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Methods  
1. Computational Methods 
1.1 Preparation of kinase catalytic domain structures for MD simulations – The crystal structure of the activated state of the 

catalytic domain of PKCa (PDB ID 3IW4)1 was used as a starting structure for the MD simulations.  However, this structure was 
missing the activation loop and the C-terminus. We modeled the activation loop into this structure using MODELLER2 using the 
PKCβII crystal structure as the template (PDB ID: 3PFQ).3 The C-terminus was also built in using MODELLER with the crystal 
structure of PKCa PDB ID: 4RA4.4 We used the 3IW4 as the starting structure since this had the least number of missing residues. 
The three residues that are phosphorylated in the active form PKCa (Thr494, Thr638 and Ser657) were modified to the 
phosphorylated form in this study. The generated structure was minimized by Macromodel application, Maestro software suite 
(Schrödinger Release 2018-2: Maestro, Schrödinger, LLC, New York, NY, 2018.), with a maximum of 5000 steps, or until 
convergence of 0.05 kcal/mol-Å2 in force was reached. We used the following crystal structures as starting structures for the MD 
simulations of other kinases: AKT (PDB ID: 3QKK),5 STK40 (PDB ID: 5L2Q),6 PDK1 (PDB ID: 1OKY),7 ABL (PDB ID: 
4WA9).8 The simulations for these kinases were performed with no ligand or substrate bound, and also in non-phosphorylated form. 
The D481 or equivalent residue in all kinases mentioned above were mutated to Alanine in Maestro, followed by a 5,000 steps of 
minimization to optimized the side chain orientation of Alanine, while keeping all other residues fixed. The minimized structures 
were kept as initial structures for mutant-system simulations. Sequences alignment shown in Fig. 1D was performed using Clustal 
Omega provided by EMBL-EBI.9 

Five inhibitors, BimI, sotrastaurin, staurosporine, sangivamycin and toyocamycin, were docked into the ATP binding pocket of 
PKCa using Glide SP, flexible ligand docking. Ligand and protein van der Waals radii were scaled by 0.5, and a clash score greater 
than 100 kcal/mol in combined van der Waals and Coulombic interaction energy was used as to reject docked poses. The best 
docked poses were those showing lowest interaction energy, and correct orientation and alignment of ligand functional groups with 
those identified in crystal structures of the ligand with other kinases. The key interaction between these inhibitors and residues 
around the binding pocket were already identified in PKCa or other kinases from previous crystal structures.10–12 These inhibitors 
were known to interact with residues V420 and D467 (sotrastaurin/staurosporine, template PDB ID 3IW4/1XJD)10,11 or D481 
(BimI, template PDB ID 2VD5)12 in PKC. The docked conformation that most similar to original crystal binding conformation 
were further optimized by performing Prime rigid body minimization of the ligand within the PKCa catalytic site, followed by 
three rounds of Prime sidechain reassignment was used to optimize the sidechain packing of the residues within 5 Å around the 
ligand. In each of the three rounds, sidechains within 5 Å of the ligand were optimized, beginning first with aromatic residues 
phenylalanine, tyrosine, and tryptophan. The second round consisted of polar residues arginine, lysine, histidine, aspartate, 
glutamate, asparagine, glutamine, serine, and threonine. The final round of sidechain optimization was performed on hydrophobic 
residues alanine, cysteine, isoleucine, leucine, methionine, and valine. Inhibitor-PKCa complex structures were then minimized 
with Macromodel for 5,000 steps or until convergence threshold of 0.05 kcal/mol-Å2 was reached, and kept as initial structure for 
inhibitor-protein complex simulations. Similar strategy was applied to acquire binding conformation of ATP, while PKCι-ATP 
complex crystal structure (PDB ID: 3A8W)13 was chosen as template to construct PKCa-ATP structure.  

1.2 All-atom MD simulations – We performed all-atom MD simulations in explicit solvent for all the PKCa apo-protein and 
inhibitor complexes. All simulations were performed using GROMACS201614  package with GROMOS 54a7 force field.15 The 
force field parameters for the phosphate group were adapted from previous 43a1p version.16 The proteins or inhibitor-protein 
complexes were solvated in a 90 Å3 cubic TIP3 water box, and the net charge on the protein neutralized using NaCl. LINCS 
algorithm was applied on all bonds and angles of waters and a time step of 2 fs was used for integration. Non-bond interactions 
were calculated with a cut-off of 12 Å, and long range van der Waals interactions were calculated using particle mesh Ewald 
method.17 With initial velocities sampled from the Boltzmann distribution, each system was heated slowly to 310 K in NVT 
ensemble in 1ns, with temperature controlled by Nosé-Hoover thermostat,18 followed by 30 ns equilibration in NPT ensemble with 
harmonic position restraints applied on protein and ligand heavy atoms, while pressure coupled to 1 bar and controlled by 
Parrinello-Rahman method.19 The restraint force was gradually reduced from 5 kcal/mol-Å2 to 0 kcal/mol-Å2 in a 1 kcal/mol-Å2 
per 5 ns window. For the inhibitor-protein complex simulations, flat bottom restraints of 1 kcal/mol-Å2 were applied between 
inhibitors and V420 and D467 or D481, to maintain the key interactions during equilibration. These restraints were turned on during 
the final 5ns equilibration window and were released in the production simulations. For the PKCa-ATP complex system, a Na+ ion 
was placed between the g-PO4 group of ATP and side chain of D481, and flat bottom restraint potentials were applied between g-
PO4 - Na+- D481 side chain, separately. These restraints were applied to maintain the salt bridge between ATP-Na+-D481 as seen 
in the crystal structure, and released using the same procedure described above. The force field parameters for inhibitors were 
prepared by PRODRG server,20 the partial charge of each atom was replaced by the ESP (atomic electrostatic potential) charge 
calculated using Hartree-Fock method with Poisson-Boltzmann function for water solvation as implemented in the quantum 
mechanics software suite Jaguar.21 We used the 6-31G** basis set to calculate the ESP charges. The last frame after the equilibration 
step were taken for each system to spin off five independent 200 ns production MD simulations with no restraints and with different 
initial velocities in the NPT ensemble. A total of 1µs production simulations was performed for each system. Trajectories were 
saved every 2 ps for further analysis. Analysis and visualization were carried out by GROMACS and VMD.22  

For each trajectory generated for PKCa, we calculated the root mean square deviation in the coordinates of the backbone atoms 
from the starting structure and plotted this quantity as a function of time. Fig. S4 shows the RMSD time series plot. The RMSD 
converges between 3 to 5 Å for the entire catalytic domain of PKCa.
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1.3 Calculation of the relative population of the closed to open conformation states – We observed the movement of the activation 
loop towards the G-loop to form what we term as the “closed” state. We used the distance between centers of mass of backbone 
atoms of residues from K347 to I349 in the G-loop plus D380, V381 from aC helix, and the residues T495 to C499 in the activation 
loop to describe the open-closed movement of G-loop and activation loop. K347 to I349 generally move together with D380 and 
V381 from aC helix, defining them as a group and measure their distance from T495 to C499 group on activation loop can separate 
closed conformations from open conformations in this work. These residue numbers are for PKCa. For all other kinases simulated 
in this work we performed a structural alignment of all the structures to PKCa and identified the residues corresponding to K347 
to I349, D380-V381 and T495-C499 and used the distance between their centers of mass of the backbone atoms to calculate the 
ratio of closed to open states. When the MD simulation samples only the open states, the distance histogram distribution plot shows 
only one peak, when the simulation samples both open and closed states, the distance distribution plot shows two peaks with clear 
separation. Taking the distance measure at the minimum point between open states peak and closed states peak as a cutoff, the 
numbers of MD snapshots for each state can be calculated leading to the ratio of closed/open states.  

1.4 Calculation of interaction energy of the EGFR peptide substrate with open and closed conformation states – We calculated 
the interaction energy of the EGFR peptide substrate (amino acid sequence: IVRKATLRRLL)  in the open and closed conformation 
state of PKCa to verify if indeed the open conformation state favors the binding of the peptide substrate as we postulated. We used 
the EGFR peptide substrate bound PKCa open state structure from our previous study.23 The initial structure of EGFR peptide 
bound to the closed state of PKCa was prepared using the following procedure. The closed conformation of PKCa was obtained 
by performing RMSD based cluster analysis on the 1 μs trajectory of PKCa-BimI complex, and extracting the representative 
structure from most populated cluster of closed conformation states. We then transferred the EGFR peptide structure from the open 
conformation state onto substrate binding site with restraining the interaction between R9 residue in the peptide sequence and F498. 
We then performed 100 cycles of replica exchange annealing torsional molecular dynamics using GNEIMO torsional MD method 
combined with side chain packing with Rosetta module.24 The GNEIMO annealing simulations were performed with a harmonic 
distance restraint applied on R9-F498 to keep the PKCa in the closed state. The representative structure from most populated 
cluster of EGFR peptide bound closed states of PKCa complex was selected for further all-atom MD simulations. The 
representative structure of EGFR peptide bound PKCa was used as starting structure for performing five brute force all-atom MD 
simulations with no restraints each for 200ns totaling to 1 μs simulation time using the same procedure described above. We 
calculated the non-bond interaction energy between EGFR peptide and the open and closed states of the catalytic domain of PKCa 
averaged over the entire all-atom MD simulations trajectory. The average interaction energy of the EGFR peptide with open 
conformation state of PKCa is -1068 ± 88.9 kJ/mol compared to -791±71.0 kJ/mol for the closed conformation state. This analysis 
suggested that substrate binding will be negatively affected by higher population of the closed state of PKCa.   

 
2. Experimental Methods 
2.1 Reagents and Peptides – Buffer ingredients and chemicals were purchased from various commercial vendors and used 

without further purification. EGFR substrate peptide (sequence – IVRKATLRRLL) was custom-synthesized by GenScript and 
solubilized in PKC Buffer (20 mM HEPES (pH 7.5), 5 mM MgCl2, 0.5 mM EGTA, and 2 mM DTT). 

2.2 Constructs – We used a previously reported SPASM sensor construct containing an alanine-substituted PKCα substrate 
peptide and the human PKCa catalytic domain.25 Briefly, human PKCα catalytic domain, mCerulean (FRET donor), mCitrine 
(FRET acceptor), 10 nm ER/K single α- helix and Ala-substituted substrate peptides, were PCR amplified and cloned into unique 
restriction sites in the pBiex1 expression vector (Novagen). Gly-Ser-Gly linkers were inserted between protein domains to allow 
for rotational freedom. Mutant peptides were introduced into sensor by digestion, followed by phosphorylation and ligation of 
appropriate phosphorylated oligonucleotides.  Sanger sequencing was used to confirm appropriate insertion and mutagenesis. 

Insect Cell Expression and Protein Purification - Plasmids were transfected into (Sf9) insect cells using a protocol reported 
previously.25 Briefly, pBiex1 vectors were transiently transfected into Sf9 insect cells cultured in Sf900- II media (ThermoFisher) 
using Escort IV transfection reagent (Sigma) and Optimem 1 (ThermoFisher). Cells were harvested (250 g, 5 mins at 4 oC) and 
lysed using lysis buffer (20 mM HEPES (pH 7.5), 200 mM NaCl, 4 mM MgCl2, 0.5% sucrose, 0.5% IGEPAL, 2 mM DTT, 50 
μg/ml PMSF, 5 μg/ml aprotinin, and 5 μg/ml leupeptin). Clarified lysate after ultracentrifugation (13435 g, 25 mins at 4 oC) was 
incubated with anti-FLAG M2 affinity resin (Sigma) for 1-2 hr and washed with wash buffer (20 mM HEPES (pH 7.5), 150 mM 
NaCl, 10 mM MgCl2, 2 mM  DTT, 5 μg/ml PMSF,  5 μg/ml aprotinin and 5 μg/ml leupeptin). The proteins were eluted with FLAG 
peptide (Sigma, 100 µg/ml) and buffer exchanged to PKC buffer (20 mM HEPES (pH 7.5), 5 mM MgCl2, 0.5 mM EGTA, and 2 
mM DTT) using Zeba Spin Desalting Columns (40 kDa, Pierce). Protein concentration for centrifuged protein was determined 
from the fluorescent emission of mCit (Ex 490, Em 525 nm) compared to a standard on a FluoroMax-4 fluorimeter (Horiba 
Scientific) or by fluorophore absorbance on a NanoDrop One (ThermoFisher).  

2.3 Kinase Activity Assay – Kinase specific activity was inferred from the ATP consumed in phosphorylation reaction using the 
KinaseGlo Max Luminescence Assay Kit (Promega). ATP depletion is monitored with Kinase-Glo Reagent, which uses luciferin, 
oxygen and ATP as substrates in a reaction that produces oxyluciferin and light. The luminescent signal is linearly proportional to 
the amount of ATP remaining following the phosphorylation reaction. Control experiments in which the substrates were incubated 
with the assay buffer and then assayed with the luciferase showed that substrate/buffer interactions with the luciferase reaction 
were insignificant under the assay conditions. Activity assays were performed using the catalytic domain (25-75 nM) and 500-µM 
peptide in PKC Buffer. Reactions were initiated by the addition of 250 μM ATP to a total reaction volume of 80 μL in U-bottom, 
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white 96-well plates. Following 3 min incubation at 22 oC, the reaction was quenched and subsequent steps were performed as per 
instructions from the kit provider. End-point luminescence was measured in a FlexStation 3 plate reader (Molecular Devices). 
Control experiments with only the kinase or the substrate showed negligible ATP consumption. For each experimental condition, 
≥ 2 independent measurements were performed for ≥ 3 protein preparations (N ≥ 6). 

2.4 FRET Measurements – We have extensively monitored protein-protein interactions in live cells using SPASM FRET 
sensors.26–28 FRET measurements provide a direct measure of the binding strength of the substrate peptides to the kinase catalytic 
domain.29,30 Before each experiment, purified sensors were centrifuged (17645 g at 4 °C) to remove any insoluble protein. All 
experiments were performed with 50 nM protein in PKC Buffer at 21-22 °C. Samples were prepared in tubes pre-coated with BSA 
(0.1 mg/ml) to limit protein loss through adsorption to tube walls. FRET measurements were performed using FluoroMax-4 
fluorimeter (Horiba Scientific). Sensor preparations, with and without inhibitors, were loaded in a quartz cuvette (1 cm path length) 
and excited at 430 nm with an 8-nm band pass, and emission monitored (4-nm band pass) from 450 to 650 nm. The FRET ratio 
was calculated from the ratio of the emission for mCitrine (525 nm) to mCerulean (475 nm). For each experimental condition, ≥ 2 
experimental replicates were measured for ≥ 3 independent protein batches (N ≥ 6). 
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Figure S1: BimI displaces pseudosubstrate from catalytic domain. Change in FRET ratio (DFRET) of SPASM sensor that detects 
interaction between pseudosubstrate peptide (MADVFPGNDSTASQDVANRFARKGALRQKNV) and the catalytic domain of 
PKCa. Ligand concentrations: 1 uM BimI, 100 uM ATP, 100 uM ADP, 100 uM Sangivamycin. SPASM sensor concentration – 
50 nM. Data are standard error of mean from four independent protein preparations. (** = p<0.01; *** = p<0.001; **** = p<0.0001 
using a paired t-test relative to no ligand). 



  S6 

 

 

Figure S2: Kinase activity of the isolated PKCa catalytic domain was measured indirectly from the amount of ATP consumed in 
the phosphorylation reaction (see Methods for details). % inhibition of this kinase activity in the presence of the indicated inhibitors 
at saturating concentrations (10 µM for all compounds except sangivamycin and toyocamycin which are at 100 µM).  
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Figure S3: Time series plot of open versus closed state in various inhibitor or ATP bound PKCa. This figure shows the 
occupation of the open or closed conformation state of the PKCa system with ATP or various inhibitors bound, as a function of 
time. The results for five simulations (Sim 1 to Sim 5) are shown as blocks in the figure, each simulation being 200ns long. The 
grey shaded areas show the residence time of the system in the closed state.   
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Figure S4: Root mean square deviation (RMSD) in nm, of the Ca atoms of the catalytic domain of PKCa, plotted over 200 ns of 
5 parallel simulations of PKCα for apo-wild type, D481A mutant, and wild type PKCa bound to ATP. The RMSD converges at 
the end of 200ns in most of the simulations. 
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