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ABSTRACT
Structural Analyses of the Transient Receptor Potential Channels TRPV3 and TRPV6
Luke McGoldrick

Transient receptor potential (TRP) channels comprise a superfamily of cation-selective
ion channels that are largely calcium (Ca2+) permeable and that play diverse physiological roles
ranging from nociception in primary afferent neurons to the absorption of dietary Ca2+. The 28
mammalian TRP channels are categorized into 6 subfamilies. The vanilloid subfamily is named
for its founding member, TRPV1, the capsaicin receptor, and has 6 members. TRPV1-4 are all
heat sensitive ion channels whereas TRPV5 and TRPV6 are involved in renal Ca2+ reabsorption
and Ca2+ absorption in the intestine, respectively. In our structural studies, we have focused on
TRPV3 and TRPV6.
TRPV6 is a highly Ca2+ selective TRP channel (PCa/PNa ~ 130) that functions in active
Ca2+ absorption in the intestine. Its expression is upregulated by vitamin D and is, on the
molecular level, regulated by PIP2 and calmodulin (CaM). Previously, the structure of TRPV6
was solved using X-ray crystallography. Using the crystal structure, a negatively charged
extracellular vestibule was identified and anomalous diffraction was used to identify ion binding
sites in the pore. Also, at the top of the selectivity filter, four aspartates were identified that
coordinate Ca2+ entering the pore and confer to TRPV6 its selectivity for Ca2+. However, only
the structure of the rat orthologue was solved and only in the closed, apo state. We used cryoelectron microscopy (cryo-EM) to solve structures of the human orthologue of TRPV6 in the
open and closed (we used the mutation R470E to close the channel) states. The closed-to-open

TRPV6 transition is accompanied by the formation of short π-helices in the middle of the porelining S6 helices, which in turn results in their turning and a different set of residues facing the
pore. Additionally, the formation of the π-helices results in kinking of the S6 helices, which
further widens the pore.
TRPV6 is constitutively active when expressed heterologously. In other words, the
addition of external stimuli is not necessary for the activation of the channel. Therefore, its
activity needs to be regulated to prevent toxic Ca2+ overload. One mechanism by which this
occurs is through its regulation by CaM. CaM has been shown to bind TRPV6 and regulate its
function, however, the way it binds to and regulates TRPV6 remained unknown. To uncover this
mechanism, we solved the structure of TRPV6 bound to CaM. We found that CaM binds TRPV6
in a 1:1 stoichiometric ratio and that CaM directly blocks the TRPV6 pore by inserting a
positively charged lysine into a tera-tryptophan cage at the bottom of the pore. As a result, the
channel adopts an inactivated conformation; although the pore-lining S6 helices still contain
local π-helices, they are pulled closer together, narrowing the pore and further blocking it with
hydrophobic side chains.
We have also conducted studies of TRPV3. Unlike TRPV6, TRPV3 is a heat-activated
vanilloid TRP channel. TRPV3 is expressed highly in keratinocytes where it has been implicated
in wound healing and maintenance of the skin barrier, and in the regulation of hair growth. We
solved the structure of apo TRPV3 in a closed state, and the structure of a TRPV3 mutant bound
to 2-APB in an open state. Like TRPV6, the opening of TRPV3 is accompanied by the
formation of local π-helices in the middle of the pore-lining S6 helices. The formation of the πhelices results in the lining of the ion permeation pathway with a different set of residues,
resulting in a largely negatively charged pathway. Unlike TRPV6, TRPV3 is only slightly

selective for Ca2+ and correspondingly, during gating state transitions, rearrangements were not
only observed only in its pore-lining helices, but also in the cytosolic domain and the selectivity
filter. Based on a comparison of our structures, we proposed a model of TRPV3 regulation by 2APB.
Together, our studies provide insight into the regulatory and gating mechanisms of the
vanilloid subtype TRP channels and can provide the foundation for future studies.
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CHAPTER 1.
An Introduction to TRP Channels, TRPV3 and TRPV6

TRP channels and the vanilloid subfamily
Transient receptor potential (TRP) channels are members of a cation selective, and
largely calcium (Ca2+) permeable superfamily of ion channels. As ion channels, these proteins
are threaded through the plasma or organellular membranes where they form tunnels to facilitate
the passage of atoms or small molecules that are electrostatically charged and would otherwise
not be able to cross the hydrophobic membranes. In this capacity, the 28 mammalian TRP
channels play diverse roles in organismal systems and have been categorized into three groups:
sensory, organellular, and metabotropic1. TRP channels are not strictly ligand gated or gated by
physical stimuli, instead they can be thought of as polymodal signal integrators. TRPV1, for
example, is activated in response to both heat and capsaicin2. Two more mammalian TRP
channels, TRPV6 and TRPV5, have not been categorized as sensory, organellular, or
metabotropic; they function in intestinal calcium absorption and in renal calcium reabsorption in
epithelial cells3. In general, TRP genes are evolutionarily conserved and exist in most tissue and
cell types and have also been identified and partially characterized in a large variety of species
including lower life forms4-7.
The transient receptor potential (trp) locus was first characterized in drosophila
melanogaster (fruit flies) where its mutation resulted in blindness in response to bright light,
despite the normal functioning of the fly in dim light. The mutant drosophila eye was shown, via
an electroretinogram (ERG), to generate an un-sustained (transient) receptor potential in
1

response to light and to recover slowly after a period of light adaption8. Approximately two
decades later, the trp gene was identified by rescuing the mutant phenotype by germline
transformation9, was characterized and predicted to be a trans-membrane protein with 8
transmembrane spanning segments, based on a hydrophobicity plot, and was shown to localize in
rhabdomeres, specialized membrane regions of photoreceptor cells in drosophila10. The trp gene
was later shown to encode a Ca2+ channel in the light activated pathway11.
In the time since the initial discovery of the trp gene in drosophila, many trp orthologues
have been discovered in different organisms including mammals, yeast, and algae4-7. In
mammals, the TRP channel super family comprises 6 subfamilies of ion channels; they have
been classified based on their sequences and include TRPC1-7 (canonical), TRPV1-6 (vanilloid),
TRPA1 (ankyrin), TRPM1-8 (melastatin), TRPML1-3 (mucolipin) and TRPP1-3 (polycystin)12.
A single TRP channel could function in numerous physiological settings and collectively, ion
channels of the TRP superfamily play extremely diverse roles. For example, TRPC6 is expressed
in the vascular tissues, the heart and the lung, is implicated in the regulation of acute pulmonary
vasoconstriction, and is GPCR regulated13. The TRPML ion channels are lysosomal ion channels
and are expressed in early, late, and recycling endosomes, and lysosomes in every tissue type;
TRPML1 mutations can results in mucolipidosis type IV, a neurodegenerative disorder1,14.
Perhaps most well-known among TRP channel subtypes is the TRPV subfamily, and the
functions of the TRPV channels in the sensation of noxious stimuli, including heat.
The founding member of the TRPV subfamily, TRPV1 (initially named VR1) was
discovered via expression cloning in a search for the capsaicin receptor2. Capsaicin is a natural
excitatory neurotoxin and is largely responsible for the “hot” or “spicy” associated with
capsicum (chili) peppers. Exposure of sensory neurons to capsaicin results in a burning
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sensation, and prolonged exposure results in desensitization to noxious stimuli, due to neuron
death, or destruction of the neuron’s peripheral terminals2. The rationale for searching for the
capsaicin receptor was that capsaicin could mimic the effect of endogenous inflammatory
compounds and inform mechanisms of pain sensation, and that its properties could perhaps be
exploited in the treatment of pain. Thus, TRPV1 was discovered by expression cloning using a
cDNA library generated from rodent dorsal root ganglion (DRG) RNA and screening for the
introduction of capsaicin sensitivity in otherwise insensitive cells2. Prolonged exposure of HEK
cells expressing TRPV1 to capsaicin resulted in cell death because of cytoplasmic swelling,
coalescence of cytoplasmic contents, and lysis, and was proposed to be due to unchecked ion
flux into the cell. Because of the “burning” sensation elicited by capsaicin, the temperature
sensitivity of TRPV1 was investigated. Indeed, TRPV1 was found to be activated at noxious
temperature, especially above 40 °C when heterologously expressed in oocytes (Figure 1.1)2,15.

Figure 1.1. Single channel recordings of TRPV1 currents at different temperatures.
Temperature has a strong effect on the TRPV1 Po which increases from ~0 at 24 °C to ~0.21 at
33 °C and to ~0.99 at 39 °C. Note that in addition to the Po, the TRPV1 conductance also
increases with temperature. Figure adapted from reference15 in accordance with the policies of
the Journal of Biological Chemistry.
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TRPV2, initially described as VRL-1, was discovered in a GenBank search for TRPV1
homologues and was cloned from the CCRF-CEM human myeloid cell line and from rat brain16.
At the same time, TRPV2 was isolated from a mouse spleen cDNA library in a search for a
calcium-permeable ion channel that could be regulated by insulin-like growth factor-I (IGF-I),
and therefore, was named growth-factor-regulated channel (GRC)17. TRPV2 shares
approximately 50% sequence identity with TRPV1, exhibits a high temperature threshold for
activation (~52 °C), and unlike TRPV1, was neither activated by protons nor vanilloids16,18.
Additionally, whereas TRPV1 was shown to express primarily in small diameter DRG neurons,
TRPV2 exhibited a different expression pattern and was discovered in medium to large dimeter
DRG neurons16. Subsequently, TRPV2 KO mice were generated and surprisingly, they exhibited
normal behaviors in response to noxious heat; increased perinatal lethality and decreased adult
body weight were observed in TRPV2 KO mice instead19. Nevertheless, TRPV2 has been
implicated in a number of biological processes, including the development of the nervous system
and insulin signaling in the endocrine system18. Both TRPV1 and TRPV2 have been found
widely distributed in different tissues and cell types18,20-22.
Prior to the cloning of mammalian TRPV4 (originally named OTRPC4 and VR-OAC),
OSM-9, a Caenorhabditis elegans protein somewhat related to drosophila TRP and TRPL, was
characterized23. OSM-9 was found to be important for olfaction, osmosensation, and touch in C.
elegans. No gene encoding a functionally similar ion channel was known in vertebrates, and so a
search was undertaken to discover one24. Thus, searching the GenBank for OSM-9 and other
TRP homologues resulted in the discovery of TRPV4 by two groups24,25. TRPV4 was initially
characterized as being gated by changes in transmembrane osmotic pressure and was shown to
express in the lung, kidney, testis, spleen, heart, trigeminal ganglia, and brain. Consistent with its
4

initial characterization, TRPV4 KO mice exhibit altered responses to hyper- and hypoosmolar
stimuli26. Like TRPV1, TRPV2, and TRPV3, TRPV4 can be activated by heat. Unlike TRPV1
and TRPV2, TRPV4 was determined to be activated by temperatures above 25 °C or ~34 °C in
HEK 293 cells27,28. Whether or not TRPV4 functions as a temperature sensor in vivo is
controversial; TRPV4 KO mice exhibited altered thermal selection behavior and preferred
warmer temperatures in thermal gradient and two-temperature choice paradigms while
subsequently it was shown that mice lacking both TRPV3 and TRPV4 exhibited normal thermal
selection behavior29,30.
TRPV5 was discovered via expression cloning in an effort to identify the Ca2+ uptake
mechanism in epithelial cells of the kidney and intestine31. A cDNA library was constructed
from poly(A)+ RNA isolated from rabbit kidney cells and was injected into oocytes. A cDNA
pool that resulted in high Ca2+ uptake was sequentially divided until a single clone, encoding
TRPV5, was identified. TRPV5, which was initially named ECaC, for epithelial Ca2+ channel,
shares 20% sequence identity with TRPV1 and via northern analysis, was found to be expressed
most highly in the duodenum, jejunum, kidney and placenta. TRPV5 was shown to be present in
the apical membrane of the distal part of the nephron in the kidney where it colocalized with the
calcium binding protein calbindin-D28K. The localization of TRPV5 was consistent with its role
in 1,25-(OH)2D3 (an active form of vitamin D) and parathyroid hormone (PTH) regulated renal
Ca2+ reabosorbtion32.
Briefly, the accepted names of TRP channels, those of each subfamily and within a given
subfamily, consider the order in which each channel was discovered as well as their original gene
name if it was discovered prior to the adaption of the unified TRP nomenclature. Therefore,
while TRPV3 was the last TRPV ion channel discovered, it was named so such that that TRPV5
5

and TRPV6 could be described in their own group, and so that OTRPC4 could be renamed
TRPV433.
The remainder of this introduction focuses largely on TRPV3, a thermo-sensitive TRPV
channel, and TRPV6, a TRP channel that like TRPV5, functions in Ca2+ absorption in the
digestive tract.
Cloning and expression pattern of TRPV3
Prior to its characterization, TRPV3 was described as VRL-3, a protein that was
predicted based on its genomic sequence using GENSCAN34. TRPV3, TRPV1, TRPV2, and
TRPV4 were grouped together because they share 41.6-47.0% amino acid identity, while TRPV5
and TRPV6 are 75.6% identical, but only share 30.5-33.3% identity with TRPV1-434. TRPV3
was separately discovered by searching the human genome using TRPV1 and TRPV2 sequences
and the full sequence of mouse TRPV3 was determined using exon prediction software,
polymerase chain reaction, and the amplification of cDNA ends from newborn mouse skin35. The
human orthologue of TRPV3 was cloned at the same time by two other research groups using
similar strategies36,37. The TRPV3 open reading frame was determined to be 38%, 38%, and 32%
identical to those of TRPV4, TRPV1, and TRPV2, respectively37. Using TaqMan quantitative
RT-PCR, TRPV3 expression was analyzed in 22 different human tissues and was determined to
be expressed primarily in the skin, testis, DRG, brain and spinal cord, and to a lesser extent in the
stomach, trachea, small intestine and placenta37. Northern analysis of human tissues was used to
detect a 5-kilobase TRPV3 transcript in the tongue and stomach and TRPV3 expression was
detected in neurons of the cortex, thalamus, striatum, and in ventral horn motoneurons,
interneurons in the dorsal horn, and in sympathetic neurons and sensory neurons in the superior
6

cervical ganglia and the DRG/trigeminal ganglia, respectively, using in situ hybridization of
monkey tissue with an antisense RNA probe37. TRPV3 was also detected in human skin in
proximity to hair follicles37. Using the full-length mouse TRPV3 as a probe, and blots from an
adult rat, ~6.5 kb TRPV3 mRNA was found in skin tissue, but not in DRG. However, TRPV3
transcripts were detected in DRG using PCR35. Northern blot analysis was also used to
demonstrate TRPV3 expression in both human adult and fetal skin and more specifically, a
combination of a radioactive in situ hybridization assay and TRPV3-specific antibodies were
used to detect TRPV3 expression in the epidermis and hair follicles of newborn mice, in “most”
keratinocytes, and in hair follicles from rodent tissues35. Later, RT-PCR was used to demonstrate
TRPV3 expression in a large variety of murine tissues, especially in tibial and gastrocnemius
muscle38.
Biophysical analyses of TRPV3
At the time of its cloning, TRPV3 was determined to be a warm activated channel35-37;
TRPV3 currents were elicited at temperatures greater than ~33 °C. The mean Q10, the ratio of the
rates of biological process at two temperatures separated by 10 °C, for TRPV3 currents was
initially determined to be 6.62 or ~1735,37. TRPV3 was also determined to be a non-specific
cation channel; it was found to permeate K+, Na+, and Cs+ indiscriminately, and its PCa/PNa, and
PMg/PNa were estimated to be 2.57 and 2.18, respectively35. An interesting feature of TRPV3 is
that it becomes sensitized, it exhibits greater activity with increasing degrees of rectification,
rather than desensitized, upon repeated heat stimulations or exposure to agonist (Figure
1.2)35,37,39,40.
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Figure 1.2. Sensitization of TRPV3 in response to the repeated application of 2-APB.
Currents through TRPV3 were recorded in whole-cell mode. Every 0.5 s, a 20-ms step pulse to 100 mV was applied prior to a 100 ms ramp from -100 mV to +100 mV. Sensitization occurs
faster in the presence of BAPTA as BAPTA directly potentiates TRPV3 activation40. The insets
indicate the I-V relationships from the voltage ramps at the indicated times. Figure adapted from
reference41 in accordance with the policies of the Journal of Biological Chemistry.

The sensitization of TRPV3 is independent of the modality of its stimulus and is unique among
the TRPV subfamily; it was initially proposed to occur through two mechanisms41,42. First,
inactivation was shown to occur via Ca2+-CaM binding to the N-terminus of TRPV341,42. It was
proposed that after repeated stimulation of the channel, TRPV3 adopts a sensitized state that
either cannot be inactivated by bound Ca2+-CaM, or that binds Ca2+-CaM with lower affinity.
Second, extracellular Ca2+ block was shown to directly contribute to TRPV3 inactivation41. Like
the Ca2+-CaM dependent component, it was suggested that perhaps Ca2+ block is alleviated by
structural changes associated with the sensitized state of the channel. Later, it was shown (in
excised patch-clamp recordings) that TRPV3 can inactivate independently of Ca2+ by undergoing
strong hysteresis40. An interesting quality of the hysteresis observed in TRPV3 is that after
sensitization, the channels gating is reversable; at this point, TRPV3 has been proposed to
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oscillate between the open and sensitized states. Activation was also shown to depend on the rate
of temperature increase and to be sensitive to the direction of temperature change. For example,
an incremental increase in temperature in a ramp will have a correspondingly incremental effect
while an incremental decrease has a more dramatic effect on TRPV3 current37.
Physiological role of TRPV3
As described above, one of the earliest works characterizing TRPV3 by Peier et al. found
it to be expressed abundantly in keratinocytes, rather than in DRG35. This finding, in
combination with the obviousness of TRPV3’s heat-sensitivity led to the idea that TRPV3’s
effect on keratinocytes could either be cell-autonomous or that TRPV3 in keratinocytes could be
an indirect nociceptor, via membrane-membrane contact between keratinocytes and nearby
DRG34. Peier et al. supported this hypothesis by showing that epidermis nerve endings are in
proximity to TRPV3 expressing cells. Dissociated DRG do retain their cold and hot sensation,
but not their warm sensation, and TRPV1 knockout mice lack sensation of some noxious stimuli
in dissociated DRG but not in skin preparations43-46. ATP was suggested as a possible signaling
molecule, as it was previously shown that ATP release from damaged keratinocytes could elicit
responses from nearby DRG47.
It was further demonstrated that TRPV3 functions as a physiological temperature sensor
via signaling between keratinocytes and DRG. Ca2+ increases in DRG in response to increases in
temperature, ATP, and capsaicin were evaluated in cultured wild-type DRG and in cultured
TRPV1 KO DRG48. ATP elicited currents in both types of neurons, however, exposure to a
temperature increase or capsaicin only resulted in a calcium increase in wild-type cells48. DRG
from TRPV1 KO mice and keratinocytes were then cultured together and upon heating, an
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increase in Ca2+ was observed in the keratinocytes and was followed by influx of Ca2+ into the
DRG. This effect was inhibited by exposure of the culture to P2X2 receptor antagonist,
supporting the hypothesis that the Ca2+ influx was mediated by ATP48. Furthermore, in a similar
setup, TRPV3 KO keratinocytes elicited a weaker response from P2X2 expressing HEK cells
then did wild-type, TRPV1 KO, or TRPV4 KO keratinocytes. Mandadi et al. also used DRG in
whole-cell patch clamp experiments where they were placed next to TRPV1 KO or TRPV3 KO
keratinocytes; upon heating the TRPV1 KO but not the TRPV3 KO keratinocytes elicited inward
currents in the DRG.
TRPV3 KO mice were generated on a mixed C57BL6 and 129J N1 background and
exhibited altered behavior in a thermotaxis assay; they exhibited less bias towards innocuous
warm (35 °C) then did WT mice49. Additionally, mice lacking TRPV3 displayed delayed
responses to noxious heat in a tail immersion assay and in a hot plate analgesia meter assay49.
Subsequently, it was shown that the responses of TRPV3 KO mice on a more homogenous
C57BL6 background were not different from those of WT mice30. It was also found that whereas
WT C57BL6 mice selected temperatures in a thermotaxis assay consistently, 129S6 mice were
distributed between a ~22 °C peak and a 32 °C peak in a thermal gradient and in the 129S6
background, the TRPV3 KO has a slight effect on thermal selection. Nevertheless, it was
suggested that TRPV3 and TRPV4 are “largely expendable for heat nociception”30,50.
TRPV3 is important for hair growth and regulation and in the formation and maintenance
of the epidermal barrier. Mice lacking TRPV3 exhibited curly whiskers, wavy dorsal coats,
compact stratum corneum of the dorsal and tail skin, and dorsal hair follicles that are arranged
non-uniformly51. Using human organ culture hair follicles and cultured outer root sheath (ORS)
keratinocytes, activation of TRPV3 was shown to inhibit hair shaft elongation, downregulate
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keratinocyte proliferation and upregulate keratinocyte apoptosis within a hair follicle, and
suppress ORS keratinocyte growth52. TRPV3 KO and TRPV3 cKO (only TRPV3 deficient in the
skin) mice had red, scaly, and dry skin when newborn or neonatal (P1), respectively51. Toluidine
blue exclusion was used to show that TRPV3 KO E17 embryos have defective epidermal barrier
formation and a model was proposed for the regulation of TRPV3 by TGF-α/EGFR in which
activation of TRPV3 promotes the production of TGF-α that then activates EGFR to further
potentiate TRPV3 currents51.
Recently it was found that TRPV3 activation, by 24 hour exposure to the TRPV3
agonists 2-APB and carvacrol, in keratinocytes increased the occurrence of cell death and
prevented cell proliferation in a dose-dependent manner53. That 2-APB and carvacrol were
affecting TRPV3 was supported by alleviating their affect with TRPV3 siRNA. Interestingly, the
more immediate effect of TRPV3 activation was an increase in the expression of proinflammatory cytokines IL-1α, IL-6, IL-8, TNFα and also activation and subsequent
translocation of a p65 NF-κB isoform to the cell nucleus, a key step in the NF- κB activation
pathway.
TRPV3 in Olmsted Syndrome
A single TRPV3 mutation, G573S, results in a hairless (Nh) phenotype in mice and the
spontaneous development of dermatitis54,55. A similar mutation, G573C, was identified in
WBN/Kob-Ht rats that resulted in similar phenotypes as were observed in DS-Nh mice54. In
either case, the dermatitis is similar to human atopic dermatitis in that the affected areas were
infiltrated with inflammatory cells, S. aureus and hyperkeratosis could be detected in skin
lesions, and IgE and IL-4 were increased in serum levels54. Both rodent strains exhibit an
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increased number of mast cells when they are 5 weeks old and mast cells have been implicated in
hair growth/loss in both rodents and humans56,57. DS-Nh mice also maintained higher levels of
skin histamine that could promote keratinocytes to produce nerve growth factor (NGF) and alter
the hair growth cycle; TRPV3 was previously hypothesized to affect keratinocyte NGF
production58. Both mutations were subsequently shown to result in constitutively active TRPV3
channels that were insensitive to the ligands 2-APB and camphor and did not exhibit temperature
dependent gating between 10-40 °C59. Interestingly, co-expression of wild-type TRPV3 and
either TRPV3 G573 mutant led to a reduction of the mutant’s constitutive activity and even more
robust responses to heat, camphor and 2-APB, then was observed for the wild-type channel59.
Both G573S and G573C mutations were identified in patients with Olmsted syndrome
(OS)60; OS is a rare skin condition characterized by palmoplantar keratoderma, thickening of the
skin of the palms and soles, and periorificial keratotic plaques61; however, the features of OS can
be variable and can include pruritus, pseudoainhum, an increased risk of squamous cell
carcinoma, leukoplakia, and diffuse alopecia62. Concurrently, a W692G mutation was identified
and all three mutations were shown to be constitutively active and insensitive to the TRPV3
agonist 2-APB60. It was noted that the patients identified with the TRPV3 mutations did not
experience other sensory abnormalities, other than a severe itching sensation60. A W692C
mutation was identified in a Iranian male with OS62. In a separate study, L673F was identified in
an OS patient who also exhibited symptoms consistent with erythromelalgia (redness, swelling
and pain), however, it was not known whether or not the occurrence of both phenotypes was
coincidental63. An Indian male with OS was found to be heterozygous for a 6-bp insertion,
resulting in a two-amino acid insertion, and surprisingly, although the aforementioned mutations
have been autosomal dominant, a homozygous recessive mutation, W521S, has also been
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described in TRPV3 in a female of Arab Muslim origin that results in OS64,65. Lastly, a dominant
mutation, Q580P, was found in Chinese patients with focal palmoplantar keratoderma that
appeared more mild then that of OS66. Although OS linked TRPV3 mutations had previously
been reported to result in constitutively active ion channels, it has also been shown that OS
mutants result in altered TRPV3 cellular localization67. WT TRPV3 transiently expressed in
HaCaT cells was localized to the cell surface and at cell-cell contact points whereas the OS
mutants G573A, G573S, G573C, and W692G did not localize to the cell surface and instead
were visualized in the ER67. Additionally, cells expressing the OS mutants were smaller and
rounder, exhibited greatly reduced surface localization of TRPV3, precluded cell adhesion to a
glass surface, and exhibited altered distribution of the ER, Golgi, and lysosome67. Thus, its
apparent that the OS mutations do not simply alter the biophysical properties of TRPV3.
Discovery and cloning of TRPV6
TRPV5 and TRPV6 form a subcategory within the vanilloid subfamily of TRP channels;
they were cloned using similar strategies and while every other TRP channel has been
categorized as organellular, sensory, or metabotropic, they do not fit into any of these
categories1,3. Originally, TRPV6 was described as CaT1, Ca2+ transport protein subtype 1, and
was discovered using the X. laevis oocyte expression cloning procedure68,69. Initially, mRNA
extracted from rat duodenum or cecum was injected into oocytes and shown to increase calcium
uptake. Subsequently, Pol(A)+ RNA was isolated from rat duodenum
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Figure 1.3. TRPV6 expression in the duodenum. In situ hybridization was used to show
TRPV6 mRNA is found predominantly at the duodenum villi (V) in proximity to the lumen (L),
as opposed to the crypt (C) or muscle layer (M). Figure adapted from reference68 in accordance
with the policies of the Journal of Biological Chemistry.

After size-fractionation, a cDNA library was constructed from a 2.5-3 kb pool that was shown to
increase Ca2+ uptake ~30X when compared to a water control. A single clone was identified
from the library containing a 2181 base-pair open reading frame encoding a protein of 727 amino
acids. The protein was predicted to have 6 transmembrane helices (S1-S6) with a re-entrant loop
between helices 5 and 6, an N-linked glycosylation site on the S1-S2 extracellular loop, 4
cytosolic ankyrin repeats and phosphorylation sites for protein kinases A and C. TRPV6 was
noted to share 75% amino acid sequence identity with TRPV5 and to share homology with
TRPV1 and OSM-923. Northern blot analyses were used to detect 3.0-kb TRPV6 transcripts in
rat small intestine, duodenum, proximal jejunum, cecum, and colon. Weaker, when compared to
those from the small intestine, 6.5-kb bands were detected from the brain, thymus, and adrenal
gland. No TRPV6 transcripts were detected from the heart, kidney, liver, spleen, skeletal muscle,
or in the stomach, distal jejunum, or ileum. In situ hybridization was used to detect strong
TRPV6 mRNA signal in the duodenum and cecum, and at lower levels, in the proximal jejunum
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and the colon. In each case, stronger signal was detected at the microvilli tips of the lumen facing
epithelial cells (Figure 1.3). As with many TRP channels, the tissue distribution of TRPV6 is
greater than originally believed and included the placenta, pancreas, prostate, testis, esophagus,
stomach, salivary gland, and kidney, among other tissues70,71.
Biophysical analyses of TRPV6 and the CRAC misidentification
When TRPV6 was initially characterized, it required neither physical nor chemical
stimuli for its activation68. The application of 5 mM Ca2+ was enough to evoke large currents
through TRPV6 expressing oocytes. In a Ca2+ uptake assay, Ca2+ flux through TRPV6 was found
to not be coupled with Na+, Cl-, or H+, and was inhibited by 100 M Gd3+, La3+, Cu2+, Pb2+,
Cd2+, Co2+, and Ni2+. 100 M Fe2+, Fe3+, Mn2+, and Zn2+ had very little effect on Ca2+ uptake as
did Ba2+, Sr2+, and Mg2+, even at concentrations of 10 mM68. Later, Mg2+ was shown to block
TRPV672. TRPV6 was also described as being permeable to Na+, K+, Rb+, Na+, and Li+, and that
100 mM Na+ resulted in a slight reduction of currents due to the presence of 5 mM Ca2+ 68.
Consistent with their effect on Ca2+ flux through TRPV6, 5 mM Ba2+ or Sr2+ was enough to
evoke current through TRPV6, whereas Mg2+ did not have such an effect68. The permeability of
TRPV6 to divalent ions was determined to be Ca2+ >> Ba2+ > Sr2+ > Mn2+ and the PCa/PNa was
measured to be approximately 13073. Like other calcium-selective channels, TRPV6 becomes
more permeable to Na+ in the absence of divalent ions; currents elicited from TRPV6 expressing
cells in divalent-free (DVF) solution were increased ~5X when compared to those measured in
10 mM Ca2+ 73. It was proposed that this phenomenon occurs due to the absence of ions binding
sites in the pore, e.g. Ca2+ ions bound to aspartate residues, and later, this binding was shown to
exist in TRPV674. The slope conductance of TRPV6 was measured to be ~42 pS between -120
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and -20 mV and ~58 pS between -120 mV and -80 mV using patch-clamp recordings73. At more
negative potentials, TRPV6 exhibited a greater Po, 0.9  0.1 at -120mV, when compared 0.7 
0.1 at -80 mV; both whole-cell currents and the ensemble of single-channel currents exhibit
identical inward rectification73.
The biophysical properties of TRPV6 described above, the channel’s calcium selectivity,
increased permeability to Na+ in absence of divalent ions, and inwardly rectifying currents,
matched those described for ICRAC, a store-operated calcium release activated channel73. In
addition to its biophysical characteristics matching those of ICRAC, current through TRPV6 was
shown to be dependent on intracellular calcium depletion, exposure to inositol-1,4,5-triphosphate
(InsP3), which depletes intracellular calcium stores, and thapsigargin, which blocks smooth ER
Ca2+-ATPase pumps73. Thus, TRPV6 was proposed to be the store operated ion channel,
responsible for the ICRAC current. Shortly thereafter, however, TRPV6 and CRAC were shown to
exhibit different properties75. To this end, it was shown that the reversal potential for TRPV6,
measured in a whole-cell patch clamp configuration in DVF solution, was lower (~18 mV) when
compared to the CRAC reversal portent (~45 mV), which was determined to be dependent on
higher permeability of TRPV6 to Cs+ (PCs/PNa = 0.48  0.03) when compared to that of CRAC
(PCs/PNa = 0.12  0.04)75. Additionally, the TRPV6 inward rectification was much more
pronounced and the TRPV6 current-voltage relationship exhibited a negative slope at potentials
below -80 mV75. This was not observed for CRAC and is due to the time-dependent removal of
intracellular Mg2+ block75. Mg2+ block of TRPV6 was shown to be voltage dependent, whereas
the same blocking mechanism was absent in CRAC recordings75. Although Mg2+ acts as an
intracellular TRPV6 blocker, TRPV6 exhibits strong inward rectification even in its absence,
indicating that inward rectification is an intrinsic property of the pore72. Furthermore, 50 µM 216

APB was enough to completely block CRAC in RBL cells with an EC50 of 5.5 µM. 2-APB has
an opposite and less pronounced effect on TRPV675. TRPV6-mediated currents were potentiated
~25 % by 50 µM 2-APB. Lastly, while InsP3 and thapsigargin were previously shown to
potentiate TRPV6-mediated currents, depletion of intracellular calcium stores with 2 µM
ionomycin or with 20 µM 2,5-di-t-butyl-1,4-benzohydroquinone were shown to transiently
inhibit TRPV6-mediated currents by 26  4% and 30  6%, respectively75. The most recognized
components of CRAC are currently STIM1 and Orai176.
Physiological role of TRPV6
That TRPV6 is not the CRAC channel is consistent with its initially proposed and
generally accepted role in absorbing dietary calcium3,68. As previously described, TRPV6 was
found to be predominantly expressed in the epithelial cells of the intestine and using 45Ca2+
uptake assays, the Km values for Ca2+ were determined to be 0.44 mM and 0.25 mM for rat and
human TRPV6, respectively68,70. Because the concentration of intestinal Ca2+ can reach up to the
milli-molar range, it can be readily absorbed by TRPV63. Ca2+, which is the most abundant ion
in the body, must be gained through the diet and its absorption can occur passively
(paracellularly), between the tight junctions of the epithelial cells lining the intestinal lumen, or
actively, through TRPV63,77. Ca2+ is predominantly absorbed via the paracellular route when the
concentration of Ca2+ is higher in the lumen than it is in the extracellular fluid (ECF)3. Ca2+
absorption through TRPV6 is transcellular and is a step in active Ca2+ absorption3. Active Ca2+
absorption requires at least three steps, first, passive movement of Ca2+ through TRPV6 and the
apical brush border membrane, and second, the transport of Ca2+ through the cytosol to the
basolateral side of the membrane. Once inside the cell, Ca2+ binds calbindin-D9K and other Ca2+
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binding proteins, which can ferry it across the cell. Third, Ca2+ is actively pumped across the
basolateral face of the membrane via a Ca2+ ATPase into the bloodstream (Figure 1.4)3,71.

Figure 1.4. TRPV6 mediates the absorption of Ca2+ from the intestine. Ca2+ absorption in the
intestine can occur via the paracellular route, thought the tight junctions formed by enterocytes,
or via the transcellular route. Transcellular Ca2+ absorption occurs in three steps: (1) Ca2+ moves
from the lumen through TRPV6 into the cytosol, (2) Ca2+ is transported across the cytosol by
Ca2+ binding proteins, (3) Ca2+ is pumped up its concentration gradient by a plasma membrane
Ca2+ ATPase. Figure reproduced from reference3 in accordance with the Creative Commons
Attribution-NonCommercial-NoDerivs 3.0 Unported License.

The expression of TRPV6 is regulated by the concentration of free Ca2+ in the
extracellular fluid (ECF). A decrease in ECF Ca2+ is detected by CaSR, a G-protein coupled
receptor expressed on the surface of parathyroid cells, and results in the secretion of parathyroid
hormone (PTH)78,79. PTH increases calcium reabsorption from bone and in the kidney and
promotes the conversion of 25-hydroxyvitamin D3 to 1,25-dihydroxyvitamin D3 (1,25-
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(OH)2D3), the activated form of vitamin D80. 1,25-(OH)2D3 binds the vitamin D receptor in the
epithelial cells of the intestine and results in the transcription of TRPV671,81-84.
To better understand the role of TRPV6 in Ca2+ absorption, homeostasis and physiology,
TRPV6 KO mice were generated and confirmed using in situ hybridization of the duodenum,
western blotting of the intestine, and real-time PCR using the intestine and kidney71. Although
the mice had normal life spans, they exhibited several TRPV6 associated phenotypes. TRPV6
KO mice exhibited a reduced gain in bodyweight; the difference became more pronounced with
age. At the time when they started to grow hair, 80% of TRPV6 KO mice and 35% of mice
heterozygous for TRPV6 exhibited alopecia. By adulthood, 20% of TRPV6 KO mice and 5% of
heterozygotes exhibited alopecia. Eczematous dermatitis was also observed in TRPV6 KO and
heterozygous mice. Electron micrographs were taken to visualize Ca2+ granules in the epidermis
of both WT and TRPV6 KO mice. In the WT epidermis, the concentration of Ca2+ granules
increases from the stratum basalis to the stratum granulosum, however, the TRPV6 KO mice
exhibit reduced Ca2+, especially in the stratum granulosum. In support of a role for TRPV6 in
skin, immunostaining was used to detect TRPV6 in the epidermis. Ca2+ uptake after oral
administration of 45Ca2+ was reduced ~60%, from 5 to 30 minutes after gavage in KO mice that
were on a regular diet, ~40% at 5 minutes in KO mice on a 0.25% calcium diet and 50% at 15
and 30 minutes. In agreement with this finding, TRPV6 KO mice exhibited increased levels of
PTH, even while on a normal diet, and did not largely increase their serum levels of PTH in
response to a low calcium diet. TRPV6 KO mice also exhibited higher serum levels of 1,25(OH)2D3 and were unable to increase that amount when challenged with a low calcium diet.
TRPV6 KO mice had decreased femoral bone mineral density on a calcium rich diet, when
compared to WT mice, and surprisingly, seemed unable to normally concentrate their urine. It
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was noted that only a moderate amount of TRPV6 expression was detected in the kidney,
however, it’s possible that TRPV6 plays a role in normal kidney development82. The role of
TRPV6 in intestinal calcium absorption was supported by the generation of transgenic mice that
specifically expressed TRPV6 in the epithelium of the intestine under the villin
promoter/enhancer85. These mice exhibit increased levels of serum calcium and restored normal
levels of 1,25(OH)2D3, PTH, and calbindin D9k levels to vitamin D receptor KO mice, when
crossed.
TRPV6 has been implicated in maternal-fetal calcium transport86,87. In TRPV6 KO mice,
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Ca2+ transport from mother to fetuses was 40% of that in WT mice and TRPV6 variants were

found in human subjects to be associated with transient neonatal hyperparathyroidism86,87.
TRPV6 also plays a role in male fertility; male mice lacking TRPV6, or homozygous for the
D541A mutation which impedes Ca2+ flux through TRPV6, are unable to reduce Ca2+ levels in
the lumen of the epididymis, which likely effects sperm maturation71,88,89.
Molecular regulation of TRPV6
As previously described, TRPV6 is a constitutively active channel. In other words, in
electrophysiological or Ca2+ uptake assays, exposure of TRPV6 expressing cells to cation
containing solutions was enough to elicit currents through TRPV6, without other chemical or
physical stimuli68. Because unchecked Ca2+ influx into the cell could result in toxic Ca2+
overload, Ca2+ uptake via TRPV6 needs to be regulated. One mechanism by which TRPV6 is
regulated is by the presence of phosphatidylinositol 4,5-bisphosphate (PIP2)90. PIP2 is a common
regulator of TRP channels; regarding the vanilloid subfamily, PIP2 has been shown to activate
TRPV2 and TRPV5, to be required for osmotic and heat activation of TRPV4, to inhibit TRPV3,
20

and there is evidence that PIP2 could either activate or inhibit TRPV190,91. PIP2 activates TRPV6
in artificial planar bilayers and in excised patches, and Ca2+ influx through TRPV6 induces PIP2
hydrolysis and in doing so, inactivates the channel92,93. It has been shown that this PIP2
hydrolysis is mediated by phospholipase C (PLC)92,94. To demonstrate that PIP2 depletion is
sufficient for TRPV6 inactivation, and that it is not IP3 or diacylglycerol mediated, PIP2
dephosphorylation via a rapamycin inducible PI(4,5)P2 5-phosphatase and incubation of TRPV6
expressing cells with wortmannin (WMN), which inhibits some phosphatidylinositol 4 kinases,
were both shown to inhibit TRPV6 92. Regarding the PIP2 binding site, R575 in the S4-S5 linker
of TRPV1 was shown to interact with PIP2 and is functionally conserved in TRPV2, TRPV3 and
TRPV495. TRPV5 and TRPV6 both have a glycine at this position. When the glycine in TRPV6
was replaced with arginine, the channel became resistant to PIP2 depletion and did not exhibit
calcium induced inactivation95. Docking experiments were performed and the average free
energy of the PIP2 poses for TRPV1 and TRPV6 G448R were the same (4.4 kcal/mol), while that
of WT TRPV6 was lower (1.2 kcal/mol), which was consistent with the experimental data. That
TRPV6 has apparently lower affinity for PIP2 is logical, PIP2 alone is enough for its activation,
while TRPV1 requires additional stimuli.
In addition to its regulation by PIP2, TRPV6 can be inactivated by calmodulin (CaM)93,9699

. TRPV6-mediated Ca2+ currents exhibit time-dependent inactivation with two kinetic

components96,97. The first “fast” component is only dependent on Ca2+, is not present when Ca2+
is substituted for Ba2+ as the charge carrier, and is mediated by the loop connecting
transmembrane helices S2 and S396,97. The slower kinetic component of TRPV6’s inactivation is
CaM dependent96. TRPV6-CaM interaction was demonstrated with a C-terminal TRPV6 peptide;
CaM bound the peptide in a 1:1 stoichiometric ratio with an apparent Kd of ~65 nM, and only in
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the presence of Ca2+ 96. Additionally, within the CaM binding site on TRPV6, a PKC threonine
phosphorylation site was identified, which prevented CaM binding when it was
phosphorylated96. At the time of these discoveries, two biological regulatory mechanisms were
proposed96. First, CaM is not constitutively bound to TRPV6 at resting cytosolic Ca2+
concentrations. This was proposed because the Kd for CaM binding to TRPV6 is orders of
magnitude lower than the concentration of cytosolic CaM, which is estimated to be in the low
micromolar range100. Therefore, CaM binding to TRPV6 would be dependent on the cytosolic
Ca2+ concentration. At Ca2+ concentrations of ~7.4 M and ~60 M, CaM is 50% and
maximally bound to a TRPV6 respectively, while the resting concentration of free Ca2+ in the
cytosol is estimated to be ~100 nM101. Second, PKC mediated phosphorylation can act as a
switch to control TRPV6 inactivation and cytosolic Ca2+ concentration. In a different study,
additional CaM binding residues were identified in the TRPV6 N-terminus and transmembrane
region, and it was proposed that CaM is constitutively bound to TRPV6 because the expression
of Ca2+ insensitive CaM mutants had a dominant negative effect on TRPV6 inactivation98.
Subsequently, the overexpression of Ca2+ insensitive CaM was demonstrated to not have an
effect on TRPV6 inactivation while the over expression of WT CaM did, favoring the initial
model for transient association of CaM with TRPV699. Even more CaM binding sites were
proposed and the effect of CaM on TRPV6 was determined in excised patches and planar bilayer
experiments93. It was found that while CaM and PIP2 functionally competed, they did not
compete with each other in biochemical binding experiments93.
TRPV6 in disease
TRPV6 is one of two highly calcium selective TRP channels; the other one is TRPV53.
Although it is highly expressed in the intestine, it’s expressed to a lesser degree in many tissue
22

types70. TRPV6 expression is aberrantly upregulated in a number of different tissues in cancer
including those of the breast, colon, thyroid, kidney, prostate, esophagus, and ovary3,102,103.
Special attention has been paid to the role of TRPV6 in prostate cancer, presumably because it is
the most common cancer diagnosis in men and the third highest cause of death due to cancer in
men104. TRPV6 expression is not detectable in normal prostate tissue or benign prostatic
hyperplasia but was detected in primary prostatic adenocarcinoma105. In the latter case, TRPV6
expression was detected in tumors with primary Gleason grades of 4 and 5 with extraprostatic
extension but not in a tumor with a Gleason grade of 3 that was organ confined. In short, because
TRPV6 expression appears to correlate with the Gleason score, pathological stage, and
extraprostatic extension of prostate cancer, it was suggested that TRPV6 could be a prognostic
marker for detecting and determining the stage of prostate cancer105-107. In addition to being
considered as a prognostic marker for prostate cancer, TRPV6 has also been implicated in
carcinogenesis. Schwarz et al. found that stably expressing TRPV6 in HEK-293 cells accelerated
their proliferation via increased intracellular Ca2+ and improved their viability in low
extracellular conditions108. These results were used to support the role of TRPV6 in cancer in a
general sense as the development of cancer relies on the deregulation of the cell proliferation.
More specifically, TRPV6 siRNA was used to decrease the proliferation rate in LNCaP cells and
to show that there is NFAT activation downstream of Ca2+ uptake through TRPV6109.
Nevertheless, the role of TRPV6 in different cancers can be different, while in some cases
TRPV6 might be an oncogene, surprisingly, the expression of TRPV6 might also protect against
cancer103,110.
TRPV6 has also been implicated in kidney stone formation. A three non-synonymous
polymorphism (C157R, M378V, and M681T) haplotype was identified in higher frequency in
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Ca2+ stone formers111. This ancestral TRPV6 was expressed in oocytes where it was reported to
result in increased Ca2+ in a 45Ca2+ uptake assay and also might result in slower Ca2+ dependent
inactivation111. Interestingly, the derived allele was suggested to be positively selected for in
human evolution112,113.
TRP channel structural biology and the crystal structure of TRPV6
Despite the initial identification of mammalian TRP channels in 1995, and the extensive
physiological and biological studies of this ion channel super family, high-resolution structural
analyses of these ion channels lagged. It’s likely that attempts to solve the structures of these
proteins using X-ray crystallography were unsuccessful, presumably due to their large sizes,
conformational heterogeneity, multi-domain oligomeric architectures, and low expression in
heterologous systems. Nevertheless, high-resolution structural data was produced using the
“divide-and-conquer” approach in which the TRP channel soluble domains were independently
expressed and structurally analyzed using X-ray crystallography114-122. This approach was met
with some success, for example, the TRPV6 ankyrin repeat domain was purified and used to
generate a high (1.7 Å) resolution structure118. The isolated soluble domain was used in
biochemical experiments where it was shown to not bind ATP in a pull-down assay, nor to CaM
in a size exclusion chromatography experiment. Nevertheless, the scope of questions that could
be addressed with an isolated domain are limited, necessitating the need for structures of the fulllength channels. The first high-resolution structure of an intact TRP channel was that of TRPV1,
solved in 2013 via cryo-electron microscopy (cryo-EM)123,124. The structure of TRPV1
corresponded with the start of the cryo-EM resolution revolution.
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The improvement in resolution was the product of the development and implementation
of direct-electron detectors (DEDs)125. Prior to the implementation of DEDs, photographic film
or scintillator-based charge couple device (CCD) cameras were used as image-recording
media126. However, when compared to either media, a DED has an improved detective quantum
efficiency (DQE), which fundamentally is a measure of signal-to-noise and is defined as the
output signal-to-noise ratio squared divided by the input signal-to-noise ratio squared126,127. In
addition to having an improved DQE, a DED camera has a high frame rate such that a single
exposure can be fractionated into many images (frames), and thus movement during the
exposure, whether mechanical or beam-induced specimen motion, can be corrected by alignment
of the frames126. Thus, using a K2 Summit DED and motion correction of collected movies, the
structure of TRPV1 was solved to a resolution of 3.4 Å in 2013, which was a drastic
improvement when compared to the structure of TRPV1 solved to 19 Å in 2008123,128. Since
2013, a rapid number of TRP channel structures have been published representing every
mammalian subfamily of TRP channels while only three crystal structures of full-length TRP
channels have been solved: TRPV2 (3.9 Å in 2018), TRPV4 (6.5 Å in 2018), and TRPV6 (3.25
Å in 2016)74,129,130.
The structure of the TRPV6 was solved by X-ray crystallography to an overall resolution
of 3.25 Å74. Initially, different TRPV6 orthologues were screened to find a suitable candidate for
crystallographic studies. Ultimately, the rat orthologue was chosen and slightly modified to
generate crystals that diffracted to 3.25 Å. The structure very closely resembled that of TRPV1,
and TRPV2, and more loosely resembled the structure of voltage gated ion channels (Figure 1.5).
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Figure 1.5. The architecture of TRPV6. Side (top left) and bottom (top right; viewed as if from
the cytosol) views of the TRPV6 tetramer displayed in cartoon representation. Domain
organization of a TRPV6 subunit (bottom left; α-helices are displayed as cylinders, β-strands are
displayed as arrows). A single subunit of TRPV6 (bottom right). Panels originally appeared in
reference74 and were adapted with permission from the authors.

Four individual TRPV6 subunits form a tetramer with four-fold rotational symmetry. There is a
transmembrane domain with a central ion pore, and a cytosolic domain comprised largely of
ankyrin repeat domains that together enclose a 50 Å x 50 Å cavity. Each TRPV6 subunit has 6
transmembrane helices, S1-S6, and a re-entrant loop containing the selectivity filter-forming
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extended region and pore helix, between S5 and S6. Together the S1-S4 helices comprise the
paddle domain and S5-S6 make up the pore domain. The two domains are connected by the S4S5 linker, much the same as in voltage gated ion channels, although this was only clearly visible
in a later crystal structure131. In the initial TRPV6 crystal structure, the paddle and pore domains
exhibited a domain non-swapped conformation, where the pore and paddle domains from the
same monomer were in proximity. However, it was later shown that this arrangement was caused
by a mutation in the crystallization construct and that in the wild type channel, the paddle
domain of one subunit interacts with the pore domain of the adjacent subunit131.
The inter-subunit interfaces are formed between the pore and paddle domains in the
domain swapped structure, but also by an N-terminal helix and a C-terminal hook. The Nterminal helix is in close proximity to the ARD from its own subunit, and also interacts with the
Pre-S1 helix, the three-stranded β sheet, and the C-terminal hook from the adjacent subunit. The
three-stranded β sheet is formed by the β-hairpin of the linker domain and a β strand of the Cterminus, beyond which C-terminal residues were not visible in the electron density.
In TRP channels, including TRPV6, the upper portion of the ion conduction pathway is
formed by the re-entrant P-loops, which contain the selectivity filter, while the lower part of the
ion conduction pathway is formed by the S6 helices. The TRPV6 selectivity filter is formed by
four residues, 541DIIT538. D541 forms a narrow constriction, 4.6 Å measured between the
carbonyl groups, at the most-extracellular side of the selectivity filter. The extra-cellular loops
between S5 and S6 contain four negatively charged residues per subunit that face the ion
conduction pathway. These residues form an electro-negative pore mouth and three of the four
coordinate cations, presumably serving as ion recruitment sites and increasing the immediate
concentration of cations at the extracellular mouth of the pore (Figure 1.6). Anomalous
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diffraction was used to reveal three Ca2+ and Ba2+ binding sites within the pore, two of which
were in the selectivity filter, and only one Gd3+ binding site formed by D541, which is consistent
with ability of Gd3+ to block the pore of TRPV6.

Figure 1.6. Ion binding sites within the pore of TRPV6. Side (top row) and top (bottom row;
viewed as if from outside of the cell) views of TRPV6 displayed as a ribbon. Anomalous
diffraction data is shown for Ca2+ (green, 38-4.59 Å, 2.7σ), Ba2+ (blue, 38-4.59 Å, 3.5σ), and
Gd3+ (pink, 38-4.59 Å, 7σ). Ions are built into the anomalous data and are shown in the
corresponding color. Simulated annealing FO-FC maps are shown as purple mesh contoured at 4
σ for Ca2+ (50–3.65 Å), Ba2+ (50–3.85 Å), and Gd3+ (50–3.80 Å). In the top row, two of the four
TRPV6 subunits are omitted for clarity. Figure originally appeared in reference74 and was
reproduced with permission from the authors.
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Densities for Ba2+ and Gd3+ were also observed at the extracellular mouth recruitment sites;
signal for Ca2+ was not observed, perhaps due to its weaker anomalous properties. Based on the
Ca2+ binding sites within the pore, the authors proposed a knockoff mechanism for Ca2+
permeation through the pore of the ion channel that was later studied using molecular dynamics
simulations132.
As previously described, the first crystal structure of TRPV6 exhibited a domain nonswapped conformation74. However, shortly thereafter, a domain-swapped crystal structure was
published and it was determined that the non-swapped conformation was the result of a L to Q
(L495Q) mutation in the S5 helix (Figure 1.7)131.
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Figure 1.7. TRPV6 in domain swapped and non-swapped conformations. Transmembrane
domains are shown for one paddle domain and two pore domains from adjacent monomers for
domain swapped (top left) and non-swapped (top right) TRPV6. The amino acid interactions
promoting either the domain swapped (bottom left) or non-swapped (bottom right)
conformations are shown. Panels originally appeared in reference74 and were adapted with
permission from the authors.
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In the native swapped conformation, the S5-P-S6 domain from one subunit is in closer proximity
to the S1-S4 domain from an adjacent subunit, than to the S1-S4 from the same subunit. This
results in the S5 helix from a neighboring subunit packing against an S4 helix and a pocket of
hydrophobic residues is formed by the lower (closer to the cytosol) portion of an S4 helix, an S4S5 linker, and an S5 helix. Mutating this residue to Q would disrupt the hydrophobicity of this
pocket, if the channel adopted the same conformation. It does not, however, and instead adopts a
non-swapped conformation. In the non-swapped conformation, the S4 and S5 helices pack
against one another, but they belong to the same subunit. Concurrently, Q495, rather than L495,
forms a hydrophilic pocket with residues from the lower part of S4, the lower part of S5, and the
TRP helix. In either structure, the density of the S4-S5 linker was improved when compared to
the initial crystal structure and so the swapped and non-swapped conformations were evaluated
with a high degree of confidence. Most surprising is that except for the S4-S5 linker and the S6TRP helix, these structures are very similar, and their superposition yielded an RMSD of 0.865
Å.
Despite information gleaned from the crystal structures of TRPV6, only the rat
orthologue of TRPV6 was crystallized, and only in the closed state. No success was achieved in
crystallizing TRPV6 in the open state or in the presence of CaM. Thus, to gain a mechanistic and
structural insight into TRPV6 regulation, we turned to cryo-EM.
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CHAPTER 2.
STRUCTURE AND GATING MECHANISM OF THE TRANSIENT RECEPTOR
POTENTIAL CHANNEL TRPV3

This chapter is a paper originally published in Nature Structural & Molecular Biology133.
We solved the structure of the mouse ortholog of TRPV3 in a closed state, and the structure of a
mutant TRPV3 in a 2-APB bound open state. A structural analysis of TRPV3 suggests a model
of the channel’s regulation by the small molecule 2-APB.
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CHAPTER 3.
OPENING OF THE HUMAN EPITHELIAL CALCIUM CHANNEL TRPV6

This chapter is a paper originally published in Nature134. We describe the structures of
human and rat orthologues of TRPV6. We solved the structure of TRPV6 using cryo-EM in open
and closed states and describe the structural rearrangements associated with gating; during
opening, local π-helices form in the middle of the S6 pore-lining helices and as a result, the S6
helices rotate and a different set of residues face the pore.
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CHAPTER4.
MECHANISM OF CALMODULIN INACTIVATION OF THE CALCIUM-SELECTIVE
TRP CHANNEL TRPV6

This chapter is a paper originally published in Science Advances135. We describe the way
in which TRPV6, a constitutively active ion channel, can be regulated by the Ca2+ binding
protein CaM. We show that CaM acts as an ion channel blocker and can directly plug the pore of
TRPV6 and inhibit Ca2+ flux into the cell.
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Fig. S1. Overview of single-particle cryo-EM for hTRPV6-CaM. (A) Example cryo-EM
micrograph for hTRPV6-CaM with example particles circled in red. (B) Reference-free 2D class
averages of hTRPV6-CaM illustrating different particle orientations. (C) Fourier shell
correlation (FSC) curves from refinement. (D) Distribution of particle orientations contributing
to the final 4.0 Å reconstruction. (E to H) Local resolution mapped on the hTRPV6-CaM density
viewed parallel to the membrane (E and F), either in its entirety (E) or coronally halved (F) as
well as viewed extracellularly (G) and intracellularly (H). The black horizontal line in (G)
indicates the location of the slicing plane in (F). (I) Cross-validation FSC curves for the refined
model versus unfiltered half maps (only half map1 was used for PHENIX refinement) and the
unfiltered summed map.
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Fig. S2. Comparison of cryo-EM densities for hTRPV6, hTRPV6-CaM, and rTRPV6-CaM.
(A to C) Cryo-EM densities for hTRPV6 (A) PDB ID: 6BO8, hTRPV6-CaM (B) and rTRPV6CaM (C) viewed parallel to the membrane (top row) and intracellularly (bottom row). The
densities for TRPV6 and CaM are semi-transparent-grey and purple, respectively. The densities
for CaM residue K115 are indicated.
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Fig. S4. Structures of CaM bound to ion channel fragments. (A to I) Structures of CaM
(purple) bound to fragments (yellow) of the C-terminus of TRPV6 via 1-5 and 1-4 motifs (A) the
C-terminus of TRPV1 (PDB ID:3SUI) via a 1-10 motif (B) the C-terminus of Orai (PDB
ID:4EHQ) via a 1-5 motif in (C) the C-terminus of CaV1.2 (PDB ID: 2F3Y) via an IQ motif (D)
the C-terminus of CaV2.3 (3BXL) via a 1-5-10 motif (E) Eag1 (PDB ID: 5K7L) (F) the Cterminus of the CNG channel (PDB ID: 1SY9) via a 1-8-14 motif in (G) NMDA receptor (PDB
ID: 3BYA) via a 1-7-10 biding motif (H) and the C-terminus of the RyR (PDB ID: 2BCX) via a
1-17 motif (I). Amino acid sequences of the binding regions with the binding motif determining
residues highlighted in red are s hown below the structures. Calcium ions are shown as green
spheres.
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Fig. S5. Overview of single-particle cryo-EM for rTRPV6-CaM. (A) Example cryo-EM
micrograph for rTRPV6-CaM with example particles circled in red. (B) Reference-free 2D class
averages of rTRPV6-CaM illustrating different particle orientations. (C) FSC curves. (D)
Distribution of particle orientations contributing to the final 3.6 Å reconstruction. (E to H) Local
resolution mapped on the rTRPV6-CaM density viewed parallel to the membrane (E and F)
either in its entirety (E) or coronally halved (F) as well as viewed extracellularly (G) and
intracellularly (H). The black horizontal line in (G) indicates the location of the slicing plane in
(F). (I) Cross-validation FSC curves for the refined model versus unfiltered half maps (only half
map1 was used for PHENIX refinement) and the unfiltered summed map.
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Fig. S7. Comparison of hTRPV6-CaM and rTRPV6-CaM. (A to C) Superposed are
hTRPV6-CaM (light and dark blue) and rTRPV6-CaM (salmon and hot pink) viewed parallel to
the membrane (A and B) or intracellularly (C). In (B) only two of the four TRPV6 subunits are
shown, with the front and back subunits removed for clarity. The residues W583 in hTRPV6,
W582 in rTRPV6 and K115 in CaM are shown as sticks.
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Fig. S8. Sequence alignment of TRPV subunits. Secondary structure elements are depicted
above the sequence as cylinders (α-helices), arrows (β-strands) and lines (loops). The red box
marks the location of the selectivity filter. Asterisks indicate TRPV6 residues that interact
with CaM in hTRPV6-CaM and rTRPV6-CaM structures. The proximal and distal helical
portions of the TRPV6 C-terminus that bind CaM are labeled as interacting helices 1 (CIH1)
and 2 (CIH2), respectively. Sequences that have previously been shown to interact with CaM
(11, 12, 14, 19-23, 26, 42) are highlighted in red. Two TRPV6 peptides have been shown to
have nanomolar affinity for CaM, Kd ~ 43 nM (23), and Kd ~ 65 nM (20).
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Fig. S9. Superposition of the C termini in different TRPV6 subunits. (A and B)
Superposition of the C-terminal portions of hTRPV6 (A) and rTRPV6 (B) subunits A (cyan),
B (green), C (yellow) and D (pink). Dashed lines indicate regions not visible in cryo-EM
reconstructions and omitted in the models. Only one distal C-terminal helix is stabilized by
CaM binding such that it is visible in the cryo-EM reconstructions and is assigned to subunit C,
which also has the most pronounced interaction with CaM via its proximal C-terminus.
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Fig. S10. hTRPV6 selectivity filter from different gating states. (A to C) Structures of the reentrant P-loops from hTRPV6-R470E (PDB ID: 6BOA) in the closed state (A, blue), hTRPV6
(PDB ID: 6BO8) in the open state (B, orange), hTRPV6-CaM in the inactivated state (C, green).
The residues forming the selectivity filter are shown as sticks. (D) Superposition of structures
shown in (A to C).
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