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Abstract

Protein Kinase C isoenzymes (PKCs) are the key mediators of the phosphoinositide signaling 

pathway, which involves regulated hydrolysis of phosphatidylinositol(4,5)-bisphosphate to 

diacylglycerol (DAG) and inositol-1,4,5-trisphosphate. Dysregulation of PKCs is implicated in 

many human diseases making this class of enzymes an important therapeutic target. Specifically, 

the DAG-sensing cysteine-rich conserved homology-1 (C1) domains of PKCs have emerged 

as promising targets for pharmaceutical modulation. Despite significant progress, the rational 

design of the C1 modulators remains challenging due to difficulties associated with structure 

determination of the C1-ligand complexes. Given the dearth of experimental structural data, 

computationally derived models have been instrumental in providing atomistic insight into the 

interactions of the C1 domains with PKC agonists. In this review, we provide an overview of the in 
silico approaches for seven classes of C1 modulators and outline promising future directions.
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1. Introduction

Lipid membranes are essential structural barriers that provide a highly dynamic scaffold 

for signaling events and maintain homeostasis by confining cellular milieu (Dowhan et al., 

2008; Fernandis and Wenk, 2007; van Meer et al., 2008). In signal transduction pathways, 

catalytic protein complexes are actively recruited to membrane regions that are enriched in 

signaling lipids (Groves and Kuriyan, 2010; Kholodenko et al., 2000; Kusumi et al., 2012). 
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The allosteric activation of PKC family of serine/threonine kinases in the phosphoinositide 

pathway aptly exemplifies this process (Newton, 2009). PKCs are involved in regulation of 

vital cellular processes including survival, proliferation, motility, and apoptosis (Nishizuka, 

1986; Rosse et al., 2010). The kinase function of PKC is activated by the transient 

membrane recruitment of the enzyme. This process is driven by the PKC interactions with 

signaling lipids, such as diacylglycerol (DAG) (Oancea and Meyer, 1998; Takai et al., 1979), 

Phosphatidylserine (PtdSer) (Johnson et al., 2000), Phosphatidyl inositols (PIs) (Evans et al., 

2006; Nakanishi et al., 1993), and Phosphatidic acid (PA) (Limatola et al., 1994).

The involvement of PKC isoenzymes in cancer development and progression is supported 

by a wealth of experimental data. The loss/gain of function PKC mutations, as well 

as aberrant expression and activation profiles have been observed in cancer cell models 

(Black and Black, 2020; Leitges, 2020; Rahimova et al., 2020). The characteristic cellular 

changes associated with tumor initiation, promotion, and metastasis can often be correlated 

to the PKC involvement (Rahimova et al., 2020). PKCs have been traditionally viewed 

as promoting kinases, in large part due to their activation in response to binding tumor-

promoting phorbol esters. However, in recent years, this perspective has been transformed 

into a more expansive view of PKCs acting as both, tumor promoter and suppressors, 

depending on the context (Antal et al., 2015; Black and Black, 2020; Newton and Brognard, 

2017). Apart from cancer, the dysregulation of PKC isoenzymes is implicated in cardiac 

failure (Ferreira et al., 2011), diabetes (Das Evcimen and King, 2007; Nishikawa et al., 

2000), autoimmune (Zanin-Zhorov et al., 2011), and neurodegenerative disorders (Garrido 

et al., 2002; Gordon et al., 2016). Currently, the corrective modulation of PKC function is 

considered a promising therapeutic approach for the treatment of these diseases (Hardman et 

al., 2020; Mochly-Rosen et al., 2012; Talman et al., 2016).

The development of pharmacological modulators of PKC has proven challenging mainly due 

to isoenzyme-specific differences in the subcellular localization, numerous physiological 

outcomes resulting from these differences, and the contrasting up/down-regulatory response 

seen in disease (Majumder et al., 2000; Mochly-Rosen et al., 2012; Newton, 2018; Rybin 

et al., 2004; Wang, Q.J. et al., 1999). There are several comprehensive reviews that discuss 

these challenges, along with the current repertoire of available PKC modulator classes 

and their application in PKC-linked diseases (Cooke et al., 2017; Das and Rahman, 2014; 

Igumenova, 2015; Irie et al., 2012; Mochly-Rosen et al., 2012; Nakagawa, 2012; Newton, 

2018). The existing modulators target either the N- terminal regulatory or C-terminal 

catalytic regions (Figure 1A). These regions are responsible for the PKC membrane-binding 

and kinase functions, respectively (Steinberg, 2008). Agents targeting the catalytic ATP-

binding site suffer from poor selectivity and off-target effects due to ubiquitous occurrence 

of serine/threonine kinases (Karaman et al., 2008; Soltoff, 2007). The regulatory region 

varies significantly among the PKCs and thereby provides more opportunities for the 

development of isoenzyme-selective agents.

The differences in the regulatory region substructure and second messenger preferences 

define three classes of PKC isoenzymes (Steinberg, 2008). The conventional (cPKC: α, βI, 

βII, γ) and novel (nPKC: δ, ε, θ, η) isoenzymes are activated by their recruitment to anionic 

membranes that contain diacylglycerol (DAG) (Gallegos and Newton, 2008). The atypical 
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ζ, λ/ι isoenzymes are DAG-independent and will not be discussed here. The modular 

arrangement of specialized lipid-binding domains within the regulatory region is responsible 

for the isoenzyme-specific detection of membrane signals (Coussens et al., 1986; Ono et 

al., 1988). In cPKCs, the coincidence detection of DAG and anionic phospholipids, PtdSer 

and PtdIns(4,5)P2, results from the combined action of tandem conserved homology 1 (C1) 

domains and a Ca2+-dependent conserved homology 2 (C2) domain, respectively (Figure 

1B) (Newton, 1995). In contrast, nPKCs sense DAG and PtdSer through the action of 

their C1 domains, as their consensus C2-like domains are not Ca2+-dependent membrane-

targeting modules (Figure 1B) (Sossin and Schwartz, 1993).

The DAG-sensing C1 domains of PKC have emerged as promising drug targets (Blumberg 

et al., 2008; Boije af Gennas et al., 2011). C1 domains exhibit isoenzyme-specific variations 

in their dynamic properties and DAG affinities (Dries et al., 2007; Giorgione et al., 

2006; Stewart et al., 2014; Stewart and Igumenova, 2017; Stewart, M.D. et al., 2011). In 

addition, the C1 domains are promiscuous and bind structurally diverse natural products 

such as phorbol esters, macrocyclic lactones, teleocidins, and aplysiatoxins (Mochly-Rosen 

et al., 2012; Nakagawa, 2012). Using the pharmacophores of these compounds and the 

endogenous activator DAG as templates, a number of synthetic modulators have been 

developed and tested (Beans et al., 2013; Cooke et al., 2018; DeChristopher et al., 2012; 

Nakagawa, 2012). Apart from their general DAG-mimicking function, some of these 

modulators induce opposing PKC-mediated cellular responses. One example is the tumor-

promoting effect of phorbol esters and the antineoplastic effect of bryostatins (Choi et al., 

2006; Szallasi et al., 1994).

This account summarizes the progress that has been made over the recent years in the 

development of C1 domain modulators, and the use of in silico methods to predict their 

binding modes. We also include cases where atomistic molecular dynamics simulations 

were used to obtain structural insight into the interactions of C1 domains with membranes 

and membrane–embedded agonists. These developments have the potential to guide future 

design of PKC agonists/antagonists for therapeutic and research applications.

2. C1 domains and their ligands

C1 domains were originally identified within PKC isoenzymes as modules of ~50 amino 

acids with the characteristic HX12-CX2-CXn-CX2-CX4-HX2-CX7-C sequence motif, where 

the cysteine (C), and histidine (H) residues are conserved (Figure 2A) (Ono et al., 1988; 

Parker et al., 1986). These domains are responsible for mediating the kinase activation 

by endogenous second messenger DAG and naturally occurring lipophilic diterpenoids 

called phorbol esters (Konig et al., 1985; Ono et al., 1989). The potent activation response 

induced by phorbol esters, unlike that of DAG, promotes tumor formation (Fournier and 

Murray, 1987; Nishizuka, 1984). This tumorigenic response induced directly by the C1 

ligand provided the first piece of evidence that PKC regulation plays an important role 

in carcinogenesis. In conventional and novel PKC isoenzymes, the C1 domains occur in 

a tandem arrangement and are designated as C1A and C1B (Figure 1A). Despite high 

sequence homology, C1A and C1B domains have differential affinities to DAG and phorbol 

esters (Ananthanarayanan et al., 2003; Bogi et al., 1998; Giorgione et al., 2003; Stahelin 
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et al., 2004). In addition to PKC, the C1 domains are found in other DAG effector 

proteins such as Protein Kinase D, RasGRPs, Chimaerins, DAG kinases, and UNC-13s 

(Colon-Gonzalez and Kazanietz, 2006; Hurley et al., 1997).

The first structures of the C1 domains were determined in 1994 and 1995 using solution 

NMR spectroscopy (C1B from PKCα, C1Bα) and X-ray crystallography (C1B from PKCδ, 

C1Bδ), respectively (Hommel et al., 1994; Zhang et al., 1995). The three-dimensional 

fold made of two β sheets and an α helix is classified as a “treble-clef” Zn2+ finger 

(Grishin, 2001) (Figure 2B). Each of the two structural Zn2+ ions is coordinated by three 

conserved Cys and one His residues. The crystal structure of C1Bδ complexed to a partial 

agonist, phorbol 13-acetate, revealed that the agonist-binding region is located between the 

two loops, β12 and β34 (Figure 2B) (Zhang et al., 1995). The loops are flexible on the 

microsecond timescale, as demonstrated using the relaxation-dispersion NMR experiments 

carried out on the C1Bα and C1Bδ domains (Stewart and Igumenova, 2017; Stewart, M.D. 

et al., 2011). The concentric arrangement of hydrophobic and charged residues around the 

loop region gives the domain an amphiphilic character. Specifically, the “belt” of charged 

residues surrounding the loop region was hypothesized to be involved in electrostatic 

interactions with anionic phospholipids, such as PtdSer (Bittova et al., 2001; Johnson et al., 

2000; Zhang et al., 1995). The aromatic residue, Trp or Tyr, at the N-terminal hinge of the 

β34 loop (Figure 2B) facilitates the agonist-independent membrane partitioning of the C1B 

domains (Stewart et al., 2014), and tunes their affinity to diacylglycerol (Dries et al., 2007; 

Giorgione et al., 2006; Stewart et al., 2014; Stewart and Igumenova, 2017; Stewart, M.D. et 

al., 2011). Preferential partitioning of Trp vs Tyr into the lipid headgroup region and changes 

in loop dynamics are the factors proposed to contribute to high-affinity interactions of the 

C1B Trp variants with DAG-containing membranes (Stewart and Igumenova, 2017; Stewart, 

M.D. et al., 2011). The significance of other loop residues in binding to the phorbol-ester 

was established by a series of mutagenesis studies (Kazanietz et al., 1995; Rahman et al., 

2013).

The amphiphilicity and conformational plasticity of the ligand-binding groove enables C1 

to interact with membrane–embedded lipophilic ligands. The ligands themselves contain 

both, polar and hydrophobic chemical moieties (Figure 3). For example, the polar groups 

of the phorbol-13 acetate engage in hydrogen-bonding interactions with the backbone atoms 

of the residues that line the binding grove: T242, L251, and G253 (Figure 2D) (Zhang 

et al., 1995). The phorbol rings and the 13-acetyl group forms hydrophobic contacts with 

the amino acids lining the sides of the groove. The less lipophilic Phorbol-13 acetate is 

considered a “partial activator”, due to its low efficacy in inducing PKC-mediated growth 

inhibitory effects in yeast when compared to lipophilic phorbol esters (Saraiva et al., 2004). 

The atomistic picture of how C1 domains are recruited to membranes and recognize/capture 

the membrane-embedded potent PKC activators remains poorly understood.

The PKC agonists that bind to the C1 domains will be referred to as C1 ligands or 

modulators in this article. The C1 ligands have considerable chemical diversity, and are 

usually grouped into classes according to their C1-interacting pharmacophores (Figure 3) 

(Das and Rahman, 2014). This chemical diversity combined with inter- and intra-isoenzyme 

differences between C1 domains suggests that the design of isoenzyme-specific modulatory 
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C1 agents is feasible. The key requirement for tapping into the therapeutic potential of C1 

domains is understanding the structural and dynamical basis of the C1-ligand-membrane 

interactions. However, structural biology of the C1 complexes remains challenging due to 

their poor solubility. While several apo C1 structures (only two determined using X-ray 

crystallography, the rest deposited as NMR ensembles) are available (Hommel et al., 1994; 

Rahman et al., 2013; Shanmugasundararaj et al., 2012; Xu et al., 1997; Zhang et al., 1995), 

there are no structures of C1 domains complexed to the endogenous activator DAG or 

ligands with therapeutic potential. Computational methods such as molecular docking and 

molecular dynamics simulations have been applied to gain atomistic insight and guide the 

design of potential modulators. These advances and their implications for future design of 

the C1 modulators are discussed in subsequent sections for seven major classes of the C1 

ligands (Figure 3).

3. In silico studies of the C1-ligand interactions

3.1. Diacylglycerol and its derivatives

The diacylglycerol (DAG) levels inside the cellular membranes are stringently regulated due 

to the key function of this lipid as a modulator of membrane morphology, second messenger 

in signaling pathways, and the building block of other phospholipids (Eichmann and Lass, 

2015). The isoenzyme-specific sub-cellular localization and activation of conventional and 

novel PKCs are intricately coupled to the membrane distribution of diacylglycerol (Carrasco 

and Merida, 2004; Gallegos and Newton, 2008; Melowic et al., 2007; Stahelin et al., 2004). 

It is well established that the recognition of membrane-embedded diacylglycerol by PKC C1 

domains is stoichiometric (Konig et al., 1985), highly stereospecific towards sn-1,2 isomer 

(Rando and Young, 1984), and cannot be simply attributed to the DAG-induced membrane 

perturbations (Goni and Alonso, 1999; Rando and Young, 1984). The metabolic turnover of 

DAG by DAG-kinases, lipases, and acyl/phospho-transferases is one of the major routes of 

PKC downregulation (Eichmann and Lass, 2015).

The hydrophobic nature of the C1-DAG complex and the dynamics of the DAG acyl chain 

moieties present challenges for conventional structural biology methods. In the absence of 

experimental structural data, molecular docking approaches have provided valuable insights 

into the putative binding modes. In the docked models of C1Bδ, the polar moieties of 

the DAG glycerol backbone interact with the same set of residues that were identified 

within the phorbol 13-acetate bound crystal structure: T242, L251, and G253 (Figure 

4A) (Marquez and Blumberg, 2003). The two most energetically favorable DAG-binding 

orientations, referred to as “sn-1” and “sn-2”, differ in the identity of the carbonyl oxygen 

that forms a hydrogen bond with the amide hydrogen of G253 (Figure 4A). For several 

DAG derivatives, the “sn-1”orientation was consistently identified as having more favorable 

H-bonding energies (Marquez and Blumberg, 2003). The docking studies of C1Bδ and 

C1Bδ suggest that hydrophobic contacts are formed between the DAG aliphatic tails and the 

side-chains of the residues lining the agonist-binding pocket (Marquez and Blumberg, 2003; 

Sigano et al., 2003).

Additional insight into the C1-DAG interactions comes from the atomistic molecular 

dynamics simulations conducted with PKCα C1 domains (C1Aα and C1Bα) in the 
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PtdCho:PtdSer membranes (Li et al., 2014). For both domains, a stable “sn-1” orientation 

of the bound DAG is reported. DAG binding to C1 decreased the distance between the tips 

of the loops that form the binding groove and attenuated its conformational plasticity. The 

bound DAG molecule formed a H-bonding network with analogous set of residues seen for 

the C1Bδ in docking studies. An additional side-chain H-bond was also observed between 

Q63 (C1Aα)/Q128 (C1Bα) and the sn-2 ester oxygen atom. Analysis of the hydrophobic 

contacts between the bound DAG and respective domains in this study show systematically 

greater occurrences for C1Aα compared to those with C1Bα. Further work is required 

to determine whether or not tandem C1 domains in other PKC isoenzymes show such 

differences.

The endogenous activator DAG served as a template for the development of DAG lactones 

by the laboratories of Blumberg and Marquez (Lee et al., 1993). The enclosed five-

membered ring structure of these synthetic derivatives was designed to conformationally 

restrain the otherwise dynamic glycerol backbone of DAG (Figure 4B) (Lee, J. et al., 

1996a). Given the retention of the identical H-bonding moieties, the substantially enhanced 

C1 affinities of DAG lactones over DAG can be attributed to the lower entropic penalty 

associated with a constrained pharmacophore (Nacro et al., 2000). Docking studies reported 

on DAG lactones show the presence of “sn-1/2” binding orientations with C1 domains 

(Figure 4C) (Eleonora et al., 2020; Kang et al., 2004; Marquez and Blumberg, 2003; Sigano 

et al., 2003). Unlike DAG, the “sn-2” orientation of DAG lactones showed more favorable 

H-bonding energies (Marquez and Blumberg, 2003). In either orientation, only one carbonyl 

oxygen is involved in the H-bonding interactions with C1. However, the isosteric removal 

of either the sn-1 vs sn-2 carbonyl functionalities in the DAG lactones revealed that both 

carbonyls are essential for high-affinity binding to PKCα. This was assessed by the relative 

abilities of these derivatives to displace the C1-bound phorbol ester, PDBu (Kang et al., 

2003). Based on the experiments conducted on isolated C1Bδ with modified DAG lactones 

in the presence/absence of PtdSer membranes, it is proposed that the role of unbound 

carbonyl group of DAG lactones (i.e. “sn-1”) could be to interact with phospholipids 

(Benzaria et al., 1998; Kang et al., 2005).

The synthetic accessibility of DAG lactones enabled their modifications to include a variety 

of hydrophobic groups (Choi et al., 2003; Lee et al., 2001; Lee et al., 2004; Lee, J. et 

al., 1996a; Lee, J. et al., 1996b; Nomura et al., 2011; Ohashi et al., 2017), as a route 

to achieve isoenzyme-specificity (Ann et al., 2015; Cooke et al., 2018; Garcia-Bermejo 

et al., 2002; Pu et al., 2005). For instance, the synthetic DAG lactone AJH-836 (Figure 

3A) preferentially binds, activates, and selectively down-regulates novel PKC isoenzymes δ 
and ε (Cooke et al., 2018). The structural basis of such specificity is still unclear. Studies 

of DAG lactones in cancer cell models attest to the therapeutic potential of this class of 

compounds (Cooke et al., 2019; Eleonora et al., 2020; Garcia-Bermejo et al., 2002). Further 

development of DAG-lactones as C1-targeting therapeutic agents will benefit from structural 

characterization of their complexes with C1 domains and modes of membrane interactions.
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3.2. Phorbol esters

Derived first from the Euphorbiaceae family of plants, the diterpenoid phorbol esters 

(PEs) modulate the activity of conventional and novel PKC isoenzymes through direct 

interactions with the C1 domains (Hecker, 1967; Hecker and Schmidt, 1974; Ono et al., 

1989). Unlike the transient activation of PKC caused by endogenous metabolic cycling 

of DAG, certain phorbol esters induce hyper-activation of PKC that is linked to tumor 

promotion (Ryves et al., 1991; Sharkey and Blumberg, 1986). One of the first identified 

examples is 12-O-tetradecanoylphorbol 13-acetate (TPA) that acts as a tumor-promoting 

agent in mouse models exposed to carcinogens (Slaga et al., 1980). Due to the availability 

of phorbol 13-acetate bound crystal structure of C1Bδ (Zhang et al., 1995), the C1 binding 

mode of the PE pharmacophore is known. The interaction mode between C1 and a potent 

membrane agonist, phorbol 12,13-dibutyrate (PDBu), was investigated using computational 

docking approaches (Figure 5) (Pak et al., 2001). Based on these studies, two factors were 

proposed to contribute to the C1-PDBu high-affinity interactions: (i) H-bonding interactions 

between the polar oxygenated moieties on the phorbol group and protein residues, and (ii) 

reduction of entropic penalty upon binding due to the conformationally constrained nature of 

the tigliane moiety.

The lipophilicity of the phorbol esters can vary significantly depending upon the identity 

of the hydrophobic groups attached at the C12/13 positions of the tigliane skeleton (Figure 

5A) (Wang et al., 2000). The PEs with relatively low lipophilicity induced disperse sub-

cellular localization, and moderate non-tumorigenic activation of PKC (Szallasi et al., 1993; 

Wang et al., 2000). Compared to the tumor promoting phorbol esters TPA, or PDBu; the 

short-chain congeners such as phorbol 12,13-diacetate and C12-deoxyphorbol 13-acetate 

(Prostratin) are non-tumorigenic. Among those, Prostratin and its synthetic analogs are 

promising candidates for reactivation of the latent HIV-1 provirus expression (Beans 

et al., 2013; Korin et al., 2002). These distinct cellular responses might be connected 

to differential lipophilicities of phorbol esters and the resulting modulation of the C1 

membrane partitioning (Ryckbosch et al., 2017).

The support for this idea comes from the results of atomistic molecular dynamics 

simulations involving a ternary C1-PE-membrane system (Li et al., 2014; Ryckbosch et 

al., 2017). In one of these studies, tumorigenic and therapeutic phorbol esters, PDBu and 

Prostratin, were compared with respect to their ability to drive the membrane partitioning of 

C1Bδ (Ryckbosch et al., 2017). The free energy landscape of membrane embedded C1Bδ-

PDBu complex showed a single minimum attributed to a dominant, deeply membrane-

embedded state. In contrast, the free energy landscape of the C1Bδ-Prostratin complex 

showed an additional, less-prominent free energy basin that was attributed to a shallow 

and tilted (with respect to the bilayer normal) membrane-bound state. This behavior likely 

originates from the reduced lipophilicity of Prostratin compared to PDBu, as the former 

lacks lipophilic moieties at the C12/13 positions (Figure 3B, 5A).

Introduction of new functionalities into PEs is limited exclusively to their C12/13 positions. 

Retaining the tigliane skeleton while altering the groups attached at these positions is a 

viable strategy to design novel modulators of variable lipophilicities (Nakagawa, 2012). This 

approach was applied to generate the PE derivatives with PKC inhibitory activities. For 
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instance, the hybrid phorbol ester-PtdSer derivative (PEPS) significantly inhibited the PKC 

activation by PMA in vitro (Sodeoka et al., 1998). In another study, modification of the C12 

ester group with the hydrophilic tetra-ethylene glycol chain produced the PE that failed to 

activate PKCα despite high binding affinity (Wada et al., 2002). Correlating the effects of 

these modifications to the membrane binding properties of the C1 domains is essential to 

understand the therapeutic value of PE derivatives as PKC modulators.

3.3. Teleocidins and their analogs

Teleocidins produced by actinomycetes and blue-green algae constitute the class of indole-

alkaloids that activate PKCs through interactions with their C1 domains (Fujiki et al., 1981; 

Fujiki et al., 1984). Depending upon the nature of the monoterpenoid moieties at the indole 

ring, teleocidins are divided into sub-classes, namely teleocidin A (1-2) and B (1-4) (Irie et 

al., 1990). The least chemically complex member of this class is (−)-Indolactam V (IL-V) 

(Figure 6A), which consists of an indole attached to a nine-membered lactam ring (Endo 

et al., 1986). Unlike the potent tumorigenic members (Fujiki et al., 1981), IL-V is less 

effective as a tumor promoter, attributed to its reduced hydrophobicity (Nakagawa, 2012). 

The computer modelling and NMR spectroscopy revealed that the amide bond of the lactam 

ring undergoes a cis-trans isomerization between the ‘twist’ and ‘sofa’ forms (Endo et al., 

1986; Ohno et al., 1993), with the former identified as the biologically active form (Endo 

et al., 1996; Ohno et al., 1993). Experiments conducted on the synthetic conformationally-

restricted teleocidin analogs showed that certain C1 domains of nPKCs can bind both 

conformers, while those of cPKCs can bind only the ‘twist’ form with high potency (Masuda 

et al., 2002). The structural basis of C1 interactions with different members of this class and 

their conformers require further exploration.

Computational docking studies of IL-V to C1Bδ were carried out to gain insight into the 

structural basis of the interactions (Figure 6A) (Endo et al., 1998; Nakagawa et al., 2005; 

Pak et al., 2001; Wang, S. et al., 1999). The obtained models show that similar to phorbol 

esters, the primary hydroxyl and the carbonyl group of the lactam form the H-bonds with 

the T242-L251 pair and G253, respectively. Also present in those models is the H-bond 

between the cis-amide of the ligand and the backbone carbonyl of the L251, which is unique 

to teleocidins. In addition to the H-bonding interactions, several hydrophobic contacts are 

formed between IL-V and hydrophobic residues of the β12 and β34 loops: M239, S240, 

P241, L250, and L254. The identity of the interacting residues was verified by mutagenesis 

(Pak et al., 2001; Wang, S. et al., 1999). An additional docking study revealed a previously 

uncharacterized CH/π interaction between the indole and a highly conserved Proline residue 

(P241 in case of C1Bδ) of the β12 loop (Nakagawa et al., 2005). The extensive nature of 

these predicted interactions compared to native agonist DAG is likely responsible for the 

high-affinity of teleocidins towards C1 domains.

The indolactam pharmacophore of teleocidins is amenable to synthetic modifications 

(Nakagawa, 2012). Benzolactams (BLs) are the synthetic analogs of IL-V that have the 

benzene ring attached to the lactam instead of the indole (Figure 6B) (Endo et al., 1996). 

Benzolactams exclusively adopt either ‘twist’ or the ‘sofa’ forms, depending upon whether 

the lactam ring is eight- or nine-membered (Endo et al., 1996; Ohno et al., 1993). The 
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binding orientation of the eight-membered compound, benzolactam-V8 (BL-V8) with C1Bδ 
shows the H-bonding pattern identical to that of IL-V (Figure 6B) (Endo et al., 1998; 

Kozikowski et al., 1997). However, the CH/π interaction observed between IL-V and 

conserved Proline is not reported in the docked models of BL-V8. The weaker activation of 

PKC by BL-V8 compared to IL-V can potentially be attributed to the lack of this interaction 

(Nakagawa et al., 2005). The hydrophobic modifications to the benzene ring markedly 

improve the activity of BL-V8 over IL-V (Nakagawa, 2012). Computationally predicted 

models of the IL-V, BL-V8, and some of their modified analogs were instrumental for the 

synthetic development of this class of ligands (Endo et al., 1998; Kozikowski et al., 2009; 

Kozikowski et al., 2003; Kozikowski et al., 1997; Nakagawa et al., 2005; Pak et al., 2001; 

Wang, S. et al., 1999; Wei et al., 2002; Yanagita et al., 2008).

The activation of PKC elicited by IL-V and BL-V8 analogs makes them promising lead 

compounds for Alzheimer’s disease treatment and HIV latency reversal (Endo et al., 

1994; Kozikowski et al., 2009; Kozikowski et al., 2003; Mach et al., 2006; Matsuda et 

al., 2019). PKC isoenzyme-specific design has proven to be feasible, in part due to the 

synthetic accessibility of these modulators. The IL-V modifications of the indole ring with 

alkyl, prenyl, or isopropyl groups (Nakagawa, 2012), as well as the indole to benzofuran 

substitution, remarkably changed the selectivity for novel vs conventional isoenzymes 

(Kozikowski et al., 1995; Nakagawa, 2012). Some of these modifications are predicted to 

alter or compensate for the CH/π interaction of the compounds with the conserved Proline 

residue of C1 β12 loop (Nakagawa, 2012). Among the benzolactams, 8-decynyl-BL-V8 

is selective for conventional over novel PKCs (Kozikowski et al., 1997). In Alzheimer’s 

disease cell models, 8-decynyl-BL-V8 enhances the secretion of soluble amyloid precursor 

protein (sAPPα) produced by α-secretase (Ibarreta et al., 1999). In another study, the 

synthetic thioacetate derivatives of BL-V8 were designed to simultaneously activate PKC 

and inhibit histone deacetylase (HDAC) using a single scaffold to treat Alzheimer’s and 

alleviate oxidative stress (Kozikowski et al., 2009). Consistent with their predicted dual 

activity, these derivatives increased the sAPPα production and histone H4 acetylation in cell 

models. The versatile design potential of teleocidins makes them promising candidates for 

future development of pharmaceutical modulators.

3.4. Mezerein and analogs

Mezerein is a non-phorbol diterpene that was isolated from the plant Daphne mezereum as 

the main component exhibiting antileukemic activity in mice (Kupchan and Baxter, 1975). 

Mezerein and its analogs, such as thymeleatoxin (ThX) and daphnetoxin, have a daphnane-

type skeleton that resembles the tigliane skeleton of the phorbol esters (Figure 7). Members 

of this class compete with phorbol esters and activate PKCs in phospholipid-dependent 

manner both in vitro and in vivo (Brooks et al., 1989; Kazanietz et al., 1993; Miyake et 

al., 1984; Roivainen and Messing, 1993; Ryves et al., 1991; Saraiva et al., 2001; Slaga et 

al., 1980). Mezerein and ThX are classified as second-stage tumor promoters, whose effect 

is fully manifested only after treatment by more potent tumorigenic agents such as TPA 

(Fürstenberger et al., 1981; Slaga et al., 1980). Both mezerein and ThX showed higher 

affinities for cPKCs than for the nPKCs in vitro (Ryves et al., 1991). However, it was 

subsequently revealed that in PC12 cells, ThX can cause membrane-translocation of both 
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c/nPKCs (Roivainen and Messing, 1993). Contrary to the observations in vitro, ThX is 

highly potent in triggering the activation of novel isoenzymes PKC δ and ε in mesangial 

cells (Huwiler et al., 1994).

The interactions of ThX with C1Bδ (Pak et al., 2001) and C1Bα (Caloca et al., 2001) 

were studied by molecular docking (Figure 7C). The structural model of the C1Bδ complex 

has six H-bonds that are formed between the three hydroxyl groups of the ligand and 

protein residues: T242, L251, and G253 (Pak et al., 2001). The ThX binding mode to 

C1Bα is identical (Caloca et al., 2001). Of note, the ThX complex shows 3 more H-bonds 

than in the DAG/DAG lactone complexes (Figure 4) and 2 more than the phorbol ester 

complexes (Figure 5). Similar to other ligands, these docking studies predict the existence of 

hydrophobic contacts between ThX and the conserved hydrophobic residues of C1 that line 

the binding groove: P241, L250, and L254 (C1Bδ numbering scheme).

Mezerein analogs or daphnane congeners in general have limited synthetic accessibility 

and natural supply (Wender et al., 2011b). Although a synthetic approach to produce 

fused tricyclic daphnane pharmacophore is reported (Stewart, C. et al., 2011), selective 

modifications to the core skeleton remain challenging. Key advances in the synthetic 

development of this class were reported by Wender’s group. Those include complete 

synthesis of resiniferatoxin (Wender et al., 1997), and a gateway strategy that produced two 

new congeners with nano- to sub-nanomolar PKC affinities (Wender et al., 2011b). Several 

daphnanes showed promising results in melanoma (Miyamae et al., 2009), lung cancer 

(Hong et al., 2010), and HIV-AIDS (Zhang et al., 2010) cell models. However, whether or 

not there is a direct correlation between observed therapeutic benefits and PKC activation 

remains unclear for most members of this class.

3.5. Aplysiatoxin derivatives

Halogenated aplysiatoxin (ATX) (Figure 8A), and its derivative debromo-aplysiatoxin (DAT) 

were first isolated from the sea hare Stylocheilus longicauda (Kato and Scheuer, 1974). 

Both compounds were shown to inhibit the PDBu binding in transformable mouse cell lines 

(Shimomura et al., 1983), and subsequently identified as potent PKC activators (Arcoleo 

and Weinstein, 1985). The potency of ATX and DAT with respect to PKC activation does 

not appear to directly correlate with a tumorigenic response. The tumor-promoting activity 

of ATX is comparable to that of phorbol esters (Horowitz et al., 1983; Suganuma et al., 

1984), while tumor-promoting activity of DAT is significantly lower (Shimomura et al., 

1983). These findings suggest that the differences in the aplysiatoxin framework, in this 

case reduced hydrophobicity of DAT lacking a bromine atom, can significantly alter the 

tumor-promoting activity (Nakagawa, 2012; Shimomura et al., 1983).

The C1Bδ-ATX interactions were characterized using molecular docking followed by the 

atomistic molecular dynamics simulations in the presence of PtdSer membrane (Ashida 

et al., 2016). The initial conformational search produced two energetically comparable 

conformers of ATX that were subsequently docked to C1Bδ. Valid binding modes were 

identified on the basis of their H-bonding networks. The structural model that showed H-

bonds between ATX and the trio of C1Bδ residues, T242, L251, and G253, (Figure 8C) was 

selected for atomistic simulations with membrane. During the course of a 10 ns simulation 
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of C1Bδ-ATX complex embedded in the bilayer, an additional H-bond was formed between 

the phenolic hydroxyl group of ATX (labeled with asterisk in Figure 8C) and the oxygen 

of the M239 carbonyl (Ashida et al., 2016). The MD results also showed that non-polar 

moieties of ATX and hydrophobic side-chains lining the C1Bδ binding groove are involved 

in direct interactions with lipids. A similar molecular dynamics-based approach was applied 

to the naphthalene-ring derivatives of DAT complexed to C1Bδ. These derivatives were 

designed to introduce CH/π interactions with the conserved Proline residue (P241 for C1Bδ) 

of the β12 loop, in order to increase the binding affinity (Kobayashi et al., 2020). The 

simultaneous formation of H-bonds and CH/π interactions with C1 was indeed observed 

in the simulations, prompting further optimizations to naphthalene ring placement in future 

studies.

The natural abundance and synthetic accessibility of ATX/DAT is limited (Nakagawa, 2012). 

Furthermore, ATX and DAT have a labile hydroxyl group at position 3 (Figure 8A) that 

is prone to elimination (Moore et al., 1984). A stable ATX derivative, the 3-deoxy DAT, 

was generated in an attempt to achieve stability without the loss of PKC activation potency 

(Figure 8B) (Nakamura et al., 1989). Given significantly lower tumor-promoting ability of 

DAT over ATX, modifications to the 3-deoxy DAT framework can potentially produce high-

affinity PKC modulators with desired biological properties (Nakagawa, 2012; Nakagawa et 

al., 2009). A highly promising lead compound that emerged from this line of exploration 

was “Analog 1”. Analog 1 stimulated the translocation of PKCδ to nuclear membranes, 

caused PKCδ activation, and showed anti-tumorigenic activity in multiple cancer cell lines 

(Nakagawa et al., 2009). These findings highlight the therapeutic potential of the ATX 

analogs as anti-cancer agents that can be explored in future.

3.6. Isophthalate derivatives

The derivatives of dialkyl (3-hydroxymethyl) isophthalate (HMI) (Figure 9) are high-affinity 

synthetic C1 domain ligands that can be generated using a 4-step synthesis procedure (Boije 

af Gennas et al., 2009). Their potency as PKC modulators was demonstrated by the ability 

to displace radiolabeled PDBu from PKCα and PKCδ isoenzymes with the Ki values in 

the 200-900 nM range (Boije af Gennas et al., 2009; Talman et al., 2014). Isophthalates 

were shown to have anti-proliferative properties in HeLa cervical carcinoma and SH-SY5Y 

neuroblastoma cell lines (Talman et al., 2013; Talman et al., 2011).

Molecular docking approaches were used to gain insight into the interactions of HMIs 

with C1Bδ (Boije af Gennas et al., 2009; Provenzani et al., 2018). In these studies, four 

H-bonds between the HMI’s oxygen-containing moieties and the trio of C1Bδ residues: 

T242, L251, G253 were observed (Figure 9A). Similar to DAG and DAG lactones, only 

one of the two carbonyl functionalities is directly H-bonded to C1Bδ (Figure 9A). The 

other one is predicted to form a water-mediated H-bond with the carbonyl of M239 or with 

the lipid headgroups (Boije af Gennas et al., 2009). Additional docking studies showed 

identical H-bonding patterns for other HMI derivatives complexed to C1Bδ. These HMIs 

were derivatized with branched alkyl chains, trifluromethyl-attached benzene groups, or 

pyrimidine scaffold (Provenzani et al., 2018).
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The role of membrane lipids in the formation of the C1Bδ-HMI complexes is most 

clearly illustrated by the differences between the behavior of two derivatives, HMI-1a3 and 

PYR-1gP that have phenyl and pyrimidine scaffolds, respectively (Figure 9B). In contrast to 

HMI-1a3, PYR-1gP is unable to displace radiolabeled PDBu from PKCα (Boije af Gennas 

et al., 2009; Provenzani et al., 2018), despite both ligands adopting identical poses when 

docked to C1Bδ (Lautala et al., 2020; Provenzani et al., 2018). Atomistic MD simulations 

in the presence of PtdSer membranes suggest a possible explanation (Lautala et al., 2020). 

The hydrophobic membrane environment facilitated the formation of the intra-molecular 

H-bond between 3-hydoxymethyl group and the pyrimidine of PYR-1gP (Figure 9B). The 

resulting sequestration of the hydroxyl group and the orientation of the PYR-1gP in the 

membrane preclude high-affinity interactions with C1 domains. These results demonstrate 

the significance of incorporating membranes in the modeling and MD simulations of the 

C1-ligand complexes.

3.7. Bryostatin-1 and analogs

The bryostatin family of 21 naturally occurring macrolides is one of the most promising 

classes of therapeutic PKC modulators (Wu et al., 2020; Yu et al., 2015). Bryostatin-1 

(Bryo-1), the first member isolated from bryozoan Bugula neritina (Pettit et al., 1982), has 

been studied extensively for its synaptogenic (Ly et al., 2020), antineoplastic (Steube and 

Drexler, 1993; Wang et al., 2003), and anti-HIV latency (Bullen et al., 2014; Gutierrez et 

al., 2016) effects. The chemical structure of Bryo-1 is more complex than that of other 

C1 modulators. It comprises a macrolactone framework of 26 carbon atoms, 3 integrated 

tetrahydropyran rings (denoted by A, B, and C), and 11 chiral centers (Figure 10A). The 

pharmacological potential of Bryo-1 has been explored in more than 30 clinical trials 

(Blackhall et al., 2001; Farlow et al., 2019; Nelson et al., 2017; Nezhat et al., 2004; Pavlick 

et al., 2009; Varterasian et al., 2001), with the latest phase II trial planned this year (2020) 

for the treatment of Alzheimer’s disease (ClinicalTrials.gov identifier: NCT04538066).

In the PKC context, the mechanisms involved in the unique pharmacological effects of 

Bryo-1 are not well understood. Bryo-1 causes membrane translocation of PKCs through 

direct interactions with their C1 domains (Kazanietz et al., 1994; Lee, H.W. et al., 1996). 

However, the resulting acute PKC activation does not elicit same set of cellular responses as 

tumorigenic phorbol esters (Sako et al., 1987). Furthermore, Bryo-1 shows protective effects 

by counteracting tumor promoters such as TPA both in vitro and in vivo (Hennings et al., 

1987; Kraft et al., 1986; Sako et al., 1987; Steube and Drexler, 1993). The proposed models 

attribute these effects to selective down-regulation of certain PKC isoenzymes (Huwiler et 

al., 1994), and their patterns of membrane localization (Wang, Q.J. et al., 1999). Further 

work is needed to develop complete understanding of the Bryo-1 effects in the context of 

exceedingly complex cancer biology of PKC isoenzymes.

The interaction mode of Bryo-1 with C1Bδ was investigated by molecular docking (Keck 

et al., 2010; Kimura et al., 1999). Due to the complexity of the Bryo-1 chemical structure, 

the search for energetically stable conformers was carried out prior to docking. The most 

energetically favorable conformer resembled the crystal structure of Bryo-1 (Pettit et al., 

1982), and when docked produced the lowest energy C1Bδ complex with five potential 
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inter-molecular H-bonds (Figure 10A) (Keck et al., 2010; Kimura et al., 1999). The pattern 

of three H-bonds formed by the C26 hydroxyl group and the C35 carbonyl oxygen with 

the protein residues resembles that observed for C1Bδ complexed to the phorbol-13-acetate 

(Figure 2D) (Zhang et al., 1995). There are two additional H-bonds that involve the C9-OH 

(donor) and the carbonyl oxygen of M239 (acceptor) (Keck et al., 2010; Kimura et al., 

1999), and a weak bond between the C1-adjacent ester oxygen (donor) and the side-chain 

NH of Q257 (acceptor) (Keck et al., 2010). Experimental chemical modification studies 

validated the essential role of the C26-OH group in the PKC-Bryo-1 interactions (Wender 

et al., 1998b). The C9-OH group however is expendable, since the affinity of the C9-deoxy 

Bryo-1 to PKCα is comparable to that of unmodified Bryo-1 (Keck et al., 2010). The 

intra-molecular H-bonds in the C1Bδ-complexed Bryo-1 are identical to those observed 

in the crystal structure of free Bryo-1 (Pettit et al., 1982). Both hydrophobic groups of 

Bryo-1 (denoted as R in Figure 10A), along with the tetrahydropyran rings A and B, appear 

to form an extensive capping surface over the C1Bδ binding groove (Keck et al., 2010; 

Kimura et al., 1999). The expansive nature of the amphiphilic surface created by the C1-

complexed Bryo-1 suggests that the ligand-lipid interactions would contribute significantly 

to the stability of the ternary C1-Bryo-1-membrane complex.

Extensive atomistic molecular dynamics simulations conducted on the Bryo-1-C1Bδ 
complex in the presence of PtdSer membranes provided unprecedented insight into the 

membrane positioning of this complex (Ryckbosch et al., 2017). The pre-docked binary 

C1Bδ-Bryo-1 complex, initially placed in the vicinity of the PtdSer bilayer, partitioned into 

the membrane within ~200 ns. Analysis of the productions runs (400 μs aggregate) revealed 

the presence of two energetically favorable states of the complex. The states differed in their 

depth of membrane insertion and tilt angle (Figure 10B). In the “shallow” state, the oxygen-

containing moieties of Bryo-1 form H-bonding interactions with the water molecules in 

the headgroup region of the membrane, stabilizing the complex. These solvent interactions 

are eliminated in the deeply embedded state, where the ternary complex is stabilized by 

interactions of the protein hydrophobic residues with the acyl chains of the lipid. In contrast, 

the tumor promoting phorbol ester, PDBu shows only a single, deeply embedded state. The 

ability of Bryo-1 to engage in solvent interactions while in the protein-complexed form 

could not have been predicted solely from docking studies. These observations open up a 

possibility that modulation of the depth of membrane partitioned C1-Bryo-1 complex could 

alter its interactions with other PKC regulatory proteins (Ryckbosch et al., 2017).

The atomistic MD simulations were subsequently combined with the solid-state 

REDOR (rotational-echo double-resonance) NMR experiments to gain insight into the 

conformational preferences of bryolog 1, a potent Bryo-1 analog (Yang et al., 2018). In the 

MD simulations, bryolog-1 adopted multiple low energy conformations when complexed to 

C1Bδ in PtdSer membranes. The existence of multiple conformers was corroborated by the 

NMR-derived heteronuclear 13C-19F distance distributions in isotopically labeled bryolog 1. 

The dynamic nature of the C1-agonist complexes in their membrane-bound states is apparent 

from these studies.

Initially, the low natural abundance of bryostatins presented significant obstacles towards 

realizing their full therapeutic potential. These limitations were overcome with the report of 
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complete chemical synthesis of Bryo-1(Keck et al., 2011; Wender et al., 2017) that can now 

be produced in gram quantities via 29-steps (Wender et al., 2017). The synthetic routes to 

several other natural bryostatins have also been reported (Evans et al., 1999; Kageyama et 

al., 1990; Lu et al., 2011; Ohmori et al., 2000; Trost and Dong, 2008; Trost et al., 2020; 

Wender and Schrier, 2011; Zhang et al., 2018). These remarkable advancements present 

opportunities to design bryostatin derivatives for potential applications in the treatment of 

cancers, HIV-AIDS, and neurodegenerative diseases (Abramson et al., 2020; DeChristopher 

et al., 2012; Hardman et al., 2020; Wender et al., 2002; Wender et al., 2011a; Wender 

et al., 1998a; Wender et al., 2020). One of the examples is the computationally guided, 

function-oriented synthesis of bryologs reported by Wender’s group (Wender et al., 2020).

4. Concluding remarks and outlook

The current challenges in establishing the structure-activity relationships of C1 modulators 

stem from lack of experimental structural information, tissue-specific variations in the PKC 

expression profiles (Kim et al., 1999; Rybin and Steinberg, 1994), and potentially opposing 

roles of the isoenzymes in diseases (Chen et al., 2001). Despite these challenges, the results 

of cell biology, biophysical and in silico studies have successfully guided the development 

of C1 modulators that reached preclinical stages. In this account, we discussed seven 

classes of promising C1-targeted PKC agonists (Figure 3), with the primary focus on their 

binding modes predicted by computational docking methods. In addition, we highlighted 

the outcomes of atomistic molecular dynamics simulations that illustrate the importance 

of membranes in understanding the formation of the C1-ligand complexes. Below, we 

outline two additional avenues that could facilitate further development of therapeutic agents 

targeting the DAG-sensing function of PKC.

4.1. Characterization of ternary C1-ligand-membrane complexes

Due to their amphiphilicity (Figure 2C), the C1 domains can exist in solution state as well 

as partition conditionally into membranes (Zhang et al., 1995). The C1 ligands differ in 

their lipophilic properties. It is the combination of the C1 and specific ligand characteristics 

that determines the properties of the ternary C1-ligand-membrane complexes (Figure 11). 

Understanding these properties may provide insight into the structural and dynamical basis 

of differential functional responses elicited by the PKC agonists. Of equal significance 

would be to elucidate the mechanism of the ternary complex formation: the initial membrane 

recruitment of C1, recognition of the PKC agonists, and their subsequent capture.

Atomistic MD simulations of the C1-ligand-membrane systems show significant promise 

in addressing these structural and mechanistic questions. This is illustrated by the work on 

isophthalates (Lautala et al., 2020) and bryostatins (Ryckbosch et al., 2017; Yang et al., 

2018) that was discussed in earlier sections. With respect to experimental approaches, we 

have demonstrated that solution NMR spectroscopy of C1 domains in membrane mimetics 

can be applied to probe their interactions with agonists in residue-specific manner (Stewart 

et al., 2014; Stewart, M.D. et al., 2011), quantify the dynamics of the ligand-binding 

groove (Stewart and Igumenova, 2017; Stewart, M.D. et al., 2011), and probe the depth 

of membrane insertion using paramagnetic lipids (Stewart et al., 2014). Characterization 
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of the ternary C1-ligand-membrane complexes, using a combination of computational and 

experimental approaches, will inform the rational design of therapeutic agents targeting the 

C1 domains.

4.2. Exploiting the specificities of tandemly organized C1 domains

The tandem C1 domains of PKC isoenzymes are not equivalent with respect to their 

functional properties. For instance, the C1A and C1B domains of PKCδ show opposing 

affinities for DAG (C1A) and phorbol esters (C1B) (Stahelin et al., 2004), while those of 

PKCε lack such distinction (Stahelin et al., 2005). Similarly, based on in vitro experiments, 

the hydrophobic residues of the C1A, but not C1B are implicated in DAG dependent 

membrane binding, and activation of PKCα (Medkova and Cho, 1999). Moreover, when 

compared between isoenzymes, the C1 domains of PKCδ show two-orders of magnitude 

higher DAG affinity compared to those of PKCδ, compensating for the lack of Ca2+-

sensitive C2 domains (Dries et al., 2007). These differences extend further to subcellular 

localization of the isolated C1 domains. The membrane-targeting studies in human 

neuroblastoma cells of GFP-tagged C1 domains show highly preferential localization of 

C1B, but not C1A (of PKCδ, ε, and η isoenzymes) to trans-Golgi network (Schultz et al., 

2004), where DAG production can be stimulated (Kunkel and Newton, 2010). Sensitivity 

to anionic second messenger PtdIns(4,5)P2 has been attributed to C1B domain of PKCε in 

conjunction with the pseudosubstrate region (Shirai et al., 2007).

The determinants of differential second-messenger/lipid preferences of C1 domains are 

not completely understood. Mutagenesis studies have been instrumental in identifying the 

contributions of individual residues to the agonist/lipid specificities (Kazanietz et al., 1995; 

Pak et al., 2001; Szallasi et al., 1996; Wang et al., 1996). However, inherent dynamics of the 

C1 ligand-binding regions (Stewart and Igumenova, 2017; Stewart, M.D. et al., 2011) makes 

it challenging to completely understand the structural basis of these specificities. Computer 

simulations, in combination with structurally non-invasive methods for quantifying protein 

dynamics such as solution NMR spectroscopy, are uniquely suited for characterization 

of individual C1 domains and their conformational ensembles. The inclusion of lipid 

membranes with varying compositions into MD simulations will provide insight into the 

lipid preferences of the C1 domains and enable to mimic scenarios where PKC shows 

agonist-specific sub-cellular localization (Wang, Q.J. et al., 1999).

The differences between the C1A and C1B domains present opportunities for the design 

of isoenzyme-selective PKC modulators. To this end, the approach based on the design of 

bivalent C1 modulators shows promise (Blumberg et al., 2008). The dimeric phorbol ester 

(Giorgione et al., 2003), and benzolactam (Sridhar et al., 2003) derivatives have already been 

reported that can potentially target C1 domains as a tandem unit. The individual counterparts 

of these agents can be further tuned to achieve the desired specificity towards either C1A 

or C1B domain. It might also be feasible to alter the membrane interactions of individual 

C1 domains to “tune” the agonistic or antagonistic PKC response required for the corrective 

action in a particular disease state.

As a final remark, we would like to note that in the context of rational drug design, the 

computer-generated models cannot fully replace the experimental structures obtained by 
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X-ray crystallography or NMR spectroscopy. So far, the C1-agonist complexes have eluded 

structure elucidation attempts due to their obligatory requirement for the membrane mimics. 

While the X-ray structure determination of large membrane proteins in lipid cubic phases 

(Landau and Rosenbusch, 1996) and bicelles (Ujwal and Bowie, 2011) has been successful, 

small and highly dynamic C1 domains that peripherally associate with membranes may 

not be amenable to this approach. Until methodological advances avail direct structural 

characterization of the C1-agonist complexes, the field will rely on experimentally validated 

computational models for the development of PKC modulators that target its DAG-sensing 

function.
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Abbreviations

PKC Protein Kinase C

DAG Diacylglycerol

C1 Cysteine-rich Conserved Homology-1

PtdSer Phosphatidylserine

PIs Phosphatidyl Inositols

PA Phosphatidic Acid

cPKCs Conventional PKCs

nPKCs Novel PKCs

H-bond Hydrogen bond

PEs Phorbol Esters

TPA 12-O-Tetradecanoylphorbol 13-Acetate

PDBu Phorbol 12,13-Dibutyrate

IL-V (−)-Indolactam V

BL Benzolactam

sAPPα Soluble Amyloid Precursor Protein

HDAC Histone Deacetylase

ThX Thymeleatoxin

ATX Aplysiatoxin

DAT Debromo-Aplysiatoxin
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HMI Dialkyl (3-hydroxymethyl) Isophthalate

Bryo-1 Bryostatin-1
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Figure 1. Modular architecture and second-messenger preferences of conventional and novel 
PKC isoenzymes.
(A) The N-terminal regulatory region of PKCs comprises the pseudosubstrate (PS) region, 

tandem C1 domains, and the C2 domain. (B) The membrane translocation of PKC 

in response to DAG and PtdSer is achieved via the combined action of C1 and C2 

(conventional isoenzymes) or C1 alone (novel isoenzymes). The autoinhibition of the kinase 

domain by the PS region is relieved allosterically as a result of membrane recruitment.
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Figure 2. Structural features of a representative C1 domain and its ligand-binding site.
(A) Sequence alignment of the C1 domains from conventional PKCα and novel PKCδ 
isoenzymes showing: the agonist binding loops, β12 and β34, and the a1 helix (yellow); 

Zn2+-coordinating residues (red); and the DAG “toggling” position in C1B domains (blue). 

(B) Crystal structure of PKCδ C1B domain complexed to the hydrophilic phorbol ester, 

phorbol-13 acetate (1ptr) (Zhang et al., 1995). (C) Surface representation of apo C1Bδ 
color-coded according to the Kyte-Dolittle hydrophobicity scale; positive (purple) and 

negative (cyan) values correspond to regions of high and low hydrophobicity, respectively. 

(D) The H-bonding interactions of phorbol group with the C1Bδ residues observed in the 

crystal structure of the complex (1ptr). (E) Amphiphilic nature of the endogenous PKC 

agonist DAG.

Katti and Igumenova Page 31

Adv Biol Regul. Author manuscript; available in PMC 2022 February 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Chemical diversity of the C1 domain ligands.
The polar oxygen- and nitrogen-containing groups are colored red and blue, respectively. 

“R” represents variable lipophilic segments.
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Figure 4. Schematic representation of the interaction modes of DAG and DAG lactones with 
C1Bδ obtained in docking studies.
The hydrogen bonding patterns obtained in computational docking studies cited in the text 

are shown with dashed lines. (A) The two distinct binding orientations of DAG defined 

as “sn-1” and “sn-2”. (B) The conceptual strategy of DAG lactone design developed by 

Blumberg and Marquez. (C) The DAG lactone “sn-2” binding orientation mode that was 

found to be more energetically favorable than “sn-1” in the docking studies (Marquez and 

Blumberg, 2003).
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Figure 5. (A) Chemical structure of PDBu and (B) schematic representation of its interactions 
with C1Bδ obtained in docking studies.
The polar groups implicated in the interactions with C1 are highlighted in cyan in the 

chemical structure. The hydrogen bonding patterns obtained in computational docking 

studies cited in the text are shown with dashed lines.
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Figure 6. Chemical structures and C1Bδ interaction modes of (A) (−)-Indolactam V and (B) 
Benzolactam.
The polar groups implicated in interactions with C1 are highlighted in cyan in the chemical 

structures. The hydrogen bonding patterns (dashed lines) were obtained in computational 

docking studies cited in the text.
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Figure 7. Chemical structures of (A) Mezerein and (B) Thymeleatoxin, along with the schematic 
representation of the C1Bδ- Thymeleatoxin interaction mode (C).
The polar groups of Thymeleatoxin implicated in interactions with C1 are highlighted in 

cyan. The hydrogen bonding patterns (dashed lines) were obtained in the computational 

docking study cited in the text.
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Figure 8. Chemical structures of (A) Aplysiatoxin and (B) 3-deoxy DAT, along with the schematic 
representation of the interaction mode of Aplysiatoxin with C1Bδ (C).
The polar groups of Aplysiatoxin implicated in interactions with C1 are highlighted in cyan. 

The hydrogen bonding patterns (dashed lines) were obtained in the computational docking 

and membrane MD simulation (additional H bond denoted by asterisk) studies cited in the 

text.
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Figure 9. Schematic representation of isophthalate interactions with C1Bδ.
(A) The hydrogen-bonding pattern (dotted lines) was obtained in the computational docking 

studies cited in the text. (B) Membrane-stabilized conformations of HMI-1a3 and PYR-1gP 

that have high- and low-affinity to C1Bδ, respectively.
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Figure 10. Interaction network (A) and schematic membrane positioning (B) of the C1Bδ-Bryo-1
complex obtained using computational methods cited in the text. The “shallow” membrane-

embedded state of the C1Bδ-Bryo-1 complex is stabilized by the interactions of Bryo-1 with 

the solvent molecules in the vicinity of the membrane headgroup region. The desolvation of 

the interaction interface results in the formation of the “deep” state, where Bryo-1 engages 

in direct interactions with lipids.
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Figure 11. 
Parameters of the ternary C1-ligand-membrane complexes that are important for establishing 

structure-activity relationships for different PKC agonists.
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