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Background: Little is known about the structural characteristics of the multimodal TRPV1 ion channel.

Results: FRET measurements show the C terminus surrounded by the N terminus arranged with 4-fold symmetry. The N
terminus is further away from the plasma membrane than the C terminus.

Conclusion: Domain organization is consistent with a compact structure of the channel.

Significance: This work presents novel insights regarding the structure of TRPV1I.

The transient receptor potential vanilloid 1 ion channel is
responsible for the perception of high temperatures and low
extracellular pH, and it is also involved in the response to some
pungent compounds. Importantly, it is also associated with the
perception of pain and noxious stimuli. Here, we attempt to
discern the molecular organization and location of the N and C
termini of the transient receptor potential vanilloid 1 ion chan-
nel by measuring FRET between genetically attached enhanced
yellow and cyan fluorescent protein to the N or C terminus of the
channel protein, expressed in transfected HEK 293 cells or
Xenopus laevis oocytes. The static measurements of the domain
organization were mapped into an available cryo-electron micros-
copy density of the channel with good agreement. These measure-
ments also provide novel insights into the organization of terminal
domains and their proximity to the plasma membrane.

The transient receptor potential vanilloid 1 (TRPV1)? ion
channel is a sensory transducing ion channel that has been
found in multiple species, including human, rat, guinea pig,
rabbit, mouse, zebrafish, and pig (1). It is involved in the detec-
tion of chemical and thermal stimuli. TRPV1 is a nonselective
cation channel with a preference for calcium and is activated by
capasicin (2), anandamine (3), noxious heat, low pH (<5) (4), volt-
age (5), and some pungent compounds such as those found in
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onion and garlic like allicin (6). It is also regulated and activated by
some lipids such as phosphatidylinositol 4,5-bisphosphate and
lysophosphatidic acid, which have been described as modulator
and allosteric activator of the channel, respectively (7, 8).

Not much is known about the structural characteristics of
TRPV1. Biochemical (9, 10) and biophysical (11, 12) evidence
suggest that the functional channel in the membrane is orga-
nized as an homotetramer. By homology with voltage-depen-
dent potassium channels, each subunit of the channel is
thought to consist of six transmembrane domains with a short
amphipathic region between the fifth and sixth domains and
intracellular N and C termini.

The evidence indicates that the pore of the channel is formed
by the amphipathic region together with the S5 and S6 seg-
ments. It has been shown that the activation gate is located at
the S6 segment. This region is similar to that of voltage-depen-
dent potassium channels; it adopts an amphipathic a-helical
structure forming an aqueous cavity with two constrictions:
one that hinders large ion permeation and one for small ion
permeation (13, 14).

The N terminus contains a distal section of 100 amino acids
followed by six ankyrin repeats and a linker region between
these and the first transmembrane domain (15), which has been
implicated in temperature sensing (16). A region of the C ter-
minus that is adjacent to the S6 segment is involved in the
oligomerization of the channel (17, 18), the C terminus also
contains the highly conserved TRP box that has been shown to
be important in channel gating (17, 19). Moreover, the C termi-
nus has also been established as an important region for tem-
perature gating (20, 21).

Each of the activators of TRPV1 acts on different channel
regions and, as has been shown for several signals (14), they
converge in a final event that is the opening of the activation
gate, implying an allosteric conformational change that trans-
mits the signal from the site of action of the agonist to the
activation gate. For example, in the case of allicin, whose site of
action is expected to be relatively far away from the activation
gate, in the second ankyrin repeat at the N-terminal (6), it is
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proposed that the ankyrin domains suffer a conformational
change that leads to the opening of the channel. These confor-
mational changes have been reported for other channels, such
as cyclic nucleotide-gated channels, where a portion of the gat-
ing ring moves parallel to the plasma membrane during activa-
tion (22, 23).

Apart from the structure of the ankyrin repeats (24), no
structural information at the atomic level is available for the
entire TRPV1 channel; however, some insights have been
obtained by using different techniques, such as cryo-electron
microscopy (cryoEM) (11) and extensive mutagenesis and func-
tional assays (13, 14, 25). The elucidation of how the channel is
assembled from a structural point of view will allow the develop-
ment of new strategies for the study of this class of ion channels.

Here, we have tried to obtain some insight into the basic
architecture of the N and C termini of the TRPV1 ion channel
by using FRET measurements between donor and acceptor
molecules introduced in the channel. We genetically attached
the enhanced yellow and cyan fluorescent proteins to the N- or
C-terminal ends of the protein, expressed these TRPV1 chime-
ras into HEK 293 cells and Xenopus laevis oocytes, and mea-
sured FRET by the spectral FRET method (26). We were able to
determine the coarse architecture of the N and C termini within
the tetramer and their localization relative to the plane of the
membrane.

EXPERIMENTAL PROCEDURES

Molecular Biology—Enhanced yellow and cyan fluorescent
proteins (FPs) were inserted in the N or C termini (or both) of
the rat TRPV1 channel (rTRPV1). The FPs were amplified by
PCR from plasmids peYFP or pAmCyan (C1 or N1, Clontech)
and inserted into the N or C termini of the channel with the
linker GGSGGSGGS in all cases. The construct FP-Linker-
rTRPV1-Linker-FP was obtained from the previous FP-Linker-
rTRPV1 and rTRPV1-Linker-FP constructs, using Notl and
SaclIrestriction sites. The tandem dimer rTRPV1-rTRPV1 was
generated with a similar technique to that reported by Gordon and
Zagotta (27) for cyclic nucleotide-gated channels. FPs were
inserted at the C terminus of this dimer. A BlpI restriction site was
engineered at the beginning of our C-terminally labeled channel
(rTRPV1-Linker-FP), where the A protomer of the dimer with
a 2l-residue linker QQQQQQQQIEGRQQQQQQQQA
(released by Kpnl and Blpl restriction) was introduced. These con-
structs were cloned into the pcDNA3 vector (Clontech). Hv1-
mCitrine and Hvl-mCerulean were a gift from Dr. Justin Taraska
from the NHLBI, National Institutes of Health. These constructs
contain the FPs at the end of the C terminus and are cloned into
pcDNAG6.2-DEST. For expression in oocytes, pcDNA3 plasmids
were linearized with Notl, and pcDNA6.2-DEST was linearized
with Agel. mRNA was synthesized in vitro using the mMessage
mMACHINE T7 transcription kit (Ambion). All restriction
enzymes were purchased from New England Biolabs.

Channel Expression—Human embryonic kidney cells (HEK
293) were grown at 37 °C in a humidified atmosphere of 95% air
and 5% CO,. The cells were transfected using Lipofectamine
(Invitrogen) or JetPei (Polyplus Transfection) following previ-
ously described methods (13) with plasmid containing either
the individual constructs or cotransfected with eYFP- and CFP-
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labeled constructs; experiments were performed 3 or 4 days
after transfection.

X. laevis oocytes were surgically extracted and defolliculated
as previously described (28). Oocytes were incubated at 18 °C in
ND96 solution containing 96 mm NaCl, 2 mm KCI, 1.8 mm
CaCl,, 1 mm MgCl,, 5 mm HEPES, 2.5 mm pyruvic acid, 20
pg/ml gentamycin (pH 7.5, NaOH). To increase oocyte sur-
vival, the ND96 solution was supplemented with 5% fetal
bovine serum (Invitrogen), 1% penicillin/streptomycin (Invit-
rogen). Oocytes were injected with 36 nl of mRNA (~1 pg/ml)
1 day after harvesting using a Nanostepper (Drummond Scien-
tific) and pipettes of ~20-um-diameter opening. Experiments
were performed 3-5 days after injection.

Electrophysiology—Electrophysiological characterization of
the constructs was performed in HEK 293 cells. Inside-out
patch clamp recordings were made using symmetrical solutions
consisting of 130 mm NaCl, 3 mm HEPES, 1 mm EDTA. Mem-
brane patches were perfused with solutions fed by gravity and
changed with an RSC-200 rapid solution changer (Molecular
Kinetics). Macroscopic ionic currents were sampled at 10 kHz
and filtered at 2 kHz with an EPC 10 amplifier (HEKA Elek-
tronik). Membrane patches were initially held at 0 mV for 10
ms, and the voltage was then stepped from 0 to 80 mV for 100
ms and then returned back to 0 mV for 10 ms. These recordings
were performed at room temperature (~23 °C). For all experi-
ments, leak currents in the absence of capsaicin were sub-
tracted from currents in the presence of capsaicin.

FRET Measurements—The apparent FRET efficiency E,,,
was measured by the spectra-FRET method (26) in a home-
modified TE-2000U (Nikon) inverted epifluorescense micro-
scope. The excitation light source was an argon ion laser (Spec-
tra-Physics); the laser is coupled to a multimode optical fiber
using a 3-mm ball lens. Diverging light coming out of the fiber
couples to the illumination port by a 50-mm focal length colli-
mating lens and then is focused into the objective by a 300-mm
lens.

Cells were imaged with a Nikon 60X oil immersion objective
(numerical aperture 1.4). The microscope is coupled to a spec-
trograph (Acton Instruments) and a EMCCD camera (Luca,
Andor) controlled by Micromanager software (29).

Emission spectra where obtained as follows. The spectro-
graph slit was partially closed to be able to image a small area of
a cell (corresponding to the vertical lines in Fig. 1B). The light
coming from the cell and passing through the slit was projected
across the grating in the spectrograph to obtain a spectral
image, which was collected by the camera. From this image, an
emission spectrum of the membrane area (see horizontal lines
in Fig. 1, B-D) was obtained using a line scan along the wave-
length axis. The resulting line scans from the spectral images
are shown in Fig. 1E. The emission spectrum of cells expressing
channel-CFP constructs was first recorded at 458-nm excita-
tion. Direct excitation (ratioA,) of eYFP constructs by 458-nm
light was determined as the ratio of the emission intensities
observed by exciting the eYFP at 458 and 488 nm.

When cells cotransfected with a CFP and eYFP constructs
are excited at 458 nm, the emission spectrum shows two peaks;
the first one at 488 nm is the emission of the CFP protein, and
the second at 525 nm is the emission of eYFP. This second peak
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FIGURE 1. FRET was measured by the spectral FRET method. Aand B, HEK 293
cell in bright field (A) and epifluorescence illumination (B). C and D, emission
spectra of the same cell exited at 488 and 458 nm, respectively. The yellow vertical
lines indicate the position of the spectrograph slit on the image, and the green
horizontallinesindicate the zone where the line scan was performed, correspond-
ing to the spatial coordinate of the membrane shown in B. E, the CFP spectra (blue
line) was scaled to the first peak of the spectra of the experimental cells (light blue)
and then subtracted, leaving only the eYFP spectra (RatioA, red) that contains two
components, the first caused by the direct excitation by 458 nm (RatioA,) and the
other caused by FRET with CFP (any value above the dotted line). F, predictions for
different stoichiometries of the channel with adjacent FPs separated by 6.6 nm.
The scale bars in Aand Bare 20 um.

contains three components, the first caused by bleed-through
of CFP fluorescence, the second caused by direct excitation of
YFP at 458 nm, and the third caused by FRET with CFP. To
quantify the FRET efficiency from this spectrum, the CFP-only
spectrum, which was obtained separately (Fig. 1E, blue line),
was scaled to the first peak of the emission spectrum of the
experimental cells and then subtracted, leaving only the eYFP
spectrum. This subtracted spectrum contains two of the afore-
mentioned components: the direct excitation at 458 nm and the
FRET with CFP. E,,, is obtained as the difference: E,,, = ratioA —
ratioA,, where ratioA is the ratio between the subtracted eYFP
spectra and a third spectrum obtained by exciting at 488 nm (Fig.
1E, red and orange lines, respectively). From the emission spec-
trum for each cell, the fluorescence intensities of donor () and
acceptor (I,) were obtained as the peak intensity of the CFP spec-
trum and the peak intensity of eYFP. Different values of I, and I,
were attained by varying the expression levels of donor and accep-
tor by transfecting different ratios of the donor and acceptor DNA.

To measure distances between the membrane and the fluo-
rescent proteins located at the terminal domains of the channel,
we used dipicrylamine (DPA) as an energy acceptor pair for
eYFP. DPA was synthesized from 2—4-dinitro-N-phenylaniline
(Sigma) following reported procedures (30). DPA is a small,
negatively charged and nonfluorescent molecule that interca-
lates in the membrane. Its absorption spectra overlaps with the
emission spectra of the FPs; therefore it makes for a good FRET
pair with eYFP (31). Xenopus oocytes expressing eYFP labeled
channels were placed in a glass coverslip coated with poly-p-
lysine that constituted the bottom of the chamber for FRET

29508 JOURNAL OF BIOLOGICAL CHEMISTRY

measurements. After 30-40 min, the oocyte was carefully
removed from the chamber by suction with a fire-polished glass
pipette, leaving a small sheet of membrane attached to the glass
(32). After addition of DPA to the chamber, emission intensity
of eYFP was followed. Quenching of eYFP is observed because
energy is transferred to the DPA acceptors.

TRPV1 Agonists—Capsaicin was obtained from Sigma and
dissolved in ethanol in a stock solution at 4 mm. This stock was
later diluted to final concentrations ranging from 10 nMm to 4 um
in recording solution. Stock solutions of lysophosphatidic acid
(Avanti Polar Lipids) were prepared in DMEM (Invitrogen)
with 1% fatty acid-free bovine serum albumin following the
previously reported methods (8). For FRET measurements, all
agonists were diluted from stocks to saturating concentrations.
For experiments involving heat activation of TRPV1, temperature
was controlled with a PTC-10 Peltier temperature control system
(NPI Electronics) and monitored with a thermistor (Warner
Instruments) placed near the cells or the membrane sheets.

Predicting FRET Efficiency—The coupling efficiency of a
donor-acceptor pair is given by Forster’s equation (33),

1

ﬁ (Eg. 1)
+ Ro

where r is the donor-acceptor distance, and R, is the character-
istic distance for transfer.

In our experiments we have a mixture of donors, acceptors,
and donor-acceptor pairs. To determine the efficiency of FRET
in these conditions, we note that the first two will contribute to
the fluorescence but not to the FRET signal.

The rate, k of FRET for a donor-acceptor pair is,

)
T\ r

where 7 is the fluorescence decay life time (rate = 1/7) when
there is no acceptor. If there are two acceptors at distances r;
and r, from one donor, the rate of transfer should be as follows.

(L Re1
AV

E=

(Eq.2)

(Eq.3)
The efficiency is as follows.
k
Eo=—7 (Eq.4)
k +—
r
In general, for 1 donor and #,, acceptors,
Na 1
RS 2. %
0 j r?j
Eip, = (Eq.5)
Na
. 1
1+ R, 3

Now, if there is more than one donor, each one can excite one
acceptor at a time, so the efficiency, E, is the average for the two

VOLUME 288-NUMBER 41-OCTOBER 11,2013



excitation pathways: k = [(k;1.1 T Kpwo) T Konar T Kingo)]- In
general for n, donors and n,, acceptors, the efficiency is as follows.
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The efficiency will depend on the stoichiometry of donors and
acceptors. We can calculate the probabilities of forming differ-
ent populations of channels by,

ng4!

Prans = (= nyin PV P

o (Eq.7)
where py is the probability of acceptor, pc is the probability of
donor, n, is the number of donors, and 7, is the number of
acceptors. In this equation, we have assumed independent asso-
ciation of donor and acceptor subunits.

The apparent FRET for a donor, D, and an acceptor, A, that
form a complex DA, is given by the following equation.

DA-E

Ewe " DA+ A €a.8

This can be generalized to describe the efficiency for a chan-
nel with arbitrary stoichiometry formed by T subunits,

.
2 (T - nd) Pnd(Tf nd)End(T* nd)

ng=0

E

app — . (Eq.9)

E (T_ nd) P"d(T—”d)

ng=0

where T is the number of subunits, 7, is the number of donors,
(T — n,) is the number of acceptors, P,, (1., , is the probability of
occurrence of a channel with 7, donors and (T — n,) acceptors,
and E, 1., ) is the intrinsic efficiency of the same channel. The
probabilities of assembly of different tetrameric channel popula-
tions and their respective intrinsic efficiency are given in Table 1.
The fluorescence intensity ratio, Fr, is given by the ratio of

total donor intensity to total acceptor intensity,

lg Sq
= — Eg. 10
Fr 1S, (Eq.10)
where
;
lg = E ndPnd(T*nd)(‘l - End(Tfnd)) (Egq.11)
ng=0
.
€4
Ia = E (T - nd) Pnd(Tfnd)(‘I + End(Tfnd)): (Eq.12)

ng=0
and where €, and €, are the donor and acceptor molar extinction
coefficients at the donor excitation wavelength, and S, and S, are
the detection factors for donor and acceptors, respectively.
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TABLE 1

Probability of assembly of different tetrameric channel populations
and theirrespective calculated intrinsic FRET efficiency for a hypothet-

ical R, = 50 A and separation between adjacent subunits, r = 60 A
Channel populations
FRET efficiency

@ Donor Probability Ro=50A

O Acceptor r=60A

8 pe’ -

<o 4py pc® 0.180646

& 0.273657

6py’ pc’

& 0.401124

fos) 4py’ pe 0.415771

& ' :

The measured values of E, ,, are plotted as a function of the
fluorescence intensity ratio, /,/1,. The predictions for the effi-
ciency of FRET for a given model are compared against data by
plotting Equation 9 as a function of Equation 10 (Fig. 1F). All
data analysis and modeling were done with programs written in
IgorPro (Wavemetrics).

Anisotropy measurements—We measured the emission ani-
sotropy to evaluate mobility of the FPs attached to TRPVI.
Anisotropy was measured from HEK 293 cells and oocytes
expressing eYFP-channel fusion constructs using an epifluores-
cence microscope with a 60X, 1.4 N.A. objective. An excitation
polarizer was placed right before the excitation filter in a hori-
zontal position, and one emission polarizer was placed under-
neath the filter cube where vertical and horizontal polarization
is controlled. Two images were obtained separately from the
same sample, one with the two polarizers in the horizontal ori-
entation (parallel position) and the other by switching the emis-
sion polarizer to a vertical orientation (perpendicular position).
The steady-state anisotropy, A, was calculated as,

IH_IL

A=l ol

(Eq.13)

where [ is the parallel intensity, and I, is the perpendicular
intensity with respect to the excitation polarization.

The intrinsic properties of the system were assessed by mea-
suring the anisotropy of fluorescein isothiocyanate (Pierce) dis-
solved in increasing concentrations of glycerol ranging from 0
to 99%; fluorescein final concentration was always 10 pg/ml.
Anisotropy was first measured in an PC1 spectrofluorometer
(ISS) and then compared with that measured in the microscope
(see Fig. 7A), from which a correction factor of 1.45 was calcu-
lated and used to calibrate measurements of fluorescence
anisotropy of proteins expressed in cells imaged by our
microscope.
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FIGURE 2. FRET in C-terminal constructs. A, FRET between mCitrine and
mCerulean at the C terminus of the Hv1 channel. The black solid and dotted
lines are the predictions for a 4.5 = 0.2 nm interfluorophore distance for a
single FRET pair, according to Equations 9 and 10 with T = 2. The blue and
green lines are predictions for a tetramer and a trimer, respectively, with the same
interfluorophore distance. B, cotransfection of Hv1-mCitrine and TRPV1-CFP sub-
units yields no FRET. The top images show the differential expression of Hv1
(panel I) and TRPV1 (panel Il) in the same HEK 293 cell. The scale bars are 10 um.

RESULTS

Static Measurements of the Domain Organization of TRPV1
Channels—To estimate the dynamic range of the FRET mea-
suring method and the sensitivity of our optical setup, we first
carried out control experiments by coexpressing the dimeric
proton channel Hv1, tagged at the C terminus with mCitrine or
mCerulean fluorescent proteins. Hvl proton channels have
been determined to be functional dimers (34, 35). Structural
information available for this protein indicates that the C ter-
minus of the dimer forms a coiled-coil, suggesting that these
terminal regions of the protein may be very close (36). In agree-
ment with this, we find that the efficiency of FRET between the
fluorescent protein-tagged channels is very high (Fig. 24). The
apparent FRET efficiency increases monotonically as a function
of the fluorescence intensity ratio (1,/1,) and approaches a con-
stant value, as expected for assembly of channels with fixed
stoichiometry. To compare the data with different models of
subunit assembly, we plotted Equation 9 as a function of Equa-
tion 10 using a known value of R, = 53 A (37) for the pair
mCitrine-mCerulean and varying the value of the distance
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between fluorophores. The data can be best fit by a dimmer
with fluorophores separated by 4.7 nm.

These data demonstrate that the FRET method is capable of
determining FRET efficiency and that our model predicts accu-
rately the known degree of oligomerization of the channel. As a
negative control, we coexpressed Hvl-mCitrine and TRPV1-
CFP. These two proteins should not associate and therefore
should not produce any FRET. As expected, the FRET effi-
ciency calculated from these cells is essentially zero and serves
as a base line for all subsequent measurements (Fig. 2B).

Genetically labeling TRPV1 channels at the C terminus with
either eYFP or CFP yielded functional channels that are acti-
vated in a dose-dependent manner by capsaicin (EC,, = 280
and 330 nwm, respectively) (Fig. 3A) and preserve other charac-
teristics such as outward rectification of the IV relationship and
voltage dependence (data not shown). The EC,,, for capsaicin of
these constructs is very similar to the corresponding value for
WT (nontagged) channels of 232 nm. The fluorescence emis-
sion spectra of the FPs attached to the channel correspond to
previously published spectra for eYFP or CFP (26, 38). To deter-
mine the distance between fluorescent proteins attached to the
C terminus of the channel, we coexpressed the eYFP labeled
and CFP labeled subunits in HEK 293 cells and measured the
efficiency of FRET. As with the Hv1 channel, the efficiency of
FRET was graphed as a function of the donor to acceptor inten-
sity ratio (1,/1,), to compare with the mathematical expressions
described under “Experimental Procedures” and estimate the
stoichiometry of the channel and the interfluorophore dis-
tance. The FRET data for the pair at this position agrees with
the prediction that the channel is a tetramer and allowed us to
estimate the distance between adjacent FPs. This is because the
distance between two diagonally located fluorophores in the same
square-shaped plane within a tetramer will correspond to r\E,
where r is the adjacent interfluorophore distance. Using the value
R, = 49.2 A, the adjacent fluorescent proteins located at the C
terminus were determined to be 6.6 £ 2 nm apart (Fig. 3C).

According to this result, if the C termini are located at the
corners of a square plane, the distance between two diagonally
located fluorophores in the same plane would be 9.5 nm. To
have an independent estimate of this distance, we coexpressed
TRPV1 tandem dimers labeled with eYFP or CFP at the C ter-
minus (one FP/dimer).

The channels generated by these tandem constructs should
be dimers of two dimers and have a single FRET pair in diago-
nally located C termini (27). The relationship between apparent
FRET efficiency and fluorescence intensity ratio for these chan-
nels can be described by a model with a single FRET pair. The
distance estimated for these functional channels was 8 = 2 nm,
which is similar to the predicted diagonal distance of 9.5 nm
(Fig. 3D), and supports the assertion that the C termini are
located at the corners of a square plane.

Next, we assessed the FRET efficiency of N-terminally
labeled TRPV1 channels with CFP or eYFP (Fig. 4). Both of
these chimeras are functional, and the FPs also preserve their
emission spectra; they are both activated by capsaicin in a dose-
dependent manner, with EC,, = 174 nm for the eYFP channel
and 181 nM for the CFP channel. Analysis of cells cotransfected
with these constructs yields almost no FRET efficiency, indicat-
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nm (r,). D, FRET in a tetramer made of dimers with a single FRET pair at the C terminus; the prediction for a diagonal distance is 8 = 0.6 nm (r,).
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ing that the distance for the adjacent FPs at the N terminus is at
or beyond the limiting distance for FRET between the CFP and
eYFP pair. According to the model, again considering tetra-
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meric channels, the distance between FPs at the N terminus was
10 nm or larger.

The results above suggest that the N terminus is located periph-
erally to the C terminus. To gain a better picture of the organiza-
tion of terminal domains, we determined the distance of the N-
and C-terminal domains in the normal direction to the membrane.
To this end, we used DPA, which is a nonfluorescent hydrophobic
anion that intercalates in the membrane. DPA functions as an
energy acceptor with fluorescent proteins, resulting in quenching
of their fluorescence emission by a FRET mechanism (23, 39).

The relative distance between the fluorophores attached to
the channel and the membrane can then be determined by
measuring the efficiency of FRET between these two probes.
For these experiments, we used eYFP labeled TRPV1 channels
expressed in oocytes and prepared membrane sheets from
them (32) to measure fluorescence emission spectra.

When the C-terminally labeled channel is expressed, addi-
tion of 20 uM of DPA (23) to the bath solution (intracellular face
of the membrane sheet) produces a steady-state reduction of
the eYFP fluorescence intensity down to 40% of its initial value.
In contrast, when we expressed the N-terminally labeled chan-
nel, the eYFP fluorescence was reduced by 20 um of DPA to 70%
of its initial value (Fig. 5B). It has been reported that fluores-
cence quenching of free GFP in solution by the same concen-
tration of DPA we used is 3% (23), which is consistent with the
fact that, at 20 umMm, the average distance between DPA mole-
cules in solution should be near 10 nm. We can assume that the
quenching of free eYFP will be similar because the R, for the
pair eYFP-DPA is close to that of the GFP-DPA pair (31 and 37
A, respectively) (31). Therefore, the larger than 3% quenching
of fluorescence suggests that eYFP attached to the N or C ter-
minus of the channel was close enough to the DPA intercalated
in the membrane to observe FRET.
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quenches ~40% of the fluorescence of the mCitrine-labeled Hv1 channel. B, quenching of eYFP by DPA is different if attached to the N terminus or C terminus
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To relate the magnitude of fluorescence quenching with the
separation of the FPs from DPA in the membrane, we devel-
oped a quantitative description of FRET between eYFP and
DPA that takes into account their relative spatial location. We
assumed FRET between a channel with four identical fluores-
cent proteins and multiple DPA molecules in the membrane
(Fig. 5C). In the simulation, each of the four FPs in the channel
transfers energy to every DPA molecule in the membrane and
the FRET efficiency is calculated according to the following.

Na 1
RS —
1 44 0 ; I’S
v =5 2 (Eq. 14)
4d i1 Na 1
1+ Rg E F
L i 7]

In this equation, r;; is the distance from the jth DPA to the ith
eYFP molecule calculated as follows.

ry = \/(Xi =X+ (yi—y)?+ (2= 2)° (Eq.15)

In accordance with the adjacent distances we measured pre-
viously and keeping 4-fold symmetry, the absolute values of the
coordinates x,,y; for each of the four eYFPs are, in Angstroms
(30, 30) in the C terminus and (50, 50) in the N terminus. The
coordinates for each DPA molecule were set randomly on a
circular plane around the channel with constant z; = 0. The
sum over the index j in Equation 14 runs up to the number of
DPA acceptors, which we set to be 1400 and which are placed in
the intracellular face of the membrane. Because quenching of
eYFP by DPA is a direct estimate of the FRET efficiency
between this pair, we only varied the coordinate z; until Equa-
tion 14 gave an efficiency equal to the quenching level: 0.3 for
YEP in the N terminus and 0.6 for YFP in the C terminus.
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Thus we determined that the separation of eYFP located at
the C-terminal from the DPA in the membrane was 6.7 nm, and
if located at the N-terminal, this separation was 8.9 nm (Fig.
5D). Given that the average location of DPA normal to the
membrane is voltage-dependent (39) and that in our experi-
ments in membrane sheets the membrane potential is 0 mV,
a more accurate position for DPA might be the center of the
membrane, because the midpoint of DPA-associated charge
movement is close to 0 mV (40). This will shorten our measured
distances by ~1.5 nm.

As a control, we expressed the C-terminally labeled Hvl
channel, for which an x-ray structure of the coiled-coil C-ter-
minal domain is available (36). The addition of 20 um of DPA to
the bath solution (intracellular face of the membrane sheet)
produces a steady-state reduction of the mCitrine fluorescence
intensity of 40% of its initial value (Fig. 54). Assuming this level
of quenching is proportional to a FRET efficiency of 0.4 and
R, = 32 A for DPA and mCitrine, Equation 14 modified for a
dimmer yields a separation between the two mCitrine and DPA
in the membrane of 85 A. The coiled-coil domain of Hv1 starts
almost immediately after the S4 segment and measures ~65 A.
mCitrine is attached at the end of this domain, and its fluoro-
phore is located approximately in the middle, adding to a total
separation from the membrane of ~90 A, which is consistent
with the estimated separation calculated from the quenching
experiment and lends credence to this experimental approach.

Up to here we have determined the spatial location of the
terminal domains independent of each other and with respect
to the membrane. We next wondered which is the distance and
relative orientation of the N and C termini with respect to each
other. To this end, we cotransfected N-terminally eYFP-labeled
subunits and C-terminally CFP-labeled subunits in HEK 293
cells. Channels formed by these subunits should have FRET
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efficiencies dominated by transfer from the C-terminal to the
N-terminal fluorescent proteins.

As shown in Fig. 6A, FRET efficiency at high 1,/I, ratios is
high. Interestingly, an accurate prediction of the observed
FRET can be made with a tetrameric model only if there is a
~40° angular torsion between the plane of the N termini and
the plane of the C termini. If the C- and N-terminal planes had
the same orientation, their separation distance would be larger,
leading to lower levels of FRET than those observed. To corrob-
orate this result, we constructed and functionally expressed a
channel labeled with eYFP in the N terminus and CFP in the C
terminus of the same subunit. Thus, this construct should
assemble into a tetramer with four CFP-eYFP FRET pairs. This
channel with eight fluorescent proteins remained activated by
capsaicin in a dose-dependent manner with an EC;, = 73 nm.
Its cellular distribution was the same as all other constructs and
retained a similar expression level in the membrane.

The observed FRET efficiency in this doubled-labeled chan-
nel was very high, 0.46 * 0.08, because of the multiple energy
transfer pathways. This value is consistent with the predicted
FRET (0.53) of a tetramer with four FRET pairs and a 45° angu-
lar torsion between the N- and C-terminal planes (Fig. 6B).

Because FRET efficiency is also dependent on the orientation
of the pair of fluorophores, we were interested in determining
the mobility of our channel-attached FPs. Fluorescence emis-
sion anisotropy measurements can provide an idea of how free
the fluorophore is to rotate in space and thus indicate whether
a value of the orientation factor, k> = 2/3, is justified (33).
Although a direct estimate of k> from an anisotropy value is not
possible, it has been shown that the error between the esti-
mated distance and the actual distance that is introduced by
calculating R, using k* = 2/3, is ~10% if the anisotropy is less
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than 0.3 (41). Even if fluorophores are not highly mobile, the
error introduced in the distance by using k* = 2/3 falls within
the 67% confidence interval (42).

The anisotropy we measured from eYFP was 0.1 = 0.04 and
0.11 * 0.07 if attached to the N and C terminus of the channel,
respectively (Fig. 7B). These low anisotropy values are very sim-
ilar to the anisotropy that has been previously measured for
GFP and other variants attached to terminal domains of ion
channels (26). Also, these measurements indicate that the
yellow fluorescent protein was similarly mobile regardless of
the terminal domain to which it was attached in the channel,
further indicating that the observed FRET most likely
reported distance instead of restricted orientation of the fluo-
rescent proteins attached to different intracellular terminal
regions.

To summarize these results, we mapped the estimated dis-
tances of the terminal domains into the available cryoEM den-
sity of the channel (11). As shown in Fig. 8, there is good agree-
ment between our data on the position of N- and C-terminal
domains and the oligomeric size of the TRPV1 channel.

Domain Organization of the TRPVI Channels upon Acti-
vation—To determine whether channel activation promotes
any conformational changes between the terminal domains,
FRET measurements were performed in the presence of capsa-
icin (4 uMm), allicin (200 um), and lysophosphatidic acid (5 um)
and at three fixed temperatures: 22, 32, and 42 °C; additionally,
because TRPV1 channel desensitization by capsaicin occurs in
a calcium-dependent manner (43), we measured FRET in the
presence of calcium (2 mm) and capsaicin. The results were as
follows (Fig. 9).

There was no change in FRET between adjacent FPs located
at the C terminus after addition of capsaicin, with respect to
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FIGURE 8. Mapping of the distances determined in our experiments into
the 19 A resolution structure of the TRPV1 determined by single particle
electron cryoEM (11). The light gray spheres represent the FPs located at the
N terminus, and the dark gray spheres represent the FPs at the C terminus.
Mapping was performed with the UCSF Chimera software (46).

calcium-free solution either in the presence of calcium in chan-
nel-expressing HEK 293 cells or in oocyte membrane sheets.
FRET between the C-terminally located eYFP and membrane-
intercalated DPA did not change either in the presence of cap-
saicin, allicin, or lysophosphatidic acid. For the N-terminally
labeled channel, there was no change in FRET after addition of
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capsaicin with and without calcium with respect to calcium-
free solution.

We decided to test the agonists in the construct that yields
the maximum amount of FRET in our experiments: the double-
labeled channel. The observed FRET was the same as in saline,
in the presence of capsaicin or allicin.

To measure possible conformational changes caused by tem-
perature, first we monitored the intensity of the fluorescent
proteins alone at all the temperature range tested (from 22 to
42 °C). There were no changes in the emission spectra of the
two FPs in this temperature range (data not shown). Experi-
ments were performed in oocyte membrane sheets expressing
the C-terminally labeled channels and the doubled-labeled
channel; there was no change in FRET in either of the two
constructs at the three temperatures tested (Fig. 9, E and F).

One explanation for the lack of changes in FRET associated
with the activation of the channel is that the conformational
change fixes the fluorescent protein in an unfavorable orienta-
tion, counteracting the change in FRET caused by distance. To
explore this possibility, we measured anisotropy of eYFP
attached to the C-terminal of the channel in the presence of
capsaicin; the anisotropy was the same as in saline solution,
indicating that the FPs are not restricted upon activation of the
channel and that our FRET efficiency measurements remain
valid when the channel is activated.

DISCUSSION

In this work we have determined the coarse architecture and
the relative positions of the terminal domains of the TRPV1 ion
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ratioA — ratioA, There was no significant change in FRET at the three temperatures tested.

channel by means of FRET measurements. We found that the
fusion of FPs in the cytoplasmic terminal regions of the channel
does not compromise channel function and that it is possible to
determine FRET within or between channel subunits. We con-
sidered different subunit compositions of TRPV1, and the fit to
our data is consistent with a tetrameric stoichiometry. This is in
accordance with other measurements of the subunit composi-
tion of TRPV1 that have also found a tetrameric arrangement
(9, 10).

The measured FRET efficiency in our constructs indicates
that the C-terminal domains of adjacent subunits are closer
than the adjacent N-terminal domains and also that the C-ter-
minals are closer to the membrane than the N termini. The
distance determined from FRET efficiency measurements
between labeled N termini within a channel is a minimum dis-
tance because the FRET efficiency is close to zero. It seems that
this is not the result of a methodological problem, because we
could reliably measure FRET in other constructs and other
channels (see Fig. 2). Another possibility is that, because FRET
originates from a dipole-dipole interaction, the donor and
acceptor dipoles in the N-terminal constructs were not in a
favorable orientation. It has been reported that the error in
distance introduced by the orientation factor (assuming k> =
2/3) is relatively small, for molecules with total anisotropy
smaller than 0.3, the error introduced is ~10% (41). Our an-
isotropy measurements indicate that the FPs attached to either
the N or C terminus of the channel are quite mobile under our
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experimental conditions, suggesting that the FRET efficiency
measurements can be reasonably interpreted in terms of dis-
tance and that the adjacent N-terminal domains are at least 10
nm apart from each other.

Our data indicate that the plane of FPs located in the C ter-
mini is rotated 45° with respect to the N termini plane, forming
an alternating arrangement of C and N termini. Although it
could be argued that this proposed rotation does not represent
the arrangement of the terminal domains of the channel but
instead a forced packing caused by the size of the FPs that do
not interfere with its function (44), it has been proposed by
molecular modeling (45) that there could exist a particular rota-
tion between the terminal domains of the same subunit that
stabilizes the channel conformation.

We also determined the relative distances of the C- and
N-terminal labels to the plasma membrane via the quenching of
eYFP fluorescence by DPA that occurs through a FRET mech-
anism. These measurements are complicated by the fact that
the number of DPA molecules incorporated into the membrane
is unknown. The amount of observed quenching is propor-
tional to the FRET efficiency, because this measurement is
equivalent to a donor dequenching experiment (33). To repro-
duce the observed degree of quenching at 20 um DPA, we car-
ried out a simulation in which 1400 DPA molecules are placed
around a channel and occupy a circular area of ~680 nm>. This
is equivalent to a DPA molecular density of ~2.8 X 102 mol-
ecules A2 It has been previously estimated that the concen-
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tration of DPA in the membrane when 4 uM is present in the
bath is equivalent to a density of 10~* molecules A =2 (31). So
our estimates are not too different and can be explained by our
use of an increased concentration of DPA.

Although very robust FRET was observed between the FPs
located at the terminal domains and between membrane-inter-
calated DPA and the FPs, there was no change in FRET effi-
ciency after activation of the channel either by ligands or tem-
perature changes, indicating that the terminal domains do not
move relative to each other or relative to the membrane during
activation or that the conformational changes are too small to
be detected with these probes.

It has been proposed that a calcium-dependent, CaM-medi-
ated interaction between the N- and C-terminal domains
occurs concomitant with the desensitized state of the channel
(24). This suggests that Ca®>" -CaM binding to its N- and C-ter-
minal sites promotes a conformational change in which these
terminal domains get closer, producing the desensitization of
the channel. This hypothesis has also been incorporated into a
homology model of the channel (45). We hypothesized that it
could be possible to determine this interaction in our experi-
ments and tried to determine its extent using several of our
constructs. The N-terminally labeled construct did not show an
increase in FRET upon activation of the channel in the presence
of calcium, indicating that the N termini do not approach each
other during desensitization. Also, there was no detectable
change in FRET in the double-labeled channel, in which we
expected to determine whether the N-terminal domain moves
closer to the C terminus, because of the proximity of the FPs
(which is close to the R, for the eYFP-CFP pair) and the large
efficiency of FRET. These results suggest that the proposed
interaction between the terminal domains during desensitiza-
tion involves a discreet conformational change.

A limitation in our experiments, especially for dynamic
measurements of changes in FRET efficiency as a result of chan-
nel activation, is that the chromophores in the FPs are located
in the center of a 3-nm-diameter barrel, so the calculated dis-
tances correspond to the distance separating the FPs chro-
mophores and not the distance between the actual terminal
residues. We think that this limits the resolution of the mea-
surements and the interpretation of our results, because dis-
tances below ~3 nm cannot be measured. Despite this limita-
tions, our estimates can be mapped to the available 19 A
resolution structure of TRPV1 channel determined by single
particle cryo-electron microscopy (11). The electron density
shows an “open basket” structure with a large void space in its
center. Our data provide several insights that cannot be gleaned
from this cryoEM structure. On the one hand, the FRET data
place the C termini surrounded by the N-terminal domains.
Moreover, our data suggest that these terminal domains are
arranged in an alternating distribution. Another related discov-
ery is that the C terminus is closer to the plasma membrane
than the N terminus.

On the other hand, our data suggests a more compact struc-
ture than the one proposed by homology modeling (45). One
discrepancy between our data and the cryoEM structure is the
fact that there is a big void in the density in the middle of the
open basket structure, which our data suggest should be occu-
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pied by the C-terminal domains. One interesting explanation is
the possibility that the cryoEM structure captured a particular
conformation favored by the conditions used to reconstitute
the protein.
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