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“Naïve realism leads to physics, and physics, if true, shows that naïve realism is false. Therefore 

naïve realism, if true, is false; therefore it is false.” 

Bertrand Russell 
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SUMMARY 

Signal transduction is one of the key mechanisms through which living cells respond to 

extracellular as well as intracellular stimuli. Phosphorylation is an essential post translational 

mechanism through which proteins participate in signaling transduction pathways. Nearly 30% of 

cellular proteins undergo phosphorylation. Protein kinase (PK) enzymes catalyze phosphorylation 

in other cellular proteins. In particular, a subfamily of PKs, Protein Kinase C, are implicated in 

spatial aspects of the signal transduction network. Almost all of spatial signal transduction is 

mediated by PKCs. In order to perform their unique functions, PKCs localize to specific 

subcellular regions within cells. Their highly flexible regulatory C1 and C2 domains achieve this 

localization. Biophysical, biochemical, and crystallographic experiments, as well as computational 

studies, have addressed the subcellular localization and conformation of PKCs. In spite of several 

experimental studies to elucidate the membrane bound model of the C2 domain of PKCα (PKCα-

C2 domain), there is no definitive view of the bound configuration. 

In this thesis, classical Molecular dynamics (MD) simulations are used to study the 

membrane-bound configuration of PKCα-C2 domain to mixed lipid bilayer membranes composed 

of 7:3 phosphatidylcholine (PC) and phosphatidylserine (PS).  MD simulations that utilized the 

highly mobile membrane mimetic (HMMM) model, which substitute short-tailed lipids and a 

region of organic solvent for the full-length 1-stearoyl-2-oleoyl-sn-glycero-3-phospho choline 

(SOPC) and 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoserine (SOPS) lipids, were compared to 

long duration simulations that utilized SOPC and SOPS (denoted the Full Membrane, i.e., FM, 

model). The initial configuration for the simulations consisted of three different orientations 

guided by experimental results, with the PKCα-C2 domain positioned initially above the 

membrane, in the bulk water, such that protein-bound Ca2+ ions are 6 Å and 14 Å, respectively, 
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from the membrane surface for the FM and the HMMM models. Though the two lipid models are 

fundamentally different, they predicted similar membrane bound configurations for the PKCα-C2 

domain when the area per lipid was 61 Å2 and 81 Å2 for the FM and HMMM models, respectively. 

Our results demonstrate that the PKCα-C2 domain has an electrostatic contribution to the 

membrane binding from residues R249 (in Ca2+ binding loop 3), K209 (located on β sheet 4) and 

bound Ca2+ ions. Hydrophobic interactions are also important as a result of membrane binding 

through consistent dynamical insertion of residue W247 up to the hydrophobic lipid core of the 

membrane. Moreover, the angle (θ1, θ2) which describes the orientation from the membrane 

normal, is ~ 90°, indicating that the PKCα-C2 domain’s beta sheet structure is essentially parallel 

to the membrane. 

We have proposed a membrane bound model of the PKCα-C2 domain whose key features 

are that residues R249 (from Ca2+ binding loop 3) and W247 penetrate into the membrane. Calcium 

ions bound to the protein are localized to within a mean value of ~ 5 Å from the PO4
- or COO- 

lipid headgroup moieties. The lysine rich cluster (LRC) along with residue K205 that joins strands 

β3 and β4 of the LRC play a defining role in the membrane bound configuration. Strands β3 and 

β4 are positioned in a nearly vertical plane, thereby creating an open-faced docking geometry that 

further exposes the OH-moiety of Y195 and the concave LRC region to binding with other 

membrane components. Our simulations suggest that larger headgroup lipids, such as 

phosphatidylinositol 4,5-biphosphate (PIP2) can bind to the LRC region, when PKCα-C2 is in the 

open-faced configuration, without altering the overall orientation of the protein. Moreover, we 

have demonstrated that the 3GPE crystal structure of PIP2 inositol ring bound to the lysine rich 

cluster of the PKCα-C2 domain is not stable in the arrangement suggested by crystallography 

studies. 
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Modification of the area per lipid from 81 Å2 to 125 Å2 produces a very different orientation 

of PKCα-C2 domain. In this case, HMMM model simulations show that the PKCα-C2 domain’s 

β sheet structure is essentially perpendicular to the membrane surface. In this configuration, loop 

1 penetrates most deeply into the membrane and residue K205 is far from the membrane with an 

orientation angle of ~ 30°. These results are consistent with published X-ray reflectivity studies. 

Our simulation results for different lipid densities may help to reconcile variations in the binding 

configuration of PKCα-C2 domain reported for different experimental studies.  
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1 INTRODUCTION 

1.1 Background and Motivation 

Extensive research is ongoing into the underlying pathways and mechanisms of cellular 

processes that affect normal physiological functions. This research can lead to therapeutic 

remedies for their impairment. Eukaryotic cells dynamically coordinate signaling networks of 

proteins through post-translational modification mechanisms (1). Within the area of signal 

transduction, protein phosphorylation is a critical part of post-translational modification (2). 

Reversible phosphorylation regulates many aspects of cell life including metabolism, growth, 

division, differentiation, motility, organelle trafficking, membrane transport, muscle contraction, 

immunity, and memory (2-5). Abnormal phosphorylation is a cause or consequence of many 

diseases like cancer, chronic inflammation, diabetes, rheumatoid arthritis, and stroke (3, 6, 7). 

Protein phosphorylation (or dephosphorylation) directly affects the function of proteins by 

enhancing or suppressing their activity, marking them for destruction, allowing them to move from 

one subcellular compartment to another, enabling protein-protein interactions, and activating or 

inhibiting enzymes, among other functions (3, 8, 9). It is estimated that 30% of cellular proteins 

are phosphorylated (10, 11).      

Protein kinase enzymes modify other proteins by phosphorylation. Protein kinases catalyze 

the transfer of the γ-phosphate from adenosine triphosphate (ATP) to specific amino acids like 

serine (Ser), threonine (Thr) and tyrosine (Tyr) residues in eukaryotes. 

Out of 518 human protein kinases, as recognized through their conserved sequence motifs, 

478 protein kinases are typical kinases and 40 are atypical. Typical human protein kinases 

phosphorylate serine or threonine residues (388 kinases) or tyrosine residues (90 kinases) (5, 12). 

Atypical kinases lack sequence similarity to typical eukaryotic kinases, but still exhibit 
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biochemical kinase activity. More than 170 unique kinase domain structures from humans (or 

closely related orthologs) have been determined (13).  Protein kinases are one of the largest 

families of genes in eukaryotes comprising ~ 2% of the human genome and mediate most of the 

signal transduction in eukaryotic cells (5). 

Most eukaryotic protein kinases are structurally similar (14, 15) and share a common 

mechanism (2). Within all protein kinases, one group of the kinases, protein kinase C (PKC), 

within the AGC subfamily, (5), has been implicated in the spatial distribution of signals and 

essential control of higher-level signal organization (16).   

The modular architectural structure of the PKC family consists of a conserved catalytic 

domain and a series of differentially activated regulatory domains (Figure 1A). Within classical 

kinases, the catalytic domain (~ 250 amino acid long) consists of a small N-terminal lobe of β-

sheets and a larger C-terminal lobe of α-helices (2, 17-25). ATP binds in a cleft between the two 

lobes. When the protein substrate binds along the cleft, a set of conserved residues within the 

kinase catalytic domain catalyzes the transfer of the terminal γ-phosphate of ATP to the hydroxyl 

oxygen of the Ser, Thr or Tyr residue of the substrate (Figure 1B) (2).     
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A                                                                           B 
 

        

 

Figure 1: Protein Kinase common fold and mechanism 

(A) Structure of PKC. Conventional (C2 domain of PKCα (PDB id: 1DSY) 

and novel (C1 (A+B) domain of PKCδ (PDB id: 1PTR and C3+4 domains of 

PKCθ (PDB id: 1XJD) isoforms are taken to represent full-length PKC. 

Regulatory domains, C1 and C2 bind diacylglycerol (or phorbol ester) and 

phospholipid respectively. C2 domain binding is reinforced by Ca2+. Catalytic 

domains C3 and C4 are linked to C2 through a hinge region (V3). Adopted 

from (26). 

(B): Common mechanism of PKC. Substrate phosphorylation process by a 

kinase. Beginning at top left and going clockwise, kinase active site is occupied 

by ATP followed by substrate. The phosphorylation occurs when a γ-

phosphate of ATP (red) is transferred to a Ser, Thr or Tyr residue of the 

substrate. Once phosphorylated, kinase releases the substrate. In the last step, 

ADP is released from the active site. The order of steps differs for different 

kinases. For example, some kinases bind to their protein substrates before 

binding ATP and others release ADP before releasing the protein substrate. 

The rate-limiting step can also vary between different kinases. Adopted from 

(2).  

 

The available flexibility of regulatory domains allows PKC activity to be applied with 

spatial and temporal specificity. This in turn allows PKC activity to be manipulated by membrane 
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limited secondary messengers, such as the interaction with cytoplasm-side membrane anchored 

small G-proteins, scaffolds and accessory proteins. As a result of this, the PKC family is centrally 

involved in the spatial control of signal transduction in cells (16). 

Membrane anchoring of the regulatory C2 domain of the classical PKCα (Figure 1A) to 

the plasma membrane is a crucial event in the activation of PKCα and the subsequent signal 

cascade. The core issue investigated in this work is the interaction of the regulatory C2 domain of 

PKCα (PKCα-C2) with the plasma membrane in the presence of secondary messengers like 

calcium ions (Ca2+ ions) and phosphatidylinositol biphosphate (PIP2) through classical Molecular 

Dynamics (MD) simulations. The academic motivation to study the membrane bound 

configuration of the PKCα-C2 domain is that several experiments predict different membrane 

bound configurations of the PKCα-C2 domain, as summarized in Figure 2. We studied this system 

with MD simulations.  

This thesis is arranged in five chapters. Chapter 1 provided background and motivation for 

this work. A brief description of the basic principles of MD and simulation methods is also 

included (Section 1.2). Chapter 2 describes the procedures used to model the membrane system 

and details of the systems simulated in this thesis. Chapter 3 describes the results of simulations 

on membrane bound configuration of PKCα-C2 domain in a mixed lipid bilayer environment. 

Along with various other factors, the area per lipid used were ~ 61 Å2 and ~ 81 Å2. Chapter 4 

describes the membrane bound configuration of the protein when lipid density was changed to ~ 

125 Å2. Lastly, chapter 5 describes the effect of large headgroup lipid PIP2, on the membrane 

bound configuration of PKCα-C2 domain.   
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A                                                            B                                                 C 

 

           
 

         D                                      E                                                         F      

 

       
             

 

                       G                                                          H 

 

 

 

Figure 2: Experimental membrane bound configurations of PKCα-C2 domain 

The PC/ PS and/ or PIP2 membrane bound models as given by (A), (B) and (C) 

crystallography (23, 27); (D) and (E) electron paramagnetic resonance (28, 29); 

(F) MD simulations (30); (G) X-ray reflectivity (31) and (H) attenuated total 

internal reflection infra-red spectroscopy (32). 
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1.2 Fundamentals of Molecular Dynamics Simulations    

Molecular simulations are computational tools to study the structure, function and 

dynamics of a physical system. Computer models mirroring real life have become crucial for many 

advances in the physical sciences. Molecular simulations have been used to study many different 

biological macromolecular systems (33-35). Molecular simulations require models of the atomic 

level details of the system components and their interactions. Traditionally, atomic details are 

obtained from experimental data such as nuclear magnetic resonance (NMR) or X-ray 

crystallography. The measured spatial arrangement of atoms within molecules, as stored in the 

protein data bank (www.rcsb.org), are often used as the initial configuration in simulations. In 

principle, interactions among various atoms in a system are governed by quantum mechanics but 

calculating such interactions is computationally too expensive. However, for large biological 

macromolecules, the atomic interactions can be approximated by force fields derived from 

classical mechanics as obtained through an empirical potential energy function. Using these basic 

inputs – the initial coordinates and the governing force fields for a biological system – simulations 

produce snapshots representing an atomic level model of the simulated system.      

Molecular dynamics (MD) is a deterministic computational technique in which the time 

evolution of a system is calculated through numerical integration of the classical Newtonian 

equations of motion. Newton’s 2nd law relates the force (F) on the ith atom of mass mi to the second 

derivative of its position ri,   

F = 𝑚𝑖 
𝑑2𝑟𝑖

𝑑𝑡2  = − ∇V,        (1.1)                                                                                                       

Where the potential energy function V of the system is given by: 

http://www.rcsb.org/


7 

 

 

  

V = ∑
𝑘𝑖

𝑏

2𝑏𝑜𝑛𝑑𝑠   (𝑙𝑖 − 𝑙𝑖
𝑟𝑒𝑓

)2 + ∑ 𝑘𝑖
𝑎

2𝑎𝑛𝑔𝑙𝑒𝑠   (𝜃𝑖 − 𝜃𝑖
𝑟𝑒𝑓

)2 + ∑ 𝑉𝑇

2𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠  [1 +  cos(𝑛𝜙 −  𝛾)] 

+ ∑ ∑ [4𝜖𝑖𝑗 [ (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

12

 −  (
𝜎𝑖𝑗

𝑟𝑖𝑗
)

6

 ]  +  
𝑞𝑖𝑞𝑗

4𝜖0𝑟𝑖𝑗
 ]𝑁

𝑗=𝑖+1
𝑁−1
𝑖=1     (1.2) 

The first three summations represent the potential energy of the covalently bonded geometry of 

atoms, viz., bonds between two adjacent atoms, angles formed by three consecutive atoms and 

dihedral angles of four consecutive atoms. The last summation represents non-bonded potential 

energy terms that include the Lennard-Jones potential to describe van der Waals and steric 

interactions, and Coulomb electrostatic interactions for charged particles. Within the Lennard-

Jones potential, 𝜖 is the depth of the potential, 𝜎 is the distance at which the inter-particle potential 

is zero and r is the distance between the two particles. The point charge on each atom is represented 

by q in the Coulomb term.  

Equation (1.1) is used to calculate the force on each particle of the system at a given time. 

Subsequently, numerical integration produces new positions and new velocities for each particle 

of the system. New forces are then calculated on each particle of the system in an iterative 

procedure. To accomplish this iterative protocol, a time integration algorithm is required.   

The velocity Verlet integration algorithm is used to update the positions and the velocities 

of the atoms in time (36, 37).  Updated coordinates and velocities are calculated from the current 

position using ∆𝑡 as the time step and 𝑀 is a mass matrix,  

𝑣
𝑛+

1

2

 = 𝑣𝑛 + 𝑀−1 𝐹𝑛 
∆𝑡

2
                                                                                    (1.3) 

𝑟𝑛+1 = 𝑟𝑛 + 𝑣
𝑛+

1

2

 ∆𝑡                                                                                        (1.4)  

Now, compute  
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 𝐹𝑛+1 = 𝐹(𝑟𝑛+1),         (1.5) 

𝑣𝑛+1 = 𝑣
𝑛+

1

2

 + 𝑀−1 𝐹𝑛+1 
∆𝑡

2
       (1.6) 

To start an MD simulation, along with assigning initial atomic coordinates, initial velocities 

must be assigned to each atom. This is achieved by random assignment of the velocities for each 

atom through a Maxwell-Boltzmann distribution at the desired temperature (38). In this thesis, MD 

simulations use the NAnoscale Molecular Dynamics (NAMD) engine (39) in which the required 

temperature control is implemented through a Langevin thermostat (40). An NPT thermodynamic 

ensemble (constant Number of particles (N), Pressure (P) and Temperature (T)), is used. Langevin 

temperature control is combined with pressure control which, in this case, is a modified Nosé-

Hoover method where Langevin dynamics is used to control fluctuations in the barostat (41, 42). 

Furthermore, constant pressure simulations require periodic boundary conditions (PBC) because 

the pressure is controlled by dynamically adjusting the unit cell size and rescaling all atomic 

coordinates (except the coordinates of fixed atoms, if any) during the simulation.  

Another crucial factor in MD simulations is the integration time step. The actual wall clock 

time length of a simulation depends upon the integration time step. The highest vibrational 

frequencies of the molecules ought to govern the integration time step that could be used in a 

simulation. Hydrogen bonded atomic vibrational frequencies are of the order of 10-14 s-1 and thus 

a simulation time step of 1 fs is perfect. However, constraining the hydrogen-oxygen and 

hydrogen-hydrogen bond lengths in water to a nominal length or angle through the implementation 

of the SETTLE algorithm (43) and further constraining the bond between hydrogen and the atom 

to which it is bonded through the SHAKE algorithm (44) creates an opportunity to increase the 
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integration time step up to 2 fs. Indeed, in all the simulations reported in this thesis, a time step of 

2 fs is used.  

Another scheme that is implemented in NAMD (39) to increase the speed of the 

simulations is to calculate the long range electrostatic interactions in Fourier space through the 

Particle Mesh Ewald (PME) summation (45). Also, a cutoff range modifies long-range van der 

Waals interactions represented by Lennard-Jones potentials since the magnitude of the interaction 

is effectively negligible at large distances. A cutoff of 10 - 12 Å is applied in our simulations.    

The accuracy of MD simulation results is only as good as the force fields, the associated 

parameters (equation 1.2), and the efficient sampling of phase space. In general, the empirical 

potentials and parameters used in this thesis are from Chemistry at HARvard Macromolecular 

Mechanics (CHARMM) (46-49). We have performed several long simulations as well as short but 

repetitive simulations to account for efficient sampling of the phase space. A practical way to test 

the accuracy of the simulation results is to compare and validate a few physical properties of the 

system directly with experimental results, theoretical results and/or with previous simulation 

results. Indeed, in this thesis, we compare our simulation results with experimental, theoretical, 

and previous simulation results.   

In general, in this thesis, MD trajectories are generated through NAMD (39) package. 

Several in house scripts and methods were used to model the systems and analyze the simulation 

results along with the use of Visual Molecular Dynamics (VMD) (50) and GROMACS (51) 

utilities.  
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2 MODELING of MIXED MEMBRANE SYSTEM  

2.1 Introduction    

Molecular dynamics (MD) simulations are used to investigate the membrane bound 

configuration of PKCα-C2 domain. This problem was originally motivated by recent X-ray 

reflectivity measurements on this system (31). First, we simulate an equilibrated lipid bilayer 

membrane, as described in this Chapter, then introduce the protein to simulate protein - membrane 

interactions, as described in later Chapters.  

We study a mixed lipid bilayer consisting of 1-stearoyl-2-oleoyl-sn-glycero-3-phospho 

choline (SOPC) lipids and 1-stearoyl-2-oleoyl-sn-glycero-3-phosphoserine (SOPS) lipids in a 7:3 

SOPC:SOPS molar ratio, which is a typical physiological concentration in the plasma membranes 

of living cells (52). To construct the bilayer, we need to decide upon a few vital physical 

characteristics of the mixed membrane like the area per lipid, the thickness (average distance 

between phosphorous atoms from both the monolayers) and the arrangement of the SOPS lipids 

within SOPC lipids. In order to simulate the bilayer in its liquid phase, the gel-to-liquid phase 

temperature needs to be estimated for the mixed bilayer. Unfortunately, there are no experimental 

values available for any of these characteristics for such a mixed lipid bilayer though there are 

experimental values available for single-component SOPC and SOPS lipid bilayer membranes.   

For a pure SOPC lipid bilayer membrane, the area per lipid is shown to be 58 ± 2 Å2 by Ly 

and co-authors (53) through elasticity measurements based upon surface pressure-area isotherms 

of SOPC membrane in water, 61.4 ± 0.2 Å2 by Koenig and co-authors (54) through deuterium 

NMR measurements, and 51 ± 2 Å2 by Israelachvili and co-authors (55). Moreover, Rawicz and 

co-authors (56) used x-ray diffraction to demonstrate a 40 Å width (peak to peak) for the thickness 

of SOPC membrane in aqueous solution with a deformable hydrocarbon core of 30 Å. Also, 
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Vilcheze and co-authors (57) showed that the gel-to-liquid temperature for SOPC lipid bilayer is 

279 K.   

For a pure SOPS lipid bilayer, a thickness of ~ 42 Å is obtained by Brzustowicz and co-

authors (58) but no direct experimental values for area per lipid or gel-to-liquid transition 

temperature is available. However, it is known that 1,2-dioleoyl-sn-glycero-3-phospho-L-serine 

(DOPS) lipid which has two unsaturated bonds has a bilayer area per lipid of ~ 64 Å2  (59). Since 

SOPS lipid contains only one unsaturated bond, the area per lipid is expected to be smaller. Also, 

it is worth noting that the gel-to-liquid temperature for 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphoserine (POPS) is quoted to be 287 K (60).    

Based upon these experimental results for the pure SOPC and SOPS lipid membranes, we 

decided to aim for an area per lipid of ~ 61 Å2 for a mixed SOPC + SOPS membrane. Further, we 

decided to keep the membrane thickness at 40 Å for SOPC lipids and 42 Å for SOPS lipids while 

designing the mixed lipid bilayer membrane. Moreover, we (shall) perform the mixed membrane 

equilibration at the temperature of 300 K - 310 K that would maintain the mixed membrane in the 

liquid phase and also conforms to that of X-ray reflectivity experiment temperature.   

2.2 Methods   

First, we obtained the chemical structure of single SOPC and SOPS lipid molecules using 

SYBYL7.1 (Tripos Inc., St. Louis, MO). From individual residues of SOPC and SOPS (Figure 3), 

we constructed a mixed lipid bilayer. 
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          A                                                                        B 

 

                                                    

Figure 3: SOPC and SOPS lipids 

(A) SOPC and (B) SOPS lipids generated by VMD (50). This is a CPK 

representation with color coding of the atoms: oxygen (red), nitrogen (blue), 

phosphorous (brown), carbon (cyan) and hydrogen (white).  

 

Initially, say, in the top leaflet of the bilayer, 100 lipids are arranged in a square grid such 

that the distance between the phosphorous atoms of adjacent lipids is 8.2 Å. Moreover, SOPS 

lipids are not placed adjacent to each other to avoid local crowding that might have introduced PS 

spatial biasing. The bottom leaflet was prepared in a similar manner. Phosphorous atoms of SOPC 

or SOPS lipid pair(s) in the top and bottom leaflets are arranged such that the distance between 

them is 40 Å and 42 Å, respectively. With this, we added a water slab above and below the lattice-

like arrangement of the mixed bilayer. Overlapping water molecules within 1.5 Å of lipid 

molecules were removed. Also, Na+ and Cl- ions were added using VMD to neutralize and produce 

a total concentration of 100 mL (50). The starting setup for the complete system is shown in (Figure 

4A).  
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   A                                                                           B 

 

      

Figure 4: Initial and final mixed bilayer system 

(A) Starting configuration and (B) equilibrated system. The lipids are shown 

as lines, ions are shown in color, Na+ (cyan) and Cl- (yellow). Water is shown 

in surface representation in ice blue color.    

 

The number of carbon atoms and double bonds in the lipid acyl chains is denoted as, for 

example, SOPC (18:0/18:1). The notation in the bracket means that in the stearoyl sn-1 chain there 

are 18 carbon atoms and zero double bonds and in the oleate sn-2 chain there are 18 carbon atoms 

and one double bond. The topology for SOPC (18:0/18:1) and SOPS (18:0/18:1) is derived from 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) (16:0/18:1) and POPS (16:0/18:1) 

respectively in CHARMM 36 (47) by adding two carbon atoms and associated hydrogen atoms to 

the last acyl chain atom denoted C316 (as represented in the CHARMM topology for POPC/ 

POPS). As no new atom type was needed, the adapted topology works fine with the standard 

parameter distribution of CHARMM36 (47).    
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2.2.1 Simulation Protocol   

In general, NAMD (39) software is used to perform the simulations with the CHARMM36 

force field parameter set (47) using TIP3P water model as implemented in CHARMM (61). 

Langevin dynamics with an appropriate damping coefficient, γ, and Langevin piston Nosé-Hoover 

methods (40, 42) were used to set the temperature as desired and the pressure (= 1 atm) of the 

system. Long range electrostatic forces were calculated with the Particle Mesh Ewald (PME) 

method (45) using a grid density of ~ 1 Å-3. The van der Waals interaction cutoff was set to 10 Å. 

Bonded hydrogen atoms were kept rigid, allowing us to use an integration time step of 2 fs for 

bonded and non-bonded energy calculations.  

Since we have simulated many systems under various conditions the simulation protocol 

for specific systems will be discussed in subsequent sections.      

2.2.2 Equilibration of Mixed SOPC + SOPS Bilayer Membrane   

The lattice-like bilayer shown in Figure 5A forms a 90 Å x 90 Å x 85 Å box. The objective 

is to mix SOPS lipids with SOPC lipids as randomly as possible. To achieve this, we treated the 

system through several steps described below. These include stretching the membrane and 

subsequently heating it.  
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     A                                                  B                                              C 

 
    

  D                                                     E 

 
 

Figure 5: Simulation box size evolution with time 

The time evolution of the mixing of SOPC + SOPS membrane is shown at 

various stages. (A) Initial state, (B) after 30 ns, (C) after 31 ns (i.e., 1 ns after 

(B), (D) after 35 ns, and (E) final equilibrated state. See text for details.  

 

In step 1, we stretched the membrane by applying a surface tension of 50 mN m-1 in the  

x-y plane of the membrane. The Langevin damping coefficient, γ, is fixed at 1 ps-1. The system is 

energy minimized by the conjugate gradient method for 10,000 steps (20 ps), then gradually heated 

from 10 K to 300 K by an incremental increase of 10 K within 500 steps each. Langevin dynamics 

is used to assign the temperature. 500 steps (NAMD integrator is implemented) were used to assign 
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and keep the temperature at (each temperature) rescaling by 10 K. In total 14500 steps (29 ps) 

were used to raise the temperature to 300 K. Finally, the equilibration continued for 30 ns, which 

produced a box size of ~ 99 Å x 82 Å x 70 Å (Figure 5B). The stretching changed the box size 

considerably, but as shown in the Figure 6B the lipids are barely mixed within the membrane.   

A                                                  B                                                 C 

        

 

D                                                     E 

   

Figure 6: SOPS/SOPC lipid distribution 

Top view of the time evolution of mixing of SOPS (red) lipids within SOPC 

(blue) lipids. (A) The initial arrangement of SOPC and SOPS lipids. (B) The 

lipid distribution at 30 ns (C) after 31 ns (D) after 35 ns and (E) final distribution. 
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To further mix the lipids (step 2), we applied a surface tension of 50 mN m-1 and raised 

the temperature from 300 K to 450 K directly by setting the Langevin thermostat to 450 K while 

changing the Langevin coefficient, γ, to 5 ps-1. However, the surface tension force of 50 mN m-1 

turned out to be too high. The membrane was disrupted. So, we changed the surface tension from 

50 mN m-1 to 25 mN m-1 and kept other simulation conditions unchanged. We further ran the 

system for an additional 1 ns (i.e., total of 31 ns). The system reached the targeted temperature of 

450 K and the membrane was not disrupted, though the box size became ~ 112 Å x 94 Å x 67 Å 

(Figure 5C). So, in step 3, while the temperature was 450 K, we changed γ from 5 ps-1 to 1 ps-1 

and continued to run it for another 4 ns i.e., from 32 ns to 35 ns without any applied surface tension. 

Figure 5D and Figure 6D reveal that the membrane remains intact and SOPC and SOPS are mixed 

with a box size of ~ 94 Å x 102 Å x 73 Å.  In step 4, the system is cooled to 300 K. For this, we 

changed γ to 5 ps-1 and applied a surface tension of 10 mN m-1 to control membrane shrinkage. 

Energy minimization was carried out for 10,000 steps (20 ps), then the temperature was lowered 

in 5 K steps within 100,000 simulation steps (0.2 ns) each, e.g., the system was taken from 450 K 

to 445 K in 100,000 steps. So, to reach the targeted temperature 300 K, we needed to run the 

system for a total of 3,000,000 steps (6 ns i.e., from 36 ns to 41 ns).  The system was allowed to 

equilibrate for an additional 1 ns (i.e., total of 42 ns) at 300 K. The box size after this step was ~ 

79 Å x 79 Å x 95 Å. Once the temperature stabilized near 300 K, we removed the surface tension 

of 10 mN m-1 (step 5) and continued to equilibrate for another 4 ns (i.e., from 43 ns to 46 ns), 

thereby achieving a box size of ~ 78 Å x 78 Å x 96 Å (Figure 5E). Figure 4B and Figure 6E 

illustrate that this final equilibrated mixed membrane system is intact and mixed.   
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2.3 Results   

In order to establish that the obtained mixed membrane system is well behaved, Figure 7A 

shows the time variation of the total energy, electrostatic energy and van der Waals energy from 

step 5 (see above). Also, the temperature profile of the bilayer system is shown in Figure 7B.   

 

A                                                                           B 

        

Figure 7: Energies and temperature profile of the bilayer system 

Time variation of the (A) energy and (B) temperature for the equilibrated 

bilayer.  

 

2.4 Area per lipid  

Our objective was to obtain a mixed membrane bilayer with an area per lipid of ~ 61 Å2. 

A simple way to define the area per lipid is to divide the x-y plane surface area of the membrane 

by the number of the lipids in a monolayer. In our case, the number of lipids in a monolayer is one 

hundred. Figure 8 shows the area per lipid evolution of our membrane bilayer system. The 

equilibration of the mixed SOPC + SOPS lipid bilayer membrane was stopped once the area per 

lipid reached the target value of ~ 61 Å2.    
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Figure 8: Evolution of area per lipid of bilayer 

Complete evolution of the area per lipid during the bilayer membrane 

preparation steps 1-5 described in Section 2.2.2.   

 

2.4.1 Order Parameter   

The acyl chain order parameter is a physical criterion that can show whether membrane is 

in a liquid, gel, or solid phase i.e., it tells us about the fluidity of the membrane tails (62). The acyl 

chain order parameter is defined as,   

                        SCD = ½ <3cos2(θi) - 1>,                                                         (2.1)  

Where θi is the angle between the vector formed by carbon atoms C(i+1) and C(i-1) from the acyl 

chain and the membrane normal. In general, when SCD = 1, the tails are aligned parallel to the 

membrane normal (i.e., perpendicular to the membrane), when SCD = - 0.5, the tails are aligned 

perpendicular to the membrane normal, and SCD = 0 describes random orientation of the acyl 
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chains. The angular bracket <·····> denotes an ensemble or a time average. Figure 9 shows the 

order parameter of each sn-1 and sn-2 acyl chains of the individual SOPC and SOPS components 

of the bilayer membrane. As SCD is below 0.25, one can readily see that the membrane is in a liquid 

phase with disordered chains.   

 

                 

Figure 9: Acyl chain order parameter of mixed bilayer membrane 

The order parameter for the two chains of SOPC and SOPS component of the 

mixed bilayer membrane is shown here.  

 

2.4.2 Density Profile and the Thickness of the mixed membrane   

We calculated the mass density as well as the electron density profile of the mixed 

membrane. Figure 10A shows the mass density and Figure 10B shows the electron density for the 

mixed bilayer membrane. Further Figure 10C shows the electron density for several components 

of the mixed membrane.  
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The membrane thickness is defined as the peak to peak distance for SOPC + SOPS 

components (green plot in Figure 10B) which in this case is ~ 32.76 Å.    

         A                                                  B                                                     C 

       

Figure 10: Density profiles of the mixed bilayer membrane 

(A) Mass density (B) electron density for 5 components and (C) electron density 

for 9 components of the mixed membrane.  

 

2.5 Protein Addition to the Mixed Membrane Bilayer System(s)   

This mixed lipid bilayer membrane will be subsequently referred to as the Full Membrane 

(FM) system to distinguish it from the Highly Mobile Membrane Mimetic (HMMM) model 

described later (63). Our next objective is to add the protein and create a membrane + protein 

system for computational studies. Our objective is to study the mixed membrane bound 

configuration of peripheral proteins like PKCα-C2 domain under various conditions. The detailed 

study of these systems will be presented in the following chapters.     
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3 MEMBRANE BOUND CONFIGURATION OF PKCα-C2 DOMAIN 

3.1 Introduction   

Protein kinases are enzymes that transfer a phosphate group from a donor, such as ATP, to 

a substrate (2, 3, 5, 64, 65). Metabolic and structural changes occur as a result of phosphorylation, 

which influences numerous functions of the cell, including signal transduction, cell growth, cell 

division, cell differentiation, cell migration, organelle trafficking, ion channel activity and synaptic 

activity (2, 5, 66-69). Protein Kinase C (PKC) isozymes, also known as serine/ threonine kinases 

because they phosphorylate the hydroxyl group of serine/threonine, belong to the AGC (from 

PKA, PKG, PKC) family of protein kinases, which share certain structural features (5, 70). Among 

10 mammalian isozymes of PKC, PKCα is commonly known as a conventional PKC (cPKC) (71, 

72). PKCα consists of a highly conserved catalytic domain (C-terminal) and a regulatory domain 

(N-terminal). In addition to an autoinhibitory pseudosubstrate (73), the regulatory domain has two 

membrane targeting domains. One is a small 50 residue long globular C1 domain (C1a and C1b) 

which is sensitive to diacylglycerol (DAG)/ phorbol esters. The other part, which we investigate 

in this thesis, is called the C2 domain.  It is an approximately 140 amino acid tertiary structure 

containing 8 anti-parallel β-sheets connected by loops (Figure 11). 
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Figure 11: PKCα-C2 domain 

Eight critical domain-parts of the PKCα-C2 domain loop1 (N189, red), loop3     

(R249, T250, T251, R252, green), strand β3 (K197, K199, yellow), β4 ( K209, 

K211, brown), K205 (blue), Ca2+ ions (pink), hpb-2resi (Y195, W245, 

maroon) and W247 (violet) are shown in licorice representation. 

 

In the conventional scheme of PKCα activation, extracellular signals trigger the hydrolysis 

of phosphatidylinositol 4,5-biphosphate (PIP2) that produces diacylglycerol (DAG) and inositol 

1,4,5-trisphosphate, which in turn, releases Ca2+ ions from intracellular stores (74). In the presence 
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of excess cytosolic Ca2+ ions two or three Ca2+ ions bind to the three calcium binding loops (CBL1, 

CBL2 and CBL3) on one end of the C2 domain (23, 27, 75) (Figure 11). Calcium binding drives 

the PKCα-C2 domain to the membrane (16, 70, 76), where it recognizes phosphatidylserine (PS) 

(23, 77-81) and PIP2 on the membrane surface (82-86) through interactions with the calcium 

binding loop regions and the lysine rich cluster (LRC) (74). Once C2 domain binding is achieved, 

the C1a domain binds to DAG (87, 88), which produces a conformational change in the protein 

that releases the pseudosubstrate to activate PKCα (16, 70, 76, 87, 89). The initial anchoring and 

subsequent localization of the C2 domain at the membrane surface is a vital step in the process of 

PKCα activation (87, 89).   

Determination of the membrane bound configuration of PKCα-C2 domain has engaged 

numerous authors (23, 27-32, 75, 77-86, 90-98). Verdaguer and co-authors suggested that the 

ternary complex crystal structure of PKCα-C2 in the presence of Ca2+ ions and short chain 1,2-

dicaproyl-sn-phosphatidyl-L-serine (DCPS) (PKCα-C2 - Ca2+ - DCPS) shows that C2 domain-

membrane binding is a result of direct bridging of a Ca2+ ion to a PS membrane lipid (23). 

Subsequently, Guerrero-Valero and co-authors, suggested that a quaternary complex crystal 

structure of PKCα-C2 in the presence of Ca2+, 1,2-dihexanoyl-sn-glycero-3-[phosphor-L-serine], 

and 1,2-diayl-sn-glycero-3-[phosphor inositol-4,5-biphosphate] (PKCα-C2 - Ca2+ - PS – PIP2) 

shows that PIP2 binds to the LRC region and PS to the CBL region (27). They showed that 

mutating the hydrophobic residues Y195 and W245, as well as two lysines K209 and K211, 

eliminated the neuronal differentiation capabilities of the PKCα-C2 domain, even in the presence 

of excess Ca2+ ions and DAG, implying that PIP2 binding to the second site is biologically 

important even if Ca2+ binding to PS is available (27, 71, 89).  
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Medkova and Cho (95) used mutational studies to demonstrate the importance of 

hydrophobic interactions in C2 domain binding. Scott and co-authors (99) argued that although 

hydrophobic interactions play a dominant role in C2 domain binding, electrostatic interactions are 

dominant in the retention of C2 domains on the membrane. Both of these studies suggested that 

hydrophobic residues, like W245 and W247, which are situated on CBL3 could penetrate into the 

membrane. This view of hydrophobic interactions is complementary to domain binding that relies 

upon electrostatic interactions between Ca2+ ions (bound to CBLs) and the negatively charged PS, 

as well as interactions between LRC strands β3 (K197, K199), β4 (K209, K211) and PS/PIP2 

lipids. Other studies have explored the electrostatically driven membrane recruitment of C2 

domains (100-102). A recent enzymatic activity study by Egea-Jimenez and co-authors (103) 

showed that in the presence of 5 mol% of PIP2, the full-length PKCα reaches its full activation 

strength even in the absence of DAG and low concentration of cytoplasmic Ca2+ ions. In the case 

of isolated PKCα-C2 domain, it has been shown that the presence of PIP2 reduces the 

concentration of Ca2+ ions required for membrane binding (84, 104). These results indicate that the 

binding of C2 domain to PS and PIP2 plays a defining role in PKCα activation.  Simulations of 

the bound configuration of PKCα-C2 domain to the PC + PS mixed membrane with and without 

PIP2 can enhance our understanding of the membrane binding of PKCα-C2 and its role in the 

activation of PKCα. 

Biophysical studies have not provided a definitive view of the bound configuration of 

PKCα-C2. In a 3:1 molar ratio PC:PS lipid vesicles, Electron Paramagnetic Resonance (EPR) 

experiments showed that the longest strand β2 makes an angle of 68° ± 7° (28, 91) with the 

membrane normal. More recent EPR measurements show that this angle is 90° for a 2:1 PC:PS 

ratio (29). X-ray reflectivity demonstrated that the same angle is 35° ± 10° while in a 7:3 molar 
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ratio PC:PS lipid monolayer (31). In 3:1 PC:PS liposomes, Attenuated Total Reflection Infrared 

(ATR-IR) experiments showed that it is 51° ± 4° (32). In 2:1 PC:PS lipid vesicles, an EPR study 

reported that R249 from CBL3 penetrates deepest into the membrane while two bound Ca2+ ions 

remained at -3 ± 3 Å and -5 ± 3 Å from the average position of phosphorus in the lipid head group 

(29). X-ray reflectivity experiments reported that N189 from CBL1 penetrates deepest into the 

membrane with a penetration depth of 7.5 ± 2 Å for the C2 domain (31). It is not yet clear whether 

these different results are due to different preparation conditions or some other aspect of the 

experiments. 

Additional inconsistencies exist within the range of experiments reporting the effect of 

PIP2 on the orientation of membrane bound C2 domain. EPR experiments reported that PIP2 (2 

%) binding to the LRC of the PKCα-C2 domain alters the orientation of the C2 domain from 90° 

from the membrane normal to 50° ± 10° (29). However, ATR-IR experiments (32) suggest that 

5% PIP2 brings the domain closer to the membrane surface, from ~ 51° without PIP2 to ~ 60° with 

PIP2. Furthermore, EPR measurements, combined with molecular dynamics simulations (30) 

showed that the C2 domain β-sheet structure lies parallel to a 1:1 molar ratio PC:PS membrane 

without PIP2. Binding of the C2 domain to a single PIP2 leads to a tilt of ~ 60° from the membrane 

normal. Binding of a second PIP2 to the same domain reduces the tilt further, to ~ 53°.   

Previous MD studies (30, 93) were restricted in their scope. Although MD simulations can 

test if the protein domain can attain an equilibrium bound configuration starting from an arbitrary 

unbound configuration, the two simulations in the literature were restricted to testing the stability 

of a given bound configuration. For example, the binding stability of the crystal structure model 

(23) was tested by 10 ns MD simulations (93) and the binding stability of the EPR model (29) was 
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tested in a 30 ns MD simulation (30). Spontaneous binding of the PKCα-C2 domain to the 

membrane and subsequent equilibrium were not observed in these simulations. 

In this thesis, MD simulations are used to probe the binding of PKCα-C2 domain to a mixed 

PC:PS lipid membrane, with and without PIP2, as well as its subsequent equilibration to a 

dynamically stable bound configuration. This chapter discusses simulations of the PC + PS 

membrane system that include long-duration (500 ns) conventional full membrane (FM) model 

simulations as well as simulations using a recently proposed  Highly Mobile Membrane Mimetic 

(HMMM) model (63). Different starting orientations of the protein were chosen, but the final 

bound configuration of the protein was similar for both long-duration (500 ns) FM and shorter 

duration (80 ns) HMMM models. Moreover, the role of bound Ca2+ ions was probed by simulations 

of the PKCα-C2 domain in bulk water, with and without bound Ca2+ ions and an HMMM model 

simulation where we removed the bound Ca2+ ions. Furthermore, the effect of different lipid 

densities on C2 domain binding is investigated within the HMMM model in Chapter 4. The role 

of PIP2 in the membrane binding of the C2 domain is explored through three long-duration (one 

700 ns and two 200 ns each) FM model PC + PS + PIP2 membrane systems in Chapter 5. TABLE 

1 summarizes all of the FM/ HMMM systems (with the nomenclature for the systems used) 

reported in this study.  
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TABLE 1 Simulated Systems 

HMMM and FM model systems along with respective area per lipid (AL), damping 

coefficient (γ), temperature and run time. For FM model systems, temperature was 

increased to 310 °C and γ was changed to 0.5 ps-1 after 300 ns run time. LA denotes 

Large Area, per denotes perpendicular, tilt denotes tilted, noCAL denotes without 

calcium. NA denotes not applicable. 

 

 

Model System AL(Å2) γ (ps-1) Temperature (°) Run Time (ns) # of runs 

HMMM Model 

Systems - Name 

 

per1, per2, tilt       

 

LA_per1  

LA_per2, LA_tilt         

(Chapter 4)      

             

  

 

  81 

125 

125 

  

 

 0.5 

 0.5 

 0.5  

      

 

     310 

     310 

     310 

      

 

       80 

       80 

       40 

 

 

    5 

    4 

    4 

Full Membrane Model 

System 

                     

per1_FM   61     1      300      500     1 

per2_FM   61     1       300      500     1 

tilt_FM   61     1      300      500     1 

PKCα-C2 in Water                                 

w/ and w/o Ca2+ ions 

   

 NA 

         

 0.5 

     

     300 

            

       50 

     

    1 

noCAL per1    81  0.5      310        80     1 

pip2_systems 

 

Sim1 

   

   

  61 

       

       

  0.5 

      

      

     310 

            

            

     700 

     

     

    1 

 

Sim2 and Sim3  

(Chapter 5)                 

  61   0.5      310      200                                  1 
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3.2 Methods  

The atomic coordinates of PKCα-C2 domain were taken as provided by Chen et al. (31), 

who described the domain sequence of the purified protein as composed of M152DHH155 (additional 

residues from purification protocol), T156 to N287 (from crystal structure (23) Protein Data Bank 

ID: 1DSY) and L288EHHHHHH295 (additional residues from purification protocol). 

The FM and the HMMM model systems are described below in Sections 3.2.1 and 3.2.2. 

Initial orientations of the C2 domain in the MD simulations of the PC + PS membrane system were 

taken from experiments, but the protein domain was positioned in the bulk water with protein-

bound Ca2+ ions at least 6 Å and 14 Å away from the membrane’s negative moieties (PO4
-/ COO- 

moieties), respectively, for the FM model and the HMMM model (Figure 12 and Figure 18). This 

initial configuration separates the protein-bound Ca2+ ions from their location in the membrane 

previously determined by experiments, thus allowing the simulations to follow the binding of the 

protein to the membrane. Two orientations taken from X-ray reflectivity measurements (31) are 

referred to as perpendicular 1 (abbreviated as per1) (θ = 35˚, φ = 210˚), perpendicular 2 

(abbreviated as per2) (θ = 35˚, φ = 0˚) and one orientation from EPR measurements (28) is referred 

to as tilted (abbreviated as tilt) (θ = 68˚, φ = 300˚), where (θ, φ) were described in (31). The initial 

orientations are nearly the same as those shown in Figure 12 and Figure 18.   

3.2.1 FM Model Simulations 

The protein - membrane system is fabricated by taking only the equilibrated membrane 

patch from the last frame of the SOPC + SOPS lipids simulation (step 5 described in Section 2.2.2) 

and adding the protein domain, water and a new set of counterions. The protein domain is 

positioned above the equilibrated membrane in one of three orientations (per1, per2, or tilt) with 
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the bound Ca2+ ions at least 6 Å from the PO4
-/ COO- headgroup moieties of the membrane lipids 

creating three FM model systems, viz., per1_FM, per2_FM and tilt_FM (Figure 12).  

 

 

 

 

Figure 12: FM model initial state at 50 ps 

From left to right: per1_FM, per_FM and tilt_FM. Color code for the protein 

and its residues is same as that in Figure 11. Water and ions are not shown for 

clarity. 

 

VMD is used to add water and K+ Cl- ions to neutralize as well as achieve a 100 mM electrolyte 

concentration (50). Water molecules located within 1.4 Å of the C2 domain, which overlap the 

domain, were removed. Layers of water, ~ 20 Å thick, are located at the top and bottom of the 

simulation cell to avoid image interactions from neighboring cells that could arise due to our use 

of periodic boundary conditions. The simulation cell consisted of ~ 82000 atoms with a dimension 

of ~ 73 x 76 x 120 Å3. Harmonic constraints with a force constant, k = 2 kcal·mol-1·Å-2, were 

applied to the Cα atoms of the C2 domain and to the bound Ca2+ ions while the whole system was 

energy minimized for 60,000 steps (120 ps) at a target pressure of 1 atm. The temperature was 
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gradually increased to 300 K under constant area ratio for 4 ns. During this equilibration the area 

per lipid, calculated as x times y dimensions of the simulation cell divided by the number of lipids 

in a leaflet (100), attained a value of ~ 61 Å2 (Figure 13).  

 

 
 

Figure 13: Area per lipid for FM model systems 

Each of the FM model system has attained the area per lipid of ~ 61 Å2. 

 

Subsequently, the cell area was fixed and all three FM model systems were further 

equilibrated for 10 ns. Figure 14 shows the energy components; Figure 15 shows the temperature 

stabilization; Figure 16 shows the chain order parameter; and Figure 17 shows the mass density 

and the electron density profiles of the FM model systems. These figures show that all three 

systems are equilibrated equivalent systems. Finally, the harmonic constraints on the PKCα-C2 

domain were removed and simulations proceeded for 500 ns for per1_FM, per2_FM and tilt_FM 

systems. 
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Figure 14: Energy components for FM model systems 

Left to right: per1_FM, per_FM, and tilt_FM. The equilibrated systems show 

conserved energy components for the system. 

 

 

              
 

Figure 15: Temperature for FM model systems 

All FM model systems attained s steady temperature. 
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Figure 16: Acyl chain order parameter for FM model systems 

All FM model systems are effectively equivalent. 

 

 

     
 

     

 

Figure 17: Mass and electron density profiles for FM model systems 

Mass density (top row) and electron density (bottom row) profiles for FM 

model systems calculated just before the start of the production run. 
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3.2.2 HMMM Model Simulations 

The HMMM model uses a combination of two monolayers of short-chain lipids that 

sandwich a layer of a small molecule solvent (1,1-dichloroethane) to mimic a bilayer consisting of 

two layers of long-chain lipids (63). HMMM equilibrates much faster than the FM model.  

Comparison of results from the two models may provide insight into equilibration of the FM 

model, as well as the applicability of the HMMM model. A mixed lipid HMMM model was 

constructed by randomly mixing 30 divalerylphosphatidylserine (DVPS) lipids (containing two –

(CH2)4CH3 chains) and 70 divalerylphosphatidylcholine (DVPC) lipids within a leaflet to achieve 

the same PC:PS ratio used in the FM model. Since there is no experimental data available for the 

area per lipid for such a mixed lipids membrane, in HMMM model systems a larger area per lipid 

was chosen to be ~ 81 Å2 to further accelerate the domain - membrane equilibration process (63, 

105) and to investigate non-systematically the effect of lipid packing on protein binding.  This is 

done in a more controlled way later when the HMMM system is also used for studies of a second 

lower lipid density. Three systems were prepared with the initial orientations discussed previously 

(per1, per2 and tilt, see Figure 18). The PKCα-C2 domain was positioned with its bound Ca2+ ions 

at least 14 Å from PO4
-/ COO- headgroup moieties of the membrane lipids. VMD (50) was used 

to solvate the HMMM model systems in water and to add K+ and Cl- ions to neutralize the system 

and achieve a 100 mM electrolyte concentration. Water molecules located within 1.2 Å of the 

domain were removed. The HMMM simulation cell consisted of ~ 98,000 atoms. Each HMMM 

modeled system was energy minimized for 10,000 steps (20 ps) with a target pressure of 1 atm 

and a gradual increase in the temperature to 310 K during which the membrane area in the x-y 

plane was kept constant while Cα atoms of the PKCα-C2 domain and bound Ca2+ ions were 

harmonically constrained with a force constant of k = 2 kcal·mol-1·Å-2.  A further constrained 
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simulation of 100,000 steps (0.2 ns) occurred after this. Subsequently, all constraints on the PKCα-

C2 domain were removed and five simulations for each of the per1, per2 and tilt systems were 

performed for 80 ns apiece.    

 

 
 

Figure 18: FM model initial state at 50 ps 

From left to right: per1, per2 and tilt. Inner core of the HMMM model system 

as represented by 1,1-dichloroethane (DCE) is shown in ice blue color. Color 

code for the protein and its residues is same as that in Figure 11. Water and ions 

are not shown for clarity. 

 

3.2.3 PKCα-C2 in Bulk Water with and without Bound Ca2+ Ions 

Two simulations of an isolated PKCα-C2 domain in bulk water were carried out for 50 ns 

apiece. In one case the bound Ca2+ ions were kept intact within the CBLs of the C2 domain. In the 

other simulation the bound Ca2+ ions were removed. Using VMD (50) the C2 domains were 

solvated in a water box with a free water layer of at least ~ 20 Å all around.  Ions (K+ and Cl-) were 

added to neutralize the system and to produce 100 mM overall salt concentration. The simulation 

cell contained ~ 49,000 atoms. Initially, Cα atoms and bound Ca2+ ions (where applicable) were 
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constrained with a force constant of k = 2 kcal·mol-1·Å-2 and the systems were energy minimized 

for 10,000 steps with a target pressure of 1 atm and a gradual increase in the temperature up to 300 

K. The constrained systems were further simulated for 1 ns. Subsequently, the constraints were 

removed to simulate the systems for 50 ns each.  

3.2.4 HMMM Model + PKCα-C2 Domain without Bound Ca2+ Ions 

Another system was prepared and simulated in order to further explore the role of the bound 

Ca2+ ions to the PKCα-C2 domain. We took a per1 system (based upon the HMMM model) and 

then just removed the bound Ca2+ ions (abbreviated as noCAL_per1). Further, the noCAL_per1 

system was energy minimized for 10,000 steps, the temperature was set to 310 K, the pressure was 

set to 1 atm, and Cα atom constrained simulation was done for 100,000 steps. Eventually, an 

unconstrained production run of 80 ns was performed. 

3.2.5 Simulation Protocol  

NAMD2 (39) was used for all simulations on a home-built GPU workstation and on a 

Beowulf cluster. CHARMM36 force field parameters (47) were used for the lipids along with 

compatible CHARMM CGenFF for DCE (49) and CHARMM22/ CMAP corrected force field 

parameters for the protein (106). The systems are solvated with rigid TIP3P water implemented in 

NAMD2 (40). All FM/ HMMM model simulations were performed in the NPnAT ensemble (Pn is 

constant membrane normal pressure and A is fixed membrane area). Langevin dynamics with a 

damping coefficient γ of 0.5 ps-1 and Langevin piston Nosé-Hoover methods (41, 42) were used 

to set the temperature to 310 K and pressure to 1 atm for most of the simulations. Long simulations 

for the FM model systems up to 300 ns duration and for the aqueous solution simulations were 

carried out at 300 K with a damping coefficient, γ, set to 1 ps-1. Long range electrostatic 

interactions were computed by the Particle Mesh Ewald (PME) method (45) using a grid density 
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of ~ 1 Å-3.  Short range van der Waals interactions were smoothly truncated between 10 Å and 12 

Å. Bonded hydrogen atoms were kept rigid through the use of the SETTLE/ SHAKE algorithm 

(43, 44), allowing us to use an integration time step of 2 fs.      

3.3 RESULTS  

First, we present results from the analysis of MD simulation trajectories from 5 runs each 

of the HMMM model per1, per2 and tilt systems up to 80 ns and henceforth collectively denoted 

as N = 15 HMMM model systems (“N=15”) and one 500 ns run each of the FM model per1_FM, 

per2_FM and tilt_FM. Second, the analysis results for two aqueous solution runs of 50 ns each are 

described. Finally, we present results from an 80 ns simulation of noCAL_per1 system. 

3.3.1 Critical Membrane Binding Residues 

The domain - membrane interface is a complex region with numerous possibilities for 

binding. Eight parts of the PKCα-C2 domain have been implicated in membrane docking in many 

experiments. For example, X-ray reflectivity measurements (31) implicate loop 1 (N189), K205; 

EPR measurements (28) implicate loop 3 (R249, T250, T251, R252), LRC strands β3 (K197, 

K199), β4 (K209, K211); crystallographic measurements (23, 27, 75) implicate Ca2+ ions, LRC 

strands β3 (K197, K199), β4 (K209, K211), hpb-2resi (Y195, W245), W247 and biochemical 

experiments (82, 84, 93, 95) implicate Ca2+ ions, LRC strands β3 (K197, K199) and β4 (K209, 

K211). Any mention of these eight parts of the domain in this study would imply the associated 

critical residues as shown in parentheses (Figure 11), unless otherwise stated. The role of these 

domain parts and residues will be noted in the following discussion of the simulations. 

These simulations determine a molecular level model of the membrane bound 

configuration of PKCα-C2 domain. The results described below show that loop 3, strand β4 and 

W247 penetrate stably into the membrane. Parallel strands β3 - β4 lie in a nearly vertical plane 
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with the joint residue K205 localized on the membrane surface. This geometry exposes the -OH 

of Y195 and the LRC to membrane lipids, with W247 penetrating further into the membrane. Loop 

1 fluctuates randomly above the membrane surface but Ca2+ ions are in stable contact with the 

membrane surface, once they are dislodged from contact with loop 1. Loop 1, Ca2+ ions and the 

-OH of Y195 position themselves in an approximate horizontal plane.  

Four quantities were used to characterize the membrane bound configuration of PKCα-C2 

domain, namely angle (θ), relative heights hr(z), minimum distance (dmin) and number of direct 

contacts (Nc). These terms are defined below. 

3.3.2 Angle (θ) 

Two vectors were chosen to define the angles through which one can characterize the 

angular variation of the PKCα-C2 domain. For vector 1, we have chosen two residues situated at 

the ends of the largest beta sheet #2 within the PKCα-C2 domain. Vector 1 is defined as a vector 

from the center of mass (COM) of the Cα-N moiety of the residue L173 to the COM of the Cα-N 

moiety of the residue A180 of PKCα-C2 domain. Angle θ1 is defined as an angle between vector 

1 and the z-axis. Vector 2 is defined as a vector that connects the COM of the two bound Ca2+ ions 

and the Cα-N moiety of the K205 residue of the PKCα-C2 domain. Angle θ2 is defined as an angle 

between the vector 2 and the z-axis. These two angles, (θ1, θ2), (Figure 19) are used to measure the 

angular variations of the PKCα-C2 domain from a direction perpendicular to the membrane. 

Although the information from these two angles is somewhat redundant, both angles were 

computed to facilitate comparison to values in the literature.  

Figure 20 shows the angular variation for the HMMM model per1, per2 and tilt systems 

and the FM model systems. 
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                    A                                                                    B 
 

                             

 

Figure 19: The definition of angle (θ1, θ2) for the orientation 

(A) The angle θ1 is defined as the angle between a vector that connects the 

center of mass (COM) of the Cα atom of the residue A180 and the COM of 

the Cα atom of the residue L173 and the Z-axis. (B) The angle θ2 is defined 

as the angle between a vector that connects the center of mass (COM) of the 

two Ca2+ ions and the COM of the Cα atom of the residue K205 and the Z-

axis. 
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A                                                                           B 
 

      
 

C                                                                           D 
 

     

 

Figure 20: Orientation angle for FM/ HMMM model systems 

Angle θ1 and θ2 for (A) N = 15 HMMM model systems (B) FM model systems. 

(C) And (D) shows θ1 and θ2 for the individual per1, per2 and tilt HMMM 

Model systems. 

 

TABLE 2 shows the mean values of the angles for N = 15 HMMM model systems. Any 

calculations of the mean values with standard deviation in this study is performed for the last 30 

ns of HMMM model trajectories, unless otherwise stated. 

 

 



41 

 

 

  

TABLE 2 Mean angle for N = 15 HMMM model systems 

Mean (with standard deviation in parenthesis) of the PKCα-C2 domain orientation 

angles (θ) for N = 15 HMMM model systems calculated for the last 30 ns of the 

trajectories, where data is saved every 50 ps. 

Angle (°)    per1      per2      tilt     N = 15  

θ1 

 

θ2  

87.0 (3.8)  

  

87.2 (4.0)  

95.3 (3.5)  

 

90.6 (3.2)  

89.4 (3.5)  

 

91.9 (3.2)  

90.6 (1.9)   

 

89.9 (2.1)  

 

3.3.3 Relative Heights hr(z)   

The relative height, hr(z), is defined as the distance perpendicular to the plane of the 

membrane of domain-bound Ca2+ ions and critical domain residues, such as R249 (in loop 3), 

K209 (in strand β4), and W247 from two different planes parallel to the membrane surface: the 

average plane, <P>, defined by phosphorous atoms of the lipid PO4
- groups and the average plane, 

<C>, defined by carbon atoms of the lipid COO- groups. This parameter determines the extent of 

domain penetration into the membrane. 

Figure 21 shows the relative heights for N = 15 HMMM model systems taken together and 

Figure 22 - 24 show the relative heights for each individual HMMM model systems for the per1, 

per2 and tilt systems. 
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A                                                                           B 
 

     
 

C                                                                           D 
 

     

 

Figure 21: The relative heights, hr(z), for four critical residues 

hr(z) for HMMM model systems (A) R249 (B) K209 (C) W247 and (D) Ca2+ 

ions. The C-atoms of the COO- moiety <C> plane and the P-atoms of the PO4
- 

moiety <P> plane are shown in red and black color respectively.   
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Figure 22: The relative heights, hr(z), for per1 HMMM model system 

hr(z) for five runs of per1 HMMM model system.  The C-atoms of the COO- 

moiety <C> plane and the P-atoms of the PO4
- moiety <P> plane are shown in 

red and black color respectively.   
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Figure 23: The relative heights, hr(z), for per2 HMMM model system 

hr(z) for five runs of per2 HMMM model system.  The C-atoms of the COO- 

moiety <C> plane and the P-atoms of the PO4
- moiety <P> plane are shown in 

red and black color respectively.   
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Figure 24: The relative heights, hr(z), for tilt HMMM model system 

hr(z) for five runs of tilt HMMM model system.  The C-atoms of the COO- 

moiety <C> plane and the P-atoms of the PO4
- moiety <P> plane are shown in 

red and black color respectively.   
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3.3.4 Minimum Distance dmin 

The minimum distance, dmin, is defined as the minimum distance between any atom in the 

PO4
- or COO- moieties of the lipid headgroups in the top leaflet of the bilayer and eight critical 

domain-parts (residues) of the PKCα-C2 domain, viz. loop1, loop3, Ca2+ ions, K205, strand β3, 

strand β4, hpb-2resi and W247. TABLE 3 shows the mean value of the dmin (with standard 

deviation) for combined N = 15 HMMM model systems. Figure 25 shows the time series of the 

dmin for the same systems. Moreover, Figure 26 - 28 show dmin for per1, per2 and tilt N = 15 

individual HMMM model systems and Figure 29 for the individual FM model systems 

respectively.         

TABLE 3 Mean minimum distance for N = 15 HMMM model systems 

Mean (with standard deviation in parenthesis) of the PKCα-C2 domain parts 

minimum distance (dmin) for N = 15 HMMM model systems calculated for the last 

30 ns of the trajectories, where data is saved every 50 ps. 

Domain Parts     per1      per2      tilt      N=15  

 loop1 (N189)  4.7 (0.6)   4.6 (0.6)   4.6 (0.5)   4.6 (0.3)  

 loop3 (R249, T250,T251, R252)   1.7 (0.03)   1.7 (0.04)   1.7 (0.04)   1.7 (0.02)  

 R249   1.9 (0.2)  1.8 (0.1)  1.8 (0.1)  1.8 (0.09) 

 T250   3.7 (0.4)  3.5 (0.3)  3.6 (0.5)  3.6 (0.2)  

 β3 (K197, K199)   3.7 (0.9)   2.8 (0.5)   1.9 (0.2)   2.8 (0.3)  

 β4 (K209, K211)   2.1 (0.5)   1.8 (0.2)   1.8 (0.2)   1.9 (0.2)  

 K209   2.5 (0.7)  2.0 (0.3)   2.1 (0.3)   2.2 (0.3)  

 K211   2.9 (0.7)   2.7 (0.6)   2.5 (0.5)   2.7 (0.3)  

 Ca
2+ 

ions   4.9 (0.3)   3.2 (0.2)   3.5 (0.1)   3.9 (0.1)  

 K205  2.9 (1.2)  3.2 (0.5)   2.9 (0.6)  3.0 (0.5) 

 hpb_2resi (Y195, W245)   4.3 (0.5)   3.6 (0.5)   2.8 (0.4)   3.6 (0.2)  

 OH-moiety (of Y195)   4.7 (0.7)   4.1 (0.6)   3.4 (0.5)   4.1 (0.3)  

 W247  2.6 (0.3)   2.6 (0.3)   2.9 (0.3)   2.7 (0.1)  

 NH moiety (of W247)   3.2 (0.5)   3.1 (0.5)   3.5 (0.5)   3.3 (0.2)  
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Figure 25: The minimum distance, dmin, for N = 15 HMMM model systems 

dmin for (A) loop1 (N189) (B) loop3 (R249, T250, T251, R252) (C) Calcium 

ions (D) K205 (E) β3 (K197, K199) (F) β4 (K209, K211) (G) hpb-2resi (Y195, 

W245) and (H) W247. 
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Figure 26: The minimum distance, dmin, for per1 HMMM model systems 

dmin for eight critical parts of the domain is shown for five runs of per1 case.  
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Figure 27: The minimum distance, dmin, for per2 HMMM model systems 

dmin for eight critical parts of the domain is shown for five runs of per2 case.  
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Figure 28: The minimum distance, dmin, for tilt HMMM model systems 

dmin for eight critical parts of the domain is shown for five runs of tilt case.  
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Figure 29: The minimum distance, dmin, for FM model systems 

dmin for eight critical parts of the domain for (A) per1_FM (B) per2_FM and 

(C) tilt_FM cases. 
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3.3.5 Number of Direct Contacts (Nc)  

A direct contact between two groups is defined whenever any atom from say, group 1 

comes within 6 Å of any atom in another group say, group 2. We defined an interaction between 

the domain (forming group 1) and the membrane (forming group 2) through Nc and its strength is 

measured through the number of direct contacts. We calculated the mean value of Nc (with standard 

deviation) for the same components as we calculated dmin. TABLE 4 lists Nc between say, set 1 

groups i.e., the eight critical domain parts as group 1 and the PO4
- or COO- moieties of the lipid 

headgroups in the top leaflet of the bilayer as group 2 for HMMM model systems.    

TABLE 4 Mean number of direct contacts for N = 15 HMMM model systems 

Mean (with standard deviation in parenthesis) of the PKCα-C2 domain parts’ 

number of direct contacts (Nc) for N = 15 HMMM model systems calculated for 

the last 30 ns of the trajectories, where data saved every 50 ps. Ca2+ ions are shown 

for two distances. 

 

Domain parts     per1      per2      tilt     N=15  

 loop1 (N189) 

 loop3(R249, T250, T251, R252)  

 3.7 (1.2)  

 34.2 (2.0)  

 4.3 (1.2)  

 38.5 (2.0)  

 4.9 (1.2)  

 35.7 (2.4)  

 4.3 (0.7)  

 36.1 (1.2)  

 R249   16.4 (1.5)  17.3 (1.7)  17.1 (1.2)  16.9 (0.8) 

 β3 (K197, K199)   5.7 (1.8)   8.8 (1.5)   12.6 (1.4)   9.0 (0.9)  

 β4 (K209, K211)   15.8 (1.7)   18.4 (2.3)   18.0 (1.9)    17.4 (1.3)  

 K209   10.5 (1.5)   13.1 (2.0)   10.6 (1.2)   11.4 (1.0)  

 K211  8.2 (1.6)   9.0 (1.9)   9.8 (1.8)   9.0 (1.0)  

 Ca
2+ 

ions (6Å)   2.8 (0.7)   4.9 (0.5)   4.1 (0.4)   3.9 (0.3)  

 Ca
2+ 

ions (7Å)   4.7 (0.9)       8.2 (0.7)   6.0 (0.6)    6.3 (0.5)  

 K205   10.8 (1.9)   9.4 (1.8)   8.2 (1.7)   9.5 (0.9) 

 hpb_2resi (Y195, W245)   4.9 (1.1)   7.9 (1.3)   12.0 (1.4)   8.3 (0.8)  

 OH-moiety (of Y195)   3.2 (1.3)   4.5 (0.9)   5.4 (1.0)   4.4 (0.6)  

 W247  12.9 (1.5)   13.9 (1.4)   12.8 (1.4)   13.2 (0.8)  

 NH moiety (of W247)   5.4 (1.0)   8.3 (1.3)    5.5 (0.9)   6.4 (0.7)  
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3.4 DISCUSSION  

Snapshots of N = 15 HMMM model systems at 80 ns (Figure 30) show that all systems 

have converged to a similar bound configuration. Moreover, the FM model system snapshots at 

500 ns (Figure 30 bottommost row) also look very similar to the configuration of HMMM model 

systems, except for the per1_FM case, which may be stuck in a non-equilibrium state. We describe 

the membrane bound configuration of PKCα-C2 domain based upon the simulation results.   
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Figure 30: The configuration of HMMM and FM model systems 

Top three rows show the membrane bound configuration for per1, per2 and tilt 

N = 15 HMMM model systems at the end of 80 ns run time, respectively. The 

membrane is shown in quicksurf representation in gray and the lipids within 6 

Å of the protein are shown in CPK representation. (bottom most row) The final 

configuration of FM model systems after 500 ns are shown from left to right: 

per1, per2 and tilt. The lipids within 6 Å of the protein are also shown in CPK 

representation. 
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3.4.1 Membrane Bound Orientation 

The orientation of the PKCα-C2 domain is partially characterized by the angle (θ1, θ2).   

Figure 20A shows angle calculations from the HMMM model systems and TABLE 2 shows their 

mean values with standard deviations. The HMMM model systems converged to a very similar 

final orientation with a mean value of ~ 90°. Angles (θ1, θ2) are fairly consistent not only within 

each case of per1, per2 and tilt but also across all three cases (Figure 20C,D; TABLE 2). Moreover 

Figure 20B shows the angles (θ1, θ2) calculated for FM model systems. The per2_FM and the 

tilt_FM systems converged to match the mean value of ~ 90° for the HMMM model systems. The 

per1_FM simulation (black curve in Figure 20B) did not vary much over 500 ns from its original 

θ of ~ 40°. A similar observation was made for one of the per2 HMMM simulation for the first 40 

ns, but this simulation eventually equilibrated to ~ 90° (Figure 20C). It is possible that the per1_FM 

simulation is stuck in a local minimum in spite of the 500 ns duration of the simulation. The 

HMMM model systems sustain their orientation angle for at least 30 ns and the FM model systems 

for at least 200 ns. 

3.4.2 Spatial - Temporal Localization of Critical Residues  

The binding configuration of a partially flexible protein cannot be characterized entirely in 

terms of rigid body rotations. Further characterization of the bound configuration is established by 

identifying the spatial-temporal localization of critical residues with respect to the membrane.  

Figure 21 - 24 show the penetration of the domain into the membrane according to the 

relative heights, hr(z), of the domain-bound Ca2+ ions and critical domain residues, such as R249 

(in loop 3), K209 (in strand β4), and W247 from <P> and <C> planes. The distances hr(z) for all 

three systems (per1, per2 or tilt) indicate that R249 penetrates deepest into the membrane, the 

lysine chain of K209 is parallel to the membrane surface and localized near <C>, W247 penetrates 
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past <P> close to the hydrophobic core and Ca2+ ions are bound and fairly localized on the 

membrane surface. 

In addition to the relative heights hr(z) along the membrane normal, the minimum distances, 

dmin, were determined between any atom in the PO4
- or COO- moieties of the lipid headgroups (in 

the top leaflet of the bilayer) and representative locations in the domain (loop1, loop3, Ca2+ ions, 

K205, strand β3, strand β4, hpb-2resi and W247). The variation of the values of dmin with 

simulation time presents a three dimensional spatial-temporal characterization of the domain-

membrane interface. Figure 25 - 28 show the dmin time series for N = 15 HMMM model systems 

and TABLE 3 lists the mean values of dmin for the last 30 ns of the simulations. Figure 29 shows 

the dmin time series for the FM model systems individually. For all HMMM and FM model systems, 

it is seen that interesting membrane binding and configuration defining interactions occur within 

~ 2 to 6 Å of the lipid PO4
-/ COO- moieties.   

TABLE 4 lists the mean number of direct contacts Nc between parts of the domain and the 

membrane for HMMM simulations. A contact between two groups (i.e., a set of residues or atoms) 

is counted as direct when any atom from group 1 is within 6 Å of any atom in the PO4
- or COO- 

moieties. Values of Nc are fairly consistent across the per1, per2 and tilt systems. TABLE 3 shows 

that loop3 and strand β4 are within ~ 2 Å of the PO4
-/ COO- moieties and W247 is within ~ 2.5 Å. 

TABLE 4 shows that the same parts have the highest Nc values. As a result of their proximity and 

number of contacts, these domain parts are likely important for membrane docking. In these 

domain parts, the residues R249 of loop3 and K209/ K211 of strand β4 provide the closest 

proximity (Figure 31) and largest number of contacts to PO4
-/ COO- moieties (TABLE 5). Thus, 

R249, K209, and W247 were chosen to represent membrane penetrating residues as depicted in 

Figure 21.  
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       A                                           B                                         C 
 

       
 

      D                                          E                                          F   
 

       

 

Figure 31: The minimum distance, dmin, for loop3 and β4 residues 

To show the steadiest residue within loop3 and β4. dmin for (A) R249 (B) T250 

(C) T251 (D) R252 (E) K209 and (F) K211. 
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TABLE 5 Mean number of direct contacts for loop3 and β4   

Mean (with standard deviation in parenthesis) number of direct contacts (Nc) for 

critical residues of the PKCα-C2 domain’s loop3 and β4 sheet for N = 15 HMMM 

model systems as calculated for the last 30 ns of the trajectories where data is 

saved every 50 ps.  

 

3.4.3 Role of Lysine Rich Cluster (LRC) and K205 

Within the LRC, strand β4 is within ~ 2 Å of the PO4
-/ COO- moieties for the last ~ 40 ns 

of the simulation time (Figure 25F) but strand β3 fluctuates within ~4 Å of PO4
-/ COO- (Figure 

25E). The mean value of dmin for strand β4 is always lower than that of β3 except for the 

HMMM_tilt simulation where they have similar values (TABLE 3). However, the Nc values are 

always considerably larger for strand β4 than β3 (TABLE 4).  

To better understand the spatial location of the LRC (strands β3 versus β4), and to reaffirm 

the extent of contacts, we tightened the convergence criteria by calculating direct contacts between 

strands β3, β4 and Ca2+ ions and only the oxygen atoms of PO4
- or COO- (Figure 32 – 34). This 

calculation also shows that strand β4 has many more contacts than β3.  

Domain Parts     per1      per2      tilt      N = 15  

 loop3 (R249, T250,T251, R252)   34.2 (2.0)  38.5 (2.0) 35.7 (2.4) 36.1 (1.2) 

 R249   16.4 (1.5) 17.3 (1.7) 17.1 (1.2) 16.9 (0.8) 

 T250   6.9 (1.1) 8.0 (1.3) 5.7 (0.8) 6.9 (0.6) 

 T 251   9.1 (1.3) 11.6 (0.9) 8.9 (1.2) 9.9 (0.8) 

 R252  15.1 (1.9) 17.3 (1.4) 16.6 (1.5) 16.3 (1.1) 

 β4 (209, K211)  15.8 (1.7)  18.4 (2.3)  18.0 (1.9)   17.4 (1.3)  

 K209   10.5 (1.5)  13.1 (2.0)  10.6 (1.2)  11.4 (1.0)  

 K211   8.2 (1.6)  9.0 (1.9)  9.8 (1.8)  9.0 (1.0)  
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Figure 32: The number of contacts, Nc, for per1 HMMM model systems 

Nc for β3, β4 with oxygen atoms of PO4
- or COO- are shown for five runs of 

per1 case. 
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Figure 33: The number of contacts, Nc, for per2 HMMM model systems 

Nc for β3, β4 with oxygen atoms of PO4
- or COO- are shown for five runs of 

per2 case. 
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Figure 34: The number of contacts, Nc, for tilt HMMM model systems 

Nc for β3, β4 with oxygen atoms of PO4
- or COO- are shown for five runs of tilt 

case. 
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In general, strand β4 is closer to the membrane (smaller dmin) and has more direct contacts 

(larger Nc) with the membrane than strand β3. This indicates that strands β4 and β3 are not in the 

same horizontal plane. Instead, they are in an almost vertical plane with strand β3 positioned above 

β4, as illustrated in snapshots Figure 35 - 40 of N = 15 HMMM model systems. Figure 35, Figure 

37 and Figure 39 show a more detailed time evolution of the N = 15 HMMM model systems. 

Figure 36, Figure 38 and Figure 40 show time stamped snapshots for bound configurations of N = 

15 HMMM model systems. 

Residue K205 occupies a unique position as a link between strands β3 and β4. It is located 

within 3 Å of the PO4
-/ COO- part of the lipids (TABLE 3) with 9 to 10 contacts (TABLE 4). This 

consistent position for all simulations (Figure 25D) suggests that K205 ought to play a critical role 

in defining the binding configuration of the PKCα-C2 domain. 

per1_N1  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 

          

 

 

   t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 
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per1_N2  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
            

  

 

 

t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

per1_N3  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 
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            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

per1_N4  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 

            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 
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per1_N5  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 

 
 

Figure 35: Time series snapshots for HMMM model per1 case 

Starting at top left, snapshots from 10 ns to 80 ns with the interval of 10 ns are 

shown for all five runs for per1 case. The short-tail lipids are in licorice 

representation. Inner core of the HMMM model system as represented by 

Dichloroethane (DCE) is shown in iceblue color. Color code for the protein and 

its residues is same as that in Figure 11. Water and ions are not shown for clarity.   
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per1 (N1 – N5)  
 

t = 65 ns                                 t = 75 ns                                        t = 75 ns                     

     
 

            t = 70 ns                                 t = 75 ns                                

      
 

Figure 36: Open faced configuration for HMMM model per1 

Close-up snapshots of membrane bound configuration of per1 HMMM model 

systems. The system representation (draw method, color): Membrane 

(quicksurf, grey); PKCα-C2 domain (secondary structure, gold); R249 (licorice, 

green); β3 (licorice, yellow); β4 (licorice, brown) and W247 (surf, violet); Ca2+ 

ions (VDW, pink). PC/ PS short-tail lipids in CPK representation are also shown 

as within 6 Å of R249, β3 (K197, K199), β4 (K209, K211), W247 and Ca2+ 

ions.  

 

 

 

N1 N2 

N4 N5 

N3 
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per2_N1  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

per2_N2  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 
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            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

per2_N3 

 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 
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per2_N4  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 
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per2_N5  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

Figure 37: Time series snapshots for HMMM model per2 case 

Starting at top left, snapshots from 10 ns to 80 ns with the interval of 10 ns are 

shown for all five runs for per2 case. The short-tail lipids are in licorice 

representation. Inner core of the HMMM model system as represented by 

Dichloroethane (DCE) is shown in iceblue color. Color code for the protein and 

its residues is same as that in Figure 11. Water and ions are not shown for clarity.   
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per2 (N1 – N5)  
 

t = 75 ns                                 t = 55 ns                                        t = 75 ns                     

     
 

            t = 75 ns                                 t = 60 ns                                

      
 

Figure 38: Open faced configuration for HMMM model per2 

Close-up snapshots of membrane bound configuration of per2 HMMM model 

systems. The system representation (draw method, color): Membrane 

(quicksurf, grey); PKCα-C2 domain (secondary structure, gold); R249 

(licorice, green); β3 (licorice, yellow); β4 (licorice, brown) and W247 (surf, 

violet); Ca2+ ions (VDW, pink). PC/ PS short-tail lipids in CPK representation 

are also shown as within 6 Å of R249, β3 (K197, K199), β4 (K209, K211), 

W247 and Ca2+ ions.  

 

 

N4 N5 

N1 N2 N3 
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tilt_N1  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

tilt_N2  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 
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            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

tilt_N3  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 
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tilt_N4  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 
            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 
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tilt_N5  
 

t = 10 ns                         t = 20 ns                               t = 30 ns                    t = 40 ns 

 
 

 

            t = 50 ns                         t = 60 ns                               t = 70 ns                    t = 80 ns 

 
 

Figure 39: Time series snapshots for HMMM model tilt case 

Starting at top left, snapshots from 10 ns to 80 ns with the interval of 10 ns are 

shown for all five runs for tilt case. The short-tail lipids are in licorice 

representation. Inner core of the HMMM model system as represented by 

Dichloroethane (DCE) is shown in iceblue color. Color code for the protein and 

its residues is same as that in Figure 11. Water and ions are not shown for clarity.   
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tilt (N1 – N5)  
 

t = 65 ns                                 t = 50 ns                                        t = 70 ns                     

     
 

           t = 75 ns                                 t = 75 ns                                

      
 

Figure 40: Open faced configuration for HMMM model tilt  

Close-up snapshots of membrane bound configuration of tilt HMMM model 

systems. The system representation (draw method, color): Membrane 

(quicksurf, grey); PKCα-C2 domain (secondary structure, gold); R249 

(licorice, green); β3 (licorice, yellow); β4 (licorice, brown) and W247 (surf, 

violet); Ca2+ ions (VDW, pink). PC/ PS short-tail lipids in CPK representation 

are also shown as within 6 Å of R249, β3 (K197, K199), β4 (K209, K211), 

W247 and Ca2+ ions.  

 

N4 N5 

N1 N2 N3 
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3.4.4 Role of Ca2+ Ion 

Ca2+ ions have a mean value dmin of ~ 5 Å, ~ 3 Å and ~ 3.5 Å for per1, per2 and tilt systems, 

respectively (TABLE 3). Generally, the ions fluctuate within 3 to 6 Å, though occasionally Ca2+ 

ions are within ~ 2 Å of COO- (see the brown, violet, magenta, indigo and turquoise data curves 

in (Figure 25C). The location of Ca2+ ions and negative moieties interactions can be disturbed even 

after remaining at a well defined distance for more than 10 ns (see grey and blue curves in Figure 

25C). In the per2_FM and tilt_FM simulations, this disturbance can occur even after more than 

100 ns of steady state positioning (black curves in Figure 29). In the anisotropic environment, the 

number of direct contacts, Nc, for Ca2+ ions increases by more than 50% when there is an increase 

in the interaction defining length by 1 Å (i.e., from 6 Å to 7 Å) (TABLE 4). The range of 

interaction of Ca2+ ions seems to be substantial. Ca2+ ions are coordinated by five aspartic acid 

residues: D187, D193 from loop 1 and D246, D248, D254 from loop 3. Loop 3 binds stably early 

in the simulation (Figure 25B), but loop 1 has random fluctuations (Figure 25A and red curve in 

Figure 29) throughout the simulation. In general, Ca2+ ions appear to follow the fluctuations of 

loop 1 (Figure 26 – 29) for long periods of time, attaining a steady state position only after 

disengaging from loop 1.  

Moreover, the number of direct contacts, Nc, for HMMM model systems, shows that Ca2+ 

ions interact similarly with oxygen-atoms of PO4
- and COO- moieties (Figure 41 – 43). 
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Figure 41: Number of contacts, Nc, of set 2 groups for HMMM model per1 

Nc between Ca2+ ions and oxygen-atoms of PO4
- or COO- moieties. <COO-> 

and <PO4-> represents oxygen-atoms for respective systems. 
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Figure 42: Number of contacts, Nc, of set 2 groups for HMMM model per2 

Nc between Ca2+ ions and oxygen-atoms of PO4
- or COO- moieties. <COO-> 

and <PO4-> represents oxygen-atoms for respective systems. 
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Figure 43: Number of contacts, Nc, of set 2 groups for HMMM model tilt 

Nc between Ca2+ ions and oxygen-atoms of PO4
- or COO- moieties. <COO-> 

and <PO4-> represents oxygen-atoms for respective systems. 
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Ca2+ ions interact with the oxygen atoms, which are negatively charged, not with C or P, 

which have partial positive charge. Calculations of direct contacts (within 6 Å) show that Ca2+ ions 

are closer to C-atoms of COO- than to P-atoms of PO4
- (Figure 44 – 46). This shows that Ca2+ ions 

are bound to the membrane, but do not penetrate far inside the membrane. This is further evident 

from the hr(z) (Figure 21D) where Ca2+ ions mostly remain at the membrane surface near the C-

atom plane of COO-. 
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Figure 44: Number of contacts, Nc, of set 3 groups for HMMM model per1 

Nc between Ca2+ ions and P-atoms of PO4
- moieties (represented as <P>) and 

C-atoms of COO- moieties (represented as <C>). 
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Figure 45: Number of contacts, Nc, of set 3 groups for HMMM model per2 

Nc between Ca2+ ions and P-atoms of PO4
- moieties (represented as <P>) and 

C-atoms of COO- moieties (represented as <C>). 
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Figure 46: Number of contacts, Nc, of set 3 groups for HMMM model tilt 

Nc between Ca2+ ions and P-atoms of PO4
- moieties (represented as <P>) and 

C-atoms of COO- moieties (represented as <C>). 
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To further determine the role of Ca2+ ions, the root mean square deviation (RMSD) from 

the crystal structure (PDB ID: 1DSY) of the PKCα-C2 domain with and without Ca2+ ions in bulk 

water is calculated (Figure 47 and TABLE 6). 

.  

           A                                                                           B            

                   

   

 

Figure 47: RMSD for in solution PKCα-C2 with and without Ca2+ ions 

Root mean square deviation (RMSD) of the in solution protein (black) and its 

loop1 (red), loop2 (green4) and loop3 (blue) with Ca2+ ions (A) and without 

Ca2+ ions (B). The reference structure for the RMSD is taken as the minimized 

structure of the PKCα-C2 domain.    

 

TABLE 6 Mean RMSD for protein in solution 

Mean (with standard deviation in parenthesis) root mean square deviation 

(RMSD) for in solution PKCα-C2 domain with and without Ca2+ ions.  

   

PKCα-C2     

(Residues)  

       RMSD (Å)  

 w/ Ca2+ ions  w/o C2+ ions 

 Protein (159 - 290)    0.82 (0.09)    1.09 (0.10)  

 loop1 (187 - 193)    0.33 (0.08)    0.76 (0.30)  

 loop2 (216 - 219)    0.15 (0.04)    0.31 (0.19)  

 loop3 (245 - 254)    0.46 (0.10)    1.37 (0.18)  
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The RMSD values increase by ~ 50% when Ca2+ ions are absent, which shows that Ca2+ 

ions stabilize the conformation of the CBLs. Ca2+ ions are embedded deep inside the CBLs groove 

and not directly accessible to lipid headgroups except through long range electrostatic interactions. 

Furthermore, in another HMMM model, noCAL_per1 system (Section 3.2.4), where we 

have removed the bound Ca2+ ions from the beginning, the RMSD for the protein and its three 

loops are shown in Figure 48.  

 

                            
 

Figure 48: RMSD of HMMM model noCAL_per1 system 

Root mean square deviation (RMSD) of the protein (black) and its loop1 

(red), loop2 (green4) and loop3 (blue) without Ca2+ ions for a HMMM 

model system. The reference structure for the RMSD is taken as the 

minimized structure of the PKCα-C2 domain. 

 

In noCAL_per1 system, the absence of the Ca2+ ions makes loop 1 fluctuate wildly. 

Moreover, the RMSD values of the protein (~ 1.1 Å) and loop 2 (~ 0.2 Å) match the simulation of 

PKCα-C2 domain in bulk water without Ca2+ ions (Figure 47B). Also, the pattern is very similar 

for loop 3 for the two systems without Ca2+ ions though the value of the RMSD for loop 3 is higher 

in bulk water (~ 1.4 Å) than in the noCAL_per1 HMMM model system (~ 0.6 Å). The smaller 
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value of the loop 3 RMSD can be attributed to its interaction with the membrane in noCAL_per1. 

These results show that Ca2+ ions stabilize the loops.       

Furthermore, for noCAL_per1 HMMM model system, the angle θ1, hr(z), dmin and Nc 

(Figure 49A-D) and the time series of the snapshots (Figure 50) show that the dynamical behavior 

and configuration of the domain match very well with N = 15 HMMM model systems that include 

Ca2+ ions (Figure 20C, Figure 22, Figure 26, Figure 32 and Figure 35).   

A                                                                           B 

  
 

C                                                                           D 

   

 

Figure 49: Bound configuration defining quantities for noCAL_per1 system 

(A) The angle θ1, (B) the relative heights hr(z), (C) the minimum distance dmin 

and (D) the number of direct contacts Nc for noCAL_per1 system. All these 

values match very well with HMMM model per1, per2 and tilt case results. 

1 



89 

 

 

  

 

noCAL_per1  

t = 10 ns                         t = 20 ns                     t = 30 ns                    t = 40 ns 

 
 

            t = 50 ns                         t = 60 ns                     t = 70 ns                    t = 80 ns 

 
 

Figure 50: Time series snapshots for noCAL_per1 HMMM model system 

Starting at top left, snapshots from 10 ns to 80 ns with the interval of 10 ns are 

shown for all five runs for noCAL_per1 system. The short-tail lipids are in 

licorice representation. Inner core of the HMMM model system as represented 

by DCE is shown in iceblue color. Color code for the protein and its residues 

is same as that in Figure 11. Water and ions are not shown for clarity.   

 

This similarity between systems with and without Ca2+ ions suggests that Ca2+ ions are not 

critical to determining the membrane-bound configuration of PKCα-C2 domain.  
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3.4.5 Role of Y195 and W247 

A hydrogen bond analysis (Figure 51) shows that -NH of W247 consistently forms H-

bonds with PO4
- and COO- of the lipid membrane but the -OH of Y195 does not. 

 

      
 

     
 

Figure 51: H-bonds for NH- W247 and OH- Y145 

Hydrogen bonds for (top row): NH-moiety of W247 and (bottom row): OH-

moiety of Y195 for all HMMM model systems. Left to right are per1, per2 and 

tilt cases. 

 

Interestingly, Ca2+ ions and OH-moiety of Y195 [or hpb-2resi (Y195, W245)] have 

essentially the same mean values (within a standard deviation) for dmin (TABLE 3) and Nc 

(TABLE 4). This positions them on an approximate horizontal plane while bound to the 

membrane.  The direct contacts between residue W247 and short-tail acyl chain plus DCE (Figure 

52A-C, for HMMM model) and acyl chain (Figure 52D for FM model) shows the hydrophobic 

nature of the membrane binding. TABLE 7 shows the mean values of the direct contacts for the 
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same in the HMMM and the FM models. The number of direct contacts are fairly consistent across 

per1, per2 and tilt cases in HMMM model. The per1_FM hardly has any direct contacts. The 

relatively higher number of direct contacts in HMMM model with respect to FM model (per2_FM, 

tilt_FM) could be attributed to the faster equilibration of HMMM model that facilities insertion of 

the proteins.   

 

A                                                                           B 
 

   
 

C                                                                           D 
 

    
 

Figure 52: Number of direct contacts, Nc, between W247 and hydrophobic core 

Number of contacts between W247 and short-tail acyl chain + DCE for 

HMMM model (A, B and C) and between W247 and acyl chain for FM model 

(D). 
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TABLE 7 Mean number of direct contacts for W247 vs. acyl chain 

Mean value of the number of direct contacts Nc for W247 and acyl short-tail plus 

DCE for HMMM model N=15 systems calculated for the last 30 ns of the 

trajectories where data is saved every 50 ps and for W247 and acyl tail for FM 

model systems for the last 200 ns of the trajectories where data is saved every 500 

ps. 

  

 

 

 

 

 

3.4.6 Modes of Approach to the Bound State  

The simulations show that the approach of PKCα-C2 domain from bulk water to the 

membrane occurred in one of three distinct modes, which will be denoted as duel mode, sharp fall 

mode and perpendicular-to-parallel mode. The primary differences between these modes lie in the 

initial approach of the domain to the membrane. 

Duel Mode: Loop 3 contacts the membrane first in the duel mode. Soon after, the Ca2+ 

ions and loop 1 engage the membrane. Vigorous rearrangement of these three domain segments 

leads to contact of K205 with the membrane, along with the two LRC strands β4, β3. Thus, the 

simulations illustrate a duel between two regions – loop 3, loop 1, Ca2+ ions on the one hand and 

K205, LRC strands β4, β3 on the other (Figure 39, tilt_N4 10 ns vs. 20 ns). During this time, K205 

contact with the membrane fluctuates. Although loop 3 binds first, within 10 ns (Figure 25B), 

fluctuations of K205 bring strands β4 and β3 towards the membrane to eventually bind β4 to the 

  per1      per2      tilt     N = 15  

Nc 6.8 (2.5)    5.4 (1.8)  

 

 4.5 (1.7)  

  

 5.6 (1.1)   

  

 per1_FM per2_FM tilt_FM  

Nc 0.03 (0.2) 

 

3.4 (3.7) 1.9 (2.2)  
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membrane. By ~ 40 ns, hpb-2resi (Y195, W245) (Figure 25G) and W247 (Figure 25H) are stably 

bound to the membrane. Further mild fluctuations of K205 and strand β3 fine-tune the orientation 

and bound configuration. Loop 1 remains fluctuating randomly above the membrane (Figure 25A). 

Ca2+ ions eventually disengage from loop 1 and diffuse on the surface of the membrane to make 

stable contact ~ 5 Å from the PO4
-/ COO-. 

Sharp Fall Mode: After preliminary engagement of loop 3 with the membrane, the C2 

domain moves abruptly to position strand β4 to lie flat on the membrane surface (Figure 35, 

per1_N3 10 ns - 20 ns). This leaves loop 1 and the Ca2+ ions on the water side of the interface. 

Over the next 20 ns to 30 ns, the domain binds to the membrane by fluctuating in a manner similar 

to that described for the duel mode. Ca2+ ions eventually diffuse from ~ 10 Å to within ~ 5 Å of 

the PO4
-/ COO- groups (green, grey, turquoise data curves in Figure 25C and black curve in Figure 

29: per2_FM case) or randomly to within ~ 2 Å (brown, green4 data curves in Figure 25F).   

Perpendicular-to-Parallel Mode: The PKCα-C2 domain orients itself with the β strands 

nearly perpendicular to the membrane.  Loop 1 penetrates deeper into the membrane than loop 3 

and Ca2+ ions penetrate into the headgroup region of the lipid membrane (Figure 37, per2_N4 10 

ns - 40 ns). The residue K205 remains 15 to 20 Å into the bulk water (yellow, cyan, violet, maroon 

data curves in Figure 25D). By ~ 20 ns, loop 3 penetrates as deeply as loop 1, bringing strands β4 

and β3 into contact with the membrane. Fluctuations of β4, β3, K205 and loop 1 lead to penetration 

of loop 3 deeper than loop 1, as well as penetration of β4 deeper than β3 and K205 settles on the 

membrane surface (cyan, violet, maroon data curves in Figure 25D). Subsequently, from 50 ns to 

80 ns, the system stabilizes as in the other two modes.  
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3.4.7 Stubborn per1 Case 

An exception to the perpendicular-to-parallel mode occurred in at least 3 simulations for 

per1 and per2 initial orientations, for which it is observed that loop 1 penetrates deeper than loop 

3 and K205 remained far from the membrane for simulation times as long as 80 ns. This final 

orientation as well as the final orientation as maintained by per1_FM even after 500 ns of run time 

is similar to that measured by X-ray reflectivity (31). It is possible that this mode is stabilized in 

experiments by the presence of many proteins on the surface, or by differences in the area per lipid 

molecule.  We shall explore the role of larger area per lipid on the PKCα-C2 domain orientation 

in chapter 4.  

It is worthwhile to mention that, within the FM model, where per1_FM case was marked 

as stuck in a local minimum notwithstanding a run time of 500 ns (Figure 30), we attempted 

another trial for ~ 250 ns using per1_FM orientation where we repositioned the C2 domain in bulk 

water at least 14 Å away from the membrane surface. The domain sharply falls on the membrane 

onto its strand β4 within 10 ns and effectively attained a configuration similar to what we have for 

tilt_FM from ~ 150 ns to ~ 300 ns (Figure 53). We stopped this trial simulation and anticipate that 

the trial case would have also followed a similar pathway as followed by other HMMM/ FM 

systems undergoing the sharp fall mechanism.   
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Figure 53: snapshot for two separate FM model systems 

(Left): Trial per1 FM model system snap at 246 ns and (right): tilt_FM model 

system snap at 300 ns. 

 

3.5 SUMMARY  

MD simulations using a full molecular membrane model (FM) and a highly mobile 

membrane mimetic model (HMMM), which equilibrates faster, were used to determine the 

configuration of PKCα-C2 domain bound to a mixed PC/ PS membrane. The final configuration 

was independent of the three different initial orientations chosen to start the simulation. The PKCα-

C2 domain was not bound to the membrane at the start of the simulation, instead it was placed in 

bulk water, far from the membrane surface. Spontaneous binding was followed during the 

simulation. HMMM model systems were run for up to 80 ns and converged to an equilibrium state 

prior to the last ~ 30 ns of each simulation. Much longer simulations were required for the FM 

model, on the order of 500 ns in order to exhibit 200 ns of the equilibrated state. Although the 
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HMMM and FM models are molecularly different, they reproduced almost identical PKCα-C2 

membrane bound configurations.  

The dynamical fluctuations of loop 1, K205 and strand β3 dictate whether PKCα-C2 

domain will have a close-faced docking orientation or an open-faced docking orientation.  

 

       
 

Figure 54: Close-faced and open-faced configurations 

A typical depiction of membrane bound configuration of PKCα-C2 domain in 

a close-faced state (left) and an open-faced state (right).                                                   

 

 A close-faced docking orientation is characterized by parallel strands β3 and β4 located in 

a horizontal plane and K205 just touching the membrane. It has been suggested that this orientation 

could be an intermediate between the starting configuration and the open-faced configuration (29, 

30, 93).  In this state, big headgroup lipids like PIP2 are constrained from binding to the LRC 

docking region. However, if strand β4 penetrates deeper into the membrane, thus aligning β3 and 

β4 along an almost vertical plane, and K205 is localized on the membrane surface, this open-faced 
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docking configuration has an exposed OH-moiety of Y195 and LRC region. This provides access 

to membrane lipids that diffuse laterally across the membrane surface (Figure 36, Figure 38 and 

Figure 40). 

The open faced docking configuration is the equilibrated state of most of the simulations. 

This docking configuration provides an unconstrained path along the membrane for laterally 

diffusing lipids, like PIP2, to bind to either the exposed OH-moiety of Y195 or to the lysine rich 

cluster without severely altering the overall orientation of the domain. 
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4 Role of Lipid Densities in PKCα-C2 Domain Bound Configuration  

4.1 Introduction 

In this chapter we investigate the role of a different area per lipid on the configuration of 

PKCα-C2 domain bound to PC:PS (7:3 molar ratio) mixed membranes. Chapter 3 demonstrated 

that the FM and the HMMM models produced nearly identical open-faced membrane bound 

configurations of PKCα-C2 domain. Although these models consistently produced similar bound 

configurations, the configuration differed greatly from X-ray reflectivity measurements (31). Since 

these simulations were performed for different areas per lipid (~ 61 Å2 and ~ 81 Å2 for the FM and 

the HMMM models, respectively) than the X-ray reflectivity measurements at an area per lipid of 

~122 Å2, more simulations were done to calculate the bound configuration at an area per lipid 

comparable to the measured value in the X-ray reflectivity measurements. Here, we use the faster 

equilibrating HMMM model to simulate systems at a larger area per lipid. 

X-ray reflectivity measurements were carried out on monolayers supported on water in a 

Langmuir trough.  The surface pressure of the lipid layer prior to adding protein to the system was 

~25 mN/m, comparable to other experiments done to mimic biomembranes (31, 107, 108). X-ray 

reflectivity measures the variation in electron density perpendicular to the interface.  Reflectivity 

data from the lipids with protein were analyzed by fitting the data to a model that assigns a separate 

slab of uniform electron density to model the tail groups and the head groups, as well as a model 

for the protein based upon the Protein Data Bank atomic coordinates for crystallized PKCα-C2 

domain (31).  The area per lipid can be determined by dividing the number of electrons in the two 

tail groups (288) by the product of the fitted electron density in the tail group region (0.21 e-/Å3) 

and the thickness of the tail group (10.7 Å), which is 128 Å2 (31). In the X-ray reflectivity studies, 

two slightly different bound configurations were equally likely to describe the data.  The other 
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configuration led to slightly different parameters for the lipid layer, resulting in an area per lipid 

of 116 Å2.  These values of area per lipid are similar to previously measured monolayers at similar 

surface pressures of SOPC monolayers (107) and mixed SOPC/ SOPS/ DPPtdIns(3)P monolayers 

(108) without adsorbed proteins. Simulations were performed at 125 Å2. 

4.2 Methods 

A set of HMMM model systems with area per lipid 125 Å2 was prepared as described in 

Chapter 3 (Section 3.2.2). Three systems were prepared with the initial orientations discussed 

previously (per1, per2 and tilt). The systems are abbreviated as LA_per1, LA_per2 and LA_tilt 

(where prefix LA – signifies Larger Area). The PKCα-C2 domain was positioned with its bound 

Ca2+ ions at least 14 Å from PO4
-/ COO- headgroup moieties of the membrane lipids. VMD (50) 

plugins were used to add water, counterions and 100 mM KCl electrolyte concentration. The 

HMMM simulation cell consisted of ~ 93000 atoms. Each HMMM system was energy minimized 

for 10,000 steps (20 ps) with a target pressure of 1 atm and a gradual increase in the temperature 

to 310 K during which the membrane area in the x-y plane was kept constant while Cα atoms of 

the PKCα-C2 domain and bound Ca2+ ions were harmonically constrained with a force constant 

of k = 2 kcal·mol-1·Å-2.  A further constrained simulation of 500,000 steps (1 ns) occurred after 

this. Subsequently, all constraints on the PKCα-C2 domain were removed and four simulations 

each of the LA_per1 for 80 ns, LA_per2 for 40 ns and LA_tilt for 40 ns were performed. 

4.2.1 Simulation Protocol 

Simulation protocol is essentially the same as that of other HMMM model systems used in 

this thesis (Section 3.2.5).  
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4.3 Results and Discussions 

The quantities of angle (θ1, θ2) (Figure 55), hr(z) (Figure 56 – 58), dmin (Figure 59 – 61) and 

Nc (Figure 62 – 64) as well as a time series of snapshots for LA_per1 (Figure 65, Figure 68), 

LA_per2 (Figure 66, Figure 69) and LA_tilt (Figure 67, Figure 70) are shown below.    

 

 

      

Figure 55: Orientation angles for larger area per lipid systems 

Left to Right: Angle θ1 and θ2 for 4 runs of HMMM model LA_per1, LA_per2 

and LA_tilt system. Angle (θ1, θ2) are taken as defined in Figure 19. 
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Figure 56: Relative heights for LA_per1 systems 

Heights hr(z) for four runs (N1 - N4) of LA_per1 HMMM model systems. The 

C-atoms of the COO- moiety plane, <C>, and the P-atoms of the PO4
- moiety 

plane, <P>, are shown in red and black color respectively.  
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Figure 57: Relative heights for LA_per2 systems 

Heights hr(z) for four runs (N1 - N4) of LA_per2 HMMM model systems. The 

C-atoms of the COO- moiety plane, <C>, and the P-atoms of the PO4
- moiety 

plane, <P>, are shown in red and black color respectively.  
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Figure 58: Relative heights for LA_tilt systems 

Heights hr(z) for four runs (N1 - N4) of LA_tilt HMMM model systems. The C-

atoms of the COO- moiety plane, <C>, and the P-atoms of the PO4
- moiety plane, 

<P>, are shown in red and black color respectively.  
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Figure 59: The minimum distance for LA_per1 systems 

dmin for four runs (N1 - N4) of LA_per1 HMMM model systems.  
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Figure 60: The minimum distance for LA_per2 systems 

dmin for four runs (N1 - N4) of LA_per2 HMMM model systems.  
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Figure 61: The minimum distance for LA_tilt systems 

dmin for four runs (N1 - N4) of LA_tilt HMMM model systems.  
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Figure 62: Number of contacts for LA_per1 systems 

Number of direct contacts, Nc, between Ca2+ ions and oxygen-atoms of PO4
- or 

COO- moieties. <COO-> and <PO4-> represent oxygen-atoms for respective 

systems. 
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Figure 63: Number of contacts for LA_per2 systems 

Number of direct contacts, Nc, between Ca2+ ions and oxygen-atoms of PO4
- or 

COO- moieties. <COO-> and <PO4-> represent oxygen-atoms for respective 

systems. 
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Figure 64: Number of contacts for LA_tilt systems 

Number of direct contacts, Nc, between Ca2+ ions and oxygen-atoms of PO4
- or 

COO- moieties. <COO-> and <PO4-> represent oxygen-atoms for respective 

systems. 
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LA_per1_N1  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
            t = 50 ns                         t = 60 ns                           t = 70 ns                        t = 80 ns 

 
 

LA_per1_N2  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
            t = 50 ns                         t = 60 ns                           t = 70 ns                        t = 80 ns 
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LA_per1_N3  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
            t = 50 ns                         t = 60 ns                           t = 70 ns                        t = 80 ns 

 
 

LA_per1_N4 

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
            t = 50 ns                         t = 60 ns                           t = 70 ns                        t = 80 ns 

 

Figure 65: Time series snapshots for LA_per1 systems 

Snapshots at the interval of 10 ns (starting from 10 ns and up to 80 ns) are shown 

for four runs of LA_per1 HMMM model systems. Water is not shown for 

clarity. 
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LA_per2_N1  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

 

LA_per2_N2  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

 

LA_per2_N3  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 
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LA_per2_N4  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

Figure 66: Time series snapshots for LA_per2 systems 

Snapshots at the interval of 10 ns (starting from 10 ns and up to 40 ns) are shown 

for four runs of LA_per2 HMMM model systems. Water is not shown for 

clarity. 

 

LA_tilt_N1  
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LA_tilt_N3 

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

LA_tilt_N4  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

Figure 67: Time series snapshots for LA_tilt systems 

Snapshots at the interval of 10 ns (starting from 10 ns and up to 40 ns) are shown 

for four runs of LA_tilt HMMM model systems. Water is not shown for clarity. 
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LA_per1_N1  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

            t = 50 ns                         t = 60 ns                           t = 70 ns                        t = 80 ns 

 
 

LA_per1_N2  
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LA_per1_N3  
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LA_per1_N4 

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

            t = 50 ns                         t = 60 ns                           t = 70 ns                        t = 80 ns 

 
 

Figure 68: Close up snapshots for LA_per1 systems 

Snapshots at the interval of 10 ns for four runs of LA_per1 HMMM model 

systems. Protein’s residues R249 from loop3 (green), N189 from loop1 (purple), 

R161 from strand β1 (blue), K181 from strand β2 (red), strand β3 (yellow), 

strand β4 (tan) and Ca2+ ions (pink) are also shown. Membrane is represented 

as quicksurf in grey. PC/ PS short-tail lipids are also shown as within 6 Å of 

R249, N189, R161, K181 and Ca2+ ions. Water and ions are not shown for 

clarity.   
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LA_per2_N1  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

LA_per2_N2  
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LA_per2_N3  
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LA_per2_N4  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

Figure 69: Close up snapshots for LA_per2 systems 

Snapshots at the interval of 10 ns for four runs of LA_per2 HMMM model 

systems. Protein’s residues R249 from loop3 (green), N189 from loop1 (purple), 

R161 from strand β1 (blue), K181 from strand β2 (red), strand β3 (yellow), 

strand β4 (tan) and Ca2+ ions (pink) are also shown. Membrane is represented 

as quicksurf in grey. PC/ PS short-tail lipids are also shown as within 6 Å of 

R249, N189, R161, K181 and Ca2+ ions. Water and ions are not shown for 

clarity.   
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LA_tilt_N1  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

LA_tilt_N2  
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LA_tilt_N3  
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LA_tilt_N4  

 

            t = 10 ns                         t = 20 ns                           t = 30 ns                        t = 40 ns 

 
 

Figure 70: Close up snapshots for LA_tilt systems 

Snapshots at the interval of 10 ns for four runs of LA_tilt HMMM model 

systems. Protein’s residues R249 from loop3 (green), N189 from loop1 (purple), 

R161 from strand β1 (blue), K181 from strand β2 (red), strand β3 (yellow), 

strand β4 (tan) and Ca2+ ions (pink) are also shown. Membrane is represented 

as quicksurf in grey. PC/ PS short-tail lipids are also shown as within 6 Å of 

R249, N189, R161, K181 and Ca2+ ions. Water and ions are not shown for 

clarity.   
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Figure 71: Direct contacts and minimum distance for strands β1 and β2 

The direct contacts, Nc, between (R161, K181) and oxygen atoms of PO4- or 

COO- moieties from membrane top leaflet for LA_per1, LA_per2 and LA_tilt 

systems (left column) and minimum distance, dmin, between R161 (β1, red), 

K181 (β2, blue) and PO4-/ COO- moieties from membrane top leaflet for the 

same systems (right column).   
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In systems with area per lipid of 125 Å2, we observe that loop 1 is deepest and K205 is far 

from the membrane (Figure 56 – 58) and the orientation angle remains ~ 30 ° (Figure 55). These 

three observations match the X-ray reflectivity measurements (31). However recall that Chen and 

co-authors (31) had proposed two experimentally indistinguishable final states per1 (θ = 35˚, φ = 

210˚) and per2 (θ = 35˚, φ = 0˚). We can characterize the distinction between these two 

configurations, by CBLs insertion within the membrane. In the per1 state (mentioned as preferred 

in Chen’s paper) loop 1 is deepest inserted within the headgroup region, the loop 2 was mentioned 

as on the membrane surface and the loop 3 was said to be above the membrane surface. This 

distinction among the sequence of CBLs positioning with respect to the membrane was very clear. 

Nevertheless, in per2 state, loop 1 was mentioned to be deepest within the headgroup region, 

afterwards the loop 3 was positioned and then the loop 2 was located i.e., the sequence of the 

positioning of the CBLs with respect to the membrane was respectively as loop 1, loop 3 and loop 

2. However, the positional distinction between loop2 and loop3 was not sharp, especially the 

position of loop 3 was not clear. In simulations, through close observation of the trajectories and 

snapshots, the final configurations from all runs is in more accordance with Chen’s per2 state.  

The Ca2+ ions are appropriately interacting with the negative moieties (PO4
-/ COO-) of the 

membrane (Figure 62 - 64) though a key difference from N = 15 HMMM model systems (area per 

lipid 81 Å2) and FM model systems (area per lipid ~ 61 Å2) is that loop 1 does not continue to 

fluctuate randomly, but attains a steady state (red data curve in Figure 59 – 61). Moreover, visual 

inspection of the snapshots (Figure 65 – 70) show that the PKCα-C2 domain eventually attains a 

so-called perpendicular orientation (31) as the dynamically stable membrane bound configuration. 

So, in conclusion, when we simulate the experimentally available orientations such as X-ray 

reflectivity per1, per2 (31) or EPR tilt (28) as the starting orientation, eventually these orientations 
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attain a bound configuration that is very close to that measured by X-ray reflectivity when the area 

per lipid of the membrane is comparable to the experimental value.    

We have observed a clear distinction in the orientation of the C2 domain based upon the 

lipid densities irrespective of the initial starting orientation. In Chapter 3, when we used area per 

lipid as 81 Å2, the final steady state orientation attained by the C2 domain is so-called parallel but 

as in this chapter when we used a larger area per lipid, 125 Å2, the final equilibrated steady state 

orientation is perpendicular. Area per lipid makes such a large difference in the final outcome of 

the bound configuration in the PKCa-C2 domain.  

A recent study by Honigmann and co-authors (109) showed that Synaptotagmin-1 C2B 

domain can simultaneously bind to two different membranes namely PIP2-contaning plasma 

membrane through polybasic patch and PS containing vesicle membrane through Ca2+ ions. Such 

a binding puts C2B domain in perpendicular orientation. However, the same C2B domain binds in 

parallel orientation to a plasma membrane containing both PIP2 and PS through polybasic patch 

and Ca2+ ions respectively. In another study by Ohkubo and co-authors (63) of a human 

coagulation factor VII GLA domain using FM model with area per lipid as ~ 65 Å2 and HMMM 

model with area per lipid as ~ 127 Å2, the authors did not observe any significant change in the 

GLA domain binding with the membrane.    

It seems in the case of PKCα-C2 domain, the local factors, especially the initial approach 

of the domain towards membrane plays key role in deciding the final orientation. For example, in 

case of larger area per lipid (i.e., lesser lipid densities), once loop 1 (N189, neutral though polar) 

residue get inserted into the membrane it get fully stabilized within ~ 10 ns to 20 ns (brown data 

cure Figure 56 - 58, red data curve Figure 59 – 61). With quicker and deep insertion of loop 1 into 

the membrane, residue R161 at strand β1 and K181 at strand β2 get engaged with membrane 
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negative moieties (Figure 68 – 70). Moreover, R161 and K181 have consistent direct contacts with 

oxygen atoms of PO4
- or COO- moieties (Figure 71, left column) and by and large, they are steady 

and remain within ~ 6 Å of PO4
- and/ or COO- negative moieties as evident from minimum 

distance, dmin (Figure 71, right column). Strand β1 and β2 are on the opposite side of the LRC 

strands β3 and β4.  The engagement of these residues from β1 and β2 help anchor the domain from 

another side instead and renders LRC deprived of its chance of an early engagement with the 

membrane. At least, it seems that the continual interactions of R161 (β1) and K181 (β2) keep the 

domain in upright position and not let it inclined towards the membrane. Importantly, K205 

remains far away in the bulk water and there were no wild fluctuations observed for it. Moreover, 

Loop 3 though it has least minimum distance (Figure 59 – 61) with the membrane negative 

moieties, it follows the penetration depth and pattern as that of Ca2+ ions (Figure 56). This is a role 

reversal between loop 3 and loop 1 from the dense lipid systems of area per lipid ~ 81 Å2. Since 

there were no wild fluctuations in the system (like that of loop 1 or K205 in dense lipid ~ 81 Å2 

systems), under this scenario, the LRC and K205 which interacts electrostatically with the PS/ 

PIP2 was not able to come under the influence of them. This keeps C2 domain in perpendicular 

orientation in lesser lipid densities systems.    

The real life biological systems are too complex. There are myriad of factors that could 

affect the bound configuration, lipid densities is just one of them. One of the advantages of MD is 

that one can play around and try out any model system not necessarily a physical one! This leave 

us with lots of excitement and almost infinite possibilities to change or tweak the lipid densities in 

a more systematic way along with trying out FM models in future given to the real world constraint 

of the availability of computer time!   
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5 Role of PIP2 in PKCα-C2 domain Bound Configuration  

5.1 Introduction 

In this chapter, we explore the hypothesis proposed at the end of Chapter 3 that the addition 

of phosphatidylinositol-4,5-biphosphate (PIP2) into the PC + PS mixed membrane system does 

not affect the overall configuration of the membrane bound PKCα-C2 domain in an open-faced 

configuration. These studies utilize the smaller area per lipid, 61 Å2 for the FM model that were 

studied in Chapter 3. 

Several studies have explored the role of PIP2 in defining the membrane bound 

configuration of the PKCα-C2 domain and its effect on subsequent activation of the enzyme (27, 

29, 30, 32, 93, 103, 110).    

We first review the traditional scheme of PKCα activation discussed in Chapter 3 (Section 

3.1). Extracellular signals trigger the hydrolysis of PIP2 which produces diacylglycerol (DAG) 

and inositol 1,4,5-trisphosphate that, in turn, releases Ca2+ ions from intracellular stores. In the 

presence of excess cytosolic Ca2+ ions, two or three Ca2+ ions bind to the C2 domain, which drives 

it to the plasma membrane where it bridges the C2 domain to anionic phospholipids, in particular, 

to phosphatidylserine (PS) in the plasma membrane. In addition, DAG in the membrane binds to 

the C1 domain (74). The PKCα-C2 domain recognizes both PS (23, 77-81) and PIP2 (27, 82-86, 

111) at the membrane surface. Studies of the configuration of PKCα-C2 bound to a PC + PS mixed 

membrane that includes PIP2 are required to understand the role of the interaction between PIP2 

and PKCα-C2 in the activation of the full-length PKCα enzyme. 

It is established that two different protein motifs of the PKCα-C2 domain bind to two 

different phospholipids in the plasma membrane (74). The lysine rich cluster (LRC) of PKCα-C2 
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domain is thought to bind to PIP2 (27, 29, 30, 82, 84-86, 94, 104) and the Ca2+ ions complexed 

with calcium binding loops (CBLs) bind to PS lipids (23, 27, 77-81). 

However, the issue of PIP2 binding to the C2 domain becomes very interesting within the 

scheme of PKCα activation as a few studies challenge the aforementioned traditional activation 

scheme. Using their results on the ternary complex crystal structure of PKCα-C2 in the presence 

of Ca2+ ions and short chain 1,2-dicaproyl-sn-phosphatidyl-L-serine (DCPS) (PKCα-C2 - Ca2+ - 

DCPS), Verdaguer and co-authors suggested that the C2 domain - membrane binding is a result of 

direct bridging of a Ca2+ ion to PS membrane lipid (23). Subsequently, Guerrero-Valero and co-

authors suggested that PIP2 binds to the LRC region and PS to the CBL region (27). They showed 

that the phosphate moieties of PIP2, apart from making direct contacts with the lysine residues 

(K197, K209 and K211), also make direct contacts with aromatic residues (Y145, W245) present 

within the LRC region of the domain. Interestingly, they showed that the hydrophobic residues 

Y195 and W245 were crucial for plasma membrane binding. Mutating these hydrophobic residues 

critically impaired the ability of the full-length PKCα enzyme to translocate to the plasma 

membrane even in the presence of excess Ca2+ ions and DAG (27, 74, 112, 113). Moreover, 

through mutational studies Medkova and Cho (95) described the hydrophobic nature of C2 domain 

binding. Recently, Scott and co-authors used stopped-flow spectroscopy to argue that although 

hydrophobic interactions play a dominant role in binding the C2 domain to the membrane, the 

electrostatic interactions are responsible for retention of the C2 domain at the membrane (99). Both 

of these studies suggested that hydrophobic residues, like W245 and W247, which are situated on 

CBL3, could penetrate the membrane. However, the conventional view of PKCα-C2 membrane 

binding is that electrostatic interactions between the positively charged Ca2+ ions (bound to CBLs), 

the LRC strands β3 (K197, K199), β4 (K209, K211), and the negatively charged PS and/ or PIP2 
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in the membrane drives the binding and eventually dictates the overall configuration of the C2 

domain at the membrane surface. This view is in line with other studies of the electrostatically 

driven membrane recruitment of the C2 domains (100, 101, 114). Furthermore, a recent enzymatic 

activity study by Egea-Jimenez and co-authors (103) showed that in the presence of 5 mol% PIP2, 

the full-length PKCα reaches its full activation strength even in the absence of DAG and a low 

concentration of cytoplasmic Ca2+ ions. Moreover, in the case of isolated PKCα-C2 domain, it is 

shown that the presence of PIP2 clearly reduces the concentration of Ca2+ ions required for 

membrane binding (84, 104). These results show that the binding of C2 domain to PS and PIP2 

play a defining role in the enzyme’s activation.  

The effects of the PIP2 in defining the membrane bound configuration is further 

demonstrated by a few biophysical studies.  EPR and the ATR-IR experiments have studied PKC-

C2 on mixed PC/ PS/ PIP2 membranes. However, the contradictory results were reported for the 

effect of PIP2 on the overall orientation of the C2 domain. For example, EPR site-directed and 

relaxation experiments (29) showed that the PKCα-C2 domain assumed an orientation parallel to 

the PC + PS membrane but the presence of PIP2 re-oriented the long axis of the domain to make 

an angle θ1 of 50° ± 10° with respect to the membrane normal i.e., the domain is pushed away 

from the membrane. Similarly, an EPR guided MD simulation study (30) showed that the C2 

domain lies parallel to the membrane in PC + PS membrane but PIP2 binding to the LRC region 

pushes the C2 domain away from the membrane so that the tilt angle, θ2, becomes 53° ± 2°. If two 

PIP2 bind to the LRC region then the domain is pulled closer to the membrane to attain a tilt angle 

θ2 = 60° ± 1°. However, ATR-IR spectroscopy experiments (32) showed that the orientation of the 

C2 domain bound to a PC + PS membrane is closer to a perpendicular orientation with θ1 ~ 51° 

but in the presence of PIP2, θ1 ~ 60°, i.e., the C2 domain is oriented closer to the membrane surface. 
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It is not yet clear whether these different results are due to different preparation conditions or some 

other aspect of the experiments.  

Here, through three distinct MD simulations we probe the recognition of PIP2 by the 

PKCα-C2 domain and its effect on the membrane bound configuration of the PKCα-C2 domain, 

as well as identify the molecular level interactions between domain residues and lipid moieties.  

5.2 Methods    

The Full Membrane (FM) model is used in this chapter. An SOPC lipid from the previously 

equilibrated SOPC + SOPS mixed membrane will be replaced by a PIP2 lipid. The PKCα-C2 

domain is positioned initially so that LRC is close to PIP2 under the expectation that it will bind 

there. In principle, the negatively charged phosphate moieties of the PIP2 could bind and interact 

with positive residues of the LRC region in an innumerable ways. Keeping this in mind, we have 

simulated three PC + PS + PIP2 systems differing in the initial orientation and placement of the 

inositol ring with respect to the LRC region of the PKCα-C2 domain. One system with 1DSY 

crystal structure (as provided by Chen et al (31)) (abbreviated as Sim1) is simulated for 700 ns and 

other two systems with 3GPE crystal structure (abbreviated as Sim2 and Sim3) were simulated for 

200 ns each (see details below). Collectively, all three systems that involved PIP2 are referred as 

“pip2_systems”. Sim1 is modeled such that to establish spontaneous binding of the PIP2 to the 

PKCα-C2 domain. Sim2 is performed to test the stability of the crystallographic structure of the 

docked PIP2 to the PKCα-C2 domain (27) and to test the orientation of the domain with respect to 

the membrane as mentioned in the literature (29, 30, 32). Sim3 is modeled based upon the insights 

obtained through Sim1 and Sim2 to establish the stable membrane bound configuration of the PIP2 

docked PKCα-C2 domain. 
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5.2.1 Sim1 Model System 

From our FM model system described in Chapter 3, we took a snapshot of the tilt_FM 

model system at 300 ns (Figure 72A), then replaced an SOPC lipid located close to the LRC region 

with a PIP2 lipid such that the phosphorous atom, P1, of the PIP2 occupied almost the same 

position as that of the phosphorous atom of the SOPC (Figure 72B). Moreover, PIP2 is arbitrarily 

oriented with its inositol ring somewhat perpendicular to the membrane plane (Figure 72D). The 

starting orientation of the PKCα-C2 domain is shown in Figure 72C, where, we see that the strand 

β4 is lying flat above the membrane, strands β3 and β4 are parallel in a vertical plane such that β3 

is located above β4, and two bound Ca2+ ions are lying away from the membrane in the bulk water 

(also see close up Figure 72D). This configuration is similar to an intermediate state orientation 

adopted by several FM/ HMMM model systems that followed the sharp fall mode described in 

Chapter 3, Section 3.4.6.  
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A                                                                       C 

   
 

B                                                                      D 

 

                               

Figure 72: Preparation of Sim1 model system 

(A) tilt_FM at 300 ns with SOPC shown in VDW representation (B) SOPC is 

replaced by PIP2 (C) Initial configuration for Sim1 system. PIP2 is shown in 

VDW representation. (D) Close-up of the inositol ring as positioned in LRC 

region. Strands β3 (K197, K199) and β4 (K209, K211) are in a vertical plane. 

Initial orientation of inositol ring is somewhat perpendicular to the membrane 

plane. LRC region residues and PIP2 are shown in licorice representation. Ca2+ 

ions are also shown in VDW representation in pink color.   
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Na+ Cl- ions were added to neutralize the system and attain a 100 mM concentration. The 

system was energy minimized for 5000 steps (10 ps) and then the temperature was gradually raised 

to 310 K. Thereafter, it was run for 300,000 steps (0.6 ns) during which time the phosphorous 

atom, P1, of the PIP2 lipid, the Cα atoms of the C2 domain, and Ca2+ ions were harmonically 

constrained with a force constant, k = 2 kcal·mol-1·Å-2. The system is further run for 100,000 steps 

(0.2 ns) with relaxed constraints on the PIP2 phosphorous atoms, P1, but the Cα atoms of the C2 

domain and Ca2+ ions were still harmonically constrained with a force constant, k = 2 kcal·mol-

1·Å-2. Eventually, all constraints were removed and the system was freely equilibrated for 50,000 

steps (0.05 ns). The restart files generated through the last step of free equilibration are then used, 

along with the usual initial coordinate pdb file, topology psf file, and parameters file to run the 

system on Anton supercomputer (D E Shaw Research, New York) for 700 ns. 

5.2.2 Sim2 Model System 

The initial set up for Sim2 system is shown in Figure 73. Here we took the system as 

prepared above i.e., Sim1 system and replaced the PKCα-C2 domain, the bound Ca2+ ions plus the 

inositol ring by the crystal structure of the ternary complex comprising PKCα-C2 domain + Ca2+ 

ions + soluble PIP2 inositol ring (27) (PDB ID: 3GPE). We have to move around and/ or tweak 

the headgroups/ tails of a few membrane lipids in order to avoid any steric clashes/ overlaps with 

the domain. Due to the flexibility of the PIP2 tail, based upon 3GPE crystal structure, one can 

conceive several initial orientation(s) for the PIP2 bound PKCα-C2 domain. However, the choice 

of initial state is guided by two considerations – the overall configuration and the orientation angle 

of the PKCα-C2 domain. The overall configuration is kept as close-faced that resembles the final 

state as predicted in literature (29, 30). The predicted orientation angle has a range of ~ 40° to ~ 

60° with respect to the membrane normal in literature (29, 30, 32) (see introduction, Section 5.1). 
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We set the initial orientation angle θ1 (or θ2) as ~ 70° in anticipation that if PIP2 binding indeed 

affect the domain orientation as predicted either by pushing it away from the membrane (29, 30) 

or by pulling towards the membrane (32) it might converge within the predicted range of ~ 40° to 

~ 60° with respect to the membrane.   

 A                                                         C                                                     E 

           
 

 

 B                                                           D                                                     F 

   

Figure 73: Preparation of Sim2 model system 

(A) And (B) show the crystallographic model representing docked inositol ring 

to the LRC region (Figure 1 from Guerrero-Valero et al. (27)). Residues and 

phosphate moieties are marked. (C) Shows MD style close-up representation of 

docked PIP2 to the domain residues based upon crystallographic model (27). 

(D) Shows one of the membrane embedded representation of the (C) state. (E) 

Shows the close-up representation of the docked PIP2 and the domain residues 

at the conclusion of the constrained equilibration step i.e., the initial structure 

from where production run is initiated. (F) Shows the membrane embedded 

representation of (E) state.     
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5.2.3 Sim3 Model System 

The initial configuration of the PKCα-C2 domain and the orientation of the inositol ring of 

the Sim3 system (Figure 74) is guided by the results obtained from Sim1 and Sim2. The Sim3 

system is identical to Sim2 except that the initial placement of the P1 atom of the inositol ring was 

closer to that of the final docked state of the same in Sim1 and Sim2 system. However, the overall 

configuration is kept as open-faced such that θ1 (or θ2) is ~ 90° (Figure 19).  
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A                                                                       C 

 

       
 

 

 

          B                                                                       D 

    

Figure 74: Preparation of Sim3 model system 

(A) Shows a close-up positioning of inositol ring in the LRC region as per Sim3 

model preparation protocol (see details in methods). (B) Shows the membrane 

embedded (A) state. (C) Shows close-up representation of inositol ring as 

docked to domain after constrained equilibration (see text for details). (D) 

Shows the membrane embedded representation of (C) state. This is the initial 

configuration in Sim3 case.   
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For both Sim2 and Sim3 systems, VMD plugin molefaction (50) was used to tweak the 

lipids. Moreover, K+ Cl- ions were added to neutralize the system and attain a 100 mM 

concentration. The system was energy minimized for 10,000 steps (20 ps) and then temperature 

was gradually raised to 310 K in increment of 10 K through 500 steps (1 ps) starting from 10 K. 

For constrained equilibration, all phosphorous atoms of the membrane, P1, P4 and P5 atom of the 

PIP2 lipid, the Cα atoms along with three bound Ca2+ ions were harmonically restrained with a 

force constant, k = 2 kcal·mol-1·Å-2, and then the system was simulated for 5 ns. Further, the 

phosphorous atoms of the membrane lipids were relaxed i.e., the restraints were removed from 

them and the system, still with constrained P1, P4, P5 atom of the PIP2 lipid, the Cα atoms and 

bound Ca2+ ions, was further simulated for 5 ns. Furthermore, two additional steps in constrained 

equilibration were performed for Sim3 system only and not for Sim2 system. We specifically 

treated the PKCα-C2 domain, the bound Ca2+ ions and the docked inositol ring in Sim2 as a single 

entity as per the crystallographic structure so we constrained or relaxed these three entities together 

in Sim2 system. However, in Sim3 system, we treated them separately. So, for Sim3 system only, 

the constrained on P1, P4 and P5 atoms of the PIP2 lipid were removed but the constrained on Cα 

atoms along with three bound Ca2+ ions were still harmonically restrained with a force constant, k 

= 2 kcal·mol-1·Å-2, and the system was run for 5 ns. As the last constrained equilibration step in 

Sim3 system, the restrains on all atoms were removed except that on the bound Ca2+ ions and the 

system was further run for 5 ns. Finally, all constraints were removed and the Sim1 and Sim2 

systems were freely equilibrated for 200 ns each.  
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5.2.4 Simulation Protocol 

The simulation protocol is essentially the same as that of other FM model systems used in 

this thesis (Chapter 3, Section 3.2.5). The only new addition is the parameters for PIP2 provided 

by Lupyan and co-authors (115).           

5.3 Results and Discussions 

We present results from the analysis of the MD trajectories from 700 ns long Sim1 and 200 

ns long Sim2 and Sim3 systems. The purpose of three simulations are distinct. The Sim1 system 

shows the spontaneous binding of the PIP2 to the PKCα-C2 domain (pdb ID: 1DSY (23)) such 

that the domain attained an open-faced docking configuration similar to what it was in PC + PS 

only membrane. Sim2 shows that the crystallographic structure of inositol ring docked to PKCα-

C2 domain (pdb ID: 3GPE (27)) is not stable. Sim3 further establishes the stability and robustness 

of open-faced PIP2 docked configuration of PKCα-C2 domain (pdb ID: 3GPE (27)) during 200 ns 

of simulation time. Nevertheless, all three simulations show that the binding of PIP2 does not 

change the orientation of the PKCα-C2 domain.         

The convergence of the angles (θ1, θ2), the relative heights hr(z) and the minimum distance 

dmin are shown in Figure 75A,B,C for the Sim1 system that includes PIP2. The values exhibit 

striking similarities with the corresponding FM/ HMMM model systems without PIP2 (Chapter 

3). 
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       A                                              B                                        C       

                                                                  

     

Figure 75: Convergence criteria for Sim1 system 

(A) The angles (θ1, θ2), (B) relative heights hr(z), and (C) minimum distance 

dmin. 

 

The angles (θ1, θ2) (Figure 75A) were ~ 90° for the initial 100 ns, rising to ~ 100° from 300 

ns to 700 ns. This is fairly consistent with the PC + PS system where θ is ~ 90°. This shows that 

the addition of PIP2 into the membrane system and its binding to the LRC region of the C2 domain 

does not significantly alter the angular orientation of the PKCα-C2 domain.  

On the other hand, the β4 strand penetrates further into the membrane, suggesting a 

strengthened binding. Furthermore, the relative heights hr(z) (Figure 75B) reveal that the C2 

domain is localized to the membrane in a similar manner as in systems without PIP2 (Chapter 3, 

Figure 21). For instance, residue R249 penetrates deepest within the membrane, K209 is 

consistently localized around the <C> plane, W247 penetrates below the <P> plane closer to the 

hydrophobic core, and Ca2+ ions are bound and localized on the membrane surface. Furthermore, 

Figure 75C (black data curve) shows that the Ca2+ ions diffuse towards the membrane from ~ 10 

Å initially to ~ 5 Å to come in the contact with the PO4
- and COO- moieties within 100 ns. The 

number of direct contacts Nc between Ca2+ ions and oxygen atoms of PO4
- and COO- moieties 
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(Figure 76A) shows that Ca2+ ions eventually maintain a sustained contact with the membrane. 

Furthermore, to reinforce the hydrophobic part of the membrane binding, Figure 76B shows a 

number of contacts Nc between W247 and the acyl tail of the membrane.  

A                                                                       B 

 

   

Figure 76: number of direct contacts, Nc,  for Sim1 system 

Number of direct contacts for (A) Ca2+ ions with oxygen atoms of COO- (top) 

and PO4
- (bottom) and (B) W247 with acyl tail. 

 

Figure 77A shows that the number of direct contacts between LRC (strands β3, β4) and 

oxygen atoms of PO4
- or COO- moieties are comparable to the number of contacts for systems 

without PIP2, viz., per2_FM and tilt_FM models (Figure 77C,D). Oxygen atoms of the phosphate 

moieties of the inositol ring also have sustained contacts with strands β3 and β4 (Figure 77B). 

Further, the interaction between phosphate moieties and the LRC seems to be strong as the 

minimum distance between them is maintained at less than 2 Å (Figure 77E). So, the presence of 

PIP2 not only enhances the number of direct contacts with the membrane but also increases the 

strength of the binding. 
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A                                                                                 B 

   
C                                                                                D 

   
E                                                                    

 

Figure 77: Role of LRC in Sim1 system 

Number of direct contacts, Nc, between strands β3, β4 and (A) oxygen atoms of 

PO4- or COO- moieties from top leaflet of membrane (B) oxygen atoms of all 

three phosphate moieties of inositol ring. (C) And (D) shows the number of 

direct contacts between strands β3, β4 and oxygen atoms of PO4
- or COO- 

moieties for per2_FM and tilt_FM respectively. (E) The minimum distance, 

dmin, between strands β3, β4 and oxygen atoms of phosphate moieties.      
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Finally, critical domain residues are within ~ 2 to 6 Å of the PO4
-/ COO- moieties of the 

top leaflet of the bilayer (Figure 75C). This is similar to the position of the same residues studied 

by FM/ HMMM model systems without PIP2 (Chapter 3, Figure 29 and Figure 25).   

These results show that if the PKCα-C2 domain is bound to the PC + PS mixed membrane 

in an open-faced configuration, then the introduction of PIP2 into the membrane system does not 

alter the orientation of the membrane bound PKCα-C2 domain, though it appears to create a 

stronger binding of the domain with the membrane.   
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The time evolution of the system is shown in Figure 78. 

     t = 50 ps         t = 150 ns           t = 350 ns        t = 500 ns          t = 700 ns 

 

 
 

Close up             t = 50 ps                                              t = 700 ns 

 

     

Figure 78: Time series of membrane bound configuration of PKCα-C2 in Sim1 

Initial configuration at 50 ps (top far left) and final configuration at 700 ns (top far 

right). Bottom row shows a close-up of inositol ring interacting with the LRC region 

residues. Residues, as marked, are drawn in licorice representation. PIP2 is drawn in 

VDW (top) and licorice (bottom) representation. Coloring is by atom type where red 

is oxygen, blue is nitrogen, cyan is carbon and brown is phosphorous. Domain is 

shown as transparent in orange color. Ca2+ ions are also shown (pink). 

 

Snapshots of the inositol ring shows that it attained a somewhat flatter orientation (with 

respect to the membrane surface) so that all three phosphate moieties make direct contact with the 

C2 domain (Figure 78 bottom row at 700 ns). This ring orientation is in line with the crystal 

structure (27) where it was shown that all phosphate moieties of the ring make direct contact with 

the LRC region residues, although the exact interacting pairs of residues and phosphate moieties 
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are different. Notably, in the crystal structure it was shown that the partially solvent exposed 

phosphate P1 moiety makes a salt bridge with the strand β4 residue K209. This could be possible 

only when strand β4 remains close to the membrane. Arguably, this is possible either when strand 

β4 goes deep within the membrane headgroup region (as shown in our results) or the P1 phosphate 

moiety moves slightly away from the membrane. Figure 79 shows that the phosphorous atom P1 

of PIP2 lies in the same plane as that of the phosphorous atom plane of the SOPC/ SOPS. Other 

inositol ring phosphorous atoms, P4 and P5, also lie within the headgroup region of the membrane 

lipids.  

 

 

              

Figure 79: Relative heights for phosphorous atoms of PIP2 in Sim1 

The relative heights hr(z) of phosphorous atom P1 (magenta), P4 (blue) and P5 

(green) of inositol ring is shown with respect to the C-atom plane of COO- 

moieties (<C> black) and P-atom plane of PO4
- moieties (<P> red).  

 

The interacting pairs between C2 residues and PIP2 moieties observed in the crystal 

structure are not observed in the MD simulations. In Sim1 system, the initial position of the PIP2 
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lipid allowed the P1 phosphate moiety to move towards K209 as suggested in the crystal structure. 

Instead it moved towards N253, which the crystal structure suggests should have a weak hydrogen 

bond with the P5 phosphate moiety. So, we have a reversal of interacting pairs (Figure 78 close-

up at 700 ns). Although it seems sensible that maximum and stable binding is attained with all 

phosphate moieties of the ring interacting with the C2 domain, further investigation is needed to 

test the steric specificity and the exact binding mode among the phosphate moieties and the protein 

residues.  

To test the steric specificity of the PIP2 as docked in crystallographic structure (27), we 

have modeled and simulated Sim2 system which is essentially a replication of crystallographic 

structure in an MD appropriate mixed membrane environment (see methods, Section 5.2.2 for 

details). A simulation of 200 ns revealed two key results. First, one of the distinctive feature of the 

crystallographic structure, the binding of P1 phosphate moiety (P1O4
-) to K209, is not stable. It is 

said that P1 phosphate moiety makes a solvent exposed salt bridge with K209 (27). Figure 80 

shows the time series snapshots representing the distance between P1 (of P1O4
- moiety) and the 

Nitrogen atom (at ζ position of the NH3
+ moiety in K209) with time. It changes from ~ 4 Å to ~ 

8.5 Å within 2 ns. The P1O4
- moiety moved away from the K209 influence very early on clearly 

suggesting that the salt bridge did not remain intact. Instead, through careful look at the trajectory, 

it appears that it goes towards N253/ R252 which are situated on loop 3. By the initial 5 ns, the 

distance between P1 (of P1O4
-) vs. nitrogen of NH3

+ moiety in K209 and side chain nitrogen (at η1 

position of H2N
+ moiety in R252) was ~ 7.5 Å and ~ 5.5 Å respectively and by the 10 ns, the 

distance became ~ 8.5 Å and ~ 4 Å for the same. Eventually, the distance between P1 (of P1O4
-) 

and nitrogen atom (of NH3
+ in K209) and nitrogen atom (of H2N

+ moiety in R252) stabilizes for ~ 

8.5 Å and ~3.5 Å respectively over a period of 200 ns (Figure 80). Thus, there is a complete re-
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orientation of the inositol ring in Sim2 system and P1O4
- moiety goes towards N253/ R252 similar 

to Sim1 system. Moreover, we tried many other test runs (data not shown) where we have changed 

the overall orientation of the domain but kept the geometry between inositol ring and the domain 

as it is in the crystal structure (27) and employed varied MD protocols during constrained 

equilibration phase. Within the membrane embedded scenario in MD, we have noted that during 

production runs the P1 moiety of inositol ring did not remain bound to K209.   

 

            t = 50 ps                                      t = 1 ns                             t = 2 ns    

                                                                    

          
 

 

            t = 5 ns                                      t = 10 ns                             t = 50 ns    
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            t = 100 ns                                      t = 150 ns                             t = 200 ns    

 

        

 

Figure 80: Close up of inositol ring orientation in Sim2 system 

P1 moiety of PIP2 get detached from K209 very early on as evident in the time 

series snapshots (top row). Engagement of P1 with R252 is shown (middle row). 

Stabilization of the P1 with respect to the R252 is shown (bottom row). Domain 

is represented as transparent in orange color. PIP2 and residues are as marked 

in licorice representation. Ca2+ ions are shown in VDW representation in pink 

color. Distances are given in Å.  

 

Second key result is that the angular orientation of the domain, as defined through angles 

(θ1, θ2), show that it remains ~ 70° over 200 ns long run time (Figure 81A). The changing 

orientations and steric specificities of the inositol ring of the PIP2 do not alter the overall 

orientation of the domain even in Sim2 system.  
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     A                                                B                                           C   

 

     
 

     D 

t = 50 ps                  t = 30 ns                      t = 100 ns              t = 200 ns    

 

Figure 81: Convergence criteria for Sim2 system 

The top row: (A) angles (θ1, θ2), (B) relative heights hr(z), and (C) minimum 

distance dmin. The bottom row: (D) Time series snap shots for Sim2 system.  

 

This is significant as the initial configuration of Sim2 system is modeled with an orientation 

angle ~ 70° in a close-faced configuration that fairly resembles the final state configuration as 

predicted by Landgraf and coworkers but with an orientation angle of ~ 50° (29) and by Lai and 

coworkers but with an angle orientation of ~ 60° (30). Furthermore, Lai and coworkers (30) 

suggested that binding of one PIP2 lipid would orient the C2 domain more perpendicular to the 

membrane (~ 53° with respect to the membrane normal) but binding of a second PIP2 would orient 

the C2 domain in the other direction (~ 60° with respect to the membrane normal), which they 
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attributed to enhanced electrostatic interactions. In literature, the reported effect of PIP2 on the 

PKCα-C2 domain is that of introducing a tilt angle of ~ 40° to ~ 60° with respect to membrane 

normal (29, 30, 32). We had carefully chosen the initial orientation angle of ~ 70° with respect to 

membrane normal in anticipation that if PIP2 had any effect on the domain orientation, as reported 

in the literature, then final orientation might fall within the predicted range. However, we observed 

in Sim2 case that the PKCα-C2 domain remained membrane bound in close-faced configuration 

with an orientation angle of ~ 70° throughout 200 ns simulation time (Figure 81).   

Recall that Landgraf and co-authors (29) used EPR and Lai and co-authors (30) used EPR 

guided MD simulations to demonstrate that the PKCα-C2 domain is oriented towards the 

membrane normal in the presence of PIP2. We have already showed (Chapter 3, Section 3.5) that 

the PC + PS membrane bound C2 domain orientation observed by Landgraf, Lai and co-workers 

(29, 30) is in the close-faced orientation that is an intermediate state to the open-faced orientation 

in our longer simulations. Similarly, we conclude that the close-faced Sim2 system could be stuck 

in an intermediate state even with the PIP2.     

We have seen in Sim1 case that the PKCα-C2 domain remains bound in an open-faced 

configuration without significant re-orientation upon binding with PIP2 upon careful choice of the 

initial position of PIP2 in the LRC region and a sufficiently long simulation (700 ns). All three 

phosphate moieties establish and maintain direct contact with the protein in the open-faced 

configuration, in particular P1 moiety get bound to N253/ R252. In Sim2 case PKCα-C2 domain 

remained as close-faced configuration over a simulation time of 200 ns. Moreover, it is observed 

that P1 moiety of PIP2 get moved away from K209 towards N253/ R252 (Figure 80).  However, 

we have also observed in test runs based upon Sim2 model (data not shown) that P1 moiety may 

not move towards N253/ R252 and may not remain under the influence of PKCα-C2 domain 
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residues. Our understanding is that the initial state as represented by Sim2 system lead to an 

intermediate state but still we can derive a clue that P1 moiety might move towards and interact 

with N253/ R252. Landgraf and co-authors (29) concluded that the P1 phosphate does not interact 

with the C2 domain, in contrast to our Sim1, Sim2 simulation results and crystallographic results 

(27).  

With the understanding that all phosphate moieties interact with the domain and this is 

essential for robust and stable binding of the PIP2 with the PKCα-C2 domain, we modeled and 

simulated Sim3 system. The Sim3 system is essentially same as Sim2 system except that the P1 

moiety of PIP2 is initially positioned close to N253/ R252 (Figure 74, see methods Section 5.2.3).   

For Sim3 system, the convergence of the angles (θ1, θ2), the relative heights hr(z) and the 

minimum distance dmin are shown in Figure 82. The values exhibit striking similarities with the 

corresponding Sim1 (Figure 75) and FM/ HMMM model systems without PIP2 (Chapter 3). 

     A                                                B                                         C   

    

Figure 82: Convergence criteria for Sim3 system 

From left to right: (A) Angles (θ1, θ2), (B) relative heights hr(z), and (C) 

minimum distance dmin. 

 

The angles (θ1, θ2) (Figure 82A) were remained ~ 90° for the entire duration of 200 ns. 

This is fairly consistent with the PC + PS system where θ1 (or θ2) is ~ 90° (Figure 20). This further 
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reinforced that the addition of PIP2 into the membrane system and its binding to the LRC region 

of the C2 domain does not alter the angular orientation of the PKCα-C2 domain.  

Moreover, the relative heights hr(z) (Figure 82B) even further reinforced that the residue 

R249 penetrates deepest within the membrane, K209 is consistently localized around the <C> 

plane, W247 penetrates below the <P> plane closer to the hydrophobic core, and Ca2+ ions are 

bound and localized on the membrane surface similar to Sim1 (Figure 75B) and FM/ HMMM 

model systems (chapter 3). Furthermore, Figure 83A and Figure 83B respectively show consistent 

number of contacts, Nc, for Ca2+ ions vs. oxygen atoms of PO4
- and COO- moieties and W247 vs. 

the acyl tail of the membrane reasserting the stability of the system on electrostatic as well as 

hydrophobic basis.   

        A                                                                      B   

 

   

Figure 83: number of direct contacts, Nc,  for Sim3 system 

Number of direct contacts between Ca2+ ions with oxygen atoms of COO- (A, 

top) and PO4
- (A, bottom) and W247 with acyl tail (B). 

The dynamical stability of Sim3 system and the binding of the PIP2 to the domain maintaining an 

open-faced configuration throughout simulation time of 200 ns is further revealed by Figure 

84A,B,C.  
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      A                                                B                                         C   

                                                                 

   

Figure 84: Role of LRC in Sim3 system 

Number of direct contacts, Nc, between strands β3, β4 and (A) oxygen atoms of 

PO4- or COO- moieties from top leaflet of membrane (B) oxygen atoms of all 

three phosphate moieties of inositol ring. (C) The minimum distance, dmin, 

between strands β3, β4 and oxygen atoms of phosphate moieties.      

 

In the presence of PIP2 in Sim3, the strand β4 has sustained and sufficient number of 

contacts with oxygen atoms of PO4
- or COO- moieties but β3 hardly has any contacts with them 

(Figure 84A) shows that strands β4 and β3 are in a vertical plane where β3 is above β4 as per open-

faced configuration description. This is further revealed in the time series snapshots for Sim3 

(Figure 85).  
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t = 50 ps          t = 50 ns          t = 100 ns         t = 150 ns          t = 200 ns 

 

 
             

t = 50 ps                                      t = 100 ns                             t = 200 ns    

 

     

 

Figure 85: Time series of membrane bound configuration of PKCα-C2 in Sim3 

Initial configuration at 50 ps (top far left) and final configuration at 200 ns (top 

far right). Bottom row shows a close-up of inositol ring interacting with the LRC 

region residues. Residues, as marked, are drawn in licorice representation. PIP2 

is drawn in VDW (top) and licorice (bottom) representation. Coloring is by atom 

type where red is oxygen, blue is nitrogen, cyan is carbon and brown is 

phosphorous. Domain is shown as transparent in orange color. Ca2+ ions are also 

shown (pink). 

 

The presence of PIP2 greatly enhanced the direct contacts between the membrane and the 

domain while maintaining an open-faced configuration is further evident where the oxygen atoms 

of phosphate moieties of PIP2 consistently maintained similar number of contacts with β3 and β4 

(Figure 84B).  Due to the rugged nature of the membrane - domain interface, the minimum distance 

between oxygen atoms of phosphate moieties of PIP2 and strand β3, β4 is basically identical ~ 2 

Å (Figure 84C) rendering a strong binding with the domain though the strands β3 and β4 are in a 
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vertical plane where β3 is positioned above β4. Moreover, the inositol ring remained localized 

within the <P> atoms plane and <C> atoms plane (Figure 86).   

 

                  

Figure 86: Relative heights for phosphorous atoms of PIP2 in Sim3 

The relative heights hr(z) of phosphorous atom P1 (magenta), P4 (blue) and P5 

(green) of inositol ring is shown with respect to the C-atom plane of COO- 

moieties (<C> black) and P-atom plane of PO4
- moieties (<P> red).   

 

5.4 Conclusion 

MD simulations employing a full molecular membrane model (FM) were used to determine 

the effect of PIP2 on the configuration of PKCα-C2 domain bound to a mixed PC + PS + PIP2 

membrane. Our simulations show that the final state of PKCα-C2 domain binding to a lipid 

membrane with lipid area per molecule of ~ 61 Å2 is an open-faced configuration. Introduction of 

the large headgroup PIP2 lipid reinforces the binding. All of the phosphate moieties (P1O4
-, P4O4

- 

and P5O4
-) interact and contribute to the membrane binding in a way that does not alter the 

membrane bound configuration. Within the MD protocol scheme it is very hard and computer time 

consuming to achieve a spontaneous binding of a domain in bulk water to an isolated lipid PIP2 
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embedded in the membrane. We performed test MD simulations, totaling more than 2000 ns, of 

several PC + PS + PIP2 systems and clues obtained thereafter have been incorporated in successive 

simulations, including Sim1, Sim2 and Sim3 model systems. The results presented in this chapter 

are from these three model systems. Through insightful initial positioning of the inositol ring, we 

achieved our results as presented in this chapter. Such that Sim1 showed that the PIP2 eventually 

get bound to the domain rendering it an open-faced configuration. Also, in spite of an initially 

favorable positioning of the inositol ring and orientation in Sim2 system, we do not observed the 

pushing or the pulling of the domain due to the presence of PIP2 as predicted in literature (29, 30, 

32) and that the crystallographic structure representing the docked inositol ring to the PKCα-C2 

domain (27) is not stable. Finally, the Sim3 system conclusively showed that an open-faced 

configuration is a stable and robust final state for the membrane bound PKCα-C2 domain in the 

presence of the PIP2. Moreover, our simulations of PIP2 bound PKCα-C2 domain configuration 

at the plasma membrane can provide physical insight regarding the role of DAG in the activation 

of the PKCα enzyme. Recently, Egea-Jimenez et al (103) has shown that for 5% molar 

concentration of the PIP2, the PKCα enzyme could be activated even in the absence of DAG, 

contrary to previous considerations that DAG is required to bind the C1 domain of PKC to the 

membrane (74). Our simulations show that the presence of PIP2 increases the number of contacts 

of the C2 domain to the membrane, without substantially changing its orientation. This, 

presumably, increases the binding strength. Whether or not this increase in binding strength from 

the presence of PIP2 can substitute for DAG binding the C1 domain in the activation process is 

unknown, but would be an interesting avenue to pursue.  
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