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ABSTRACT 

 TRPV5 is a transient receptor potential channel involved in the vital process of calcium homeostasis, 

specifically at the level of calcium reabsorption in the kidney. TRPV5 is a constitutively open channel and 

numerous endogenous modulators tightly regulate calcium entry through the TRPV5 channel into the cell. Here 

we used cryo-electron microscopy (cryo-EM) to investigate the interaction of two such modulators with full-

length TRPV5. Both phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) and calmodulin (CaM) have been 

reported to directly bind to TRPV5 and activate or inactivate the channel, respectively. Using cryo-EM, we have 

determined the TRPV5 structure in the presence of dioctanoyl PI(4,5)P2, which revealed the key role annular 

lipids play in maintaining the channel in a conducting state and highlighted the possibility of a transient 

interaction between dioctanoyl PI(4,5)P2 and the channel. Additionally, we have uncovered the mechanism of 

TRPV5 calcium-dependent inactivation, which is mediated by the binding of one CaM molecule per TRPV5 

tetramer. This novel mechanism involves the C-lobe of calcium activated CaM physically obscuring the ion 

conducting pore of TRPV5 by binding to critical tryptophan residues (Trp583) at the intracellular gate of 

TRPV5. This interaction is initiated by the binding of the CaM C-lobe to the distal C-terminus of TRPV5 which 

brings CaM in close proximity to the TRPV5 pore. Overall, this investigation has provided insight into the 

endogenous modulation of TRPV5 which has the potential to guide in silico drug discovery and rational drug 

design for targeted therapeutics for a variety of calcium dependent kidney diseases.  
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INTRODUCTION 

The calcium ion is vital for an array of cellular functions1. Calcium homeostasis is tightly controlled in the 

human body and the kidney regulates this calcium homeostasis by filtration and reabsorption1. Around 99% of 

calcium is reabsorbed by the kidney tubules1. The transient receptor potential vanilloid 5 (TRPV5) channel is 

only expressed in the apical membrane of kidney epithelial cells in the distal convoluted tubule and collecting 

tubule 2,3. When open, TRPV5 allows calcium in the urine to flow along a concentration gradient through the 

channel pore into the cell. This gradient is maintained by the calcium sequestering protein, calbindin, which 

delivers calcium to active transport proteins at the basolateral membrane of the epithelium, which export the 

ions into the blood stream2,3. Though this mechanism of calcium reabsorption is responsible for only ~15% of 

total calcium reabsorbed in the kidney, TRPV5 activity is critical for the homeostatic balance of calcium2,3. This 

is exemplified by TRPV5 knock out mice, which have been reported to have systemic calcium imbalance in the 

form of hypercalciuria and bone mineral loss2,3. In humans, single nucleotide polymorphisms in TRPV5 in 

African-American populations result in a significant increase in calcium reabsorption that is correlated with a 

lower risk of nephrolithiasis2,3. Together, these observations suggest that TRPV5 is a potential drug target for 

human disorders involving altered calcium homeostasis. 

TRPV5 is a constitutively active calcium selective channel and has a variety of endogenous modulators to 

tightly control its activity in the kidney2. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), a lipid found in the 

plasma membrane, has been shown to directly interact with TRPV5 and to be essential for channel activity3-5. 

Yet, the molecular details of this PI(4,5)P2 interaction with TRPV5 channel is unknown. In addition, to prevent 

an unnecessary flow of calcium ions into the cell, TRPV5 has been shown to rapidly inactivate through a 

calcium-dependent mechanism6. Calmodulin (CaM), a calcium sensing protein, has been shown to directly 

interact with the last thirty amino acids of the TRPV5 C-terminus and block its activity3-6. While the role of the 

distal C-terminal binding site is relatively well established in CaM-mediated inactivation of TRPV53-6, the 

binding stoichiometry and the conformational changes that take place as a consequence of the binding of CaM 

to the channel has been unclear3-7. The absence of this information prevents us from further understanding 

TRPV5 function and regulation in the kidney. 

In this study, we used cryo-electron microscopy (cryo-EM) to uncover the molecular mechanisms of TRPV5 

gating via endogenous modulators. Investigating TRPV5 modulation with cryo-EM permitted us to gain insight 

regarding TRPV5 gating and potentially form the basis for rational drug design for the treatment and prevention 

of hypercalciuria and nephrolithiasis in future studies.  

 

RESULTS 

Structures of TRPV5 in the presence of endogenous modulators 

TRPV5 is part of the tightly regulated system of calcium homeostasis in the human body2. Two 

endogenous mechanisms of regulation, binding of PI(4,5)P2 or CaM to TRPV5, result in activation or 

inactivation of the channel8, respectively. To understand these mechanisms of modulation, we used cryo-EM to 

determine the structures of detergent solubilized full-length rabbit TRPV5 in the presence of these modulators.  
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For the structural analysis of PI(4,5)P2 modulation, detergent solubilized full-length rabbit TRPV5 was 

incubated with 200 μM dioctanoyl (diC8) PI(4,5)P2, a soluble form of PI(4,5)P2. This concentration is ~3 times 

the EC50 of diC8 PI(4,5)P2 for TRPV6, and TRPV5 has a slightly higher apparent affinity for diC8 PI(4,5)P2
9, thus 

this concentration was expected to result in near saturation of TRPV5 with diC8 PI(4,5)P2. During the cryo-EM 

structure determination process, one stable class emerged and was refined to an overall resolution of 3.9 Å 

(Fig. 1A, Sup. Fig. 1). The vast majority of this TRPV5 cryo-EM map is at high resolution (3-3.5 Å) as side 

chains are clearly visible in the transmembrane region of the channel (Fig.1A, Sup. Fig. 1, Sup. Fig. 3). This 

allowed for accurate model building in both the transmembrane domain (TMD) and the ankyrin repeat domain 

(ARD) (Fig. 1B, Sup. Fig. 1B, Sup. Fig. 3). In spite of the high quality of this map, highly flexible areas such as 

the very distal C- and N-termini were unable to be resolved. Interestingly, seven non-protein densities per 

monomer were identified in this cryo-EM map (Fig. 1C). These were attributed to annular lipids that had high 

enough affinity for TRPV5 to be co-purified with the protein. Unfortunately, even at this resolution we were 

unable to confidently identify any of these lipids as diC8 PI(4,5)P2. Therefore, we will conservatively refer to this 

channel reconstruction as lipid-bound TRPV5.  

In order to investigate the mechanism of TRPV5 inactivation by CaM, we incubated detergent solubilized 

full-length rabbit TRPV5 with activated rat CaM in a 1:20 molar ratio in the presence of 10 mM CaCl2. The 

stoichiometry of TRPV5 to CaM has been speculated to be between one and four molecules of CaM per 

tetramer3-7 and the affinity between CaM and the TRPV5 C-terminus estimated at ~0.3 µM10, therefore the high 

molar ratio was used to ensure TRPV5 saturation with CaM. This sample yielded a cryo-EM map at 6.2 Å 

without applied symmetry (referred to as C1 symmetry) (Fig. 2A, Sup. Fig. 2). In spite of the nominal resolution 

of this map, it is clear that one single CaM molecule binds to the intracellular section of TRPV5 at the base of 

the pore (Fig. 2A). To increase the resolution of the CaM-bound TRPV5 map for model building, C4 symmetry 

was applied, resulting in a 4.9 Å CaM-bound TRPV5 map with the resolution in the TMD ranging between 3.5 

Å to 4.5 Å (Fig. 2B, Sup. Fig. 2F). This map allowed for model building in the TMD as well as rigid body 

refinement of the ARD (Sup. Fig. 2). The TRPV5 model built into the map obtained in the presence of diC8 

PI(4,5)P2 fit into the CaM-bound TRPV5 map generated with C4 symmetry almost perfectly; after real-space 

refinement in Phenix11, the RMSD between the two TRPV5 models was only 0.581Å. The model of CaM-bound 

TRPV5 with C1 symmetry shown in Figure 2C was generated by rigid body refinement of the CaM-bound 

TRPV5 model with C4 symmetry, the C1 symmetry map was not high enough resolution to refine sidechain 

placement. CaM, being asymmetrical in both its structure and stoichiometry, was built into the C1 symmetry 

CaM-bound TRPV5 map (Fig. 2A, Fig. 2C, Sup. Fig. 4A-B). Using the recent NMR model of CaM with a human 

C-terminal TRPV5 peptide (PDB 5OEO)7, the N-lobe (Thr6-Met77) and C-lobe (Asp81-Lys149), including the 

truncated human C-terminal TRPV5 peptide (Ser697-Gly710), were fit independently from each other into the 

CaM density in the C1 symmetry CaM-bound TRPV5 map using rigid body refinement (Fig. 2C, Sup. Fig. 4A-

B). The sequence for human and rat CaM are identical, though the mutations (Glu32Gln/Glu68Gln) made in 

the NMR structure7 were returned to the wild type sequence in our model. The human distal TRPV5 C-terminal 

residues were mutated to rabbit residues in this region, Ser698-Gly711, which shares 93% identity with human 

TRPV5. 
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Lipid binding and ion permeation  

Of the seven lipids identified in the lipid-bound TRPV5 structure (Fig. 1A, C), four had very strong densities 

in not only the final map, but also the two half-maps used in the reconstruction which allowed us to confidently 

differentiate these lipids from noise in our final map (Fig. 3A). Four lipids in similar positions were also found in 

the CaM-bound TRPV5 structure (Fig. 3B). Since the exact identity of each lipid is unclear they will be referred 

to as Lipids 1-4, as labeled in Figure 3. Lipid 1 is found in a pocket between the S1 and S2 helices. Lipid 2 is 

located between the S4 and S5 helices of a single monomer and the S6 helix of the adjacent monomer. This 

pocket has been previously described as a potential lipid and drug binding site in several TRPV subfamily 

channels12-14. Lipid 3 and 4 occupy areas at the protein lipid interface very near to the extracellular side of the 

TMD. Based on their placement, it is likely these lipids originated from the outer leaflet of the membrane from 

which TRPV5 was extracted.  

Similarly shaped non-protein densities were also assigned as lipids in a recently reported human TRPV6 

cryo-EM structure (Fig. 3C)14. Interestingly, while the human TRPV6 structure with these lipids was solved in 

nanodiscs (Fig. 3C), both lipid-bound TRPV5 and CaM-bound TRPV5 structures were determined in the 

presence of a mild detergent (Fig. 3A, B). Nanodisc technology is a unique tool that uses variable mixtures of 

lipids in order to mimic the composition of the plasma and/or intracellular membranes of the cell and has been 

used to solve the structures of some TRPV subfamily channels in the past14,15. Specifically, it was thought that 

an investigation of lipid interactions with TRPV channels required nanodiscs to accurately visualize lipid 

binding14,15. For rabbit TRPV5, it appears that Lipids 1-4 have such high affinity for these binding sites that they 

are able to be co-purified regardless of the absence of nanodiscs (Fig. 3).  

In addition, Lipids 1-4 in both lipid-bound and CaM-bound TRPV5 structures appear similar in shape and 

position, indicating that these lipids may be the same in both structures (Fig. 3A, B). Thus, it is unlikely that one 

of these lipids is diC8 PI(4,5)P2 in the lipid-bound TRPV5 structure. Nevertheless, at these resolutions we 

cannot definitively say one way or the other as a wide variety of lipids can be docked into the densities; for 

example the Lipid 2 density could accommodate diC8 PI(4,5)P2 and cholesterol (Fig. 3D-F). While the lipid 

densities in the lipid-bound TRPV5 lack identifiable features, likely due to flexibility of the lipid, the surrounding 

protein density is very stable and ranges between 3-3.5 Å resolution (Sup. Fig. 1). This has allowed for 

accurate side chain placement in these areas (Sup. Fig. 3). This is of particular interest as this model is 

detailed enough for in silio drug screening, particularly at the Lipid 1 and Lipid 2 pockets as they could 

accommodate the binding of other compounds13. As mentioned previously, the pocket for Lipid 2 has been 

identified as the binding site for many small molecules that affect TRPV channels gating12-14. 

 The TRPV5 pores revealed here are typical for TRPV family channels and are practically identical for the 

lipid- and CaM-bound TRPV5, with an RMSD of 0.468Å for the residues in the pore region (Met474-Lys607). In 

both models, there are three residues that are involved in pore constriction: Asp542, Ile575 and Trp583 (Fig. 

4A-B). Unlike the previously published structure of TRPV513, there is clear density in the lipid-bound TRPV5 

map indicating that the four Asp542 that constitute the highly specific Ca2+ selectivity filter are pointing directly 

into the pore in a similar fashion to the rat TRPV6 crystal structures (Fig. 4, Sup. Fig. 3C)16,17. This placement 
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could facilitate a Ca2+ knock-off permeation mechanism as proposed for TRPV618. At the current resolution, it 

is unclear whether the selectivity filter Asp542 residues in the CaM-bound TRPV5 point directly into the pore or 

if they point upward, as seen in other TRPV5 and TRPV6 cryo-EM structures (Sup. Fig. 3C)13,14.  

 In our lipid- and CaM-bound TRPV5 models, the lower gate appears to consist of Ile575 and Trp583 (Fig. 

4A-B). These residues do not constrict the pore to the point of blocking ion translocation, indicating that the 

lower gate is open (Fig. 4B), as seen in the human TRPV6 cryo-EM structure14. Moreover, two probable ion 

densities occupy the selectivity filter and lower gate in the lipid-bound TRPV5 channel (Fig. 4C). Thus, 

suggesting that the pore of the lipid-bound TRPV5 structure is in a conducting conformation and co-purified 

tightly bound lipids play a key role in keeping TRPV5 in constitutively open state.  

 

TRPV5 inhibition by calmodulin 

From our C1 symmetry CaM-bound TRPV5 cryo-EM map it is clear that the TRPV5-CaM complex adopts a 

stoichiometry of one tetramer of TRPV5 to one molecule of CaM (Fig. 2A). The CaM cryo-EM density consists 

of two lobes, an upper lobe sitting at the intracellular gate of the pore and a lower lobe interacting with the 

TRPV5 ankyrin repeats (Sup. Fig. 4A). The density for CaM contains tubular density that allowed for the 

manual fit of CaM helices and rigid body refinement of the individual lobes of the previously published NMR 

structure of CaM bound to the C-terminus of TRPV5 (PDB 5OEO)7 (Sup. Fig. 4B). The N- and C-lobes of CaM 

have very similar structural organization (Fig. 5A), so it was not possible, based on modeling only CaM, to 

determine whether the CaM N- or C-lobe was positioned in the upper lobe of density at the bottom of the 

TRPV5 pore (Fig. 5, Sup. Fig. 4A). However, there was extra density in the upper lobe that could not be 

attributed to CaM (Sup. Fig. 4B). This density was in the same position relative to that lobe as the helical 

portion of the TRPV5 C-terminus relative to the CaM C-lobe in the NMR structure7. Therefore, we surmise that 

the CaM upper lobe is the C-lobe in our cryo-EM structure and we have included the rabbit C-terminal TRPV5 

helix, comprising residues Ser698-Gly711, in our model (Fig. 5). The density for the CaM lower lobe, modelled 

as the N-lobe, is weaker and sparser than the density for the C-lobe, indicating that the N-lobe may be more 

flexible or bound weakly to TRPV5 (Sup. Fig. 4B). Interestingly, at this resolution we clearly see density for two 

calcium ions in the C-lobe (Fig. 5B), while the N-lobe does not have enough detail to place any calcium ions 

(Sup. Fig. 4B).  

 Based on this CaM model, as well as data available in the literature3-8, we can postulate a mechanism of 

action for calcium-dependent inactivation of TRPV5 by CaM. The increase in calcium ion concentration at the 

intracellular gate of the TRPV5 channel recruits one molecule of CaM. This recruitment likely occurs via the 

high affinity interaction between the Ca2+-bound CaM C-lobe and the distal C-terminus of TRPV57. The C-lobe 

of CaM then obscures the flow of ions through the TRPV5 pore by inserting a loop, comprising residues 

Leu113-Asp119, into the bottom of the TRPV5 pore. This CaM C-lobe loop likely interacts with the Trp583 

residues at the base of the TRPV5 pore (Fig. 5A). A CaM C-lobe helix, comprising residues Ser102-Asn112, 

interacts with a single Gln587, which is located in the TRP domain of the channel (Fig. 5A). These interactions 

are supported in the cryo-EM C1 symmetry density map of CaM-bound TRPV5, where there are strong 

connections in these regions (Sup Fig. 4C). Additionally, it appears that an N-lobe helix of CaM (Pro44-Asp59) 
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binds between ankyrin repeat 2 (AR2) and ankyrin repeat 3 (AR3) of a single TRPV5 monomer, which could 

act to stabilize this interaction (Fig 5A). 

 

CONCLUSION 

 Here we have presented two structures of TRPV5, one in the presence of endogenous lipids that are likely 

to be involved in maintaining the structure of TRPV5 in a constitutively open state and one bound to its 

endogenous inhibitor, calmodulin. The high-resolution, lipid-bound TRPV5 has allowed for more accurate 

model building of TRPV5 than available previously13. This structure also identified the binding pockets for 

several high affinity lipids. These binding pockets have the potential to be drugable areas of the TRPV5 

channel as they are both membrane and solvent accessible and are in contact with regions that have been 

reported to be able to transmit conformational rearrangements to the pore in other TRPV family channels12-14.  

 The CaM-bound structure, though at lower nominal resolution, has provided the first insight as to how 

TRPV5 is modulated by CaM. It is clear that the binding of a single CaM molecule completely obstructs the 

intracellular side of the pore, effectively blocking ion permeation (Fig. 6). This study also showed that while 

CaM binds to the predicted areas in the C-terminus of TRPV5, it also directly interacts with the ankyrin repeat 

domain and the TRP domain of the channel (Fig. 6). These two structures taken together also provide 

additional evidence for the static nature of some TRPV subfamily channels12,14. The minimal movement 

between the two structures imply that large conformational changes in the upper and lower gates of TRPV5 

may not be necessary for effective endogenous inhibition.  

 It is possible that the high affinity of the structural lipids identified in the lipid bound structure are bound too 

tightly in this non-native environment to have allowed for diC8 PI(4,5)P2 binding. In the future, studies can be 

undertaken to solve the structure of TRPV5 in the presence of higher concentrations of diC8 PI(4,5)P2. 

Additionally, mutations of TRPV5 have been reported to increase the affinity of TRPV5 to PI(4,5)P2 and solving 

the structure of these mutants in the presence of diC8 PI(4,5)P2 may allow for a clearer picture of TRPV5 

gating by PI(4,5)P2.  

 Overall, our structural studies have provided novel molecular insights into the endogenous modulation of 

TRPV5 that could guide novel therapeutics design for a variety of calcium dependent kidney diseases.  

 

METHODS 

Expression and purification of TRPV5 

 Full length rabbit TRPV5 was expressed as reported previously13. In short, full length rabbit TRPV5 was 

expressed with a 1D4 affinity tag in S. cerevisiae19,20. The membranes were lysed and harvested using a M-

110Y microfluidizer and ultracentrifugation. TRPV5 was purified using previously published methods13. Briefly, 

membranes containing TRPV5 were solubilized in Buffer A (150mM NaCl, 2mM TCEP, 1mM PMSF, 20 mM 

HEPES pH8, 10% glycerol and 0.87 mM LMNG). Non-soluble material was removed via ultracentrifugation. 

Detergent solubilized TRPV5 was then purified using CnBr-activated Sepharose 4B beads conjugated to 1D4 

specific antibodies. The beads were washed with Buffer B (150mM NaCl, 2mM TCEP, 20 mM HEPES pH8, 

and 0.064 mM DMNG) and TRPV5 was eluted using Buffer B with the addition of 3 mg/mL 1D4 peptide.  

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 5, 2018. ; https://doi.org/10.1101/338798doi: bioRxiv preprint 

https://doi.org/10.1101/338798


 The sample involved in the reconstruction of lipid-bound TRPV5 was then subjected to size exclusion 

chromatography (Superose 6, GE Healthcare) in Buffer B. This sample was concentrated to ~2.5mg/mL and 

incubated with soluble diC8 PI(4,5)P2 (dioctanoyl Phosphatidylinositol 4,5-bisphosphate) at a final 

concentration of 200µM for 30 minutes prior to vitrification.  

 The TRPV5 sample used for the reconstruction of CaM-bound TRPV5 was incubated for 1 hr with 10mM 

CaCl and purified rat CaM (a gift from the Dr. Zhang lab at Thomas Jefferson University purified as previously 

published21) at a molar ratio of 1:20 (TRPV5 tetramer:CaM). The TRPV5-CaM mixture was then further purified 

using size exclusion chromatography (Superose 6, GE Healthcare) in Buffer B. The peak containing CaM-

bound TRPV5 was concentrated to ~3mg/mL.  

 

Cryo-EM data acquisition  

 For both samples, fluorinated Fos-Choline-8 was added to the concentrated protein to a final concentration 

of 3mM immediately prior to vitrification.  Samples were double blotted on 200 mesh Quantifoil 1.2/1.3 grids 

(Quantifoil Micro Tools) with 3.5µL per blot and plunge frozen in liquid ethane using a Vitrobot (FEI). Grids 

containing TRPV5 and diC8 PI(4,5)P2 were imaged with a 300kV FEI Titan Krios microscope equipped with 

a Gatan K2 Summit direct detector camera. Super resolution movies (50 frames) were captured for 10 sec 

each with one frame collected every 0.2 sec at a nominal magnification of 45,455x. The resultant pixel size 

and dose rate were 0.55 Å/pix and ~8 electrons/pix/sec, respectively. Images were collected in a defocus 

range between 1.0-2.5µm under focus in an automated fashion using Leginon software22.  

 Grids containing CaM-bound TRPV5 were imaged using a 300kV FEI Titan Krios microscope equipped 

with a Falcon 3 direct detector camera. Movies (60 frames) were acquired in counting mode at a 

magnification of 59,000x resulting in a pixel size of 1.14Å/pix. Images were collected automatically using 

EPU software (Thermo Fisher Co.) within a defocus range of 1.0-2.5µm under focus23. 

 

Image processing 

Lipid-bound TRPV5 

 MotionCor224 was used to correct for beam induced motion and to bin the images to a final pixel size of 

1.10Å, producing both summed and dose weighted micrographs. CTF estimation of the summed 

micrographs was preformed using Gctf25. All other image processing was performed using RELION on the 

dose weighted micrographs unless otherwise mentioned26,27. Approximately 2,500 particles were picked 

manually from 3,889 micrographs and sorted into 2D classes. The best of these classes were used as 

templates for autopicking. After autopicking, 2D classification was used to remove false positives and 

suboptimal particles. The remaining ~241,000 particles were reconstructed into a single electron density map 

with C4 symmetry using the 3D auto-refine option in RELION followed by 3D classification into 8 classes 

without assigning angles to the particles. The initial model used for 3D refinement and classification was 

produced by applying a low-pass filter of 60Å to the previously published TRPV5 cryo-EM structure13. The best 

class by manual inspection underwent multiple rounds of 3D refinement followed by 3D classification until the 

best 26,000 particles were able to be reconstructed into 4.4Å map. The mask used for this reconstruction was 
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created from the original 3D auto-refinement of ~241,000 particles adjusted to a threshold of 0.005, lowpass 

filtered to 15Å and a soft edge of 5 pixels was applied. A separate dataset collected under the same conditions 

on grids prepared at the same time as the sample above produced 3,062 additional micrographs. The same 

methods as above were implemented and resulted in a map containing ~19,000 particles that was 

reconstructed to 4.2Å. These particles were then combined using the JoinStar command in Relion to produce a 

particle set of ~45,000 particles that were refined to 4.1Å in RELION. A b-factor of -174 was then applied to the 

unsharpened map using Bfactor software and the final resolution of 3.9Å was determined using rmeasure 

software28,29. Local resolutions were estimated using the RESMAP software30.  

 

CaM-bound TRPV5 

 For the CaM-bound dataset, MotionCorr224 was used without gain correction and without binning to 

produce both summed and dose weighted micrographs with a final pixel size of 1.14Å. CTF estimation of the 

summed micrographs was preformed using Gctf25. Autopicking was performed on the dose weighted 

micrographs in cisTEM31 resulting in 406,838 particles from 1,524 micrographs. These particles were then 

exported to RELION for all subsequent data processing. The particles were 2D classified into 200 classes to 

remove false positives and suboptimal particles. These particles were then 3D classified into 6 classes without 

applied symmetry. The best class by visual inspection contained ~64,000 particles and was auto-refined to 

6.4Å. The initial model used for 3D refinement and classification was produced by applying a low-pass filter of 

60Å to the previously published TRPV5 cryo-EM structure13. The mask used for that refinement was created 

from the C1 symmetry class containing those ~64,000 particles adjusted to a threshold of 10Å, lowpass filtered 

to 10Å and a soft edge of 5 pixels was applied. These particles were then subjected to another round of 3D 

classification without assigning angles using a partial mask only containing the TMD region of the protein. This 

mask was created from the ~64,000 particle mask using the Chimera Volume Eraser tool32 to remove all 

density except the TMD. The best class by manual inspection contained ~19,000 particles and was able to be 

reconstructed with C1 symmetry to 6.4Å and 4.86Å with C4 symmetry. A soft mask of the whole complex 

created from the original C1 reconstruction of ~64,000 particles was applied for postprocessing which resulted 

in at C1 6.2Å map based on the 0.143 cut-off criterion. A soft mask of the auto-refined C4 reconstruction 

created with similar parameters was applied to the C4 reconstruction for postprocessing resulting in a 4.86Å 

map based on the 0.143 cut-off criterion. Local resolutions were estimated using the RESMAP software30. 

 

Model Building 

 The previously published model of TRPV5 bound to econazole (PDB 6B5V)13 was used as an initial model 

and docked to the cryo-EM map of lipid-bound TRPV5. The model was manually adjusted in Coot33 and refined 

against one of two unfiltered half maps using phenix.real_space_refinement11. The lipid-bound TRPV5 map 

was docked into the CaM-bound TRPV5 map generated with C4 symmetry and manually adjusted and refined 

as before. The TRPV5 model generated in C4 was docked into the C1 map by rigid body fit in Coot33. To 

model CaM into the extra density in the C1 symmetry map, the N-lobe and C-lobe (including the TRPV5 C-

terminal peptide) of state 01 of PDB 5OEO7 were separated and independently fit to the map by hand in 
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Chimera32 and then rigid body fit in Coot33. Due to the low resolution, the combined TRPV5 and CaM models 

were refined with only rigid body refinement. The final models were randomized in PHENIX11 by 0.5Å and 

Chimera32 was used to generate a map of those models.  EMAN2 was used to generate FSC curves between 

the two half maps and the summed map for each model. The pore radii were generated using HOLE34. Figures 

were made in Pymol35 and Chimera32. 
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Figure 1.  Lipid-bound TRPV5 structure as determined by cryo-EM. (a) Density map of lipid-bound TRPV5 at 3.9Å resolution. Each monomer is 
depicted in a different color and the densities attributed to annular lipids are shown in khaki. (b) Cartoon representation of the lipid-bound TRPV5 
model. Each monomer is shown in a different color. (c) Cartoon representation of the lipid-bound TRPV5 model in grey with the seven 
non-protein densities per monomer attributed annular lipids shown in purple mesh and sticks. 
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Figure 2. Calmodulin (CaM) bound TRPV5 structure as determined by cryo-EM. (a) Density maps of 
CaM-bound TRPV5 without applied symmetry refinement at 6.2Å. Each monomer is depicted in a different 
color and the density attributed to CaM is shown in hot pink. (b) CaM-bound TRPV5 refined with C4 symmetry 
at 4.9Å. Non-protein densities attributed to lipids are shown in khaki. (c) Final CaM-bound TRPV5 model 
refined against the C1 symmetry map. Calcium ions are depicted as green spheres.
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Figure 3. Conserved lipid densities. (a) A close-up view of the TMD of the lipid-bound TRPV5 model. Four high 
confidence lipid densities are shown in purple mesh. As the identity of the lipids are unclear they have been labeled
as Lipid1-4. (b) A close-up view of the TMD of the CaM-bound TRPV5 model. Four high confidence lipid densities 
are shown in blue mesh and labeled as Lipids 1-4. (c) The TMD of the human TRPV6 structure in nanodiscs 
(PDB 6BO8). Four strong lipid densities are shown in orange mesh. (d) diC8 (grey sticks) docked to the Lipid 2 
density (purple mesh). (e) PI(4,5)P2 diC8 (grey sticks) docked to the Lipid 2 density (purple mesh). (f) Cholesterol 
(grey sticks) docked to the Lipid 2 density.

certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which was notthis version posted June 5, 2018. ; https://doi.org/10.1101/338798doi: bioRxiv preprint 

https://doi.org/10.1101/338798


 D542

I575

W583

 D542

I575

W583

 D542

I575

W583

A

B

0 321 654 87

  Selectivity 
Filter

 Lower
Gate

 D542

I575

W583

Pore radius (Å)

40 Å

Figure 4

C
Lipid-Bound TRPV5 CaM-Bound TRPV5

Figure 4. Pore comparison of lipid-bound and CaM-bound TRPV5.
(a) Lipid-bound TRPV5 pore diagram (left). CaM-bound TRPV5 pore 
diagram (right). Constriction residues are shown as sticks. (b) Plot of 
pore radii of lipid-bound TRPV5 (purple) and CaM-bound TRPV5 
(blue) as a function of distance through the pore. The dotted line 
indicates the radius of a calcium ion. (c) Lipid-bound TRPV5 pore 
highlighting two calcium ions found at the selectivity filter and the lower 
gate.
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Figure 5. CaM interactions with TRPV5. (a) Cartoon representation of two adjacent 
dimers of TRPV5 (green and blue) bound to a single molecule of CaM (pink). The 
zoomed in views depict the interaction of CaM with TRPV5 at the pore (top right) 
and the ARD (bottom left). A cartoon representation of activated CaM bound to the 
distal C-terminus of TRPV5 with the N- and C- lobes labeled (bottom right). 
Residues of interest are labeled and shown as sticks. (b) Multiple views of the 
model of the CaM C-lobe (pink) fitted into the corresponding cryo-EM density (grey 
mesh). Calcium ions are shown as green spheres. 
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Figure 6. CaM inhibition of TRPV5. A schematic representation of the proposed binding of CaM to TRPV5 
and channel inhibition mechanism. A dimer of TRPV5 is shown as a purple diagram, CaM is shown in pink 
and the blue circles indicate the flow of calcium ions. 
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