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Lysophosphatidic acid directly activates TRPV1
through a C-terminal binding site

Andrés Nieto-Posadas', Giovanni Picazo-Juarez', Itzel Llorente’, Andrés Jara-Oseguera?,
Sara Morales-Lazaro', Diana Escalante-Alcalde™, Le6n D Islas?* & Tamara Rosenbaum™

Since 1992, there has been growing evidence that the bioactive phospholipid lysophosphatidic acid (LPA), whose amounts are
increased upon tissue injury, activates primary nociceptors resulting in neuropathic pain. The TRPV1ion channel is expressed in
primary afferent nociceptors and is activated by physical and chemical stimuli. Here we show that in control mice LPA produces
acute pain-like behaviors, which are substantially reduced in Trpv1-null animals. Our data also demonstrate that LPA activates
TRPV1 through a unique mechanism that is independent of G protein-coupled receptors, contrary to what has been widely
shown for other ion channels, by directly interacting with the C terminus of the channel. We conclude that TRPV1 is a direct
molecular target of the pain-producing molecule LPA and that this constitutes, to our knowledge, the first example of LPA
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binding directly to an ion channel to acutely regulate its function.

tem or as a result of diseases such as multiple sclerosis and

stroke. It is quite common among the human population
and includes symptoms such as continuous burning pain, allodynia
and hyperalgesia'.

The release of certain bioactive lipids contributes to the generation
and maintenance of neuropathic pain. However, many of the molecu-
lar targets of these molecules remain unknown. Among the molecules
for which a role in neuropathic pain has been described is LPA'.

LPA is found in serum and plasma where it is synthesized mainly
by the enzyme autotaxin from precursor lysophospholipids, which
in turn are produced by phospholipases A, and A, (ref. 2). Activated
platelets® and other cell types such as microglia* stimulate LPA pro-
duction, leading to accumulation of micromolar concentrations of
the lipid upon tissue damage®.

LPA’s actions are mediated by G protein-coupled receptors that
are specific to LPA (LPA,-LPA,)’ and include the regulation of some
ion channels through the activation of pathways downstream of the
receptors. Effects of LPA on TRP channels have also been reported®”.
For example, high concentrations of LPA (100 uM) stimulate Ca**
mobilization in B-lymphoblast cell lines by regulating the activity of
a TRPC channel®. Although they do not experimentally demonstrate
it, these authors suggest that LPA-induced Ca** mobilization could
be due to direct channel activation as the process was not sensitive
to G, protein or PLC inhibition®. On the other hand, LPA decreases
TRPM?7 activity in fibroblasts. Because these cells express the LPA,
(also called EDG-7) receptor, the authors suggest that regulation
of TRPM7 by LPA could be due to activation of the G -associated
signaling pathway’.

The TRPV1 ion channel is activated by a variety of stimuli such
as high temperature®®, low pH and pungent compounds®. Also, mul-
tiple signals that originate from inflammatory processes converge
on TRPV1, whose activation in sensory neurons has the final con-
sequence of pain perception.

Because TRPV1 receptors in neurons contribute to hyperalgesia,
a connection between TRPV1 and LPA-induced neuropathic pain
has been hypothesized'. A recent study suggests that pain-related

N europathic pain can occur after trauma to the nervous sys-

responses in dorsal root ganglion (DRG) neurons from a rat bone
cancer model are due to enhanced expression as well as potentiation
of the capsaicin and thermal responses of TRPV1 in this disease.
These changes in TRPV 1 expression and function were suggested to
be caused by the activation of the protein kinase Ce (PKCe) pathway
downstream of the LPA, receptor'.

Because LPA is linked to painful processes involving pain gener-
ation during tissue injury and damage and because other lipids such
as PIP, are known to interact directly with TRPV1 (refs. 11-13), we
set out to determine whether LPA could modify TRPV1 function
through direct binding to the channel.

The present study shows that LPA does in fact activate TRPV1
by acting directly on its C-terminal region, and this effect contrasts
with all other examples of LPA action on ion channels as it is
independent of LPA-receptor activation.

RESULTS
TRPV1 mediates LPA-induced pain behavior
To investigate the acute effects of LPA on TRPV1-mediated pain-
related behavior, we assessed capsaicin- and heat-elicited pain
behavior by means of the paw-licking and paw-withdrawal assays in
control and littermate mice lacking expression of LPP3 (Lpp3™~, or
Ppap2b~"), an enzyme which degrades LPA", in the nervous system.
We measured the paw-licking time immediately after injection
of the test solution. Whereas both wild-type and Lpp3~~ animals
showed a greater painful response when injected with capsaicin
than did those injected with saline, Lpp3™~ mice showed longer
paw-licking times after capsaicin injection than did control animals
(Fig. 1a). When pain behavior was assayed by the paw-withdrawal
assay, we also observed a hyperalgesic response to increased tem-
perature in Lpp3~~ mice (Fig. 1b). As expected, TrpvI™~ mice
showed no differences with respect to control animals, consistent
with what had been demonstrated for low-intensity (5.5 A) stimula-
tion' (Fig. 1b). To confirm that the painful responses to capsaicin
and temperature in the Lpp3~”~ mouse model are due to TRPV1, we
produced Trpvl™~ Lpp3~~ mice and tested their responses to pain-
ful stimuli. These double-knockout animals showed no differences
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Figure 1| TRPV1 responds to LPA. (a) Paw-licking times for saline and capsaicin, respectively, were: control, 0.8 £0.1sand 82.5+4s; Lpp37/,0.8+0.2s
and 11542+ 7 s; Trpv1”/~,0.3+01sand 0.4+ 0.2 s; TrpvT”/~ Lpp37/~, 0.3+ 0.1sand 0.4 £ 0.2 s. *P < 0.01 for saline-injected versus capsaicin-injected
control and Lpp3~~ animals; **P < 0.01 for control mice injected with capsaicin versus Lpp3~~ and Trpv1”~ mice injected with capsaicin; ANOVA (n =12).
Sal, saline injection; Cap, capsaicin injection. (b) Radiant paw-heating (Hargreaves) assay. Latencies were: control, 9.7+ 0.5s; Lpp37~, 4.8+ 0.4 s; Trpv1 /",
10.6 £ 0.7 s; Trpv1”~ Lpp377,1001£ 0.9 s. *P < 0.01 Lpp3~~ versus all other groups; ANOVA (n = 20). (¢) Paw-licking times for saline and LPA, respectively,
were: control, 1.5+ 0.3sand 49+ 5s; Trpvl7~, 0.4+ 0.2 sand 17 £ 0.9 s. *P < 0.01 for saline-injected versus LPA-injected animals; **P < 0.01 for control
versus Trpv1™~ animals injected with LPA; ANOVA (n =12). (d) Representative (n = 5) TRPV1 currents (120 mV) from inside-out DRG neuron membrane
patches exposed to capsaicin (Cap, 4 M), LPA (5 uM, after wash) and LPA (5 uM) and capsazepine (Czp, 30 uM) together. (e) Membrane potential in a
wild-type DRG neuron with or without 5 uM LPA. (f) Membrane potential in a TrpvT”/~ DRG neuron with LPA and with allicin (200 uM). Resting potential
(dashed line) was near =40 mV (n = 8). Group data are reported as the mean + s.e.m.

in their responses to the injection of saline or capsaicin solutions,
and their reaction to changes in temperature (paw withdrawal) were
similar to those in Trpv1~~ and control mice (Fig. 1a,b).

Finally, we assayed whether injection of LPA into the paws of
wild-type and Trpvl™" mice elicited pain-like behavior. We found
that LPA produces a robust (P <0.01) increase in paw-licking time in
wild-type animals compared to controls injected with saline (Fig. 1c).
A nearly 60% decrease in the response to LPA was observed in
Trpvl™ mice compared to wild-type animals, although a rem-
nant of the response to LPA was observed in TrpvI~”~ mice com-
pared to those injected with saline (Fig. 1c). Furthermore, we
acutely inhibited the TRPVI1 channel by injecting the TRPV1
inhibitor capsazepine together with capsaicin or LPA in wild-type
mice and measured paw-licking time. Consistently, capsazepine
reduced the pain-associated responses to both capsaicin and LPA
(Supplementary Results; Supplementary Fig. 1a).

These data show that more than half of the response to acute
LPA delivery is mediated by TRPV1. Thus, the question arises as to
how behavioral phenotypes relate to responses at the cellular level.
We first sought to answer this question by applying LPA to inside-
out membrane patches from dissociated wild-type mouse DRG
neurons. LPA elicited currents from membrane patches, and this
effect was blocked in all experiments by 30 uM capsazepine applied
together with 5 uM LPA (Fig. 1d), suggesting that TRPV1 may
indeed be a target of LPA.

To establish the physiological role of TRPV1 in the response
of DRG neurons to LPA, we performed whole-cell current-clamp
recordings in wild-type and TrpvI™~ mice. Application of 5 UM
LPA to DRG neurons from wild-type mice elicited a depolariza-
tion in the range of 7-20 mV and subsequent action potential firing
(Fig. 1e). DRG neurons that responded to LPA also responded to
capsaicin (8 out of 8). In contrast, cells that did not respond to cap-
saicin did not respond to LPA either (10 out of 10). Although no
response to LPA in TrpvI~~ neurons was observed, a clear response
to allicin (which is also mediated by TRPA1 channels) was present,
confirming that LPA was applied to the correct subset of small-
diameter DRG neurons (Fig. 1f) and indicating that TRPV1 con-
tributes to the electrical response to LPA in DRG neurons.

LPA activates heterologously expressed TRPV1 channels
LPA applied to inside-out patches from TRPV1-transfected
HEK293 cells induced robust channel activation at both

hyperpolarizing and depolarizing voltages (left and right of
Fig. 2a, respectively). Furthermore, LPA activated a similar
fraction of current with respect to the maximal response to 4 UM
capsaicin when applied to patches from TRPV1-expressing HEK
cells or wild-type mouse DRG neurons (0.93 % 0.09 for DRG and
0.93 £ 0.03 for HEK cells; 120 mV, n = 10). In contrast, HEK cells
expressing only green fluorescent protein (GFP; Supplementary
Fig. 1b) did not respond to LPA, and the vehicle used to deliver
LPA did not produce TRPV1 channel activation (Supplementary
Fig. 1c). Moreover, we measured the response to LPA in hetero-
logously expressed TRPV2, TRPV3 and TRPA1 channels, which
in many cases colocalize with TRPV1 in native cells, and found
that application of LPA to these channels did not produce current
activation (Supplementary Fig. 1d).

LPA activated a larger fraction of current when it was applied
intracellularly than when it was applied extracellularly (Fig. 2a,b).
The time constants of activation (Fig. 2c) indicate that LPA is
more effective from the inside than from the outside and that
LPA applied extracellularly may cross the membrane to act on the
intracellular side.

The observed TRPV 1 current-voltage relationship was outwardly
rectifying with a reversal potential of near 0 mV in the presence
of either capsaicin or LPA (Fig. 2d). Activation of TRPV1 by LPA
occurs in a dose-dependent fashion, with an apparent dissociation
constant (Kp,) of 754 nM at 120 mV (Fig. 2e).

We then probed whether TRPV1 responded to molecules with
similar structures to LPA and to molecules that are also substrates
or products of the LPP3 enzyme. Intracellular application of 5 uM
of glycerol phosphate, oleic acid, lysophosphatidylcholine, diacyl-
glycerol, ceramide-1-phosphate or sphingosine-1-phosphate did
not activate TRPV1, but 5 uM phosphatidic acid promoted a small
activation of TRPV1 currents (Supplementary Fig. 1e).

These data led us to conclude that a robust and specific acti-
vation of TRPV1 can be achieved by LPA. We further studied
whether LPA could activate TRPV1 through an LPA receptor-
independent pathway.

LPA receptors are not involved in TRPV1 activation
So far, our data suggest that LPA acts as a ligand of TRPV1 by pro-
moting a conformational change that leads to the opening of the
channel. We then asked whether LPA activates endogenous LPA
receptors or whether it interacts directly with the channel.
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Figure 2 | Heterologously expressed TRPV1 channels respond to LPA. (a) Traces shown are representative of five experiments. Currents from inside-out

and outside-out HEK cell patches were obtained as in Figure 1at =120 mV (left) and 120 mV (right). Patches were first exposed to capsaicin (Cap), washed,
and then exposed to LPA. (b) Box plot of the fraction of current activated by LPA applied to the intracellular or extracellular face of the channel, normalized to
the current with 4 UM capsaicin (120 mV). The horizontal line within each box indicates the median, boxes show the 25th and 75th percentiles, and whiskers
show the 5th and 95th percentiles of the data (n = 6). *P < 0.01, ANOVA. (c) Time course of activation by 5 uM LPA in the inside-out (filled symbols) and
outside-out (empty symbols) configurations at 120 mV (n = 5). Data were fit to a single exponential with time constants 80.5 + 24 s (inside-out) and 167
77 s (outside-out). LPA application started at t = O in the abscissa. (d) Current-voltage relationships for initial currents (gray), 4 LM capsaicin (black) and 5
UM LPA (orange) after capsaicin was washed off in the inside-out configuration (n = 5). (e) Dose response for activation by LPA at 120 mV in the inside-out
configuration. Smooth curve is a fit with the Hill equation. The K value was 754 nM and the slope was 1.2. Owing to seal instability, a single LPA concentration
was tested per membrane patch and normalized to the current at 10 uM LPA in the same patch (n = 5). Group data are reported as the mean £ s.e.m.

To establish a direct interaction of LPA with the channel, we used
the molecule BrP-LPA, which not only closely resembles LPA in
structure (Fig. 3a) but also is an antagonist of several LPA receptors
(LPA,-LPA,)' and an inhibitor of autotaxin®®.

Unexpectedly, BrP-LPA applied to inside-out membrane patches
from DRG neurons (which express LPA,, LPA, and LPA,)"" and
TRPV1-expresing HEK293 cells (which express LPA )", activated
the channel similarly to LPA (Fig. 3b). The fraction of current acti-
vated by BrP-LPA with respect to the currents activated by 4 uM
capsaicin in the same membrane patch at 120 mV was 0.9 + 0.04 for
DRG neurons and 0.91 £0.01 for HEK cells. Also, the dose response
to BrP-LPA (Kp = 1.1 £ 0.25 uM) was comparable to that for LPA
(Kp = 754 nM) (Fig. 3c¢).

Compelled by these results, we studied whether BrP-LPA could
mimic LPAs effects at the physiological level. We first examined
whether injection of BrP-LPA into the paws of wild-type and TrpvI~'~
mice mimicked the effects of LPA and found that BrP-LPA produced

—— |Initial

a significant increase in paw-licking time in wild-type animals com-
pared to saline (P <0.01). The response of Trpv1~~ mice to BrP-LPA
was only about 20% of that in wild-type animals (Supplementary
Fig. 2), indicating that BrP-LPA induces a painful sensation that is
largely mediated through the activation of TRPV1.

It was also shown that BrP-LPA induces action potential firing
in DRG neurons from wild-type mice (Fig. 3d, top right) and that
these effects are not observed when it is applied to neurons from
Trpvl™~ mice (Fig. 3d, bottom left), although sensitivity to allicin
remains (Fig. 3d, bottom right).

The data obtained with BrP-LPA suggest that, owing to its struc-
tural similarities with LPA, it can activate the channel through the
same mechanism as LPA, independently of LPA receptors. To fur-
ther support our hypothesis, we next performed experiments in
which we added both BrP-LPA (BrP-LPA,_,) to the patch pipette in
inside-out patches to act as an antagonist of the LPA receptors and
LPA to the intracellular face of the patch (LPA,,). Our results show
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Figure 3 | An antagonist of LPA receptors with a similar structure to LPA activates TRPV1. (a) Stick representation of the chemical structures of LPA
and BrP-LPA. (b) BrP-LPA (5 uM) activates currents in inside-out patches from DRG neurons (top) and HEK cells (bottom) at 120 mV. Representative
traces, n = 8. Membrane patches were first exposed to 4 uM capsaicin (Cap) and washed, and then BrP-LPA was applied. (¢) Comparison of BrP-LPA
(triangles) and LPA (circles) dose responses at 120 mV obtained from inside-out patches from TRPV1-expressing HEK cells. Data for each patch was

normalized to the current at 10 WM of either LPA or BrP-LPA. Smooth lines are fits with the Hill equation. The K for BrP-LPA is 11+ 0.25 uM (slope is 1.3
0.21, n = 5). (d) Membrane potential in a wild-type (WT) DRG neuron before (top left) and during (top right) application of BrP-LPA and in a Trpv1”~ DRG
neuron during the exposure to BrP-LPA (bottom left) and in the presence of allicin (200 uM; bottom right). Resting membrane potential (dashed lines)
was around =40 mV (n = 9 per genotype). (e) Activation of TRPV1 (120 mV) by external BrP-LPA (5 uM, out) and by internal LPA (5 uM, in) in inside-out
patches from HEK cells. Data are normalized to activation with saturating capsaicin. The horizontal lines are as in Figure 2b. *P < 0.01 with respect to BrP-
LPA (out) and LPA (in); ANOVA (n = 6). Group data are reported as the mean £s.e.m.
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Figure 4 | Interaction site for LPA in the C terminus of TRPV1. (a) TRPV1 activation by intracellular LPA after polyK at 120 mV without (filled circles)

or with PIP, (empty circles, 50 nM; triangles, 100 nM; squares, 200 nM). Curves are fits to Scheme 1. (b) Representative currents (120 mV, inside-out
patches) containing the deletion mutant (A777-821) and the mutations K710Q and K710D, activated by 5 uM LPA or 4 uM capsaicin (Cap). (c) Fraction
of current activated by intracellular LPA in wild-type and mutant TRPV1 channels (normalized to 4 uM capsaicin) and extracellular LPA in K710D mutants
and wild type (n = 6-10). Horizontal lines are as in Figure 2b. *P < 0.01 versus wild-type (WT) and **P < 0.05 versus TRPV1<1°%; ANOVA test. (d) TRPV1
interaction with LPA-coated beads. Lane 1, input (1 ug); 2, TRPV1bound to LPA beads; 3 and 4, competition of BrP-LPA and PIP, for beads, respectively;

5, interaction with control beads. Lanes 2, 3, 4 and 5 contained 30 g of membrane protein. Lower panel shows Coomassie blue-stained supernatant

fraction. (e) Interaction of the K710D mutant with LPA-coated beads. Lane 1,

the input (5 pug) of the K710D mutant; 2, pull-down of TRPV1<°° with LPA

beads; 3, control beads. Lanes 2 and 3 contain 60 pg of membrane protein. Lower panel as in d. (f) Bar graph for the relative quantity of pulled-down
TRPV1 with LPA beads from experiments as in d and e. Normalized values with respect to wild-type were: BrP-LPA = 0.35 + 0.04; PIP, = 0.42 £ 0.09 and
K710D = 0.17 £ 0.06. n = 4-6 for each case. *P < 0.01 versus wild-type; ANOVA test. Group data are reported as the mean £ s.e.m.

that the magnitude of the currents activated by LPA under these
conditions was not different from the magnitude of those activated
by intracellular LPA alone (Fig. 3e). In fact, extracellular BrP-LPA
(BrP-LPA_,) could sustain current activation as effectively as extra-
cellular LPA at the same concentration (Figs. 2b and 3e).

The LPA; receptor, which is activated by BrP-LPAY, is expressed
in DRG neurons'” and HEK cells (Supplementary Fig. 3a). To
rule out any contributions of LPA; to our electrophysiological
recordings, we determined whether the LPA, agonist farnesyl-
pyrophosphate (FPP) could activate the TRPV1 channel.
Supplementary Figure 3b shows that FPP was incapable of eliciting
current activation in TRPV1-expressing HEK cells both in the inside-
out and on-cell configurations, in accordance with a previous study
that also showed a lack of effect of FPP on TRPV1?. However, FPP
activated heterologously expressed TRPV3 (Supplementary Fig. 3¢),
as previously reported®. These data indicate that LPA is able to pro-
mote TRPV1 channel function through a mechanism independent of
the activation of LPA receptors 1-5 (Supplementary Fig. 3d).

To further rule out the involvement of any LPA receptor in
TRPV1’s response to this lipid, we treated TRPV1-transfected HEK
cells with inhibitors of the G protein-coupled signaling pathways
that are associated with activation of LPA receptors. We used the
inhibitors of phospholipase C (U73122; ref. 21); Rho-associated
protein kinases and PKC (Y-27632; ref. 22); G,, G, and G, proteins
(pertussis toxin, PTX*); the By subunit of G proteins (C terminus
of B-adrenergic kinase 1, Ctr-BARKI; ref. 24); and adenylyl cyclase
(2’,5’-dideoxyadenosine or 2’,5’-dd-Ado*). We found that none of
the treatments precluded current responses to extracellular LPA in
on-cell recordings and that the responses were in fact indistinguish-
able from those elicited in untreated cells (Supplementary Fig. 3e),
leading us to conclude that LPA receptor activation is not necessary
for TRPV1 activation by LPA.

Because a recent study in an induced bone cancer model shows
that LPA might regulate expression and activity of TRPV1 through
a PKC-dependent pathway'’, we tested this possibility in our system.
Incubation of TRPV 1-transfected HEK293 cells with the PKC inhib-
itors Y27632 (ref. 22) and BIM I?* had no effect on LPA activation
of TRPV1 in on-cell experiments (Supplementary Fig. 4a). PKCe
has been reported to be responsible for LPA-induced potentiation
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of TRPV1 by heat and capsaicin'. To assess whether this was a pos-
sibility, we performed experiments in which we transfected HEK293
cells with a plasmid containing either a dominant-negative form of
PKCe? or the wild-type functional version of PKCe? together with
TRPV1. Overexpression of either form of PKCe did not have an effect
on acute activation of TRPV1 by LPA (Supplementary Fig. 4b,c).

To further establish the lack of a role for PKCe in our model,
we used the specific inhibitor €V, (ref. 10) in whole-cell record-
ings of DRG neurons to determine whether blockage of this path-
way precluded activation of TRPV1. All DRG neurons tested for
TRPV1 activation by LPA responded irrespectively of the pres-
ence of the specific inhibitor €V, applied in the recording pipette,
leading to the conclusion that PKCe is not necessary for acute LPA
activation of TRPV1, contrary to what was previously suggested
(Supplementary Fig. 4d). Nonetheless, in accordance to the study
mentioned above, we, too, observed a potentiating effect of LPA on
capsaicin currents (Supplementary Fig. 5a).

So far, our data demonstrate that LPA promotes its effects on
TRPV1 independently of LPA receptors, most likely through a
direct interaction with the channel.

Interaction site for LPA in the C terminus of TRPV1

Some proteins known to interact with LPA share binding sites with
other lipids such as PIP, (refs. 28,29). PIP, binds directly to TRPV1 and
enables the channel’s response to capsaicin without activating it".
Conversely, depletion of PIP, results in decreased channel activity
induced by capsaicin®**' (Supplementary Fig. 5b).

To determine whether LPA could share a binding site with PIP,,
we performed a competition assay. Using an established approach”*?,
we constructed a dose-response curve for activation by LPA by first
removing endogenous PIP, with the scavenger polylysine (polyK)
and then applying different concentrations of LPA. Interestingly,
removal of PIP, with polyK did not preclude TRPV1 activation by
LPA (Fig. 4a), although polyK did scavenge LPA (Supplementary
Fig. 5¢,d). Moreover, the data in Figure 4a show that the dose-
response curve for TRPV1 activation by LPA after treatment with
polyK is shifted to the left, and the K, of TRPV 1 for LPA is lower than
that measured in the presence of endogenous PIP, (71 nM versus
754 nM). We then repeated the experiment described above but
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Scheme 1 Model for TRPV1 modulation by LPA and PIP,.The model considers a shared PIP,- and LPA-binding site for which both lipids compete and a
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where [LPA] and [PIP,] are the lipid's molar concentrations, K,, Ky’, K;, K/, K{”, K/”’, K, and K, are association constants between the channel and LPA or
PIP,, and L and L” are equilibrium constants for channel gating. In the C}’( notation used here, C denotes closed states, O denotes open states, X denotes
ligand occupancy of the shared LPA- and PIP,-binding site and Y denotes ligand occupancy of the PIP,-only site. This equation was used to fit the data in
Figure 4a with following parameters: K, = 2.3 x 10° M7, K,/ =17.5 x 106 M7, K; = 4.2 x 10 M, K/ = 3.2 x 108 M7, K;” = 3.2 x 10* M7, K;”” = 5.5 x 108 M,

K, =17 x10°* M7, K, =22x108 M, L=70and L’ =7 x 1073

applied LPA together with different concentrations of DiC8-PIP,, a
water-soluble form of PIP, (Fig. 4a and Supplementary Fig. 5¢,d).

These data show that with increasing PIP, concentrations, the
apparent affinity for LPA is diminished, as evidenced by a rightward
shift in the dose responses for activation by LPA (Fig. 4a). However,
the magnitude of the maximum response to LPA was also decreased
in the presence of PIP,.

In a simple competition, the LPA dose-response curves are
expected to be shifted to the right upon increasing PIP, concen-
trations without a change in the maximum response (that is, there
should be a concentration of LPA than can actually displace PIP,
from the binding site). Our results can be explained by the allosteric
effect of PIP, on the binding of LPA to TRPV1 together with the
competition between PIP, and LPA for the same binding region
(described further in Discussion; Fig. 4a, Scheme 1).

As LPA is a negatively charged molecule, we mutated sites
proposed to interact with PIP, because these contain positively
charged residues that could bind LPA. We first removed residues
777-821 in the C terminus, which contains several positively
charged amino acids®’, and tested the effects of LPA. LPA activated
this deletion mutant similarly to its activation of wild-type chan-
nels (Fig. 4b,c). We then mutated another positive residue in the
C terminus, Lys710 (ref. 11). A charge-neutralization mutation
(K710Q) produced a channel with a markedly decreased (nearly
50%) response to LPA (Fig. 4,c) that retained normal capsaicin
activation (Supplementary Fig. 6a). We then explored the effects
of the charge-reversal mutation K710D and found that it also
behaved similarly to the wild type in its response to capsaicin
(Supplementary Fig. 6a), but nearly 80% of the response of the
channel to LPA (Fig.4b,c) and to BrP-LPA (Supplementary Fig. 6b)
was abolished. Moreover, when we applied LPA to the K710D
mutant from the extracellular side, we found that a smaller frac-
tion of current was activated compared to when extracellular LPA
was applied to the wild-type channel. These data indicate that the
intracellular Lys710 residue accounts for most of the effects of LPA
on TRPV1 (Fig. 4c¢).

Finally, we took a biochemical approach to confirm a direct
interaction between TRPV1 and LPA. Using membrane-protein
extracts from HEK293 cells transfected with TRPV 1, we performed
pull-down experiments to test for LPA-TRPV1 interactions with
agarose beads bound to LPA (LPA beads).

The LPA beads bound to the TRPVI1 channel significantly
(P <0.01) more than control beads without the lipid (Fig. 4d and
Supplementary Fig. 7a), as evidenced by the differences in signal

intensity of the TRPV1 band (molecular mass of 85-90 kDa*), sug-
gesting that TRPV 1 physically interacts with LPA.

So far, these results constitute strong evidence for direct interac-
tion of the channel with LPA. To further support this hypothesis,
we decided to explore whether BrP-LPA, which seems to activate
TRPV1 through the same mechanism as LPA, was able to dimin-
ish channel binding to the LPA beads by competing for the same
site. As expected, preincubation of membrane-protein extracts with
BrP-LPA reduced binding of TRPV1 to LPA beads and decreased
the intensity of the TRPV1 signal on the immunoblot (Fig. 4d and
Supplementary Fig. 7a).

Furthermore, we used this assay to test for competition of the
LPA-beads with PIP, for binding to TRPV1. The data in Figure 4d
show that PIP, can diminish the signal associated with LPA-bead
binding to TRPV1, indicating that PIP, antagonizes LPA at the level
of channel binding, probably in competition for a binding site.

Finally, we tested for a correlation between the lack of a func-
tional response of the K710D mutant to LPA and the effects of this
mutation on the binding of TRPV1 to the LPA beads. We found
that this charge-reversal mutant bound to LPA beads very poorly
(Fig. 4e and Supplementary Fig. 7b). A quantitative analysis of
our pull-down assays is presented in Figure 4f. The data obtained
strongly suggest that LPA binds to the TRPV1 channel and that the
Lys710 site is important for LPA binding.

DISCUSSION

Many TRP channels play a pivotal role in the detection of environ-
mental stimuli and pain perception. TRPV1 is implicated in several
painful processes, and interactions of this channel with some exoge-
nous pain-producing molecules have been demonstrated®. However,
our knowledge of the molecular mechanisms of TRPV1 activation
by substances released during injury or inflammation remains
scarce. LPA has an important role in the development of neuro-
pathic pain®. It has been suggested that during the development of
neuropathic hyperalgesia, an upsurge in LPA production occurs,
leading to myelinated AJ fiber hypersensitivity that is partially due
to upregulation of TRPV1 (ref. 35). Despite this clear proposition, to
date, the role of TRPV1 in LPA-induced chronic pain had remained
unclear and, in the case of acute pain, unaddressed.

Actions of LPA on ion channels in peripheral nociceptors have
been classically circumscribed to the activation of receptor-mediated
signaling pathways?"**. Our work constitutes the first study to show
a direct and physiologically relevant interaction of an ion channel
and LPA, and several lines of evidence presented here support this
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idea: (i) BrP-LPA, an antagonist of LPA receptors structurally simi-
lar to LPA, activates TRPV; (ii) inhibitors of the G protein—coupled
receptor signaling pathways, which are coupled to LPA-receptor acti-
vation, do not preclude actions of LPA on TRPV; (iii) blockers and
dominant-negative forms of PKC and PKCe, previously linked to
activation of TRPV1 by LPA, had no effects on both a heterologous
expression system and the native DRG neurons; (iv) TRPV1 interacts
directly with LPA, as shown by pull-down assays; and (v) mutation of
a charged residue in the C terminus of TRPV1 considerably reduces
the effects of LPA and BrP-LPA on the channel and eliminates inter-
actions of the channel with LPA in pull-down assays.

A recent study shows that application of a LPA receptor antago-
nist attenuates thermal hyperalgesia in a rat model of bone cancer.
On the basis of this observation, the authors propose a possible role
for the regulation of TRPV1 activity by LPA receptor-mediated sig-
naling pathways, specifically PKCe-dependent pathways'. However,
we did not observe any role of PKCe for TRPV1 activation by LPA
in our experiments. In that respect, the study mentioned above
shows experiments performed in a model involving the induction
of a cancerous process', which complicates interpretation of the
results. For example, after only 9 days of introducing cancerous cells
to the animal model, the authors were able to observe an increase in
paw-withdrawal latency when animals were injected with an LPA -
receptor antagonist'®. Cancerous processes are accompanied by
inflammatory responses, and bone cancers induce demyelination of
sensory fibers, a phenomenon that leads to hyperalgesic responses™.
Furthermore, most osteolytic tumors cause extracellular acidifica-
tion®, which may potentiate TRPV1 activity independently of LPA.
The hyperalgesic responses observed in ref. 10 could also be due to
the already-demonstrated overexpression of TRPV1 in some can-
cerous processes'®* and the potentiated response of the channel to
inflammatory mediators known to modulate its activity through the
activation of PKC-dependent pathways®. We were able to reproduce
the potentiating effect of LPA on the TRPV1 capsaicin response
reported in ref. 10, but we conclude that this is just an additive effect
of two agonists binding to different regions in the channel.

Other studies in which LPA was delivered intraplantarly to mice
show that LPA-induced pain responses can be blocked either by
injection of LPA together with PTX or by inhibition of LPA, expres-
sion®, suggesting that acute peripheral nociceptor responses to
LPA depend on the G;,-coupled LPA, receptor. These data seem to
exclude a major role for direct activation of TRPV1 by LPA in noci-
fensive behavior generation.

However, different lines of evidence from our experiments point
to the contrary. First, our findings show that TRPV1, which is
expressed in peripheral nociceptors, is robustly and directly acti-
vated by LPA and BrP-LPA, an inhibitor of LPA,. Second, BrP-LPA
produced similar responses to LPA in our behavioral assays and trig-
gered action-potential firing in cultured DRG neurons, indicating
that LPA, is not essential for the generation of acute pain responses
triggered by LPA. Furthermore, the experimental recordings in
ref. 40 were performed after prolonged nociceptor stimulation,
which favors TRPV1 channel desensitization. The resulting decrease
in TRPV1 channel responsiveness to agonists could have obscured
its role in the acute response to LPA.

Moreover, the authors in ref. 40 measured pain responses after LPA
and PTX were injected together into the paws of mice and showed
that, after only 20 min, PTX was able to produce a decrease in the
pain response. The pain-related behavior up to 10 min was the same
as the control response obtained in the presence of only LPA, consis-
tent with our observations that LPA causes acute pain partly through
TRPV1. Responses at longer LPA exposures could indeed stem from
other molecular entities such as LPA,. It is certain that it is not only
a single effector that controls the responses to LPA and other pain-
ful stimuli. Our own data show that there are residual responses in
the behavioral assay in the TRPV1-null mice after LPA and BrP-LPA

injection (Fig. 1¢ and Supplementary Fig. 2) that could be due to
other molecules affected by the activation of the signaling pathways
resulting from LPA-receptor activation, such as LPA, or LPA..

With regard to the nature of the interaction between channel and
lipid, we established that one of the proposed PIP, binding sites in
the TRPV1 channel, the residue Lys710 (ref. 11), in fact mediates
binding of LPA. This interaction possibly occurs partly through an
electrostatic mechanism, as a charge neutralization of this site is
not as effective as a charge reversal in precluding LPA activation of
TRPV1, and probably also through hydrophobic interactions with
the acyl chain of LPA.

Lys710 is located in the region that constitutes the TRP-like
domain and is also a tetramerization domain for the protein, and
deletions in this region hinder the formation of stable multimers*.
From our experiments with the K710D mutant, we observed that
nearly 80% (but not all) of the response to LPA is abolished. It is
possible that other residues also participate in the stabilization
of LPA binding to TRPVI1. To determine this, we mutated other
charged residues in this region, including the nearby Arg701 resi-
due as well as Lys694, Lys698, Lys714 and Arg718. However, none
of these mutations produced functional channels. The deletion of a
stretch of residues in the distal C terminus, previously reported as
important for interactions of TRPV1 with PIP, (ref. 32), also had no
effect on LPA activation of TRPV 1.

Regarding the effects of PIP, on the channel’s response to LPA,
we found that PIP, reduces the apparent affinity of the channel for
LPA. This is observed as a reduction in both the affinity for LPA
obtained from the dose-response curves and the channel binding to
LPA beads when PIP, is present. Moreover, the presence of PIP, also
reduces the channel’s maximum response to LPA. The effects on
apparent affinity could be due to overlapping binding sites for LPA
and PIP,. However, the reduction in the maximal response indicates
that a complex allosteric interplay between LPA and PIP, might be
taking place. Allosteric modulation of the effects of LPA by PIP, is
not surprising because PIP, allosterically modulates the activation
of TRPV1 by capsaicin through binding to several sites throughout
the channel. In accordance with this interpretation, we produced a
model that considers the competition between LPA and PIP, for a
site in the channel and the allosteric modulation of LPA binding and
channel activation through a second PIP, binding site (Fig. 4a and
Scheme 1) and found that it satisfactorily accounts for our data.

How does LPA reach its intracellular binding site under physi-
ological conditions? Intracellular LPA is produced mainly as a pre-
cursor of membrane phospholipids in the endoplasmic reticulum
and mitochondria. The role for the intracellular LPA pool in cell
signaling is not clear. Moreover, its effects on intracellular protein
receptors such as PPARY have been ascribed to the extracellular LPA
pool, which finds its way into the cell2. Although LPA is present in
serum at elevated concentrations, the large protein-bound fraction
thereof reduces its effective concentration and its potency to acti-
vate some of its receptors®. Nonetheless, autotaxin associates with
integrins* in the plasma membrane and contains a hydrophobic
channel connected with the active site, which has a flat entrance that
could interact with the membrane. On the basis of these findings,
it has been proposed that the enzyme could locally deliver LPA,
which could elevate the local concentration of the lipid above the
maximal reported values for serum LPA**. Although the flip-flop
rate of LPA is unknown, activation of the nuclear PPARY receptor
by extracellular LPA has been shown to be physiologically relevant,
suggesting that efficient mechanisms of transbilayer movement of
LPA exist. The apparent lack of a delay in channel activation by
extracellular LPA in our experiments also indicates that the rate of
transbilayer movement of LPA is comparable to the rate of channel
activation. Also, these mechanisms for extracellular delivery of LPA
do not preclude the possible role of intracellularly synthesized LPA
in TRPV1 activation.
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In this study we provide strong evidence that TRPV1 is directly
activated by LPA, a mechanism that further broadens our under-
standing of how bioactive lipids act on nociceptors to produce and
maintain pain. Our results also suggest a broader role of LPA in acute
pain responses such as angina pectoris (the atherosclerotic plaque
that produces ischemia contains high concentrations of LPA*), bites
from animals whose venoms contain enzymes that convert lysophos-
phatidylcholine to LPA (such as those of the brown recluse or violin
spider, Loxosceles reclusa*®) or snake venoms that contain phospholi-
pase A, (ref. 49), which also catalyzes the formation of LPA.

METHODS

Mice strains and genotyping. C57BL/6] and Trpv1~~ mice were obtained from
The Jackson Laboratory (Bar Harbor, Maine). Animals with neural inactivation of
Ppap2b (Ppap2b™3s+/tm3st; Nes-cre mouse line), named here for simplicity Lpp3~",
were obtained from our animal facility'*. Lpp3~~ and TrpvI1~~ animals were mated
to obtain double-mutant mice. The C57BL/6] mice were used as controls for the
behavioral experiments on Trpv1~'~ mice, and Ppap2b™*™/™3 littermates were
used as controls for Lpp3~~ and Trpv1~'~ as well as Lpp3~~ mouse experiments.
For PCR genotyping of complete Ppap2b Cre-mediated recombination as well as
Trpv1~~ and Cre genotyping, we followed previously described methods'**.

Pain-related behavioral assays. 10 ul of either saline solution (0.9% w/v of NaCl)
or capsaicin (2.8 ug), LPA (4.1 pug), BrP-LPA (3 ug) or capsazepine (2.2 ug) diluted
in saline was injected intraplantarly using a 30-gauge needle, and paw-licking
behavior was quantified for 10 min immediately after injection. Animals were han-
dled according to institutional standards from the US National Institutes of Health
(NIH). Thermal hyperalgesia was assessed by measuring paw withdrawal latency to
radiant heat (University of California San Diego Thermal Paw stimulator) as previ-
ously described™. A current of 5.5 A was applied to each of the hind paws, and the
mean of the withdrawal latencies was defined as paw-withdrawal latency.

Mutagenesis. Point mutations and deletions in the rTRPV1 channel were con-
structed by a two-step PCR method as previously described™.

DRG and HEK293 cell culture and recording. DRG neurons were obtained follow-
ing previously described procedures'2. HEK293 cells were transfected with wild-type
and mutant pcDNA3-rTRPV 1, pIRES-GFP (BD Biosciences) and with FLAG.
PKCepsilon (Addgene plasmid 10795) or FLAG.PKCepsilon. K/W (Addgene plasmid
10796) with JetPei (Polyplus Transfection). Currents were recorded using the inside-
out, outside-out and on-cell configurations of the patch-clamp technique*. Solutions
were changed with a RSC-200 rapid solution changer (Molecular Kinetics). The solu-
tion for both inside-out and on-cell recording under isometric conditions comprised
130 mM NaCl, 3 mM HEPES (pH 7.2) and 1 mM EDTA. Capsazepine and capsaicin
were diluted in DMSO and ethanol, respectively. Experiments were performed at

24 °C. Mean current values for LPA were measured after channel activation had
reached the steady state (~5 min). Currents were obtained using voltage protocols
with a holding potential of 0 mV. Steps from —120 to 120 mV were applied for

100 ms, and then the voltage was returned to 0 mV. Currents were low-pass filtered
at 2 kHz, sampled at 10 kHz with an EPC 10 amplifier (HEKA Elektronik), and
plotted and analyzed with Igor Pro (Wavemetrics Inc.).

Whole-cell currents from DRG neurons were recorded following previously
described methods!. Action potentials were recorded in the whole-cell configu-
ration from acutely dissociated DRG neurons from wild-type or TrpvI~~ mice
following methods previously described*. The membrane potential was recorded
continuously, and LPA or allicin were applied directly to the bath solution.

LPA binding assay. Plasma membrane proteins from HEK293 cells transfected
with wild-type TRPV1 or the K710D mutation were biotinylated and extracted
using the Pierce cell-surface protein isolation kit according to manufacturer
instructions with minor modifications (elution of proteins was performed with
non-ionic detergents). Total membrane-protein extracts were incubated with LPA
or control beads (Echelon Biosciences) for 3 h at 4 °C and were washed five times
with binding buffer containing 0.5% Igepal (Sigma). To ensure equal protein input
between conditions, proteins in equivalent volumes of the first supernatant (50 pl)
were separated by SDS-PAGE and analyzed by Coomasie blue staining of the gel.

For competition assays, protein extracts were incubated with 10 uM
BrP-LPA or DiC8-PIP, prior to the addition of LPA or control beads. Pulled-
down protein from each sample was eluted from the beads by adding an equal
volume of 2x Laemmli sample buffer to beads and heating to 95 °C for 5 min.
Eluted proteins were separated by SDS-PAGE and analyzed by immunoblotting
using a TRPV 1-specific antibody (Alomone Labs). For each experiment, a small
sample of the total membrane-protein extract was loaded into the gel as a
positive control of TRPV1 protein expression (lane 1 in Fig. 4d,e). Immunoblots
were developed by enhanced chemiluminesence, and densitometric analysis was
done using Image] software (NIH) and expressed as relative amounts of protein
versus the amount of TRPV1 bound to LPA beads.

NATURE CHEMICAL BIOLOGY poi: 10.1038/NCHEMBIO.712

Lipids and polylysine. LPA (Avant Polar Lipids or Sigma) and BrP-LPA
(Echelon) dilutions were freshly prepared every day and sonicated in a cold
bath. Stock solutions of LPA (10 mM) were prepared in DMEM with 1% fatty
acid-free BSA (Roche), and BrP-LPA was prepared in water. Stock solutions
were sonicated and frozen before use. DiC8-PIP, (Echelon Biosciences) was
solubilized in recording solution and frozen at —20 °C. Phosphatidic acid and
diacylcglycerol (both from Avanti Polar Lipids) were diluted in chloroform,
glycerol phosphate in water, sphingosine-1-phosphate in DMEM, oleic acid in
ethanol and ceramide-1-phosphate (Avanti Polar Lipids) and lysophosphatidyl-
choline in chloroform:methanol (1:1), and a final concentration of 5 UM was
obtained by diluting in recording solution. FPP (Echelon Biosciences) was used
at a concentration of 1.5 uM.

Experiments to determine the effects of PIP, on TRPV1 activation by LPA were
performed following previously established methods"*. Briefly, we applied polyK
(15 pug ml™) to inside-out membrane patches and then measured the response
to different concentrations of LPA in the absence and presence of different
concentrations of PIP, to construct a dose-response curve. Data were normalized
to the maximal current obtained in the presence of 5 UM LPA without PIP,.

Statistical analysis. Statistical comparisons were made with a one-way ANOVA
test. P < 0.05 was considered statistically significant. Group data are reported
as the mean * s.e.m. Additional experimental procedures can be found in
Supplementary Methods.
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Supplementary Methods

Reverse Transcription-PCR Analysis

Total RNA was isolated from mouse DRG neurons, Mouse Embryonic Fibroblasts
(MEFs) and HEK293 cell lines with TRIZOL Reagent (Invitrogen). Two
micrograms of total RNA were reverse transcribed with AMV reverse transcriptase
(Promega) according to the manufacturer’s instructions. The cDNA was amplified by
PCR wusing the following primers: for mouse samples mLPAs-S (5°-
TGGCAGAGTCTTCTGGACACT-3’) and mLPAs-AS (5’-CCAAAGGC
CTGGTATTCAGCG-3’); for human sample hLPAs-S (5’- TAACCTCGTCA
TCTTCCTGCT-3") and hLPAs-AS (5°’- TGTGAAGGAAGACAGAGAGTG-3’).
The PCR cycling parameters were as follows: denaturation at 95 °C for 5 min
followed by 30 cycles of denaturation at 95 °C for 30 s, annealing at 60 °C for 30 s,
and extension at 72 °C for 45 s. PCR products were separated on a 1.5% agarose gel,
stained with ethidium bromide, and photographed under a UV light source.

Treatments with G-protein coupled receptor (GPCR) signaling pathways
inhibitors.

For experiments using GPCR-mediated signaling inhibitors, HEK293 cells were
incubated over-night with Y27632 (260 uM for PKC and 10 uM for ROCK)) and with
bisindolylmaleimide I hydrochloride (BIM I, 1 uM); all from Calbiochem, USA. The
phospholipase C inhibitor U-73122 (10 uM, Santa Cruz Biotechnology) and the
adenylyl-cyclase inhibitor 2°, 5’-dideoxyadenosine (500 uM, Sigma) were applied to
HEK293 cells for 30 min. Finally, the By-subunits of the G-protein scavenger (Ctr-
BARKI) was cotransfected with WT TRPV1. Currents were then recorded at 120 mV
using the on-cell configuration of the patch-clamp technique and were first exposed to
4 uM capsaicin to obtain maximal-activation values. Then capsaicin was washed off
and 5 uM LPA was added to obtain the fraction of current activated by this lipid. Data
were compared to cells not incubated with the inhibitors. Epsilon —V1 — 2, epsilon —
PKC Inhibitor, Cys — conjugated (¢Vi.,, ANASPEC) was diluted in water and
delivered intracellularly to DRG neurons at a concentration of 200 uM via the
recording electrode in whole-cell recordings.
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Supplementary Figure 1. Control experiments showing specificity of LPA actions
on TRPV1.

(a) Coapplication of capsazepine (Czp) with LPA mimics the pain-like behavior of
the TRPV1™" upon LPA injection. Paw-licking time after injection of 2.8 ug of
capsaicin was 70 + 8 s vs 8 £ 1.8 s for saline and coinjection of capsaicin + Czp (2.2
ng) was 9.8 + 1.3 s. Paw-licking time after injection of LPA (4.1 ug) was 52 £5 s
and 20 £+ 2.8 for LPA + Czp. *denotes p < 0.01 with respect to vehicle, ** p < 0.01
between capsaicin and capsaicin + Czp and *** p< 0.01 with respect to LPA and
LPA+ Czp (n=10).

(b) GFP-transfected cells are not activated by capsaicin (black trace) nor LPA (orange
trace) as compared to leak currents (grey trace) in inside-out membrane patches (120
mV). Representative traces from 5 experiments.

(c) The vehicle where LPA was diluted does no activate TRPV1 expressed in HEK
cells. While capsaicin promotes current activation (black trace), currents measured in
vehicle (DMEM + 1% fatty acid free-albumin, blue trace) behave like the initial
currents (grey trace). Representative traces from 5 experiments for each case (inside-
out membrane patches, 120 mV).

(d) TRPA1, TRPV2 and TRPV3 do not respond to LPA. The box-plot depicts the
effects of LPA on TRP-channel activation. Data are expressed as the fraction of
current in the presence of LPA normalized with respect to maximal activation with
each channel’s known activator (30 uM 2-aminoethoxydiphenylborane (2-APB) for
TRPV2 and 2mM for TRPV3, 400 uM allicin for TRPA1; 4 uM for TRPV1 which is
the same data as in Figure 2b). The vertical line within each box indicates the median,
boxes show the twenty-fifth and seventy-fifth percentiles, and whiskers show the fifth
and ninety-fifth percentiles of the data (n = 5).

* * denotes a significant difference of p < 0.01 between TRPV1 and the other

Nature Chemical Biology: doi:10.1038/nchembio.712 3



channels, ANOVA test. All experiments were performed in the inside-out
configuration of the patch clamp at 120 mV except with TRPA1, where the cell-
attached configuration was used to avoid rundown.

(e) Box-plot depicting the effects of LPA-related molecules on the TRPVI.
Phosphatidic acid (PA) produced a small but significant effect on TRPV1-current
activation when compared to its own leak currents but glycerol phosphate (GP), oleic
acid (OA), lysophosphatidylcholine (LPC), diacylglycerol (DAG), ceramide-1-
phosphate (C1P) and sphingosine-1-phosphate (S1P) failed to promote channel
activation. All molecules were applied at a concentration of 5 uM from the
intracellular side of the membrane in TRPV1-expressing HEK-cell patches. Data are
expressed as the fraction of current normalized with respect to maximal activation
with saturating capsaicin (4 uM) at 120 mV. The horizontal line within each box
indicates the median, boxes show the twenty-fifth and seventy-fifth percentiles, and
whiskers show the fifth and ninety-fifth percentiles of the data (n = 6). * denotes a
significant difference of p < 0.01 between LPA and the other compounds and **
denotes significance of p < 0.05 between PA and the rest of the lipids, ANOVA test.
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Supplementary Figure 2. BrP-LPA mimics the pain-like behavior induced by
LPA. Paw-licking time after injection of 3ug BrP-LPA was 60 £+ 4 s vs 6 + 1 s for
saline in control and 21 =3 s vs 7 £ 0.7 s for saline in 7rpvI “mice. * denotes p <0.01
between saline- and BrP-LPA- injected animals and **p < 0.01 between control and
Trpvl " mice injected with BrP-LPA, ANOVA test. (n=12)
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Supplementary Figure 3. LPAs is not involved in the response of TRPV1 to LPA.
(a) Lane 1 is the molecular weight marker. LPAs cDNA was amplified from reverse
transcribed mRNA from HEK293 cells (lane 2), mouse DRG neurons (lane 3), and
mouse embryonic fibroblasts (MEF, lane 4). Representative of 3 equal experiments.
(b) Representative current families obtained in the inside-out and on-cell
configurations of the patch-clamp technique in response to voltage pulses from -120
to 120 mV in 10 mV increments (n= 5 for each configuration) using TRPV1-
transfected HEK cells. Initial currents were first measured in the absence of any
compound (grey, top), then in the presence of 1.5 uM FPP (blue, middle) and finally
with 4 uM capsaicin (black, bottom).

(c) Representative traces in the on-cell configuration of 5 equal experiments from
HEK293 cells expressing the TRPV3 channel. Initial currents were first obtained in
the absence of any compound (grey, top) and then in the presence of 1.5 uM FPP
(blue, bottom).

(d) Bar-chart for averaged data obtained from experiments shown in (b). For inside-

Nature Chemical Biology: doi:10.1038/nchembio.712 6



out experiments, the fractions of measured currents at 120 mV with respect to 4 uM
capsaicin were: initial, 0.07 + 0.04 and FPP, 0.06 + 0.04. For on-cell experiments the
fractions were: initial, 0.04 + 0.007 and FPP, 0.04 + 0.02. Data are expressed as mean
+s.e.m (n =5 for each group).

(e) Box-plot of the fraction of current activated by LPA with respect to 4 uM
capsaicin in the on-cell configuration after the incubation of cells with inhibitors of
LPA receptor-associated signaling pathways (n = 5). The horizontal line within each
box indicates the median, boxes show the twenty-fifth and seventy-fifth percentiles,
and whiskers show the fifth and ninety-fifth percentiles of the data.
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Supplementary Figure 4. PKCg¢ is not involved in TRPV1 activation by LPA.

(a) PKC inhibitors do not abrogate LPA effects. Mean TRPV1-currents recorded in
on-cell HEK-cell membrane patches elicited by 5 uM LPA at 120 mV after Y27632
(260 uM) or BIM I (1 uM) treatments and normalized to the mean current in
saturating capsaicin. Box-plot content is as in Fig.2b (n = 6).

(b) Representative traces (n = 6) for activation of TRPV1 by LPA (on-cell) in a
HEK293 cell expressing only TRPV1 (left) or TRPV1 and either the dominant
negative PKCe (middle) or the WT PKCe (right) at 120 mV.

(c) Box-plot of the fraction of currents activated by LPA relative to 4 M capsaicin
for experiments as in (b).

(d) Percentage DRG neurons which responded to LPA with a TRPV1-like current
with (left) or without the PKCe inhibitor €V, in the pipette solution of whole-cell
patches (-60 mV, n = 6).

Nature Chemical Biology: doi:10.1038/nchembio.712 8
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Supplementary Figure 5. Activation of TRPV1 in the presence of LPA and PIP,.
(a) Additive effects of LPA and capsaicin on TRPV1 activation. Initial dose-response
to capsaicin alone (Kp = 228 £+ 85 nM and slope = 1. 3 £ 0.18; black symbols and
black curve) and together with 700 nM LPA (Kp = 85 £+ 32 nM and slope = 1.4 +
0.23; orange symbols and orange curve) at 120 mV in inside-out membrane patches.
Smooth curves are fits to the Hill equation. Pooled data are presented as mean + s.e.m
of 4 equal experiments.

(b) DiC8-PIP; inhibits the response of TRPV1 to LPA. Time-course of TRPV1-
activation by capsaicin (100 nM), inhibition by polylysine (polyK) (15 pg/ml) and
recovery by addition of DiC8-PIP; (200 nM) in inside-out membrane patches.

(c and d) Time-course of TRPV1-activation (+120 mV) by LPA (5 puM) exhibiting
inhibition by polyK (15 pg/ml) and 50 nM (c) and (d) 200 nM DiC8-PIP, in the
inside-out configuration. LPA was present throughout the whole experiment.

Nature Chemical Biology: doi:10.1038/nchembio.712 9
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Supplementary Figure 6. Effects of BrP-LPA on the TRPV1-K710D channel.

(a) The response to capsaicin is not affected in the TRPVI-K710Q and TRPV1-
K710D mutants. Dose-response curves to capsaicin of TRPV1-K710Q (Kp = 185+ 6
nM: filled triangles and dotted curve) and of TRPV1-K710D (Kp = 246 £+ 53 nM;
empty triangles and grey curve) as compared to WT (228 + 85 nM; squares and black
curve) at 120 mV in inside-out membrane patches. Smooth curves are fits to the Hill
equation. Pooled data are presented as mean =+ s.e.m of 5 equal experiments.

(b) The K710D mutation abrogates BrP-LPA’s effects on TRPV1 currents. Box-plot
for the fraction of current activated by BrP-LPA (5 uM) in the TRPV1-K710D mutant
as compared to WT and normalized with respect to currents activated by saturating
capsaicin. The vertical line within each box indicates the median, boxes show the
twenty-fifth and seventy-fifth percentiles, and whiskers show the fifth and ninety-fifth
percentiles of the data. The symbol *denotes significance of p < 0.01, n =6, ANOVA
test.
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Supplementary Figure 7. Binding of TRPV1 to LPA-beads is specific.

(a) TRPV1 interaction with LPA-coated beads. Lane 1= input (1 pg), 2= TRPV1
bound to LPA-beads, 3 and 4= competition of BrP-LPA and PIP, for beads,
respectively and 5= interaction with control beads. 2,3,4,5 contained 30 pg of
membrane protein. Lower panel= Coomasie blue-stained supernatant fraction.

(b) Interaction of K710D with LPA-coated beads. Lane 1= the input (5 pg) of the
TRPV1-K710D mutant, 2= pull-down of TRPV1-K710D with LPA-beads and 3=
control beads. 2 and 3 contain 60 pg of membrane protein. Lower panel= Coomasie
blue-stained supernatant fraction.
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