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Abstract

The protein kinase Cα (PKCα) enzyme is a member of a broad family of serine/threonine kinases, 

which are involved in varied cellular signaling pathways. The initial step of PKCα activation 

involves the C2 subunit docking with the cell membrane, which is followed by interactions of the 

C1 domains with diacylglycerol (DAG) in the membrane. Notably, the molecular mechanisms of 

these interactions remain poorly understood, especially what effects, if any, DAG may have on the 

initial C2 docking. To further understand this process, we have performed a series of conventional 

molecular dynamics simulations to systematically investigate the interaction between PKCα-C2 

domains and lipid bilayers with different compositions to examine the effects of POPS, PIP2, and 

1-palmitoyl-2-oleoyl-sn-glycerol (POG) on domain docking. Our results show that the PKCα-C2 

domain does not interact with the bilayer surface in the absence of POPS and PIP2. In contrast, the 

inclusion of POPS and PIP2 to the bilayer resulted in strong domain docking in both perpendicular 

and parallel orientations, whereas the further inclusion of POG resulted in only parallel domain 

docking. In addition, lysine residues in the C2 domain formed hydrogen bonds with PIP2 

molecule bilayers containing POG. These effects were further explored with umbrella sampling 

calculations to estimate the free energy of domain docking to the lipid bilayer in the presence of 

one or two PIP2 molecules. The results show that the binding of one or two PIP2 molecules is 

thermodynamically favorable, although stronger in bilayers lacking POG. However, in POG-

containing bilayers, the binding mode of the C2 domain appears to be more flexible, which may 

have implications for activation of full-length PKCα. Together, our results shed new insights into 

the process of C2 bilayer binding and suggest new mechanisms for the roles of different 

phospholipids in the activation process of PKCα.
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INTRODUCTION

Protein kinase Cα (PKCα) is part of a large family of serine/threonine kinases and is 

involved in regulating a wide array of cellular functions such as proliferation, differentiation, 

and motility.1–11 As a member of the classical protein kinase C family, it binds to the inner 

leaflet of the cell and is activated by a combination of calcium, diacylglycerol (DAG), and 

phosphatidylserine (PS).12–17 Structurally, PKCα is composed of two C1 domains (C1A and 

C1B), a membrane-targeting C2 domain, and a kinase domain. In full-length PKCα, the 

kinase domain is inhibited in solution by the C1 domains and it becomes active only through 

a multistep process of the C2 and C1 domains recognizing and binding to signaling lipids in 

the membrane.5,17–24

As the initial membrane-targeting region of PKCα, the structure and activation mechanisms 

of the C2 motif have been the subject of extensive studies.20,25–36 This domain consists of 

eight β-strands that are organized in an antiparallel β-sandwich (Figure 1).8,19,22,25,37 Of 

particular note are the three calcium-binding loops (CBLs), which bind three Ca2+ ions, and 

the lysine-rich cluster that consists of K197, K199, K209, and K211.28,38 Biochemical 

studies have shown that K209 and K211 are crucial to PIP2 binding, as mutations of either 

or both of these residues to alanine almost completely abrogate binding of the C2 domain to 

PIP2.39,40 Furthermore, experiments and simulations have shown that calcium binding to the 

CBLs alters the electrostatic potential of the C2 domain, which causes it to nonspecifically 

bind to PS-containing membranes.22,27,41,42 This interaction is reinforced by the formation 

of hydrogen bonds between residues in the lysine cluster and either one or two PIP2 or PIP3 

molecules in the bilayer.32–35,39,43–46 During this docking process, the CBLs insert into the 

headgroup region and the domain tilts relative to the bilayer. Docking of the C2 module to 

the bilayer serves to localize the C1 domains to the inner leaflet, where they sequentially 

insert into the bilayer and are activated by interactions with DAG.16,21,47–50 In particular, 1-

palmitoyl-2-oleoyl-sn-glycerol (POG) is highly effective at activating the C1 domains, even 

in PKCα mutants that are not activated by other DAGs such as DPG.26

Given that DAG is required for activating C1 and that the C1 and C2 domains are in close 

proximity to one another, we hypothesized that DAG may also affect the binding structure 

and dynamics of C2 to the bilayer. To test this, we have performed a series of conventional 

and free-energy molecular dynamics (MD) simulations of the C2 domain interacting with 

three model bilayers: pure POPC, POPC/POPS/PIP2, and POPC/POPS/PIP2/POG. Overall, 

the results show that POPS and PIP2 are critical for C2 domain docking, which occurs in 
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two distinct orientations: perpendicular and parallel. Although direct lysine/PIP2 

interactions were observed in only conventional MD (cMD) simulations with POG, umbrella 

sampling calculations demonstrate that binding of PIP2 molecules is thermodynamically 

favorable in both bilayers, albeit stronger in bilayers lacking POG. However, the binding 

mode of the C2 domain appears to be more flexible in POG-containing bilayers, which may 

have implications for C1/C2 interdomain interactions. Taken together, our results shed new 

insights into the process of C2 bilayer binding and suggest new mechanisms for the roles of 

different phospholipids in the activation process of PKCα.

METHODS

System Construction

Three lipid bilayers with different compositions were prepared: one containing pure POPC; 

one with a mixture of POPC, POPS, and PIP2; and one containing POPC, POPS, PIP2, and 

POG. When present, the molar concentrations of POPS, PIP2, and POG were fixed at 20, 5, 

and 10%, respectively (Table 1). The choices of these values were based on experimentally 

measured concentrations. In mammalian cells, the POPS concentration in the inner leaflet of 

the plasma membrane is approximately 20%.51,52 PIP2 exists in smaller amounts (about 1 

mol %), although local concentrations may be higher.43,53,54 Therefore, we set the PIP2 

concentration to 5% to increase the probability of interaction between the C2 domain and 

PIP2. In addition, Torrecillas et al. observed that PKCα has a maximum activity at 10 mol % 

of POG.26 Each lipid bilayer system contained a total of 200 lipids and 7866 water 

molecules and was neutralized with 150 mM NaCl. The POG structure was modified from 

POPC by replacing the phosphocholine headgroup with a hydroxyl group, and the partial 

charges were calculated using the force field toolkit in VMD55 and Gaussian.56 The PIP2 

structure and force field were obtained from Lupyan et al.57 All lipid bilayer systems were 

minimized, equilibrated, and simulated for 200 ns at 310 K.

The structure of the PKCα-C2 domain was based on the crystal structure from Guerrero-

Valero and colleagues (PDB ID 3GPE).37 Figure 1 shows the structure of PKCα-C2 domain 

and highlights the three main loops. The C2 domain was placed on the surface of the bilayer 

with tilt angles of 0, 30, and 60° with respect to the bilayer normal, as defined by Landgraf 

et al.34 (Figure 2). Each system was solvated with TIP3P water molecules,58 and counterions 

were added to neutralize the systems and simulate an ~150 mM NaCl environment. The 

CHARMM36 force field was used for all standard protein and lipids parameters.59,60

MD Simulations

All simulations followed a multistage minimization and equilibration protocol. Initially, 

restraints of 5 kcal/(mol Å2) were applied to the lipid phosphorus and protein Cα atoms, as 

well as the Ca2+ ions. Systems were energy-minimized in the presence and then the absence 

of these restraints for 10 000 steps for each minimization process. Next, two stages of NVT 

simulation were performed in the presence of these restraints to heat the systems to 310 K 

over 60 ps, and the solvent was then equilibrated for an additional 50 ps. Three 300 ps NPT 

simulations were then performed to (1) reduce the restraints’ strength from 5 to 1 kcal/(mol 

Å2), (2) remove the lipid restraints, and (3) remove the protein restraints. The Ca2+ ion 
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restraints were then removed and production simulations of 50 ns for POPC systems and 200 

ns for the other systems were performed using the NPT ensemble.

Each protein/lipid system was initiated in three distinct states on the basis of the initial 

orientation of the C2 domain to the bilayer (Figure 2). To further improve sampling, each 

configuration was simulated three times with different random seeds, for a total of nine 

production simulations per system. In each case, the system temperature and pressure were 

coupled at 310 K and 1 bar, respectively, using Langevin dynamics and Nosé–Hoover 

Langevin piston pressure control.61,62 Long-range electrostatic interactions were handled 

with the particle mesh Ewald method,63 using a maximum grid spacing of 1.0 Å and a cubic 

interpolation. The cutoff distances for Lennard-Jones interactions and electrostatic 

interactions were set to 1.0 nm. System minimization, equilibration, and simulation were 

performed using the NAMD 2.9 package.64

Free-Energy Calculations

Umbrella sampling calculations were performed using two reaction coordinates, D1 and D2, 

that were defined on the basis of the distance between lysine residues K209 and K211 and 

the phosphorus atom (P5) in PIP2 molecules. Snapshots from the POPC/POPS/PIP2/POG 

simulations were used as initial window configurations. One of the snapshots was used to 

create the POPC/POPS/PIP2 system by modifying the POG headgroups to phosphocholine 

groups. In total, 100 windows per system were used to span the range of 3–9.5 Å along each 

reaction coordinate. Between 3 and 5 Å, windows were spaced every 0.5 Å and had a 

harmonic force constant of 40 kcal/(mol Å2), whereas between 5.5 and 9.5 Å, windows were 

spaced every 1.0 Å and had a harmonic force constant of 5 kcal/(mol Å2). Each window was 

run for 20 ns, and the last 10 ns were analyzed using the weighted histogram analysis 

method to calculate the free-energy profile.65 A Jacobian correction of 2kT ln(r) was applied 

along each coordinate in the resulting potential of mean force (PMF).66 The colvar module 

was used for all umbrella sampling simulations.67

Simulation Analysis

The PKCα-C2 tilt angle was calculated as the angle between the simulation box normal and 

a vector defined from Ca2+ ion 501 to the α-carbon in the N206 residue.34 We also defined a 

vertical distance (Zx) between x and the center of mass of the phosphorus atoms in the lipid 

headgroups in the upper leaflet of the bilayer. For example, ZCBL3 represents the height of 

the CBL3 loop above the headgroup region and was calculated as the vertical distance 

between loop 3 (CBL3) in the PKCα-C2 domain and the center of mass of the phosphorus 

atoms in the headgroups of the bilayer upper leaflet. To examine the docking effect on the 

lipid bilayer, we calculated the density of the phosphorus atoms in the lipid headgroups in 

each leaflet. To remove the effects of protein rotation and translation, the bilayers were 

centered on the CBL3 loop center of mass and rotated around by an angle defined by a 

reference vector between residues N189 and R250 and the +x axis. The number of PIP2 

(NPIP2) was defined as the number of PIP2 molecules within 5 Å of residues K209 or K211.
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RESULTS AND DISCUSSION

Docking of PKCα-C2 Domain

For each bilayer composition, we performed a total of nine, 200 ns MD simulations that 

were divided among three difierent initial tilt angles (see Method). During simulations, the 

tilt angles readily converted between difierent initial values; thus, the initial conformations 

of each individual simulation did not have a significant impact on the final results. In each 

simulation containing pure POPC bilayers, the PKCα-C2 domain did not dock to the lipid 

bilayer but instead drifted into solution (Figure S1a–c), adopting final configurations similar 

to that shown in Figure 3a. In contrast, electrostatic interactions between the negatively 

charged POPS and PIP2 headgroups and PKCα-C2 resulted in the protein quickly and stably 

docking to the POPC/POPS/PIP2 bilayer surface (Figures 3b–d and S1d–i). In this bilayer 

system, PKCα-C2 adopted two distinct conformations. In the parallel orientation (Figure 

3b), loop 3 (CBL3) was inserted into the headgroup region and the β-strands were orientated 

parallel to the membrane surface. In the perpendicular orientation (Figure 3c), the docking 

surface was localized by insertion of loops 1 and 3 (CBL1 and 3) into the headgroup region 

and the β-strands were orientated perpendicular to the membrane surface. Systems with 

POG exhibited two significant difierences from those without. First, only the parallel 

docking orientation was observed (Figure 3d). Second, lysine residues K209 and K211 in 

the β4-strand “latched” on the PIP2 molecules by forming hydrogen bonds with their 

headgroups, an interaction that was not observed in systems lacking POG. In all simulations, 

the lipid bilayers displayed areas per lipid and bilayer thicknesses that were in accord with 

previous experiments and simulations and that were largely unaffected by PKCα-C2 binding 

(see the Supporting Information).

To quantify the docking and latching characteristics of these systems, configurations from 

the final 150 ns of each simulation were divided on the basis of three metrics: the domain tilt 

angle, the heights of loop CBL3 above the headgroups region, and the distance of lysine 

residues to PIP2 headgroups (Table 2). A domain was considered docked if the CBL3 height 

(ZCBL3) was negative and latched if a PIP2 molecule was within 5 Å of K209 or K211. 

Perpendicular orientations were observed to have tilt angles below 45°, whereas parallel 

orientations had tilt angles above 45°.

In the absence of POG, three states were observed: perpendicular, parallel, and no docking. 

In the perpendicular orientation, the domain was tilted on average ~39° and both CBL1 and 

CBL3 were inserted into the bilayer, whereas the CBL2 loop was located outside the 

headgroup region. The parallel state was observed approximately six times as often as the 

perpendicular state (32–5% of the simulation time) and was defined by the domain tilting 

closer to the bilayer surface with an average tilt angle of ~75° and inserting only CBL3 into 

the headgroup region. When not docked, the domain remained close to the bilayer surface 

without inserting any of the domain loops into the headgroup region.

In simulations with POG, the docked domain adopted only the parallel orientation. The 

domain had a conformation similar to that observed without POG, with an average tilt angle 

of ~78° and the CBL3 loop inserted into the headgroup region. Latching of the lysine 

residues to the PIP2 molecules increased the domain tilt angle to ~86° and relocated the 
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CBL1 and CBL2 loops to positions slightly further from the bilayer, whereas the Ca2+ ions 

were located closer to the bilayer surface. When the domain loops were not inserted into the 

headgroup region, the domain primarily laid on the bilayer surface and rarely latched to 

PIP2 molecules. Docking and latching were observed in 8.3% of the simulations, whereas 

the domain docked parallel to the bilayer surface without latching to PIP2 molecules 

approximately twice as often (15% of the simulation time). Overall, the docking of the 

domain to the bilayer surface was more likely to occur in the absence of POG, but the PIP2 

molecules were more likely to latch to the domain in the presence of POG.

PKCα-C2 Domain Position with Respect to the Bilayer Surface

The average height above the lipid headgroups was calculated for each protein state for a 

series of residues located throughout the domain that have previously been studied with 

electron-paramagnetic-resonance (EPR) measurements (Tables 3, S2, and S3).29,34 In each 

state, residues N206 and T214 were located significantly above the bilayer (>8.5 Å), in 

agreement with EPR experiments that showed that they are located outside the bilayer.34 

Furthermore, these experiments indicated that the side chain of R249 is located within the 

headgroup regions upon docking, which is also in agreement with our calculations that show 

that R249 is located within 1–2 Å of the bilayer normal in all docked states. In our 

simulations, N189 was located inside the headgroup region by ~2 Å when the domain 

portrayed a perpendicular docking; however, it relocated outside the headgroup region when 

the domain was in the parallel docked state.

EPR experiments29,34 in the literature were performed on membranes that lack POG; 

however, our results suggest that POG may influence the position of C2 domain residues. 

For example, the addition of POG to the bilayer decreased the height of R249 when the 

domain docks in the parallel orientation, with heights of 1.4 and 0.8 Å for states with and 

without PIP2 latching, respectively. In addition, lysine residues K209 and K211, which are 

in the β4-strand, were located relatively close to the headgroup region when PKCα-C2 

docked to POG-containing bilayers, whereas K197 and K199, which are in the β3-strand, 

were located further above the bilayer. This allowed K209 and K211 to latch to PIP2 

molecules, whereas K197 and K199 were located too far from the bilayer to form hydrogen 

bonds with any bilayer constituent. This is consistent with EPR results, which showed that 

K197 and K199 are located far from the bilayer surface in the presence of PIP2.34

Headgroup Spacing

Density maps of the lipid phosphorus atoms demonstrate that PKCα-C2 docking 

significantly disturbs the headgroup region (Figures 4 and 5). In the absence of POG, there 

was a large disturbance when the domain docked perpendicular to the bilayer surface, which 

is primarily due to the insertion of CBL1 and CBL3 into the bilayer (Figure 4a). In the 

parallel docking orientation, there was still a disturbance due to CBL3 insertion, although it 

was significantly reduced relative to that in the perpendicular orientation as a result of CBL1 

not inserting into the bilayer (Figure 4a). In the presence of POG, a large headgroup 

disturbance was observed when the domain docked parallel to the bilayer surface without 

PIP2 latching (Figure 5a). Upon latching (Figure 5b), the shape and size of this disturbance 

changed slightly due to the repositioning of the three domain loops above the location of the 
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loops in the docking case. Whether POG was present or not, bilayer disturbances were 

nearly eliminated when there was no docking because both loops were located outside of the 

headgroups (Figures 4c and 5c).

Similar calculations were performed for the lower leaflets in both systems (Figures S2 and 

S3). In general, lipids had nearly uniform densities when POG was not present. However, 

when POG was present and the domain docked to the upper leaflet, there was decreased 

uniformity between lipids in the lower leaflet, suggesting that disturbances in the upper layer 

may propagate through the bilayer in the presence of POG.

Umbrella Sampling

In simulations with POG, we observed that lysine residues in the PKCα-C2 domain 

interacted with either one or two PIP2 molecules, in agreement with previous 

experiments.23,32,35 Specifically, this occurred through hydrogen bonds between K209 and 

K211 with the phosphate groups (P5 and P4) in the PIP2 molecules, suggesting that these 

residues are more critical for specific PIP2 binding than K197 and K199 residues, in 

agreement with previous experiments.32,34 However, despite extensive sampling, these 

conventional simulations provided only a qualitative description of PKCα-C2/bilayer 

interactions and may be subject to significant noise due to their stochastic nature.

To more rigorously examine the free energy of latching to one or two PIP2 molecules, two-

dimensional umbrella sampling calculations were performed. Two reaction coordinates, D1 

and D2, were defined on the basis of the distance between the nitrogen atoms in lysine 

residue K211 and K209 side chains and the phosphorus atom (P5) of PIP2 molecules 

(Figure 6). Potentials of mean force (PMFs) were calculated in both the absence and the 

presence of POG (Figure 7). PMF convergence was tested using one-dimensional projection 

of the PMF on each reaction coordinate (Figures S4 and S5), which showed good 

convergence following 10 ns of equilibration. In the absence of POG, the latching of both 

PIP2’s to K209 and K211 residues is favorable by ~11 kcal/mol. The PMF displays an 

asymmetry, as binding to only K211 is favorable by ~7 kcal/mol, whereas binding to only 

K209 is favorable by ~5 kcal/mol. In addition, there is a slight negative cooperativity, as 

after K211/PIP2 hydrogen bonds have formed, the free energy of K209 latching is reduced 

by 1 kcal/mol. In the presence of POG, the overall shape of the PMF is maintained; however, 

the latching free energy is significantly reduced (Figure 7b). The free-energy gain from 

latching both PIP2 molecules is ~6 kcal/mol, with a gain of ~5 kcal/mol resulting from 

latching only K211. Overall, these calculations suggest a mechanism whereby K211 initially 

forms hydrogen bonds to PIP2, which is followed by K209 reinforcing the PKCα-C2/bilayer 

interactions with additional hydrogen bonds to a second PIP2 molecule. The latching 

mechanism appears to be largely unaffected by POG; however, the free energy gained 

through this process is reduced from nanomolar to micromolar affinity by the addition of 

POG to the bilayer.

To determine the effects of K209 and K211 latching on the PKCα-C2 domain conformation, 

the PMFs in Figure 6 were divided into four distinct regions and the last 10 ns of the 

corresponding trajectories were analyzed to determine the domain tilt angles and residue 

heights in these states. These regions were defined as follows: (1) K211-only binding (D1 < 
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4.5 Å and D2 > 4.5 Å), (2) K209-only binding (D1 > 4.5 Å and D2 < 4.5 Å), (3) K211 and 

K209 binding (D1 < 4.5 Å and D2 < 4.5 Å), and (4) no binding (D1 > 4.5 Å and D2 > 4.5 Å). 

Measurements were weighted by the Boltzmann factor of the free energies computed in the 

PMFs (e−G/kT) to determine the values that would be expected from infinitely long 

simulations of these states. In each latching state, the addition of POG increases the tilt angle 

distribution, which corresponds to a more flexible docked state (Figure 8). In addition, in 

both systems, K209 binding increases the tilt angle by 5–6°, regardless of whether or not 

K211 is bound. This is due to K209’s location being further away from the domain loops 

than that of K211; therefore, K209 latching pulls the domain closer to the bilayer and 

increases the tilt angle.

We also calculated the free energy weighted height with respect to the headgroup region for 

selected residues in the PKCα-C2 domain in the absence and presence of POG (Figures S6–

S9). In all binding states, residues N189, N206, and T214 are consistently located outside 

the headgroups, whereas R249 is located partially within the headgroups. This is in 

agreement with both our cMD results (Table 3) and EPR experiments for systems containing 

POPS and PIP2.34

To determine the correlation between the domain tilt angle and residue heights above the 

headgroups, two-dimensional free-energy profiles for residues N189, N206, and R249 were 

computed on the basis of their joint probability distributions for each binding state as 

defined above. In all binding cases, N189 and N206, respectively, show positive and negative 

correlations between the domain tilt angle and their heights above the headgroups: as the 

domain tilts closer to the bilayer surface, N189 moves further from the headgroup region 

(Figure S10), whereas N206, which is located on the upper side of the domain axis, tends to 

reposition closer to the headgroup region (Figure S11). These observations are consistent for 

systems that contain and lack POG.

In contrast, POG has a larger effect on residue R249 (Figure 9). In the absence of POG, 

R249 is located outside the headgroups in the K211-only binding case and the domain has a 

tilt angle of ~100°. When only K209 is bound, R249 is located at the bilayer surface and the 

domain tilt angle is ~95°. In the presence of POG, R249 is located at nearly the same 

position when only K209 is bound; however, it is located at the surface of the bilayer when 

only K211 is bound, with a domain tilt angle of only ~80°. In each binding state, inclusion 

of POG is synonymous with a significant increase in the accessible phase space, further 

highlighting the increased flexibility of the PKCα-C2 domains when docked to POG-

containing bilayers.

In each set of domain tilt angle/residue height free-energy plots, the “no-binding” case 

appears to sample more phase space than either of the binding states. To quantify the degree 

to which K211 or K209 binding alters the motions of PKCα-C2, the Kullback–Leibler 

divergences (KLDs) of the tilt angle/residue height free-energy profiles of the bound states 

were calculated relative to those of the unbound state using eq 1 (see Table 4).68
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(1)

The sum was performed over all values where the no-binding case was chosen as the 

reference (Q(i)). Note that P(i) and Q(i) represent the sampling probabilities of the perturbed 

and original states and were thus calculated from a Boltzmann weighting of the computed 

free energies. Higher KLD values represent larger divergence from the reference case (here, 

the “no-binding state”). In systems without POG, binding to only K211 has a larger impact 

on the accessible conformational space relative to that in the no-binding state than does 

K209-only binding. However, the KLD values of K211-only binding are significantly lower 

than those of K209-only binding in the presence of POG. This difference may partially 

contribute to the larger asymmetry in free energies between K211 and K209 binding 

observed in the system with POG than in those without, as in each system, a different 

entropic difference opposes domain binding. Finally, in both systems, the KLD values are 

significantly higher for states in which both K211 and K209 are bound than when only one 

is bound. This increased restriction of conformational space upon binding of K209 and 

K211 may contribute to the slight negative binding cooperativity observed in the PMFs, as 

significantly restricted motions relative to the no-binding state would incur an entropic 

penalty to binding.

CONCLUSIONS

We have performed a series of conventional and free-energy MD simulations to elucidate the 

mechanism of PKCα-C2 binding and how it is affected by the composition of lipid bilayers. 

In general, results indicate that the domain does not interact with pure POPC bilayer 

surfaces. In contrast, the domain strongly docks to lipid bilayers in both perpendicular and 

parallel orientations in the presence of POPS and PIP2. The parallel orientation was 

observed more frequently, which is likely due in part to the perpendicular orientation 

requiring a significant rearrangement of the headgroup region. In addition, hydrogen bonds 

were formed between K209 and K211 and the phosphate groups in PIP2 molecules within 

the bilayer. The effects of these interactions were explored with umbrella sampling 

calculations, and it was found that K211 latching is stronger than that of K209. Furthermore, 

the addition of POG to bilayers weakens the overall free energy of these hydrogen bonds but 

allows for more flexibility of the domain relative to that of the bilayer.

The C2 domain studied here is only one portion of the much larger PKCα enzyme, which is 

regulated not only by the C2 domain but also by protein/lipid interactions in the C1 

domains.1,5,6,8,14,17 In particular, it has been shown that diaclyglycerol-containing lipids are 

required for activating the C1 domains, and it has been suggested that the regulation of the 

C1 and C2 domains may be coupled due to bridging interactions between these 

regions.36,69–71 Given the effects of POG on PKCα-C2/PIP2 interactions observed here, it is 

tempting to speculate that the increased flexibility of the C2 domain imparted by POG may 

alter the conformational space accessible to the C1 domains in full-length PKCα and thus 

may have an additional indirect influence on the activity of the kinase. If this is the case, the 
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increased binding affinity for PIP2 computed in our umbrella sampling simulations for 

bilayers lacking POG may not manifest itself in the activation process of full-length PKCα, 

and in fact, an opposite effect could be observed as the increase in rigidity of the C2 domain 

may counteract the native affinity of the C1 domains for diaclyglycerol.

PKCα is one of a large class of protein modules that are utilized by various proteins to bind 

to diverse membranes.2,3,7,17,72 Therefore, the binding mechanisms observed in our 

simulations are likely to have implications for similar domains in proteins involved in 

processes such as vesicular transport, lipid modification, and GTPase regulation. For 

example, it is likely that many C2 domains possess the capability of interacting with bilayers 

in both parallel and perpendicular orientations, although differences in the CBLs may alter 

the propensity for these states. Additionally, the observation that K209 is highly conserved 

among C2 domains whereas K211 is not suggests that some properties of PIP2 binding may 

be consistent among C2 domains, whereas others, such as the ability to bind two PIP2’s, 

may potentially be a unique feature of PKCα-C2.72 To determine which of these 

mechanistic details are shared among C2 domains and which uniquely evolved in PKCα-C2 

will require further computational and experimental studies.
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Figure 1. 
The PKCα-C2 domain structure. The labels highlight the three CBLs (CBL1, CBL2, and 

CBL3), three Ca2+, and C2 domain four main residues (N189, N206, T214, and R249).
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Figure 2. 
Initial orientations of (a) 0°, (b) 30°, and (c) 60°for the the PKCα-C2 domain in the PKCα-

C2/POPC bilayer. The PKCα-C2 domain is shown in red, Ca2+ ions in yellow, POPC in 

silver, and phosphorus and nitrogen atoms are in gold and blue, respectively. The arrow in 

black from Ca2+ (501) to the Cα atom in the N206 residue represents the long axis of the 

core β-sandwich. Solvent molecules were removed for clarity.
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Figure 3. 
Snapshots from cMD simulations of the complex composed of a C2 domain and (a) a pure 

POPC bilayer; (b, c) a POPC/POPS/PIP2 bilayer; and (d) a POPC/POPS/PIP2/POG bilayer. 

The PKCα-C2 domain is shown in red, Ca2+ ions in yellow, POPC and POPS in silver, PIP2 

in cyan, POG in orange, and phosphorus and nitrogen atoms in POPC (and POPS) are 

shown in gold and blue, respectively. Solvent molecules were removed for clarity.
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Figure 4. 
Density maps of lipid phosphorus atoms in the PKCα-C2/POPC/POPS/PIP2 system for 

different docking states: (a) perpendicular, (b) parallel, and (c) no docking. The maps 

represent the phosphorus atoms position density, in POPC, POPS, and PIP2, with respect to 

the center of mass of CBL3.
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Figure 5. 
Lipid phosphorus atom density maps with respect to the PKCα-C2/POPC/POPS/PIP2/POG 

system for different docking cases: (a) docking, (b) docking and latching, and (c) no 

docking. The maps represent the phosphorus atoms position density, in POPC, POPS, and 

PIP2, with respect to the center of mass of CBL3.
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Figure 6. 
Snapshots from umbrella sampling simulations. The labels show the reaction coordinates 

(D1 and D2) in the POG-containing system. The PKCα-C2 domain is shown in red, Ca2+ 

ions in yellow, POPC and POPS in silver, PIP2 in cyan, POG in orange, and phosphorus and 

nitrogen atoms are shown in gold and blue, respectively. Solvent molecules were removed 

for clarity.
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Figure 7. 
Free-energy profile as a function of the lysine–PIP2 interaction distances D1 and D2 in the 

absence (a) and presence (b) of POG.
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Figure 8. 
PKCα-C2 tilt angle in the absence (a) and presence (b) of POG. The PKCα-C2 tilt angle 

was calculated from the PMF trajectories for the following four regions: K211-only binding 

(black), K209-only binding (red), K211 and K209 binding (blue), and no binding (green).
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Figure 9. 
Domain tilt angle vs height above headgroups for residue R249 in the absence (a) and 

presence (b) of POG. The two-dimensional free-energy profiles for residues N189, N206, 

and R249 were computed on the basis of their joint probability distributions for the 

following binding state: K211-only binding, K209-only binding, K211 and K209 binding, 

and no binding.
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