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Abstract

Increasing protein kinase C (PKC) activity is of potential therapeutic value. Its

activation involves an interaction between the C1 domain and diacylglycerol (DAG) at

intracellular membrane surfaces; DAG mimetics hold promise as new drugs. We previ-

ously developed the isophthalate derivative HMI-1a3, an effective but highly lipophilic

(clogP = 6.46) DAG mimetic. Although a less lipophilic pyrimidine analog, PYR-

1gP (clogP = 3.30), gave positive results in computational docking, it unexpectedly

presented greatly diminished binding to PKC in vitro. Through more rigorous com-

putational molecular modeling, we reveal that, unlike HMI-1a3, PYR-1gP forms an

intramolecular hydrogen bond, which both obstructs binding and reorients PYR-1gP

in the membrane in a fashion that prevents it from correctly accessing the PKC C1

domain. Our results highlight the great value of molecular dynamics simulations as

a key component for the drug design process of ligands targeting weakly membrane-

associated proteins, where simulation in the relevant membrane environment is crucial

for obtaining biologically applicable results.

Introduction

The enzyme protein kinase C (PKC) plays a plethora of roles in human physiology, thus also

many diseases, including cancer, diabetes, heart failure and Alzheimer’s disease.1–3 While

previously thought to be an oncoprotein, recent studies of PKC, however, indicate that

mutations associated with increased risk of cancer development result in a decrease, rather

than increase, in PKC activity.1 Prolonged activation by strong agonists, however, leads

to the downregulation of PKC, which may be responsible for the tumor-promoting activity

of ultrapotent PKC activators, for example phorbol esters.1 Moderate activation of PKC

with weaker agonists or partial agonists that do not cause the downregulation of PKC has

therefore been proposed as tumor suppressing.1,4 In addition, PKC is involved in learning

and memory formation; moderate activation has also been proposed as a possible treatment
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for Alzheimer’s disease.2,3

Several isoenzymes of PKC exist and can be divided into three families based on their

mode of activation: classical, novel and atypical. All PKC isoenzymes are peripheral mem-

brane proteins; in their dormant state they reside in the cytoplasm, however activation and

function occur at the surface of an intracellular membrane, e.g. the cytoplasmic leaflet of

the plasma membrane.1,2 For two out of the three families, the classical and novel, a physio-

logical activator is the lipid second messenger diacylglycerol (DAG), which binds to PKC in

a transient fashion and contributes to the activation of the enzyme.1,2 In both classical and

novel isoenzymes, the domains that possess affinity for DAG are the two tandem cysteine-

rich domains, C1A and C1B.1,2 Thus, regarding the structural design for DAG mimetics,

the interaction between these domains and prospective agonists is of interest.5,6

This interaction is mainly governed by hydrogen bonds (H-bonds) between the glycerol

backbone of DAG and the protein, most importantly the hydroxy group ( OH) in the sn-3

position of the glycerol (red in Figure 1) and the ester group oxygens in the sn-1 and sn-

2 positions (green in Figure 1) and the protein.7–9 Previously, we developed hydrophobic

isophthalic acid derivatives (HMIs) as DAG mimetics, in order to achieve the desired mod-

ulation in classical and novel isoenzymes of PKC.8 The ligands in this scaffold possess a

trisubstituted phenyl ring with two ester functions in positions 1 and 5, bearing hydrophobic

substituents, and a hydroxymethyl moiety ( CH2OH) in position 3. These features mimic

the sn-1,2–bound fatty acids and the sn-3–bound OH group of DAG, respectively; they are

designed to maintain the binding moieties at a comparable distance at the lipid–water inter-

face while retaining the amphipathic properties of DAG. One compound, HMI-1a3 (Figure

1), showed significant promise in in vitro competitive binding assays against the radiolabeled

phorbol ester [3H]PDBu and also on in vitro assays on prostate cancer and HeLa cervical

carcinoma cells.10,11 The compound’s low solubility in water, due to its high lipophilicity

(clogP = 6.46), however, could prevent its use as a viable drug candidate.

In our previous work, we designed and synthesized a set of HMI analogs with reduced
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lipophilicity using scaffold hopping, in order to increase their potential viability as drug

candidates.9 The new candidate ligands featured a more hydrophilic pyrimidine in place

of the hydrophobic phenyl core of the HMIs, while maintaining the binding moieties and

hydrophobic substituents. Among the resulting compounds, the more hydrophilic analog

of HMI-1a3, PYR-1gP (clogP = 3.30) (Figure 1) matched the performance of HMI-1a3 in

the in silico ligand docking study. Surprisingly, the experimental competitive binding assay

showed greatly diminished binding for this analog, as PYR-1gP failed to displace [3H]PDBu

from PKCα in the presence of phosphatidylserine membranes.8,9

Failure of the in silico docking study to correctly predict the result of the biological assay

is not unexpected, as the technique used is known to be oversimplified.12 One notable factor

that is often dismissed is the effect of the exact environment in which the binding takes place.

For the case of PKC agonists, the binding occurs at the water-membrane interface, which has

a complex, inhomogeneous structure.13 So far, ligand design has mostly overlooked the role

played by the lipid membrane in the ligand–protein interaction, for the most part due to the

previous studies predating the development of the needed methodology and computational

power.

In this study, we used molecular modeling, in tandem with quantum mechanical electronic

structure calculation (QM) and NMR spectroscopy experiment, to investigate the mecha-

nism responsible for the failure of the pyrimidine analog PYR-1gP to bind to the C1 domain

of PKC in spite of the fact that docking studies suggested favorable interactions for bind-

ing. Multifaceted molecular modeling methods were used, combining molecular dynamics

(MD) simulations (classical and steered) with free energy calculations using thermodynamic

integration (TI). We hypothesized that the lipid membrane plays a crucial role in ligand

selection; failure to include its presence in the model is the cause of the lack of correlation

between in silico docking calculation and in vitro binding assays. In our simulations, we

considered HMI-1a3 and PYR-1gP in the explicit lipid membrane environment, both with

and without the target protein present. Altogether, our goal was to obtain a comprehensive
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Figure 1: Structures of the two investigated compounds HMI-1a3 and PYR-1gP along with
an example of the physiological PKC activator diacylglycerol (DAG; 1-palmitoyl-2-oleoyl-
sn-glycerol i.e. POG). The functional groups, required for the binding to the C1 domain
of PKC, are highlighted; the hydroxy ( OH) groups highlighted in red and the ester group
oxygens in green. The nitrogen atoms, that differentiate the compounds, are highlighted in
blue.
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picture of the intrinsic behavior of the ligands inside the lipid bilayer, in order to shed light

on how the membrane affects the ligand binding modes of PKC and possibly other weakly

membrane-associated proteins. Through our study, we determined that the membrane does

indeed play a role in binding affinity; the membrane environment pushes PYR-1gP to form

an intramolecular H-bond between the OH moiety and the pyrimidine ring, which signif-

icantly reduces affinity through two mechanisms: 1) the OH is directly occupied by the

internal H-bond and 2) the ligand is reoriented in an unfavorable fashion. Interestingly, the

experimental NMR study, together with QM calculations, demonstrated that this bond is

less prominent in a polar solvent; the apolar lipid membrane with which the ligand is as-

sociated was thus found to be the dominant factor regarding all causes of the difference in

affinity between the two ligands.

Materials and methods

Computational methods

Electronic structure calculations

All quantum calculations (QM) were performed using Gaussian16 software.14 Initial geom-

etry optimization for both of the compounds was performed using density functional theory

using the Becke B3LYP exchange correlation functional15,16 with Pople’s17 polarized split

valence double zeta basis set 6-31G*. Water solvent conditions were simulated in these

calculations using the polarizable continuum model (PCM)18–20 with the integral equation

formalism variant (IEFPCM) as implemented in Gaussian16.14 The resulting structures were

further optimized, using the same functional, with a larger Dunning21 correlation-consistent

triple zeta basis set with added diffusion functions (aug-cc-pVTZ), with the same PCM

conditions. The electrostatic potential around the molecules was computed using the Merz-

Singh-Kollman scheme22 using 10 layers and 13 gridpoints per unit area with identical condi-

6



tions to that used for the geometry optimization. The RESP fit procedure was then utilized

as implemented in the AmberTools18 Antechamber to obtain the final partial charges for the

compounds.23–25 The conformational energies for certain dihedrals of HMI-1a3 and PYR-1gP,

needed for both parametrization and analysis, were calculated by rotating the dihedral in

question in 20° intervals between −180° and 180°, then performing a geometry optimization

and finally a single point energy calculation for the optimized structure in each conforma-

tion at the same B3LYP/aug-cc-pVTZ15,16,21 level as before. The calculation was repeated

for both compounds in PCM conditions to simulate a water environment and in a vacuum

to simulate the apolar lipid environment.18–20 For efficiency, the dihedral parameters were

derived using a sufficient fraction of the actual structure with all groups that could play a

role in the energy present (see Figure S7). PCM calculations were utilized for the final pa-

rameterization for consistency with the partial charges. See the Supplementary Information

(SI) for further details regarding how the potentials were fitted to the OPLS-AA force field

and discussion of the parameterization.

Simulated systems

The membranes used in the simulations were assembled using the CHARMM-GUI mem-

brane builder engine.26,27 The crystal structure of the relevant domain of PKC, PKCδ-C1B

(PDB:1PTR),28 previously used for the docking studies,8,9 was also used for the TI calcula-

tions. The reason this structure was used is that to date a high-resolution structure of PKCα

C1 domain with a relevant ligand bound remains unsolved. The protein and ligand molecules

were parametrized with the OPLS-AA parameter set,29 and their topologies were built us-

ing the Gromacs pdb2gmx command and the MKtop script, respectively.30–32 For the ligand

molecules, partial charges and missing dihedrals were calculated at QM level as described

in the previous section. The lipids were modeled using the previously published OPLS-AA

compatible lipid-parameter set.33,34 The membrane systems used in our simulations were

chosen to model the in vitro test assay used in the aforementioned previous work.8,9 The
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only lipids used in the experiments were bovine brain-derived phosphatidylserines, thus all

of our systems were composed of only 1-stearoyl-2-docosahexaenoyl-sn-glycero-3-phospho-L-

serine (18:0-22:6(n-3) PS, SDPS). This composition does not reflect any endogenous lipid

membrane; it was selected solely to ensure full compatibility between the simulation results

and the experimental assay, as our goal was to explain the specific experimental results ob-

tained previously. All models were solvated in TIP3P water model and K+ counterions were

added to preserve charge neutrality of the model.35,36 Simulations were performed both with

and without the protein C1B domain present. Further details related to system preparation

and composition can be found in the SI.

Classical and steered molecular dynamics

Two separate classical unbiased MD simulations independent of the PKC protein, one for

each of the ligands, HMI-1a3 and PYR-1gP, were carried out to investigate their behavior in

the membrane. As a first step of building the systems for these simulations, we determined

that, in all cases, the compounds we studied entered the membrane spontaneously when

initialized in the solvent phase in 100–300 ns simulation time (see Figure S3). This justified

the decision to perform further simulations, with the compounds initialized in the membrane

core, for sampling efficiency. In both simulations, four laterally separated molecules of each

of the compounds were initialized within the membrane core and simulated for 1.2 µs, in

total, each. Equilibration was deemed to have occurred, effectively, by ∼100 ns in both

systems, thus the latter 1.1 µs of the simulation trajectory was used for analysis. More

details regarding the equilibration procedure can be found in the SI.

In the steered MD simulations, we manually removed the internal H-bond of PYR-1gP

by reversing the potential on the specific dihedral interaction that controls its formation, i.e.

adding a biasing potential (see Figure S8). The steered system was identical to the classical

unbiased system in terms of other components and only the ligand molecules were affected

by the added bias potential. The biased system (PYR-M1gP) was simulated for 600 ns with
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the last 500 ns of the trajectory used for analysis.

Thermodynamic integration

As the docking in our previous studies had suggested similar binding to the relevant domain,

PKCδ-C1B (PDB:1PTR),28 for both of the compounds,8,9 we also calculated the relative

difference in the free energy of binding by thermodynamic integration.37 In these simulations,

we alchemically transformed HMI-1a3, docked into a membrane-embedded C1B domain,

into PYR-1gP through a series of simulations, i.e. intermediate states, and subsequently

calculated the relative free energy change along this path: ∆∆Gprotein
HMI−1a3→PYR−1gP. The

lipid environment, however, adds an additional energy contribution to the result so we also

performed the same transformation and energy calculation in the lipid bilayer, independent

of the protein (see Figure 2 for illustration). With this approach we obtained two results for

the free energy difference of the transformation from HMI-1a3 to PYR-1gP with the lipid

environment contributions added: ∆Gmembrane
HMI−1a3→PYR−1gP and ∆Gmembrane+protein

HMI−1a3→PYR−1gP. We could

thus obtain the final value for the change in relative free energy of binding without the lipid

environment contributions by subtracting these two values:

∆∆Gprotein
HMI−1a3→PYR−1gP = ∆Gprotein+mebrane

HMI−1a3→PYR−1gP −∆Gmebrane
HMI−1a3→PYR−1gP.

Each simulation set was composed of 21 intermediate states; the ∆Gmembrane
HMI−1a3→PYR−1gP

calculations were run for 60 ns per state, and the ∆Gmembrane+protein
HMI−1a3→PYR−1gP calculations were run

for 13 ns per state. The convergence of the TI was observed to be almost instantaneous,

however, only the last 20 ns of each simulated intermediate state was used for the calculation

of ∆Gmembrane
HMI−1a3→PYR−1gP and last 11 ns for ∆Gmembrane+protein

HMI−1a3→PYR−1gP (see SI for further details).
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Figure 2: A schematic illustrating the starting structures for the TI calculations. The system
without the PKCδ C1B domain (left) and the system with PKCδ C1B domain (right).

Simulation parameters

All simulations were run using the Gromacs simulation packages, versions 5.1.5 and 2019.4

for MD and TI, respectively30,31,38 In all simulations the integrator used to calculate the

equations of motion was the leap frog algorithm with timestep set to 2 fs. The Verlet cut-

off scheme was implemented for non-bonded interactions31 and the LINCS algorithm39 was

used on all bonds to preserve the bond length during the simulation. Temperature was set

to physiological temperature (310 K) using the Nosé-Hoover thermostat40,41 with a coupling

constant of 0.4 ps in all coupling groups. Two separate thermostat coupling groups were used

in the MD simulations independent of the protein; 1) lipids and ligand molecules and 2) water
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and ions, while in the TI simulations, with protein present, three such groups were present:

1) protein and drug, 2) lipids and 3) water and ions. Pressure was set to atmospheric pressure

(1 bar) using the Parrinello-Rahman barostat42,43 and semi-isotropically coupled using a time

constant of 10 ps in both (xy and z) directions with compressibility of 4.5× 10−5 bar−1. A

cut-off radius of 1.0 nm was used for the Lennard-Jones interactions and the particle mesh

Ewald method (PME)44 with a short-range component cut-off of 1.0 nm, interpolation order

of 6 and grid spacing of 0.1 nm was used for the electrostatic interactions. Periodic boundary

conditions were implemented in all directions. The alchemical transformation to run the TI

calculation was completed through 21 individual intermediate states with individual values

for the lambda vector. First the electrostatic interactions were linearly transformed from

those of HMI-1a3 to those of PYR-1gP through 10 states, followed by transformation of

the Lennard-Jones interactions, bonded interactions and masses during the remaining 11

states using a soft-core potential. The soft-core alpha parameter was set to 0.5, the power

of lambda in the soft-core potential set to 1 and a soft-core sigma value of 0.3 nm. The free

energy change was calculated in only the immediate neighboring lambda value states.

Analysis details

All visual analysis was conducted using the VMD engine.45 Quantitative analysis of the

simulation trajectories was conducted using the aforementioned Gromacs 5.1.5 and 2019.4

simulation packages.30,31,38 The binding free energy differences and their respective errors

were found using gmx bar with default settings. The mass density profiles were found using

gmx density ; the results were symmetrisized with respect to the bilayer middle for clarity and

smoothened with an in-house spline algorithm. The angle analysis between the ligands and

the bilayer normal was calculated using gmx gangle, and gmx distance was used to determine

the distance between the centers of mass of the selected groups. The orientation-distance

population heat maps were obtained by combining the results of these two analyses into one

plot using an in-house algorithm. H-bond analysis was conducted using gmx hbond with the
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default donor–acceptor distance cutoff of 3.5 nm and the donor–acceptor angle cutoff of 30°.

For the TI calculations, where topology did not allow the use of gmx hbond, the existence of

the internal H-bond was judged according to the same criteria, however using the tools gmx

angle and gmx distance and combining the results using an in-house algorithm.

In the simulations performed in absence of the protein, each simulation contained 4 ligand

molecules. All properties, e.g. the number of H-bonds and SASA, were calculated for each of

these four separately over the simulation trajectories using gmx analyze and then averaged

together to report a single final result with a standard deviation as an error estimate.

NMR Spectroscopy

1H NMR spectra were acquired on a Bruker Ascend 400 MHz - Avance III HD NMR spec-

trometer (Bruker Corporation, Billerica, MA, USA) as solutions in CDCl3 and DMSO-d6

containing tetramethylsilane (TMS) as the internal standard. Chemical shifts (δ) are re-

ported as parts per million (ppm) relative to the TMS peaks at 0 ppm. Deuterated solvents

were acquired from Sigma-Aldrich (Schnelldorf, Germany). All spectra were processed for

recorded FID files with MestReNova 14.1 software (Mestrelab Research, Santiago de Com-

postela, Spain).

Results and Discussion

We first conducted a visual analysis of the unbiased MD simulations with only ligands and

membrane present. A striking difference in the respective behaviors of the two ligands was

observed. Once equilibrated inside the membrane, the OH group of HMI-1a3 predomi-

nantly oriented towards the lipid–water interface, while, for the case of PYR-1gP, it mostly

oriented towards the hydrophobic lipid tails, i.e. into the membrane core. To obtain a

quantitative measure of this phenomenon, we performed 1) mass density profiles along the

membrane normal of both OH group and entire molecule for both compounds (Figure 3,
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for full system profiles see SI) and 2) heat maps of the populations of the orientation-position

relations of the OH groups (Figure 4). The orientation of the ligand is described by the

angle θ between the membrane normal and the ligand axis vector (see Figure 4, inserts).

The mass density profiles indicated that, for the case of HMI-1a3, the OH group is

positioned closer to the phosphate headgroups of the membrane lipids than the rest of the

molecule, while, for the case of PYR-1gP, this does not occur (Figure 3). The orientation-

distance population heat maps also demonstrated a significant difference in behavior between

the two ligands: for HMI-1a3, the OH group resides predominantly just underneath the

position of the lipid phosphate headgroups with θ . 40° while, for PYR-1gP, the OH group

resides deeper within the membrane with θ & 100° (Figure 4).

The different orientations of the two molecules directly affect the degree of exposure of

their OH group at the membrane surface. We quantified this exposure by calculating the

solvent accessible surface area (SASA) of the OH groups of the two ligands throughout the

trajectories of the unbiased MD simulations, with only the ligands and membrane present.

The measurement revealed a two-fold larger SASA value for HMI-1a3 in comparison to the

case for PYR-1gP (0.08 ± 0.02 nm2 and 0.04 ± 0.03 nm2, respectively). We also calculated

the SASA of the ester group oxygens (Figure 1, green) for both compounds and found the

difference between the values of this property for each to be negligible (0.07±0.015 nm2 and

0.08± 0.04 nm2 for HMI-1a3 and PYR-1gP, respectively).

The TI calculation, with the PKCδ C1B domain present, revealed a ∆∆Gprotein
HMI−1a3→PYR−1gP

of ∼29 kJ/mol (see Table S2 for separate values). This indicates a substantial difference in

binding affinities between the compounds and suggests the existence of a prominent com-

peting interaction is the cause of the diminished binding affinity. Visual inspection and

H-bonding analysis over the TI intermediate state simulation trajectories revealed the mech-

anism for this: as the electrostatic and van der Waals forces change from those of HMI-1a3

to PYR-1gP, an internal H-bond between the OH (H-donor) and a nitrogen (H-acceptor) of

the central heterocycle forms (see Figure S2). We further observed that, as this intramolec-
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Figure 3: Mass density profiles of PYR-1gP, HMI-1a3 (unbiased MD), and the biased pyrim-
idine PYR-M1gP (steered MD), each highlighted with blue, red and cyan, respectively.
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ular H-bond arises, it disrupts the interactions of the OH group with Leu251 (backbone

C O) and Thr242 (backbone NH) of the PKCδ C1B domain that have previously been found

to be crucial for binding.7–9 Interestingly, our calculations revealed that the additional in-

teraction between the OH group and Thr242 (backbone C O), also suggested by previous

docking studies,8,9 did not occur during the entire duration of the TI calculation. Another

predicted interaction between the ligand and residue Gly253, instead, remained relatively

undisturbed (see Figure S2).

Upon observing this phenomenon in the TI simulations with the protein present, we

investigated the possibility of similar behavior in the unbiased MD simulations, performed

in absence of the protein. We calculated the frequency of the occurrence of intramolecular H-

bonds per ligand over the simulation time and that of H-bonds between the ligand OH group

and water. The internal H-bonding in PYR-1gP appeared throughout these simulations with

an average of 0.46±0.01 internal H-bonds per ligand over the entire simulation time, i.e. 46%

of the time the H-bond between N and OH was present. For HMI-1a3 no such internal H-

bonding occurred. As expected, in PYR-1gP the amount of H-bonding between ligand OH

group and water was greatly decreased in comparison to the case for HMI-1a3 (0.28 ± 0.3

and 0.97± 0.11 H-bonds per ligand, respectively). The extent of intramolecular H-bonding

in PYR-1gP together with the decrease in H-bonding with water in these simulations can be

seen to directly correlate with the observed breakage of the OH group H-bonds with Leu251

and Thr242 in the TI simulations with protein, as the formation of the intramolecular bond

disrupts other bonding.

The key difference between the two compounds was thus the ability, or lack thereof, to

form the intramolecular H-bond. The effect of H-bonds has been previously observed to be

significant; Ryckbosch et al. reported that H-bonding of the ligand in the membrane environ-

ment can greatly affect the behavior of PKC.46 They demonstrated that H-bonding between

the PKCδ C1B domain–bound ligand and water molecules at the lipid–water interface, i.e.

the hydrated region of the membrane, could control the orientation and depth of insertion of
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the whole protein–ligand complex, possibly explaining the reason different ligands can cause

different modes of action of the same enzyme.46

Our results indicated that, also in this case, H-bonding affects the orientations of the

ligand–protein complex components. When considering the SASA values and the extent

of H-bonding of the ligands in our simulations, a virtual axis across the ester oxygens,

perpendicular to the membrane normal, can be seen to acts as a hinge through which the

molecule rotates when the internal H-bond forms between the OH group and N atom of

the pyrimidine core while the ligand is within the lipid membrane.

To determine whether or not the internal H-bond is the cause of this flip in membrane

orientation, we conducted a steered MD simulation in which a bias potential prevented the

observed H-bond formation in PYR-1gP; we identified the resulting structure as PYR-M1gP.

Analysis of the trajectory of the simulation of this new structure in the membrane without

the protein revealed that when the H-bond was effectively removed through the biasing

potential, the resulting behavior of PYR-M1gP was almost identical to that of HMI-1a3

in both the mass density profile (Figure 3) and the distance-orientation population heat

map (Figure 4). As expected, a notably increased extent of H-bonding with water was also

observed in comparison to the case for unbiased PYR-1gP; on average 0.66± 0.09 H-bonds

per ligand was observed over the entire simulation time. The similarity of the behavior

of PYR-M1gP to that of HMI-1a3 indicates that, as suspected, the intramolecular H-bond

that we see to form in PYR-1gP does indeed bring about the observed flip in the molecular

orientation.

To provide complementary experimental insight into the internal H-bond in PYR-1gP

seen in our MD simulations, we turned to NMR spectroscopy. We chose the readily avail-

able symmetrical pyrimidine PYR-1b (Figure 5) to verify the solvent accessibility of the

OH group and compared the 1H NMR spectra of the compound measured in CDCl3 and

DMSO-d6, respectively. According to Jansma et al.47 and Jennings et al.,48 solvent-accessible

hydrogen atoms typically show a difference of chemical shifts (∆ppm) of ∆ppm CDCl3 →
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Figure 5: NMR-study of the intramolecular hydrogen bond in PYR-1b with simulation
snapshots of PYR-1gP. A) Hydrogen bond in the membrane core i.e. in the absence of polar
solvent. B) and C) The possible hydrogen bonding at the membrane–water interface, i.e. in
the presence of polar solvent. In B we see disruption of the internal hydrogen bond by the
water solvent and in C a case where this does not occur.
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DMSO-d6 = 2–4 ppm, while those engaged in a strong H-bond show ∆ppm CDCl3→ DMSO-

d6 < 1 ppm. In our case, the signal relative to the OH group of interest shows a ∆ppm

CDCl3 → DMSO-d6 = 2 ppm (Figure 5). This would suggest that no strong intramolecular

hydrogen bond forms in the environment of the NMR experiment.

As previously mentioned, the MD simulations carried out in absence of the protein,

indicate that the extent of internal H-bonding per PYR-1gP ligand is 0.46±0.01, a substantial

extent, though not present at all times. Visual analysis of the H-bonding in these simulations

revealed that, in specific cases, when multiple water molecules coordinate correctly around

the OH group at the lipid–water interface, the aforementioned internal H-bond can indeed

be disrupted (Figure 5B), however there also exist cases where the water solvent is not able

to perturb it (Figure 5C). This is especially the case when the ligand is embedded deeper

within the apolar lipid tails, thus leaving the H-bond inaccessible to the solvent (Figure 5A).

While the NMR experiment did not reveal the presence of a strong H-bond in polar solvent

environment, this does not exclude the possibility of such an H-bond interaction emerging

in the apolar environment of the lipid core of the membrane.

To assess the manner in which the polarity of the environment affects intramolecular

H-bonding, we determined, through QM calculation, the strength of the dihedral interaction

controlling the H-bond i.e. the conformational energy as a function of the dihedral interaction

angle to the OH group in the compounds: C C C O for HMI-1a3 and N C C O for

PYR-1gP (see Figure S7), in both polar and apolar environments (Figure 6). This revealed

that the C C C O dihedral interaction in HMI-1a3 is relatively unaffected by the extent

of the polarity of its environment, while the N C C O dihedral interaction in PYR-1gP is

very sensitive to the polarity of its surroundings.

In PYR-1gP the strength of the N C C O dihedral interaction, i.e. intramolecular

H-bond, is greatly amplified in the vacuum environment used to model the hydrophobic and

apolar membrane core; the depth of the minimum, thus probability of H-bond formation,

doubles when PYR-1gP is in vacuum instead of polar solvent conditions. This observation
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suggests that the internal H-bond in PYR-1gP is much easier to disrupt in polar solvent,

e.g. the measurement conditions for the NMR experiment. Once within the membrane core,

the same bond is significantly strengthened, thus unlikely to break. This could explain the

lack of binding of PYR-1gP to the C1 domain of PKC, even though our NMR results did

not conclusively indicate the existence of the said bond.
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Figure 6: Calculation of the conformational energy as a function of angle for the dihedral
interaction to the OH group for both compounds. Note the different positions of the energy
minima (blue arrows), indicating lack of intramolecular H-bond in HMI-1a3 (left) and the
presence of an intramolecular H-bond in compound PYR-1gP (right).

These QM calculations also offer further support for the existence of the internal H-

bond. Notably for PYR-1gP the angle of minimum conformational energy was 0° instead of

∼75°, the case for HMI-1a3 (see Figure 6), and the depths of the minima were significantly

greater than those for HMI-1a3 in both polar and apolar environments. This result expli-

citly demonstrates the presence of the H-bond, between the N and H atoms in PYR-1gP,

already observed in the MD simulations discussed earlier. Collectively the QM and NMR

results suggest that only in the lipid environment is the intramolecular H-bond sufficiently

pronounced so as to cause the effects detected by the simulations.

Even though our simulations only dealt with HMI-1a3 and PYR-1gP specifically, it is

reasonable to expect similar behavior from homologous ligands within the respective series.8,9

As their central scaffold is constant, i.e. aromatic core, two hydrophobic substituents and

hydroxymethyl group, it is safe to assume minimal changes in their respective behavior in
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the membrane environment in comparison to that of PYR-1gP, given that the other two

substituents maintain comparable hydrophobic properties; this insight may thus assist in

the development of the next generation of PKC modulators. The current work models the

conditions in the aforementioned binding assay;8,9 the same computational methodology

can, however, be used in future studies using lipid membranes that more closely match the

appropriate biomembranes.

Moreover, the issues raised by our study of PKC activators are more widely applicable

to the broader context of weakly membrane-associated proteins (bitopic and peripheral).

Unlike the case for integral membrane proteins, for weakly membrane-associated proteins the

number of drug design studies that take into consideration the role of the lipid membrane

is quite limited. At the same time, a large number of publications have found evidence of a

strong affinity of numerous drugs for lipid bilayers49,50 and others have demonstrated that

the membrane plays a significant role in substrate selection, in spite of the fact that catalysis

occurs outside the membrane core.51 In a previous work, for example, we investigated the role

the lipid membrane plays in substrate selection in a different weakly membrane-associated

protein, the membrane bound isoform of catechol-O-methyltransferase (MB-COMT).52 It is

worth noting that, in addition to affecting the direct ligand–protein interactions explored

here, the membrane can also cause other substantial effects too. The lipophilicity of a ligand

is believed to affect its kinetics due to the reduction of dimensionality of diffusion from three

to two dimensions (membrane plane);53 additionally, the accumulation of drug molecules

in the membrane increases local drug concentration, which, in turn, leads to an increase in

the rate of drug–target protein association.54 Altogether, for any protein that is in any way

membrane-associated, even weakly, the membrane will most likely play an important role

in both ligand and substrate selection, thus the inclusion of its role proves essential in drug

design.
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Conclusions

In this work, we aimed to determine the cause of the greatly diminished binding of the

pyrimidine analogs of the isophthalate derivatives to the C1 domain of PKC. We achieved

this through examination of two specific compounds, HMI-1a3 and PYR-1gP, in a multi-

faceted study utilizing comprehensive molecular modeling, electronic structure calculations

and NMR measurements.

Altogether, our results suggest that ignoring the presence of the lipid membrane in the

in silico assessment of ligand binding, i.e. docking, can cause false predictions of binding

affinity. Here, for the case of scaffold hopping from isophthalate to pyrimidine derivatives, it

was in fact the lipid membrane environment that caused the discrepancies in affinity towards

PKC between the two ligands. While usually replacing a phenyl ring with a pyrimidine

increases ligand solubility and thus also bioavailability, in this specific case, the intrinsic

propensity for H-bonding of the H and N atoms in PYR-1gP was amplified by the apolar

membrane environment; the apolar lipid membrane conditions push PYR-1gP to form a

strong enough intramolecular H-bond to reduce the affinity for PKC by leading the ligand

to invert its orientation, directing the OH group towards the membrane core. This, in

turn, decreases the exposure of the key functional group at the lipid–water interface where

binding takes place and leaves PYR-1gP very unlikely to interact with the PKC C1 domain.

Simultaneously, even though the other favorable orientation exposing the OH group also

exists for PYR-1gP, the TI calculations showed that the internal hydrogen bond also directly

occupies the OH group, preventing binding to the C1 domain. Binding is thus unlikely in

either orientation, explaining the lack of binding witnessed in our previous study.9

In summary, through molecular modeling, we reveal the unexpected reason for the di-

minished binding affinity of the 2-methylhydroxy pyrimidines, designed as more hydrophilic

PKC modulators by scaffold hopping from their predecessor (5-hydroxymethyl)isophthalates.

The culprit, largely due to the membrane environment, is the internal H-bond between the

OH group (H-donor) and a nitrogen (H-acceptor) of the pyrimidine core. Our study also
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reinforces the shortcomings of standard docking calculations for some weakly membrane-

associated proteins where the lipid membrane plays a role in ligand selection and highlights

the need for a more rigorous computational approach, that explicitly takes the role of the

associated membrane into account, as we have carried out in this study.
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