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Abstract

TRPV5 (Transient Receptor Potential cation channels, Vanilloid subfamily, member 5) plays a key 

role in active Ca2+ reabsorption in the kidney. Variations in TRPV5 occur at high frequency in 

African populations and may contribute to their higher efficiency in Ca2+ reabsorption. One of the 

African specific variations, A563T, exhibits increased Ca2+ transport ability. However, it is unclear 

how this variation influences the channel pore. Based on the structure of TRPV1, a TRPV5 model 

was generated to simulate the structural and dynamical changes induced by the A563T variation. 

Based on this model, amino-acid residue 563 interacts with V540, which is one residue away from 

the key residue D542 involved in Ca2+ selectivity and Mg2+ blockade. The A563T variation 

increases secondary structure stability and reduces dynamical motion of D542. In addition, the 

A563T variation alters electrostatic potential of the outer surface of the pore. Differences in 

contact between selective filter residues and residue 563 and in electrostatic potential between the 

two TRPV5 variants were also observed in another model derived from an alternative alignment in 

the selective filters between TRPV5 and TRPV1. These findings indicate that the A563T variation 

induces structural, dynamical, and electrostatic changes in the TRPV5 pore, providing a structural 

insight into the functional alterations associated with the A563T variation.
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1. INTRODUCTION

Calcium (Ca2+) plays an important role in physiological processes such as muscle 

contraction, bone formation, and intracellular signaling (1-3). Ca2+ balance is maintained by 

intestinal absorption, renal reabsorption, as well as Ca2+ deposition in and mobilization from 

bone (4, 5). Each of these processes is physiologically important. For instance, a disturbance 

in renal Ca2+ reabsorption may lead to disorders such as kidney stone disease, osteoporosis, 

and vitamin D-resistant rickets (6-9).

Ca2+ absorption and reabsorption involve a transcellular pathway for Ca2+ ions to enter the 

body across epithelia. In this pathway, Ca2+ in the intestinal lumen or glomerular filtrate first 

crosses the apical plasma membrane and enters epithelial cells down a steep Ca2+ gradient. 

Two epithelial Ca2+ channels, TRPV5 and TRPV6, are responsible for this process (9, 10). 

Once Ca2+ ions get into the cell, they bind to Ca2+ binding proteins so that intracellular free 

Ca2+ concentration will not reach a level toxic to the cells. Ca2+ ions exit the cell by crossing 

the basolateral membrane via Na+/Ca2+ exchangers and/or Ca2+ pumps. Compared to the 

paracellular pathway where Ca2+ ions passively enter the body through tight junctions 

between epithelial cells, the transcellular pathway allows Ca2+ ions to be transported against 

a chemical gradient. This pathway is the major target of 1,25-dihydroxylvitamin D3 and is 

rigorously regulated under physiological conditions such as pregnancy and lactation (11). 

Because epithelial Ca2+ channels mediate the first step in the transcellular pathway for Ca2+ 

transport, they are considered as gatekeepers for Ca2+ absorption and reabsorption.

TRPV5 and TRPV6 genes are localized in a region of chromosome 7 that exhibits strong 

evidence of recent positive geographical selection (12, 13). In this region of chromosome 7 

(7q34–35), a genetic sweep likely occurred after early humans migrated outside Africa. As a 

result, several non-synonymous single nucleotide polymorphisms (SNPs) in both TRPV5 
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and TRPV6 genes are present at high allele frequencies in African Americans but not in 

European Americans. We found among the three non-synonymous SNPs in TRPV5 (A8V, 

A563T and L712F), A563T was most effective in increasing TRPV5-mediated Ca2+ uptake 

by altering the function of the channel (14). This is consistent with the fact that A563T is 

distributed to the last transmembrane (TM) domain of TRPV5 and could affect Ca2+ 

transport by a mechanism not well understood. This A563T variation occurs at an allele 

frequency of approximately 10% in African Americans. Thus, it may have substantial 

impact on Ca2+ reabsorption among African Americans and other populations of African 

origin.

TRPV5 belongs to the 6-membered Transient Receptor Potential Vanilloid family, which are 

highly conserved in gene exon-intron arrangements and protein structure (15, 16). The 

common structural feature of these channels include an intracellularly localized amino-

terminus consisting of 6 Ankyrin repeats, followed by six TM domains (designated TM1-

TM6) with a pore region formed between TM5 and TM6, and an intracellular carboxyl 

terminus. The functional unit of the channels in this family is a tetramer. Although residue 

563 is 21 residues away from the aspartate residue at 542, which forms a Ca2+ filter in the 

channel (17, 18), these two residues may interact in a 3-dimentional and dynamical model. 

Recently, the structure of the first member of the family, TRPV1, has been solved by high-

resolution electron cryo-microscopy (19, 20). This provides an opportunity to examine how 

the A563T variation alters the channel function from a structural point of view.

In this study, we constructed the TRPV5 model based on the structure of TRPV1, which is 

over 30% identical to TRPV5 in primary sequence and is identical to TRPV5 in gene 

structure organization. Using this model, the structural, dynamical and electrostatic 

alterations in the pore of TRPV5 induced by the A563T variation were simulated and new 

insights into the molecular basis for the functional impact of this variation were obtained.

2. MATERIALS AND METHODS

2.1 System modeling

To date, there is still no crystal structure available for TRPV5, thus homology modeling 

based on the structure of TRPV1 was performed to provide structural information for 

TRPV5. The structure of TRPV5 was modeled by using MODELLER 9.13 software (21). 

Using this software we generated refined three-dimensional models of the target protein 

TRPV5 based on its alignment with TRPV1. The template of TRPV1 was obtained from the 

Protein Data Bank (PDB) with the PDB ID of 3J5P. The TRPV5 structure was modeled 

based on the sequence alignment between TRPV1 and TRPV5 as laid out by Liao et al. (19). 

Since the pore structure of TRPV5 is formed between the fifth and sixth transmembrane 

helices, other parts of TRPV5 from the PDB structure were not used for modeling in order to 

reduce the system size due to limited simulation resources. The sequence of TRPV5 used in 

the modeling and simulation is shown in Figure S1a (Supporting Information). In the 

electron cryo-microscopic structure of TRPV1, residues 604-626 (loop between TM5 and 

TM6, shaded in Figure S1) were not included because these residues were deleted in the 

TRPV1 construct in order to obtain a biochemically stable and yet functional TRPV1 for 

structural studies (19). Thus, the loop was not used in the homology modeling. Sequence 
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alignment between TRPV5 (model) and TRPV1 (template) was performed using ClustalW2 

(22). The sequence identity was 29.31% in the corresponding region of TRPV5 and TRPV1. 

This is very close to the 30% amino-acid identity that is considered reliable to model 

membrane proteins (23).

The TRPV5 pore structure has been modeled based on its similarity to the K+ channel KcsA 

when the TRPV1 structure was not available (24, 25). Taking this into consideration, an 

alternative alignment between TRPV1 and TRPV5 was generated (Figure S1b). The 

sequence identity between TRPV5 and TRPV1 increased slightly to 32.48% in this 

alignment; however, gaps were introduced in the pore helix and in TM6. The penalty score 

caused by the two gaps in the α-helix regions resulted in this alignment not being chosen by 

the program at the default settings.

For comparison, two modeled TRPV5 pore structures were generated based on the two 

sequence alignments (Figures S2a and S2b). We then compared the position of residues in 

the selective filter with relevant ion channels, including TRPV1 (Figure S2c; PDB ID: 3J5P), 

KcsA (Figure S2d; PDB ID: 1J95), and a voltage-gated Ca2+ channel CavAb (Figure S2e; 

PDB ID: 4MS2). The difference between the filter residues in the two modeled structure is 

that D542, the key residue for Ca2+ permeation, is in the entrance of TRPV5 in the model 

shown in Figure S2a, but it locates further into the channel pore in the model shown in 

Figure S2b. Unlike the K+ channel KcsA, a negatively charged aspartate residue (D646 in 

TRPV1 and D178 in CavAb) is present in the entrance of the pore in the two Ca2+ 

permeable channels (TRPV1 and CavAb). There are two aspartate residues in the pore of 

CavAb, and Tang et al. (26) indicated that the carboxyl side chain of D178 in the pore 

entrance forms the first hydrated Ca2+-binding site in the selectivity filter, and the 

substitution of D178 to S178 resulted in a 100-fold reduction in the Ca2+ to Na+ 

permeability ratio. Nilius et al. (17) demonstrated that D542 in TRPV5 is critical for Ca2+ 

selectivity, and the D542A mutation markedly decreases Ca2+ permeability. Thus, the model 

in Figure S2a is compatible with that of CavAb, as D542 in TRPV5 plays a role similar to 

that of D178 in CavAb. We chose the alignment in Figure S1a to model TRPV5 structure; 

however, results based on the alternative alignment as presented in the supporting 

information were also discussed.

A set of 100 structures was generated by MODELLER. The first 10 structures with the 

lowest DOPE energy (PDB files provided in Supporting Information) were assessed by 

different statistical methods (Table S1), including ERRAT (27), PEOCHECK (28), and 

WHAT_CHECK (29) and VERIFY3D (30). The structure with the lowest DOPE energy, 

highest ERRAT value, and fewest errors checked by PROCHECK and WATCHECK was 

chosen as the best model. Using VMD software (31), five Ca2+ ions were docked into the 

pore of TRPV5 by superposition of the modeled structure with the structure of a voltage-

gated calcium channel (PDB ID: 4MS2) (26). The A563T variation was introduced into all 

the four subunits of TRPV5 using the mutagenesis function of PyMOL (32). The two 

TRPV5 systems are denoted as TRPV5-A563 (shown as an example in Figure 1) and 

TRPV5-T563, respectively.
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To mimic the membrane environment, the modeled TRPV5 structures were embedded in a 

lipid bilayer composed of 158 POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) 

lipids by using CHARMM-GUI membrane builder (33). Each of the TRPV5 systems 

(TRPV5-A563 or TRPV5-T563) was then hydrated with a total of 2089 TIP3P (transferable 

intermolecular potential 3P) water molecules on both sides of the bilayer. The approximate 

dimensions of the resultant simulation box were 87 Å × 87 Å × 95 Å along the x, y and z 

direction, respectively, with the normal to the membrane surface along the z-direction, and 

its center of mass situated at the origin of the coordinate system. Na+ and Cl− ions were 

added to the system to neutralize it and maintain a 150 mM NaCl concentration (Figure S3). 

The parameters of a FF14SB force field (34) were assigned to the protein, ions and water 

molecules, and a FFlipid14 force field (35) was used for POPC lipids.

2.2 Molecular dynamics simulations

To compare the effect of the A563T variation on the structural and dynamical changes in 

TRPV5, we performed two 400 ns molecular dynamic (MD) simulations using the 

AMBER14 simulation package (36). Before production simulations, the two systems were 

further refined. Each system was relaxed by 5,000 steps of steepest descent followed by 

5,000 steps of conjugate gradient minimization. After energy minimization of the whole 

system, the water molecules were equilibrated for 200 ps, while the protein, lipids and ions 

(including the five Ca2+ ions) were restrained at a constant number-pressure-temperature 

(NpT) at 50 K and 1 atm by applying a force constant of 100 kcal•mol−1•Å−1. Then the 

system was gradually heated to 300 K via six 100 ps constant number-volume-temperature 

(NVT) MD simulations, still maintaining the restraint on the protein, lipids and ions 

(including the five Ca2+ ions). The restraints were kept only for the five Ca2+ ions in the 

subsequent 10 ns equilibration simulation at NpT of 300 K and 1 atm by applying a force 

constant of 10 kcal•mol−1•Å−1. Lastly, 400 ns production simulations were carried out using 

Berendsen temperature and pressure coupling (37) without any restraint. The SHAKE 

constraints (38) were applied to all hydrogen heavy bonds to permit a dynamics time step of 

2 fs. Electrostatic interactions were calculated by the particle-mesh Ewald method (PME) 

(39, 40) with grid spacing of 0.12 nm and interpolation of order four. Both of the direct 

space PME and Lennard-Jones cutoffs were set at 10 Å. The data for the MD simulations 

were collected every 2 ps. The simulations were performed on the AMD Opterons cluster in 

the Alabama Supercomputer Center.

2.3 Equilibration of the simulated systems

TRPV5-A563 and TRPV5-T563, embedded in a POPC lipid bilayer (Figure S3), underwent 

400 ns MD simulations. The time-dependent root mean square deviations (RMSD) for the 

Cα atoms of TRPV5-A563 and TRPV5-T563 were calculated to provide an overall measure 

of the departure of the structures from the initial coordinates (Figure S4). It was clear that 

both TRPV5-A563 and TRPV5-T563 reached equilibration state after 200 ns. To further 

evaluate the equilibration of TRPV5, the average RMSD for each monomer of TRPV5 was 

calculated over the last 200 ns simulation (Table S2). The small standard deviations of the 

RMSD values indicated that they reached equilibration states in the last 200 ns. Thus, the 

last 200 ns MD simulations were used for the analyses of the effect of A563T variation on 

the structural and dynamical changes in TRPV5.
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2.4 Structural and dynamical Analyses

With the equilibrated MD simulation trajectories, we performed a secondary structural 

analysis, conformational analysis, and dynamical motion analysis to better understand the 

conformational, structural, and motion characteristics of TRPV5. RMSD of protein 

backbone atoms were analyzed to determine the system’s equilibration tendencies and its 

convergence. We calculated the changes of the residues of α-helix occupancy for TRPV5, 

especially for the residues around residue 563, to evaluate secondary structural changes of 

the protein caused by the A563T variation. The DSSP method was used to determine 

whether an amino acid residue belonged to an α-helix (41). The occupancy of each residue 

in an α-helix was determined on the basis of the percentage of time that the residue existed 

in the α-helix over the simulation. The helix percentage for TRPV5 was calculated from the 

overall helicity divided by the total residue number. Clustering analysis was performed to 

get the representative structure of TRPV5 using the MMTSB toolset (42). The K-means 

algorithm (43) based on the RMSD similarity of the structures was used in the clustering 

analysis. A centroid structure was generated by averaging the PDB structures of TRPV5. 

The structure that had the lowest RMSD from the centroid structure was obtained as the 

representative structure. To study the conformational fluctuation for each residue, root-

mean-square fluctuations (RMSF) of TRPV5 were calculated on a residue-by-residue basis 

and averaged over the equilibrated simulations. Dynamical cross-correlation maps (DCCM) 

between residues were calculated to provide information for correlated motion of the pair 

residues and the degree of the correlation (44). MATLAB (45) was used to generate the 

cross-correlation plots.

Principal component analysis (PCA) was performed to characterize the collective motion of 

TRPV5 residues. In MD simulation, both local dynamical fluctuations and collective 

motions of residues occur simultaneously. PCA is a multivariate statistical method to 

separate the collective motions from the local dynamics by reducing high-dimensional 

motional data sets into a small subset composed of principal components that describes the 

collective motion (46). PCA describes protein motions by diagonalization of the covariance 

matrix Cij (3N*3N array) of the atomic positional deviations

where xi, xj is a Cartesian coordinate of a residue, and the angle brackets represent the time 

averages over all simulation trajectories. After the matrix diagonalized, a set of eigenvectors 

and eigenvalues can be obtained. The eigenvectors indicate the directions of collective 

motion, and the corresponding eigenvalues indicate the amplitude of the motion. The major 

collective motion can be represented by large eigenvalues along the eigenvectors. In this 

study, only the first principal component that dominates the collective motion of TRPV5 was 

shown.

We also analyzed the contact numbers between residue 563 and the filter residues. A contact 

was identified if the carbon atoms were within 5.4 Å and hydrogen atoms within 4.6 Å 

consistent with the work of Cheng et al. (47). All these analyses were performed using the 

equilibrated simulation trajectories by the ptraj program of AMBER. The electrostatic 
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potential for TRPV5 was calculated by APBS (48). To calculate the electrostatic potential, 

dielectric constants of 1 and 78.54 were used separately for the protein and solvent, 

respectively. An ion concentration of 150 mM was used in the APBS calculation. The 

electrostatic potential was mapped onto the molecular surface of TRPV5 using VMD (31).

2.5 Statistical methods

To compare the key residue distances between TRPV5-A563 and TRPV5-T563, the average 

values and the standard deviations of the analyzed variables were calculated. Because the 

adjacent snapshots from the MD trajectory have the tendency to be correlated with each 

other, the autocorrelation time (49, 50) for the studied variables were obtained to re-sample 

the trajectories into statistically independent periods in order to calculate the standard 

deviations for the studied variables. With the obtained decorrelation times, bootstrap 

analysis was performed following steps similar to Chen and Pappu (51) and our previous 

study (52). Significant differences in the mean and standard deviations for the studied 

variables were determined using the Student’s t-test (53) with 95% confidence.

3. RESULTS AND DISCUSSION

3.1 Amino-acid residue at 563 influences residues lining the ionic filter of TRPV5

In this work, a structure containing the TRPV5 pore (residues 473-595, Figure S1) was 

modeled based on the structure of TRPV1. In the TRPV5 model (Figure 1), 

residues 539TVID542 form the selective filter of TRPV5, corresponding to 643GMGD646 in 

the TRPV1 structure (Figure S1) (19). The four D542 residues in the selectivity filter form a 

ring in the mouth of the pore. Along the pore, another three residues, including T539, V540 

and I575, form the ion pathway. We focused on the relationship between A/T563 and D542 

because it is well known that D542 is involved in Ca2+ transport and the Mg2+ blockade (17, 

54), which are affected in the A563T variant of TRPV5 (14). In the TRPV5 model, residue 

563 is beneath D542 but not within the distance for direct interaction. This structure implies 

that residue 563 may mediate the Ca2+ transport activity indirectly.

Although A/T563 appeared not to be in direct contact with D542, it may affect D542 via 

other residues close to D542. We wondered to what extent residue 563 interacts with each of 

the filter residues 539TVID542. To this end, the time-dependent contact number between each 

filter residue and residue 563 was calculated (Figure 2a). Among these residues, V540 

exhibited large contact numbers with residue 563, whereas T539, I541 and D542 showed 

fewer or no interactions with residue 563. Thus, V540 plays an important role in interacting 

with residue 563.

The interaction between V540 and residue 563 was not obvious in the initial model (Figure 

1). To provide a clear structural view of how the interaction may take place, the 

representative structures exhibiting the interaction of V540 with residue 563 in TRPV5-

A563 and TRPV5-T563 are presented in Figures 2b and 2c, respectively. The representative 

structures for TRPV5-A563 and TRPV5-T563 were obtained by clustering analysis. In both 

TRPV5-A563 and TRPV5-T563, the side chain carbon atom of V540 contacted with that of 
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residue 563 in the neighboring subunit. In this way, the structural and dynamical change of 

residue 563 may affect D542 through the interaction between residues A/T563 and V540.

3.2 A563T variation leads to structural change in the pore of TRPV5

To assess the potential effect of A563T variation on the structural change in TRPV5, helix 

occupancy analyses surrounding the pore region (residues 473-595) were performed for 

TRPV5-A563 and TRPV5-T563 (Figure 3). The overall helix occupancy of the TRPV5 pore 

didn’t differ substantially between TRPV5-A563 and TRPV5-T563 (66.05% vs. 67.08%). 

However, the helix occupancy in the region around residue 563 (residues 559 to 567, regions 

shaded in Figure 3) increased substantially (from 82.15% for TRPV5-A563 to 97.40% for 

TRPV5-T563). Thus, the A563T variation indeed results in a structural change in its 

vicinity. The lower helix occupancies around residue 563 were observed in monomers 3 and 

4 but not in monomers 1 and 2 in TRPV5-A563. In contrast, the helix occupancies were 

similar among monomers of TRPV5-T563.

To further investigate the change of helix propensity for the regions around residue 563, the 

helix occupancy was calculated during the course of simulation (Figure S5a). The helix 

occupancy in the region around residue 563 decreased in both TRPV5-A563 and TRPV5-

T563 along the course of the simulation. While the occupancy value of the regions in 

TRPV5-A563 gradually decreased to 80%, that in TRPV5-T563 maintained around 95% 

during the last 200 ns of simulation. Representative structures of monomer 3 in the regions 

around residue 563 clearly showed the helix structure was lost in TRPV5-A563 (Figure 

S5b), whereas it was maintained in TRPV5-T563 (Figure S5c).

The diameter of the opening of the pore is a determinant of ion transport activity. Since 

D542 is the critical residue for Ca2+-selectivity (17, 54), the distance of the carboxylate 

oxygen atoms in D542 between the diagonally opposed TRPV5 monomers was chosen to 

represent the diameter of the TRPV5 pore. To give a clear view of the structural change 

caused by the A563T variation, snapshots of the representative structures representing the 

distance changes of the key residues are shown in Figure 4. In the initial modeled structure, 

the distance value of the diagonally opposed carboxylate oxygen atoms of D542 was 10.22 

Å (Figure 1). Over simulation time, this distance decreases to 5.49 ± 0.61 Å in TRPV5-

A563, whereas it decreases to 4.42 ± 0.21 Å in TRPV5-T563. This difference is statistically 

significant, indicating the A563T variation may alter the diameter of the pore. This may 

affect Ca2+ movements and Mg2+ blockade, which are mainly determined by D542.

Besides D542 (the selectivity residue), V540 and T539 lie along the ion transport pathway 

of the pore in the initial model (Figure 1). Residues V540 and T539 respectively correspond 

to M644 and G643 of TRPV1, which form a restriction point in the TRPV1 pore (5.9 Å for 

diagonally opposed M644 and 4.6 Å for diagonally opposed G643) (20). To investigate 

whether V540 and T539 form a restriction point for TRPV5, the distances between the 

diagonally opposed V540 and T539 were also calculated (Figure 4). During the equilibrated 

simulation, the distance between the diagonally opposed backbone carbon atoms of V540 

increased to 13.89 ± 0.47 Å and 14.06 ± 0.33 Å in TRPV5-A563 and TRPV5-T563, 

respectively; that of T539 increased to 10.53 ± 0.45 Å and 9.84 ± 0.27 Å in TRPV5-A563 

and TRPV5-T563, respectively. These results indicate that V540 and T539 are not restriction 
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points in TRPV5 and they may not affect Ca2+ moving along the ion transport pathway in 

TRPV5.

The activation of TRPV1 not only involves a conformational change in the selectivity filter, 

but also the opening of the lower gate (residue I679) (20). In the unliganded structure of 

TRPV1, the distance between diagonally opposed I679 is 5.3 Å, whereas the distance 

increases to 9.3 Å when TRPV1 binds with its agonist. To study whether the lower gate still 

plays a role in TRPV5, the distance between the diagonally opposed side chain carbon atoms 

of I575 (corresponding to I679 in TRPV1) was also calculated (Figure 4). The averaged 

distance is 6.43 ± 0.37 Å in TRPV5-A563, whereas it is 6.49 ± 0.29 Å in TRPV5-T563. For 

both TRPV5 structures, the distance is 1.1 Å larger than the corresponding distance in 

unliganded TRPV1, which is still smaller than the distance in the activated TRPV1. Thus, 

the lower gate appears less important in Ca2+ influx than the selectivity filter in TRPV5. 

Even if it plays a critical role in Ca2+ transport, the A563T variation in TRPV5 does not 

result in significant changes in the lower gate.

3.3 A563T variation results in dynamical change in the pore of TRPV5

We next assessed the dynamical changes associated with the A563T variation in the pore 

region of TRPV5. The fluctuation motions of key residues, the coordinated movement of 

residues, and the collective motion of key residues were compared between TRPV5-A563 

and TRPV5-T563.

The fluctuation motions of the region containing residues 473-595 in TRPV5 were assessed 

by root mean square fluctuation (RMSF). This method provides residue fluctuation motions 

with respect to the average position. Overall, the fluctuation of TRPV5-A563 was higher 

than TRPV5-T563 across the region analyzed (Figure 5a). When zoomed in, the RMSF 

value of D542 in TRPV5-T563 was lower than that in TRPV5-A563 (Figure 5b, left panel). 

The RMSF values for residues 563 and 540 were also lower in TRPV5-T563 (Figure 5b). 

Collectively, the sum of RMSF values for the 3 residues was significantly higher in TRPV5-

A563 than in TRPV5-T563 (Figure 5c). Since residue 563 interacts with V540 in the filter, it 

is likely the decreased motion of T563 leads to less movement of V540, and in turn, less 

movement of the neighboring D542. This provides an explanation for how the A to T 

substitution at 563 alters the dynamics at D542, a key filter residue involved in Ca2+ 

permeability and Mg2+ blockade (17). Indeed, we previously observed an alteration in both 

Ca2+ uptake activity and Mg2+-sensitivity in the TRPV5-T563 variant (14).

We next assessed the coordinated movement in A563 and T563 variants using a dynamics 

cross-correlation map (DCCM) (Figure 6). Compared to TRPV5-A563, TRPV5-T563 has 

less correlated motions (regions I and II in the white boxes of Figure 6) and anticorrelated 

motions (regions III, IV, V, VI and VII in black boxes of Figure 6) between residues in 

different monomers. (The correlation details between the regions of the monomers are 

described in the Supporting Information.) These correlation data suggest that the A563T 

variation result in less correlated motion among residues of TRPV5. The correlation 

difference took place among the TRPV5 monomers, which are asymmetric dynamically. 

This stabilized dynamics among monomers may contribute to the increased efficiency of 

Ca2+ transport in TRPV5-T563.
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As described in the Material and Methods section, PCA (55) was utilized to determine the 

collective motion of residues in TRPV5. To clearly show the change of collective motion 

between filter residues and residues (559-567) around residue 563 caused by the A563T 

variation, only the first eigenvectors that dominate the principal component of motion for the 

two group residues are shown in Figure 7. In TRPV5-A563 (Figure 7a), while no significant 

motion was observed for the residues in monomers 1 and 3, the residues around A563 

exhibited departure motion between the opposite monomers 2 and 4 (black arrows in Figure 

7a). This likely enlarges the TRPV5 pore. In contrast, the residues around T563 in 

monomers 2 and 4 of TRPV5-T563 exhibited motion toward each other. This may induce a 

tighter channel pore. Accompanied with the motions around A563, the filter residues in 

monomers 1 and 2 of TRPV5-A563 also showed departure motion away from those in 

monomers 3 and 4. In contrast, the filter residues in the four monomers of TRPV5-T563 

showed collective motion in the same direction (red arrows in Figure 7b). This indicated that 

when Ca2+ ions were present in the pore, the A563T variation would result in closer filter 

residues. This is consistent with our fluctuation and coordinated motions results showing 

that the A563T variation may stabilize the TRPV5 pore. Possibly, this may lead to a higher 

efficiency for Ca2+ ions passing through the pore.

3.4 A563T variation alters the electrostatic potential in the outer surface of the TRPV5 pore

Electrostatic potential is an important factor in affecting the selectivity and transport of 

charged ions through channels (56). We calculated the electrostatic potential maps for 

TRPV5-A563 and -T563 (Figure 8). The negative potential is dominant on the outer surface 

of the TRPV5 pore, which attracts positively charged Ca2+ ions. When the alanine at 563 

was substituted by threonine, the surface electrostatic negative potential of TRPV5-T563 

became much smaller (Figure 8, left panels). In contrast to the change in the outer surface of 

the pore, the electrostatic potential in the inner pore was similar between TRPV5-A563 and 

TRPV5-T563 (Figure 8, right panels). The reduction of the outer electrostatic negative 

potential in the pore of TRPV5-T563 may reduce the energy required for Ca2+ ions to enter 

the inner pore and/or alter the interaction of the pore with Mg2+ ions. Although these data do 

not allow us to predict details of the interaction between the pore and cations, these changes 

are consistent with the alteration in Ca2+ uptake and Mg2+ sensitivity in the A563T variant 

of TRPV5.

3.5 A563T variation reduces the fluctuation of Ca2+ ions in the selective filter of the TRPV5 
pore

In the initial simulation, the five Ca2+ ions (Ca1 to Ca5) modeled in TRPV5 were restrained 

in their original positions (Figure 1). During the production simulation, the restraints were 

removed to investigate whether the five Ca2+ ions remain in their initial sites. This was 

evaluated by calculating the time-dependent distance between each Ca2+ ion and the center 

of the selective filter (Figure S6a). In both systems, Ca1 and Ca2 moved away from their 

initial sites. In contrast, Ca3, Ca4 and Ca5 remained in the selective filter during the 

simulation. Compared to TRPV5-A563, the remaining three Ca2+ ions in TRPV5-T563 were 

closer to the center of the ion translocation path (Figure 4). The RMSF values, which reflect 

the dynamical change of Ca2+ ions in the selective filter, were lower in TRPV5-T563 than 

Wang et al. Page 10

Biochemistry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



those in TRPV5-A563 (Figure S6b). This suggests that Ca2+ ions may have less horizontal 

movement along the ion translocation path of TRPV5-T563.

Both dynamical and structural asymmetry among the monomers of TRPV5 has been 

observed in this study, and this also helped to observe the differences between the TRPV5 

variants (Figures 6, 7 and 8). The dynamical asymmetry is evident for the collective motions 

(PCA analysis in Figure 7). While one pair of diagonal opposite TM6 in TRPV5-T563 

moved towards each other, that in TRPV5-A563 moved away from each other. PCA is 

usually used to investigate the long time dynamics of proteins (55). In MD simulation, both 

local fluctuations of each residue and collective motions among residues occur 

simultaneously. Using multivariate statistical analysis, PCA can extract the global and large 

collective motions from the local and fast motions. The collective motion often represents 

the long dynamics of a protein that is related to conformational change and functional 

motion in the protein. Thus, asymmetry of monomers indicated by the long trend dynamics 

may reveal the physiological character of TRPV5. Furthermore, helix occupancy in the 

region around residue 563 of TRPV5 also exhibited asymmetry in the monomers. Monomers 

3 and 4 of TRPV5-A563 lost their helix structure in this region, whereas the corresponding 

helix structure was maintained in the four monomers of TRPV5-T563 (Figure 3 and Figure 

S5). Asymmetry for the monomers is not specific for TRPV5 as it has been observed in 

some voltage-gated Na+ (57-59) and Ca2+ channels (60).

Our previous work indicates that A563T variation in TRPV5 increases Ca2+ influx and 

reduces Na+ transport by increasing the Mg2+ sensitivity of the channel (14). Previous 

studies by others indicated that D542 is the key residue in the pore that determines Ca2+ 

selectivity and Mg2+ sensitivity (17, 18). Because A/T563 is located in TM6, 20 amino-acid 

residues away from D542 in the pore, it was unclear how the residue at 563 affects Ca2+ 

transport and Mg2+ sensitivity. The availability of the TRPV1 structure made it possible to 

obtain further insight into this matter. Our results show that it is possible that A/T563 

interacts with V540, just one residue away from D542 in a neighboring subunit.

Our simulation was based on the alignment shown in Figure S1a where D542 of TRPV5 is 

aligned with D646 of TRPV1. The alignment is the same in the original study which 

determined the TRPV1 structure (19), and is consistent with the pore structure of Ca2+ 

permeable channels (TRPV1 and CavAb). The alternative alignment, where D542 of TRPV5 

is aligned with M644 of TRPV1 (Figure S1b), was better suited with KcsA and has been 

used to model TRPV5 when the TRPV1 structure was not available. In this model (Figure 

S2b), the position of D542 corresponds to V540 in our current model (Figure S2a). The 

finding that A/T563 interacts with V540 in the original model (Figure 2) suggests that D542 

in the alternative model may interact directly with A/T563. To test this proposition, 400 ns 

simulations were performed based on the alternative model using the same parameters and 

conditions to our original model. The contact numbers between residue 563 and filter 

residues in the alternative model (Figure S9) indicate that only P544 exhibited robust 

interaction with residue 563 in TRPV5-A563; however, both P544 and I541 interacted 

significantly with 563 in TRPV5-T563. D542 didn’t exhibit robust interaction with residue 

563 in either TRPV5-A563 or TRPV5-T563 as we originally thought. Unlike V540, D542 

was negatively charged and it was likely shifted toward the center of the pore where positive 
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charged Ca2+ ions were present (Figure S9). This may explain why robust interaction 

between residue 563 and D542 didn’t take place in the alternative model.

In addition, we also performed other structural (Figure S13), dynamical (Figures S10 and 

S12) and electrostatic (Figure S11) analyses for TRPV5-A563 and TRPV5-T563 using the 

alternative model, and results are summarized in the Supporting Information. Similar to the 

results observed in the original model, TRPV5-T563 exhibited lower surface electrostatic 

negative potential (Figure S11) and less collective motion of monomers (Figure S10) than 

TRPV5-A563. However, dynamical motion of D542 (Figure S12) and helix occupancy 

around residue 563 (Figure S13) didn’t differ substantially between the two TRPV5 variants 

in the alternative model.

Our original model exhibited smaller RMSD values (Figure S7) and more helix occupancy 

(Figure S8) than the alternative one in the modeled region of TRPV5, indicating our original 

model had smaller deviations from the initial structure. However, it is not easy to examine 

which model is correct without structural data. The cysteine-disulfide cross-linking approach 

is a useful tool to study the structure of TRPV5. However, cysteine mutations around the 

residue D542 resulted in non-functional channels, and therefore it was impossible to 

determine the accessibility of these residues (24). In addition, the A563C mutant was also 

non-functional (24). Although this indicates the importance of residue 563, it also made it 

challenging to study the interactions between this residue and its neighboring residues. A 

study that determines the structure of TRPV5 is necessary to solve these issues.

It is important to understand the mechanism by which A563T variation alters Ca2+ transport 

of TRPV5. The A563T variation provides an example of a mutation in a residue not directly 

involved in forming the pore of the channel influencing the pore dynamically. In addition to 

the ion transport mechanism, the A563T variation may contribute to the unique renal Ca2+ 

conservation mechanisms in African descendants. Compared to Caucasians, despite lower 

levels of serum 25-hydroxyvitamin D (but the same level of free 25-hydroxyvitamin D) (61), 

African Americans have a higher bone density (62), a lower fracture risk (63), and a lower 

prevalence of kidney stones (64). These observations indicate that African Americans have 

unique mechanisms to conserve Ca2+. Consistent with this, African Americans show lower 

urinary excretion of Ca2+ than whites (65-67). TRPV5 is expressed in the distal convoluted 

tubule and connecting tubule in the kidney, and plays an important role in determining how 

much Ca2+ is excreted into the urine (15, 16). A L530R mutation in TRPV5 was recently 

found to be associated with recurrent kidney stones (68). The A563T variation of TRPV5, 

which is expected to increase Ca2+ reabsorption, could contribute to the lower urinary Ca2+ 

excretion, and in turn, the lower prevalence of kidney stones and the higher bone mineral 

density in African Americans. Although A563T variation has a moderate allele frequency 

(10-15%) in African Americans, it may be one of multiple factors contributing to their lower 

urinary Ca2+ excretion. A detailed mechanistic understanding of the impact of this variation 

in TRPV5 will be helpful in finding new strategies to increase bone mineral density by 

enhancing Ca2+ reabsorption and to prevent kidney stone disease.

The molecular dynamics simulation approach reveals that the A563T variation may increase 

the nearby occupancy helical structure, and decrease the pore size as measured by the 
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distance between diagonally opposed D542 residues. In addition, the A563T variation also 

affects the coordination motion of the residues around the pore, and decreases the negative 

potential difference at the outer surface of the pore. These alterations in the A563T variant 

provide a structural basis for the observed functional changes observed earlier. Furthermore, 

it also provides an interesting example that a distant residue could lead to changes in the 

pore.

The all-atom MD simulation approach used in this study provides the detailed structural and 

dynamical changes induced by the A563T variation. This level of resolution cannot be 

achieved by other approaches at present. However, it also consumes tremendous 

computational resources if the entire transmembrane region of TRPV5 is simulated. Even 

though this may be achieved eventually, it is not feasible to model the TRPV5 structure in its 

entirety at present. We chose the most relevant region in TRPV5, hoping that this would be 

sufficient to provide insights into how the A563T variation could alter the key residues 

forming the pore of TRPV5. However, as we learned from the current study, alteration of a 

distant residue may result in changes in other regions of the protein. Although the results 

obtained in this study provide a feasible explanation of how A563T variation affects the 

channel pore, our results are limited by the sequence divergence between TRPV5 and the 

TRPV1, the deletion of residues 604-626 in the TRPV1 structure template, and the choice of 

alignment between TRPV5 and TRPV1. Thus, further experimental and theoretical research 

is needed to confirm our results and provide more details of the structure of TRPV5 as well 

as changes caused by the A563T variation.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Initial modeled structure of the TRPV5 pore from a top view (a) or side view (b)
Only two diagonally opposed monomers are shown in Figure (b) for clarity. The structure 

was modeled based on the structure of TRPV1 using homology modeling. The TRPV5 

sequence used in the modeling is shown in Figure S1a. Each monomer of TRPV5 is 

represented by a unique color (cyan, yellow, tan, and orange, respectively). Residues A563 

(blue), filter residues (T539 (purple), V540 (green), I541 (grey), and D542 (red)), residue 

I575 (black) and five Ca2+ ions (pink) in TRPV5 are indicated.
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Figure 2. Interaction between V540 and residue 563 in the neighboring subunit
(a)Time-dependent contact number between each filter residue and residue 563 in TRPV5-

A563 (left) and TRPV5-T563 (right). (b) and (c), Representative structures exhibiting the 

interaction between V540 and A/T563. The residue colors are the same to those in Figure 1. 

To clearly show the interaction, the view of the enlarged figure is oriented, and the carbon 

and hydrogen atoms for V540 and A/T563 in the center of the enlarged figures are colored 

in cyan and white, respectively. Distance between a V540 and its neighboring residue 563 is 

shown in the enlarged figures.
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Figure 3. Residues of α-helix occupancy of TRPV5-A563 and TRPV5-T563
The overall percentage helix of the region covering amino-acid residues 473-595 in each of 

the four monomers of TRPV5 was calculated and expressed as the overall helicity in that 

region divided by the total residue number of that region. The shaded region represents 

residues 559 to 567 around A563 (upper panel) or T563 (lower panel) in each TRPV5 

monomer.
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Figure 4. Distances between key residues in the diagonally opposed subunits of TRPV5-A563 (a) 
and TRPV5-T563 (b)
The distance is averaged from the two different diagonally opposed subunit groups. 

Distances between diagonally opposed carboxylate oxygen atoms of D542, between 

diagonally opposed backbone carbon atoms of V540, between diagonally opposed carbonyl 

oxygen atoms of T539, and between diagonally opposed side chain carbon atoms of I575 are 

shown.The standard deviation was calculated based on the statistically independent periods 

of MD simulation trajectories as described in Statistical methods in the Materials and 

Method section. * indicates that the difference is statistically significant based on the mean 

and standard deviation of the analyzed variable (Student’s t-test, p < 0.05). Three Ca2+ ions 

remained inside the channel (Ca3, Ca4 and Ca5) are shown in the figures.
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Figure 5. Root mean square fluctuation (RMSF) comparisons between TRPV5 variants
(a) RMSF comparison for the four monomers of TRPV5. Monomers are separated by black 

dashed lines. The regions between green dashed lines and between blue dashed lines are 

zoomed in and shown in the left and right panels of Figure b, respectively. (b) RMSF 

comparison for residues around D542 (left panel) and around residue 563 (right panel). The 

green and blue dashed lines in the left panel indicate the positions of V540 and D542, 

respectively. The blue dashed line in the right panel indicates the position of A/T563. (c) The 

RMSF values summed from V540, D542 and residue 563 of TRPV5-T563 are significantly 

lower than those of TRPV5-A563. The standard deviation was calculated based on the 

statistically independent periods of MD simulation trajectories as described in Statistical 

methods in the Materials and Method section. * indicates that the difference is statistically 

significant based on the mean and standard deviation of the analyzed variable (Student’s t-

test, p < 0.05).
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Figure 6. Dynamical cross-correlation maps (DCCM) for the comparison of the degree of 
correlated motion of the residues in TRPV5-A563 (top right) and TRPV5-T563 (bottom left)
The red color shows the correlation between residues, whereas the blue color shows the 

anticorrelation between residues. The changed regions of positive correlation are represented 

in white boxes, whereas the changed regions of anticorrelation in black boxes.

Wang et al. Page 22

Biochemistry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. Principal component analysis (PCA) for the comparison of the collective motion 
between TRPV5-A563 (a) and TRPV5-T563 (b)
Red arrows indicate the motion of filter residues (in orange) along the first PC, while blue 

arrows indicate the motion of residues around A/T563 (in yellow) along the first PC. Black 

arrows represent the difference of collective motion between TRPV5-A563 and TRPV5-

T563.

Wang et al. Page 23

Biochemistry. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Comparison of the electrostatic potential between TRPV5-A563 (a) and TRPV5-T563 
(b)
Top view of the surface electrostatic potential for TRPV5 pore is shown in the left figure, 

whereas side view of the electrostatic potential projected on the inner pore’s van der Waals 

surface is shown in the right figure. Dashed circles indicate the outer surface of channel 

pore.
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