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ABSTRACT 
 
Phorbol esters are toxic phytochemicals, whose main biological target is protein kinase C. They bind 
irreversibly to the protein, causing cell damage. Using computer modelling, we have determined, for 
the first time, features and mechanisms that lead to the toxicity of phorbol esters. 
Protein kinase C – delta (PKC-δ) was used as a target protein in computational docking studies with 
phorbol esters that differ in molecular structure. Binding conformations and stability of ester linkages 
were analyzed to evaluate their relationship with experimental observations. Results show that an 
active phorbol ester must exhibit two features: interaction with specific amino acid residues at the 
binding site and covering the area with a hydrophobic surface. Toxicity of an active phorbol ester is 
inversely proportional to the intrinsic reactivity of the ester linkage. Phorbol esters bearing free acid 
chains can directly activate PKC-δ but jatropha phorbol esters are restricted by their acid-moiety ring 
formations, suggesting similar mechanism of interaction with other phorbol-ester protein targets. 
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1. INTRODUCTION 
 

Phorbol esters are naturally-occurring poisons 
found in the Euphorbiaceae family of plants [1]. 
Their discovery has made it feasible for scientists 
to reveal valuable knowledge about mechanisms 
of signal transduction and carcinogenesis 
because they are tumor-promoting compounds. 
These molecules bind irreversibly to their targets 
and that phenomenon was found to be the root 
cause for phorbol-ester toxicity. [2] For the past 
five decades, researchers have been looking for 
phorbol-ester toxicity mechanisms, as a way of 
understanding associated protein function and 
related biochemical reactions. 
 

Toxicity of phorbol esters has received a 
significant amount of scientific attention, but the 
exact structure-activity relationships have been 
elusive. Although critical binding groups and 
certain structural requirements were determined, 
a satisfactory explanation of experimental 
observations remained in the knowledge gap 
[3,4]. 
 

Presented here are findings from computational 
analysis that reveal the binding mechanisms 
between phorbol esters and protein kinase C-
delta (PKC-δ), leading to toxicity or lack of it. 
 

1.1 Structure of Phorbol Esters 
 

Naturally occurring phorbol esters have a similar 
alcohol moiety but different varieties for their 
carboxylic acid portions. However, there are two 
main versions of the alcohol groups, referred 
here as 12,13- and 13,16- phorbols. Most 
phorbol esters that exist in nature have the same 
stereochemistry for their alcohol portions, as 
shown in Fig. 1. [5] Note that the -OH group at 
C4 is in the beta (β) position (R-configuration). 

Examples of 12,13- and 13,16- phorbol esters 
are given in Fig. 2. [6–9] Jatropha factors 3, 4 
and 5 are among the six phorbol esters, found in 
Jatropha curcas, all with their two acid tails 
subsequently joined into one. 
 

1.2 Toxicity of Phorbol Esters 
 
Although phorbols are non-toxic, their esters 
have exhibited high levels of harmfulness in 
animals. Oral dosages of phorbol esters have 
demonstrated toxicity to humans [10], cattle [11], 
goats [12], rabbits [13] and aquatic species [14]. 
Typically, LD50 of 27mg/kg body mass in mice 
was reported for J. curcas phorbol esters.[15] 
 
The major biological target of phorbol esters is 
protein kinase C (PKC), a family of enzymes 
playing a pivotal part in signal transduction and 
regulation of cell differentiation.[2] Other phorbol-
ester targets are chimaerins [16], Munc13 [17] 
and RasGRPs [18]; they have so far received 
limited attention. All these target proteins share a 
common feature, the C1 domain that carries the 
phorbol-ester binding site.[19] During normal 
signal transduction, PKC is activated by its 
interaction with diacylglycerol (DAG), and an 
acidic phospholipid, inside the cell; the complex 
then migrates and binds to specific membrane 
proteins. DAG is released soon after its 
hydrolysis [20,21]. Experiments confirmed that 
only S-DAG has the ability to activate PKC; the 
other isomer, R-DAG is inactive [22]. There are 
three groups of PKC isoforms: lipid-sensitive, 
Ca2+-dependent conventional or cPKC 
(comprising PKC-α, β1, β2 and γ), lipid-sensitive, 
Ca

2+
-independent novel or nPKC (constituting 

PKC-δ, ɛ, n and θ) and atypical or aPKC (namely 

PKC- and ) that neither bind DAG nor 
phorbol esters [23,24]. 

 

 
 

Fig. 1. Stereochemistry of alcohol moieties of naturally occurring phorbol esters 
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Fig. 2. Examples of two types of phorbol esters 
 
Phorbol esters activate PKC by binding 
irreversibly to the protein, thereby causing cell 
damage. The protein-phorbol ester complex is 
permanently inserted into the cell membrane 
because the phorbol ester does not metabolize 
easily [25]. 
 
1.3 Structure-activity Relationship 
 
The stereochemistry of all the active phorbol 
esters, with C4-OH group in the β -position, show 
that the five membered ring is trans-linked to its 
adjacent seven membered ring, while the 
cyclohexane ring is cis-linked to the 
cyclopropane ring.[6] 
 

Early studies on structural determinants of 
phorbol-ester activity suggested the oxygens at 
C3, C4, C9 and C20, as critical for binding to 
PKC.[26,27] In 1995, Zhang et al. determined a 
crystal structure of a complex between phorbol-
13-acetate and PKC- δ, showing hydrogen bonds 
involving C3, C4 and C20 oxygens of the phorbol 
ester.[28] Wang et al. later demonstrated that the 
C20 hydroxyl group contributed about 40% of the 
total hydrogen bonding energy [7]. The inactive 
α-C4-OH phorbol esters have a cis-conformation 
between the cyclopentane and cycloheptane 
rings, a set-up that shifts important binding 
groups from strategic positions.[29] Krauter et al. 
argued that a C13 acyl group played a significant 
role in the activity of phorbol esters.[30]. 

 
Other investigations had observed that 
hydrophobicity of the phorbol ester tail was an 
important factor for activation [31,32], whose 
suggested mechanism involved closure of the 
hydrophilic PKC active site by the phorbol ester 
tail, then migration of the complex to the cell 
membrane [28]. That also explains why phorbols, 
with OH groups at positions C12, C13 or C16, 
are inactive. 
 
Itai et al. performed molecular modelling on the 
active compounds, teleocidin and benzolactam, 
which are not phorbol esters, with PKC- and 
concluded that binding interactions do not 
necessarily involve the same protein groups, 
even if they bind competitively [33]. Endo et al. 
suggested that hydrophobic interactions had an 
influence in the binding of the ligand to PKC.[34] 
In their review of computer modelling methods, 
Mobley and Dill argued that a ligand may bind to 
a protein in multiple orientations and many other 
factors, among them ions, waters and solvation 
entropies could play significant roles [35]. 
Rahman and Das modelled structural 
determinants for interaction of DAG or phorbol 
esters  to their target site and concluded that 
binding pocket volume and surface area do not 
have an effect on affinity [36]. Amino acid 
residues critical in the binding of phorbol esters 
to PKC- were identified by Czikora et al. [37] 
Molecular dynamics studies performed by 
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Thangsunan et al., on the binding interactions 
between PKC-  and phorbol-13-acetate, 
indicated that the protein-ligand complex 
remained stable without significant structural 
changes for not less than 80 nanoseconds.[38] 
 
However, some experimental observations bear 
testimony of the limitations of existing knowledge 
to determine structure-activity relationships in 
phorbol esters.  
 
Hecker and Schmidt reported contrasting 
biological activities of two phorbol esters, whose 
long and short acid chains are on opposite sides. 
12-O-Tetradecanoylphorbol-13-acetate (TPA) 
recorded beyond ten times tumor-promoting 
activity (82% against 8%) compared with 12-O-
acetylphorbol-13-decanoate [39]. Another 
interesting set of results was published by 
Bertolini et al., who synthesized different phorbol 
esters with polar tail ends. Besides the general 
finding that polarity of short tails hindered 
activation of PKC, there were some long-tailed 
phorbol esters, whose activities showed no 
relationship with their structures. In Fig. 3, 
phorbol-ester structures and their KD values are 
given. (KD is the phorbol-ester concentration 
required to move 50% of PKC to the lipid   
bilayer) As a benchmark, KD for TPA was 0.025 
mM [21]. 
 
Experiments by Kinghorn et al. on three phorbol 
esters showed effective mortality doses (ED50) 
against Artermia salina of 3.8, 6.8 and 11.8 mg/l, 
to indicate the respective order of toxicity as TPA 
> phorbol-12,13-didecanoate > phorbol-12,13-
dibenzoate.[40] Baird and Boutwell had reported 
the same order of tumor-promoting activity in 
mouse skin, but classified phorbol-12,13-
diacetate as a very weak promoter (less than 1% 
that of TPA) [41,42]. However, this order was 
slightly different from In vitro activation of PKC 
found by Castagna et al., which was TPA (100%) 
= phorbol-12,13-dibenzoate (100%) >  phorbol-
12,13-dibutyrate (88%) > phorbol-12,13-
didecanoate (81%) > phorbol-12-tetradecanoate 

= phorbol-13-acetate = phorbol = 4-phorbol-
12,13-didecanoate = 0% [43].  
 

Bioassays of jatropha phorbol esters on snails 
(Physa fontinalis) and brine shrimp (A. salina) 
were studied by Roach et al. The order of 
potency in snails was jatropha factors C4 & C5 > 
jatropha factor C1 > jatropha factor C2 > jatropha 
factor C3 mixture, with EC50 values of 2.18, 4.12, 
6.54 and 6.78 mg/l, respectively. A similar order 
was obtained against brine shrimp, with a switch 
in positions of the last two [44]. 
 

Ellis et al. found out that some inactive phorbol 
esters could bind to PKC and inhibit the potent 
compounds [45]. Similar findings were reported 
for monoesters 12-deoxyphorbol-13-phenyl 
acetate  (DPP) and 12-deoxyphorbol-13-acetate 
(prostratin) [46–48]. 
 

2. COMPUTATIONAL DETAILS 
 

Computer modeling was performed using 
Maestro 10.2, a graphical user interface of the 
Schrӧdinger Suite’s computational programs. 
The force field used in calculations was 
OPLS3.[49].  
 

2.1 P450 Site of Metabolism 
 

Individual phorbol esters were drawn and energy 
minimized. Prediction of sites of metabolism and 
intrinsic reactivity were done using P450 Site of 
Metabolism software that is part of the 
Shrödinger Suite [50]. The 3A4 isoform of 
cytochrome P450 enzymes was chosen for the 
calculations, as it metabolizes over 50% of 
known xenobiotic compounds [51]. The P450 
Site of Metabolism combines a linear free energy 
approach with induced-fit docking, to determine 
intrinsic reactivity of an atom and its accessibility 
to the reactive heme center of the P450 enzyme. 
Hammett and Taft scheme is used predict the 
intrinsic reactivity of an atom, as the sum of  its 
baseline reactivity rate and connectivity factors 
[50]. 

 

 
 

Fig. 3. Structures of phorbol-ester derivatives and their activities 



2.2 Molecular Docking 
 
PKC-δ,co-crystalized with phorbol
[28], was imported from the Protein Data Bank as 
1PTR and was prepared using Protein 
Preparation Wizard, Prime Version 3.1 of the 
Schrödinger Suite. Default settings plus
of missing side-chains and loops were 
employed, in the preprocessing sta
default settings for the rest of the protein 
preparation stages, dihedral angles were 
adjusted until the protein displayed the same 
geometry as the imported co
structure [52]. 
 
Phorbol esters with experimentally determined 
activities, as well as DAG isomers, were drawn in 
Maestro and prepared by LigPrep 2.3 from 
Schrödinger Suite – here computations were 
done with chiralities determined from 3D 
structures. All the other parameters were on 
default settings [53]. 
 
The protein grid generation and the actual 
docking with the various types of ligands were 
performed using Glide 6.7 software, also from 
Schrödinger Suite. For receptor grid generation, 
the size of the site was set at a maximum value 
of 25Å, but the other parameters remained on 
default settings. Precision settings for
docking were on XP (extra precision) and the 
output included “per-residue interaction scores”
[54].  
 
Ligand-protein interactions were analyzed by 
viewing the poses and determining hydrogen
bond strengths. 
 

 
Fig. 4. Hydrophilic binding site of PKC
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crystalized with phorbol-13-acetate 
, was imported from the Protein Data Bank as 

1PTR and was prepared using Protein 
Preparation Wizard, Prime Version 3.1 of the 
Schrödinger Suite. Default settings plus filling in 

chains and loops were  
employed, in the preprocessing stage. Using 
default settings for the rest of the protein 
preparation stages, dihedral angles were 
adjusted until the protein displayed the same 
geometry as the imported co-crystalized 

Phorbol esters with experimentally determined 
activities, as well as DAG isomers, were drawn in 
Maestro and prepared by LigPrep 2.3 from 

here computations were 
done with chiralities determined from 3D 
structures. All the other parameters were on 

The protein grid generation and the actual 
docking with the various types of ligands were 
performed using Glide 6.7 software, also from 
Schrödinger Suite. For receptor grid generation, 
the size of the site was set at a maximum value 

ut the other parameters remained on 
default settings. Precision settings for            
docking were on XP (extra precision) and the 

residue interaction scores” 

protein interactions were analyzed by 
viewing the poses and determining hydrogen-

Docking of normal DAG molecules to PKC
made difficult by the hydrophobic tails 
stretched apart, during energy minimization of 
the molecule. This linear structure, without a 
polar head and non-polar tails, would not enter 
into the binding pocket. To circumvent this 
problem, we joined the two tails by introducing an 
artificial bond, about half-way along their lengths. 
Although the modification is fabricated, it gives a 
correct representation of DAG conformation 
inside the cell. After all, its chains can vary
 

2.3 Torsion Scan of C12 Ester Linkage
 
A rapid torsion scan was done for the C12 ester 
linkage of all 12,13-phorbol esters test
was carried out on Maestro, to determine energy 
barriers resulting from rotation of that specific 
bond [49]. 
 

3. RESULTS AND DISCUSSION
 

3.1 Determinants of Activation
 
Fig. 4 shows a computer model of PKC
site. 
 
The amino acid residues mainly responsible for 
the hydrophilicity of this binding groove are 
glycine (Gly-253), leucine (Leu
threonine (Thr-242), as demonstrated by Zhang 
et al. [28] and illustrated in Fig. 5. Other amino 
acids that contribute to the hydrophilic zone are 
also featuring in the same figure. The exterior 
surface of the binding site is covered by 
protruding hydrophobic groups. 

Hydrophilic binding site of PKC-δ, as shown by the arrow 
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Docking of normal DAG molecules to PKC- was 
made difficult by the hydrophobic tails that 
stretched apart, during energy minimization of 
the molecule. This linear structure, without a 

polar tails, would not enter 
into the binding pocket. To circumvent this 
problem, we joined the two tails by introducing an 

way along their lengths. 
Although the modification is fabricated, it gives a 
correct representation of DAG conformation 
inside the cell. After all, its chains can vary [55]. 

Torsion Scan of C12 Ester Linkage 

A rapid torsion scan was done for the C12 ester 
phorbol esters tested. This 

was carried out on Maestro, to determine energy 
barriers resulting from rotation of that specific 

RESULTS AND DISCUSSION 

Determinants of Activation 

Fig. 4 shows a computer model of PKC- binding 

The amino acid residues mainly responsible for 
the hydrophilicity of this binding groove are 

253), leucine (Leu-251) and 
242), as demonstrated by Zhang 

and illustrated in Fig. 5. Other amino 
the hydrophilic zone are 

also featuring in the same figure. The exterior 
surface of the binding site is covered by 

 



 
Fig. 5. Protein-ligand interaction diagram between 

 
Activation of PKC involves attachment of
ligand to the protein and then transfer of
complex to the cell membrane. All active
some inactive compounds bind to the
and interact with the same amino-acid residues. 
Binding energies for all compounds that attach to 
the active site are similar too (see Table 1). The 
active S-DAG molecule and each of the following 
inactive compounds had total hydrogen
energy of -3 kcal/mol, when docked with PKC
phorbol, phorbol-13-acetate and phorbol
tetradecanoate. It means that the 
pharmacophore for binding to the active site is 
the apt positioning of C3, C4 and C20 oxygen 
 

Table 1. Bond energies, torsion energies & activities for different phorbol esters

Compound H
(kcal/mol)

TPA -
Methyl ester -
Phorbol-12, 13-dibutyrate -
Phorbol-12, 13-didecanoate -
Phorbol-12, 13-dibenzoate -
Acidified TPA -
Acidified TPA isomer -
12-O-Acetylphorbol-13-
decanoate 

-

Phorbol-12,13-diacetate -
*Values stated with reference to TPA, whose activity was pegged at 100%
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ligand interaction diagram between PKC-δ and TPA 

Activation of PKC involves attachment of the 
ligand to the protein and then transfer of the 
complex to the cell membrane. All active and 
some inactive compounds bind to the same site 

acid residues. 
all compounds that attach to 

are similar too (see Table 1). The 
DAG molecule and each of the following 

inactive compounds had total hydrogen-bond 
l, when docked with PKC-:  
acetate and phorbol-12-

tetradecanoate. It means that the 
pharmacophore for binding to the active site is 
the apt positioning of C3, C4 and C20 oxygen 

groups for phorbol esters, or equivalent for other 
compounds. 
 
Binding to the active site is not a sufficient 
condition for activation of PKC; an active 
compound should cover the area with a 
hydrophobic surface. Fig. 6 exhibits a 
distinction between an activator, S
non-activating phorbol-13-acet
electrostatic potentials of their binding modes. 
Phorbol-13-acetate does not activate PKC
because its C12-OH group is exposed 
to the exterior surface of the protein
complex. 

ies, torsion energies & activities for different phorbol esters
 

H-bond with PKC- 
(kcal/mol) 

C-12 ester bond 
Torsion energy 
(MJ/mol @ -30°) 

Experimental % 
PKC Activity * 
39,40,42,

-3.0 700 100 
-3.1 120 104 
-3.2 80 88 
-3.3 5 69 
-3.0 15 66 
-3.4 30 34 
-3.1 240 10 
-3.0 370 10 

-3.0 370 < 1 
*Values stated with reference to TPA, whose activity was pegged at 100% 
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groups for phorbol esters, or equivalent for other 

Binding to the active site is not a sufficient 
condition for activation of PKC; an active 
compound should cover the area with a 
hydrophobic surface. Fig. 6 exhibits a          
distinction between an activator, S-DAG, and 

acetate, using 
electrostatic potentials of their binding modes. 

acetate does not activate PKC- 
OH group is exposed                     

to the exterior surface of the protein-ligand 

ies, torsion energies & activities for different phorbol esters 

Experimental % 
PKC Activity * [21, 
39,40,42,43] 



 
Fig. 6. Binding poses for S

 
Phorbol is not active because the two 
groups at C12 and C13 positions protrude 
outwards of the complex, while phorbol
tetradecanoate is betrayed by the C13 hydroxyl 
group. Since such compounds bind to the protein 
with equal strength as activators, it explains why 
they were experimentally found to compete with 
the potent substances for the same site
Likewise, phorbol-12,13-diacetate, prostratin and 
DPP bind well to PKC- but expose their 
hydrophilic ester linkages, hence, they fail to 
activate the protein. The reason for the negligible 
activity of these compounds has been revealed 
by computer modelling. 
 
The presence of a hydrophilic moiety on the tail 
does not necessarily mean loss of activity for the 
phorbol ester. Some of the structures 
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Binding poses for S-DAG (top) and phorbol-13-acetate (bottom)

Phorbol is not active because the two -OH 
groups at C12 and C13 positions protrude 
outwards of the complex, while phorbol-12-
tetradecanoate is betrayed by the C13 hydroxyl 
group. Since such compounds bind to the protein 

it explains why 
und to compete with 
the same site [45]. 

diacetate, prostratin and 
but expose their 

hydrophilic ester linkages, hence, they fail to 
activate the protein. The reason for the negligible 
activity of these compounds has been revealed 

The presence of a hydrophilic moiety on the tail 
does not necessarily mean loss of activity for the 
phorbol ester. Some of the structures 

synthesized by Bertolini et al. [21]
with PKC-δ and the polar tip would attach at a 
point away from the binding site, as the tail 
flipped to the side. It means that closure of the 
PKC binding site with a hydrophobic cover is a 
sufficient criterion for activation, which does not 
necessarily involve insertion of phorbol ester tail 
into the cell membrane. 
 

3.2 Features Causing Binding Failure
 
R-DAG and TPA did not dock into the binding 
groove of PKC-, in agreement with what has 
been reported in literature. Their oxygen centers, 
responsible for attaching to the critical amino 
acid residues, are pointing in wrong directions 
because of stereochemical differences
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(bottom) 

[21] were docked 
and the polar tip would attach at a 

point away from the binding site, as the tail 
to the side. It means that closure of the 

PKC binding site with a hydrophobic cover is a 
sufficient criterion for activation, which does not 
necessarily involve insertion of phorbol ester tail 

Features Causing Binding Failure 

TPA did not dock into the binding 
, in agreement with what has 

been reported in literature. Their oxygen centers, 
responsible for attaching to the critical amino 
acid residues, are pointing in wrong directions 

emical differences [22,29]. 



All the six jatropha phorbol esters failed to
into the PKC-δ binding site, with or
induced-fit docking. Even the reduction
molecular weight, to a similar magnitude as TPA, 
by cutting off part of the tail, did not improve the 
interaction. The ring structure that connects the 
two acid chains makes jatropha phorbol esters 
too bulky to fit into the binding site; see Fig. 7.
 
According to computational measurements, 
these ring structures, for all the jatropha phorbol 
esters, had diameters ranging from 9.9 to 10.9Å, 
against a binding site opening of 8.
said that, there is experimental evidence for 
toxicity of jatropha phorbol esters 
activities of those molecules are most probably 
linked to phorbol-ester targets, other than PKC
Stahelin et al. demonstrated that isoforms of 
PKC have different binding affinities for DAG and 
phorbol esters, the reasons for which are still 
uncertain [56]. Our findings from 
modelling showed that jatropha phorbol esters 
are too big to fit into the PKC- 
hence they probably interact with other targets by 
the same mechanism. Attempts to model other 
phorbol-ester targets with jatropha phorbol esters 
were limited by the availability of in
protein-ligand, co-crystallized structures. In fact, 
only one ligand-bound C1 domain has been 
reported so far [4].   
 

 
Fig. 7. Jatropha factor C5 unable to descent fully
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All the six jatropha phorbol esters failed to lock 
binding site, with or without 

fit docking. Even the reduction of 
molecular weight, to a similar magnitude as TPA, 
by cutting off part of the tail, did not improve the 
interaction. The ring structure that connects the 

jatropha phorbol esters 
too bulky to fit into the binding site; see Fig. 7. 

According to computational measurements, 
these ring structures, for all the jatropha phorbol 
esters, had diameters ranging from 9.9 to 10.9Å, 
against a binding site opening of 8.6Å. Having 
said that, there is experimental evidence for 
toxicity of jatropha phorbol esters [44]. Hence, 
activities of those molecules are most probably 

ester targets, other than PKC-. 
. demonstrated that isoforms of 

affinities for DAG and 
phorbol esters, the reasons for which are still 

. Our findings from computer 
modelling showed that jatropha phorbol esters 

 binding site, 
hence they probably interact with other targets by 
the same mechanism. Attempts to model other 

ester targets with jatropha phorbol esters 
mited by the availability of in-silico, 

crystallized structures. In fact, 
bound C1 domain has been 

3.3. Determinants of Toxicity 
 
The toxicity of an active compound lies in its 
resistance to metabolize. S-DAG is non
because it is hydrolyzed, soon after translocating 
PKC to the cell membrane [21]. In that regard, 
the toxicity of a phorbol ester is expected to be 
inversely proportional to the intrinsic reactivity of 
an ester linkage. This intrinsic reactivity of an 
individual atom, combined with iron
at the heme of P450 enzyme, is indicated by a 
green circle, whose radius increases with the 
score (see Fig. 8). The scores are also given as 
values; the more positive the figure, the more 
reactive the atom [50]. In Fig. 8, a 12,
ester (phorbol-12,13-dibenzoate) is compared 
with a 13,16-phorbol ester (12-deoxyphorbol
tigliate-16-isobutyrate), with respect to the 
intrinsic reactivities of their ester linkages.
 
Attention is given to the hydrolysis of acid tails as 
they are the major determinants of phorbol
toxicity. Like all the other 12,13-diesters, phorbol
12,13-dibenzoate has unreactive ester linkages, 
making the molecule difficult to hydrolyze. On the 
other hand, 13,16-diesters have a reactive C16 
ester linkage, towards cytochrome P450 
enzymes. 
 
Table 2 lists intrinsic reactivities of the C16 ester 
linkage, for 13,16-phorbol esters, against their 
experimentally determined toxicities.

Jatropha factor C5 unable to descent fully into the binding pocket
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Attention is given to the hydrolysis of acid tails as 
are the major determinants of phorbol-ester 

diesters, phorbol-
dibenzoate has unreactive ester linkages, 

making the molecule difficult to hydrolyze. On the 
diesters have a reactive C16 

e, towards cytochrome P450 

Table 2 lists intrinsic reactivities of the C16 ester 
phorbol esters, against their 

experimentally determined toxicities. 

 

into the binding pocket 
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Fig. 8. Intrinsic reactivities of a 12,13-phorbol ester against a 13,16-phorbol ester 
 

Table 2. Intrinsic reactivity versus toxicity of 13,16-phorbol esters 
 

Phorbol Ester C13-linkage 
Intrinsic 
Reactivity 

C16-linkage 
Intrinsic Reactivity 

Snail bioassay, P. 
fontinalis, EC50 
(mg/l) [44] 

Jatropha factors C4/C5 -0.7 0.9 2.18 
Jatropha factor C1 -0.6 0.9 4.12 
Jatropha factor C2 -0.1 0.9 6.54 
Jatropha factor C3 -0.0 1.9 6.78 
Jatropha factor C6 0.2 1.9 not measured 
12-Deoxyphorbol-13-tigliate-16-
isobutyrate 

-1.2 3.6 not measured 

 
All 12,13-phorbol esters, the inactive included, 
recorded very low intrinsic reactivity values of 
between -2.8 and -3.9 on the C12 ester linkage 
and -2.3 to -4.1 on the C13 connection. What it 
means is that TPA could exhibit the same 
toxicity as TPA, only if it managed to bind to the 
active site and expose a hydrophobic surface. 
Conversely, all 13,16-phorbol esters must be 
less toxic than their 12,13- counterparts, as is 
displayed in Table 2 that their calculated intrinsic 
reactivities are much higher. Although direct 
experimental evidence is not available, Roach et 
al., in their comparisons for platelet aggregation 
by phorbol esters, observed the following ED50 
(mM) values: 0.5 (TPA), 1.8 (C4/C5), 4.4 (C1), 
6.1 (C3) and 7.9 (C2). The order for jatropha 
esters agrees with that of their toxicity against A. 
salina [44]. Hence, it could be extrapolated that 
TPA and other 12,13-phorbol esters are 
generally more toxic than 13,16-diesters. 
 

Computational values of intrinsic reactivity in 
Table 2 provide evidence of a relationship with 
experimentally measured toxicities. A mixture of 
the epimers, jatropha factors C4 and C5 (Fig. 2), 
known to be more toxic than any other jatropha 

phorbol ester, had the least reactivity towards 
hydrolysis. Jatropha factor C6, though not 
measured can be predicted to be least toxic 
among the jatropha esters. Since 12-
deoxyphorbol-13-tigliate-16-isobutyrate has 
several points prone to attack, around the C16 
ester linkage, the figure with the highest 
magnitude was chosen; the reason is that 
hydrolysis around that region will detoxify the 
molecule. This compound is expected to be less 
toxic than jatropha phorbol esters. 
 
When a phorbol ester is hydrolyzed as part of the 
metabolic process, it becomes non-toxic. This is 
because the products of the hydrolysis are polar 
hydroxyl groups that deactivate the target 
protein. The most probable mechanism on an 
ester group is nucleophilic attack, leading to the 
breakage of the ester linkage; see Fig. 9. 
 
What causes differences in toxicity among the 
12,13-phorbol esters, if their intrinsic reactivities 
are the same? We observed that the answer lies 
in the rotation of the C-O bond, at the C12 
position. As the 12,13-phorbol esters approach 
the PKC- binding site, they do so with the C20 -



 
Fig. 9. Hydrolysis of 

 

Fig. 10. Toxic TPA complexed with PKC
 
OH group in front and the tails behind. The C13 
ester linkage attaches to the lower lip of the 
binding entrance, while the C12 tail lies along the 
upper edge. Fig. 10 illustrates a PKC
complex, in which the C12 ester bond is 
restricted from twisting to the right (positive 
direction) by the protein surface. Freedom of 
rotation is in the negative direction, when the 
C12 tail can be moved to the left. 
 
Results of rapid torsion scan of the C
are presented in Table 1. Before the scan was 
done, the C12-O and C13-O bonds were rotated 
accordingly to achieve a zero-point phorbol
conformation exhibited in Fig. 9. Torsion 
energies given in Table 1 refer to the amount of 
resistance the C12 tail would face when rotated 
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Hydrolysis of ester linkages by nucleophilic attack 

 
Toxic TPA complexed with PKC-δ (C12 ester bond shown by arrow)

group in front and the tails behind. The C13 
ester linkage attaches to the lower lip of the 
binding entrance, while the C12 tail lies along the 
upper edge. Fig. 10 illustrates a PKC-TPA 
complex, in which the C12 ester bond is 

e right (positive 
direction) by the protein surface. Freedom of 
rotation is in the negative direction, when the 

Results of rapid torsion scan of the C12-O bond 
are presented in Table 1. Before the scan was 

O bonds were rotated 
point phorbol-ester 

conformation exhibited in Fig. 9. Torsion 
energies given in Table 1 refer to the amount of 
resistance the C12 tail would face when rotated 

from zero point by -30° (to the left
recorded an energy of 700 MJ/mol, to declare 
that its conformation is stable. Once the molecule 
is bound to the PKC, it almost always locks into a 
position, which in this case ensures 
hydrophobicity and toxicity. In contrast, 12
acetylphorbol-13-decanoate, with an energy of 
370 MJ/mol also maintains a fixed orientation, 
but exposing the C12 oxygen group, to exhibit 
inactivity. Compounds with low energy barriers, 
such as phorbol-12,13-dibenzoate and phorbol
12,13-didecanoate can exhibit varying leve
toxicities, depending on whether or not they 
expose a hydrophilic oxygen group. In fact, their 
toxicity values noted in Table 1 are averages of 
100% [43] and 32% [40] for the dibenzoate and 
81% [43] and 56% [40] for the didecanoate. The 
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that its conformation is stable. Once the molecule 
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position, which in this case ensures 
hydrophobicity and toxicity. In contrast, 12-O-

ecanoate, with an energy of 
370 MJ/mol also maintains a fixed orientation, 
but exposing the C12 oxygen group, to exhibit 
inactivity. Compounds with low energy barriers, 

dibenzoate and phorbol-
didecanoate can exhibit varying levels of 

toxicities, depending on whether or not they 
expose a hydrophilic oxygen group. In fact, their 
toxicity values noted in Table 1 are averages of 

for the dibenzoate and 
for the didecanoate. The 
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meaning of this is that toxicity of a phorbol ester 
becomes probabilistic when the C12 rotational 
energy barrier is reduced. 
 

4. CONCLUSION 
 

The determination of mechanisms of phorbol-
ester toxicity is a complex process, involving 
unrelated aspects, at times. In some cases, it is 
easy to tell the features that give rise to toxicity, 
but in other instances the signs are not obvious. 
This task has been accomplished by computer 
modelling. Two types of phorbol esters have 
been discussed: 12,13- and 13,16-diesters. Their 
toxicity arises from their binding to a phorbol-
ester target protein, such as PKC. 
 

Toxic phorbol esters have a specific arrangement 
of oxygen groups that they use to bind to the 
active site of the target protein. To activate the 
protein, the phorbol ester should close the 
binding pocket with a hydrophobic surface. Once 
the protein is activated, the phorbol ester should 
resist metabolism for it to exhibit toxicity. The 
12,13-phorbol esters are more difficult to 
hydrolyze, hence more toxic than 13,16-diesters. 
Since 12,13-phorbol esters are equally 
unreactive, their distinctions in toxicity are 
caused by different conformational stabilities. A 
compound that resists rotation of the C12 acid 
tail is conformationally stable and maintains 
constant level of toxicity, while the one allowing 
bond rotation exhibits varying toxicities. 
 
Intrinsic reactivity of jatropha phorbol esters is 
not the same and their ease of hydrolysis is 
inversely proportional to their toxicities. They 
were, nevertheless found to be too big to bind to 
PKC-. Their toxicity is expected to arise from 
their interactions with other target proteins, by 
the same mechanism as 12,13-diesters. 
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