
CHAPTER 3

MOLECULAR DETERMINANTS OF 
TRPC6 CHANNEL RECOGNITION 
BY FKBP12

PENG TAO,1 JOHN C. HACKETT,2 JU YOUNG KIM,3 
DAVID SAFFEN,4 CARRIGAN J. HAYES,5 
and CHRISTOPHER M. HADAD6

1Department of Chemistry, Southern Methodist University, 
3215 Daniel Avenue, Dallas, Texas 75275–0314, USA,  
E-mail: ptao@smu.edu

2Institute for Structural Biology and Drug Discovery, Virginia 
Commonwealth University, 800 East Leigh Street, Richmond, 
Virginia 23219, USA

3Institute for Cell Engineering, Johns Hopkins University School 
of Medicine, 733 N Broadway, Baltimore, Maryland 21205, USA

4Department of Cellular and Genetic Medicine, School of Basic 
Medical Sciences, Fudan University, 130 Dongan Rd, Shanghai 
200032, P.R. China 

5Department of Chemistry, Otterbein University,  
1 South Grove Street, Westerville, Ohio 43081, USA

6Department of Chemistry, The Ohio State University,  
100 W. 18th Ave., Columbus, Ohio 43210, USAA

pp
le

 A
ca

de
m

ic
 P

re
ss

A
ut

ho
r C

op
y

For Non-Commercial Use



70 Computational Chemistry Methodology

CONTENTS

Abstract ................................................................................................... 70
3.1 Introduction .................................................................................... 71
3.2 Computational Methods ................................................................. 73
3.3 Results and Discussion .................................................................. 78
3.4 Conclusions .................................................................................... 92
Acknowledgments ................................................................................... 93
Keywords ................................................................................................ 93
References ............................................................................................... 94

ABSTRACT

Transient receptor potential-canonical 6 (TRPC6) calcium channels are cur-
rently the subject of intense investigation due to their roles in  modulating 
smooth muscle tone in blood vessels and lung airways. TRPC6  channels are 
also proposed to mediate physiological processes in the kidney, immune system 
and central nervous system. We previously reported that binding of the immu-
nophilin FKBP12 (FK506 binding protein–12 kDa) to a TRPC6 intracellular 
domain is a prerequisite for the formation of a multi-protein complex involved 
in channel regulation. This study also demonstrated that binding of FKBP12 
to TRPC6 requires prior phosphorylation of Ser768 in the putative TRPC6 
binding domain. To study the elements of molecular recognition in FKBP12 
for the TRPC6 intracellular domain, we performed molecular dynamics simu-
lations in explicit solvent on model complexes containing FKBP12 and the 
following: (i) the unphosphorylated wild-type TRPC6 intracellular binding 
domain, (ii) the wild-type TRPC6 binding domain containing a phosphory-
lated Ser768 residue, and (iii) TPRC6 peptides in which Ser768 was replaced 
with Asp or Glu. Simulations using the Generalized Born/Surface Area model 
(MM-GB/SA) predicted favorable binding and small conformational fluctua-
tions for the FKBP12/phosphorylation Ser768 TRPC6 peptide complex, due 
to the strong interactions between the phosphate group and Lys44, and Lys47 
residues in the FKBP12 binding site. Decomposition of the binding free ener-
gies into each amino acid residue identified additional important structural 
 elements necessary for this protein-protein interaction.
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Molecular Determinants of TRPC6 Channel Recognition 71

3.1 INTRODUCTION

Transient receptor potential-canonical (TRPC) channels are members 
of the mammalian TRP channel superfamily of cation channels [1, 2]. 
The seven known subtypes of TRPC channels (TRPC1–7) are widely 
expressed in cells and tissues, where they mediate the influx of extracel-
lular Ca2+ and/or Na+ in response to the activation of cell surface receptors. 
These influxes regulate key cellular functions, including contraction of 
smooth muscle, activation of immune cells, mobility of neuronal growth 
cones, and cell proliferation and migration. Because many of these func-
tions are relevant to human disease, there is currently considerable inter-
est in developing agents that activate or inhibit TRPC channels for use as 
therapeutic drugs [3–6].

Native TRPC channels comprise four protein subunits, which are sym-
metrically organized around a central pore. Each subunit contains six trans-
membrane (TM) domains and a single membrane-loop domain (located 
between TM5 and TM6) that contributes to the channel pore. The amino- 
and carboxyl-termini of each subunit are located on the intracellular side of 
the membrane. TRPC3, TRPC6 and TRPC7 channels are structurally and 
functionally related and constitute a subfamily of TRPC channels [7, 8]. 
Each of these subtypes can form homotetrameric channels or combine with 
other subfamily members to form heterotetrameric channels.

Understanding the molecular mechanisms involved in the regulation of 
TRPC channels will be important for the identification of novel drug targets 
for TRPC channel-regulated processes. Moreover, these have motivated the 
search for post-translational modifications that alter the function of TRP 
channels [9] and proteins that interact with the channels [10]. As mentioned 
above, TRPC3/6/7 channels are regulated by PKC, which phosphorylates 
the channels on a conserved serine residue in the carboxyl-terminal region 
(Ser712 in TRPC3 [11] and Ser714/Ser768 in TRPC6A/B [12]). By con-
trast, phosphorylation of TRPC3 by Src [13] and TRPC6 src-family tyrosine 
kinases [14] is required for maximal channel activation. TRPC3/6/7 chan-
nels have also been shown to directly bind several proteins including the 
calcium binding protein calmodulin [15, 16], the IP3 receptor of the endo-
plasmic reticulum [17] and the adapter protein Homer [18, 19]. Studies by 
Schiling et al. [20] have shown that TRPC3/6/7 channels also contain a bind-
ing site for the immunophilin FKBP12 (FK506 binding protein–12 kDa) 
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72 Computational Chemistry Methodology

within the carboxyl-terminal cytoplasmic domain.  Site-specific mutagen-
esis studies demonstrated that FKBP12 binds to the consensus sequence 
LPXPFYLVPSPK (X = P, V or S; Y = S or N). The serine residue within 
this segment is the target for PKC phosphorylation: Ser768 in the TRPC6A 
splice variant and Ser714 in the TRPC6B splice variant.

We previously showed that FKBP12 is a component of a TRPC6-
centered protein complex that rapidly forms following activation of endog-
enous M1 mAChR [12]. Data from that study suggest that the following 
events take place following activation of M1 mAChR with carbachol. First, 
a protein complex containing M1 mAChRs, TRPC6 channels and PKC 
rapidly assembles within the cell membrane. Second, PKC phosphorylates 
the TRPC6 channels on Ser768/Ser714. Third, phosphorylation of Ser768/
Ser714 creates a binding site for FKBP12. Fourth, binding of the FKBP12 
to TRPC6 results in the recruitment of the calcineurin/calmodulin to the 
complex. Finally, the channels are dephosphorylated by the calcineurin, 
releasing M1 mAChR from the complex.

A novel aspect of the above sequence of events is the observation 
that TRPC6 channel phosphorylation by PKC is required for the binding 
of FKBP12. Evidence for this includes the observation that coimmuno- 
precipitation of the channels and FKBP12 is blocked when channel phos-
phorylation is attenuated by PKC inhibition or by substitution of Ser768/
Ser714 with alanine or glycine [12]. Taken together, these studies show that 
phosphorylation of TRPC6 channels by PKC and the subsequent binding of 
FKBP12 play a central role in the regulation of TRPC6 channel trafficking 
and, thus, indirectly regulate TRPC6 channel activity. As described below, 
these studies implicate specific amino acid residues within each protein and 
predict that binding requires phosphorylation of Ser768/Ser714.

Molecular dynamics (MD) simulations and binding free energy calcula-
tions using implicit solvent models are powerful tools to study the interactions 
between biomacromolecules. It has been shown in numerous studies that sim-
ulation of protein-ligand complexes can provide detailed insight into ligand 
binding modes. Furthermore, their binding free energies may be accurately 
using a combination of molecular mechanics internal energies, solvation free 
energies, and vibrational entropies [21–29]. Recently, the Generalized born 
(GB) method was improved to produce comparable results with Poisson–
Boltzmann (PB) method with much reduced computational cost [30, 31]. 
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Molecular Determinants of TRPC6 Channel Recognition 73

All of these computational advantages make calculation of binding free 
energy of protein complexes based on MD trajectory feasible. In particular, 
there is significant precedent for application of these computational methods 
for calculation of ligand binding free energies to FKBP12 [32–36]. In this 
chapter, these techniques are successfully applied to expand our understand-
ing of the determinants of the FKBP12-TRPC6 protein-protein interaction.

3.2 COMPUTATIONAL METHODS

3.2.1 TRPC6 PEPTIDE DOCKING

A prerequisite for using MD to study protein-peptide interactions is a 
template that provides information about the location and nature of the 
peptide binding site on the receptor protein. To date, co-crystal structures 
of FKBP12 have been determined with fragments of the TGF-β recep-
tor Type I (TGFβTRI; PDB entry: 1B6C) [37], bone morphogenetic pro-
tein receptor type–1B (PDB entry: 3MDY) [38], and the kinase domain 
of the type I activin receptor (PDB entry: 3H9R) [39]. In each structure, 
FKBP12 predominantly interacts with a leucyl-prolyl-initiated α-helix on 
the C-terminal side of the binding partner GS domain. The structure of 
FKBP12, partner α-helix, and binding mode are essentially identical in 
the three protein complexes. Furthermore, the amino acid sequences of 
the leucyl-prolyl-initiated peptides constituting these α-helices are also 
strongly conserved. The strong sequence and structural conservation in 
these protein-protein interactions are illustrated in the Figure 1. Sinkins 
and co-workers demonstrated that the analogous leucyl-prolyl-initiated 
peptide 759LPVPFNLVPSP769 of TRPC6 mediates its interaction with 
FKBP12 [20]. Since this sequence has been demonstrated experimentally 
to mediate the FKPB12-TRPC6 interaction and the structure of FKBP12 
domains of similar sequences are strongly conserved, the structure of the 
TRPC6 peptide was initially modeled on the α-helical structure of the 
TGFβTRI peptide.

To generate the initial geometries of the TRPC6 peptide, the 
193LPLLVQRTIAR203 helix was excised from the crystal structure of the 
FKBP12-TGF-β receptor Type I fragment complex, and the amino acids 
corresponding to those found in TRPC6 were introduced. In addition to 
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74 Computational Chemistry Methodology

the unphosphorylated and phosphorylated wild-type peptides, Ser768Asp 
and Ser768Glu mutants were also modeled. Each peptide was capped with 
methyl and acetyl groups at the N- and C-terminal ends, respectively. These 
peptides were then fully optimized using the AMBER ff94 force field [40]. 
Possible modes of peptide binding were explored using the DOCK 5.2.0 
suite of programs [41], to generate initial structures for MD simulations. In 
doing so, the FKBP12 receptor was extracted from PDB structure 1B6C; 
protons were added in a manner consistent with physiological pH; and 
charges from the ff94 force field were applied. In docking calculations, 
the helical peptides were oriented into the FKBP12 binding site as a rigid 
body considering a maximum of 2 × 106 orientations. Torsional angles in 
the peptides for each binding mode were minimized to optimize the total 
energy score using the simplex minimizer in the DOCK suite of programs 
[42, 43]. Additional details of the docking methodology and energy scores 
for the peptides are listed in Table 3.1.

3.2.2 MD SIMULATION OF FKBP12-TRPC6 PEPTIDE 
COMPLEXES AND ISOLATED BINDING PARTNERS

In addition to the four FKBP12-TRPC6 peptide complexes, MD simula-
tions of the isolated species (FKBP12 and the various TRPC6 peptides) 

TABLE 3.1 DOCK Energy Scores (kcal/mol) for the Preferred Modes of TGF-β 
Receptor Type I and TRPC6 Peptides Binding to the FKBP12 Receptora

Peptide Van der Waals Electrostatic Total Energy Score

LPLLVQRTIARb –36.2 –1.4 –37.6
LPVPFNLVPSP –36.3 –3.5 –39.8
LPVPFNLVPpSP –28.4 –12.3 –40.7
LPVPFNLVPDP –33.6 –5.0 –38.5
LPVPFNLVPEP –31.1 –12.5 –43.6

aA Connolly solvent-accessible surface of FKBP12 was generated with a probe radius of 1.4 Å for 
input to the SPHGEN program, from which a set of 57 overlapping spheres defining the FKBP12 
binding pocket was created. DOCK scoring grids with dimensions of 42×34×24 Å were created with 
the GRID program, using electrostatic potential charges from ff94 and van der Waals parameters 
from the ff99 force field.
bTGF-β receptor Type I peptide.
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Molecular Determinants of TRPC6 Channel Recognition 75

were also conducted. For FKBP12 alone, the initial structure was taken 
from the crystal structure (PDB ID: 1B6C), and the initial structures of the 
four peptides were prepared as noted above. All of the MD simulations 
were conducted with the AMBER 8 suite of programs [44]. The all-atom 
force field ff03 of Duan et al. [45] was used, and the simulations were con-
ducted with explicit water solvent, represented by the TIP3P model [46]. 
Proteins and protein-peptide complexes were immersed in a box of water, 
with a minimum distance of 10 Å between the protein complex and the 
box surface, and included approximately 20,000 atoms. Periodic boundary 
conditions were applied, using the particle mesh Ewald [47–51] method 
for the long-range electrostatic treatment. The SHAKE bond-length con-
straint method [52] was applied to constrain the length of covalent bonds 
containing hydrogen during the simulations. A non-bonded interaction 
cutoff value of 8 Å was used. After initial optimization, all of the systems 
were equilibrated in 4000 steps, and heated from 0 to 300 K in the NVT 
ensemble. Then, 20 ns production runs were conducted under isothermal-
isobaric ensemble (NPT) conditions, at 300 K and 1 bar. A time constant 
of 1.2 ps was used for heat bath coupling, and 2.0 ps was used as the relax-
ation time for pressure regulation [53]. The time step was 1 fs for all of 
the 20 ns MD simulations, and in each case, coordinates were saved every 
100 steps. Details of each simulation system are listed in Table 3.2.

TABLE 3.2 MD Simulation Details of FKBP12, Probe Peptides and Their Complexes

Structure Water Molecule 
Number

Box 
Dimension 
(Å)

Length of the 
simulation 
(ns)

Equilibrium 
Time (ps)

FKBP12 5603 58×72×58 20 4
WT 3502 55×51×50 20 4
pWT 3526 54×55×49 20 4
Ser768Asp 3423 50×57×50 20 4
Ser768Glu 3442 50×56×50 20 4
FKBP12-WT 5525 58×72×58 20 4
FKBP12-pWT 5681 58×72×60 20 4
FKBP12-Ser768Asp 5614 58×72×59 20 4
FKBP12-Ser768Glu 5643 58×72×59 20 4
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76 Computational Chemistry Methodology

3.2.3 MM/GB-SA FREE ENERGY OF BINDING CALCULATIONS

For each peptide, the free energy of binding to FKBP12 was computed 
using the MM-GB/SA method [54], available in the AMBER program 
suite. This method uses a thermodynamic cycle to calculate the free energy 
of binding for each ligand, in this case the TRPC6-derived peptides, to 
the FKBP12 receptor [55, 56]. The free energies of binding are computed 
using the equation:

 ∆ ∆ ∆ ∆G G G Gbinding
sol

complex
sol

receptor
sol

ligand
sol= − −  (1)

where ΔGbinding
sol  is the total free energy of binding in solution, and ΔGcomplex

sol , 
ΔGreceptor

sol  and ΔGligand
sol  are free energies in solution of the complex, receptor 

and ligand, respectively. The free energy in solution of each entity (ΔGsol) 
is calculated by the following equations:

 ΔGsol = ΔGgas + ΔGsolvation (2)

 ΔGgas = Einternal + Evdw + Eelectrostatic – TΔS (3)

 ΔGsolvation = ΔGGB + ΔGnonpolar (4)

where ΔGgas is the free energy in gas phase, and ΔGsolvation is the  solvation 
energy. ΔGgas is the sum of the internal energy (Einternal), van der Waals 
(Evdw) and Coulombic (Eelectrostatic) interaction, as grave well as entropic 
contributions (ΔS). The internal energy includes bond stretching, bond 
angle, and torsional contributions to the total molecular mechanics (MM) 
energies. The solvation energy ΔGsolvation includes polar (ΔGGB) and non-
polar contributions (ΔGnonpolar). The thermodynamic cycle for binding free 
energy calculation is illustrated in Figure 3.1.

For a given FKBP12 TRPC6 peptide complex, the MM-GB/SA method 
requires snapshots from the MD trajectories for that complex, as well as 
from those of FKBP12 and the peptide alone. The first 2 ns of the MD 
simulation were considered as an equilibration period and were discarded 
for the free energy of binding calculations. For each complex, 1,000 snap-
shots were evenly extracted from the remaining 18 ns of MD trajecto-
ries for the free energy calculations. Water molecules were stripped from 
these snapshots for binding energy calculations. The contributions to the 
total free energy of binding include Coulombic interactions (Eelectrostatic), 
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Molecular Determinants of TRPC6 Channel Recognition 77

van der Waals interactions (Evdw), internal energies including bond stretch-
ing, angle bending, and torsional energies (Einternal), hydrophobic effects 
(ΔGnonpolar), solvation effects (ΔGGB) and entropic effects (TΔStotal). The 
entropies used in computing the composite binding free energies for the 
free energy calculations were calculated by the normal mode (NMODE) 
module available in AMBER package [57, 58]. Each snapshot was opti-
mized in the gas-phase using conjugate gradient method with atomic pair 
distance-dependent dielectric model. After geometry optimization, fre-
quencies of the vibrational modes were computed to obtain the harmonic 
approximation of entropy at 300K.

The contribution of each individual residue to the binding free energy 
was also analyzed by means of component analysis [59]. The free energy 
contribution of each residue G(i, j), where i and j are indices of snapshots 
and residues, were estimated using Eq. (5):

 G(i, j) = Egas(i, j) + Gsolvation(i, j) – TS(i, j) (5),

where G(i, j) is the total free energy, Egas includes Eelectrostatic, Evdw, and 
Einternal, Gsolvation includes ΔGGB and ΔGnonpolar, i and j are indices of snap-
shots and residues, respectively. Internal energies (bond, angle, and dihe-
dral angle) were weighted based on the number of atoms that belong to 
each of the residues. Van der Waals contributions to the energy arising 
from atoms in a pair of residues were evenly distributed between those 
residues. The solvent-accessible surface area of each atom was estimated 
using the interaction geometry model described by Rarey et al. [60]. The 

FIGURE 3.1 Thermodynamic cycle for binding free energy calculation of FKBP12 and 
probe peptides.
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electrostatic energy was decomposed based on charge distribution within 
the GB model [59]. The decomposition of desolvation free energies, ΔGGB 
and ΔGnonpolar, was applied based on linear combination of pairwise over-
laps (LCPO) method. When decomposing the binding free energy contri-
butions into amino acid residues, the method of Fisher et al. [62] was used 
to calculate the translational, rotational, and vibrational entropies.

3.3 RESULTS AND DISCUSSION

3.3.1 TRPC6 PEPTIDE DOCKING. 

An initial study was performed to validate the docking protocol, as 
well as the computational definition of the FKBP12 receptor and the 
peptides as ligands. Docking of the 193LPLLVQRTIAR203 peptide from 
TGFβTRI was performed with the computational model of the FKBP12 
receptor in order to validate the docking procedure. This computational 
method did indeed reproduce the experimentally-derived binding mode 
of the TGFβTRI peptide with FKBP12, with a root-mean square devia-
tion (RMSD) of 1.7 Å, as displayed in Figure 3.2.

FIGURE 3.2 Superimposed crystal structures of FKBP12 with TFGβ receptor peptide 
(PDB code: 1BC6, LPLLVQRTIAR), bone morphogenetic protein receptor type–1B 
peptide (PDB code: 3MDY, LPLLVQRTIAK) and kinase domain of the type I activin 
receptor peptide (PDB code: 3H9R, LPFLVQRTVAR). RMSD value between docked and 
crystal TFGβ receptor peptide is 1.72 Å.
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Molecular Determinants of TRPC6 Channel Recognition 79

Given this increased confidence in our computational procedure and 
the experimental precedent for FKBP12 binding to α-helical domains 
(PDB code: 1B6C, 3H9R and 3MDY), docking of four TRPC6 pep-
tides to FKBP12 was subsequently performed. The unphosphorylated 
(WT) and phosphoSer768 wild-type (pWT) TRPC6 peptides, as well 
as Ser768Asp and Ser768Glu mutants of TRPC6 were oriented into the 
FKBP12 binding pocket. From this point forward, the unphosphory-
lated and phosphorylated wild-type peptide will be referred as WT and 
pWT, respectively. The two mutants will be referred to as Ser768Asp 
and Ser768Glu, respectively. The top-scoring binding modes for the 
TGFβTRI and pWT peptides are displayed in Figure 3.2. On the basis of 
the DOCK energy score, the most energetically-favorable binding modes 
of the TRPC6 peptides reveal a different orientation relative to the exper-
imental binding mode of the TGFβTRI peptide. The energy scores for 
peptides containing a negatively-charged amino acid at position 768 are 
dominated by a significant electrostatic contribution (Table 3.1), result-
ing from the binding of the anionic side chain between two surface lysine 
residues of FKPB12 (Lys44 and Lys47). These lysine residues do not 
establish interactions with the α-helical binding domain of TGFβTRI, 
bone morphogenetic protein receptor type–1B, or the kinase domain of 
the type I activin receptor (Figure 3.2). Furthermore, crystal structures 
indicate these residues do not contact FK506 [63].

Direct structural characterization of the delicate interactions constitut-
ing the phosphorylated TRPC6-FKBP12 binding interface pose difficul-
ties for experiment. Thus, we employed MD simulations in explicit solvent 
to characterize the features of FKBP12 important for recognition of this 
phosphoprotein. These MD simulations were used to evaluate the stability 
of the protein-peptide complexes and to highlight the important residues 
involved in mediating these interactions. In combination with equivalent 
simulations of the isolated species, these simulations allowed the compu-
tation of the binding free energies of the various peptides to FKBP12.

3.3.2 RMSD OF FKBP12-PEPTIDE COMPLEXES

We computed the RMSD deviation for the FKBP12-peptide complexes 
over the course of each 20 ns MD simulation relative to the initial coordinates 
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80 Computational Chemistry Methodology

of the production MD simulation (Figure 3.3). All of the  protein atoms 
were included in the RMSD calculations. During the first 2 ns, the RMSD 
values increased to ~3 Å. Beyond this time, each protein-peptide com-
plex remained stable for the course of the simulation, although there were 
notable differences in their relative flexibility as determined by decom-
position of the RMSD values into each residue (vide infra). The average 
RMSD of the FKBP12-WT complex is 3.4 ± 0.1 Å. The complex contain-
ing the pWT peptide was more stable, with an average RMSD of 3.0 ± 
0.1 Å from 3 to 20 ns. Apparently, phosphorylation of Ser768 restricts 
the conformational freedom of the protein-peptide complex, which could 
facilitate the formation of the multi-protein complex observed experimen-
tally [12]. Due to the apparent importance of a negatively charged residue 
at position 768 of TRPC6, mutations were introduced in this position to 
test the hypothesis that that anionic amino acids would behave similarly 
to the phosphorylated peptide. The Ser768Asp and Ser768Glu peptides 
displayed greater RMSD (3.8 ± 0.3 Å and 3.6 ± 0.2 Å between 3 and 20 ns, 
respectively) in their respective MD trajectories than the WT peptides, 
despite their electrostatic similarity to the phosphorylated peptide. These 
simulations indicated that intrinsic properties of the phosphate functional-
ity (or interactions other than electrostatic contributions of the negatively 
charged side chain) may contribute to TRPC6 binding.

FIGURE 3.3 RMSD of the four complexes during 20 ns MD simulations.
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Molecular Determinants of TRPC6 Channel Recognition 81

To quantify changes in individual FKBP12 residues as a result of 
 peptide binding, the RMSD of each residue relative to those of an isolated 
FKBP12 trajectory were calculated (Figure 3.3). WT- and pWT-bound 
FKBP12 residues demonstrate comparable values to unbound FKBP12. 
In contrast, regions of the Ser768Asp- and Ser768Glu-FKBP12 com-
plexes displayed larger RMSD values than unbound FKBP12, especially 
in the 9PGDGRTFPKRG19 (referred as 10 loop), 31EDGKKF36 (30 loop) 
and 84ATGHPGIIPPH94 (80–90) regions (Figure 3.4).

Gohlke and Case [64] proposed two approaches for computing  binding 
free energies using the MM-GB/SA method. The single- trajectory approach 
relies upon the MD trajectories of the protein-protein complex alone, 
hence all of the necessary trajectory frames of each binding partner are 
extracted from the complex trajectories. The alternative separate- trajectory 
approach requires independent MD simulations of the protein-protein com-
plex and the isolated binding partners. The computational economy of the 
single-trajectory approach is obvious. However, a limitation of the single-
trajectory approach is that its accuracy depends on whether the binding 
partners undergo significant conformational changes during the binding 
event. When different results arise from these two approaches, the separate-
trajectory approach is considered to be more reliable, since each entity is 
independently simulated to model its actual state before and after binding. 
Although both approaches were applied in the present study, the remainder 

FIGURE 3.4 Average residue fluctuation of FKBP12 in MD simulations relative to 
isolated FKBP12.
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of the discussion is primarily devoted to the results obtained considering 
separate trajectories of the binding partners. Unless otherwise noted, sin-
gle-trajectory results are reserved for the Supporting Information.

3.3.3 FREE ENERGY OF BINDING CALCULATIONS

Calculated binding free energies of the four complexes using their respec-
tive MD trajectories are listed in Table 3.3. All of the energy terms and 
their corresponding standard errors calculated by the MM-GB/SA method 
are provided in the Supporting Information (Table 3.4). Using the sepa-
rate-trajectory approach, the free energy of the pWT-FKBP12 complex 
was calculated to be 4.8 kcal/mol, only 0.9 kcal/mol different from result 
based on single-trajectory method (Table 3.3). This result indicates that 
the FKPB12 and pWT binding event does not involve significant overall 
conformational changes.

In contrast, the difference in the free energies of binding calcu-
lated by the two methods for the FKBP12-WT complex is much larger 
(~10 kcal/mol). The result based on separate-trajectory method is consistent 
with the experimental observation that FKBP12 does not bind unphosphor-
ylated TRPC6 in vitro [12]. Accurate calculation of binding free energies 
using the single-trajectory approach requires that the isolated binding part-
ners maintain their unbound conformations in the complex; hence it possi-
ble that phosphorylation conformationally restrains the peptide for binding 
to FKBP12. The free energy required to induce this conformational shift of 
the unphosphorylated peptide in the single-trajectory approach is absent, 
resulting in an erroneous prediction of the binding energy.

TABLE 3.3 Binding Free Energy (kcal/mol) of FKBP12 and Peptide Complexesa

TRPC6 peptide Single-trajectory Separate-trajectory

WT –5.4 4.5

pWT –5.7 –4.8
Ser768Asp 1.3 28.0
Ser768Glu 0.0 14.1

aEntropic contribution to the binding free energy was calculated using normal mode analysis 
(NMODE in AMBER).

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Molecular Determinants of TRPC6 Channel Recognition 83

TA
B

LE
 3

.4
 

B
in

di
ng

 F
re

e 
En

er
gy

 C
om

po
ne

nt
s o

f F
K

B
P1

2 
an

d 
Pr

ob
e 

Pe
pt

id
es

 C
om

pl
ex

es

FK
B

P1
2 

an
d 

W
ild

 ty
pe

 T
R

PC
6 

Pe
pt

id
e 

C
om

pl
ex

C
on

tr
ib

ut
io

ns
 

(k
ca

l/m
ol

)a
FK

B
P1

2-
 W

ild
-

ty
pe

 C
om

pl
ex

FK
B

P1
2 

(b
ou

nd
)

W
ild

-t
yp

e 
(b

ou
nd

)
D

el
ta

 
Av

er
ag

ec
FK

B
P1

2 
(u

nb
ou

nd
)

W
ild

-t
yp

e 
(u

nb
ou

nd
)

D
el

ta
 

Av
er

ag
ed

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb

E el
ec

tro
st

at
ic

–2
65

1.
3

59
.6

–2
50

2.
3

60
.7

–1
07

.1
6.

8
–4

2.
0

–2
52

1.
7

63
.6

–1
05

.4
8.

8
–2

4.
2

E vd
w

–4
74

.5
18

.4
–4

09
.0

18
.0

–8
.9

4.
7

–5
6.

6
–4

18
.1

15
.5

–8
.5

6.
1

–4
7.

9
E in

te
rn

al
25

15
.4

29
.7

22
42

.1
27

.9
27

3.
3

10
.0

0.
0

22
44

.1
27

.8
26

7.
7

9.
7

3.
6

E ga
s

–6
10

.5
65

.6
–6

69
.2

66
.1

15
7.

3
11

.3
–9

8.
6

–6
95

.7
66

.7
15

3.
8

13
.5

–6
8.

5
G

no
np

ol
ar

48
.5

1.
0

46
.9

1.
0

10
.1

0.
2

–8
.5

46
.9

0.
8

10
.3

0.
5

–8
.7

G
G

B
–1

32
8.

4
56

.6
–1

32
1.

8
57

.2
–7

6.
1

5.
0

69
.5

–1
30

2.
3

57
.1

–7
5.

7
7.

3
49

.7
G

so
lv

at
io

n
–1

27
9.

9
56

.0
–1

27
4.

9
56

.7
–6

6.
0

5.
0

61
.1

–1
25

5.
5

56
.7

–6
5.

4
7.

0
41

.1
E ga

s+
 G

so
lv

at
io

n
–1

89
0.

3
29

.7
–1

94
4.

1
28

.5
91

.3
10

.0
–3

7.
5

–1
95

1.
2

28
.3

88
.3

10
.1

–2
7.

5
TS

to
ta

l
13

48
.9

10
.6

12
30

.1
10

.1
15

0.
9

3.
1

–3
2.

1
12

28
.8

10
.2

15
2.

0
3.

7
–3

1.
9

ΔG
bi

nd
in

g
–5

.4
4.

5

FK
B

P1
2 

an
d 

Ph
os

ph
or

yl
at

ed
 W

ild
 ty

pe
 T

R
PC

6 
Pe

pt
id

e 
C

om
pl

ex

C
on

tr
ib

ut
io

ns
 

(k
ca

l/m
ol

) a
FK

B
P1

2-
 

Ph
os

ph
or

yl
at

ed
 

W
ild

-t
yp

e

FK
B

P1
2 

(b
ou

nd
)

Ph
os

ph
or

yl
at

ed
 

W
ild

-t
yp

e 
(b

ou
nd

)

D
el

ta
 

Av
er

ag
ec

FK
B

P1
2 

(u
nb

ou
nd

)
Ph

os
ph

or
yl

at
ed

 
W

ild
-t

yp
e 

(u
nb

ou
nd

)

D
el

ta
 

Av
er

ag
ed

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb

E el
ec

tro
st

at
ic

–2
90

1.
6

73
.3

–2
50

8.
1

61
.1

–1
60

.9
38

.0
–2

32
.6

–2
52

1.
7

63
.6

–1
84

.8
22

.1
–1

95
.1

E vd
w

–4
66

.4
17

.2
–4

10
.3

16
.1

–6
.6

4.
8

–4
9.

4
 –

41
8.

1
15

.5
–6

.1
5.

3
–4

2.
2

E in
te

rn
al

25
28

.4
29

.9
22

42
.2

28
.2

28
6.

2
10

.6
0.

0
22

44
.1

27
.8

28
2.

7
9.

7
1.

7

A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



84 Computational Chemistry Methodology

E ga
s

–8
39

.5
73

.5
–6

76
.2

64
.0

11
8.

7
34

.7
–2

82
.0

–6
95

.7
66

.7
91

.8
22

.2
–2

35
.6

G
G

B
–1

37
5.

8
65

.0
–1

32
1.

7
55

.3
–3

01
.3

36
.0

24
7.

2
–1

30
2.

3
57

.1
–2

77
.1

20
.4

20
3.

7
G

so
lv

at
io

n
–1

32
6.

6
64

.7
–1

27
5.

0
55

.0
–2

90
.6

35
.6

23
9.

0
–1

25
5.

5
56

.7
–2

66
.3

20
.3

19
5.

2
E ga

s+
 G

so
lv

at
io

n
–2

16
6.

2
29

.7
–1

95
1.

2
28

.1
–1

71
.9

10
.1

–4
3.

1
–1

95
1.

2
28

.3
–1

74
.5

9.
5

–4
0.

4
TS

13
50

.7
9.

9
12

29
.7

10
.0

15
8.

5
4.

7
–3

7.
4

12
28

.8
10

.2
15

7.
8

4.
0

–3
5.

6
ΔG

bi
nd

in
g

–5
.7

–4
.8

FK
B

P1
2 

an
d 

T
R

PC
6 

Pe
pt

id
e 

w
ith

 M
ut

at
io

n 
Se

r7
68

A
sp

 C
om

pl
ex

C
on

tr
ib

ut
io

ns
 

(k
ca

l/m
ol

) a
FK

B
P1

2-
M

ut
an

t 
(S

er
76

8A
sp

)

FK
B

P1
2 

(b
ou

nd
)

M
ut

an
t 

(S
er

76
8A

sp
) 

(b
ou

nd
)

D
el

ta
 

Av
er

ag
ec

FK
B

P1
2 

(u
nb

ou
nd

)
M

ut
an

t 
(S

er
76

8A
sp

) 
(u

nb
ou

nd
)

D
el

ta
 

Av
er

ag
ed

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb

E el
ec

tro
st

at
ic

–2
68

1.
0

82
.0

–2
46

1.
0

91
.2

–8
1.

1
6.

7
–1

38
.9

–2
52

1.
7

63
.6

–7
9.

9
8.

6
–7

9.
4

E vd
w

–4
61

.5
19

.8
–4

06
.2

17
.4

 
–1

0.
7

4.
7

 –
44

.5
–4

18
.1

15
.5

–8
.5

6.
1

–3
5.

0
E in

te
rn

al
25

20
.3

29
.2

22
44

.7
27

.9
 

27
5.

6
9.

0
 –

0.
0 

22
44

.1
27

.8
26

6.
6

8.
9

9.
7

E ga
s

–6
22

.1
84

.9
–6

22
.5

91
.9

 
18

3.
8

10
.8

–1
83

.4
–6

95
.7

66
.7

17
8.

3
13

.6
–1

04
.7

G
no

np
ol

ar
49

.9
1.

1 
47

.7
1.

0
9.

8
0.

2
 –

7.
6

46
.9

0.
8

10
.8

0.
7

 –
7.

8
G

G
B

–1
34

9.
1

70
.5

–1
35

4.
2

79
.2

–1
53

.4
6.

1
15

8.
5

–1
30

2.
3

57
.1

–1
50

.5
7.

3
10

3.
8

G
so

lv
at

io
n

–1
29

9.
1

70
.2

–1
30

6.
4

79
.0

–1
43

.6
6.

0
15

0.
9

–1
25

5.
5

56
.7

–1
39

.7
7.

0
96

.1
E ga

s+
 G

so
lv

at
io

n
–1

92
1.

3
31

.9
–1

92
8.

9
29

.8
40

.1
9.

0
–3

2.
5

–1
95

1.
2

28
.3

38
.6

10
.1

–8
.6

TS
13

49
.1

10
.8

12
31

.4
9.

8
15

1.
6

2.
6

–3
3.

9
12

28
.8

10
.2

15
6.

9
4.

1
–3

6.
7

ΔG
bi

nd
in

g
1.

3
28

.0

TA
B

LE
 3

.4
 

(C
on

tin
ue

d)A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



Molecular Determinants of TRPC6 Channel Recognition 85

FK
B

P1
2 

an
d 

T
R

PC
6 

Pe
pt

id
e 

w
ith

 M
ut

at
io

n 
Se

r7
68

G
lu

 C
om

pl
ex

C
on

tr
ib

ut
io

ns
 

(k
ca

l/m
ol

) a
FK

B
P1

2-
M

ut
an

t 
(S

er
76

8G
lu

)

FK
B

P1
2 

(b
ou

nd
)

M
ut

an
t 

(S
er

76
8G

lu
) 

(b
ou

nd
)

D
el

ta
 

Av
er

ag
ec

FK
B

P1
2 

(u
nb

ou
nd

)
M

ut
an

t 
(S

er
76

8G
lu

) 
(u

nb
ou

nd
)

D
el

ta
 

Av
er

ag
ed

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb
Av

er
ag

e
σb

Av
er

ag
e

σb

E el
ec

tro
st

at
ic

–2
66

1.
6

70
.5

–2
47

4.
5

67
.8

–1
05

.0
8.

7
–8

2.
1

–2
52

1.
7

63
.6

 –
94

.8
9.

7
–4

5.
1

E vd
w

–4
59

.1
16

.7
–3

95
.1

15
.5

–1
1.

9
4.

5
–5

2.
2

–4
18

.1
15

.5
–8

.0
5.

4
–3

3.
0

E in
te

rn
al

25
15

.0
29

.3
22

39
.8

27
.6

27
5.

2
9.

5
–0

.0
22

44
.1

27
.8

27
1.

1
9.

5
–0

.1
E ga

s
–6

05
.7

76
.6

–6
29

.7
73

.8
15

8.
3

12
.8

–1
34

.3
–6

95
.7

66
.7

16
8.

3
12

.7
–7

8.
3

G
no

np
ol

ar
50

.2
1.

0
48

.8
0.

9
2.

6
9.

4
–8

.9
46

.9
0.

8
10

.8
0.

5
–7

.5
G

G
B

–1
40

6.
2

66
.6

 
–1

35
0.

0
63

.9
10

.3
0.

2
10

5.
4

–1
30

2.
3

57
.1

–1
68

.2
8.

3
64

.4
G

so
lv

at
io

n
–1

35
6.

0
66

.0
 

–1
30

1.
2

63
.3

–1
61

.6
8.

3
96

.5
–1

25
5.

5
56

.7
–1

57
.4

8.
2

56
.9

E ga
s+

 G
so

lv
at

io
n

–1
96

1.
7

30
.7

–1
93

1.
0

29
.4

7.
1 

9.
4

–3
7.

8
–1

95
1.

2
28

.3
10

.9
10

.1
–2

1.
3

TS
13

52
.0

10
.7

12
34

.4
10

.6
15

5.
3

2.
9

–3
7.

7
12

28
.8

10
.2

15
8.

7
4.

0
–3

5.
5

ΔG
bi

nd
in

g
–0

.0
14

.1
a 
E el

ec
tro

st
at

ic
: C

ou
lo

m
bi

c 
en

er
gy

; E
vd

w
: v

an
 d

er
 W

aa
ls

 e
ne

rg
y;

 E
in

te
rn

al
: i

nt
er

na
l e

ne
rg

y;
 E

ga
s=

 E
el

ec
tro

st
at

ic
 +

 E
vd

w
 +

 E
in

te
rn

al
; G

no
np

ol
ar
: n

on
po

la
r 

so
lv

at
io

n 
fr

ee
 e

ne
rg

y;
  

G
G

B
: p

ol
ar

 so
lv

at
io

n 
fr

ee
 e

ne
rg

y;
 G

so
lv

at
io

n 
= 
G

no
np

ol
ar
 +

 G
G

B
; T

S to
ta

l: 
to

ta
l e

nt
ro

py
 c

on
tri

bu
tio

n 
by

 n
or

m
al

 m
od

e 
an

al
ys

is
; Δ

G
bi

nd
in

g=
 E

ga
s +

 G
so

lv
at

io
n –

 T
S to

ta
l.

b S
ta

nd
ar

d 
er

ro
r o

f a
ve

ra
ge

 v
al

ue
s.

c C
al

cu
la

tio
n 

ba
se

d 
on

 tr
aj

ec
to

ry
 o

f c
om

pl
ex

 o
nl

y.
d C

al
cu

la
tio

n 
ba

se
d 

on
 se

pa
ra

te
d 

tra
je

ct
or

ie
s o

f c
om

pl
ex

, F
K

B
P1

2 
an

d 
TR

PC
6 

pe
pt

id
es

.

TA
B

LE
 3

.4
 

(C
on

tin
ue

d)A
pp

le
 A

ca
de

m
ic

 P
re

ss

A
ut

ho
r C

op
y

For Non-Commercial Use



86 Computational Chemistry Methodology

Surprisingly, the mutants Ser768Asp and Ser768Glu are not predicted 
to have thermodynamically-favorable binding energies with FKBP12. 
This observation suggests these mutants cannot constitutively mimic the 
phosphoserine necessary for FKBP12 binding.

3.3.4 SEPARATE-TRAJECTORY FREE ENERGY OF BINDING 
DECOMPOSITION ANALYSIS

The free energies of binding based on the separate-trajectory approach 
were decomposed into each residue with the entropic contribution 
computed with the method of Fisher et al. (Figures 3.5–3.7) In the 
pWT complex, several peptide residues (Leu759, Pro760, Val761, and 
Asn764) contribute significantly to the binding free energies. Notably, 
the N-terminal LP residues are conserved in of the FKBP12 recognition 
sequences. pSer768 also contributes a positive contribution to the binding 
free energy, although it is approximately one-third (+2.1 kcal/mol) of that 

FIGURE 3.5 Decomposition of binding free energies into single residues of peptide 
based on separated MD trajectories.
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FIGURE 3.6 Decomposition of binding free energies into single residues of FKBP12 
(residues 37 to 72) based on separated MD trajectories.

FIGURE 3.7 Decomposition of the binding free energies (from separate trajectory 
approach) into FKBP12 residues 73–107.
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calculated in the  single-trajectory approach (Figure 3.8). The unfavorable 
contribution (+0.9 kcal/mol) of FKBP12 Lys47 (Figure 3.6) was surpris-
ing, and may be due to the limited frames used for the binding free energy 
calculation (vide infra). Nevertheless, the negative contribution of FKBP12 
Lys44 (−3.1 kcal/mol) offsets the small positive contributions of peptide 
pSer768 and FKBP12 Lys47. The results of the energetic decomposition 
analysis are rather different for the other three complexes. It is interesting 
to note that the decomposed contributions of some residues from WT and 
Ser768Asp peptides to binding free energies are somewhat more favorable 
in separate-trajectory results than in single-trajectory results (Figures 3.5 
and 3.8). However, contributions from FKBP12 to binding free energies 
in these two complexes are more unfavorable in separate-trajectory results 
than in single-trajectory results.

In the pWT complex, both hydrophobic and hydrophilic residues from 
FKBP12 make significant contributions to binding affinity. Hydrophobic 
residues are evenly arranged at the bottom of the FKBP12 binding site 
(Figure 3.9), forming a hydrophobic pocket to host the peptide ligand. 

FIGURE 3.8 Decomposition of the binding free energies into single residues in the 
TRPC6 peptides. Data are based on single MD trajectory.
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Phe36, Val55, Ile56, Trp59, and Phe99 are located at the bottom of the 
binding pocket. His87, Ile90, and Ile91 (from the 80–90 loop) form a 
hydrophobic wall on one side, while Phe46, Phe48 and Met49 form another 
hydrophobic wall on the opposite side. Overall, these residues form a large, 
“U-shaped” hydrophobic pocket to host the N-terminal end of the peptide. 
A number of hydrophilic residues with hydrogen-bonding and ion pair 
interaction capabilities are arranged above the rim of this hydrophobic cav-
ity (Figure 3.9). Asp37, Arg42, Lys44 and Lys47 are located on one side, 
while Gln53 and Glu54 are on the other side of the hydrophobic cavity.

FIGURE 3.9 Residues with significant contribution to thetotal binding free energy at 
the binding site of FKBP12. Hydrophobic residues: Tyr26, Phe36, Phe39, Phe46, Phe48, 
Met49, Trp54, Val55, Ile56, Tyr82, His87, Ile90, and Ile91. Hydrophilic residues: Asp37, 
Arg42, Lys44, Lys47, Glu54, and Gln53.
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3.3.5 INTERACTIONS AMONG FKBP12 LYS44, LYS47 AND 
PEPTIDE RESIDUE 768

Despite the apparently unfavorable energetic contribution of Lys47  predicted 
by decomposition of the separate-trajectory data, single-trajectory data and pair-
wise distance analyzes support both Lys residues being important for interac-
tion with pSer768 (Figure 3.10). In the FKBP12-WT complex (Figure 3.10A), 
Ser768 does not have a stable interaction either Lys residues. By contrast, the 
pSer768 maintains stable interactions with the Lys residues throughout the MD 
simulation (Figure 3.10B). In the early stages of the MD simulation, the peptide 
phosphoserine residue is strongly coupled to FKBP12 Lys47. The pSer768-Oγ 
to Lys47-Nε distance remains ~ 5 Å, while the pSer768-Oγ to Lys44-Nε and 
Lys44-Nε to Lys47-Nε distances are much longer (>10 Å). The two FKBP12 
lysines residues approach one another and at 7.1 ns achieve a minimum dis-
tance of 3.8 Å. The negative charge of the phosphate group apparently screens 

FIGURE 3.10 Atomic pair distance analysis for Lys44, Lys47 and Residue 768 from 
probe peptides. A. WT complex (Lys44-Nε:Ser768-Oγ, black; Lys47-Nε:Ser768-Oγ, dark 
gray; Lys44-Nε:Lys47-Nε, light gray); B. pWT complex (Lys44-Nε:pSer768-Oγ, black; 
Lys47-Nε:pSer768-Oγ, dark gray; Lys44-Nε:Lys47-Nε, light gray); C. Ser768Asp complex, 
(Lys44-Nε:Asp768-Cγ, black; Lys47-Nε: Asp768-Cγ, dark gray; Lys44-Nε:Lys47-Nε, 
light gray); D. Ser768Glu complex, (Lys44-Nε:Glu768-Cδ, black; Lys47-Nε:Glu768-Cδ, 
dark gray; Lys44-Nε:Lys47-Nε, light gray).
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the repulsion between the lysines, allowing them to approach each other and 
transfer the salt bridge. The close approach of the two lysine amino groups 
allow transfer of the ion pair interaction with the peptide phosphoserine to 
FKBP12 Lys44. This switching occurs four times throughout the 20 ns MD 
simulation. This process is illustrated in Figure 3.11. After each switch, either 
FKBP12 Lys44 or Lys47 remains in close contact with the peptide phospho-
serine residue, indicating that the two lysine residues are equally important 
when interacting with the phosphate group.

FIGURE 3.11 Transient ionic interaction between the pWT phosphoSer768 and FKBP12 
Lysines 44 and 47: (a) surface of FKBP12, (b) phosphate group forming salt bridge with 
Lys47, (c) transition state during switch, (d) phosphate group forming salt bridge with 
Lys44. Distances are in Å.
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In the Ser768Asp mutant complex, the peptide Asp768 residue has a close 
contact with the Lys44 of FKBP12. This observation supports our hypothesis 
that the carboxylate side chain is capable of mimicking the anionic character 
of the phosphoserine by forming an apparent ion pair. However, the car-
boxylate side chain cannot recruit both lysines for interaction when bound 
to FKBP12. (Figure 3.10C) After 5 ns of the MD simulation involving the 
Ser768Asp peptide, the FKBP12 Lys47 amino group approaches γ-carbon 
of peptide Asp768 (Asp768-Cγ), with a concomitant increase in the Lys44-
Nε-Asp768-Cγ distance. Between 5 to 7 ns, these side chains remain within 
5 to 8 Å. Despite the approach of FKBP12 Lys47 several times during the 
simulation, the apparent salt bridge involving the carboxylate unit is not 
transferred to Lys44. Beyond 7 ns, FKBP12 Lys47 returns to the previous 
configuration. An analogous trajectory consistent with another ‘switch’ of 
the cationic partner occurs between 14 and 15 ns, but is also unsuccessful. 
Indeed, the anionic side chain in the Ser768Asp peptide forms an apparent 
salt bridge with one of the Lys residues, however; the carboxylate unit is not 
sufficient to recruit both FKBP12 Lys44 and 47 as cationic partners, as is 
observed in the pWT peptide. The dual recruitment of these lysine residues 
appears to be a prerequisite for favorable binding affinity.

The Ser768Glu mutant (Figure 3.10D) behaves quite differently from 
the Ser768Asp mutant. First, peptide Glu768 cannot maintain close contact 
with FKBP12 Lys44. Although the Lys44-Nε and δ carbon of peptide Glu768 
(Glu768Cδ) can approach one another within 3 Å to form salt bridge briefly 
at 5 ns of simulation, the dynamics of FKBP12 Lys44 and peptide Glu768 are 
not strongly coupled through the course of our simulation. Instead, this dis-
tance fluctuates between 5 to 15 Å afterward. The distance from Glu768-Cδ 
to Lys47-Nε is much longer than to Lys44-Nε. Peptide Glu768 appears to be 
ineffective in involving interaction with both lysine residues. From compar-
ing the behavior of the two Ser768 mutants, we see that while glutamate and 
aspartate residues differ by only one side-chain methylene unit, this small 
structural difference causes large deviations in protein-protein interactions.

3.4 CONCLUSIONS

In this study, we have applied MD simulations to study interactions between 
FKBP12 and TRPC6 channel peptides. Experiments suggest phosphory-
lation of Ser768 in the TRPC6 intracellular domain is a prerequisite for 
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FKBP12 binding and subsequent formation of a multiprotein complex. The 
FKBP12-pWT complex is the most stable and the least flexible among the 
studied peptide complexes. Both Ser768Asp and Ser768Glu complexes 
have larger RMSD than those in the pWT complex. The calculated free 
energies of binding showed that the pWT peptide but not WT peptide has 
a thermodynamically favorable binding affinity with FKBP12, consistent 
with experimental data. Neither the Ser768Asp nor Ser768Glu mutants 
demonstrate a thermodynamically favorable binding affinity with FKBP12. 
These calculations indicate these mutants cannot constitutively mimic the 
phosphoserine residue, which is necessary for FKBP12 binding.

The decomposition of binding free energies into individual residues 
of the FKBP12 and TRPC6 peptide revealed a specific binding pocket 
composed of both hydrophobic and hydrophilic residues for the recog-
nition and interaction of FKBP12 with the TRPC6 intracellular domain. 
About twenty residues, including both hydrophobic and hydrophilic resi-
dues contributed significantly to the FKBP12-TRPC6 binding energy. 
Hydrophobic residues formed a “U” shaped binding pocket to recognize 
hydrophobic residues in the TRPC6 binding domain. Lys44 and Lys47, 
surrounding the rim of the hydrophobic cavity, apparently contribute the 
key elements for recognition of the phosphopeptide.
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