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ABSTRACT
A simplified analog (3) of aplysiatoxin was synthesized. Compound 3 has only one tetrahydropyran ring
at positions 3–7, the A ring of the spiroketal moiety, which is the conformation-controlling unit for the
macrolactone ring. Nuclear magnetic resonance (NMR) analysis and density functional theory (DFT)
calculations indicated that 3 existed as an equilibriummixture of two conformers arising from inversion of
the chair conformation of the 2,6-trans-tetrahydropyran ring. The des-B-ring analog 3 binds protein kinase
C isozymes and exhibits antiproliferative activity toward human cancer cell lines, comparable to 18-deoxy-
aplog-1 with a spiroketal moiety.

1 INTRODUCTION
Protein kinase C (PKC), a family of serine/threonine kinases,1 plays an essential role in intracellular sig-
naling related to cell proliferation, differentiation, and apoptosis, and is a potential target for the treatment
of intractable diseases such as cancer,2 Alzheimer’s disease,3 and acquired immunodeficiency syndrome
(AIDS).4 At least ten PKC isozymes are present in humans. These isozymes are classified into three groups
based on their biological and structural properties: conventional PKCs (cPKCs: α, βI, βII, and γ), novel
PKCs (δ, ε, η, and θ), and atypical PKCs (aPKCs: ζ and λ/ι).5 1,2-Diacyl-sn-glycerol (DAG), an endoge-
nous secondmessenger, and tumor promoters such as 12-O-tetradecanoylphorbol 13-acetate (TPA), bind
to the C1 domains (C1A and C1B) in the N-terminal regulatory region in cPKCs and nPKCs and activate
these isozymes.6 Activation of PKCs by tumor promoters is followed by degradation7,8 and loss of cellular
PKC proteins.9,10 Despite being the primary targets of tumor promoters, several studies using genetically
modified animalmodels showed that PKC isozymes act as tumor suppressors in the chemical carcinogene-
sis of skin.11–15 Furthermore, a recent study showed that loss-of-functionmutations occur in PKCs inmany
cancer cells.16 Therefore, PKC activators that selectively activate only a subset of PKC isozymes without
causing complete downregulation of entire enzymes are promising candidates for developing clinical drugs
that do not exhibit undesirable effects, e.g., inflammation and tumor promotion.

Naturally occurring PKC ligands, including DAG and TPA, do not exhibit isozyme selectivity.17,18

Notably, several groups have reported synthetic ligands with moderate isozyme selectivity. For example,
Cooke et al. developed AJH-836, a DAG-lactone that binds to PKCδ and ε ten times more strongly than
PKCαandβII.19Ourgroupalsodeveloped1-hexyl-indolactam-V10, a ring-expanding analogof indolactam-
V, which showed approximately 450-fold binding selectivity for the PKCδ-C1B domain over the PKCα-
C1A domain.20

We recently developed a series of simplified analogs (Figure 1) of aplysiatoxin,21–25 a marine cyan-
otoxin isolated from the sea hare Stylocheilus longicauda.26 The10-methyl-aplog-1 exhibited potent antipro-
liferative activity comparable to that of debromoaplysiatoxin toward cancer cell lines, but exhibited neither
tumor-promoting nor proinflammatory activity.23 Therefore, the 10-methyl-aplog-1 has potential as a new
anticancer lead compound. Although aplysiatoxin and debromoaplysiatoxin do not selectively bind the
PKC isozyme,22,23 the 10-methyl-aplog-1 shows a certain degree of nPKC selectivity.23,24 However, the
structural factors affecting the selectivity for PKC isozymes remain unclear.

The structure of 10-methyl-aplog-1 can be divided into three regions based on the function of each
region: the receptor-recognition domain at positions 1 and 25–28, the side chain at position 11, and the
conformation-controlling unit at positions 2–11.27,28 Most structural modifications on the side chain do
not result in significant changes in the selectivity for PKC isozymes.22,29, 30 On the other hand, structural
modification of the spiroketal moiety in the conformation-controlling unit, which forces the conformation
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of the receptor-recognition domain into the active form, affects the selectivity for PKC isozymes. For ex-
ample, an acetal analog (1, Figure 1) with an oxygen atom at position 4 instead of a carbon atom and the
corresponding C3-epimer (3-epi-1, Figure 1) exhibited three- and two-fold lower selectivity for nPKCs
over cPKCs than 10-methyl-aplog-1, respectively.31 In addition, the des-A-ring analog (2, Figure 1) ex-
hibited no selectivity for nPKCs.25 Therefore, we assumed that appropriate structural modifications of the
spiroketal moiety could enable the development of an analog with higher selectivity for PKC isozymes.

In this study, to elucidate the effect of B ring removal on the conformation and biological activity, a
des-B-ring analog (3) of 18-deoxy-aplog-122 was synthesized. Conformational analysis of 3 andmolecular
dynamics (MD) simulation of 3 bound to the PKCδ-C1B domain were undertaken, and the PKC-binding
ability and antiproliferative activity toward human cancer cell lines were evaluated.
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Figure 1: Structures of aplysiatoxins and corresponding simplified analogs.

2 RESULTS AND DISCUSSION

2.1 Synthesis of des-B-ring analog (3)
Retrosynthetic analysis of3 led to a convergent synthetic route from three known intermediates: carboxylic
acid 5,32 dithiane 8,21 and epoxide 933 via key intermediate 4 (Scheme 1). Themacrolactone core of 3was
planned to be constructed by Yamaguchi esterification34 of the intermediate 4 and known carboxylic acid
5, followed by macrolactonization. The 2,6-trans-tetrahydropyran motif in 3 and 4 is found in biologically
active natural products such as leucascandrolide A, aspergillide B, phorboxazoles, and psymberin.35 How-
ever, the asymmetric synthesis of 2,6-trans-tetrahydropyran remains a significant challenge due to its lower
thermodynamic stability than 2,6-cis-tetrahydropyran. Oxy-Michael reaction and nucleophilic addition to
cyclic hemiacetals via an oxocarbenium ion are often utilized to form 2,6-trans-tetrahydropyran,35,36 but
the steric control often requires asymmetric catalysts or neighboring group effect. In this study, we chose
intramolecularWilliamson ether synthesis withmonomesylate 6 as a reliable and stereoselective construc-
tion of 2,6-trans-tetrahydropyran. A dithiane 7, the precursor of 6, can be derived from known intermedi-
ates, dithiane 8 and epoxide 9, via dithiane coupling.
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Scheme 1. Retrosynthetic analysis of 3.

The synthesis of carboxylic acid 5 started with the coupling of benzyl (R)-(−)-glycidyl ether and
vinylmagnesium bromide to give the known alcohol 1037 (Scheme 2). The secondary hydroxy group of
10was protected as tert-butyldimethylsilyl (TBS) ether to give a known olefin 11,38 followed by oxidative
cleavage of the olefin to give 5.

The synthesis of epoxide 9 commenced with the coupling of benzyl (R)-(−)-glycidyl ether and 5-
phenyl-1-pentyne to give alkyne 12 (Scheme 2), followed by simultaneous deprotection of the benzyl
group and reduction of the alkyne via catalytic hydrogenation to give diol 13. Regioselective sulfonation
of the primary hydroxy group of 13 using 2,4,6-triisopropylbenzenesulfonyl chloride (TPS-Cl) afforded
sulfonate 14, which was treated with NaH to give 9 via intramolecular epoxidation.

The coupling of 9 with dithiane 8 afforded dithiane 7 (Scheme 3). Deprotection of the 1,3-dithiane
group in the presence of iodine gave β-hydroxy ketone 15, followed by stereoselective reduction of the keto
group using the Saksena–Evans protocol39 to provide the 1,3-diol 16. The 1,3-diol group of 16 was pro-
tected as an acetonide to give 17, followed by deprotection of the triisopropylsilyl (TIPS) groupwith tetra-
butylammonium fluoride to give alcohol 18, which was converted to aldehyde 19 by Swern oxidation.40

The allyl group was stereoselectively installed into 19 by Keck asymmetric allylation41 to give homoallylic
alcohol20 (>90% de). Mesylation of the hydroxy groupof20withmethanesulfonyl chloride gavemesylate
21, and acid hydrolysis of the acetonide group in 21 gave monomesylate 6.

A2,6-trans-tetrahydropyran ringwas stereoselectively constructedby intramolecularWilliamsonether
synthesis to afford alcohol 4 without byproducts such as the eight-membered cyclic ether, and a homod-
imer was generated. Nuclear Overhauser effect (NOE) correlations between H-8 and H-23/24, and be-
tweenH-4andH-9αwereobserved in a two-dimensional nuclearOverhauser effect spectroscopy (NOESY)
NMR experiment in CDCl3 (see Scheme 3 and Supplementary material), suggesting trans-configuration
of the substituents at positions 4 and 8 in the tetrahydropyran ring of 4.

The condensation of 4 with carboxylic acid 5 was achieved using Yamaguchi esterification to give 22
(Scheme 4). TheTBS group of 22was then deprotected usingHF-pyridine, followed by oxidative cleavage
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Reagents and conditions: (a) vinylmagnesium bromide, CuI, THF, 87%; (b) tert-butyldimethylsilyl chlo-
ride, imidazole, DMF, 94%; (c) NaIO4, KMnO4, t-BuOH, pH 7.2 phosphate buffer, 67%; (d) n-BuLi,
BF3 ⋅ Et2O, THF, 97%; (e) H2, 10% Pd/C, EtOH, 77%; (f) 2,4,6-triisopropylbenzenesulfonyl chloride,
pyridine, 82%; (g) NaH, THF, 92%.

of an olefin to give carboxylic acid 24. Yamaguchi macrolactonization of 24 afforded lactone 25 in 69%
yield, without generating a dimer. Finally, deprotection of the benzyl group via catalytic hydrogenation
gave 3 in a 19-step longest linear sequence from benzyl (R)-(−)-glycidyl ether and 5-phenyl-1-pentyne,
with an overall yield of 5.2%.

2.2 NMR and conformational analyses of 3
1HNMR analysis of 3 showed significant broadening of the peaks of H-2α andH-7, whereas the C-2, C-4,
C-7, C-8, andC-23 peaks were broadened in the 13CNMRprofile (Supplementarymaterial). These atoms
are located in the 2,6-trans-tetrahydropyran ring (ring A) or in substituents on the ring. This peak broaden-
ing suggests that 3 exists in relatively fast equilibrium betweenmultiple conformers, arising from inversion
of the chair conformation of the 2,6-trans-tetrahydropyran ring. Using the simulated annealing method to
generate possible conformers, a conformational search was performed to predict the stable conformers of
3; two conformers (A and B) were selected, consistent with the NMR data.

Figure 2 shows the three-dimensional structure of the predicted conformers of A and B. The tetrahy-
dropyran ring of conformer A had the same chair conformation as 18-deoxy-aplog-122 and natural aplysia-
toxins,42,43 wherein the substituents at positions 3 and 7 were in the equatorial and axial positions, respec-
tively. In contrast, the tetrahydropyran ring of conformer B had an inverted chair conformation, wherein
the substituents at positions 3 and 7 were in axial and equatorial positions, respectively. TheNOESY spec-
trum of 3 in CDCl3 showed correlations between H-3 and H-8α and between H-7 and H-22/23 (Figure
2B and Supplementary material), indicating the presence of conformer A. The relative stability of the two
conformerswas compared usingmolecular geometry optimization and vibrational calculations at theM06-
2X/aug-cc-pVTZ level of theory.44,45 The difference in the Gibbs free energy of conformers A and B at
that level of theory was only 0.275 kcal mol−1, supporting the existence of 3 as an equilibrium mixture
of conformers A and B. Compound 3 was subjected to variable-temperature NMR measurements (Sup-
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plementary material). At lower temperatures (273 and 253 K), the 1H and 13C peaks that broadened at
room temperature (294 K) displayed further broadening. In contrast, these peaks became sharper with
increasing temperature (318 and 313 K). These changes in the peak broadening suggest that 3 existed as
an equilibrium mixture of the two conformers.

Figure 2C shows the superposition of the 18-deoxy-aplog-1 with conformers A and B. Even though
conformer A of 3 lacks the B ring, the orientations of the two carbonyl groups in the receptor-recognition
domain and the conformations of the A ring andmacrolactone ring were very similar to those of 18-deoxy-
aplog-1, indicating that it is possible to control the conformations of the receptor-recognition domain and
macrolactone core, even with only the A ring. However, the spatial arrangement of the A ring and the ori-
entation of the 1-carbonyl group of conformer B differed from those of 18-deoxy-aplog-1 due to inversion
of the A ring (Figure 2C).

2.3 Binding ability of 3 for C1 domain of PKC isozymes
PKCα of cPKC and PKCδ of nPKC are ubiquitous isozymes and are involved in the cell-line specific an-
tiproliferative activity of PKC ligands.46 Thus, the selectivity of 3 for binding to the novel PKC was eval-
uated by examining the binding affinity for PKCα and PKCδ. Synthetic PKCα-C1A and PKCδ-C1B pep-
tides47 wereused for the competitive binding assaybecause theC1Adomainof cPKCs and theC1Bdomain
of nPKCs are the main binding sites for PKC ligands.48–51

The half-maximal inhibitory concentration (IC50) of [3H]phorbol 12,13-dibutylate (PDBu) was de-
termined using the procedure established by Sharkey and Blumberg.52 The ability of 3 to bind the C1
peptides is expressed as the binding inhibition constant (K i), calculated from the IC50 value and the dis-
sociation constant (Kd) of [3H]PDBu using the formula of Goldstein and Barrett.53

The K i values of 18-deoxy-aplog-1, 2, and 3 for α-C1A and δ-C1B are listed in Table 1. Compound
3 exhibited affinity for α-C1A (K i = 88 nM), comparable to that of 18-deoxy-aplog-1 (K i = 120 nM). In
contrast, the affinity of 3 for δ-C1B (K i = 17 nM) was approximately two times weaker than that of 18-
deoxy-aplog-1 (K i = 9.8 nM). Given that the binding affinity of the des-A-ring-analog (2) for δ-C1B was
ten-fold weaker than that of 18-deoxy-aplog-1, the A ring of the spiroketal moiety, rather than the B ring,
might be strongly involved in the bindingof δ-C1B.Thehighermolecular hydrophobicity of3 (CLogP, 4.4)
compared to that of 2 (CLogP, 3.1) may also affect its selectivity for δ-C1B given that 18-deoxy-aplog-1
exhibited slightly higher selectivity for δ-C1B than aplog-1.22 Because 3 is an equilibrium mixture of the
two conformers (Figure 2A), the binding ability of each conformer was predicted using MD simulations.

Table 1: K i values for the inhibition of [3H]PDBu binding by 18-deoxy-Aplog-1, 1, 2,
4, and 18.

K i (nM)
PKC C1 peptides 18-Deoxy-aplog-1a 2b 3
α-C1A 120 100 88c (80–95)d

δ-C1B 9.8 130 17c (12–23)d

Ratio (α-C1A/δ-C1B) 12 0.8 5.2
ClogPe 2.9 3.1 4.4

a Data from Ref. 22. b Data from Ref. 25. c Mean values from two independent experiments (triplicate for
each ligand concentration). d 95% confidence intervals. e Calculated using ChemDraw 20.0.
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of 18-deoxy-aplog-1 (cyan) with conformers A or B (yellow).
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2.4 Docking simulation andMD simulation of 3 with PKCδ-C1B domain
Of the two conformers of3, the spatial arrangement of theA-ring of conformerB significantly differed from
that of 18-deoxy-aplog-1, and the orientation of the carbonyl group at position 1 was also slightly differ-
ent (Figure 2C). Therefore, the binding mode of each of these conformers was predicted by docking and
MD simulations of themembrane-embedded PKCδ-C1B domain in the complex with the two conformers
of 3. The initial structures of the 3/PKCδ-C1B complex were created using the AutoDock program (ver-
sion 4.2.6)54 following a previously reported procedure,30 and these structures were then embedded in a 1-
palmitoyl-2-oleoylphosphatidylserine (POPS)bilayermembrane, whichwas used as a phosphatidylserine-
rich plasma membrane model, using the CHARMM-GUI server55 and the PPM server.56 After MD sim-
ulation using the GROMACS program (version 2021.3),57 the end-point binding free energy of the pro-
tein/ligand complex was calculated using themolecular mechanics Poisson-Boltzmann surface area (MM-
PBSA) method. The cytosol-to-membrane transfer free energy (∆G°transfer) of the protein/ligand com-
plex was calculated using the PPM server based on the Orientations of Proteins in Membrane (OPM)
database.58 Because theMM-PBSAcalculationprovides thebinding free energy in aqueous solution (∆EMM-PBSA),
thebinding free energies in thepresenceof phospholipids (∆G°bind)were calculated as the sumof∆EMM-PBSA
and ∆G°transfer .

Figure 3: Predicted binding modes of conformer A (left) and conformer B (right) of 3 with the PKCδ-
C1B domain. Each conformer is depicted as a stick model colored cyan (carbon), red (oxygen), and white
(hydrogen). The main chain of the PKCδ-C1B domain is depicted as a cartoon and stick model colored
green (carbon), red (oxygen), blue (nitrogen), and white (hydrogen). The side chains are depicted as a
stick model. Yellow dashed lines represent hydrogen bonds.

Figure 3 shows a representative snapshot of the docking simulation of conformers A (left) and B
(right). In these models, the carbonyl group at position 25 of both conformers formed hydrogen bonds
with Gly-253, and the hydroxy group at position 27 was H-bonded to Thr-242 and Leu-251. The flexible
phenylhexyl side chain at position 9 did not form a specific interaction with the protein, but were mainly
involved in the interaction with the hydrophobic membrane.

Table 2 lists the predicted ∆G°bind values of conformers A and B. The predicted ∆G°bind of conformer
A, similar to that of the 18-deoxy-aplog-1 conformation, was 2.0 kcal mol−1 lower than that of conformer
B. Thus, the simulation indicated that conformer A has higher affinity for the PKCδ-C1B domain than
conformer B. Figure 4 shows the energy decomposition per residue for van der Waals and electrostatic
terms. Although there was no significant difference between conformers A and B in the electrostatic terms
with hydrogen-bond forming residues (Thr-242, Leu-251, and Gly-253), the electrostatic term between
the conformer A and Ser-240 was 0.943 kcal mol−1 lower than that of conformer B. This weaker electro-
static interaction between conformer B and Ser-240 can be attributed to the steric hindrance between the
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Table 2: Predicted ∆EMM-PBSA, ∆G°transfer , and ∆G°bind values of conformers A and B of
3 for the PKCδ-C1B

∆EMM-PBSA (A) ∆G°transfer (B)
b ∆G°bind (A+B)

Conformer A −9.4245 (1.0246)a −12.36 (0.3)a −21.8 (1.1) (kcal mol−1)
Conformer B −6.1754 (1.0298)a −13.67 (0.3)a −19.8 (1.1) (kcal mol−1)

a Standard error of the mean: 𝑛 = 1000 for A and 𝑛 = 25 for B. b Calculated using PPM server and
program.58

dimethyltetrahydropyranmoiety in conformer B and the binding cleft-forming loop, whichwould distance
the 1-carbonyl group of conformer B from Ser-240.
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conformer A or B and PKCδ C1B domain per residue. Values for residues that form ligand-binding cleft
are shown.

2.5 Antiproliferative activity of 3
Theantiproliferative activity of3was evaluated using growth inhibition tests for a panel of 39 human cancer
cell lines established by Yamori and colleagues.59 Figure 5 shows the growth inhibition profiles and MG-
MID (the mean log GI50 value for all 39 cell lines) values of 18-deoxy-aplog-1, 2, and 3. The GI50 values
(the concentration required to inhibit cell growth by 50% compared to the untreated control) for all 39
human cancer cell lines were reported in the Supplementary material.
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Thedes-B-ring analog3 exhibited significant cytotoxicity (logGI50 < −5) toward ten (HBC-4,MDA-
MB-231, SF-295, HCC2998, NCI-H460, A549, DMS273, OVCAR-5, ST-4, and MKN45) of the 39 cell
lines. The efficacy profiles of 18-deoxy-aplog-1 and 3 for the panel of 39 cancer cell lines showed a sig-
nificant correlation (Pearson’s correlation coefficient 𝑟 = 0.930), suggesting a similar mode of action for
the antiproliferative activity, i.e., the activation of PKCsmediates the antiproliferative activity of 18-deoxy-
aplog-1 and 3.

In comparison, 2 without the A ring did not exhibit significant cytotoxicity toward most cell lines,
except for the NCI-H460 and MKN45 cells, and 3 without the B ring exhibited antiproliferative activity
comparable to that of 18-deoxy-aplog-1. Notably, the antiproliferative activity of 3 toward NCI-H460 and
MKN45 cells was superior to that of 18-deoxy-aplog-1. Because the affinities of 2 and 3 for the PKCα-C1A
domain were similar, the higher cytotoxicity of 3 relative to that of 2 might be mainly attributed to the
higher affinity of 3 for the PKCδ isozyme compared with 2.

Figure 5: Graphical representation of differential growth inhibition toward a panel of 39 human cancer
cell lines. Horizontal axis represents thedifferencebetween logGI50 for each cell line andMG-MID(mean-
graphmidpoint). Data for the following 39 cell lines are represented in top-to-bottomorder: breast (HBC-
4, BSY-1, HBC-5,MCF-7,MDA-MB-231); central nervous system (U251, SF-268, SF-295, SF-539, SNB-
75, SNB-78); colon (HCC2998, KM-12, HT-29, HCT-15, HCT-116); lung (NCI-H23, NCI-H226, NCI-
H522, NCI-H460, A549, DMS273, DMS114); melanoma (LOX-IMVI); ovarian (OVCAR-3, OVCAR 4,
OVCAR-5, OVCAR-8, SK-OV-3); renal (RXF-631L, ACHN); stomach (St-4, MKN1, MKN-B, MKN-
A, MKN45, MKN74); and prostate (DU-145, PC-3). Data for 18-deoxy-aplog-1 and 2 were cited from
Ref. 22 and Ref. 25, respectively.

3 Conclusion
Basedon the assumption that structuralmodificationof the spiroketalmoiety in the conformation-controlling
unit affects the selectivity of PKC isozymes, a des-B-ring analog (3) of 18-deoxy-aplog-1 was synthesized
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to reveal the effect of B-ring removal on the conformation and biological activity. Conformational analy-
sis suggests that 3 exists as an equilibrium mixture of the two conformers. MD simulation of 3 bound to
the PKCδ-C1B domain suggests that the natural product-type conformer has higher affinity for the PKCδ-
C1B domain than the other conformer. Although the affinity of 3 for the PKCδ-C1B domain is slightly
weaker than that of 18-deoxy-aplog-1, the affinity of 3 for the PKCα-C1A domain is comparable to that
of 18-deoxy-aplog-1. Given that removal of the A ring from 18-deoxy-aplog-1 resulted in a significant de-
crease in the affinity for nPKCs,25 it is deduced that the C1B domains of nPKCs more strongly recognize
the A ring of the spiroketal moiety of aplysiatoxins than the B ring. The efficacy profile of 3 toward a panel
of 39 human cancer cell lines is significantly correlated with that of 18-deoxy-aplog-1, suggesting that the
presence of the A ring is essential for developing aplysiatoxin analogs with nPKC selectivity. This knowl-
edge will aid the development of analogs with higher PKC isozyme selectivity in order to elucidate the
complex functions of individual PKC isozymes in biological events, such as tumor promotion, apoptosis,
and reactivation of latent HIV.

4 Experimental

4.1 General remarks
All moisture sensitive reactions were carried out under a positive atmosphere of argon in dried glassware.
Reactionsweremonitoredby thin-layer chromatography (TLC)using aluminum-backed silica plates coated
with a 0.25 mm thickness of silica gel 60 F254 (EMD Millipore Corp., Darmstadt, Germany). Visualiza-
tion was done by UV light (254 nm), followed by exposure to p-anisaldehyde in ethanol containing sulfu-
ric acid and acetic acid, and gentle heating. Flash column chromatography was performed with Wakogel
C-300 silica gel (FUJIFILMWako PureChemical Corp., Osaka, Japan) andWakogel 50C18 silica gel (FU-
JIFILMWako Pure Chemical Corp., Osaka, Japan). HPLC purification was carried out using a YMC-pack
ODS-AMcolumn (20mm×150mm, YMCCorp., Tokyo, Japan) and a JASCOPU-4086 semi preparation
pump connected to a JASCO UV-4075 UV/Vis Detector ( JASCO Corp., Tokyo, Japan). NMR spectra
were recorded on JEOL JNM-ENZ 500R (JEOL Ltd., Tokyo, Japan) spectrometer. 1H NMR chemical
shifts (δ) are reported relative to tetramethylsilane (TMS, 0 ppm) in CDCl3.

13CNMR chemical shifts (δ)
are reported relative to the carbon resonance of CDCl3 (77.0 ppm). Optical rotations were measured with
JASCOP-1010 (JASCOCorporation, Tokyo, Japan) digital polarimeter. HR-ESI-TOF-MSwere recorded
on aWaters XevoG2-XSTof (Waters, Tokyo, Japan)mass spectrometer. [3H]PDBu (17.16Ci/mmol)was
custom synthesized by PerkinElmer Life Science Research Products (Boston, MA, U.S.). The PKC C1
peptides were synthesized as reported previously.47 All other chemicals and reagents were purchased from
chemical companies andusedwithout purification. Compound8was synthesized as reported previously.21

4.2 Synthetic procedures

4.2.1 (R)-4-(Benzyloxy)-3-((tert-butyldimethylsilyl)oxy)butanoic acid (5)
Benzyl (R)-(−)-glycidyl ether (152 μL, 1.00mmol)was treatedwith vinylmagnesiumbromide and copper
iodide in THF as reported previously25 to afford a known alcohol 10 (168 mg, 0.873 mmol, 87%) as a
colorless oil.

Toa solutionof10 (251mg, 1.31mmol) inDMF(2.6mL)were added imidazole (356mg, 5.23mmol,
4.0 equiv.) and tert-butyldimethylsilyl chloride (295 mg, 1.96 mmol, 1.5 equiv.), and the mixture was
stirred for 6 h at room temperature. The reaction was quenched with H2O (15mL), and the resulting mix-
ture was extracted with EtOAc (15 mL × 3). The combined organic layers were washed with saturated
aqueous NaHCO3 and brine, dried over MgSO4, filtered, and concentrated in vacuo. The residue was pu-
rified by column chromatography (silica gel, 3% EtOAc/hexane) to afford a known olefin 1138 (377 mg,
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1.23 mmol, 94%) as a colorless oil.
To a suspension of NaIO4 (472 mg, 2.21 mmol, 8.0 equiv.) in pH 7.2 phosphate buffer (19 mL)

was added KMnO4 (43.6 mg, 0.276 mmol, 1.0 equiv.) in one portion. After stirring for 15 min at room
temperature, the mixture was added to a solution of olefin 11 (84.5 mg, 0.276mmol) in t-BuOH (19mL).
The reactionmixturewas stirred for 45min at roomtemperature. The reactionwasquenchedwithNa2S2O3
(131mg), and the resulting mixture was poured into EtOAc (40mL) andH2O (40mL). After the organic
layerwas separated, the aqueous layerwas extractedwith EtOAc (40mL×2). 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/hexane containing 0.1% AcOH) to afford a known
carboxylic acid 532 (59.5 mg, 0.183 mmol, 67%) as a colorless oil.

4.2.2 (R)-1-(Benzyloxy)-8-phenyloct-4-yn-2-ol (12)
To a solution of 5-phenyl-1-pentyne (1.09 g, 7.58 mmol, 2.5 equiv.) in THF (17 mL) was slowly added
1.6M n-BuLi in hexane (4.6mL, 7.4mmol, 2.4 equiv.) over 5min at−78 °C, and themixturewas stirred for
30min at the same temperature. BF3 ⋅ Et2O(0.84mL, 6.7mmol, 2.2 equiv.) was then added to themixture.
After stirring for 30 min at −78 °C, a solution of benzyl (R)-(–)-glycidyl ether (506 mg, 3.08 mmol) in
THF (5.8 mL) was added to the mixture at −78 °C. After stirring for 30 min at the same temperature, the
reactionwas quenchedwith saturated aqueousNH4Cl (20mL) and allowed towarm to room temperature.
The resultingmixturewas extractedwith EtOAc (30mL×3). The combined organic layerswere dried over
Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column chromatography (silica
gel, 10% EtOAc/hexane) to afford 12 (921 mg, 2.99 mmol, 97%) as a colorless oil. [α]D: −9.7 (c 0.69,
CHCl3, 24.0 °C). 1H NMR (500 MHz, 296 K, CDCl3, 0.10 M): δ 1.79 (2H, quintet, J = 7.7 Hz), 2.15
(1H, dt, J = 7.2, 2.3 Hz), 2.17 (1H, dt, J = 7.2, 2.3 Hz), 2.43–2.45 (3H, m), 2.68 (2H, t, J = 7.7 Hz), 3.51
(1H, dd, J = 9.5, 6.6 Hz), 3.61 (1H, dd, J = 9.5, 3.7 Hz), 3.94 (1H, m), 4.57 (2H, s), 7.17–7.20 (3H, m),
7.25–7.35 (7H, m) ppm. 13C NMR (125 MHz, 294 K, CDCl3, 0.055 M): δ 18.2, 23.9, 30.5, 34.8, 69.2,
73.0, 73.4, 76.0, 82.4, 125.8, 127.7 (2C), 127.8, 128.3 (2C), 128.4 (2C), 128.5 (2C), 137.9, 141.6 ppm.
HR-ESI-TOF-MS:m/z 331.1678 ([MNa]+, calculated for C21H24O2Na, 331.1674).

4.2.3 (R)-8-Phenyloctane-1,2-diol (13)
To a solution of 12 (842 mg, 2.73 mmol) in EtOH (8.4 mL) was added 10% Pd/C (89 mg). After stirring
for 19 h at room temperature under H2 atmosphere, the reaction mixture was filtered, and the filtrate was
concentrated in vacuo. The residue was purified by column chromatography (silica gel, 50% EtOAc/hex-
ane) to afford 13 (468 mg, 2.11 mmol, 77%) as a white crystal. [α]D: −0.2 (c 0.99, CHCl3, 24.6 °C). 1H
NMR (500 MHz, 294 K, CDCl3, 0.089 M): δ 1.34–1.46 (8H, m), 1.60–1.63 (2H, m), 2.11 (1H, br s),
2.21 (1H, br s), 2.60 (2H, t, J = 7.7 Hz), 3.42 (1H, m), 3.63–3.69 (2H, m), 7.16–7.18 (3H, m), 7.26–7.29
(2H, m) ppm. 13C NMR (125 MHz, 294 K, CDCl3, 0.089 M): δ 25.4, 29.1, 29.5, 31.4, 33.1, 35.9, 66.8,
72.3, 125.6, 128.2 (2C), 128.4 (2C), 142.7 ppm. HR-ESI-TOF-MS: m/z 245.1508 ([MNa]+, calculated
for C14H22O2Na, 245.1517).

4.2.4 (R)-2-Hydroxy-8-phenyloctyl 2,4,6-triisopropylbenzenesulfonate (14)
Toa solution of13 (455mg, 2.05mmol) in pyridine (13mL)was added 2,4,6-triisopropylbenzenesulfonyl
chloride (TPS-Cl, 1.86 g, 6.14 mmol, 3.0 equiv.) at 0 °C, and the reaction mixture was allowed to warm
to room temperature. After stirring for 48 h at room temperature, the reaction was quenched with H2O
(20 mL), and the resulting mixture was extracted with Et2O (30 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/hexane) to afford 14 (822 mg, 1.68 mmol, 82%) as
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a colorless oil. [α]D: −4.2 (c 0.92, CHCl3, 24.9 °C). 1H NMR (500 MHz, 295 K, CDCl3, 0.041 M): δ
1.25–1.36 (23H, m), 1.39–1.45 (3H, m), 1.56–1.61 (2H, m), 2.08 (1H, d, J = 4.4 Hz, OH), 2.59 (2H, t,
J = 7.7 Hz), 2.91 (1H, septet, J = 6.9 Hz), 3.88 (1H, m), 3.93 (1H, dd, J = 9.7, 7.5 Hz), 4.06 (1H, dd,
J = 9.4, 2.5 Hz), 4.13 (2H, septet, J = 6.7 Hz), 7.15–7.19 (4H, m), 7.25–7.28 (3H, m) ppm. 13C NMR
(125MHz, 295 K, CDCl3, 0.041M): δ 23.5 (2C), 24.7 (2C), 24.7 (2C), 25.2, 29.1, 29.3, 29.7 (2C), 31.3,
32.7, 34.2, 35.9, 69.7, 73.0, 123.8 (2C), 125.6, 128.2 (2C), 128.4 (2C), 129.1, 142.7, 150.8 (2C), 153.9
ppm. HR-ESI-TOF-MS:m/z 511.2866 ([MNa]+, calculated for C29H44O4NaS, 511.2858).

4.2.5 (R)-2-(6-Phenylhexyl)oxirane (9)
To a suspension of NaH (60% in oil, 269 mg, 6.72 mmol, 4.0 equiv., washed with hexane (1 mL × 3)) in
THF (13 mL) was added a solution of 14 (822 mg, 1.68 mmol) in THF (6.0 mL) at 0 °C. The mixture
was allowed to warm to room temperature and stirred for 2 h. The reaction was quenched with saturated
aqueous NH4Cl (18 mL), and the resulting mixture was extracted with Et2O (20 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, 5% EtOAc/hexane) to afford a known epoxide 933

(314 mg, 1.54 mmol, 92%) as a colorless oil.

4.2.6 (R)-1-(2-(2-Methyl-5-((triisopropylsilyl)oxy)pentan-2-yl)-1,3-dithian-2-yl)-
8-phenyloctan-2-ol (7)

To a solution of 8 (232mg, 0.614mmol, 3.0 equiv.) in THF (2.6 mL) was added 1.31M n-BuLi in hexane
(470 μL, 0.614 mmol, 1.0 equiv.) dropwise over 30 min at room temperature. A solution of 9 (40.3 mg,
0.197mmol) inTHF (1.0mL)was then added dropwise to the reactionmixture over 30min. After stirring
for 1.5 h at room temperature, the reaction was quenched with saturated aqueous NH4Cl (10 mL), and
the resulting 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
chromatography (silica gel, 2%→5% EtOAc/hexane) to afford 7 (105 mg, 0.181 mmol, 92%) as a pale
yellowoil. [α]D: +2.9 (c 0.56, CHCl3, 23.6 °C). 1HNMR(500MHz, 296K,CDCl3, 0.043M): δ 1.03–1.27
(27H, m), 1.33–1.39 (6H, m), 1.51–1.65 (8H, m), 1.88–2.02 (3H, m), 2.14 (1H, dd, J = 15.8, 9.5 Hz),
2.60 (2H, t, J = 7.5 Hz), 2.82–2.86 (2H, m), 2.91–2.99 (2H, m), 3.68 (2H, t, J = 6.3 Hz), 4.20–4.24 (2H,
m), 7.15–7.18 (3H, m), 7.25–7.28 (2H, m) ppm. 13C NMR (125 MHz, 296 K, CDCl3, 0.043 M): δ 12.0
(3C), 18.0 (6C), 22.4, 22.5, 23.0, 25.5, 27.1, 27.3, 28.4, 29.3, 29.6, 29.7, 31.5, 32.7, 36.0, 38.5, 44.5, 45.3,
63.5, 64.0, 69.7, 125.5, 128.2 (2C), 128.4 (2C), 142.9 ppm. HR-ESI-TOF-MS: m/z 603.3714 ([MNa]+,
calculated for C33H60O2NaSiS2, 603.3702).

4.2.7 (R)-7-Hydroxy-4,4-dimethyl-13-phenyl-1-((triisopropylsilyl)oxy)tridecan-
5-one (15)

To a solution of 7 (110 mg, 0.188 mmol) in CH3CN (26 mL) were added a solution of I2 (191 mg,
0.754 mmol, 4.0 equiv.) in CH3CN (17 mL) and saturated aqueous NaHCO3 (8.5 mL) at 0 °C. After stir-
ring for 2 h at 0 °C, the reactionwas quenchedwith saturated aqueousNaHCO3 (25mL) and 20% aqueous
Na2S2O3 (25 mL) and stirred for 10 min at room temperature. The resulting mixture was extracted with
EtOAc (50 mL × 3). The combined organic layers were washed with brine, dried over Na2SO4, filtered,
and concentrated in vacuo. The residuewas purified by column chromatography (silica gel, 5%EtOAc/hex-
ane) to afford 15 (82.6 mg, 0.168 mmol, 89%) as a colorless oil. [α]D: −17 (c 0.34, CHCl3, 23.6 °C). 1H
NMR (500 MHz, 296 K, CDCl3, 0.039 M): δ 1.03–1.12 (27H, m), 1.32–1.43 (10H, m), 1.56–1.63 (4H,
m), 2.48 (1H, dd, J = 17.8, 9.5 Hz), 2.60 (2H, t, J = 7.5 Hz), 2.67 (1H, dd, J = 17.8, 2.3 Hz), 3.30 (1H,
d, J = 2.9 Hz), 3.64–3.65 (2H, m), 3.97 (1H, m), 7.15–7.18 (3H, m), 7.25–7.28 (2H, m) ppm. 13C NMR
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(125 MHz, 296 K, CDCl3, 0.039 M): δ 12.0 (3C), 18.0 (6C), 24.1, 24.3, 25.5, 28.2, 29.2, 29.5, 31.4, 35.9,
36.1, 36.4, 43.3, 47.6, 63.3, 67.8, 125.6, 128.2 (2C), 128.4 (2C), 142.8, 217.9 ppm. HR-ESI-TOF-MS:
m/z 513.3738 ([MNa]+, calculated for C30H54O3NaSi, 513.3740).

4.2.8 (5S,7R)-4,4-Dimethyl-13-phenyl-1-((triisopropylsilyl)oxy)tridecane-5,7-diol
(16)

To a solution ofMe4NBH(OAc)3 (592mg, 2.25mmol, 6.0 equiv.) in CH3CN(6.0mL)was added AcOH
(2.1 mL). After stirring for 30 min at room temperature, the mixture was cooled to −40 °C. A solution
of 15 (185 mg, 0.376 mmol) in CH3CN (5.0 mL) was then added to the reaction mixture, and the reac-
tion mixture was stirred for 68 h at −30 °C. The reaction was quenched with saturated aqueous Rochelle
salt (30 mL), and then resulting mixture was allowed to warm to room temperature. After stirring for
2.5 h at room temperature, saturated aqueous NaHCO3 (5.0 mL) was added. The resulting mixture was
extracted with EtOAc (30 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 (sil-
ica gel, 10%→15% EtOAc/hexane) to afford 16 (163 mg, 0.330 mmol, 88%) as a colorless oil. [α]D:
−7.7 (c 0.47, CHCl3, 23.7 °C). 1H NMR (500 MHz, 294 K, CDCl3, 0.026 M): δ 0.85 (3H, s), 0.89
(3H, s), 1.05–1.12 (21H, m), 1.24–1.62 (18H, m), 2.14 (1H, m), 2.30 (1H, m), 2.60 (2H, t, J = 7.7 Hz),
3.63–3.72 (3H, m), 3.89 (1H, br s), 7.16–7.18 (3H, m), 7.26–7.29 (2H, m) ppm. 13C NMR (125 MHz,
294 K, CDCl3, 0.026 M): δ 12.0 (3C), 18.0 (6C), 22.8 (2C), 25.9, 27.0, 29.2, 29.5, 31.4, 34.7, 35.9, 36.6,
36.8, 37.2, 64.1, 69.9, 74.4, 125.6, 128.2 (2C), 128.4 (2C), 142.8 ppm. HR-ESI-TOF-MS:m/z 515.3903
([MNa]+, calculated for C30H56O3NaSi, 515.3896).

4.2.9 ((4-((4S,6R)-2,2-Dimethy-6-(6-phenylhexyl)-1,3-dioxan-4-yl)-4-methylpentyl)oxy)triisopropylsilane
(17)

Toa solutionof16 (183mg, 0.372mmol) inCH2Cl2 (5.0mL)were added2,2-dimethoxypropane (1.36mL,
11.1 mmol, 30 equiv.) and 10-camphorsulfonic acid (25.8 mg, 0.111 mmol, 0.3 equiv.), and the reaction
mixture was stirred for 28 h at room temperature. The reaction was quenched with saturated aqueous
NaHCO3 (7.5 mL), and the resulting mixture was extracted with EtOAc (10 mL × 3). The combined or-
ganic layers were washed with brine, dried over Na2SO4, filtered, and concentrated in vacuo. The residue
waspurifiedby columnchromatography (silica gel, 5%→20%EtOAc/hexane) to afford17 (164mg, 0.308mmol,
83%) as a colorless oil. [α]D: −19 (c 0.32, CHCl3, 23.8 °C). 1HNMR(500MHz, 295K,CDCl3, 0.032M):
δ 0.80 (3H, s), 0.84 (3H, s), 1.04–1.11 (21H,m), 1.23–1.40 (16H,m), 1.46–1.54 (3H,m), 1.60–1.63 (2H,
m), 1.72 (1H, ddd, J = 13.2, 9.7, 5.7Hz), 2.60 (2H, t, J = 7.5Hz), 3.48 (1H, dd, J = 9.7, 6.3Hz), 3.62–3.66
(3H, m), 7.15–7.18 (3H, m), 7.26–7.29 (2H, m) ppm. 13C NMR (125 MHz, 295 K, CDCl3, 0.032 M): δ
12.0 (3C), 18.0 (6C), 22.2, 22.4, 24.2, 24.7, 25.4, 27.4, 29.3, 29.5, 31.4, 33.6, 34.3, 35.6, 35.9, 36.0, 64.3,
67.1, 72.6, 100.0, 125.5, 128.2 (2C), 128.4 (2C), 142.9 ppm. HR-ESI-TOF-MS:m/z 555.4218 ([MNa]+,
calculated for C33H60O3NaSi, 555.4209).

4.2.10 4-((4S,6R)-2,2-Dimethyl-6-(6-phenylhexyl)-1,3-dioxan-4-yl)-4-methylpentan-
1-ol (18)

To a solution of 17 (155mg, 0.290mmol) in THF (1.3mL)was added 1M tetrabutylammonium fluoride
in THF (350 μL, 0.348 mmol, 1.2 equiv.) at 0 °C. The mixture was allowed to warm to room temperature
and stirred for 4 h. The reaction was quenched with saturated aqueous NH4Cl (2.2 mL), and the resulting
mixture was extractedwith EtOAc (5mL× 3). The combined organic layers werewashedwith brine, dried
over Na2SO4, filtered, and concentrated in vacuo. The residue was purified by column chromatography
(silica gel, 15% EtOAc/hexane) to afford 18 (107 mg, 0.285 mmol, 98%) as a colorless oil. [α]D: −24
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(c 0.47, CHCl3, 23.5 °C). 1H NMR (500 MHz, 294 K, CDCl3, 0.040 M): δ 0.81 (3H, s), 0.85 (3H, s),
1.21–1.42 (17H, m), 1.46–1.57 (3H, m), 1.59–1.61 (2H, m), 1.73 (1H, ddd, J = 12.6, 10.0, 5.7 Hz), 2.60
(2H, t, J = 7.7 Hz), 3.49 (1H, dd, J = 10.0, 6.3 Hz), 3.61–3.66 (3H, m), 7.16–7.18 (3H, m), 7.26–7.29
(2H, m) ppm. 13C NMR (125 MHz, 294 K, CDCl3, 0.040 M): δ 22.2, 22.3, 24.2, 24.7, 25.4, 27.2, 29.2,
29.4, 31.4, 33.6, 34.1, 35.6, 35.9, 36.0, 63.9, 67.1, 72.5, 100.1, 125.5, 128.2 (2C), 128.4 (2C), 142.8 ppm.
HR-ESI-TOF-MS:m/z 399.2879 ([MNa]+, calculated for C24H40O3Na, 399.2875).

4.2.11 4-((4S,6R)-2,2-Dimethyl-6-(6-phenylhexyl)-1,3-dioxan-4-yl)-4-methylpentanal
(19)

To amixed solution of dimethyl sulfoxide (68 μL, 0.96mmol, 3.5 equiv.) andCH2Cl2 (2.2mL)was added
(COCl)2 (40 μL, 0.46 mmol, 1.7 equiv.) at −78 °C. After stirring for 30 min at −78 °C, a solution of 18
(103 mg, 0.273 mmol) in CH2Cl2 (0.8 mL) was added to the reaction mixture. After stirring for 3.5 h at
−78 °C, triethylamine (0.38 mL, 2.7 mmol, 10 equiv.) was added to the reaction mixture, and the mixture
was allowed to warm to room temperature. The resulting mixture was poured into EtOAc (10 mL) and
water (10 mL). After the organic layer was separated, the aqueous layer was extracted with EtOAc (10 mL
× 2). 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, 5% EtOAc/hexane) to afford 19
(96.5 mg, 0.258 mmol, 94%) as a colorless oil. [α]D: −21 (c 0.14, CHCl3, 24.0 °C). 1H NMR (500 MHz,
295 K, CDCl3, 0.078 M): δ 0.82 (3H, s), 0.85 (3H, s), 1.27–1.43 (14H, m), 1.48 (1H, m), 1.54 (1H, ddd,
J = 14.0, 10.9, 5.7 Hz), 1.60–1.63 (2H, m), 1.65 (1H, ddd, J = 13.8, 10.3, 5.7 Hz), 1.73 (1H, ddd, J = 12.6,
9.7, 5.7 Hz), 2.40 (1H, dddd, J = 16.9, 10.6, 5.7, 1.7 Hz), 2.46 (1H, dddd, J = 16.9, 10.6, 5.7, 1.7 Hz), 2.60
(2H, t, J = 7.7 Hz), 3.48 (1H, dd, J = 9.7, 6.3 Hz), 3.65 (1H, m), 7.16–7.18 (3H, m), 7.26–7.29 (2H, m),
9.78 (1H, t, J = 1.7 Hz) ppm. 13C NMR (125 MHz, 295 K, CDCl3, 0.078 M): δ 22.2, 22.5, 24.2, 24.6,
25.4, 29.2, 29.4, 30.0, 31.4, 33.5, 35.5, 35.9, 36.0, 39.2, 67.0, 72.6, 100.1, 125.5, 128.2 (2C), 128.4 (2C),
142.8, 203.1 ppm. HR-ESI-TOF-MS:m/z 397.2730 ([MNa]+, calculated for C24H38O3Na, 397.2719).

4.2.12 (S)-7-((4S,6R)-2,2-Dimethyl-6-(6-phenylhexyl)-1,3-dioxan-4-yl)-7-methyloct-
1-en-4-ol (20)

To a suspension of (R)-1,1’-bi-2-naphthol ((R)-BINOL, 222 mg, 0.773 mmol, 3.0 equiv.) and 4 Å molec-
ular sieves (957mg) in CH2Cl2 (3.0 mL) was added Ti(Oi-Pr)4 (153 μL, 0.515mmol, 2.0 equiv.) at room
temperature. The mixture was heated at reflux for 1 h. After the mixture was cooled to room temperature,
a solution of 19 (96.5 mg, 0.258 mmol) in CH2Cl2 (1.5 mL) was added to the mixture. The mixture was
stirred for 5min at roomtemperature and thencooled to−78 °C.Allyl-SnBu3 (1.3mL, 4.2mmol, 16 equiv.)
was then added to the mixture. The resulting reaction mixture was kept in a freezer at −25 °C for 115 h
without stirring, and then filtered. To the filtrate was added saturated aqueous NaHCO3 (23mL), and the
mixture was stirred for 2 h at room temperature. The organic layer was separated, and the aqueous layer
was extracted with CH2Cl2 (30 mL × 3). The combined organic layers were dried over Na2SO4, filtered,
and concentrated in vacuo. The residue was purified by column chromatography (silica gel, 10%→15%
EtOAc/hexane) to afford 20 (102 mg, 0.245 mmol, 94%) as a colorless oil. [α]D: −20 (c 0.12, CHCl3,
24.0 °C). 1H NMR (500 MHz, 295 K, CDCl3, 0.047 M): δ 0.81 (3H, s), 0.85 (3H, s), 1.25–1.52 (19H,
m), 1.60–1.63 (2H, m), 1.73 (1H, ddd, J = 12.7, 10.0, 5.8 Hz), 2.14 (1H, dtt, J = 14.0, 7.9, 0.9 Hz), 2.31
(1H, dddt, J = 13.9, 6.5, 4.3, 1.3 Hz), 2.60 (2H, t, J = 7.4 Hz), 3.49 (1H, dd, J = 10.0, 6.3 Hz), 3.58 (1H,
m), 3.64 (1H, m), 5.12–5.17 (2H, m), 5.82 (1H, m), 7.15–7.18 (3H, m), 7.25–7.29 (2H, m) ppm. 13C
NMR (125MHz, 294 K, CDCl3, 0.024M): δ 22.2, 22.5, 24.2, 24.7, 25.4, 29.2, 29.4, 30.9, 31.4, 33.5, 34.1,
35.7, 35.9, 36.0, 41.9, 67.1, 71.5, 72.3, 100.0, 118.2, 125.5, 128.2 (2C), 128.4 (2C), 134.8, 142.8 ppm.
HR-ESI-TOF-MS:m/z 439.3189 ([MNa]+, calculated for C27H44O3Na, 439.3188).
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4.2.13 (S)-7-((4S,6R)-2,2-Dimethyl-6-(6-phenylhexyl)-1,3-dioxan-4-yl)-7-methyloct-
1-en-4-yl methanesulfonate (21)

To a suspension of 20 (49.4 mg, 0.119 mmol) and Me3N ⋅ HCl (1.4 mg, 15 μmol, 0.12 equiv.) in CH2Cl2
(120μL)were addedEt3N(25μL, 0.18mmol, 1.5 equiv.) andmethanesulfonyl chloride (14μL, 0.18mmol,
1.5 equiv.) at 0 °C. After stirring for 2 h at the same temperature, the reaction mixture was diluted with
CH2Cl2 (2.0 mL).The resulting mixture was poured into EtOAc (10mL) andH2O (10mL). After the or-
ganic layer was separated, the aqueous layer was extractedwith EtOAc (10mL× 2). 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%→5%EtOAc/toluene) to afford 21 (51.6mg, 0.104mmol,
87%) as a colorless oil. [α]D: −24 (c 0.30, CHCl3, 24.0 °C). 1HNMR(500MHz, 294K,CDCl3, 0.030M):
δ 0.80 (3H, s), 0.84 (3H, s), 1.26–1.51 (17H, m), 1.58–1.74 (5H, m), 2.46–2.48 (2H, m), 2.60 (2H, t, J
= 7.7 Hz), 2.99 (3H, s), 3.46 (1H, dd, J = 9.7, 6.3 Hz), 3.64 (1H, m), 4.67 (1H, quintet, J = 6.0 Hz),
5.15–5.18 (2H, m), 5.79 (1H, ddt, J = 17.5, 10.3, 7.2 Hz), 7.16–7.18 (3H, m), 7.26–7.29 (2H, m) ppm.
13C NMR (125 MHz, 294 K, CDCl3, 0.030 M): δ 22.2, 22.4, 24.3, 24.6, 25.4, 28.6, 29.2, 29.4, 31.4, 33.5,
33.6, 35.6, 35.9, 36.0, 38.7, 39.0, 67.1, 72.2, 83.7, 100.1, 119.0, 125.5, 128.2 (2C), 128.4 (2C), 132.5, 142.8
ppm. HR-ESI-TOF-MS:m/z 517.2971 ([MNa]+, calculated for C28H46O5NaS, 517.2964).

4.2.14 (4S,8S,10R)-8,10-Dihydroxy-7,7-dimethyl-16-phenylhexadec-1-en-4-ylmethane-
sulfonate (6)

To a solution of 21 (48.3mg, 0.0976mmol) in THF (1.0mL) was added 10% aqueousHCl (1.0mL), and
the reactionmixturewas stirred for 1.5 h at room temperature. The reactionwas dilutedwithH2O(10mL)
and then 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, 40%EtOAc/hexane) to afford 6 (39.2mg, 86.2 μmol, 88%) as a colorless oil. [α]D: −16 (c 0.29,
CHCl3, 24.1 °C). 1H NMR (500 MHz, 295 K, CDCl3, 0.012 M): δ 0.85 (3H, s), 0.88 (3H, s), 1.25–1.79
(16H, m), 1.90–1.96 (2H, m), 2.48 (2H, t, J = 6.3 Hz), 2.60 (2H, t, J = 7.7 Hz), 3.00 (3H, s), 3.67 (1H,
dd, J = 10.5, 2.0 Hz), 3.90 (1H, m), 4.73 (1H, quintet, J = 6.0 Hz), 5.15–5.19 (2H, m), 5.79 (1H, ddt, J
= 17.5, 10.3, 7.2 Hz), 7.16–7.18 (3H, m), 7.26–7.29 (2H, m) ppm. 13C NMR (125 MHz, 295 K, CDCl3,
0.048 M): δ 22.7, 22.9, 25.9, 28.4, 29.2, 29.4, 31.4, 33.2, 35.9, 36.7, 36.8, 37.0, 38.7, 38.7, 70.0, 74.1, 83.4,
119.0, 125.6, 128.2 (2C), 128.4 (2C), 132.5, 142.8 ppm. HR-ESI-TOF-MS: m/z 477.2654 ([MNa]+,
calculated for C25H42O5NaS, 477.2651).

4.2.15 (R)-1-((2S,6R)-6-Allyl-3,3-dimethyltetrahydro-2H-pyran-2-yl)-8-phenyloctan-
2-ol (4)

To a suspension of NaH (60% in oil, 17.0 mg, 0.425 mmol, 5.0 equiv., washed with hexane (0.5 mL ×
3)) in THF (1.3 mL) was added a solution of 6 (38.6 mg, 0.0849 mmol) in THF (2.6 mL) at 0 °C. The
mixture was allowed to warm to room temperature and stirred for 24 h. The reaction was quenched with
saturated aqueous NH4Cl (2.0 mL), and the resulting mixture was extracted with EtOAc (5 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/hexane) to afford 4 (22.9mg,
63.9 μmol, 75%) as a colorless oil. [α]D: −38.1 (c 1.33, CHCl3, 18.4 °C). 1H NMR (500 MHz, 295 K,
CDCl3, 0.040 M): δ 0.86 (3H, s), 0.94 (3H, s), 1.30–1.52 (12H, m), 1.59–1.77 (4H, m), 2.19 (1H, m),
2.33 (1H, d, J = 5.4 Hz), 2.51 (1H, m), 2.60 (2H, t, J = 7.7 Hz), 3.61 (1H, dd, J = 11.5, 2.3 Hz), 3.74–3.82
(2H, m), 5.07 (1H, dd, J = 10.3, 1.0 Hz), 5.12 (1H, dd, J = 16.9, 0.5 Hz), 5.84 (1H, ddt, J = 17.2, 10.3,
6.9 Hz), 7.16–7.18 (3H, m), 7.26–7.29 (2H, m) ppm. 13C NMR (125 MHz, 295 K, CDCl3, 0.040 M):
δ 22.3, 25.6, 25.9, 27.3, 29.3, 29.5, 31.5, 32.1, 33.3, 34.7, 35.9, 37.3 (2C), 68.3, 70.8, 74.9, 116.8, 125.5,
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128.2 (2C), 128.4 (2C), 135.9, 142.9 ppm. HR-ESI-TOF-MS: m/z 381.2774 ([MNa]+, calculated for
C24H38O2Na, 381.2770).

4.2.16 (R)-1-((2S,6R)-6-Allyl-3,3-dimethyltetrahydro-2H-pyran-2-yl)-8-phenyloctan-
2-yl (R)-4-(benzyloxy)-3-((tert-butyldimethylsilyl)oxy)butanoate (22)

To a solution of carboxylic acid 5 (50.0 mg, 0.154mmol, 2.4 equiv.) in toluene (0.7 mL) were added Et3N
(17.8 μL, 0.128 mmol, 2.0 equiv.) and 2,4,6-trichlorobenzoyl chloride (20.0 μL, 0.128 mmol, 2.0 equiv.).
After stirring for 2 h at room temperature, a supernatant of the resulting suspension was added to a so-
lution of 4 (22.9 mg, 0.0639 mmol) and 4-dimethylaminopyridine (15.6 mg 0.128 mmol, 2.0 equiv.) in
toluene (0.7 mL) heated to 50 °C. After stirring for 1.5 h at 50 °C, the reaction was quenched with H2O
(10 mL). The mixture was cooled to room temperature and the resulting mixture was then extracted with
EtOAc (20 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, 2.5%→5%
EtOAc/hexane) to afford 22 (39.9 mg, 60.0 μmol, 94%) as a colorless oil. [α]D: −21 (c 0.53, CHCl3,
15.7 °C). 1H NMR (500 MHz, 295 K, CDCl3, 0.026 M): δ 0.06 (6H, s), 0.83 (3H, s), 0.86 (9H, s), 0.92
(3H, s), 1.27–1.42 (9H, m), 1.54–1.71 (7H, m), 2.18 (1H, m), 2.36 (1H, m), 2.46 (1H, dd, J = 15.7,
6.9 Hz), 2.57–2.62 (3H, m), 3.33 (1H, dd, J = 10.3, 2.3 Hz), 3.42 (1H, dd, J = 9.7, 5.4 Hz), 3.47 (1H, dd,
J = 9.7, 5.4 Hz), 3.65–3.68 (1H, m), 4.31 (1H, quintet, J = 5.4 Hz), 4.53 (2H, s), 4.94 (1H, m), 5.00–5.05
(2H, m), 5.79 (1H, ddt, J = 17.2, 10.0, 6.9 Hz), 7.16–7.17 (3H, m), 7.25–7.35 (7H, m) ppm. 13C NMR
(125MHz, 295 K, CDCl3, 0.026M): δ −4.9, −4.6, 18.1, 22.3, 25.2, 25.2, 25.8 (3C), 27.3, 29.2, 29.5, 31.5,
32.1, 32.9, 33.2, 35.0, 36.0, 37.2, 40.2, 68.4, 70.8, 72.2, 73.3, 74.0, 75.0, 116.6, 125.6, 127.5, 127.5 (2C),
128.2 (2C), 128.3 (2C), 128.4 (2C), 135.5, 138.3, 142.8, 170.9 ppm. HR-ESI-TOF-MS: m/z 687.4432
([MNa]+, calculated for C41H64O5NaSi, 687.4421).

4.2.17 (R)-1-((2S,6R)-6-Allyl-3,3-dimethyltetrahydro-2H-pyran-2-yl)-8-phenyloctan-
2-yl(R)-4-(benzyloxy)-3-hydroxybutanoate (23)

To a solution of 22 (8.1 mg, 12 μmol) in THF (1.6 mL) was added HF·pyridine (205 μL) at 0 °C. After
warming to room temperature, the reaction mixture was stirred for 25 h. The reaction was quenched with
saturated aqueous NaHCO3 (10 mL). The resulting 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 purified by column chromatography (silica gel, 10%→15% EtOAc/hexane) to afford 23
(6.3 mg, 11 μmol, 94%) as a colorless oil. [α]D: −28.4 (c 0.45, CHCl3, 19.7 °C). 1H NMR (500 MHz,
295 K, CDCl3, 0.022 M): δ 0.84 (3H, s), 0.94 (3H, s), 1.25–1.43 (9H, m), 1.51–1.73 (7H, m), 2.18 (1H,
m), 2.36 (1H, m), 2.51 (1H, dd, J = 16.0, 8.6 Hz), 2.56 (1H, dd, J = 16.0, 4.3 Hz), 2.59 (2H, t, J = 7.4Hz),
3.25 (1H, d, J = 4.3 Hz), 3.37 (1H, dd, J =10.9, 2.3 Hz), 3.50 (2H, d, J = 5.4 Hz), 3.66 (1H, m), 4.24 (1H,
m), 4.56 (2H, s), 5.00–5.06 (3H, m), 5.79 (1H, ddt, J = 17.2, 10.0, 6.9 Hz), 7.15–7.18 (3H, m), 7.25–7.37
(7H, m) ppm. 13C NMR (125 MHz, 295 K, CDCl3, 0.022 M): δ 22.6, 25.2, 25.3, 27.2, 29.2, 29.4, 31.4,
32.0, 32.6, 33.0, 34.9, 35.9, 37.4, 38.9, 67.3, 70.9, 72.1, 73.2, 73.4, 75.0, 116.7, 125.6, 127.7 (2C), 127.7,
128.2 (2C), 128.4 (2C), 128.4 (2C), 135.3, 138.0, 142.8, 171.6 ppm. HR-ESI-TOF-MS: m/z 573.3566
([MNa]+, calculated for C35H50O5Na, 573.3556).

4.2.18 2-((2R,6S)-6-((R)-2-(((R)-4-(Benzyloxy)-3-hydroxybutanoyl)oxy)-8-phenyloctyl)-
5,5-dimethyltetrahydro-2H-pyran-2-yl)acetic acid (24)

To a suspension ofNaIO4 (18.3mg, 85.6 μmol, 8.0 equiv.) in pH7.2 phosphate buffer (0.9mL)was added
KMnO4 (1.7 mg, 0.011 mmol, 1.0 equiv.) in one portion. After stirring for 15 min at room temperature,
the mixture was added to a solution of alcohol 23 (5.9 mg, 11 μmol) in t-BuOH (0.9 mL). The reaction
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mixture was stirred for 45 min at room temperature. The reaction was quenched with Na2S2O3 (5.1 mg),
and the resulting mixture was poured into EtOAc (10 mL) and H2O (10 mL). After the organic layer was
separated, the aqueous layer 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 col-
umn chromatography (silica gel, 40%→50%EtOAc/hexane containing 0.5%AcOH) to afford 24 (4.5mg,
7.9 μmol, 74%) as a colorless oil. [α]D: −31 (c 0.19, CHCl3, 20.7 °C). 1HNMR(500MHz, 294K, CDCl3,
0.016 M): δ 0.85 (3H, s), 0.95 (3H, s), 1.25–1.30 (6H, m), 1.39–1.65 (8H, m), 1.69–1.81 (2H, m), 2.42
(1H, dd, J = 14.9, 4.9 Hz), 2.50 (1H, dd, J = 16.0, 8.6 Hz), 2.57 (1H, dd, J = 16.0, 4.0 Hz), 2.58 (2H, t,
J = 8.0 Hz), 2.68 (1H, dd, J = 14.9, 8.9 Hz), 3.41 (1H, dd, J = 11.2, 2.0 Hz), 3.50 (2H, d, J = 5.4 Hz),
4.15 (1H, m), 4.25 (1H, m), 4.56 (2H, s), 5.01 (1H, m), 7.15–7.18 (3H, m), 7.25–7.37 (7H, m) ppm. 13C
NMR (125MHz, 294 K, CDCl3, 0.016M): δ 22.6, 25.0, 25.8, 27.1, 29.2, 29.4, 31.4, 31.9, 32.4, 32.8, 34.8,
35.9, 38.1, 38.8, 67.3, 67.9, 71.8, 73.2, 73.4, 75.1, 125.6, 127.8 (3C), 128.2 (2C), 128.4 (4C), 137.8, 142.8,
172.0, 173.4 ppm. HR-ESI-TOF-MS:m/z 591.3298 ([MNa]+, calculated for C34H48O7Na, 591.3298).

4.2.19 (1R,5R,9R,11S)-5-((Benzyloxy)methyl)-12,12-dimethyl-9-(6-phenylhexyl)-
4,8,15-trioxabicyclo[9.3.1]pentadecane-3,7-dione (25)

To a solution of 24 (15.8 mg, 27.8 μmol) in toluene (3.0 mL) were added Et3N (116 μL, 0.833 mmol,
30 equiv.) and 2,4,6-trichlorobenzoyl chloride (87 μL, 0.56 mmol, 20 equiv.). After stirring for 1.5 h at
room temperature, the mixture was diluted with toluene (16 mL). The supernatant of the mixture was
added dropwise over 3 h to a solution of 4-dimethylaminopyridine (170 mg, 1.39 mmol, 50 equiv.) in
toluene (30 mL). After stirring for 20 h at room temperature, the reaction was quenched with saturated
aqueous NaHCO3 (50 mL).The resulting mixture was extracted with EtOAc (50mL × 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%→15% EtOAc/hexane) to afford 25 (10.5 mg,
19.1 μmol, 69%) as a colorless oil. [α]D: +2.6 (c 0.53, CHCl3, 28.8 °C). 1H NMR (500 MHz, 294 K,
CDCl3, 0.038 M): δ 0.79 (3H, s), 1.03 (3H, s), 1.19–1.51 (12H, m), 1.58–1.61 (2H, m), 1.76 (1H, m),
2.29 (1H, ddd, J = 14.9, 12.3, 2.6 Hz), 2.42 (1H, dd, J = 13.5, 3.2 Hz), 2.50 (1H, m), 2.59 (2H, t, J =
7.7 Hz), 2.71 (1H, dd, J = 17.5, 2.9 Hz), 2.84 (1H, dd, J = 17.5, 10.6 Hz), 3.53 (1H, dd, J = 10.3, 5.2 Hz),
3.59 (1H, dd, J = 10.3, 4.6 Hz), 3.63 (1H, m), 4.01 (1H, m), 4.50 and 4.57 (2H, ABq, J = 12.0 Hz), 4.97
(1H,m), 5.38 (1H,m), 7.15–7.18 (3H,m), 7.25–7.36 (7H,m) ppm. 13CNMR(125MHz, 294K, CDCl3,
0.038 M): δ 25.0, 26.1, 26.7, 27.1, 28.4, 29.1, 29.2, 31.2, 31.4, 32.0, 32.4, 35.9, 37.0, 41.0, 67.3, 68.2, 70.5,
73.3, 73.8, 75.9, 125.5, 127.7 (2C), 127.8, 128.1 (2C), 128.4 (2C), 128.4 (2C), 137.7, 142.8, 170.1, 170.4
ppm. HR-ESI-TOF-MS:m/z 573.3198 ([MNa]+, calculated for C34H46O6Na, 573.3192).

4.2.20 (1R,5R,9R,11S)-5-(Hydroxymethyl)-12,12-dimethyl-9-(6-phenylhexyl)-4,8,15-
trioxabicyclo[9.3.1]pentadecane-3,7-dione (3)

To a solution of 25 (9.2 mg, 17 μmol) in EtOH (2.0 mL) was added 10% Pd/C (4.6 mg). The reaction
mixture was stirred for 20 h at room temperature under H2 atmosphere. The reaction mixture was then
filtered, and the filtrate was concentrated in vacuo. The residue was purified byHPLC (column, YMC-pack
ODS-AM AM12S05-1520WT; solvent, 87.5% MeOH/H2O; flow rate, 8.0 mL/min; UV detector, 254
nm; retention time, 12.4 min) to afford 3 (5.3 mg, 12 μmol, 69%) as a white crystal. [α]D: +3.9 (c 0.60,
CHCl3, 27.3 °C). 1HNMR(500MHz, 294K, CDCl3, 0.023M): δ 0.79 (3H, s, H-23), 1.04 (3H, s, H-22),
1.20–1.60 (14H, m, H-4, H-5, H-8β, H-10a, H-11, H-12, H-13, H-14), 1.74–1.81 (1H, m, H-10b), 2.07
(1H, br s, 27-OH), 2.33 (1H, ddd, J = 15.2, 11.5, 2.9 Hz, H-8α), 2.45 (1H, dd, J = 13.7, 3.4 Hz, H-2β),
2.52 (1H, m, H-2α), 2.60 (2H, t, J = 7.7 Hz, H-15), 2.70 (1H, dd, J = 17.2, 3.4 Hz, H-25β), 2.78 (1H, dd,
J = 17.2, 10.0 Hz, H-25α), 3.64 (1H, m, H-7), 3.69–3.77 (2H, m, H-27), 4.02 (1H, m, H-3), 4.98 (1H, m,
H-9), 5.29 (1H, m, H-26), 7.16–7.19 (3H, m, H-17, H-19, H-21), 7.26–7.29 (2H, m, H-18, H-20) ppm.
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13CNMR(125MHz, 294K, CDCl3, 0.023M): δ 25.5 (C-23), 26.1 (C-12), 26.8 (C-4), 27.1 (C-22), 28.3
(C-8), 29.1 (C-13), 29.2 (C-11), 31.3 (C-10), 31.4 (C-14), 32.1 (C-6), 32.3 (C-5), 35.9 (C-15), 36.5 (C-
25), 41.2 (C-2), 64.3 (C-27), 67.1 (C-3), 70.6 (C-26), 74.0 (C-9), 76.0 (C-7), 125.6 (C-19), 128.2 (2C,
C-18, C-20), 128.4 (2C, C-17, C-21), 142.8 (C-16), 169.9 (C-24), 171.2 (C-1) ppm. HR-ESI-TOF-MS:
m/z 483.2720 ([MNa]+, calculated for C27H40O6Na, 483.2723).

4.3 Molecularmodeling

4.3.1 Conformational search of 3
The three-dimensional structure of 3 was built using Avogadro (version 1.2.0).60 Simulated annealing
was carried out using the GROMACS program (version 2021.3)57 with a general AMBER force field 2
(GAFF2) in the AmberTools21 package.61 An aromatic side chain at C9 was replaced with a ethyl group
to simplify calculation. All bonds were constrained using the LINCS algorithm. The time step was set to
1 fs. The annealing temperature was initially set to 1,500 K and the temperature was kept constant for 2 ps.
The temperature was linearly dropped to 100 K over 1 ps and then to 0 K over 1 ps, and kept at the same
temperature for 1 ps. This 5-ps cycle was repeated 1,000 times to give conformer library. Two possible
conformers A and B were selected and optimized at the M06-2X/aug-cc-pVTZ level of theory with polar-
izable continuummodel using the integral equation formalism (IEFPCM) solvent model with chloroform
solvent using the Gaussian16 program.62

4.3.2 MD simulation
MD simulation and MM/PBSA calculation were performed as described previously.30 All MD simulation
were performed using the GROMACS program (version 2021.3). MM/PBSA calculation and energy de-
composition per residue were performed by the MMPBSA.py.MPI63 module in AmberTools21. The final
coordinate of the protein/ligand complex in each replica was analyzed by the PPM server56 to estimate
∆G°transfer .

4.4 Inhibition of specific binding of [3H]PDBu to the PKCC1 peptides
Thebindingof [3H]PDBu to thePKCα-C1Aandδ-C1Bpeptideswas evaluatedby theprocedureof Sharkey
and Blumberg52 with modification as reported previously48 using 50 mM Tris-maleate buffer (pH 7.4 at
4 °C), 40 nM α-C1A peptide or 13.8 nM δ-C1B peptide, 20 nM [3H]PDBu (13.92 Ci/mmol account-
ing for radioactive decay), 50 μg/mL 1,2-dioleoyl-sn-glycero-3-phospho-l-serine (Funakoshi), 3 mg/mL
bovine γ-globulin (Sigma), and various concentrations of 3. 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 (Microsoft, USA). The binding inhibition constant, K i,
was calculated by the equation of Goldstein and Barrett,53 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. The mean
K i values and the 95%confidence intervals (based on t-distribution)were calculated on the logarithm scale
and converted to the nanomolar unit.

4.5 Measurements of cell growth inhibition
Cell growth inhibitory activity was evaluated toward a panel of 39 human cancer cell lines established by
Yamori and colleagues.59 In brief, the cells were plated in 96-well plates in RPMI 1640 medium supple-
mented with 5% fetal bovine serum and allowed to attach overnight. The cells were incubated with the
test compound for 48 h. Cell growth was estimated by the sulforhodamine B assay. Absorbance for the
control well (𝐶) and test well (𝑇) was measured at 525 nm along with that for the test well at time 0 (𝑇0).
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Cell growth inhibition (% growth) by each concentration of drug (10−8, 10−7, 10−6, 10−5, and 10−4 M)
was calculated as 100[(𝑇 − 𝑇0)/(𝐶 − 𝑇0)] (if 𝑇 > 𝑇0) or 100[(𝑇-𝑇0)/(𝑇0)] (if 𝑇 < 𝑇0) using the mean of
duplicate points.
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