Fe3sa
S04 F639A s M644A ) [
2 ﬁ Zo4 — Ne28P [ |
& - N62oP c —Conow g wesal, |
£ 02 * MB45|—_ar "yt mTRPVI ‘2 02 /4 — Meadl 8 4 YHITRPYY cosp
S . £ Y < 24 —— e
5 e, G619W [SI] N628W M644A
S ol ® ‘ ‘ 0 60 120 180 o
. 0 0.2 0.4 0.6
0 1 Time (s) i
Current Density (nA/pF) Change in PNMDG/PNa
C WtrTRPVI min === wt rTRPV1 max = mutant min = mutant max
> P V644l FessA N628P M644A
91 1 1 1 1
808 0.8 0.8 0.8 0.8
© 06 0.6 06 0.6 0.6
-(% 0.4 min NS 0.4 min $§ 04 min # 0.4 min NS 0.4 min $
E 02 max $ 02 max $ 02 max# 02 max $ 02 max $
3 0 ——1 71— 05— —7—— Ot 7711 Ot 17— 01T ™
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1 0 020406 081012

PNMDG/PNa
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However, as described above, sodium current decay in this set-
ting is unlikely to reflect channel inactivation, because other
factors can account for this decline and because sodium cur-
rents did not decay in symmetrical sodium solutions. Regard-
less, although mutations in the rat TRPV1 outer pore can per-
turb multiple kinetic parameters of channel function, none of
these parameters are strictly predictive of the magnitude of
RTX-induced change in Pyipc/Pya-

All data presented above were collected using a saturating
concentration of RTX as the TRPV1 stimulus. To exclude any
nonspecific effects of saturating agonist concentrations,
NMDG permeability in wild type and mutant channels was
reassessed in the presence of 10 nM RTX. Under these condi-
tions, the gain- and loss-of-function phenotypes characterized
at 1 um RTX were preserved. AP, ipg/Pra Was 0.54 = 0.03 in
the M644A mutant (n = 20), significantly greater than the value
0f0.29 * 0.03 recorded in WT rTRPV1 (p < 0.001, n = 22). The
RTX-evoked change in NMDG permeability trended toward
greater values in the N628P channel (0.33 = 0.04, n = 15),
although the difference between this mutant and wild type did
not reach statistical significance. Meanwhile, both the G618W
and M644I channels showed reduced APy \;pg/Py, of 0.19 *
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0.02 (p < 0.01 versus WT rTRPV1,n = 9)and 0.21 = 0.02 (p <
0.05, n = 9), respectively.

To independently verify the phenotypes observed in our
patch clamp experiments, we examined agonist-evoked uptake
of the large cationic dye, YO-PROJI, in selected gain-of-func-
tion (N628P and M644A) and loss-of-function (G618W and
M6441) rTRPV1 mutants. Exposure of TRPV1- or control vec-
tor-transfected HEK293 cells to YO-PROL1 in the absence of
agonist resulted in a transient increase in cellular fluorescence
whose rate subsided after ~1 min (Fig. 74). Addition of RTX (1
M) produced a slow onset increase in YO-PRO1 uptake rate in
cells expressing WT rTRPV1, but not in vector control cells,
that reached a plateau within ~60 s (Fig. 7A). Consistent with
the results of our NMDG permeability experiments, cells
expressing either N628P or M644A exhibited a significantly
greater rate of RTX-evoked YO-PRO1 uptake (Fig. 7, A and B),
whereas cells expressing G618W or M644I exhibited an uptake
rate significantly lower than wild type (Fig. 7, C and D). To
exclude the possibility that these YO-PRO1 uptake differences
were attributable to differential expression levels of the various
mutants, we immunoblotted lysates from TRPV1-transfected
HEK?293 cells with antibodies recognizing a C-terminal epitope
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1 um RTX. Data were normalized to the average maximum dye uptake rate recorded from wild type coverslips on the same day, and they are presented as
mean = S.E. averaged across the number of coverslips indicated in parentheses. Band D, change in rate of YO-PRO1 uptake from baseline, measured just prior
to RTX addition, to the period 60-80 s after RTX addition, without (black bars) and with (white bars) correction for channel protein expression. Data were
normalized to the maximum change in dye uptake rate recorded from wild type coverslips on the same day, and they are presented as mean = S.E. *, p < 0.05;
#,p <0.01;$, p <0.001 (mutant versus wild type, unpaired Student’s t test). Residue numbers have been omitted from double mutant names for clarity (NP,
N628P; MI, M644l; GW, G618W). E, immunoblot analysis of TRPV1 and actin expression in transfected HEK293 cells. Mutant channel expression was normalized
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presented for wild type. F, top, RTX-evoked change in Py pe/Pna in Wild type and mutant rat TRPV1. Bottom, peak sodium current density measured at +20 mV.
Wild type TRPV1 is represented by a black bar; channels containing a single mutation are represented by white bars; double mutants are represented by gray
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unpaired Student’s t test). Wild type and single mutant NMDG permeability data are reproduced from Figs. 1-5. Dashed lines indicate wild type levels.

far from the mutated region. We observed some variability in
expression levels of the mutant channel proteins in pooled
transfected cell populations (Fig. 7E). However, following cor-
rection of the agonist-evoked changes in YO-PROL1 uptake rate
for these values, the overall phenotypes of both gain- and loss-
of-function mutants were preserved (Fig. 7, Band D). Together,
these findings verify that the phenotypes observed in this group
of mutants are not an artifact of the electrophysiology method.

Interactions among Residues Affecting Dynamic Ionic Selec-
tivity—Mutations giving rise to alterations in dynamic ionic
selectivity in TRPV1 were located in three distinct areas of the
pore as follows: the pore turret (rat G618W, N628P, and S629A;
mouse G619W and N629P), the pore helix (rat F638A; mouse
L636W and F639A), and the selectivity filter (rat M644A and
M644L; mouse M645A and M6451). We paired some of these
mutations within the same channel ¢cDNA to determine
whether they would interact positively or negatively, with
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respect to ionic selectivity. Pairing two gain-of-function muta-
tions (M644A and N628P) produced a channel that resembled
wild type in terms of its ability to permeate NMDG ions (n =
11) (Fig. 7F). Thus, the gains-of-function conferred by muta-
tions in these two areas of the pore are apparently not additive.
The double G618W/M6441 mutant, which combined two loss-
of-function mutations, exhibited an RTX-evoked APy pg/Pra
lower than that of WT rTRPV1, but this decrease was not dis-
tinguishable from that recorded in either of the two single
mutants (n = 6) (Fig. 7F). However, when we evaluated the
G618W/M6441 channel in the YO-PRO1 uptake assay, the rate
of RTX-evoked dye uptake was significantly lower via this dou-
ble mutant compared with either the G618W or M6441 single
mutants (p < 0.001), regardless of whether the rate was cor-
rected for channel protein expression (Fig. 7, C—E). The appar-
ent discrepancy between the two assays might be due to the
difference in size between NMDG (196 Da) and YO-PRO1 (630
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Da) if, for example, deficits in permeability to the larger cation
were easier to observe. If so, this would suggest that combina-
tion of the G618W and M644I mutations does indeed result in
additive functional constriction of the TRPV1 pore.

We also examined the consequences of pairing gain-of-func-
tion with loss-of-function mutations. Assessment of RTX-
evoked changes in NMDG permeability in three such double
mutants (G618W/N628P, n = 11; G618W/M644A, n = 9; and
N628P/M6441, n = 12) revealed that the opposing phenotypes
of the single mutations combined to produce an intermediate
phenotype that closely resembled the wild type channel (Fig.
7F). We examined one of these double mutants (N628P/M6441)
in the dye uptake assay. RTX-evoked YO-PRO1 uptake was
either greater than wild type (assessed without correction for
TRPV1 expression level) or similar to wild type (corrected for
expression level) in this mutant, and in either case was signifi-
cantly greater than that in the M6441 single mutant (Fig. 7, A, B,
and E). Thus, in both assays, the N628P mutation in the pore
turret domain appears to compensate at least partially for the
large cation permeability defect in M6441, even though the lat-
ter is located directly within the selectivity filter.

Some Mutations Affect Dynamic Ionic Selectivity in an Ago-
nist-specific Manner—W e previously reported that diverse ago-
nists alter TRPV1 Pypa/Pa at different rates and/or to vary-
ing extents and that capsaicin and RTX, in particular, exhibit
both kinetic and qualitative differences in their abilities to
evoke these changes (10). Capsaicin and RTX have been shown
to produce kinetically distinct patterns of TRPV1 gating at the
single channel level (27). Furthermore, in a recent study, both
the selectivity filter and the lower pore gate of capsaicin-bound
TRPV1 were shown to differ structurally from those of a
TRPV1 molecule bound simultaneously to RTX and a double-
knot spider toxin specific for TRPV1 (DkTx) (4). We therefore
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evaluated dynamic NMDG permeability induced by capsaicin
(10 um) in several of the mutants identified in this study. Sur-
prisingly, the capsaicin-evoked AP, pg/Pn, Was statistically
indistinguishable between WT rTRPV1 (0.19 * 0.04, n = 16)
and any of four mutant channels analyzed as follows: N628P
(0.18 = 0.05, n = 12); M644A (0.19 * 0.02, n = 14); G618W
(0.14 % 0.03, n = 6); and M644I (0.23 = 0.02, n = 7) (Fig. 8A).
Peak sodium current density was significantly lower than wild
type in the N628P and M644A mutants. Nevertheless, on the
basis of data collected using RTX as the agonist, the currents
produced were still within the range where we would expect an
ionic selectivity phenotype to be detectable. Minimum Py g/
Py, was reduced in the M6441 channel compared with wild type
(0.04 = 0.001 in M644I versus 0.06 == 0.003 in WT rTRPV1 (p <
0.001)), supporting the earlier conclusion that the introduction
of the isoleucine residue leads to a constriction of the channel
pore. However, maximum NMDG permeability reached the
same level as recorded in wild type rat TRPV1 (0.26 * 0.017 in
M6441 versus 0.25 £ 0.032 in WT rTRPV1) (Fig. 84). In the
G618W/M6441 double mutant, both minimum and maximum
Py vipg/Paa were reduced (minimum Py ipg/ Py, 0.03 = 0.001
(p <0.001 versus WT rTRPV1); maximum Py pg/Pyrar 0.16 =
0.012 (p < 0.05, n = 17)), although the overall increase in
NMDG permeability remained statistically indistinguishable
from WT rTRPV1 (AP pe/Prue 0.13 = 0.012 in G618W/
M6441 versus 0.19 = 0.04 in WT rTRPV1) (Fig. 84). Even the
trend toward a reduced APy ,pi/ Py, in the double mutant was
observed in the context of a significantly reduced sodium cur-
rent density, and therefore it could not be interpreted as a selec-
tive loss-of-function.

We next examined YO-PRO1 uptake in the four single
mutants. In contrast to the NMDG permeability findings, the
rates of capsaicin-evoked dye uptake were reduced in the
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G618W and M644I channels (Fig. 8, B and C), consistent with
our observations using RTX as the agonist. In the N628P
mutant, capsaicin-evoked YO-PRO1 uptake was similar to
(when assessed without correction for protein expression) or
slightly higher than (with correction) that observed in WT
rTRPV1 (Fig. 8, D and E). Unexpectedly, however, M644A,
which had exhibited a clear gain-of-function phenotype when
stimulated with RTX, paradoxically exhibited a significantly
reduced rate of capsaicin-evoked YO-PRO1 uptake, whether
corrected for protein expression or not (Fig. 8, D and E).
Together, these data demonstrate that some but not all pheno-
typic consequences of TRPV1 pore mutagenesis were con-
served between vanilloid agonists and further suggest that the
sensitivity with which these phenotypes can be resolved differs
between the electrophysiological and dye uptake assays.

Examination of Additional Pore Domain Mutants—In a
recent high throughput mutagenesis screen of rat TRPV1, the
N628K substitution as well as two substitutions in the small
pore turret region that connects the selectivity filter with TM6,
N652T, and Y653T, were each shown to compromise channel
activation by heat (21). A triple N628K/N652T/Y653T mutant
was shown to be even more defective in heat responsiveness
than any single mutant, and this defect was attributed to
impaired stabilization of a long lifetime single channel open
state. Although the N628K mutant did not exhibit an abnormal
NMDG permeability phenotype in our hands (Fig. 5, A and B),
the gain-of-function ionic selectivity phenotype we observed
following other substitutions at this residue prompted us to
explore whether the N652T or Y653T channels might exhibit
alterations in RTX-evoked dynamic NMDG permeability. The
N652T mutant exhibited a trend toward increased NMDG per-
meability change that did not reach statistical significance
(AP pipg/Pray 0.31 = 0.04 in N652T (1 = 13) versus 0.25 =
0.01 in WT rTRPV1) (Fig. 9, A and B). The Y653T mutant did
differ from WT rTRPV1, but in contrast to several of our muta-
tions at Asn-628, it showed a modestly reduced ability to per-
meate NMDG (AP, 1pe/Pro 0.19 * 0.02 in Y653T (p < 0.05
versus WT rTRPV1, n = 10)) (Fig. 9, A and B). Based on these
findings, reduced heat sensitivity and enhanced dynamic
NMDG permeability in TRPV1 appear to be dissociable
phenotypes.

We next evaluated the effects on ion selectivity dynamics of
mutagenesis at 'rTRPV1-N604, a residue within the large pore
turret domain that is the sole site of TRPV1 N-linked glycosyl-
ation. It was recently reported that preventing glycosylation by
mutating this amino acid to threonine could ablate capsaicin-
induced uptake of YO-PRO1 (28). We re-examined large cation
permeability in this mutant using both electrophysiology and
YO-PRO1 imaging. Stimulation of rTRPV1-N604T with 1 um
RTX increased Pyyvpg/Pra to the same extent as observed in
the wild type channel (AP, pg/Pna 0.2 £ 0.03 in N604T (n =
8) versus 0.25 = 0.01 in WT rTRPV1) (Fig. 9, A and B). The rate
of RTX-evoked YO-PRO1 uptake via N604T was reduced rela-
tive to wild type (Fig. 9, C and D); however, the magnitude of
this reduction was only one-third approximately, even when
uptake was corrected for protein expression levels. Successful
inhibition of N-linked glycosylation in this mutant was sup-
ported by immunoblot analysis, which demonstrated that the
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normal TRPV1 doublet had collapsed into a single more mobile
species (Fig. 9E). As seen with RTX, capsaicin (1 um) stimula-
tion of N604T increased Pyyvpg/Prna to the same extent as
observed in WT rTRPV1 (Fig. 9F). Also similar to our RTX
findings, we observed a slight reduction in capsaicin-evoked
YO-PRO1 uptake via this mutant (Fig. 9, G and H). Still, the
remaining uptake response was substantial. Together, these
data lead us to conclude that glycosylation of TRPV1 Asn-
604 is not essential for dynamic ionic selectivity, but it may
influence its amplitude, especially when assessed by
YO-PRO1 uptake.

The final residue we mutated was mTRPV1-E637, which is
situated within the pore helix, and has been speculated to
form a salt bridge with Lys-640 (29). To address the potential
importance of this interaction to large cation permeability,
we replaced Glu-637 with a number of chemically distinct
amino acids. Three of these mutants (Pro, Arg, and Lys) were
nonfunctional in the presence of RTX, and a further three
mutants (His, Asn, and Tyr) displayed normal NMDG per-
meability dynamics compared with wild type. The remaining
five mutant channels (Ala, Gln, Thr, Asp, and Trp) showed
decreased AP, \ipg/Pua but in the context of a significantly
reduced sodium current, and none deviated significantly
from the wild type current versus APy pg/Pya relationship
(Fig. 9I). Thus, this residue appears not to be essential for
dynamic ionic selectivity.

Structural Modeling of TRPVI Dynamic lonic Selectivity
Mutants—The TRPV1 atomic structure was recently deter-
mined in three different activation states as follows: in the apo-
form; bound to capsaicin; and simultaneously bound to both
RTX and the tarantula-derived DkTx (3, 4). Among the major
findings of those studies was that the selectivity filter domain
was constricted in the absence of exogenous agonist, with
recorded pore diameters of 4.6 A at the level of Gly-643 and 5.9
A at the neighboring Met-644 residue, but it expanded with
RTX/DKTx stimulation to produce diameters of 7.6 and 13.0 A
at Gly-643 and Met-644, respectively. Opening of the selectivity
filter is accompanied by a tilting of the pore helix away from the
central pore axis. Expansion of the lower channel pore at TM6
residue Ile-679 was also observed in both capsaicin- and RTX/
DkTx-bound structures, but the absence of significant changes
in the selectivity filter and pore helix domains in the capsaicin-
bound channel led the authors to conclude that this latter struc-
ture represents a partially activated channel state. Furthermore,
although the RTX/DkTx-bound structure showed that changes
in the upper TRPV1 pore occur during gating, the pore diame-
ter in this activated state remains too small to accommodate
large cations such as YO-PRO1. We nevertheless utilized this
collection of structures to model several of our ion selectivity
mutants, operating under the assumption that the RTX/DKTx-
bound structure represents a conformational intermediate on
the way toward full selectivity filter expansion and that changes
in the ability of TRPV1 to adopt this state would therefore influ-
ence subsequent increases in large cation permeability. The
positions of these mutations within the RTX/DkTx-bound
structure are summarized in Fig. 10A.

We began by examining the location of two pore helix resi-
dues identified in our study to be important for ionic selectivity,

SASBMB

VOLUME 290-NUMBER 9-FEBRUARY 27,2015



TRPV1 lon Selectivity

>
O
O
m

0.6 YO-PRO1
RTX @ 1.0 ® Uncorrected —r. TRPVA
] IS O Corrected —— .
2 0.4 e O Y
a ]
& la E 5 0.6 $ < 08
) £
s i ¥ £ 04 <2 04
% 0.2 qg)’ 0.2 E %
5] =
. e o
e e ° gy SR
0 T T T - o < S
- [u —  WtrTRPV1 (6) = 8 s 8
T8 3 3 —  N604T (6) =z z
=z > 2
max p NS # NS F Hwt rTRPVA G YO-PRO1 H S .; §
- 0.3 [OIN604T 16+ CAP 10. = 3 o
min p NS NS NS . 1t o 1 : g 8
™ 77198 13 10 8 ';Q-_ S
s 1.2 o *
g £ 021 < S 06
= 164 a = g
2 O ‘B 0.8 =)
= 0 @ >
g T # s 8 .a
8 Z 0.1 2 8 02
= 084 a 5 0.4+ 5 $$
5 g -5
5 ] 0 3 Noost @ 0o | WUncorrected
© k B 0- — Neoar (@ e o Corrected
0 Min Max Change ~ vector (3)
B |
0.8 o wtrV1 (indiv)
2 ©
o
a &
(O] =
Q 8
2 =
. :
£ =
3 (0]
g 5
S5 g
o (&)

Current Density (nA/pF) Current Density (nA/pF)

FIGURE 9. RTX-evoked large cation permeability in heat-insensitive or glycosylation-deficient rat TRPV1 mutants. A, top, minimum (blue symbols) and
maximum (red symbols) Pympe/Pna €Voked by 1 um RTX. Bottom, peak sodium current density measured at +20 mV. Dashed lines indicate wild type values. Data
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in Pywpc/Pna Plotted as a function of peak sodium current density for wild type and mutant TRPV1. Open symbols represent individual wild type recordings.
Colored symbols represent population means for wild type (black), heat-insensitive (red), and glycosylation-deficient (blue) TRPV1 channels. Error bars represent
S.E. Wild type data are reproduced from Fig. 1. , rate of YO-PRO1 uptake via wild type or rTRPV1-N604T channels, during stimulation with 1 um RTX. Data were
normalized to the average maximum dye uptake rate recorded from wild type coverslips on the same day and are presented as mean * S.E. averaged across
the number of coverslips indicated in parentheses. D, change in rate of YO-PRO1 uptake from baseline, measured just prior to RTX addition, to the period 60 - 80
s after RTX addition, without (black bars) and with (white bars) correction for channel protein expression. Data were normalized to the maximum change in dye
uptake rate recorded from wild type coverslips on the same day and are presented as mean =+ S.E.*, p < 0.05; #,p < 0.01; $, p < 0.001 (mutant versus wild type,
unpaired Student’s t test). £, immunoblot analysis of TRPV1 and actin expression in transfected HEK293 cells. Mutant N604T channel expression was normalized
to expression of wild type TRPV1 from concurrent transfections. Data are presented as mean = S.E. from three independent transfections per group. No S.E. is
presented for wild type. F, left, values for minimum, maximum, and change in Pyype/Pna €voked by 1 um capsaicin in wild type and rTRPV1-N604T channels.
Right, peak sodium current density measured at +20 mV. Data are presented as mean =+ S.E. Wild type, n = 11;N604T, n = 8. G, rate of YO-PRO1 uptake via wild
type or rTRPV1-N604T channels, during stimulation with 1 um capsaicin. Data were normalized to the average maximum dye uptake rate recorded from wild
type coverslips on the same day and are presented as mean =+ S.E. averaged across the number of coverslips indicated in parentheses. H, change in rate of
YO-PRO1 uptake from baseline, measured just prior to capsaicin addition, to the period 60-80 s after capsaicin addition, without (black bars) and with (white
bars) correction for channel protein expression. Data were normalized to the maximum change in dye uptake rate recorded from wild type coverslips on the
same day and are presented as mean = S.E. *, p < 0.05; #, p < 0.01; $, p < 0.001 (mutant versus wild type, unpaired Student’s t test). /, change in Pyype/Pra
plotted as a function of peak sodium current density for wild type and mTRPV1-E637 mutant populations. Open symbols represent individual wild type
recordings. Colored symbols represent population means for wild type (black) and mutant (green) channels. Specific amino acid substitutions are indicated.
Error bars represent S.E. Wild type NMDG permeability data are reproduced from Fig. 1.

namely mouse Leu-636 (equivalent to rat Leu-635) and rat Phe-
638. Leu-635 is conserved among TRPV1-TRPV4, whereas
Phe-638 is conserved among all TRPV family members.
Strikingly, these residues are located on the same face of the
pore helix, one turn apart, and are oriented away from the
pore axis (Fig. 104). Examination of the potential interac-
tions of these residues revealed that, although they do not
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obviously contact other residues on the same channel sub-
unit, they are closely juxtaposed to one face of TM6 on the
adjacent subunit. Furthermore, comparison of apo- and
RTX/DkTx-bound TRPV1 structures (Fig. 10, B and C)
showed that, during activation, the tilt of the pore helix pro-
motes tighter packing between these two residues and the
TMBS6 residues Ile-660, Leu-664, and Ile-668, suggesting that

JOURNAL OF BIOLOGICAL CHEMISTRY 5719



TRPV1 lon Selectivity

<~/ pore
axis IR

\
orehelix g
O -

4 4

F638

M64
.

A644

M644

pore helix

’\'(\/;} (éh',,_:\;/m ﬁ

g/ \z(; ‘
G643 M644 ) D646
m X ’ZS \/'))

%d)

G645,

.v\ P
N3 P

M644
\) —

FIGURE 10. Structural modeling of TRPV1 ion selectivity mutants. A, locations of several key loci within the wild type TRPV1 pore helix and selectivity filter
where specific substitutions produce gain- or loss-of-function of large cation permeability. For clarity, only residues on a given subunit (cyan) are shown. The
TM6 helix of one adjacent subunit and the Met-644 side chains of all three other subunits are illustrated in brown. Band C, agonist-evoked changes in proximity
of the pore helix to TM6 of the adjacent subunit. Spheres illustrate the proximity of wild type side chains of Leu-635 and Phe-638 residues in the pore helix to
the indicated TM6 residues in the apo-TRPV1 structure (B) and in the RTX/DkTx-bound structure (C). D and E, comparison of side chain conformations at the
pore helix-TM6 interface in the agonist-bound structure between wild type TRPV1 (cyan) and mutants F638A (D) and L635W (E). F and G, side chain interdig-
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plane of the membrane. Structures in A-Care from the published Protein Data Bankfiles (3, 4). Structures in the remaining panels have been energy-minimized.

H-K, the gray ribbon structure shown is that of wild type TRPV1. Distances are in angstroms.

steric interactions with TM6 might promote and/or con-
strain movement of the pore helix.

To explore the possible structural mechanisms by which
these and other amino acid substitutions highlighted in our
functional assays produced gain- or loss-of-function, we per-
formed energy minimization calculations on the TRPV1 mod-
els with and without each amino acid substitution. An energetic
penalty was imposed on the movement of the Ca to prevent
excessive departures of backbone structure from the original
models of wild type TRPV1. Under these conditions, energy
minimization of both the apo- and RTX/DkTx-bound wild type
TRPV1 models yielded structures that were highly similar to
the original structures and preserved two key features of chan-
nel activation, namely tilting of the pore helix toward TM6 of
the adjacent subunit (data not shown) and expansion of the
pore at the level of Met-644 (data not shown). This permitted us
to proceed with modeling of the mutant channels.

As described above, the F638A substitution augmented min-
imal NMDG permeability and produced an even greater
increase in maximal Py pg/Pna- When this substitution was
modeled on the RTX/DkTx-bound structure, there was no dis-
cernible impact on the side chains of residues in the selectivity
filter (data not shown) or on the side chains of residues on TM6
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that oppose the pore helix (Fig. 10D). However, elimination of
the bulky phenyl ring at position 638 removed a substantial
mass at the interface between these two helices. The resulting
gap might permit a greater excursion of the lower pore helix,
carrying the bottom of the selectivity filter away from the pore
axis and thereby facilitating large cation permeation. Although
no such movement was evident in our energy-minimized
model, that might simply be due to the imposed backbone
structural constraints.

A different picture emerged from modeling the rat mutant
L635W, the equivalent of mouse L636W, another gain-of-func-
tion mutant. In this case, we identified two potential mecha-
nisms for enhanced RTX-evoked NMDG permeability. First, in
the RTX/DkTx-bound structure, the L635W mutation per-
turbed the side chain orientations of Ile-660 and Leu-664 (Fig.
10E) and resulted in more extensive side chain packing of the
pore helix against TM6 (Fig. 10, F and G). This tighter packing,
coupled with the fact that the entropic penalty for constraining
the conformation of tryptophan in a helix is less than that for
leucine, might stabilize the pore helix tilt and consequently the
expanded pore conformation. Second, L635W substitution in
the RTX/DkTx-bound structure resulted in conformational
rearrangements of the side chains of two residues within the
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selectivity filter, Glu-648 and Asp-646, asymmetrically across
the four subunits (Fig. 10, E and H). Although the narrowest
part of the pore at Met-644 showed little change at three of four
subunits in this model, alterations in the two acidic residues
might independently affect large cation flux through the pore.
In contrast, the L635W mutation produced minimal structural
effects on either the carbon backbone or side chain orientations
in the apo-TRPV1 structure (data not shown), consistent with
the differential effects of this mutation on minimal versus max-
imal NMDG permeability.

We next modeled the potential structural consequences of
the phenotypic mutations at Met-644. The M644A substitution
increased both minimal and maximal NMDG permeability, as
well as YO-PRO1 uptake, in response to RTX. In the apo con-
formation, the Met-644 side chain juts directly into the pore
axis. Substitution of alanine for methionine substantially
reduced the bulk of this pore-impinging side chain, increasing
the minimal distance between opposing residue 644 side chains
from ~5.2 to 8.3 A (Fig. 101), providing one potential explana-
tion for the increase in minimal Py, pg/Py, in this mutant. In
the RTX/DkTx-bound state, the Met-644 side chain is not
pointing toward the pore axis but rather lies circumferentially
along the perimeter of the pore (Fig. 10/). Under these condi-
tions, mutation to alanine had no impact on the diameter of the
modeled pore (Fig. 10/). However, if the side chain of Met-644
restricts further pore expansion, this constraint might be alle-
viated by the introduction of the alanine residue. A mutually
nonexclusive explanation is that the reduced bulk of the side
chain of 644A might simply impose less of a barrier to TRPV1
transition from the constricted to the expanded pore confor-
mation. The paradoxical inhibitory effect of alanine substitu-
tion on capsaicin-evoked YO-PRO1 uptake could be explained
if we again consider the circumferential orientation of Met-644
and assume that capsaicin induces an expanded pore state that
is similar but not identical to that evoked by RTX/DkTx. In this
case, the M644A substitution might allow the perimeter to
tighten like an iris in the presence of capsaicin, producing a
narrower selectivity filter than achieved with RTX.

The M6441 mutant reduced both minimal and maximal
NMDG permeability, as well as YO-PRO1 uptake, in response
to RTX. In the RTX/DkTx-bound M6441 model structure, we
observed no obvious change in selectivity filter architecture,
beyond the mutated side chain (Fig. 10K). However, the new
methyl group at the B-carbon position, which extends parallel
to the pore axis and perpendicular to the plane of the wild type
methionine side chains, might interfere with the approach of
large cations to this narrow segment of the selectivity filter. In
addition, because the isoleucine side chain typically exhibits
fewer energetically permissible conformations than that of
methionine, this substitution might impede the transition to
the enlarged pore state, regardless of its impact on final pore
conformation.

Finally, we examined phenotypic mutations in the pore tur-
ret domain. Rat TRPV1-G618 lies within a section of the pore
turret (residues 604 —626) that was omitted from the modified
TRPV1 channel used for the structural studies, and therefore it
could not be modeled. The Asn-628 and Ser-629 residues
meanwhile are located just above the pore helix (Fig. 104), in a
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region that moves substantially following the binding of RTX
and DKTX, as a consequence of the tilting of the pore helix.
Comparison of the apo- and RTX/DkTx-bound structures
revealed no obvious changes in interactions with other residues
on the same or adjacent subunits following channel activation
(data not shown). However, the omission of residues 604 — 626
from the experimental structures prevented us from evaluating
potential changes in interactions of Asn-628 and Ser-629 with
nearby pore turret residues. Therefore, structural interpreta-
tion of the significance of dynamic ionic selectivity phenotypes
in Gly-618, Asn-628, and Ser-629 mutants will need to await
models that represent a more complete channel.

DISCUSSION

Through systematic mutagenesis of the TRPV1 outer pore,
we have identified residues in the pore turret, pore helix,
and selectivity filter domains that influence agonist-evoked
dynamic permeability to large cations. In addition to providing
insight into the biophysical basis of this dynamic process, the
fact that large cation selectivity could be finely tuned by outer
pore mutations bolsters the argument (10) that large cations
pass through the TRPV1 pore itself, as opposed to permeating a
separate channel protein. A recent study has unmasked an
alternative ion permeation pathway in the TRPM3 channel, dis-
tinct from the central ion-conducting pore (30). Opening of this
second pathway gives rise to an inwardly rectifying cationic
current that is believed to be analogous to the “omega current,”
previously described in voltage-gated potassium and sodium
channels (31), and that flows through the “omega pore” delin-
eated by TM1-TM4. There is currently no evidence to support
the existence of a second ion permeation pathway in TRPV1.
Regardless, several observations lead us to believe that an
omega pore equivalent to that identified in TRPM3 is not
responsible for large cation selectivity. Both NMDG permeabil-
ity and YO-PRO1 uptake via TRPV1 are drastically affected by
alterations within the central pore domain, such as mutagene-
sis, the presence of pore blockers, and cysteine-modifying
reagents (10). This is in stark contrast to the TRPM3 omega
current, which is completely insensitive to pharmacological
blockade and chemical modification of the central pore but is
affected by mutations within TM4 (30). Furthermore, the
omega pore is impermeable to NMDG, and opening of this
pathway does not alter TRPM3 ionic selectivity.

Agonist-evoked changes in ion channel reversal potential
have been interpreted by some investigators as being indicative
of changes in ion selectivity (10, 14, 16, 32) and by others as an
indirect result of ion flux-dependent dissipation of transmem-
brane gradients (33). In one recent study, it was demonstrated
that TRPV1-dependent uptake of the large cation QX-314 is
detectable at very early times after agonist addition and does
lead to some intracellular accumulation of this ion (34). This
finding is consistent with our observation of a basal level of
NMDG permeability at the outset of the RTX- or capsaicin-
evoked response. We certainly cannot exclude ion accumula-
tion as a contributor to the changes in E,_, recorded in our
experiments. It might, for example, provide one explanation for
the sodium conductance-dependence of the E,, shift. Simi-
larly, as described above, NMDG block of sodium currents
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could augment measured E,., changes. Still, several observa-
tions suggest that ion accumulation and NMDG block alone
cannot adequately explain our findings. First, multiple TRPV1
mutants exhibited abnormalities in maximal E ., and AE,,,,
despite sodium current densities and conductances that were
either normal or altered in the opposite direction. Dispropor-
tionate changes in E,, versus sodium current amplitudes were
also previously observed following application of cysteine-
modifying reagents in rTRPV1-M644C (10). Thus, the pheno-
types we observed in this study are likely to reflect differences in
ionic selectivity, per se, rather than being an indirect conse-
quence of increases or decreases in general channel activity and
ion accumulation. Second, the effect of a given phenotypic
mutation on maximal or delta E,, or Pyyvpg/Pra Was typically
far greater than that on minimal E,_, or Pyyvpg/Pra- In some
cases, mutants exhibiting no significant differences from wild
type in minimal values (rat G618W, N628P, and S629A; mouse
N629P) exhibited substantial differences in maximal values
during RTX exposure, supporting the existence of a dynamic
component to large cation permeability. Our structural models
also revealed differential impacts of mutations on apo- versus
ligand-bound channel structures. Third, differences in the ago-
nist-evoked increase in YO-PRO1 uptake rate among mutants
largely corroborated our electrophysiological findings and in
some cases provided a more sensitive measure of loss-of-func-
tion. Fourth, sodium conductance declined far less during RTX
stimulation than did current at +20 mV, arguing against
NMDG block as the major explanation for our findings. Fifth,
comparison of cryo-EM-derived TRPV1 structures in the apo-
or capsaicin-bound states versus the RTX/DkTx-bound state
provides direct evidence that agonist activation can increase
the diameter of the TRPV1 pore (3, 4).

Although substantial, the pore dilation measured in RTX/
DkTx-bound TRPV1 was still not sufficient to account for
TRPV1 permeability to the large cations used in this study. One
possible explanation for this finding is that the RTX/DkTx-
bound structure, like the capsaicin-bound channel, represents
an intermediate state and that conformations exhibiting even
greater pore expansion are transient and were therefore not
captured in the cryo-electron microscopy studies. A second
possibility is that large cations are themselves able to induce
further expansion of a flexible TRPV1 selectivity filter as they
pass through the activated channel. As pointed out by Liao et al.
(3), TRPV1 pore flexibility is likely facilitated by the short
length of, and lack of stabilizing hydrogen bonds within, the
selectivity filter, compared with those of sodium and potassium
channels whose pores exhibit more rigidity during gating. A
third possibility, given that large cation selectivity was not
assayed in the minimal TRPV1 construct used for the structural
studies, is that partial deletion of the pore turret and C-terminal
domains rendered the modified channel incapable of achieving
full pore expansion. Indeed, our mutagenesis screen demon-
strates that the pore turret domain contains several determi-
nants of large cation permeability. Furthermore, we have
observed that truncation of the TRPV1 C-terminal domain by
72 residues virtually eliminates capsaicin-induced changes in
E,., (data not shown).
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Throughout our study, mutants exhibiting enhanced large
cation permeability were far more prevalent than those display-
ing a selective loss of this capacity, and those few loss-of-func-
tion mutants that we did identify exhibited only partial deficits.
It is possible that some more robust loss-of-function pheno-
types were masked by virtue of mutant channels having pores
so narrow or inflexible that sodium current was also impeded.
This interpretation is supported by the relatively constricted
nature of the apo-TRPV1 upper pore (3). If, as suggested, the
reported capsaicin-bound TRPV1 conformation represents an
incompletely gated channel (4), some of our mutants demon-
strating an overall functional deficit may have become trapped
in this conformation and unable to undergo further activation.

Whereas our data are most simply interpreted in the context
of changes in physical pore diameter, this represents only one
way in which alterations in large cation permeability might
arise. For example, hydrogen bonding interactions between
pore residues and permeating cations or alterations in dehydra-
tion of ions entering the pore might also change with persistent
agonist activation, and these effects might be altered by the
mutations we introduced. We also cannot exclude the possibil-
ity that, in some mutant channels, NMDG may be differentially
effective at occluding the pore, diminishing sodium efflux to an
extent distinct from that seen in wild type TRPV1.

Our data provide insight into potential interactions between
the sequence determinants of ionic selectivity. Notably, the
effects of the M6441 mutation could be countered by the gain-
of-function N628P mutation, as evident in both the NMDG and
YO-PROL1 assays. Meanwhile, combination of two gain-of-
function substitutions, N628P and M644A, did not produce
additive effects. This may signify that the M644A mutant
achieves the maximal pore dilation or flexibility compatible
with channel function or stability. In contrast, loss-of-function
mutations (G618W and M644I) did produce apparently addi-
tive effects, although this was only evident from examination of
YO-PROL1 uptake. Together, these findings suggest that even
sites at a distance from the selectivity filter can alter its static
and dynamic properties. Interactions between the selectivity
filter and adjacent domains are crucial determinants of C-type
inactivation and ionic selectivity in potassium channels (35—
39). Alkaline pH has been shown to cause functional “dilation”
of the pore of TRPV5 through mechanisms apparently involv-
ing the pore helix (40). Furthermore, the selectivity filter and
surrounding residues are critical for gating of TRPV1 by heat,
protons, cations, and toxins such as DkTx (21, 41-46). Our
findings provide further support for this concept.

Our data revealed a differential effect of the M644A substi-
tution on YO-PRO1 uptake evoked by RTX versus capsaicin. As
discussed above, although a structure of TRPV1 occupied by
RTX alone has not yet been reported, there were substantial
disparities in conformational changes induced by capsaicin ver-
sus the RTX/DkTx combination, including differential effects
on the selectivity filter and opposing rotations of the Ile-679
residue in the lower pore gate (4). A similar theme recently
emerged from the finding that heat and capsaicin exert differ-
ent conformational effects at the rat TRPV1-Y653 residue
(21, 47). Moreover, capsaicin and RTX were previously shown
to differentially alter TRPV1 calcium permeability (10) and to
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evoke disparate single channel behaviors in TRPV1 (27).
Together, these findings support the notion that TRPV1 gating
can be qualitatively heterogeneous, even among similar
agonists.

Previous studies of the ATP-gated P2X, channel (48, 49) and,
more recently, TRPV1 itself (28) have suggested that desensiti-
zation (calcium-dependent desensitization, in the case of
TRPV1) and dynamic permeability represent tightly linked
phenomena. We did not observe a clear relationship between
TRPV1-mediated sodium current kinetics and dynamic large
cation permeability in this study. However, our experiments
were performed in the absence of extracellular calcium ions. In
future studies, it would therefore be interesting to evaluate cal-
cium-dependent desensitization kinetics in the mutants
described here. It would also be of value to determine how these
mutations influence large cation permeability changes evoked
by non-vanilloid TRPV1 agonists and how they affect agonist-
evoked changes in permeability to more physiologically rele-
vant ions, such as calcium. Single channel characterization of
the ionic selectivity mutants identified in this study, coupled
with direct structural analysis, might provide valuable insights
into the conformational changes in the TRPV1 pore that permit
large cation permeability. Finally, the in vivo substitution of
phenotypic mutants for endogenous TRPV1 in sensory neu-
rons might facilitate an understanding of the physiological
importance of dynamic ion selectivity. Based on what we have
learned to date, however, we conclude that side chain interac-
tions at a few specific loci within the TRPV1 pore contribute to
the dynamic process of ionic selectivity.
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