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Several transient receptor potential (TRP) ion channels can be directly activated by hot or cold
temperature with high sensitivity. However, the structures and molecular mechanism giving rise to
their high temperature sensitivity are not fully understood. One hypothesized mechanism assumes that
temperature activation is driven by the exposure of hydrophobic residues to solvent. This mechanism
further predicts that residues are exposed to solvent in a coordinated fashion, but without necessarily
being located in close proximity to each other. However, there is little experimental evidence
supporting this mechanism in TRP channels. Here, we combined high-throughput mutagenesis,
functional screening, and deep sequencing to identify mutations from a total of ~7,300 TRPV1 random
mutant clones. We found that strong decreases in hydrophobicity of amino acids are better tolerated for
activation by capsaicin than for activation by hot temperature, suggesting that strong hydrophobicity
might be specifically required for temperature activation. Altogether, our work provides initial
correlative support for a previously hypothesized temperature mechanism in TRP ion channels.

: Transient Receptor Potential (TRP) ion channels form a family of non-selective cation channels that are acti-

© vated by a wide variety of chemical and physical stimuli'. For example, the first identified and biophysically

. most well-characterized mammalian TRP channel TRPV1 is activated by capsaicin (an alkaloid present in hot
chili peppers), voltage, acidic extracellular and basic intracellular pH, the double-knot toxin (DkTx) found in a
tarantula venom, and hot temperatures?. TRPV1 is expressed in small diameter dorsal root ganglion neurons
and functions as the principal sensor of several of these stimuli. Thus, mice lacking TRPV1 have deficiencies in
sensing noxious hot temperature, exhibit reduced thermal hyperalgesia, and are insensitive to capsaicin” 8. While
the mechanism of ion channel activation by voltage or chemicals is understood in principle, the mechanism of
activation by temperature is unknown® °-'6. The fact that several TRP channels can be activated by temperature
in cell-detached patches, and in artificial bilayers of various lipid compositions with sub-millisecond latency
strongly suggests that the activation mechanism is directly mediated by the membrane bilayer and the channel,

: and not indirectly by second messengers'’~". However, it is not definitively known whether temperature acti-

© vation occurs through intrinsic high temperature sensitivity of the channel protein or through modulation of
physical properties of the bilayer. Although lipid dislocation has been identified as a possible allosteric regulator
of TRPV1 activation, the former possibility seems more likely, since fundamental thermodynamic properties,
such as temperature activation directionality (heat vs. cold), threshold, and sensitivity (Q,, value) are determined
by the protein and not the bilayer composition?*-%.

Generally, ion channels have a modular architecture, with distinct structures for specific channel functions,
such as voltage sensors, ligand binding pockets, or pore domains, suggesting the existence of a distinct tempera-
ture sensor domain'*-'% 2%, TRP channels were assumed to follow this paradigm, since they have high structural
similarity to voltage-gated potassium channels (K,)?*. This concept is also supported by the fact that protein
secondary structures differ substantially in thermodynamic stability, which can lead to highly localized effects
of temperature on protein conformation®®?’. Thus, numerous previous studies hypothesized and aimed to iden-
tify a ‘temperature sensor domain’ by amino acid deletion, chimeric constructs, analysis of channel isoforms, or
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Figure 1. Schematic representation of experimental approach. Illustration of random mutagenesis, calcium-
based functional screening, pooling of clones with identical functionality, and deep sequencing of pooled
clones. Fluorescence responses of 94 mutant clones (4 responses per clone) upon heat (top panel) or capsaicin
(bottom panel) stimulation. Wild-type TRPV1 (black), pcDNA (green), functional clones (blue), and ‘less
functional clones (gray). Wild-type TRPV1 and pcDNA are average responses of n =4 wells. Error bars
represent s.d.

mutagenesis. In three separate studies, deletion of the proximal N-terminus (M1-P109) and the distal C-terminus
(N765-K838) of TRPV1, 15 residues between S5 and the pore helix loop (T612-S626) of TRPV1, or the complete
N-terminus of human TRPA1 did not affect temperature activation, demonstrating that not all domains contrib-
ute to temperature gating'® 2 2%, Chimeric studies between TRPV1 and TRPV2, as well as comparisons of TRPA1
orthologues and Drosophila isoforms, have identified ankyrin repeats, and domains within the N-terminus as
modulators of temperature threshold and thermal sensitivity coefficient (Q,,)?">*-*. Unbiased mutagenesis
screens identified residues in the outer pore domains of TRPV1 (N628, N652, and N653), TRPV3 (1644, N647,
and Y661), and TRPA1 (G878V) to be specifically required for thermal, but not for chemical activation®*3** 3. In
TRPV1 these mutations destabilize the open state and thereby reduce overall temperature sensitivity*. Finally,
our lab identified single point mutations in ankyrin repeat 6 (5250, M258, D261) of mouse TRPA1 that indi-
vidually change temperature activation directionality (heat vs. cold), which we interpreted as originating from
a change in the coupling of temperature sensing to channel gating, rather than actual temperature sensing®.
Collectively, these studies implicate many domains in some aspect of temperature activation, which raises the
possibility that a temperature sensing structure is not localized in a single coherent amino acid sequence, but
instead formed by tertiary structure or in the interphase between subunits of the tetramer. Unfortunately, the
available high-resolution structures of TRPV1, TRPV2, and TRPA1 were obtained in the presence or absence of
chemical agonists and not at different temperatures thus not providing clear structural correlates of temperature
activation®” %%, Alternatively, domains responsible for high temperature sensitivity in TRP channels might be
entirely distributed throughout the protein. Exactly this dispersed localization of structures is consistent with a
mechanism assuming that large changes in heat capacity (AC,), mediated by the coordinated exposure of hydro-
phobic residues to solvent, may drive cold and heat activation®’. Applying this thermodynamic principle, a tem-
perature insensitive K, channel was engineered to become cold or heat sensitive*'. However, while this bottom-up
approach is a strong conceptual demonstration, it remains unclear whether the same mechanism underlies tem-
perature activation of TRP channels. While there is currently no experimental evidence for this mechanism, it
makes the strong prediction that hydrophobicity of residues drives temperature activation.

Here, we used deep mutational scanning to correlate the effect of 287 and 248 mutations to TRPV1 channel
activation by temperature or capsaicin, respectively. We found that strong decreases in hydrophobicity of TRPV1
amino acids are better tolerated for activation by capsaicin than for activation by hot temperature. This provides
initial correlative support for amino acid hydrophobicity being important for temperature activation of a TRP
channel.

Results

Ultra-Deep Sequencing Identifies 535 Functionally Characterized Mutations. We made use of
~8,500 randomly mutated clones of rat TRPV1 that were previously functionally characterized for temperature
and capsaicin activation with a fluorescence based calcium influx assay**. We compared heat-evoked (25°C to
45°C) responses of each clone to wild-type TRPV1 and pcDNA. We then selected all clones that showed normal
activation by temperature or capsaicin as compared to wild-type controls on the same assay plate (see Methods)
(Fig. 1). We further refer to these clones as temperature ‘functional’ and capsaicin ‘functional, respectively. Clones
were tested in quadruplets, and each of them was only considered for further analysis if at least three of the four
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Figure 2. Numbers of base pairs mutations of TRPV1 identified by sequencing clones stimulated with
temperature and capsaicin. (a) Normalized mutation frequency for wild-type bases for the temperature and
capsaicin screened libraries. (b) Numbers and identity of base pair mutations in correlation to the wild-type
base. (c) Number of times wild-type amino acids were mutated. (d) Frequency of mutant amino acid.

quadruplets were identically assigned. This resulted in a total of ~1,795 categorized temperature ‘functional’ and
~1,479 capsaicin ‘functional’ clones.

To identify mutations that do not affect temperature or capsaicin responses, temperature ‘functional’ and
capsaicin ‘functional’ clones were pooled and sequenced in a single lane with 150 paired-end read length in an
illumina HiSeq 2500 sequencer. In order to explore the sequence diversity of the mutant library we sequenced
the clones that were classified as temperature ‘less functional’ (~5,505) and capsaicin ‘less functional’ (~5,821)
in the same lane as ‘functional’ clones (see Methods). We obtained an average coverage of more than 700,000x,
which allowed us to detect low frequency (~1 in 600 bp) mutations. We determined the variant call threshold by
adjusting the error rate of a binomial distribution, postulating that no stop codons should be present before the
pore domain (Q560) of the ion channel in the capsaicin ‘functional’ category with a confidence level of 95%. The
determined error rate (0.0016) was then applied to all sequenced mutations (see Methods). Analysis of all base
pair mutations showed that wild-type bases were mutated at nearly equal frequencies (A and G=1.2, C=1.0,
and T=1.1) with a minor bias of transversions T, (purine to pyrimidine and pyrimidine to purine) compared to
transitions T (purine to purine and pyrimidine to pyrimidine), with a ratio T,/T, = 0.7, which is consistent with
the error-prone PCR method we used (Fig. 2a and b). Moreover, on a base pair level the library explored a large
fraction (73%) of the attainable sequence space (see Methods). At the amino acid level most wild-type residues
were mutated at similar frequencies (~2-4x), with the exception of less frequently mutated alanines (~0.5x) and
more frequently mutated methionines (~6x) and tryptophanes (~5x) (Fig. 2c). Due to the varying occurrence
of wild-type amino acids and the degeneration of the genetic code the number of introduced mutant residues
differed more widely (~30-180 per amino acid) (Fig. 2d). Altogether, the library covered ~14% of the total amino
acid sequence space.

We identified 287 temperature ‘functional’ and 248 capsaicin ‘functional’ amino acid mutations and 1,720
additional ‘less functional’ amino acid mutations for a total of 2,255 amino acid mutations in the whole library
covering 80.1% (671 of 838) of all amino acids of TRPV1 (Fig. 2c and Supplementary Tables S1 and S2). Since
various processes that are unrelated to the mechanisms of temperature and capsaicin activation, such as protein
misfolding, inefficient channel trafficking, or altered ion permeation, can all compromise channel function, we
focused exclusively on temperature functional’ and capsaicin ‘functional’ mutations and analyzed the remaining
1,720 amino acid mutations only to characterize the diversity of the library. We reasoned that although ‘func-
tional’ clones may carry more than one mutation, it is unlikely that any of these is compromising function by
itself and only leading to a wild-type like phenotype because it is rescued by a second mutation, thus making a
misclassification of mutations from ‘functional’ clones highly unlikely.

Altogether ~39% of the mutated residues were mutated once, ~30% mutated twice, and ~10% mutated more
than two times. Furthermore, we found that 49.1% of temperature ‘functional’ mutations were also capsaicin
‘functional’ Taken together, our approach of combining random mutagenesis and high-throughput functional
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Figure 3. Location of identified mutations. (a) Illustration of the location of identified mutations screened
with temperature (top panel) or capsaicin (bottom panel) for ‘functional’ clones (blue and yellow), less
functional’ clones (gray) or all identified mutations pooled together (purple). In yellow are ‘functional’
mutations that conserved wild-type amino acid hydropathy. In blue are ‘functional’ mutations that did not
conserve amino acid hydropathy. Mutations were considered hydropathy-conserving if the Ahydropathy
(hydropathy,, . — hydropathyyy) = £0.6. Mutations outside of that range are considered non-conserving.
Each bar indicates one single mutation and boxes on top illustrate the structural domains of TRPV1. (b)
Histogram of frequencies of gap lengths between mutations of temperature (top) or capsaicin (bottom)
‘functional’ category and gap lengths within ten random distributions of 287 (temperature, top) or 248
(capsaicin, bottom) mutations in 838 positions. Error bars are SEM.

screening with next generation sequencing thus identified an unprecedented number of mutations that did not
affect temperature or capsaicin activation of TRPV1.

Most Structural Domains of TRPV1 are Tolerant to Mutations. Due to the low throughput of
site-directed mutagenesis and high costs of Sanger sequencing, knowledge about the effects point mutations
have on temperature and capsaicin activation is limited to only a small number of amino acids*2. Our data from
287 temperature ‘functional’ and 248 capsaicin ‘functional’ mutations might thus point towards large structures,
domains, or motifs for temperature and capsaicin activation. Specifically, we hypothesized that residues/domains
important for temperature or capsaicin activation should be sensitive to mutations, whereas residues/domains
not important should be more tolerant. By mapping all ‘functional’ mutations onto the primary amino acid
sequence, we found that for both stimuli, mutations were distributed throughout the entire protein sequence
(Fig. 3a). Particularly, the fact that these mutations are distributed throughout the primary sequence contrasts
with the idea that within the TRPV1 ion channel coherent domains or sequence motifs mediate channel activa-
tion by temperature or capsaicin. To analyze if the introduced mutations were similar to wild-type amino acids we
quantified the change in amino acid hydropathy (hydropathy,, ., — hydropathy,. i) using the Kyte-Doolittle
scale and found that out of 287 temperature-characterized mutations 80 were hydropathy-conserving and 207
were non-conserving mutations (Fig. 3a)*. For capsaicin 59 of the 248 mutations were hydropathy-conserving,
whereas 189 were non-conserving. To test quantitatively if the temperature or capsaicin ‘functional’ mutations are
distributed randomly or instead reveal domains that are sensitive to mutations, we generated a histogram of the
frequencies of gap lengths between temperature or capsaicin ‘functional’ mutations and found that it was nearly
identical to a distribution of ten randomly mutated sequences (Fig. 3b). We also mapped all temperature and
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Figure 4. Hydropathy changes induced by mutations. (a) Histograms showing the change in hydropathy
(hydropathy,,,.ne — hydropathyyy ) for mutations in ‘functional’ clones screened with temperature or capsaicin.
Data is normalized so that the sum of a bin from the ‘functional’ group and the respective bin from the ‘less
functional’ group is equal to 100%. (b) Change in hydropathy for all 1,110 temperature- and 1,145 capsaicin-
characterized mutations.

capsaicin ‘functional’ mutations onto the high-resolution structure of TRPV 1, but did not find obvious regions
that are enriched or devoid of mutations (Supplementary Fig. S1). Altogether, our data do not point towards large
and coherent structural domains that are intolerant to mutations.

Decrease in Amino Acid Hydrophobicity is Less Frequently Tolerated for Activation by
Temperature than for Activation by Capsaicin. As introduced before, a proposed mechanism sug-
gests that heat capacity mediated by exposure of hydrophobic residues to solvent may provide high tempera-
ture sensitivity of TRP channels*’. We hypothesized that mutations that decrease the hydrophobicity of amino
acids will reduce overall temperature sensitivity, whereas mutations that maintain or increase hydrophobicity
will less likely affect it. To test our hypothesis, we analyzed how hydrophobicity was changed in our identified
mutations. Specifically, we used a Kyte-Doolittle hydropathy scale to calculate the change in hydropathy (hydrop-
athyuen — hydropathyy,1)*. We then generated histograms of the number of mutations as a function of the
changes in hydrophobicity (Fig. 4a). As we expected from our prediction, the analysis showed that mutations
that cause a large decrease in hydropathy (Ahydropathy < —2) are not frequently found (9.1% or 26 out of 287
mutations) within the temperature ‘functional’ mutations, whereas mutations without changes or with moderate
and strong increases in hydropathy (Ahydropathy > —2) occur frequently (90.9% or 261 out of 287 mutations).
On the contrary, in the capsaicin ‘functional’ library mutations with large decrease in hydropathy (Ahydropa-
thy < —2) are more frequent (25.8% or 64 out of 248 mutations) and mutations without changes or with moderate
and strong increases in hydropathy (Ahydropathy > —2) are less frequent (74.2% or 184 out of 248 mutations).
To statistically test this observation for both, temperature- and capsaicin-characterized mutations, we per-
formed a likelihood ratio test and found that the number of temperature- and capsaicin-characterized mutations
with Ahydropathy < —2 is significantly different (p value =4.6 x 107!%) from the number of mutations with a
Ahydropathy > —2 (see Methods). This indicates that mutations in TRPV 1 that strongly reduce hydrophobicity
may cause a decrease in overall temperature response possibly by affecting specific parts of the activation process,
such as temperature sensing or gating. This result shows that the temperature activation mechanism may be
more sensitive to mutations that decrease hydrophobicity as compared to the capsaicin activation mechanism.
Importantly, this pronounced statistical difference in stimulus specificity is not caused by a bias of the mutant
library and clone selection, as histograms representing hydrophobicity changes of all 2,255 mutations are nearly
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Figure 5. Heat sensitivity of TRPV1 single-point mutants with mutations that neutralized amino acid
hydrophobicity. (a) Structural location of all the residues mutated in the ankyrin repeats and the beginning of
the S4-S5 linker. In cyan are residues that when mutated to Thr, lead to non-functional channels. In purple are
residues that, when mutated to Thr, do not affect temperature activation. (b) Average conductance at +160mV
as a function of temperature for mutants. Data represent mean £ SEM. N on top of the bars represent number of
individual patches. (c) Conductance-voltage (G-V) relationship of plateau current for wild-type TRPV1, V292T,
L337T, 1352T, and F559T at different temperatures. (d) Voltage of half maximal activation (Vi) for wild-type
TRPV1, V292T, L337T, I352T, and F559T as a function of temperature. V, c was obtained from the fitting
parameters of a Boltzmann distribution to the G-V. Data represent mean = SEM. Lines are linear fits to the data.
Wild-type TRPV1 n=7,V292T n=9,L337T n=11,1352T n=>5, and F559T n="7. Each V,; value was tested
for statistical significance using an unpaired Student’s t-test. n.s. indicates not significant (p > 0.05).

identical for both temperature and capsaicin (Fig. 4b). Taken together, these results correlate strong decreases in
hydrophobicity of certain amino acids as being underrepresented in clones normal for temperature activation,
but not in clones normal for capsaicin activation and provide a potential mechanistic link between temperature
activation of TRPV1 to changes in hydrophobicity.

Our results show on the ensemble level that hydrophobicity of amino acid is correlated with normal tempera-
ture activation of TRPV1. To test this mechanism further we engineered single-point mutations that neutralized
amino acid hydrophobicity (Thr) for eight positions within the ankyrin repeats that are highly conserved between
individual repeats of rat TRPV 1, and one aligning position in the S4 that had been found to confer temperature
sensitivity to K,1.2 (see Methods) (Fig. 5a)**!. We transiently expressed all constructs in HEK293 cells and meas-
ured currents upon voltage step protocols (—120 to +160 mV) at different temperatures (25°C, 30°C, 35°C, and
40°C) using patch-clamp electrophysiology (Fig. 5). We probed temperature sensitivity by measuring the voltage
of half maximal activation (Vi) as a function of temperature and tested how titrating amino acid hydrophobic-
ity of residues affects overall temperature sensitivity of TRPV1**%, While mutations at five positions within the
ankyrin repeats (L205T, 1209T, L220T, L267T, and L288T) lead to non-functional channels, mutations V292T,
L337T, 1352T and, F559T resulted in channels that had conductance and V¢ values with temperature depend-
ences indistinguishable from wild-type TRPV1, suggesting that hydrophobicity at these specific residues does not
contribute to temperature activation (Fig. 5b-d).

Discussion
We set out to find the structures and mechanism by which temperature activates TRPV1 ion channels. We used a
combination of random mutagenesis, high-throughput functional screening and deep sequencing to identify and
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correlate the effect of 535 mutations on channel activation by temperature or capsaicin. Deep mutational scan-
ning is becoming a powerful method for the unbiased probing of protein function, largely due to rapid advances
in sequencing technology. The unbiased and high-throughput nature of deep mutational scanning seems par-
ticularly suited for addressing the problem of temperature activation because it has thus far escaped approaches
that are more targeted. While this approach had previously been used for the study of soluble proteins, to our
knowledge this is the first case in which it has been used to study an ion channel*-*’.

However, deep mutational scanning, and our approach in particular, has two technical caveats which must be
considered. First, for an ideal investigation of structure-function relationships, each amino acid would be mutated
into every other of the 19 possible amino acids or even be replaced by unnatural amino acids. However, due to the
degeneration of the genetic code, only a subset of coding mutations is attainable by error-prone PCR. Our library
covered approximately 14% of this sequence space (see Methods). Clearly, the library was not mutated to satu-
ration and thus, many residues critical for temperature or capsaicin activation were likely missed. Nevertheless,
we have identified 535 mutations, which is vastly surpassing the number of TRPV1 mutations characterized thus
far*2. Second, we functionally screened clones using a calcium-based fluorescence assay that measures ion chan-
nel activity only indirectly. Ideally, ion channels should be functionally characterized with electrophysiological
measurements to precisely determine channel open probability, but the method lacks the throughput required for
screening thousands of mutants efficiently. Still, calcium based fluorescence assays have been used many times to
reliably measure activation of TRP channels using a variety of agonists> 2 *5. Moreover, since we focused only on
functional clones, mutations that cause a loss of function perhaps due to a decrease in channel expression, protein
misfolding, changes in ion permeation, overlap of multiple mutations in one clone, or through other unspecific
mechanisms are not compromising the analysis we performed. For example, multiple different mutations would
be classified as ‘less functional’ if they originated from the same clone containing only a single mutation that
renders it non-functional.

Our analysis of the temperature ‘functional’ and capsaicin ‘functional’ mutations shows that a large decrease
in amino acid hydrophobicity negatively correlates with the likelihood of ion channel activation by temperature.
This result is specific for temperature activation, as capsaicin activation is not drastically affected by amino acid
hydrophobicity. Importantly, this statistical observation matches a key prediction of the proposed heat capacity
mechanism, and thus provides the first indication that this mechanism may underlie temperature activation in
TRPV1. More evidence comes from our analysis of the location of mutations. Mapping of all temperature ‘func-
tional’ mutations onto the primary structure shows that all structurally distinct domains, such as ankyrin repeats
and transmembrane domains are, to a large extent, tolerant to mutations. This result argues for the absence of
a distinct and coherent ‘temperature sensor domain, in which all residues contribute to temperature sensitivity
and might explain why previous studies identified multiple domains or several scattered residues within a single
domain!® 20-22.28-32.34.3549 However, it is theoretically possible that the mutations we introduced and identified
are not sufficiently disruptive for temperature activation and that an existing ‘temperature sensor domain’ has
not emerged from our screen. The fact that the library is not sampling the majority of the sequence space is one
possible explanation of why a putative temperature domain did not emerge. It is also important to point out that
mutations might affect temperature gating instead of sensing, both of which are still unknown mechanisms.

To further test our statistical observation we introduced eight single-point mutations that neutralized the
hydrophobicity of residues in the ankyrin repeats and one single-point mutation in an aligning position in the
S$4 that was found to make K 1.2 temperature sensitive. However, five of the introduced mutations in the ankyrin
repeats abolished channel activation. On the other hand, the other three ankyrin repeat nor the S4 mutations
were sufficient to affect temperature activation of the channel. This result indicates that not all hydrophobic res-
idues contribute to temperature activation and supports our high-throughput results that a subset and sparse
population of residues contribute to temperature activation. In fact, Clapham and Miller estimated that ~20
side chains per subunit might be required to generate a substantial change in heat capacity*’. However, the intu-
itive assumption that the effects of all hydrophobic residues are independent and thus additive might not be the
case in the context of a protein structure. For example, temperature might drive a conformational change that
simultaneously exposes several amino acids, which are structurally in close proximity to the solvent. Conversely,
mutating only one of these amino acids might inhibit this conformational change altogether, thus eliminating the
contribution of all locally involved amino acids. Due to this complex interdependence we do not expect all single
amino acids contributing equally and therefore single-point mutations paired with functional analysis might only
be able to identify amino acids that contribute most prominently. Moreover, mutations reducing hydrophobicity
might additionally affect other activation mechanisms so that effects cannot be assigned unambiguously to a
temperature mechanism.

Clearly, investigating the relationship between amino acid hydrophobicity and temperature sensitivity for all
amino acids in TRPV1 is an enormous task. Deep mutational scanning with better library saturation and more
accurate functional characterization seems specifically tailored to solve it. The correlative relationship demon-
strated here is a first indication of the collective importance of hydrophobicity for temperature activation and the
distributed nature of temperature sensitive structures. Additional evidence from protein calorimetry, cysteine
accessibility, and high-resolution structures at different temperatures is needed to fully probe and perhaps estab-
lish a heat capacity mechanism of temperature activation.

Methods

Library Generation and Functional Screening. Generation and screening of the TRPV1 random
mutant library was described previously in detail*. Briefly, error-prone PCR was performed with the full-length
rat TrpvI gene (Diversify PCR random mutagenesis kit, Clontech) and yielded an average mutation frequency of 2
amino acid mutations per clone. Mutated DNA was mini-prepped, normalized to 40 ng/pl and plated in quadru-
plets in 384-well clear bottom assay plates (Greiner), transfection reagent (Fugene 6.0, Roche), and HEK293 cells
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were added. Each 384-well plate contained separate wells with wild-type TRPV1 and pcDNA5 transfected cells
as positive and negative controls, respectively. Two days after transfection cells were washed, loaded with the cal-
cium sensitive fluorophore Fluo-3 and washed again. Plates were then transferred to a FLIPR-TETRA (Molecular
Devices) plate reader to monitor the Fluo-3 fluorescence changes. The library was screened independently upon
stimulation by heat (25 °C to 45 °C) and capsaicin (100 nM, final concentration).

Categorization of Mutant Library. Maximal fluorescence responses (x) were calculated for each well after
baseline subtraction. For each plate mean maximal responses (¥) and standard deviations (o) were calculated for
wild-type TRPV1 (Xpy and oygpyy) and pcDNAS (X, x4 and 0,py,) transfected cells. Plates where X7ypy, and
X,.pna Was not consistent for three of the four wells were discarded. Clones were selected as ‘functional if
Xeone = Xrrpvi — 10rrpyr- Clones were classified as ‘less functional’ if x,, < Xyppy; — 1orpys- Clones that did
not consistently fulfill these criteria for at least three of the four wells were not considered. In total ~7,300 out of
~8,500 clones were selected and their cDNA was picked for sequence analysis.

Sample Preparation and Sequencing. One pl cDNA of each clone was collected by hand and subse-
quently cDNA was pooled for each of the categories. Next, clones were digested with HindIII and Not1 restriction
enzymes and the mutated TRPV1 insert was separated from pcDNA vector using gel electrophoresis. Mutated
TRPV1 inserts were then gel-purified using a QIAquick® gel extraction kit (QIAGEN) and concentrated to 40 ng/
ul using a DNA concentrator kit (Zymo Research). Mutated inserts were then fragmented by sonication (Covaris),
multiplexed and sequenced with 150 paired-end reads using the illumina HiSeq 2500 sequencer in rapid mode
(Duke University Genome Sequencing and Analysis Core). All clones were sequenced together in a single lane.
Each clone was sequenced with a coverage of more than 700,000x. All sequences had a Phred score of at least 34
(99.96% accuracy).

Aligning and Mapping of Variants. Variants were aligned and mapped by the Duke University Genome
Sequencing and Analysis Core. Adaptor sequences and low quality bases were removed using cutadapt®. Forward
and reverse paired reads were then repaired using a custom script (Duke University Genome Sequencing and
Analysis Core). Sequences were aligned to wild-type rat Trpv1 using bwa for paired-end reads®!. Variant calls
were made using SNVer*~.

Determination of Variant Call Accuracy and Mutational Frequency. We postulated that sequences
from clones categorized as ‘functional’ should not contain any stop codons before the pore domain (Q560) and
applied a binomial distribution with 95% confidence level to empirically determine the variant probability to
0.0016. All mutations with a confidence level below 95% were discarded. The same p-value and 95% confidence
interval was then applied to all mutations. The frequency of mutation for each base pair was calculated by divid-
ing the total number of reads of a given residue by the number of times a non-silent substitution was read. The
coverage at base pair level was calculated using the formula:

#of identified base pair changes 5546 739%
= = 73%
(#of basesin WT TRPV1)(# of possible base changes) (2514)(3) (1)
The library coverage on an amino acid level was calculated using the formula:
# of identified amino acid changes 2255 14%
= = 14%
(#of amino acidsin WT TRPV1)(# of possible amino acid changes) (838)(19) (2)

Alignment of TRPV1 ankyrinrepeatsand TRPV1S4.  Alignments were performed on Clustal Omega® .
For aligning of ankyrin repeats the start and end of each repeat was identified using the apo high-resolution
structure®.

High-Resolution Structure Illustrations.  Structure illustrations were made using the unliganded (apo)
TRPV1 high-resolution structure (Liao et al., 2013; PDB ID: 3]5P) with the UCSF Chimera program®.

Site-directed Mutagenesis. All mutations were introduced into a wild-type rat TRPV1 ligated to a pcDNA
3.1 expression vector. Mutants were generated using a QuickChange Site-Directed Mutagenesis Kit (Agilent). All
mutants were fully sequenced using Sanger sequencing.

Cell Culture. HEK293t cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Life
Technologies) supplemented with 10% fetal bovine serum (Clontech Laboratories), 50 unit/mL penicillin (Life
Technologies), and 50 mg/mL streptomycin (Life Technologies). Cells were transiently transfected in 6-well plates
in the presence of 10 uM ruthenium red using Fugene 6.0 (Promega) ~48 hr before recording. All cells were
co-transfected with GFP or YFP as a fluorescent reporter. Transfected cells were re-plated at low density at least
16 hr before recording in 10 mm glass coverslip (Warner Instruments) coated with Poly-L-lysine (Sigma) and
laminin (Sigma).

Electrophysiology. Patch-clamp recordings were performed using an EPC10 amplifier and Patchmaster
software (HEKA Elektronik) in the whole cell configuration. Data were sampled at 5kHz and filtered at 2.9 kHz.
Borosilicate glass pipettes (Sutter Instruments) had a resistance of 3-5MQ when filled with pipette buffer solu-
tion (in mM): 150 NaCl, 3 MgCl,, 5 EGTA, 10 HEPES, pH =7.2 with NaOH. The bath solution was (in mM): 150
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NaCl, 6 CsCl, 1.5 CaCl,, 1 MgCl,, 10 glucose, 10 HEPES, pH = 7.4 with NaOH. Solutions were applied through
a gravity-driven perfusion, and temperature was controlled using a CL-100 temperature controller (Warner
Instruments) and a SC-20 dual in-line heater (Harvard Apparatus). Temperature was measured using a TA-29
thermistor (Warner Instruments) placed near the recorded cell. Heat activation experiments were done by
increasing the temperature from 25°C to 40°C in 5 °C intervals. At every temperature interval (25°C, 30°C, 35°C,
and 40 °C) we measured channel activation with a voltage step from —120mV to +160mV at 20mV increases
for 200 ms and used these data to calculate conductance-voltage (G-V) relationships. The currents for the G-V
curves were obtained from plateau currents at the last 50 ms of the voltage step. G-V curves were then fitted with
Boltzmann functions on Igor Pro (WaveMetrics) and the Vi values were obtained from the fitting parameters.
Recordings were only analyzed for patches with an initial seal resistance of at least 1 GC, voltage-induced current
at +160mV and 25°C of at least 500 pA and series resistance (Ryyies) < 10 MQ at 25°C for wild-type TRPV1 and
mutant channels.

Data Analysis and Statistical Tests. Mutation selection was performed with Excel (Microsoft). Graphs
were made using Prism (GraphPad Software, Inc.) and Igor Pro (WaveMetrics). Illustrations were made in
Ilustrator (Adobe Systems). Histograms of gap lengths between mutations were generated by counting gap
lengths (for temperature ‘functional’ or capsaicin ‘functional’ mutations), or by generating 10 random distri-
butions of 287 (temperature) or 248 (capsaicin) mutations over 838 positions with Excel (Microsoft) and then
counting gap lengths. Electrophysiological data were analyzed with Igor Pro (WaveMetrics).

Statistical analysis of hydropathy histograms was performed on R using a custom made script. We used a like-
lihood ratio (LRT) to test whether the frequency of temperature-characterized mutations with Ahydropathy > —2
is the same between each of the two functional categories. Vi statistical analysis was done using an unpaired
Student’s t-test by comparing wild-type TRPV1 to each mutant.
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