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ing inhibition constant

ABSTRACT
Aplysiatoxin (ATX) is a naturally occurring tumor promoter isolated from a sea hare and cyanobacteria.
ATX binds to, and activates, protein kinase C (PKC) isozymes and shows anti-proliferative activity against
human cancer cell lines. Recently, ATX has attracted attention as a lead compound for the development of
novel anticancer drugs. In order to predict the bindingmode between ATX and protein kinase Cδ (PKCδ)
C1B domain, we carried out molecular docking simulation, atomistic molecular dynamics simulation in
phospholipid membrane environment, and structure–activity study on a simple acyclic analog of ATX.
These studies provided the binding model where the carbonyl group at position 27, the hydroxyl group
at position 30, and the phenolic hydroxyl group at position 20 of ATX were involved in intermolecular
hydrogen bonding with the PKCδ C1B domain, which would be useful for the rational design of ATX
derivatives as anticancer lead compounds.

1 INTRODUCTION
Aplysiatoxin (ATX, Fig. 1) is a polyacetate isolated from sea hare Stylocheilus longicauda1 and cyanobac-
teria.2 ATX showed potent tumor-promoting activity in vivo,3 but also showed anti-proliferative activity
against several human cancer cell lines.4 Themain cellular target of ATX is protein kinaseC (PKC),5 which
is a serine/threonine kinase family that plays important roles in cellular signal transduction such as prolifer-
ation, differentiation, and apoptosis.6 ATXbinds to tandemC1domains (C1A andC1B) of eight isozymes
of conventional PKC (α, βI, βII, γ) and novel PKC (δ, ε, η, θ), resulting in translocation of these isozymes
to the cellular membrane fraction to activate the enzymes (Fig. 2).7

Recently, ATX has attracted attention as a lead compound for the development of novel anticancer
drugs targetingPKC isozymes.8 WhileATXanddebromoaplysiatoxin (DAT) showedboth anti-proliferative
and tumor-promoting activities, their simplified analogs showed anti-proliferative activity comparable to
DAT but showed little tumor-promoting activity.9 Knowledge about the precise binding mode of ATX
and PKCC1 domains is needed to rationally design ATX derivatives as anticancer drugs. Although several
groups have reported comparisons of pharmacophoric elements betweenATX and other PKC ligands,10,11

a precise binding mode of ATX with the PKC C1 domains has not yet been proposed.
AlthoughX-ray crystallography andNMR-basedmethods are “gold standards” for analysis of protein-

ligand interaction and binding mode, it is difficult to apply these methods to the PKC ligand/C1 domain
system because holo-C1 domain exists as a ternary complex of protein/ligand/phospholipid bilayer mem-
brane.12 To overcome this experimental limitation, we in the present study carried out molecular docking
simulation, molecular dynamics simulation of ATX/C1 domain complex in phospholipid membrane en-
vironment, and structure–activity study on the receptor recognition domain of ATX.

2



Figure 1

O
O

O O

O
OH

O
OCH3

HO

X

H

OH

         Aplysiatoxin       : X = Br
Debromoaplysiatoxin : X = H

1

2
14

13

12

11

18

17

16
15

6

54

3

10

9

8

7

31
27 21

20

19

30 29

28

Figure 1: Structure of aplysiatoxins.
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Figure 2: Activation mechanism of protein kinase C (PKC).
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2 RESULTS AND DISCUSSION

2.1 Conformational search of ATX
ATX is composed of a 14-membered bis-macrolactone ring and a side chain containing an aromatic ring. In
terms of receptor recognition and conformational control, the structure of ATX can be divided into three
regions (Fig. 3):13,14 the recognition domain (RD) at positions 1 and 27-31, the conformation-controlling
unit from position 2 to 11, and the side chain at position 11. RD contains two ester groups and a hy-
droxyl group that could play some roles in the receptor recognition in a manner similar to those of an en-
dogenous second messenger 1,2-diacyl-sn-glycerol (DAG).10 The conformation-controlling unit contains
a [6,6]-spiroketal moiety and is thought to keep RD in its active conformation.10 Therefore, ATX can be
viewed as a conformation-constrained analog of flexible DAG, whereas the direction of ester linkages at
position 27 of ATX and sn-1 position of DAG are opposite. Finally, the side chain may play roles simi-
lar to those of hydrophobic part of naturally-occurring PKC activators such as phorbol esters (Fig. 3) and
teleocidins.11

Figure 3
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Figure 3: Structures and pharmacophoric elements of ATX, DAG, TPA, and bryostatin-1.

Although some protein-ligand docking programs can take into account flexibility of cyclic parts of a
molecule in an indirect way, it may dramatically increase the number of rotatable bonds and computational
complexity. Thus, prior to docking simulation, we performed conformational search for the macrolactone
part of ATX.

Conformational search was carried out using simulated annealing (SA)method to generate 1,000 ge-
ometries. The side chain at position 11 was replaced with an isopropyl group to simplify the calculation.
The CHARMM general force field (CGenFF) was employed to calculate potential energy of the system.
Among the structures generated, 351 out of 1,000 took chair-chair [6,6]-spiroketal conformation as with
the experimental structures in solution and crystal.15 They were classified into six groups (A-F) based on
the lactone ring conformation. Table 1 lists size and average molecular mechanics (MM) energy of each
group. While conformers B and C were identical to RD-I and RD-II conformers calculated by Knust and
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Hoffmann for 3-deoxyaplysiatoxin,13,14 respectively, conformers A, D, E, and Fwere newly identified ones.
Conformer A with the lowest energy was conformationally close to conformer B. Conformational differ-
ence between them was only orientation of the carbonyl group at position 27; the dihedral angle differ-
ence at C9–O9 was approximately 40 degrees (Fig. 4). Although average MM energies for conformers C
and D were within 5 kcal·mol−1 from that of conformer A, the 30-OH group in these conformers formed
intramolecular hydrogen bonding with other parts of the molecule, lowering the potential energy of the
conformers. However, this 30-OH group was predicted to form hydrogen bondings with the PKCδ C1B
domain. Therefore, we considered that binding of conformers C and D to the PKCC1 domain is energeti-
cally unfavorable. Conformers E and F were poor in terms of either group size or energy. Since conformer
B was almost identical to the crystal conformation (Fig. 4), we postulated that conformers A and/or B are
active conformers. To estimate the relative stabilities of and energybarrier between conformersA andB,we
performed density functional theory (DFT) calculations. The molecular geometry optimization of these
conformers and intermediate conformers between them was performed at the ωB97X-D/6-31G∗ level of
theory. Figure 4 shows optimized geometries and relative energies of conformers A andB.Thedifference in
energy between conformers A and B was 0.331 kcal·mol−1, and energy barrier was only 0.602 kcal·mol−1.
The small energy difference and barrier indicate that these conformers readily interconvert with each other
at room temperature and that the orientation of the carbonyl group at position 27 is not restricted to its
local minima, conformers A and B.

Table 1: Conformational analysis of macrocyclic core of ATX
conformer No. in cluster average MM energy (kcal mol−1) relative MM energy (kcal mol−1)

A 57 −127.61 0
B 167 −125.21 2.40
C 63 −123.44 4.17
D 55 −122.75 4.86
E 7 −122.41 5.20
F 1 −104.05 23.56

Figure 4
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2.2 Docking simulation of ATX with PKCδ C1B domain
Since the DFT calculation indicated that the difference in energy between conformers A and B is very
small, we performed docking simulation of the both conformers with a crystal structure of PKCδ C1B
domain (PDB code: 1PTR)16 using the AutoDock17 program (version 4.2.6). The macrolactone ring of
ATXwas treated as rigid, and the other parts of ATX and side chain of Leu-254 of the receptor were treated
as flexible. From two hundred docking results for each conformer, binding modes where 30-OH group of
the ligand forms hydrogen bonds with Thr-242 and Leu-251 of the receptor were selected as valid binding
modes because the 30-OH group of ATX was postulated to play the same role as 20-OH group of phorbol
esters that formed hydrogen bonds with the PKCδ C1B domain in the crystal structure (Fig. 3).16 Three
docking results were selected for both conformers, in all of which the carbonyl group at position 27 formed
a hydrogen bond with the N-H group of Gly-253. This binding mode corresponds to the binding mode of
DAGpredicted byMarquez et al.18 andLi et al.,19 where the sn-1 carbonyl groupofDAG formed ahydrogen
bond with the Gly-253.

2.3 Molecular dynamics simulation of ATX/PKCδ C1B domain com-
plex in phospholipid membrane environment

Next, we carried out molecular dynamics (MD) simulation of ATX/PKCδ C1B domain complex in phos-
pholipidmembrane environment to refine thebindingmodel fromthedocking simulation. Atfirst, ATX/PKCδ
C1B domain complex was inserted into 1-palmitoyl-2-oleoyl-phosphatidylserine (POPS) bilayer mem-
brane, then the system was equilibrated followed by 10 ns of production MD simulation. We chose phos-
phatidylserine (PS) as a lipid component because binding of the PKC ligands to the C1 domains shows
specificity for PS.20 ThePKCδC1B domain and the lipids were described by the charmm36 force field21,22

with modification for zinc-coordinated structures. ATX was described by the CGenFF force filed (ver-
sion 3.0.1), which could reproduce conformational energy landscape of ATX relatively well. During the
10 ns of the production run, rootmean square deviation (RMSD) of backbone atoms of the protein and all
atoms of the ligand from the initial structure remained at values below 2 and 1 Å (Supplemental Fig. S1),
respectively, suggesting adequacy of the stability of the model.

Figure 5 shows an overview of the system (Fig. 5A), interactions between ATX/PKCδ C1B domain
and the phospholipids (Fig. 5B), and the representative binding mode between ATX and the receptor
(Fig. 5C). ATX and the hydrophobic residues forming the binding cleft were located in a hydrophobic
core of the PS membrane and were fully dehydrated (Fig. 5A and 5B).

In the binding model (Fig. 5C), four hydrogen bonds were formed between ATX and δ-C1B: In ad-
dition to three hydrogen bonds observed in the docking simulation, a hydrogen bond between phenolic
20-OH group of ATX and C=O group of Met-239 was observed. This result is consistent with a report
that 20-O-methyldebromoaplysiatoxin was less active in induction ofmouse-ear irritation, induction of or-
nithine decarboxylase (ODC), and the inhibition of specific 12-O-tetradeconylphorbol 13-acetate (TPA)
binding than in debromoaplysiatoxin (DAT).23 The C=O group of Met-239 was also predicted to form a
hydrogen bondwith 9-OH group of bryostatin-1.24 Theaverage distances among these hydrogen-bonding
pairs, 𝑟AH, during the MD simulation are listed in Table 2. These distances can be categorized as mod-
erate (1.5–2.2 Å) and weak (2.2–3.2 Å).25 The standard deviation for these distances suggests that these
hydrogen bonds were stably maintained during the simulation.

During theMDsimulation, two conformations for the side chain at position 11ofATXwere observed,
where dihedral angles for C11–C15were T–T–T–G− or T–G+–T–G+ (T, trans; G, gauche; Fig. 6), though
the hydrogen bond between the 20-OH of ATX and Met-239 was maintained in both conformations.
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Figure 5
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Figure 5: Structures of a ternary complex of POPS membrane/ATX/PKCδ C1B domain obtained from
the MD simulation. (A) Overall structure of the POPS membrane/ATX/PKCδ C1B domain complex in
water after the 10 ns of production run. Protein is depicted in surface; ATX is in spheres colored green
(carbon), red (oxygen), firebrick red (bromine), and white (hydrogen); phosphorous atoms of the lipids
are in spheres (orange); water layer is depicted as surface (blue). (B) Interaction between POPS and
ATX/PKCδ C1B domain complex. ATX is in spheres and POPS are in stick model. The carbon atoms
of POPS from upper and lower leaflet were colored by cyan and slate, respectively. (C) Front views of
structure of ATX/PKCδC1B domain complex. ATX is in the stickmodel. The residues near the ligand are
represented in the stick model colored purple (carbon), red (oxygen), blue (nitrogen), and white (polar
hydrogen) with the labels of their residue names, while other residues are shown only in backbone. Black
dashed lines represent hydrogen bondings.

Table 2: Hydrogen-bonding parameters derived from MD simulation of the
ATX/PKCδ C1B complex

H-bond donors H-bond acceptors 𝑟AH (Å)𝑎

20-OH (ATX) C=O (Met-239) 1.86 (0.16)𝑏

NH (Thr-242) 30-OH (ATX) 2.27 (0.24)
30-OH (ATX) C=O (Leu-251) 1.91 (0.17)
NH (Gly-253) 27-C=O (ATX) 2.29 (0.38)

𝑎 Distance between an acceptor atom and a hydrogen atom.
𝑏 Standard deviations from 1000 trajectories.
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Figure 6
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Figure 6: Two conformations of the side chain at position 11 of ATX during the MD simulation.

2.4 Molecular electrostatic potential calculation of ligand/PKCδ C1B do-
main complex

The MD simulation provided clear insights into the role of the 20-OH, 27-C=O, and 30-OH groups of
ATX in the PKC binding. However, the ester group at position 1 was not involved in any intermolecular
hydrogenbondwith the receptor and its role remained unclear, despite its presence in threemajor classes of
PKC activators: aplysiatoxins, DAG, and bryostatins (Fig. 3). In order to predict the role of the ester group
at position 1, we focused on molecular electrostatic potentials of ATX and the receptor. Electrostatic po-
tential complementarity as well as shape complementarity is a key determinant ofmolecular recognition.26

Figure 7A shows electrostatic potential surface of the PKCδ C1B domain alone or in complex with phor-
bol 13-acetate (PDB code: 1PTR). A ligand binding cleft of the PKCδ C1B domain was characterized by
a marked positive potential of the back wall and the bottom as well as neutral to negative potential of the
left frontal part. As shown in Figure 7B, ATX had an electrostatic potential surface complementary to the
binding cleft. The polarization of the ester group at position 1 of ATX could contribute to this complemen-
tary electrostatic potential. Moreover, we found that phorbol 13-acetate had a potential surface similar to
that of ATX (Fig. 7C), supporting the predicted binding mode of ATX with the PKCδ C1B domain.

2.5 Synthesis and PKC binding of acyclic analogs of the recognition do-
main of ATX

Although the effect of modification of 20-OH and 30-OH groups of ATX on the PKC binding have been
studied previously, the role of the two carbonyl groups in the recognition domain (RD) has not been ex-
perimentally examined. Thus, we examined the role of the carbonyl groups of ATX by employing ester-to-
ethylene (-CH2CH2-) and ester-to-ethermodifications. In order to avoid possible conformational changes
in the macrocyclic ring caused by these modifications, we selected a simple acyclic analog of RD of ATX
(1, Fig. 8) as a reference compound because Kishi et al. reported that the acyclic analog of RD of ATX
was capable of activating PKC.10 The lengths of acyl and alkyl chains were set to C8, which could provide
sufficient hydrophobicity to ligands as exemplified in 1,2-dioctanoyl-sn-glycerol (diC8), a commercially
available synthetic DAG.The carbon numbering of acyclic analogs is based on those of parent compounds.

We synthesized three acyclic analogs (1-3) from known compounds 4, 6, and 8, respectively (Scheme
1), and evaluated their ability to bind to the PKCδC1B domain. In 2, the ester group at position 27was re-
placed with an ethylene group. On the other hand, in 3, the carbonyl group at position 1 was replaced with
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Figure 7
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Figure 7: Molecular electrostatic potential surface representation of the PKCδ C1B domain, ATX, and
phorbol 13-acetate. (A) Crystal structure of the PKCδ C1B domain (PDB code: 1PTR) in complex with
phorbol 13-acetate. (B) ATX in the bound state. (C) Phorbol 13-acetate in the bound state (PDB code:
1PTR). Surfaces with negative, neutral, and positive potentials are shown in red, white, and blue, respec-
tively.
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a methylene group. In 2, we removed both the carbonyl and the sp3 oxygen atoms of the 27-ester group
because the ring-opening of macrocycle would allow a free rotation of a C27-O27 bond, which allows the
sp3 oxygen atom to act as a hydrogen-bonding acceptor in the absence of the carbonyl group. We used the
synthetic PKCδC1B peptide27 (δ-C1B) to precisely evaluate the affinity of ligands for theC1 domain. The
concentration required to cause 50% inhibition (IC50) of [3H]phorbol 12,13-dibutyrate (PDBu)wasmea-
sured using a competitive binding assay.28 Affinity for δ-C1B was expressed as a K i value calculated from
the IC50 value of each ligand and the dissociation constant (Kd) of [3H]PDBu, as reported by Goldstein
and Barrett.29

Scheme 1
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Scheme 1. Syntheses of 1–3. Reagents and conditions: (a) (i) 2,4,6-trichlorobenzoyl chloride, Et3N, n-
octanol, DMAP, toluene; (ii) DDQ, CH2Cl2, H2O, (iii) n-octanoyl chloride, DMAP, Et3N, CH2Cl2, 34%
in three steps; (b) Pd/C,H2, EtOH, 77%; (c) (i) (1-hepthyl)triphenylphosphonium bromide, KHMDS,
THF; (ii) DDQ, CH2Cl2, H2O; (iii) n-octanoic anhydride, DMAP, pyridine, 7% in three steps; (d) Pd/C,
H2, EtOH, 65%; (e) (i) n-octyl bromide, NaH, DMF; (ii) DDQ, CH2Cl2, H2O, 75% in two steps; (f)
(i) SO3·pyridine, Et3N, DMSO, CH2Cl2; (ii) MeMgBr, MgBr2 ⋅ Et2O, CH2Cl2, 52% in two steps; (g) (i)
BnBr, NaH, DMF; (ii)MeI, NaHCO3, MeCN,H2O; (iii) NaClO2, 2-methyl-2-butene, satd NaH2PO4 aq,
t-BuOH, 30% in three steps; (h) n-octanol, 2,4,6-trichlorobenzoyl chloride, Et3N, DMAP, toluene, 50%;
(i) Pd/C, H2, EtOH, 85%.

The affinity of 3 lacking the carbonyl group at position 1 for δ-C1B (K i, 2900 nM)was approximately
eight times lower than that of 1 (K i, 370 nM) (Table 3). On the other hand, 2 lacking the ester group at po-
sition 27 showed little binding to δ-C1B (K i, > 20, 000 nM).These results suggest that the carbonyl group
at position 27 was essential for receptor-recognition and the carbonyl group at position 1 also contribute
to receptor recognition, which are consistent with ATX binding model from the docking simulation, the
MD simulation, and the molecular electrostatic potential calculation.
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Table 3: K i values for inhibition of specific binding of [3H]PDBu by 1–3
compound K i for δ-C1B (nM)

1 370 (280–450)𝑎

2 > 20,000
3 2900 (2300–3500)

𝑎 95% Confidence interval from at least six experiments.

3 Conclusion
In conclusion, the MD simulation of the ternary complex of POPS membrane/ATX/PKCδ C1B domain
suggests that the 20-OH, 27-C=O, and 30-OH groups of ATX are involved in the intermolecular hydrogen
bondings, and that the ester groups at position 1 might contribute to generate molecular electrostatic po-
tential complimentary to that of the receptor rather than hydrogen bonding. The predicted binding mode
of ATX with δ-C1B was consistent with previous structure–activity studies on aplysiatoxins and provided
a deeper understanding of receptor-recognition by ATX. MD simulation in explicit membrane using the
binding model established in this study would be useful for the rational design of ATX derivatives as an
anticancer seed with isozyme selectivity and less side effects.

4 Experimental

4.1 General remarks
Thefollowing spectroscopic andanalytical instrumentswereused: Digital Polarimeter, JascoP-1010(Jasco,
Tokyo, Japan); 1H and 13C, JOEL JNM-ECA 600 (Jeol, Japan, reference TMS); HPLC, JASCO PU-980
IntelligentHPLCpumpwith a JASCOPV-970 IntelligentUV/VISDetector ( JASCO,Tokyo, Japan); HR-
ESI-TOF-MS, Xevo G2-XS (Waters, Tokyo, Japan). HPLC was carried out on a YMC-ODS AM 12S05-
1520WT (YMC, Kyoto, Japan). Wakogel® C-200 and C-300 (silica gel, Wako Pure Chemical Laboratory,
Osaka, Japan) were used for column chromatography. [3H]PDBu (17.16 Ci/mmol) was purchased from
PerkinElmer Life Science Research Products (Boston, MA, US). The PKC C1 peptide was synthesized
as reported previously.27 All other chemicals and reagents were purchased from chemical companies and
used without further purification.

4.2 Molecularmodeling

4.2.1 Conformational search
The structures of ATX was built using Avogadro (version 1.0.3).30 Topology of ATX for MD simulation
was generated via the CGenFF server.31 The simulated annealing was carried out using the GROMACS
software package (version 5.1.2).32 The side chain at C11 was replaced with a isopropyl group. All bonds
were constrained using the LINCS algorithm. The annealing temperature was initially set to 1,500 K and
the temperature was kept constant for 1 ps. The temperature was linearly dropped to 100 K over 1 ps and
then to 0K over 1 ps, and kept at the same temperature for 1 ps. This 5-ps cycle was repeated 1,000 times to
give the conformer library. Conformers with chair-chair spiroketal conformation were selected and classi-
fied into six groups (A-F). Structures of conformers A and B were optimized using the DFTmethod at the
level of ωB97X-D/6-31G∗33 employing Gaussian09.34 The intermediate conformers between conformers
A and Bwere optimized at the level of ωB97X-D/6-31G∗ with a dihedral restraint at C9–O9. The obtained
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geometries were characterized as minimum structures on the basis of their harmonic vibrational frequen-
cies and number of imaginary frequencies.

4.2.2 Docking simulation
(a)Proteinpreparation: Thecrystal structureof thePKCδC1Bdomain/phorbol 13-acetate complex (PDB
code: 1PTR)16 was obtained from the Protein Data Bank. (b) Ligand preparation: The partial atomic
charge of the ligands was calculated with MOPAC201235 using PM6 Hamiltonian. (c) Docking simula-
tions: The docking experiment was performed with AutoDock17 4.2.6 and MGLTools 1.5.7 RC1. Lamar-
ckianGeneticAlgorithmwas employed as the docking algorithm. Adocking gridwas set around the ligand-
binding cleft of the receptor. (d) Docking parameters: Number of Genetic Algorithm (GA) runs: 200,
Population size: 150, Maximum number of evaluation: 25,000,000, Maximum number of generations:
27,000.

4.2.3 MD simulation
Missing side-chains (Lys-234, Arg-273, and Glu-274) were automatically added to the crystal structure of
the PKCδ C1B domain using the Swiss PDB Viewer.36 Glycine residues were added to N- and C-termini.
An initial model of POPS—ATX—PKCδ-C1B ternary complex in rectangle box filled by TIP3P water
were constructed using the CHARMM-GUI37 Bilayer Builder and the PPM Server38 as reproducing the
membrane binding model of the C1 domain calculated by Lomize et al.39 Z-length of simulation box was
determined by water thickness (minimum water height on top and bottom of the system was set to 20 Å),
and initial XY -lengths were set to 61 Å. The net charge on the system was neutralized by adding Na+ ions.
The numbers of lipid molecule in upper and lower leaflets were 64 and 58, respectively. The charmm36
force field21,22 with modification for zinc-coordinated residues and the CGenFF force field were used to
describe the system. Coordinationof cysteine andhistidine residues to zinc ionswas treated as single bonds
with tetrahedral geometry.

All MD simulations were performed using the GROMACS software package32 (version 5.1.2). The
geometry for the system was a rectangular box with periodic boundary conditions. The system was gradu-
ally relaxed according to CHARMM-GUI-generated position and angle restraint conditions to reach equi-
librium (300 K, 1 atm). Then, 40 ns NPT (constant number of atoms, pressure, and temperature) simula-
tion without any position restraint with 2 fs time step was performed. Production NPT simulations were
performed for 10 ns with a 2 fs time step. In NPT simulation, temperature and pressure were regulated
using the Nose–Hoover thermostat algorithm and the Parinello–Rahman barostat algorithm, respectively.
The time constant for the temperature and pressure coupling was kept at 0.5 and 5 ps, respectively. The
pressure was coupled with semi-isotropic schemewith isothermal compressibility of 4.5×10−5 bar−1. The
short-range nonbonded interactions were computed for the atom pairs within the cutoff of 1.2 nm, while
the long-range electrostatic interactions were calculated using particle-mesh-Ewald summation method
with fourth-order cubic interpolation and 0.16 nm grid spacing. All bonds were constrained using the par-
allel LINCS method. The center of mass translations of membrane, ligand/protein, and water/ion were
removed every time step.

4.2.4 Molecular electrostatic potential calculation
Molecular electrostatic potentials of the PKCδC1B domain, ATX, and phorbol 13-acetate were calculated
using the APBS (Adaptive Poisson-Boltzmann Solver) program (version 1.4.2)40 and visualized using Py-
MOL (version 1.7.6; Schrödinger, LLC). Molecular (solvent-excluded) surface was colored by potential
on solvent accessible surface. PQR files required for the calculations were generated from a GROMACS
portable binary run input file (a tpr file).
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4.3 Synthetic procedures

4.3.1 Synthesis of 5
To a solution of a known carboxylic acid (4)41 (192.0 mg, 0.557 mmol) and Et3N (217 μL, 1.56 mmol)
in toluene (10 mL) was added 2,4,6-trichlorobenzoyl chloride (95.8 μL, 0.618 mmol) at rt under an Ar
atmosphere. After 2.5 h of stirring, a supernatant of the resulting suspension was added to a solution of
n-octanol (174 μL, 1.11 mmol) and N,N-dimethyl-4-aminopyridine (DMAP) (204.0 mg, 1.67 mmol) in
toluene (10 mL) at rt. The resulting mixture was stirred for 1.5 h and then poured into water and EtOAc.
Themixture was extractedwith EtOAc (50mL× 3). The combined organic layers were washedwith brine,
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column chromatogra-
phy (silica gel, 8% EtOAc in hexane) to afford a mixture of an octyl ester and a carboxylic acid (257.7 mg)
as a colorless oil, which was taken to the next step without further purification.

To a solution of themixture octyl ester (257.7mg) in CH2Cl2 (30mL) andH2O(4.6mL)was added
DDQ (256.2 mg, 1.13 mmol) at rt under an Ar atmosphere. After 1 h of stirring at rt, the reaction was
quenched with satd NaHCO3 aq. (40 mL). The resulting mixture was extracted with CH2Cl2 (25 mL ×
3). The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. The residue was purified by column chromatography (silica gel, 8–15% EtOAc in hexane) to afford
a mixture of an alcohol and p-anisaldehyde (141.0 mg) as a colorless oil, which was taken to the next step
without further purification.

To a solution of the mixture alcohol (136.0 mg) and Et3N (226 μL, 1.62 mmol) in CH2Cl2 (9 mL)
were added n-octanoyl chloride (206 μL, 1.21 mmol) and DMAP (24.2 mg, 0.202 mmol) at rt under an
Ar atmosphere. The resultingmixture was stirred for 2 h, and then n-octanoyl chloride (68.8 μL) and Et3N
(111 μL) were added. After 30 min of stirring, the reaction was quenched with H2O (30 mL). The result-
ing mixture was extracted with EtOAc (30mL × 3). The combined organic layers were washed with brine,
dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column chromatog-
raphy (silica gel, 2–5–15–30–50–75–100% EtOAc in hexane) to afford an octanoyl ester (92.2 mg) as a
colorless oil.

A solutionof theoctanoyl ester (7.7mg) inMeOHwasfiltered andpurifiedbyHPLC(column: YMC-
AM-ODSAM12S05-2510WT, solvent: 95-100%MeOH/H2O, gradient 30min, flow rate: 8mL/min,UV
detector: 254 nm, retention time: 19.1 min) to afford an octanoyl ester (5) (7.0 mg, 15.1 μmol, 49% in
three steps) as a colorless oil. [α]D −1.2° (c 0.23, CHCl3, 26.4 °C). 1H NMR (600 MHz, 299 K, CDCl3,
9.94 mM): δ 0.88 (6H, m), 1.16 (3H, d, J = 6.4 Hz), 1.21-1.33 (18H, m), 1.60 (4H, m), 2.30 (2H, t, J =
7.6 Hz), 2.61 (1H, dd, J = 15.9, 8.6 Hz), 2.71 (1H, dd, J = 15.9, 4.8 Hz), 3.74 (1H, qd, J = 6.4, 4.0 Hz),
4.02 (2H, t, J = 6.8Hz), 4.52 (1H, d, J = 11.9Hz), 4.62 (1H, d, J = 11.9Hz), 5.39 (1H,m), 7.26-7.35 (5H,
m) ppm. 13C NMR (150 MHz, 299 K, CDCl3, 9.94 M): δ 14.1, 14.1, 14.9, 22.6, 22.6, 25.0, 25.9, 28.6,
28.9, 29.1, 29.2, 29.2, 31.7, 31.8, 34.4, 34.8, 64.9, 71.2, 71.3, 73.8, 127.7, 127.8 (2C), 128.4 (2C), 138.3,
170.8, 173.0 ppm. HR-ESI-MS:m/z = 485.3247 ([MNa]+, calcd for C28H46O5Na, 485.3243).

4.3.2 Synthesis of 1
To a solution of 5 (2.3 mg, 4.97 μmol) in EtOH (900 μL) was added Pd/C (small amount). After 20 h of
stirring at rt under H2 atmosphere, the reaction mixture was filtered, and the filtrate was concentrated in
vacuo. The residue was purified by column chromatography (silica gel, 15% EtOAc in hexane) to afford a
mixture of 1 (1.42 mg, 3.81 μmol, 77%) as a colorless oil. [α]D +9.6° (c 0.071, MeOH, 25.9 °C). 1H NMR
(600 MHz, 296 K, CDCl3, 7.62 mM): δ 0.88 (6H, m), 1.20 (3H, d, J = 6.4 Hz), 1.24-1.34 (18H, m), 1.62
(4H, m), 1.87 (1H, d, J = 7.1 Hz), 2.33 (2H, m), 2.64 (1H, dd, J = 15.8, 7.6 Hz), 2.72 (1H, dd, J = 15.8,
5.6 Hz), 3.93 (1H, m), 4.06 (2H, t, J = 6.8 Hz), 5.16 (1H, m) ppm. 13C NMR (150 MHz, 296 K, CDCl3,
7.62mM): δ 14.1, 14.1, 19.3, 22.6, 22.6, 25.0, 25.9, 28.6, 28.9, 29.1, 29.2, 29.2, 31.7, 31.8, 34.3, 35.8, 65.1,
68.3, 73.3, 170.7, 173.2 ppm. HR-ESI-MS:m/z = 395.2773 ([MNa]+, calcd for C21H40O5Na, 395.2773).
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4.3.3 Synthesis of 7
To a suspension of heptyltriphenylphosphonium bromide (107.7 mg, 0.244 mmol) in THF (1.5 mL) was
added a 0.5 M solution of KHMDS in toluene (390 μL, 0.195 mmol) at −78 °C under an Ar atmosphere.
The resulting mixture was stirred at rt for 40 min. The reaction mixture was recooled to −78 °C, and then
a solution of a known aldehyde (6)42 (40.1 mg, 0.122 mmol) in THF (800 μL) was added. After 18 h of
stirring at rt, the reaction was quenched with H2O (1.5 mL), and then was extracted with EtOAc (6 mL ×
3). The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in
vacuo. The residue was purified by column chromatography (silica gel, 10–20%EtOAc in hexane) to afford
a mixture of an olefin and the by-product (24.0 mg), which was taken to the next step without further
purification.

To a solution of the mixture olefin (24.0 mg) in CH2Cl2 (3.1 mL) and H2O (480 μL) was added
DDQ (19.9 mg, 0.876 mmol) at rt. The reaction mixture was stirred for 3 h, and then DDQ (19.9 mg,
0.876 mmol) was added. After 1 h of stirring, the reaction was quenched with satd NaHCO3 aq. (10 mL).
The resulting mixture was extracted with CH2Cl2 (15 mL × 3). The combined organic layers were washed
with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, 10% EtOAc in hexane) to afford a mixture of an alcohol and p-anisaldehyde
(4.6 mg) as a pale yellow oil, which was taken to the next step without further purification.

To a solution of the mixture alcohol (4.6 mg) in pyridine (300 μL) were added octanoic anhydride
(5.7 μL, 19.2 μmol) and DMAP (small amount) at rt under an Ar atmosphere. After 3 h of stirring, the
reaction was quenched with H2O (300 μL). The resulting mixture was extracted with EtOAc (3 mL × 3).
The combined organic layers were washed with 5% (w/v) NaHCO3 aq. and brine, dried over Na2SO4,
filtered, and concentrated in vacuo. The residue was purified by column chromatography (silica gel, 5%
EtOAc inhexane) to afford anoctanoyl ester as a colorless oil. A solutionof theoctanoyl ester inMeOHwas
filtered and purified byHPLC(column: YMC-AM-ODSAM12S05-2510WT, solvent: 95%MeOH/H2O,
flow rate: 8 mL/min, UV detector: 254 nm, retention time: 26.8 min) to afford an octanoyl ester (7)
(3.6 mg, 8.64 μmol, 7% in three steps) as a colorless oil. [α]D −11.8° (c 0.507, MeOH, 26.8 °C). 1H NMR
(600 MHz, 296 K, CDCl3, 0.0173 M): δ 0.87 (3H, t, J = 7.1 Hz), 0.88 (3H, t, J = 7.0 Hz), 1.16 (3H, d, J
= 6.4 Hz), 1.21-1.36 (16H, m), 1.61 (2H, m), 2.02 (2H, br.q, J = 6.9 Hz), 2.30 (2H, t, J = 7.6 Hz), 2.37
(2H, t, J = 7.2 Hz), 3.64 (1H, m), 4.51 (1H, d, J = 12.0 Hz), 4.63 (1H, d, J = 12.0 Hz), 4.97 (1H, m),
5.28 (1H, m), 5.45 (1H, m), 7.26-7.43 (5H, m) ppm. 13C NMR (150 MHz, 296 K, CDCl3, 0.0173 M): δ
14.1, 14.1, 15.4, 22.6, 22.6, 25.1, 27.4, 27.8, 29.0, 29.0, 29.1, 29.6, 31.7, 31.8, 34.5, 71.2, 74.5, 75.2, 124.3,
127.5, 127.6 (2C), 128.3 (2C), 132.8, 138.6, 173.6 ppm. HR-ESI-MS: m/z = 439.3187 ([MNa]+, calcd
for C27H44O3Na, 439.3188).

4.3.4 Synthesis of 2
To a solution of 7 (3.6 mg, 8.64 μmol) in EtOH (700 μL) was added Pd/C (small amount). After 4 h
of stirring under a H2 atmosphere, the reaction mixture was filtered, and the filtrate was concentrated in
vacuo. The residue was purified by column chromatography (silica gel, 10% EtOAc in hexane) to afford 2
(1.84 mg, 5.60 μmol, 65%) as colorless oil. [α]D +9.6° (c 0.0920, MeOH, 20.2 °C). 1H NMR (600 MHz,
296 K, CDCl3, 0.0184 M): δ 0.88 (6H, m), 1.17 (3H, d, J = 6.4 Hz), 1.22-1.33 (22H, m), 1.59 (2H, m),
1.64 (2H, m), 1.68 (1H, br d, J = 6.9 Hz), 2.35 (2H, t, J = 7.6 Hz), 3.80 (1H, m), 4.78 (1H, dt, J = 7.9,
5.0 Hz) ppm. 13C NMR (150 MHz, 296 K, CDCl3, 0.0184 M): δ 14.1, 14.1, 19.7, 22.6, 22.7, 25.2, 25.3,
29.0, 29.1, 29.3, 29.5 (3C), 30.6, 31.7, 31.9, 34.5, 68.8, 77.5, 173.9 ppm. HR-ESI-MS: m/z = 351.2862
([MNa]+, calcd for C20H40O3Na, 351.2852).
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4.3.5 Synthesis of 9
To a suspension of 60% NaH in oil (382.0 mg, 9.55 mmol) in DMF (10 mL) was added a solution of
a known alcohol (8)41 (1201.3 mg, 3.82 mmol) in DMF (24 mL). After 30 min of stirring at 0 °C, 1-
bromooctane (1.3 mL, 7.6 mmol) was added dropwise. The mixture was stirred for 30 min, and then
warmed to rt. After 3.5 h of stirring, the reaction was quenched with H2O (25 mL), and the resulting
mixture was diluted with EtOAc (25 mL). The organic layer was separated, and the aqueous layer was
extracted with EtOAc (50 mL × 3). The combined organic layers were washed with brine, dried over
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column chromatography (silica
gel, 7% EtOAc in hexane) to afford a mixture of an octyl ether and an alcohol (1,477mg) as a colorless oil,
which was taken to the next step without further purification.

To a solution of the mixture octyl ether (1,307 mg) in CH2Cl2 (162 mL) and H2O (24.8 mL) was
added DDQ (1.4 g, 6.1 mmol) at rt. After 1.5 h of stirring, the reaction was quenched with satd NaHCO3
aq. (160 mL). The resulting mixture was extracted with CH2Cl2 (150 mL × 3). The combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was pu-
rified by column chromatography (silica gel, 15–30%EtOAc in hexane) to afford an alcohol (9) (778.8mg,
2.54 mmol, 75% in two steps) as a colorless oil. [α]D −3.6° (c 1.00, CHCl3, 26.1 °C). 1HNMR (600MHz,
300 K, CDCl3, 0.0568 M): δ 0.88 (3H, t, J = 7.0 Hz), 1.27-1.39 (10H, m), 1.54-1.61 (2H, m), 1.83-1.94
(3H,m), 2.05 (1H,m), 2.12 (1H,m), 2.81-2.95 (4H,m), 3.47-3.57 (3H,m), 3.64-3.68 (1H,m), 3.75 (1H,
dt, J = 11.4, 4.2 Hz), 4.14 (1H, m) ppm. 13C NMR (150 MHz, 300 K, CDCl3, 0.0568 M): δ 14.1, 22.7,
25.9, 26.2, 29.3, 29.4, 30.1 (2C), 30.4, 31.9, 37.2, 43.8, 63.9, 70.1, 76.2 ppm. HR-ESI-MS:m/z =329.1580
([MNa]+, calcd for C15H30O2NaS2, 329.1585).

4.3.6 Synthesis of 10
To a solution of 9 (178.6 mg, 0.583 mmol) in CH2Cl2 (2.4 mL) and DMSO (611 μL) were added Et3N
(568 μL, 4.08mmol) and SO3·pyridine (370.8mg, 2.33mmol) at 0 °C. After 2.5 h of stirring at rt, the reac-
tion was quenchedwith satdNH4Cl aq. (5mL).The resultingmixture was extracted with CH2Cl2 (10mL
× 3). The combined organic layers were washed with brine, dried over Na2SO4, filtered, and concentrated
in vacuo. The residue was purified by column chromatography (silica gel, 7–10% EtOAc in hexane) to af-
ford a mixture of an aldehyde and the by-product (120.1 mg) as a pale yellow oil, which was taken to the
next step without further purification.

Toa solutionof themixture aldehyde (12.1mg) inCH2Cl2 (300μL)was addedMgBr2 ⋅ Et2O(12.3mg,
47.6 μmol) at −78 °C. The mixture was stirred for 1 h, and then 3 M CH3MgBr in diethyl ether (199 μL,
59.6 μmol) was added dropwise at −78 °C. After 1.5 h of stirring, the reaction was quenched with satd
NH4Cl aq. (2mL).The resultingmixture was extracted with CH2Cl2 (10mL × 3). The combined organic
layers were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was
purified by column chromatography (silica gel, 15% EtOAc in hexane) to afford an alcohol (10) (9.9 mg,
30.9 μmol, 52% in two steps) as a pale yellowoil. [α]D +1.9° (c 0.97, CHCl3, 26.3 °C). 1HNMR(600MHz,
298 K, CDCl3, 0.0618 M): δ 0.88 (3H, t, J = 7.1 Hz), 1.20 (3H, d, J = 6.4 Hz), 1.25-1.40 (10H, m), 1.55-
1.61 (2H,m), 1.84-1.90 (1H,m), 1.90-1.96 (2H,m), 2.09-2.26 (1H,m), 2.22 (1H, d, J =5.0Hz), 2.78-2.95
(4H, m), 3.38 (1H, dd, J = 12.0, 5.5 Hz), 3.54 (1H, dt, J = 9.1, 6.6 Hz), 3.66 (1H, m), 3.71 (1H, m), 4.15
(1H, J = 7.3Hz) ppm. 13CNMR(150MHz, 298K,CDCl3, 0.0618M): δ 14.1, 19.3, 22.7, 25.9, 26.2, 29.3,
29.5, 30.2, 30.3, 30.5, 31.8, 37.2, 43.9, 69.4, 71.8, 80.3 ppm. HR-ESI-MS:m/z =343.1733 ([MNa]+, calcd
for C16H32O2NaS2, 343.1741).

4.3.7 Synthesis of 11
To a suspension of 60% NaH in oil (103.2 mg, 2.58 mmol) in DMF (5 mL) was added a solution of 10
(413.5 mg, 1.29 mmol) in DMF (10 mL) at 0 °C. After 30 min of stirring, BnBr (230 μL, 1.94 mmol)
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was added dropwise. The reaction mixture was stirred for 30 min, and then warmed to rt. After 4 h of
stirring, the reaction was quenched with satd NH4Cl aq. (12 mL). The resulting mixture was extracted
with EtOAc (20 mL × 3). The combined mixture was washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel, 2–10–15% EtOAc
in hexane) to afford a mixture of a benzyl ether and a reagent (252.0 mg) as a colorless oil and a recovered
substrate (235.1 mg, 0.733 mmol, 57%). The benzyl ether mixture was taken to the next step without
further purification.

To a solution of the mixture benzyl ether (235.1 mg) in CH3CN (5.3 mL) and H2O (1.3 mL) were
added NaHCO3 (142 mg, 1.69 mmol) and CH3I (1.4 mL, 22.5 mmol) at rt. After 18 h of stirring, the
reaction mixture was extracted with EtOAc (10 mL × 3). The combined organic layers were washed with
brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column chro-
matography (silica gel, 5–15% EtOAc in hexane) to afford a mixture of an aldehyde and the by-product
(149.0 mg) as a colorless oil, which was taken to the next step without purification.

To a solution of the mixture of the aldehyde (117.6 mg) in t-BuOH (2.9 mL) and satd NaH2PO4
aq. (1.5 mL) was added a solution of 2-methyl-2-butene (276 μL) and NaClO2 (66.2 mg, 0.512 mmol) in
satd NaH2PO4 aq. (1.4 mL) at 0 °C. After 10 min of stirring, the reaction was quenched with 5% H3PO4
aq. (7 mL). The resulting mixture was extracted with EtOAc (7 mL × 3). The combined organic layers
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was purified
by column chromatography (silica gel, 100% CHCl3) to afford a carboxylic acid (11) (121.7 mg, 0.367
mmol, 30% in three steps) as a colorless oil. [α]D −0.4° (c 0.67, CHCl3, 26.4 °C). 1H NMR (600 MHz,
300 K, CDCl3, 0.0297 M): δ 0.88 (3H, m), 1.17 (3H, d, J = 6.4 Hz), 1.21-1.30 (10H, m), 1.52 (2H, m),
2.49 (1H, dd, J = 15.8, 8.1 Hz), 2.68 (1H, dd, J = 15.8, 4.3 Hz), 3.52 (2H, t, J = 6.6 Hz), 3.70 (1H, m),
3.84 (1H, m), 4.51 (1H, d, J = 11.9 Hz), 4.61 (1H, d, J = 11.9 Hz), 7.26-7.35 (5H, m) ppm. 13C NMR
(150MHz, 300 K, CDCl3, 0.0297M): δ 14.1, 14.4, 22.7, 26.1, 29.3, 29.4, 30.0, 31.8, 35.1, 71.1, 71.2, 74.6,
77.7, 127.6, 127.7 (2C), 128.4 (2C), 138.4, 176.3 ppm. HR-ESI-MS:m/z = 359.2190 ([MNa]+, calcd for
C20H32O4Na, 359.2198).

4.3.8 Synthesis of 12
To a solution of 11 (57.2 mg, 0.170mmol) and Et3N (66.3 μL, 0.476mmol) in toluene (3 mL) was added
2,4,6-trichlorobenzoyl chloride (29.1 μL, 0.187 mmol) at rt. After 2.5 h of stirring, a supernatant of the
resulting suspension was added to a solution of n-octanol (53.3 μL, 0.34 mmol) and DMAP (62.3 mg,
0.51 mmol) in toluene (10 mL) at rt. The resulting mixture was stirred for 1.5 h and then poured into
water and EtOAc. The mixture was extracted with EtOAc (15 mL × 3). The combined organic layers
were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue was pu-
rified by column chromatography (silica gel, 3% EtOAc in hexane) to afford a mixture of an octyl ester
and 2,4,6-trichlorobenzoic acid. The mixture was further purified by column chromatography (silica gel,
1–2% EtOAc in hexane) to afford amixture of the ester and the carboxylic acid (85.8 mg), and a pure ester
(44.1mg) as a colorless oil, respectively. A pure portion of the ester (11.0mg) was purified byHPLC (col-
umn: YMC-AM-ODS 12S05-2510WT, solvent: a linear gradient of 95–100% MeOH/H2O over 30 min,
flow rate: 8 mL/min, UV detector: 254 nm, retention time: 22.5 min) to afford an octanoyl ester (12)
(9.6 mg, 21.3 μmol, 50%) as a colorless oil. [α]D +1.2° (c 0.37, CHCl3, 26.6 °C). 1H NMR (600 MHz,
300 K, CDCl3, 0.0165 M): δ 0.88 (6H, m), 1.16 (3H, d, J = 6.4 Hz), 1.22-1.36 (20H, m), 1.50 (2H, m),
1.61 (2H,m), 2.45 (1H, dd, J = 15.5, 8.8 Hz), 2.59 (1H, dd, J = 15.5, 4.1 Hz), 3.49 (2H,m), 3.68 (1H,m),
3.88 (1H, quint, J = 4.3 Hz), 4.05 (2H, m), 4.52 (1H, d, J = 11.8 Hz), 4.66 (1H, d, J = 11.8 Hz), 7.26-7.33
(5H, m) ppm. 13C NMR (150 MHz, 300 K, CDCl3, 0.0165 M): δ 14.1 (2C), 14.5, 22.7 (2C), 26.0, 26.1,
28.7, 29.2, 29.3, 29.3, 29.5, 30.1, 31.8, 31.9, 35.6, 64.7, 71.1, 71.2, 74.8, 78.0, 127.5, 127.7 (2C), 128.3
(2C), 138.7, 172.4 ppm. HR-ESI-MS:m/z = 471.3454 ([MNa]+, calcd for C28H48O4Na, 471.3450).
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4.3.9 Synthesis of 3
To a solution of 12 (13.3 mg, 29.6 μmol) in EtOH (1.5 mL) was added Pd/C (1.3 mg) at rt. After 21 h
of stirring under a H2 atmosphere, the reaction mixture was filtered. The filtrate was purified by column
chromatography (silica gel, 5–8% EtOAc in hexane) to afford 3 (9.04 mg, 25.2 μmol, 85%) as a colorless
oil. [α]D +4.9° (c 0.452, MeOH, 19.4 °C) 1H NMR (600 MHz, 295 K, CDCl3, 0.0428 M): δ 0.88 (6H, t,
J = 7.0 Hz), 1.20 (3H, d, J = 6.4 Hz), 1.26-1.35 (20H, m), 1.51-1.66 (4H, m), 2.35 (1H, s), 2.51 (1H, dd,
J = 15.5, 6.4 Hz), 2.55 (1H, dd, J = 15.6, 5.5 Hz), 3.46 (1H, dt, J = 9.0, 6.7 Hz), 3.55 (1H, m), 3.61 (1H,
m), 3.72 (1H, quintet, J = 6.0 Hz), 4.09 (2H, m) ppm. 13CNMR (150MHz, 295 K, CDCl3, 0.0428M): δ
14.1 (2C), 18.9, 22.6 (2C), 25.9, 26.1, 28.6, 29.2, 29.2, 29.3, 29.4, 30.1, 31.8, 31.8, 36.5, 64.9, 69.4, 71.2,
80.4, 171.8 ppm. HR-ESI-MS:m/z = 381.2980 ([MNa]+, calcd for C21H42O4Na, 381.2981).

4.4 Inhibition of Specific Binding of [3H]PDBu to the PKCδC1BPeptide
Thebinding of [3H]PDBu to the PKCδC1B peptide was evaluated by the procedure of Sharkey and Blum-
berg28 with modifications as reported previously43 using 50 mM Tris-maleate buffer (pH 7.4 at 4 °C),
13.8 nM PKCδ C1B peptide, 5 (for 2 and 3) or 20 (for 1) nM [3H]PDBu (17.16 Ci/mmol, Perkin–
ElmerLife Science), 50 μg/mL1,2-dioleoyl-sn-glycero-3-phospho-l-serine (Funakoshi), 3mg/mLbovine
γ-globulin (Sigma), and various concentrations of inhibitors. Binding affinity was evaluated on the basis
of the concentration required to cause 50% inhibition of the specific binding of [3H]PDBu, IC50, which
was calculated by logit analysis using Microsoft Excel. When the inhibition rate of specific binding of
[3H]PDBudid not fall below50%, IC50was extrapolated from regression line. Thebinding inhibition con-
stant,K i, was calculated by the formula ofGoldstein andBarrett,29 𝐾i = IC50/(2[L50]/[L0]−1+[L50]/𝐾d),
where [L50] and [L0] are the free concentration of [3H]PDBu at 50% and 0% inhibition, respectively. Al-
though we used PKCδ C1B peptide in 13.8 nM, the concentration of the properly folded peptide was esti-
mated to be about 3–4 nMon the base of Bmax value of Scatchard analysis reported previously.43 Therefore,
the concentration of free PDBu did not markedly vary over the dose-response curve.
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