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1 | INTRODUCTION

Background and Purpose: Like chili peppers, gingers produce pungent stimuli by a
group of vanilloid compounds that activate the nociceptive transient receptor poten-
tial vanilloid 1 (TRPV1) ion channel. How these compounds interact with TRPV1

remains unclear.

Experimental Approach: We used computational structural modelling, functional
tests (electrophysiology and calcium imaging), and mutagenesis to investigate the
structural mechanisms underlying ligand-channel interactions.

Key Results: The potency of three principal pungent compounds from ginger —
shogaol, gingerol, and zingerone—depends on the same two residues in the TRPV1
channel that form a hydrogen bond with the chili pepper pungent compound, capsai-
cin. Computational modelling revealed binding poses of these ginger compounds
similar to those of capsaicin, including a “head-down tail-up” orientation, two specific
hydrogen bonds, and important contributions of van der Waals interactions by the
aliphatic tail. Our study also identified a novel horizontal binding pose of zingerone that
allows it to directly interact with the channel pore when bound inside the ligand-
binding pocket. These observations offer a molecular level explanation for how unique

structures in the ginger compounds affect their channel activation potency.
Conclusions and Implications: Mechanistic insights into the interactions of ginger
compounds and the TRPV1 cation channel should help guide drug discovery efforts

to modulate nociception.

and many spicy molecules (Caterina et al., 1997; Han et al., 2018;
Siemens et al., 2006; Tominaga et al., 1998; Yang, Yang, et al., 2015;

Spiciness is a type of chemosensation elicited by certain plant prod-
ucts and transmitted by the somatosensation pathway instead of the
taste (gustation) pathway. Cloning of the TRPV1 cation channel
(Caterina et al., 1997), the receptor for pungent chili pepper com-
pound capsaicin, marks the beginning of a new era of mechanistic
investigation into sensory physiology for spiciness. TRPV1 channels
are non-selective cation channels sensitive to diverse physical and

chemical stimuli including heat, low extracellular pH, animal toxins,

Abbreviations: cryo-EM, cryo-electron microscopy; mTRPV1, mouse TRPV1 cation channel;
rTRPV1, rat TRPV1 cation channel; VDW, van der Waals; WT, wild type

Yue Yin, Yawen Dong, and Simon Vu have equal contribution.

Zheng, 2013). As a polymodal nociceptor, the TRPV1 channel offers
ample opportunities to gain insight into basic sensory physiology and
to treat pain via pharmaceutical manipulation. Important recent break-
throughs have been made in understanding how TRPV1 channels are
activated by capsaicin (Yang & Zheng, 2017). How other spicy com-
pounds are sensed by the TRPV1 channel is however less understood.

Capsaicin activation of TRPV1 channels represents an impressive
case of ligand-host interaction. Solving high-resolution cryo-electron
microscopy (cryo-EM) structures of TRPV1 channels in their apo and
capsaicin-bound states was a major breakthrough in understanding

capsaicin-induced spiciness (Cao, Liao, Cheng, & Julius, 2013; Liao,
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Cao, Julius, & Cheng, 2013). Based on these structures, the atomic
interactions between capsaicin and the TRPV1 channel were deduced
by a combination of computational structural modelling and functional
methods and by molecular dynamic simulations (Darre & Domene,
2015; Elokely et al., 2016; Yang, Xiao, et al., 2015; Figure 1a). Key
atomic interactions include two hydrogen bonds—formed between
the amide group in the capsaicin neck and the hydroxyl group of
T551 on the S4 segment of the TRPV1 channel (using mTRPV1 amino
acid number) and between the hydroxyl group in the capsaicin head
and the carboxyl group of E571 on the S4-S5 linker—as well as exten-
sive van der Waals (VDW) interactions including those by the capsai-
cin tail. Accuracy of the current capsaicin binding model has been
satisfactorily confirmed by studies of the structural correlates of deac-
tivation kinetics (Kumar et al., 2016), the activation conformational
wave in TRPV1 channels triggered by capsaicin binding (Yang et al.,
2018), the evolutionary drive for the tree shrew's insensitivity to spic-
iness (Han et al., 2018), and the rational designs of vanilloid-sensitive
TRPV2 channel mutants (Yang, Vu, Yarov-Yarovoy, & Zheng, 2016;
Zhang et al., 2016).

Gingers (Zingiber officinale Roscoe) are fresh or dried rhizomes of
the family Gingeraceae. They are old-world food condiments that are
pungent, like the chili peppers which originated in the Americas,
though less powerful in imparting heat to a food dish. Gingers intro-
duce a rich and dynamic dimension to food flavour that can be manip-
ulated by cooking methods. They have been used in culinary and
medicinal practices for over 2,000 years. The westward voyages of
Christopher Columbus —which led to the discovery of chili peppers
in the Americas—were partially motivated by the goal of finding a
shorter route for shipping spices such as gingers from Asia (Parry,
1969). Ginger products are also used in the treatment of various dis-
eases such as gastric ulcer, pain, and cancer (Chrubasik, Pittler, &
Roufogalis, 2005; Grant & Lutz, 2000). Taking ginger extract pills or
candies is a popular practice believed to prevent seasickness (Aslani,
Ghannadi, & Rostami, 2016; Lien et al., 2003). It is therefore not
surprising that there has been a long and fruitful history of investiga-
tion into the active components of ginger and their properties
(Govindarajan, 1982a, 1982b). Ginger compounds were carefully
examined both before and after the discovery of TRPV1 channels
(Dedov et al., 2002; Govindarajan, 1982a), with their binding mode
in the TRPV1 channel proposed even before high-resolution channel
structures were known (Ohbuchi et al., 2016). In light of the recently
revealed cryo-EM structures of the TRPV1 channel and details of
capsaicin-TRPV1 channel interactions, the opportunity to solve the
nature of ginger compounds binding has arisen.

Gingers produce many pungent compounds that are members of
the shogaol, gingerol, and zingerone families (Figure 1b). These com-
pounds share certain structural features with capsaicin. In particular,
they contain the same vanillyl head group, with structural differences
being found in both the neck and tail regions. It is known that ginger
compounds can directly activate TRPV1 channels, though they are less
potent than capsaicin (Dedov et al., 2002; lwasaki et al., 2006; Kobata
et al., 2006). While previous studies have illustrated many pharmaco-

logical properties associated with activation of TRPV1 channels by
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What is already known
e Ginger compounds target the nociceptive TRPV1 ion
channel to produce their pungency.

What this study adds
e We report the structural mechanisms underlying ginger

compound-TRPV1 complex formations.

e Similarities and differences between capsaicin and ginger
compounds in their interactions with TRPV1 were
identified.

What is the clinical significance
e Findings from this study should help drug discovery

efforts to regulate nociceptive function.

ginger compounds, the structural mechanism underlying the ligand-
TRPV1 channel interaction is unclear.

In the present study, we combined calcium imaging, electrophysiol-
ogy, mutagenesis, and computational structural modelling to explore
the molecular nature of TRPV1 channel activation by three represen-
tative pungent ginger compounds: 6-shogaol, 6-gingerol, and
zingerone. Our results demonstrated that these compounds bind to
TRPV1 channels in a manner similar to that of capsaicin, including
the “head-down tail-up” orientation and the key contributions of two
hydrogen bonds and VDW interactions from the tail. Distinct struc-
tural features, especially those in the tail, cause large differences in
potency and can even alter the manner of ligand-channel interaction.
The correlation between structural features in capsaicin and ginger
compounds and their pungency derived from the present study should
benefit pharmaceutical efforts seeking for novel analgesics.

2 | METHODS

2.1 | cDNAs

Murine TRPV1 channels (a gift from Dr. Michael X. Zhu, University of
Texas Health Science Center at Houston) was used in the present
study. Enhanced yellow fluorescent protein was fused to the C termi-
nus of the TRPV1 channel to help identify channel-expressing cells.
Tagging of enhanced yellow fluorescent protein did not change the
functional properties of TRPV1 channels, as reported previously
(Cheng, Yang, Takanishi, & Zheng, 2007). Point mutations of mTRPV1
were generated by overlapping PCR and confirmed by sequencing
(Yang, Xiao, et al., 2015).

2.2 | Cell culture and transfection

HEK293 cells were cultured in DMEM supplemented with 10% FBS,
penicillin (100 U-ml™Y), and streptomycin (100 mg:ml™%) for 24 to
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FIGURE 1 Comparison of the pungent compounds from chili pepper and ginger. (a) A zoomed-in view of the capsaicin-binding pocket
demonstrating the structural model of capsaicin- TRPV1 channel interactions. The capsaicin molecule is shown in pink, with the hydrogen

bond-forming groups in the neck and head shown in red and orange, respectively. The TRPV1 channel is shown in beige, with the two residues
making hydrogen bonds with capsaicin, T551 and E571, highlighted in red and orange, respectively. (b) Chemical structures of capsaicin, 6-shogaol,
6-gingerol, and zingerone. All four compounds possess a vanillyl moiety and are structurally similar, with the differences being in the neck and tail

regions

48 hr at 37°C to reach 50% to 70% confluency. Transient transfection
mediated by lipofectamine 2000 was conducted following the manu-
facturer's protocol. Calcium imaging and patch-clamp recording were

done 24 hr after transfection.

2.3 | Live-cell Ca%* imaging assay

Transfected HEK293 cells were incubated with Fluo-4 AM in the Ca?*
imaging solution (140-mM NaCl, 5-mM KCI, 1-mM MgCl,, 1.8-mM
CaCl,, 10-mM glucose, and 15-mM HEPES, pH 7.4) in the dark at
room temperature for 50 min. Incubated cells were washed twice with
the Ca?* imaging solution before recording. An Olympus IX73 micro-
scope equipped with an Olympus DP80 CCD camera was used for
fluorescence imaging. A blue filter (460 to 495 nm) and a long-pass fil-
ter (510 nm) were used as the excitation and emission filters, respec-
tively, in conjunction with a dichroic mirror at 505 nm. Grey-scale
fluorescence intensity of individual cells was collected and quantified
using the Nikon confocal image analysis software (NIS Elements AR
Analysis). Stimulation of the TRPV1 channels with different concentra-
tions of agonists was achieved by perfusion with a rapid solution
change system (RSC-200, Bio-Logic Science Instruments); capsaicin
(10 uM) was used as a positive control for normalization of the fluo-
rescence intensity levels.

2.4 | Electrophysiology

Patch-clamp recordings were done in the inside-out configuration
using an EPC10 amplifier driven by PatchMaster software (both from
HEKA). Cell membrane potential was held at 0 mV, from which the
voltage was first stepped to +80 mV for 300 ms and then to
-80 mV for 300 ms. Currents were recorded and presented at both
+80 mV and -80 mV; statistical analyses were done with currents
measured at +80 mV. Both the pipette solution and bath solution
contained 130-mM NaCl, 3-mM HEPES, and 0.2-mM EDTA, pH 7.2.
Current signals were filtered at 2.5 kHz and sampled at 10 kHz. Mac-

roscopic current amplitude was determined after subtracting off the

leakage current and normalized to the maximal current response to
10-uM capsaicin. Single-channel amplitudes of wild-type (WT) and

mutant channels were measured at several agonist concentrations.

2.5 | Data and statistical analysis

The data and statistical analysis in this study comply with the recom-
mendations of the British Journal of Pharmacology on experimental
design and analysis in pharmacology (Curtis et al., 2018). Cells were
randomly selected for live-cell calcium imaging analysis or patch
recording. Data analysis for experiments presented was performed in
a blinded manner. Functional differences caused by changes in agonists
or point mutations were tested using one-way ANOVA followed by
Tukey's post hoc test or Student's t tests when appropriate; P < .05
was considered statistically significant. Post hoc tests have been per-
formed when ANOVA analysis indicated that a significant difference
existed between the groups. Individual agonist concentration depen-
dence of fluorescence intensity or current amplitude was fitted to a Hill
equation to obtain estimates of the ECsq and slope factor values. Esti-
mates from multiple measurements were subjected to statistical analy-
ses for potential differences; their mean + SEM values (together with
the n number) are reported. For illustrations, averaged agonist concen-
tration dependence of fluorescence intensity or current amplitude was
plotted and fitted to a Hill equation. Single-channel recordings were
analysed by building an all-point histogram, which was fitted to a sum
of Gaussian functions using the IGOR PRO software (WaveMetrics).
The position of Gaussian peaks represented the average current
amplitude, and the fractional area under the peaks represented the
percentage of time the channel dwelled in the closed and open states.

2.6 | Computational structural modelling

Docking of the vanilloid compounds was performed using the
Rosettaligand application within the Rosetta molecular modelling soft-
ware suite, version 3.7 (Bender et al., 2016; Davis & Baker, 2009;
Davis, Raha, Head, & Baker, 2009; Meiler & Baker, 2006), in an XML
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style script in RosettaScripts (Lemmon & Meiler, 2012). The rTRPV1
capsaicin-bound cryo-EM structure (PDB ID: 3J5R) was first relaxed
in @ membrane environment using RosettaMembrane (Barth,
Schonbrun, & Baker, 2007; Yarov-Yarovoy et al., 2012; Yarov-Yarovoy,
Baker, & Catterall, 2006; Yarov-Yarovoy, Schonbrun, & Baker, 2006).
Vanilloid compounds were initially placed at the centre of the binding
pocket within the S3, S4, S4-S5 linker, and Sé6 segments, and were
constrained within a 10-A diameter sphere where it was allowed to
move freely. A total of 200 conformers for each compound were gen-
erated using Open Eye OMEGA software (Hawkins & Nicholls, 2012;
Hawkins, Skillman, Warren, Ellingson, & Stahl, 2010). A total of
30,000 ligand-channel complex models were generated. To determine
the best model, they were first screened for total energy. The 3,000
lowest energy models were then further screened for binding energy
between the compound and the channel. The top 30 models were
identified as candidates. All molecular graphics were rendered by UCSF
Chimera software version 1.13 (Pettersen et al., 2004).

To quantify the docking results for structural convergence, the
binding energy value for the 3,000 lowest energy models was plotted
against its un-superimposed ligand root mean squared deviation. The
lowest binding energy model was used as a reference.

To define potential atomic interactions, binding energy was
determined to be mainly hydrogen bond and VDW energies (calcu-
lated by the sum of attractive and repulsive energies). These interac-
tions were further mapped on a per residue basis using Rosetta's

residue_energy_breakdown function.

2.7 | Materials

Capsaicin was obtained from Abcam (Cambridge, UK). 6-Shogaol and
zingerone were obtained from Chengdu Biopurify Phytochemicals
Ltd (China). Capsazepine and 6-gingerol were obtained from
MedChemExpress (USA). The purity of these compounds is above

(@)
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98%. Fluo-4 AM and lipofectamine 2000 were obtained from Thermo
Fisher Scientific (Waltham, MA, USA).

2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in http://www.guidetopharmacology.org, the
common portal for data from the [UPHAR/BPS Guide to PHARMACOL-
OGY (Harding et al., 2018), and are permanently archived in the
Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).

3 | RESULTS

3.1 | Activation of mTRPV1 channels by ginger
compounds

Gingers contain a number of spicy vanilloid compounds that are
known to directly activate human and rat TRPV1 channels (Dedov
et al., 2002; Iwasaki et al., 2006). In order to investigate the structural
mechanism underlying their ligand-host interactions, we first tested
representative ginger compounds on mouse TRPV1 channels, from
which specific capsaicin-channel interactions had been previously
derived (Yang, Xiao, et al., 2015). Patch-clamp recordings revealed
concentration-dependent activation of mTRPV1 channels by each of
the three compounds (Figure 2a; Table 2), among which 6-shogaol
was the most potent, with an ECsg value of 1.4 £ 0.1 uM (n = 5), com-
pared to 0.1 £ 0.003 uM for capsaicin (n = 5). 6-Shogaol also appeared
to be highly efficacious, with the maximal current response being com-
parable to the current elicited by a saturating concentration (10 uM) of
capsaicin, which activates mTRPV1 channels to an open probability of
over 95% (Yang, Xiao, et al., 2015). 6-Gingerol appeared to be a
slightly less potent agonist of mTRPV1 channels, with an estimated

1.2= *
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1.0, Zingerone { 0.8 - o Py
b o 0.6-
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FIGURE 2 Concentration-dependent activation of the wild-type mTRPV1 channels by three ginger compounds. (a) The average current
responses to each ginger compound, normalized to that to capsaicin (10 uM), are fitted to a Hill function. n = 5. (b) The capsaicin analogue
capsazepine (CZP) competitively antagonizes the activation of TRPV1 channels by ginger compounds. Each ginger compound was added alone
(10 uM for 6-shogaol and 6-gingerol; 10 mM for zingerone) or together with 10-uM CZP. Calcium imaging responses to capsaicin (10 uM) were
used as a positive control for normalization of the fluorescence intensity values. n = 6. *P < .05, significantly different as indicated; Student's t test
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ECso value 2.9 £ 0.3 uM (n = 5) and a maximal response lower than
that of saturating concentrations of capsaicin and 6-shogaol
(Figure 2a). Zingerone was much less potent, requiring millimolar
concentrations of zingerone to elicit an appreciable current. Our
results showed that all three pungent ginger compounds were ago-
nists for the mTRPV1 channel, with the order of activation strength

being 6-shogaol > 6-gingerol >> zingerone.

3.2 | Ginger compounds bind to the capsaicin
binding pocket

To elucidate the structural mechanism, we first tested whether ginger
compounds bind to the same ligand-binding pocket in mTRPV1 chan-
nels as capsaicin, whose location was clearly identified in cryo-EM
electron density maps (Cao et al., 2013; Liao et al., 2013). For this pur-
pose, we tested whether channel activation by ginger compounds
could be competitively antagonized by capsazepine, a known capsaicin
antagonist that competes for the same ligand-binding site, as verified
by cryo-EM structures (Gao, Cao, Julius, & Cheng, 2016). Using live-
cell calcium imaging, we confirmed that channel activation by all three
ginger compounds could indeed be effectively antagonized by
capsazepine (Figure 2b). Previous studies have shown that binding of
capsazepine is partly mediated by a hydrogen bond to the T551
residue of TRPV1 channels (Gao et al., 2016). A similar interaction also
contributes to the binding of capsaicin, to the carbonyl group in the
neck region (Elokely et al., 2016; Yang, Xiao, et al., 2015) that is
conserved in the ginger compounds. Our results described below fur-
ther demonstrated that T551 and another hydrogen bond-forming
residue E571 are critical for ginger compounds to activate TRPV1.
Based on structural similarities between ginger compounds and capsa-
icin, we conducted a series of functional tests to investigate specific
ligand-host interactions.

3.3 | 6-Shogaol forms the same two hydrogen bonds
with mTRPV1 channels as capsaicin

6-Shogaol is structurally similar to capsaicin, with the same functional
groups in capsaicin that are known to form hydrogen bonds with
T551 and E571 of mTRPV1 channels, and an aliphatic tail that is of a
similar length to capsaicin. To test whether 6-shogaol forms the same
hydrogen bonds with mTRPV1 channels, we used two mutant chan-
nels, T551V and E571A, that would prevent hydrogen bond formation
at these sites. Single-channel recordings indicated that 6-shogaol acti-
vated both mutants to similar single-channel amplitudes as the WT
channel, but that the open probabilities were much lower (Figure 3a).
Calcium imaging experiments (Figure 3b) showed that 6-shogaol acti-
vated the WT channels with an ECsq value of 0.2 + 0.01 uM (n = 6)
(Figure 3C, Table 1). The value is slightly lower than that estimated
from current recordings, an observation resembling that for capsaicin
(Figure S1). Similar observations were previously reported and
attributed to differences in the two detection methods (Geron et al.,
2018). Importantly, the T551V mutation shifted the concentration-

response curve substantially to the right, increasing the ECsq value to
3.9 £ 0.5 pM (n = 6). The E571A mutation caused an even larger shift,
yielding an estimated ECsg value of 451.2 + 98.1 uM (n = 6). The large
increases in the ECsq value are consistent with the expectation that
6-shogaol is likely to interact with both T551 and E571 with hydrogen
bonding.

Electrophysical recordings yielded similar results (Figure 3d). Both
T551V and E571A substantially reduced the ligand sensitivity of
mTRPV1 channels, shifting the concentration-response curve to the
right (Figure 3e, Table 2). The E571A mutation again caused a larger
shift of the concentration-response curve than T551V. We observed
that increasing the 6-shogaol concentration fully compensated for
the reduced sensitivity of the T551V mutant. However, increasing
the 6-shogaol concentration did not compensate for the reduced sen-
sitivity of the E571A mutant, with the maximal response, estimated
from fitting, to be 40% of that to 10-uM capsaicin. These results are
comparable to those obtained when capsaicin was used as the agonist
for these mutant channels (Yang, Xiao, et al., 2015). Based on these
observations, we conclude that 6-shogaol binds to the TRPV1 channel
with both the neck-to-T551 and head-to-E571 hydrogen bonds.

3.4 | TRPV1 channel activation by 6-gingerol is also
sensitive to mutations at T551 and E571

Compared to 6-shogaol, 6-gingerol contains a hydroxyl group instead
of a double bond in the tail (Figure 1b). The additional hydroxyl group
reduces the length of the aliphatic chain and can potentially partici-
pate in the formation of hydrogen bond like its neighbouring carbonyl
group. We found that, at the single-channel level, the open probabili-
ties of the T551V and E571A mutants were substantially lower than
that of WT when 10-uM 6-gingerol was used as the agonist
(Figure 4a). For WT channels, calcium imaging recordings showed that
6-gingerol was slightly weaker than 6-shogaol in potency, with an
estimated ECsq value of 0.3 + 0.01 uM (n = 6) and a maximal response
that was 90% of the response to 10-uM capsaicin (Figure 4b,c,
Table 1). The T551V and E571A mutations caused at least a one and
two orders of magnitude increase in the ECsq value, respectively,
highlighting the importance of these hydrogen bond-forming residues
for 6-gingerol activation of mTRPV1 channels. Moreover, patch-clamp
recordings confirmed that 6-gingerol was slightly less potent than cap-
saicin and 6-shogaol in activating WT channels and that the T551V
and E571A mutations led to dramatic reductions in ligand potency
(Figure 4d,e, Table 2). Together, these results confirmed that both
T551 and E571 play an important role in mediating interactions
between 6-gingerol and mTRPV1 channels.

3.5 | Zingerone is a weak agonist for mTRPV1
channels, yet both T551 and E571 are critical for
potency

Zingerone is a shorter version of 6-shogaol, lacking almost all of the

aliphatic tail (Figure 1b). Given our observations from 6-shogaol
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FIGURE 3 64-Shogaol interacts with the TRPV1 channel in a manner similar to that of capsaicin. (a) Representative single-channel current traces
recorded in the inside-out configuration at +80 mV in response to 10-uM 6-shogaol (left) and the corresponding all-point histograms (right) fitted
to a double-Gaussian function (red curve). (b) HEK293 cells transiently transfected with wild-type (WT) TRPV1 channels were subjected to calcium
imaging before (left) and during (middle) treatment with 6-shogaol, followed by capsaicin treatment (right). (c) Concentration-dependent activation
of WT and point mutants by 6-shogaol are fitted to a Hill equation. n = 6. (d) Representative current traces from the WT and mutants elicited by
applications of 6-shogaol and capsaicin recorded in the inside-out configuration. The holding potential was O mV from which testing pulses to

+80 mV and -80 mV were applied. (e) The average current responses to 6-shogaol, normalized to that to capsaicin (10 uM), are fitted to a Hill

equation.n =5

described above and previous findings from capsaicin analogues with a
progressively shorter tail (Yang, Xiao, et al., 2015), we expected that
zingerone would be a weaker agonist than 6-shogaol but its agonist
activity was likely to remain dependent on the residues T551 and
E571. This turned out to be the case in functional tests. As shown in

Figure 5a,b and Table 1, calcium imaging experiments revealed that

zingerone activation of the WT channels occurred at much higher
concentrations than that by 6-shogaol and 6-gingerol. Furthermore,
the T551V and E571A mutations caused
In particular,

large shifts of the
concentration-response curve. it took more than
0.1-mM zingerone to induce an appreciable response from E571A

channels, and the maximal response even at the 30-mM concentration
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TABLE 1 Summary of calcium imaging results (n = 6 each)
Capsaicin 6-Shogaol 6-Gingerol Zingerone
Channel type ECso (UM) k ECso (LM) k ECso (1M) k ECso (mM) k
WT 0.1 £ 0.002 1.9 0.2 £ 0.01* 3.8 0.3 £0.01** 2.3 0.01 £ 0.001*5T 2.9
T551V 1.0 + 0.02* 33 3.9 + 0.5 1.3 4.8 + 0.4 1.5 0.1 + 0.007tF 2.1
E571A 1.0 + 0.04* 3.0 451.2 + 98.1%! 0.6 137.1 £ 18.4%** 0.7 65.6 £ 21.41F 0.7
Abbreviations: ECsg, effective concentration to achieve 50% of maximal response; k, Hill slope factor; WT, wild type.
*P < .05, significantly different from WT channel responding to capsaicin; one-way ANOVA followed by Tukey's post-test.
TP < .05, significantly different from T551V channel responding to capsaicin; one-way ANOVA followed by Tukey's post-test.
*P < .05, significantly different from E571A channel responding to capsaicin; one-way ANOVA followed by Tukey's post-test.
SP < .05, significantly different from WT channel responding to 6-shogaol; one-way ANOVA followed by Tukey's post-test.
fp < 05, significantly different from WT channel responding to 6-gingerol; one-way ANOVA followed by Tukey's post test.
IIp < .05, significantly different from WT channel responding to 6-shogaol; two-tailed Student t-test.
**P < .05, significantly different from WT channel responding to 6-gingerol; two-tailed Student t-test.
TP < .05, significantly different from WT channel responding to zingerone; two-tailed Student's t test.
TABLE 2 Summary of electrophysiological measurement results (n = 5 each)
Capsaicin 6-Shogaol 6-Gingerol Zingerone
Channel type ECso (M) k ECso (LM) k ECso (UM) k ECso (mM) k
WT 0.1 £ 0.003 1.7 1.4 +0.1* 11 2.9 +£0.3%8 1.7 2.6 £0.9%5T 0.9
T551V 1.4 £ 0.03* 1.8 8.1 +0.5! 1.5 32.7 + 3.1t 1.5 15.2 + 5,01t 1.2
E571A 1.3 £ 0.03* 1.8 27.1 £ 50" 1.7 109.7 + 37.4%* 0.7 165.9 £ 61.211 1.0

Abbreviations: ECsq, effective concentration to achieve 50% of maximal response; k, Hill slope factor; WT, wild type.

*P < .05, significantly different from WT channel responding to capsaicin, one-way ANOVA followed by Tukey's post test.
TP < .05, significantly different from T551V channel responding to capsaicin, one-way ANOVA followed by Tukey's post-test
*p < .05, significantly different from E571A channel responding to capsaicin, one-way ANOVA followed by Tukey's post test.

SP < .05, significantly different from WT channel responding to 6-shogaol, one-way ANOVA followed by Tukey's post test.

fp < 05, significantly different from WT channel responding to 6-gingerol, one-way ANOVA followed by Tukey's post test.

Ip < .05, significantly different from WT channel responding to 6-shogaol, two-tailed Student's t test.

**P < .05, significantly different from WT channel responding to 6-gingerol, two-tailed Student's t test.

Ttp < .05, significantly different from WT channel responding to zingerone, two-tailed Student's t test.

was much lower than the level that could be reached in the WT
and T551V channels. All these findings from calcium imaging were
satisfactorily confirmed by patch-clamp recordings (Figure 5c,d,
Table 2).

In summary, functional tests suggested that the ginger spicy com-
pounds bind to the TRPV1 channel at the same binding pocket, with
their potencies depending on both the aliphatic tail of the agonists

and the hydrogen bond-forming residues of the channel.

3.6 | Structural modelling of atomic interactions
between ginger compounds and TRPV1 channels

We assessed atom-specific interactions between ginger compounds
and the TRPV1 channel by computational structural modelling. Using
an updated version of Rosettaligand application (Bender et al., 2016;

Davis et al., 2009; Davis & Baker, 2009; Meiler & Baker, 2006), we
first examined the interactions between 6-shogaol and the TRPV1
channel. Energy minimization procedure vyielded two groups of
binding poses that were only slightly different (Figure 6a,b, top
panels; Figure S2). Both poses resemble that of capsaicin in that
the 6-shogaol molecule adopted a “head-down tail-up” orientation
stabilized partially by two hydrogen bonds with T551 and E571, an
observation corroborating results from our functional tests of mutant
channels (Figure 3). Binding energy distributions of hydrogen bonds
and VDW interactions were also similar to those of capsaicin
(Figure 6c, top panel). A major difference, however, was that the
6-shogaol tail took a relatively stable position, whereas the capsaicin
tail alternated among multiple positions (Yang, Xiao, et al., 2015). The
preferable position of the 6-shogaol tail appeared to be due to the
C=C bond at its base, which restricts the tail's rotational freedom.
In comparison, capsaicin has a single C=C bond located near the tip
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FIGURE 4 Residues T551 and E571 are critical for activation of the TRPV1 channel by 6-gingerol. (a) Representative single-channel current
traces recorded in the inside-out configuration at +80 mV in response to 10-uM 6-gingerol (left) and the corresponding all-point histograms
(right) fitted to a double-Gaussian function (red curve). (b) HEK293 cells transiently transfected with wild-type (WT) TRPV1 channels were
subjected to calcium imaging before (left) and during (middle) treatment with 6-gingerol, followed by capsaicin treatment (right). (c) Concentration-
dependent activation of WT and point mutants by 6-gingerol are fitted to a Hill equation. n = 6. (d) Representative current traces from the WT and
mutants elicited by applications of 6-gingerol and capsaicin recorded in the inside-out configuration. (e) The average current responses to 6-
gingerol, normalized to that to capsaicin (10 uM), are fitted to a Hill equation.n = 5

of its tail. Indeed, flapping of the capsaicin tail was seen mostly at its
base (Yang, Xiao, et al., 2015). Our structural modelling results are
consistent with functional data, suggesting that 6-shogaol activates
TRPV1 channels in a manner very similar to that of capsaicin.
Structural modelling of 6-gingerol revealed many similarities to
6-shogaol but also noticeable differences. As shown in Figure 6a,b,
middle panels, and Figure S1, many of the top 30 poses were similar
to those of capsaicin and 6-shogaol in orientation and participation
of T551 and E571 in the formation of hydrogen bonds. In particular,
the neck-to-T551 hydrogen bond was frequently observed, and the

head-to-E571 hydrogen bond was also observed. These observations

are consistent with our functional data showing that replacing
T551 and E571 with a hydrophobic residue substantially reduced
6-gingerol's potency (Figure 4). Interestingly, the gingerol head was
seen in some models to be in close proximity to Y512, a key residue
for capsaicin activation (Jordt & Julius, 2002; Yang, Xiao, et al.,
2015). Another noticeable observation from the modelling results
was that the bound 6-gingerol appeared to be less stable and not
converging on specific binding poses among the top 30 models
(Figure 6a,b, middle; Figure S2). These results are again consistent
with functional data exhibiting that 6-gingerol is a weaker agonist than

capsaicin (Figures 2a and 4).
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FIGURE 5 Mechanism for zingerone-induced TRPV1 channel activation. (a) HEK293 cells transiently transfected with wild-type
TRPV1 channels were subjected to calcium imaging before (left) and during (middle) treatment with zingerone, followed by capsaicin
treatment (right). (b) Concentration-dependent activation of WT and point mutants by zingerone are fitted to a Hill equation. n = 6. (c)
Representative current traces from the WT and mutants elicited by applications of zingerone and capsaicin recorded in the inside-out
configuration. (d) The average current responses to zingerone, normalized to that to capsaicin (10 uM), are fitted to a Hill equation. n = 5

Predicting zingerone binding by structural modelling was more
challenging (Figure 6, bottom panels; Figure S2), as expected for this
weak agonist. Many of the top 30 models had zingerone bound in a
similar pose as capsaicin; for example, 17 of them indicated a possible
hydrogen bond between the zingerone neck and T551, whereas seven
of them indicated a possible hydrogen bond between the zingerone
head and E571. This is again consistent with functional data from
mutant channels. However, many other ligand-binding poses were
seen among the top models. One factor contributing to these new
binding poses was the substantial reduction of VDW interactions
due to the shortened tail that contributes to the stabilization of both

the orientation and binding affinity of capsaicin, 6-shogaol, and 6-

gingerol. Interestingly, five of the top models had the hydroxyl group
on the zingerone head in close proximity to T671 in the S6 segment,
indicating the possibility of forming a hydrogen bond. Indeed, the
average Rosetta energy for hydrogen bond of the top models was
substantial at this position (Figure éc, bottom panel). This interaction,
if formed, would contribute to the stabilization of ligand binding and,
given the role played by the S6 segment in activation of the TRPV1
channel (Yang et al., 2018; Zheng & Ma, 2014), may even represent
a new way to stabilize the channel's open conformation. Overall, our
structural modelling results confirmed that zingerone is much less sta-
ble inside the ligand-binding pocket and, as a result, a weak agonist for
the TRPV1 channel.
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3.7 | Functional confirmation of zingerone
interaction with T671 on Sé6

The computational modelling results predicted that zingerone could
potentially interact with T671 on the S6 segment (Figure 7a). In order
to test this intriguing prediction, we conducted functional tests on a
conserved mutation, T671S, at this critical position for gating. Patch-
clamp recordings demonstrated that this subtle structural perturbation
indeed could produce substantial effects on zingerone activation.
The T671S mutant channels yielded very small currents to 10-mM
zingerone, although their responses to capsaicin remained robust
(Figure 7b) as reported previously (Yang, Xiao, et al., 2015). As a result,
the estimated ECso value for zingerone activation of T671S was
141.6 £+ 46.6 mM (n = 5), which was significantly higher than the
ECsg value of the WT channels (2.6 £ 0.9 mM, n = 5; Figure 7c,d).
These observations are consistent with the existence of a direct

interaction between zingerone (but not capsaicin) and Té671 on Sé,
suggesting that this tail-less ginger compound might take two alterna-
tive binding poses—a vertical pose used by capsaicin and other ginger
compounds and a novel horizontal pose in which it forms a bridge
between S4 and Sé.

4 | DISCUSSION

In the present study, we analysed interactions between ginger com-
pounds and the TRPV1 channel, focusing on potential key contacts
they make in the binding pocket. The general picture emerging from
this study suggested an clear resemblance between ginger compounds
and bound capsaicin, including the “head-down tail-up” orientation
and the two key hydrogen bonds, as well as a potentially new way

for zingerone to interact with the channel. The comparative analysis
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FIGURE 7 Zingerone directly interacts with T671 in Sé. (a) Representative horizontal poses of zingerone in which a direct interaction with T671
is observed. (b) Representative current traces from wild-type (WT) and T671S mutant channels treated with zingerone. (c) The average current
responses of WT channels and T671S to zingerone, normalized to that to capsaicin (10 uM), are fitted to a Hill equation. n = 5

among the three ginger compounds, together with capsaicin, revealed
a number of important structural details relating to their different
potencies, which will be discussed below.

Among the three tested ginger compounds, 6-shogaol is the most
similar to capsaicin in molecular structure. Hence, functional differ-
ences between the two can be reliably associated to their distinct
structural features. There are three structural elements in 6-shogaol
that are different from capsaicin: the absence of the neck amide, a
different location of the C=C bond, and a shorter aliphatic tail, by
two carbons. The replacement of the neck amide in capsaicin with
an ester (yielding capsiate) produced a two order of magnitude shift
in the concentration-response relationship (Yang, Xiao, et al., 2015).
In contrast, the difference between 6-shogaol and capsaicin is less.
Together with the very similar binding poses between 6-shogaol and
capsaicin predicted by computational modelling, these observations
suggest that the structural difference in the neck region of 6-shogaol
might have a minor effect on the hydrogen bonding strength of the
neighbouring carbonyl, or/and there might be a compensatory effect
from the C=C double bond on the other side of the carbonyl. The
presence of a C=C bond in the capsaicin tail, by itself, has long been
recognized as unlikely to be important for pungency, as removing it

yielded a compound of similar spiciness to capsaicin (Nelson &

Dawson, 1923), and that the aliphatic tail can take multiple positions
in the bonding pocket with apparently compatible binding energies
(Yang, Xiao, et al., 2015). Shifting the C=C bond to the base of the
shogaol tail limits the rotational freedom in this region, restricting
the shogaol tail to only one of the multiple possible positions, as seen
in our computational models. Indeed, removing the C=C bond from 6-
shogaol yields paradol, a pungent compound found in Melegueta pep-
pers (a.k.a. grains of paradise) from West Africa (Riera et al., 2009).
The shorter tail in 6-shogaol, however, may be more than sufficient
to explain its slightly lower potency, because shortening the capsaicin
tail has a major impact on potency (Yang, Xiao, et al., 2015). A similar
conclusion can be drawn from 6-gingerol and zingerone (see below).
In comparison to 6-shogaol, 6-gingerol contains a hydroxyl group in
place of the C=C bond. This structural alternation has two conse-
guences: introduction of an alternative hydrogen bond forming group
adjacent to the neck carbonyl and shortening of the aliphatic tail.
Indeed, we observed that the hydroxyl group may replace the neck
carbonyl in interacting with T551 (Figure 6a,b, middle). A possible
polar interaction between this hydroxyl group and T671 on the pore-
forming S6 segment was also occasionally observed. The hydroxyl
group in gingerol effectively shortens its aliphatic tail, reducing VDW
interactions within the hydrophobic pocket of the ligand-binding



YIN ET AL

domain. This effect is likely to be a major factor for the lower potency
of 6-gingerol in comparison to 6-shogaol and capsaicin. Consistent
with this expectation, adding a hydroxyl group to the capsaicin tail
yields capsaicinol, a much less potent compound (Kobata et al.,
2006). The hydroxyl group not only shortens the aliphatic tail but also
forces the bound 6-gingerol to shift downwards in comparison to
capsaicin due to its tendency to reside in the more hydrophilic lower
part of the binding pocket—both changes reduce the opportunities
for VDW interactions known to contribute substantially to capsaicin
binding (Yang, Xiao, et al., 2015). In support of this view, 8-gingerol
and 10-gingerol, having progressively longer tails, are found to be more
potent than 6-gingerol in activating TRPV1 channels (Morita, Iwasaki,
Kobata, Yokogoshi, & Watanabe, 2007), whereas shortening the
gingerol tail has a detrimental effect (Dedov et al., 2002).

Zingerone is a shortened version of 6-shogaol, lacking most of its
tail. As discussed above, the aliphatic tail contributes substantially to
VDW interactions. It is therefore not surprising that the absence of
an aliphatic tail in zingerone results in a much lower potency. Our
molecular modelling and functional results confirmed this expectation.
Interestingly, in the absence of a real tail and its associated
hydrophobic interactions with the upper part of the ligand-binding
pocket, the “head-down tail-up” orientation of zingerone becomes
unstable, an observation highlighting the anchoring role of the
aliphatic tail in ligand binding. We observed that zingerone can
potentially find an alternative pose inside the binding domain, where
it interacts with T671 of Sé. This new interaction, not seen between
capsaicin and TRPV1, allows zingerone to directly bridge S4 (probably
an immobile channel structure according to cryo-EM data of multiple
TRPV1 channel states; Cao et al., 2013; Gao et al., 2016; Liao et al.,
2013) and Sé. The horizontal pose of zingerone represents a new
way to influence the channel pore. The combination of the effects
discussed above is likely to contribute to the much lower potency of
zingerone. Indeed, it has been suggested that, due to its poor potency
for TRPV1 channels, zingerone may instead interact with TRPA1
channels when tested on the rat spinal cord slices (Yue, Jiang, Fujita,
& Kumamoto, 2013).

In summary, our data suggest that the three ginger pungent
compounds, which share the same vanillyl head group, interact with
the S4-S5 linker of the TRPV1 channel in the same manner as capsai-
cin. They also appear to form the same hydrogen bond interaction
with S4 that attaches capsaicin to the ligand-binding domain. Minor
structural deviations in the neck region do not seem to substantially
alter the interaction with the TRPV1 channel or its energetics. The
length of the aliphatic tail, the position of the C=C bond, and the addi-
tional hydroxyl group all play a role in determining the orientation,
contacts, and stability of the ligand-channel interaction, resulting in
great variations in ligand-induced channel activity. These findings offer
a structural explanation why ginger aging (which converts gingerol to
shogaol) enhances the perceived spiciness, whereas cooking gingers
(which converts gingerol and shogaol to zingerone) substantially
reduces their spiciness. Information from this study should be useful
for guiding pharmaceutical efforts searching for non-addictive analge-

sics, targeting the nociceptive TRPV1 ion channel.
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