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ABSTRACT
Vibsanin A (VibA), isolated from Viburnum odoratissimum, binds to and activates protein kinase C (PKC)
isozymes to induce leukemia cell differentiation. VibA is a promising seed compound for developing PKC-
activating drugs because it exhibits anti-proinflammatory activity, atypical to PKCactivators. However, the
role of hydrogen bond-forming functional groups and the precise binding mode with C1 domains in PKC
isozymes remains unknown. In this study, we evaluated the PKC-binding ability of natural vibsanins and
synthetic 1′-desoxo-VibA (1) and performed molecular dynamics simulation of membrane/C1 domain-
bound VibA to predict the binding mode of VibA with C1 domains. Experimental and simulation results
indicated that the ester group in VibA is involved in CH–O hydrogen bonds with PKCC1 domains. Alter-
natively, a growth-inhibition assay against leukemia cells revealed that the ester group of VibA negatively
affects antiproliferative activity.

1 INTRODUCTION
Protein kinase C (PKC) is a family of serine/threonine-specific kinases involved in several cellular func-
tions, including proliferation, apoptosis, and tumorigenesis.1–3 Over the years, the PKC family has at-
tracted attention as a potential therapeutic target for cancer, Alzheimer’s disease, and human immunodefi-
ciency virus infection.3 In humans, it is composed of at least ten isozymes, which differ in phylogeny and
biochemistry, resulting in further classification into three subfamilies: calcium-dependent conventional
PKCs (α, βI, βII, γ), calcium-independent novel PKCs (δ, ε, η, θ), and atypical PKCs (ζ, λ/ι).3 1,2-Diacyl-
sn-glycerol (DAG), a second-messenger, binds to tandem C1 domains (C1A and C1B) in the regulatory
regionof conventional andnovel PKCs, activating these isozymes. BymimickingDAG,naturally-occurring
PKC ligands such as 12-O-tetradecanoylphorbol 13-acetate (TPA) and bryostatin-1 (Figure 1) bind to C1
domains and act as PKC agonists.4–6 Recently, the U.S. Food and Drug Administration has approved two
natural PKC ligands as drugs: Ingenol mebutate (Figure 1) as a topical gel for treating actinic keratosis,
which is a pre-cancerous skin lesion,7 and tigilanol tiglate with a phorbol skeleton for treating mast cell
tumors in dogs.8 However, strong tumor-promoting and proinflammatory effects, having acute adverse
effects and hampering oral and intravenous administrations, have limited clinical use of most PKC ligands.
Therefore, the discovery and development of non-tumor-promoting and non-proinflammatory PKC lig-
ands have been a long-standing goal in this field.

Recently, vibsanin A (VibA), an eleven-membered diterpenoid isolated from leaves ofViburnum odor-
atissimum in 1980,9–11 has been discovered as a new PKC ligand.12 It was striking that VibA induced
leukemia cell differentiation and suppressed TPA-induced inflammation onmouse skin,12 indicating VibA
as a potential seed for developing PKC-activating drugs without tumor-promoting activity. However, to
rationally design derivatives or analogs of VibA, we need to know or predict the accurate binding mode of
VibA with C1 domains of PKCs. Yu et al. reported that the oxidation of position 5 of VibA decreased its
differentiation induction activity.12 Matsuki et al. also reported that the 18-OH group of VibA is critical
for the cell differentiating activity,13 which is consistent with the structure–activity relationship studies on
other classes of PKC ligands, including phorbol esters,14 ingenol esters,15 teleocidins,16 and aplysiatoxins17

(Figure 1). However, the role of VibA’s 6,7-epoxy and 1′-ester-carbonyl groups in binding to C1 domains
is unknown.

In this report, we describe the ability to bind to PKCα and δ isozymes, as well as isolated PKCα-C1A,
α-C1B, δ-C1A, and δ-C1B domains and antiproliferative activity of VibA, vibsanin B (VibB), vibsanol C,
epoxyvibsanin B (epoxy-VibB), and synthetic 1′-desoxovibsanin A (1, Figure 2), implying that both the
epoxy and ester-carbonyl groups play vital roles in the strong affinity to C1 domains. In addition, MD
simulation of PKCδ-C1B domain in complex with VibA in the phospholipid bilayer suggested that the
epoxy group forms a relatively strong hydrogen bond with an NH group of Gly-253 of PKCδ-C1B, and
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Figure 1: Structures of naturally-occurring protein kinase C (PKC) ligands. Red and blue circles behind
the structure diagrams represent hydrogen bond donors and acceptors involved in binding to PKC, respec-
tively.

the 1’-carbonyl group occasionally forms a weaker hydrogen bond with the same NH group but primarily
forms a CH–O hydrogen bond with an Hα atom of Gly-253.

2 RESULTS AND DISCUSSION
2.0.1 Isolation of vibsanins and synthesis of 1′-desoxovibsanin A (1)
VibA, vibsanol C,18 VibB,9,19 and epoxy-VibB20 were isolated from Viburnum odoratissimum according to
the previously described procedures.9 Nuclear magnetic resonance (NMR) signals of epoxy-VibB were
assigned using two-dimensional NMR techniques (Table 1), which are nearly consistent with 1H NMR
data in the literature20 (Supplementary materials, Table S1).

Because the ester group at position 8 is a common moiety among eleven-membered vibsanins, we
cannot assess the role of the carbonyl group at position 1′ by comparing the natural vibsanins. Therefore,
we synthesized and evaluated the biological activities of 1′-desoxovibsanin A (1), as shown in Scheme 1,
with an overall yield of 19% in four steps.

2.1 The ability of VibA to bind to PKCα and δ isozymes, and their C1 do-
mains

Recently, Hanaki et al. have reported that, among PKC isozymes, PKCα and δ isozymes are predominantly
expressed in cancer cell lines and are involved in the antiproliferative activity of the simplified analog of
aplysiatoxin.21 Thus, we first evaluated the binding ability of VibA for recombinant human PKCα and δ
isozymes using a competitive binding assay with tritium-labeled phorbol 12,13-dibutyrate ([3H]PDBu)
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Figure 2: Structures of natural vibsanin congeners and 1′-desoxovibsanin A (1).
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Table 1: 1H and 13C NMR data for epoxyvibsanin B in CDCl3, 297 K (600 MHz for
1H and 150MHz for 13C).

Epoxyvibsanin B
No. δH (ppm) mult. J (Hz) δC (ppm)
1α 2.62 dd 12.2, 6.4 40.2
1β 1.97 dd 12.2, 11.0 -
2 5.76 dd 11.0, 6.4 130.5
3 - 145.8
4 - 203.8
5α 2.74 dd 17.8, 10.7 40.5
5β 3.21 dd 17.8, 4.3 -
6 3.39 dd 10.7, 4.3 59.3
7 - 60.3
8 5.08 d 9.7 77.2
9 5.33 dd 15.9, 9.7 122.4
10 5.69 d 15.9 145.8
11 - 40.3
12a 1.27 ddd 13.2, 12.0, 5.5 38.9
12b 1.50 ddd 13.2, 12.2, 4.6 -
13a 1.78 m 23.1
13b 1.90 m -
14 5.05 t sepa 7.0, 1.2 124.3
15 - 131.6
16 1.57 s 17.6
17 1.66 s 25.7
18a 4.18 dd 12.9, 2.9 64.6
18b 4.50 dd 12.9, 8.0 -
19 1.45 s 17.5
20 1.05 s 23.5
1′ - 165.3
2′ 5.61 br s 115.9
3′ - 157.4
4′ 2.15 d 1.2 20.3
5′ 1.90 d 1.2 27.4

a Triplet of septets.
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based on the method of Sharkey and Blumberg22 with minor modifications. Figure 3 shows a decrease
in the [3H]PDBu binding ratio with increasing VibA concentration. Apparent binding inhibition con-
stants (K i) of VibA, corresponding to a dissociation constantKd, calculated from its IC50 values for PKCα
and δ were 12 and 14 nM (Table 2), respectively, indicating that VibA has little selectivity between the
two isozymes. However, the relatively slow rate of the decrease in the [3H]PDBu binding ratio with in-
creasing VibA concentration and the biphasic nature of the binding inhibition trend in PKCδ indicate that
VibA has significant binding selectivity between C1A and C1B domains in both PKCα and δ compared to
[3H]PDBu.
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Figure 3: Binding of VibA for recombinant human PKCα and δ. Binding assay was performed with a
fixed [3H]PDBu concentration (∼12.6 nM). Curved dashed lines represent theoretical binding inhibition
curves using the K i values of VibA for each binding site, estimated by nonlinear regression analysis.

Table 2: K i values of VibA for PKCα and δ isozymes, and synthetic C1 peptides.
PKC isozymes and C1 peptides K i (nM) of VibA Kd (nM) of [3H]PDBua

PKCα 12 0.46
α-C1A 1100b (600–2100)c 1.1
α-C1B 42 (22–81)c 5.3
PKCδ 14 0.76
δ-C1A 1400 (900–2300)c 52
δ-C1B 0.28 (0.12–0.65)c 0.53

a Cited from Ref. 23. b Mean values from two independent experiments (triplicate for each ligand
concentration). c 95% confidence interval.

We performed the binding assay using synthetic C1 peptides23 as surrogates of isolated C1 domains
to accurately evaluate the affinity of VibA for each C1 domain. These peptides can be correctly folded
in vitro by zinc ions and appropriate pH adjustment and exhibit comparable affinity to PKC ligands as
recombinant enzymes.24 The K i values of VibA for synthetic α-C1A, α-C1B, δ-C1A, and δ-C1B peptides
were 1100, 42, 1400, and 0.28 nM (Table 2), respectively. The binding inhibition curves are presented in
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the Supplementary materials. The comparison with Kd values of [
3H]PDBu (Table 2) suggests that VibA

has binding selectivity for C1B domains, especially for ones in novel PKC isozymes. The K i value of VibA
for δ-C1B was comparable to those of naturally-occurring tumor promoters: aplysiatoxin (K i, 0.41 nM)25

and teleocidin B-4 (K i, 0.12 nM; 95% CI, 0.0055–2.5). Conversely, the affinity of VibA for α-C1A was
relatively lower: approximately 4,000 times lower than that for δ-C1B and approximately 3,000 times lower
than that of aplysiatoxin for α-C1A (K i, 0.40 nM).25 The degree of binding selectivity of VibA for δ-C1B
was the highest among known natural and synthetic PKC ligands: The most novel PKC-selective ligand
known was 1-hexylindolactam-V10, a ten-membered teleocidin analog, showing approximately 450-fold
selectivity for δ-C1B over α-C1A.26 Regarding teleocidin analogs, expanding the size of a lactam ring from
eight to nine or nine to ten made the ring more flexible, increasing binding selectivity for novel PKC C1B
domains.26–28 Therefore, the relatively high binding selectivity of VibA may be attributable to its flexible
eleven-membered ring structure.

Since the C1A domain in PKCα and the C1B domain in PKCδ are the primary binding sites of tumor
promoters,24 binding abilities of the other vibsanins and1were evaluatedusing α-C1Aandδ-C1Bpeptides.

Table 3: K i values of VibB, Vibsanol C, Epoxy-VibB, and 1 for the PKCα-C1A and δ-
C1B peptides

K i (nM)
PKC C1 peptides VibB Vibsanol C Epoxy-VibB 1

α-C1A NBa NB NB 1800b (71–43,000)c

δ-C1B 230 (48–1100)c 50 (24–110)c 75 (2–2900)c 3.3 (0.3–34)c

a No binding at maximum assay concentration (10−4.5 M) b Mean values from two independent
experiments (triplicate for each ligand concentration). c 95% confidence interval.

2.2 The ability of vibsanins and 1 to bind to PKCC1 domains
Table 3 presents the K i values of other vibsanins and 1. The binding inhibition curves are presented in the
Supplementary materials. The binding ability of VibB (K i, 230 nM), vibsanol C (K i, 50 nM), and epoxy-
VibB (K i, 75 nM) for δ-C1Bwas approximately 170–800 times lower than that of VibA (K i, 0.28 nM), and
these compounds showed no binding ability for α-C1A atmaximumassay concentration (10−4.5 M).These
results imply that the carbonyl group at position 4 interferes with the binding of ligands to the C1 domain,
which is consistent with the report that, unlike VibA, VibB and structurally-related vibsanin Lwith a 4-oxo
group did not induce HL-60 cell differentiation.12 Note that PKCβ mediates the differentiation of HL-60
cells induced by PKC ligands,29 andC1 domain sequences of PKCα and β are almost identical. Comparing
VibB, vibsanol C, and epoxy-VibB, the ability of vibsanol C and epoxy-VibB was slightly higher than that
of VibB, indicating the importance of the epoxy group in binding to the C1 domain.

The binding ability of 1 without a carbonyl group at position 1’ for δ-C1B (K i, 3.3 nM) was approxi-
mately 12 times lower than that of VibA,which corresponds to the 1.35 kcalmol−1 difference in the binding
free energy (calculated at 277.15 K).The free energy of hydrogen bond formation ranges from 1.5 to 4.7
kcal mol−1, and removing a hydrogen bond acceptor of PKC ligands significantly reduces affinity.17,30 For
example, removing the carbonyl oxygen atom in a lactone ring of DAG-lactones resulted in approximately
200–2,000 times reduction of affinity for the PKCδ-C1B domain.30 Therefore, the approximately 12 times
lower affinity of 1 than VibA implies that the carbonyl group at position 1′ of VibA is involved in a weak
hydrogen bonding with δ-C1B.
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2.3 Molecularmodeling study
To predict the binding mode of VibA with the PKC C1 domains and investigate the role of the carbonyl
group at position 1′, we performed docking simulation and all-atomMD simulation of VibA and 1 in phos-
pholipid bilayer environment, as previously described.31 We used the predicted three-dimensional struc-
ture of the PKCα-C1A domain, built by homology modeling, and the crystal structure of the PKCδ-C1B
domain14 (PDB code: 1PTR) for the simulations. Based on the simulation trajectory, we analyzed the
binding mode and intermolecular hydrogen bonding network. The binding free energy, ΔG°bind, was pre-
dicted by combining molecular mechanics Poisson–Boltzmann surface area (MM-PBSA) energy and the
free energy of transfer calculated using the PPM server, as previously described.31 TheMM-PBSAmethod
is a feasible approach to estimate the free energy of binding in an aqueous solution. However, because we
cannot directly apply this method to a membrane/protein/ligand dynamical system, we combined it with
the empirically calculated free energy of membrane transfer.

Figure 4A and 4C show the major binding modes of VibA with the PKCα-C1A and PKCδ-C1B do-
mains in the MD simulation. These major binding modes shared a hydrogen-bonding network involving
the binding cleft-forming Gly, Leu/Ile, andThr residues. VibA formed three hydrogen bonds between the
6,7-epoxy and NH groups of Gly-59 (PKCα-C1A) or Gly-253 (PKCδ-C1B), the 18-OH and C=O groups
of Ile-57 (PKCα-C1A) or Leu-251 (PKCδ-C1B), and the 18-OH andNH groups ofThr-48 (PKCα-C1A)
or Thr-242 (PKCδ-C1B). These hydrogen bonding groups in the protein side are involved in the binding
of PKC ligands.15–17,32 For example, in phorbol esters, the 3-C=O group forms a hydrogen bond with Gly-
253, and the 20-OH group forms hydrogen bonds with Thr-242 and Leu-251 (PDB ID: 1PTR; Figure
4E).14,15

The 1′-ester-carbonyl group formed a CH–O hydrogen bond33 with an Hα atom of the Gly-253
residue in themajor bindingmodes. In addition, H-8 of VibA formed another CH–Ohydrogen bond with
the C=O group of the Gly residue, which has geometrical similarity to a hydrogen bond between 4-OH of
a phorbol ester and theC=Ogroup of theGly-253 (Figure 4E).14 ACH–Ohydrogen bond is weaker than a
conventional hydrogen bond even though it significantly contributes to the protein structure, nucleic acid
structure, and molecular recognition.33

In the minor mode with the PKCα-C1A domain (Figure 4B), the 1′-carbonyl group did not have in-
teraction with Gly-59 due to the steric hindrance with Phe-60, a residue existing in PKCα-, β- and η-C1A
domains. On the other hand, in theminormodewith the PKCδ-C1B domain (Figure 4D), the 1′-carbonyl
and 6,7-epoxy groups occasionally and simultaneously formed hydrogen bonds with theNHgroup of Gly-
253 (Figure 4B), known as bifurcated hydrogen bonds or, specifically, two-acceptor/one-donor bifurcated
hydrogen bonds. However, the occurrence and importance of this type of hydrogen bond are insignifi-
cant.34

Figure 5 shows distribution histograms of interatomic length between a hydrogen atom and an accep-
tor atom involved in each hydrogen bond. Percentages shown in each panel represent the probability of the
presence of each hydrogen bond. The criteria used was that a distance between a hydrogen atom and an ac-
ceptor atommust be equal to or less than2.7Å,which is less than the sumof vanderWaals radii of hydrogen
(1.20 Å) and oxygen (1.52 Å) atoms. The histograms show that the hydrogen bonds involving theOH and
epoxy groups of VibA stably existed in the simulation. On the other hand, the 1′-carbonyl group formed
a hydrogen bond only 5.7% and 2.2% of the simulation time for PKCα-C1A and PKCδ-C1B, respectively,
implying that the bindingmode with the bifurcate hydrogen bond (Figure 4D) is rare and does not signifi-
cantly contribute to the binding of VibA.The distance distributions of the CH–O hydrogen bonds suggest
that the 1′-carbonyl group and the H-8 of VibA formed CH–O hydrogen bonds with the proteins, though
PKCδ-C1B is more likely to form those interactions than PKCα-C1A.

Table 4 presents the predicted and experimental ΔG°bind of VibA and 1 for α-C1A and δ-C1B and
their energy components in the MM-PBSA calculation. Comparing VibA–α-C1A and VibA–δ-C1B, the
difference in predicted ΔG°bind (ΔΔG°bind, 4.3 kcal mol−1) was roughly consistent with the experimen-
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Figure 4

DC

Gly-253

Leu-251

Thr-242

VibAVibA

E Phorbol 13-acetate

PKCδ-C1B PKCδ-C1B

PKCδ-C1B

A
VibA

PKCα-C1A

B

VibA

PKCα-C1A

Thr-48

Ile-57

Gly-59

Phe-60

Figure 4: Typical bindingmodes of VibAwith the PKCα-C1A (panels A and B) and PKCδ-C1B (panels
C and D) domains in theMD simulation and an experimental binding mode of phorbol 13-acetate (panel
E). A) The major binding mode of VibA with the PKCα-C1A domain in which the 1′-carbonyl group of
VibA forms a CH–O hydrogen bond with an Hα atom of Gly-59. B) The minor binding mode of VibA
with the PKCα-C1A domain in which the 1′-carbonyl and the epoxy groups do not interact with the Gly-
59 residue. C) The major binding mode of VibA with the PKCδ-C1B domain in which the 1′-carbonyl
group of VibA forms a CH–O hydrogen bond with an Hα atom of Gly-253. D)The minor binding mode
of VibA with the PKCδ-C1B domain in which the 1′-carbonyl group and the epoxy group forms bifur-
cated hydrogen bonds with the NH group of Gly-253. E) The binding mode of phorbol 13-acetate with
the PKCδ-C1B domain (PDB ID: 1PTR), where hydrogen atoms are added and energetically minimized.
VibA,Thr-242, Leu-251, andGly-253 are shown in the stickmodel. Hydrogen, oxygen, andnitrogen atoms
are colored white, red, and blue. Carbon atoms are colored either green (for protein) or violet (for VibA).
A solvent-accessible surface is shown for the protein.
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Figure 5: Histograms for lengths of intermolecular hydrogen bonds between the A) PKCα C1A and
VibA, and B) PKCδ C1B and VibA in theMD simulation. Bin width is 0.05 Å. Each box shows the proba-
bility for the presence of the hydrogen bond (criteria, ≤ 2.7 Å).
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Table 4: Predicted and experimental ΔG°bind (kcal mol−1) of VibA and 1 for the PKCα
C1A and PKCδ C1B domains and energy components in the MM-PBSA calculation.

PKCα-C1A PKCδ-C1B
VibA 1 VibA 1

ΔEMM-PBSA (A) −7.7439 −7.2741 −11.9874 −11.0459
van der Waals −32.3066 −31.5354 −33.1619 −33.0092
electrostatic −25.1940 −17.9207 −26.4170 −19.1333

polar solvation 35.4879 27.7750 34.3138 27.7063
nonpolar solvation −24.0990 −23.7672 −24.3424 −24.3623

dispersion 38.3625 38.1793 37.6206 37.7642
ΔGtransfer (B)

a −11.2 −11.8 −11.2 −12.0
predicted ΔG°bind (A+B) −18.9 −19.1 −23.2 −23.0
experimental ΔG°bind

b −8.45 −8.15 −13.5 −12.0

a Calculated using the PPM server and program.35 b Experimental
Δ𝐺°bind = (1/4184) × −𝑅𝑇 ln(𝐶°𝐾−1

i ), where 𝑅 represents the gas constant (8.31446 J/K/mol), 𝑇 =
310 (K), and 𝐶° represents the standard concentration (1 M).

tal (ΔΔG°bind (5.05 kcal mol−1). All MM-PBSA energy terms for VibA–α-C1A were slightly greater than
those for VibA–δ-C1B. Also, there was no significant difference in the results of energy decomposition
per residue (Figure 6) between VibA–α-C1A and VibA–δ-C1B.These results suggest that the significantly
lower affinity of VibA for α-C1A is not attributable to loss of specific interaction types or specific residues.

Comparing VibA and 1, ΔEMM-PBSA for VibA was approximately 0.5 and 0.9 kcal mol−1 less than that
for 1 in α-C1A and δ-C1B, respectively. Compared with VibA, attractive electrostatic energy decreased by
−7.3 kcal mol−1 in 1, and the decrease in positive polar solvation energy term (7.7 and 6.6 kcal mol−1)
did not fully compensate for this decrease. The energy decomposition per residue indicated that, while
the van der Waals energy per residue did not differ between VibA and 1, the attractive electrostatic energy
with Gly-59 or Gly-253 decreased by approximately 2 kcal mol−1 in 1 compared with VibA (Figure 6).
Alternatively, the existence of a carbonyl group at position 1′ doubled the attractive electrostatic interaction
with theGly residue. This change in the electrostatic energy component can be attributed to the loss of the
CH–O hydrogen bond involving the 1′-carbonyl group and the decrease in the acidity of H-8 of VibA that
formsCH–Ohydrogen bondwith theC=O group of theGly residue. The experimental energy of a CH–O
hydrogen bond formation is 1 kcalmol−1,33 which can explain the decrease in the binding ability of 1 (1.35
kcal mol−1).

2.4 Theantiproliferative activity ofVibAand1againstMOLT-4F leukemia
cell line

To examine the effect of removing the 1′-carbonyl group on the antiproliferative activity, we conducted a
growth-inhibition test against a human acute T lymphoblastic MOLT-4F cell line. Drexler et al. reported
that TPA inhibited the proliferation of theMOLT-4 cell line, a parent cell line ofMOLT-4F cells.36 MOLT-
4F cells were treated with VibA or 1 and incubated for 48 h, and then cell viability was measured by cell
counting kit-8 (Dojindo). GI50, the concentration required for 50% growth-inhibition, calculated from the
growth-inhibition curve, represents the antiproliferative activity of the compounds.

The GI50 of VibA and 1 against MOLT-4F cells were 3.4 and 0.72 μM, respectively (Table 5); VibA
exhibited approximately 5-fold lower antiproliferative activity than 1. Because the molecular hydropho-

11



Ph
e-

44
Ly

s-
45

G
ln

-4
6

Pr
o-

47
Th

r-4
8

Ph
e-

56
Ile

-5
7

Tr
p-

58
G

ly
-5

9
Ph

e-
60

G
ly

-6
1

Ly
s-

62
G

ln
-6

3

Figure 6

va
n 

de
r W

aa
ls

 e
ne

rg
y 

(k
ca

l m
ol
−1

)
E

le
ct

ro
st

at
ic

 e
ne

rg
y 

(k
ca

l m
ol
−1

)

VibA 1

A   PKCα-C1A

B   PKCδ-C1B

va
n 

de
r W

aa
ls

 e
ne

rg
y 

(k
ca

l m
ol
−1

)
E

le
ct

ro
st

at
ic

 e
ne

rg
y 

(k
ca

l m
ol
−1

)

Ty
r-2

38
M

et
-2

39
Se

r-2
40

Pr
o-

24
1

Th
r-2

42
Le

u-
25

0
Le

u-
25

1
Tr

p-
25

2
G

ly
-2

53
Le

u-
25

4
V

al
-2

55
Le

u-
25

6
G

ln
-2

57

-3.5

-3

-2.5

-2

-1.5

-1

-0.5

0

-5

-4

-3

-2

-1

0

1

VibA 1

-4
-3.5

-3

-2.5
-2

-1.5

-1
-0.5

0

-5

-4

-3

-2

-1

0

1

Ph
e-

44
Ly

s-
45

G
ln

-4
6

Pr
o-

47
Th

r-4
8

Ph
e-

56
Ile

-5
7

Tr
p-

58
G

ly
-5

9
Ph

e-
60

G
ly

-6
1

Ly
s-

62
G

ln
-6

3

Ty
r-2

38
M

et
-2

39
Se

r-2
40

Pr
o-

24
1

Th
r-2

42
Le

u-
25

0
Le

u-
25

1
Tr

p-
25

2
G

ly
-2

53
Le

u-
25

4
V

al
-2

55
Le

u-
25

6
G

ln
-2

57

Figure 6: Decomposition of van der Waals and electrostatic energies from the MD simulation between
VibAor1 and theA)PKCαC1AorB)PKCδC1Bdomain per residue. Values for residues that form ligand-
binding cleft are shown.
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bicities (ClogP) of VibA and 1 are almost equal (Table 5), the discrepancy between their binding ability
to PKCC1 domains and antiproliferative activity against MOLT-4F cells cannot be attributed to their dif-
ference in membrane permeability or cellular uptake.

Table 5: GI50 values for MOLT-4F cells, half-lives (t1/2) in phosphate-buffered saline,
and ClogP values of VibA and 1.

VibA 1
GI50 (μM) for MOLT-4F cells 3.4 (0.5)a 0.72 (0.21)a

t1/2 (h) 20.0 (0.2)a 10.7 (0.1)a

ClogPb 6.51 6.52

a Standard deviation from two or three independent experiments. b Calculated by ChemDraw 20.0.

2.5 Stability of VibA and 1 in an aqueous buffer
To investigate whyVibA exhibited lower antiproliferative activity than 1, we conducted a chemical stability
test forVibA and1 in phosphate-buffered saline (PBS) at 37 °C.Wemeasured the residual amounts ofVibA
and 1 by reversed-phase HPLC and calculated the half-life (t1/2) for each compound. The half-lives (t1/2)
of VibA and 1 in the PBS solution at 37 °C were 20.0 and 10.7 h, respectively (Table 5). As a result, we
cannot explain the lower antiproliferative activity of VibA in terms of chemical stability.

In a liquid chromatography/time-of-flight mass spectrometry (LC-TOF-MS) analysis of VibA in the
PBS solution, we detected oxidation products with a formula C25H36O5 (observed m/z 439.2461, calcu-
lated 439.2460 for C25H36O5Na) and different retention times but no hydrolytic product from the hydrol-
ysis of an ester group at position 8. We also found that VibA rapidly decomposed in a methanol-diluted
PBS solution, evenwhen stored on ice, within an hour. These results imply that oxidation is a primary cause
of the degradation of VibA in an aqueous buffer. Therefore, the lower activity of VibA than 1might be at-
tributed to VibA’s susceptibility to oxidation, which decreases molecular hydrophobicity and introduces a
steric hindrance with the receptor, degrading VibA’s biological activity.

3 Conclusion
In this study, through the structure–activity relationship investigation andmolecular dynamics simulation,
we examine the role of polar functional groups of VibA in its biological activity. The experimental and sim-
ulational results suggested that the 6,7-epoxy and1′-carbonyl groups ofVibA forma conventional hydrogen
bond and a CH–O hydrogen bond, respectively, with Gly-59/253 of the PKCαC1A/PKCδC1B domains,
that is, a conserved residue in the C1 domain family. The simulation results also suggested that the exis-
tence of an electron-withdrawing ester group at position 8 strengthens the CH–Ohydrogen bond between
H-8 of VibA and the C=O of Gly-59/253.

Comparison of binding ability to PKC C1 domains, growth-inhibitory activity against MOLT-4F
cells, and chemical stability of VibA and 1 revealed that the ester side-chain in VibA favors binding to PKC
but negatively affects the antiproliferative activity, which is presumably due to its susceptibility to oxidation
and hydrolysis, which causes a loss of molecular hydrophobicity. Furthermore, because prolonged activa-
tion and subsequent degradation of PKC isozymes could be involved in the tumor-promoting activity of
PKC ligands, the relatively unstable nature of VibA might be a key for its unique anti-proinflammatory
activity on mouse skin.12
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So far,CH/π interactionshave garnered attention in thedevelopmentof analogsof naturally-occurring
PKC ligands,26,37, 38 whereasCH–Ohydrogenbonds have not. Theprediction thatCH–Ohydrogenbonds
play a substantial role in the binding of VibA provided new insight into the molecular recognition by C1
domains, which will help design artificial analogs of PKC ligands with higher affinity.

4 Experimental

4.1 General remarks
Thefollowing spectroscopic andanalytical instrumentswereused: Digital Polarimeter, JascoP-1010(JASCO,
Tokyo, Japan); 1Hand 13C, JOELJNM-ECA600and JEOLJNM-ECZ500(JEOL, Japan; reference,TMS);
microplate reader,MultiskanFC(ThermoSCIENTIFIC);HPLC, JASCOPU-980 IntelligentHPLCpump
with a JASCO PV-970 Intelligent UV/VIS Detector and JASCO PU-4086 Semi-preparative Pump with a
JASCOUV-4075 UV/VIS Detector ( JASCO, Tokyo, Japan); MPLC, EPCLC-AI-580S (Yamazen, Osaka,
Japan); HR-ESI-TOF-MS, Xevo G2-XS (Waters, Tokyo, Japan) equipped with an ACQUITYUPLC BEH
C18 column (Waters, Tokyo, Japan). HPLCwas carried out on YMC-PackODS-AMAM12S05-2510WT,
ODS-A AA12S05-1006WT, SIL SL12S05-1510WT, and SIL SL12S16-1520WT (YMC, Kyoto, Japan).
WakogelC-300 (silica gel, FUJIFILMWakoPureChemicalCorporation,Osaka, Japan), activated charcoal
powder (FUJIFILMWakoPureChemicalCorporation), andSephadexLH-20(GEHealthcare Japan)were
used for open and flash column chromatography. [3H]PDBu (17.16 Ci mmol−1) was custom-synthesized
byPerkinElmer Life ScienceResearchProducts (Boston,MA,US). Poly(ethylene glycol) 8000 and bovine
γ-globulin were purchased fromSigma-Aldrich. 1,2-Dioleoyl-sn-glycero-3-phospho-l-serine (sodium salt,
chloroform solution) was purchased from Funakoshi (Tokyo, Japan). Recombinant human PKCα and
PKCδ were purchased from ThermoFisher Scientific (Waltham, MA, USA). The PKC C1 peptides were
synthesized as reported previously.23 RPMI-1640 medium with L-Glutamine, phenol red and HEPES,
glucose-free RPMI-1640, Penicillin-Streptomycin, and Cell Counting Kit-8 (DOJINDO) were purchased
fromWako Pure Chemical Corporation. Fetal Bovine Serum was purchased from Equitech Bio. All other
chemicals and reagents were purchased from chemical companies and used without further purification.

4.2 Isolation of vibsanins
Vibsanin A and vibsanol C were isolated from leaves of V. odoratissimum, which were collected in Kagawa,
Japan, based on the procedure of Kawazu.9 Vibsanin B and epoxyvibsanin B was isolated from flower buds
of V. odoratissimum, which were collected in Kagawa, Japan, based on the same procedure. Before use, we
purified thesenatural products by reversed-phasehigh-performance liquid chromatography (HPLC), silica
gel HPLC, or both.

VibsaninAwaspurifiedby reversed-phaseHPLC(column, YMC-PackODS-AMAM12S05-1520WT;
solvent, 85% MeOH/H2O; flow rate, 8.0 mL min−1; UV detection, 220 nm and 254 nm; retention time,
19.0 min).

VibsanolCwaspurifiedby reversed-phaseHPLC(column, YMC-PackODS-AMAM12S05-1520WT;
solvent, 85% MeOH/H2O; flow rate, 8.0 mL min−1; UV detection, 220 nm and 254 nm; retention time,
14.7min) followedby silica gelHPLC(column, YMC-PackSILSL12S05-1510WT; solvent, 35%EtOAc/hex-
ane; flow rate, 3.0 mL min−1; UV detection, 220 nm and 254 nm; retention time, 10.3 min). In 1H-1D
NMR spectrum of vibsanol C, signals frommajor and minor conformers were observed for protons at po-
sitions 18 and 18-OH (Supplementary data, Table S2).

VibsaninBwaspurifiedby reversed-phaseHPLC(column, YMC-PackODS-AMAM12S05-1520WT;
solvent, 85% MeOH/H2O; flow rate, 8.0 mL min−1; UV detection, 220 nm and 254 nm; retention time,
10.3min) followedby silica gelHPLC(column, YMC-PackSILSL12S05-1510WT; solvent, 50%EtOAc/hex-
ane; flow rate, 3.0 mLmin−1; UV detection, 254 nm; retention time, 9.5 min).
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Epoxyvibsanin B was purified by reversed-phase HPLC (column, YMC-Pack ODS-AM AM12S05-
1520WT; solvent, 85%MeOH/H2O; flow rate, 8.0mLmin−1; UVdetector, 220nmand254nm; retention
time, 12.6 min) followed by silica gel HPLC (column, YMC-Pack SIL SL12S16-1520WT; solvent, 40%
EtOAc/hexane; flow rate, 8.0 mLmin−1; UV detection, 254 nm; retention time, 12.8 min).

4.3 Synthetic procedures

4.3.1 Synthesis of 2
To a solution of vibsanin A (26.3 mg, 65.3 µmol) in CH2Cl2 (540 µL) were added imidazole (20.9 mg,
0.305 mmol), DMAP (0.93 mg, 7.61 µmol), and tert-butyldimethylsilyl chloride (TBSCl, 44.5 mg, 0.296
mmol) at 0 °C under Ar atmosphere, and the reaction mixture was stirred for 1 h at the same tempera-
ture. EtOAc and H2Owere added to the mixture. The organic layer was separated and the water layer was
extracted with EtOAc thrice. The combined organic layer was washed with brine, dried over Na2SO4, fil-
tered, and concentrated in vacuo. The residue was purified by medium-pressure column chromatography
(silica gel, 10–30% EtOAc/Hexane linear gradient) to afford 2 (24.0 mg, 46.3 µmol, 71%). [α]D = +10.6°
(c 2.36, CHCl3, 18.6 °C).

1H-NMR (500 MHz, 296 K, CDCl3, 0.0096 M); δ 0.06 (3H, s, Si–CH3), 0.07
(3H, s, Si–CH3), 0.91 (9H, s, Si–C(CH3)3), 1.09 (3H, s, H-20), 1.12–1.19 (1H, m, H-5α), 1.25–1.33
(1H, m, H-12a), 1.42 (3H, s, H-19), 1.42–1.48 (1H, m, H-12b), 1.57 (3H, s, H-17), 1.66 (3H, s, H-16),
1.78 (1H, m, H-13a), 1.89 (3H, d, J = 1.2 Hz, H-5’), 1.91–1.98 (2H, m, H-1a, H-13b), 2.02 (1H, m, H-
4α), 2.11–2.13 (1H, m, H-1b), 2.15 (3H, d, J = 1.2 Hz, H-4’), 2.19 (1H, m, H-4β), 2.28 (1H, m, H-5β),
2.76 (1H, dd, J = 11.7, 2.4 Hz, H-6), 3.99 (1H, d, J = 12.7 Hz, H-18a), 4.10 (1H, d, J = 12.7 Hz, H-18b),
5.05–5.08 (1H, t sep, J = 7.0, 1.4 Hz, H-14), 5.18 (1H, d, J = 10.0 Hz, H-8), 5.39 (1H, dd, J = 15.9, 10.0
Hz, H-9), 5.50 (1H, dd, J = 9.8, 6.9 Hz, H-2), 5.71 (1H, septet, J = 1.1Hz, H-2’), 5.79 (1H, d, J = 15.9Hz,
H-10) ppm. 13C-NMR (126 MHz, 296 K, CDCl3, 0.0096 M); δ −5.4 (Si–CH3), −5.3 (Si–CH3), 17.6
(C-17), 17.7 (C-19), 18.4 (Si-C), 20.2 (C-4′), 22.9 (C-4), 23.1 (C-20), 23.2 (C-13), 25.7 (C-16), 26.0
(3C, Si–C(CH3)3), 26.3 (C-5), 27.4 (C-5′), 39.2 (C-12), 39.7 (C-11), 41.8 (C-1), 61.4 (C-7), 63.2 (C-
6), 65.9 (C-18), 77.8 (C-8), 116.1 (C-2′), 119.2 (C-2), 120.8 (C-9), 124.7 (C-14), 131.2 (C-15), 141.3
(C-3), 147.0 (C-10), 156.9 (C-3′), 165.2 (C-1′) ppm. HR-ESI-MS: m/z = 539.3535 ([M+Na]+, calcd.
for C31H52O4NaSi, 539.3533).

4.3.2 Synthesis of 3
Toa solutionof2 (23.5mg, 45.5 µmol) inMeOH(830µL) andTHF(830µL)was addedK2CO3 (33.9mg,
0.246 mmol) under Ar atmosphere. The reaction mixture was stirred for 43 h at room temperature, then
cooled to 0 °C, quenched with sat. NH4Cl aq. (760 µL), and extracted with EtOAc. H2Owas added to the
mixture, and the remaining organic layer was separated. The water layer was extracted with EtOAc thrice.
The combined organic layer was washedwith brine, dried overNa2SO4, filtered, and concentrated in vacuo.
The residue was purified by open column chromatography (silica gel, 20–100% EtOAc/Hexane stepwise)
to afford 3 (15.4 mg, 35.4 µmol, 78%). [α]D = +4.08° (c 1.57, CHCl3, 15.0 °C). 1H-NMR (500 MHz,
296 K, CDCl3, 0.014 M); δ 0.06 (3H, s, Si–CH3), 0.07 (3H, s, Si–CH3), 0.91 (9H, s, Si–C(CH3)3),
1.03–1.09 (1H, m, H-5α), 1.11 (3H, s, H-20), 1.25 (1H, s, OH), 1.29 (1H, ddd, J = 13.0, 12.3, 5.3 Hz,
H-12a), 1.41 (3H, s, H-19), 1.44 (1H, ddd, J = 13.0, 12.6, 4.7 Hz, H-12b), 1.58 (3H, s, H-17), 1.67 (3H,
s, H-16), 1.75–1.83 (2H, m, H-13a, OH), 1.93–2.02 (3H, m, H-1a, H-4α, H-13b), 2.13 (1H, dd, J = 12.5,
11.0 Hz, H-1b), 2.18 (1H, t, J = 12.0 Hz, H-4β), 2.20–2.28 (1H, m, H-5β), 2.79 (1H, dd, J = 11.7, 2.6
Hz, H-6), 3.99 (1H, d, J = 12.9 Hz, H-18a), 4.05 (1H, d, J = 9.6 Hz, H-8), 4.09 (1H, d, J = 12.9 Hz, H-
18b), 5.07 (1H, br t, J = 7.1 Hz, H-14), 5.49 (1H, dd, J = 15.9, 9.6 Hz, H-9), 5.50 (1H, dd, J = 11.0, 6.4
Hz, H-2), 5.65 (1H, d, J = 15.9 Hz, H-10) ppm. 13C-NMR (126 MHz, 296 K, CDCl3, 0.014 M); δ −5.3
(Si–CH3),−5.3 (Si–CH3), 16.9 (C-19), 17.7 (C-17), 18.4 (Si-C), 23.1 (C-4), 23.2 (C-13), 23.3 (C-20),
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25.7 (C-16), 25.9 (3C, Si–C(CH3)3), 26.1 (C-5), 39.4 (C-11), 39.6 (C-12), 41.9 (C-1), 62.9 (C-7), 63.4
(C-6), 66.0 (C-18), 77.5 (C-8), 119.3 (C-2), 124.0 (C-9), 124.6 (C-14), 131.3 (C-15), 141.2 (C-3), 145.1
(C-10) ppm. HR-ESI-MS:m/z = 457.3126 ([M+Na]+, calcd. for C26H46O3NaSi, 457.3114).

4.3.3 Synthesis of 4
To a suspension of NaH (60% dispersion in mineral oil) (23.4 mg, 0.585 mmol, washed with hexane)
in DMF (650 µL) was added a solution of 3 (10.0 mg, 23.0 µmol) in DMF (3.0 mL) at 0 °C under Ar
atmosphere. After stirring for 30 min at 0 °C, 1-bromo-3-methyl-2-butene (16.0 µL, 0.138 mmol) was
added to the reaction mixture, and the mixture was stirred for 4 h at room temperature. The mixture was
cooled to 0 °C, then DMF (2.2 mL), NaH (60% dispersion in mineral oil) (12.4 mg, 0.310 mmol), and
1-bromo-3-methyl-2-butene (10.5 µL, 0.091 mmol) were added. After stirring for 1.5 h at room tempera-
ture, the mixture was cooled to 0 °C, quenched with sat. NH4Cl aq. (12 mL), and extracted with EtOAc.
EtOAc andH2Owere added to the water layer, and the organic layer was separated. Thewater layer was ex-
tractedwith EtOAc thrice. The combined organic layerwaswashedwith brine, dried overNa2SO4, filtered,
and concentrated in vacuo. The residue was purified by open column chromatography (silica gel, 5–20%
EtOAc/Hexane stepwise) to afford 4 (4.9 mg, 9.7 µmol, 42%). [α]D = +7.2° (c 0.36, CHCl3, 18.8 °C).

1H-
NMR (500 MHz, 296 K, CDCl3, 0.015 M); δ 0.06 (3H, s, Si–CH3), 0.07 (3H, s, Si–CH3), 0.91 (9H, s,
Si–C(CH3)3), 1.03–1.08 (1H, m, H-5a), 1.11 (3H, s, H-20), 1.30 (1H, td, J = 12.5, 5.2 Hz, H-12a), 1.39
(3H, s, H-19), 1.44 (1H, td, J = 12.3, 4.5 Hz, H-12b), 1.58 (3H, s, H-17), 1.65 (3H, s, H-5′), 1.67 (3H,
s, H-16), 1.73 (3H, s, H-4′), 1.75–1.83 (1H, m, H-13a), 1.95 (1H, dd, J = 12.8, 6.5 Hz, H-1α), 1.93–2.02
(2H, m, H-4a, H-13b), 2.14 (1H, dd, J = 12.3, 10.9 Hz, H-1β), 2.17–2.26 (2H, m, H-4b, H-5b), 2.79 (1H,
dd, J = 11.2, 2.3 Hz, H-6), 3.64 (1H, d, J = 9.7 Hz, H-8), 3.95 (1H, dd, J = 11.4, 6.8 Hz, H-1′a), 4.01 (1H,
dd, J = 11.4, 6.9 Hz, H-1′b), 4.00 (1H, d, J = 12.7 Hz, H-18), 4.09 (1H, d, J = 12.7 Hz, H-18b), 5.08 (1H,
br t, J = 6.9Hz, H-14), 5.36 (1H,m, H-2′), 5.41 (1H, dd, J = 16.0, 9.7Hz, H-9), 5.50 (1H, dd, J = 10.1, 6.8
Hz, H-2), 5.61 (1H, d, J = 16.0 Hz, H-10) ppm. 13C-NMR (126 MHz, 296 K, CDCl3, 0.015 M); δ −5.3
(Si–CH3), −5.3 (Si–CH3), 17.5 (C-19), 17.6 (C-17), 18.1 (C-5′), 18.4 (Si-C), 23.1 (C-4), 23.3 (C-13),
23.4 (C-20), 25.7 (C-16), 25.8 (C-4′), 26.0 (3C, Si–C(CH3)3), 26.2 (C-5), 39.4 (C-12), 39.7 (C-11),
41.8 (C-1), 62.0 (C-6), 62.3 (C-7), 65.1 (C-1′), 65.9 (C-18), 83.6 (C-8), 119.3 (C-2), 121.2 (C-2′), 123.1
(C-9), 124.7 (C-14), 131.3 (C-15), 136.6 (C-3′), 141.2 (C-3), 145.4 (C-10) ppm. HR-ESI-MS: m/z =
525.3749 ([M+Na]+, calcd. for C31H54O3NaSi, 525.3740).

4.3.4 Synthesis of 1′-desoxovibsanin A (1)
To a solution of 4 (4.8 mg, 9.5 µmol) in THF (400 µL) was added 1.0M tetra-n-butylammonium fluoride
in THF (20.8 µL, 20.8 µmol) dropwise at 0 °C under Ar atmosphere. After stirring for 30min at room tem-
perature, EtOAc and H2O were added to the reaction mixture, and the organic layer was separated. The
water layerwas extractedwithEtOAc thrice. The combined organic layerwaswashedwith brine, dried over
Na2SO4, filtered, and concentrated in vacuo. The residuewas purified by flash column chromatography (sil-
ica gel, 20–40% EtOAc/Hexane stepwise) to afford 1 (2.9 mg, 7.5 µmol, 80%), which was further purified
by reversed-phaseHPLC(column, YMC-PackODS-AMAM12S05-1520WT; solvent, 75%MeOH/H2O;
flow rate, 8.0 mL min−1; UV detector, 220 nm and 254 nm; retention time, 82.4 min). [α]D = +16.9° (c
0.33, CHCl3, 21.5 °C).

1H-NMR (500 MHz, 296 K, CDCl3, 0.015 M); δ 1.05–1.09 (1H, m, H-5a), 1.12
(3H, s, H-20), 1.30 (1H, td, J = 12.2, 5.4 Hz, H-12a), 1.39 (3H, s, H-19), 1.46 (1H, td, J = 13.0, 4.6 Hz,
H-12b), 1.58 (3H, s, H-17), 1.65 (3H, s, H-5′), 1.68 (3H, s, H-16), 1.73 (3H, s, H-4′), 1.75–1.83 (1H, m,
H-13a), 1.96 (1H, dd, J = 12.7, 6.6 Hz, H-1α), 1.94–2.05 (2H, m, H-4a, H-13b), 2.16 (1H, dd, J = 12.5,
10.6 Hz, H-1β), 2.14–2.29 (2H, m, H-4b, H-5b), 2.71 (1H, dd, J = 11.9, 2.4 Hz, H-6), 3.64 (1H, d, J =
9.7 Hz, H-8), 3.96 (1H, dd, J = 11.4, 6.8 Hz, H-1′a), 4.01 (1H, dd, J = 11.4, 6.9 Hz, H-1′b), 4.02 (1H, br
d, J = 12.6 Hz, H-18a), 4.20 (1H, br dd, J = 12.6, 3.0 Hz, H-18b), 5.07–5.10 (1H, t sep, J = 7.0, 1.3 Hz,
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H-14), 5.37 (1H, t sep, J = 6.9, 1.3 Hz, H-2′), 5.42 (1H, dd, J = 16.0, 9.7 Hz, H-9), 5.53 (1H, dd, J = 10.0,
6.7 Hz, H-2), 5.61 (1H, d, J = 16.0 Hz, H-10) ppm. 13C-NMR (126 MHz, 296 K, CDCl3, 0.015 M); δ
17.5 (C-19), 17.6 (C-17), 18.1 (C-5′), 23.1 (C-4), 23.3 (C-13), 23.4 (C-20), 25.7 (C-16), 25.8 (C-4′),
26.2 (C-5), 39.5 (C-12), 39.8 (C-11), 42.0 (C-1), 62.0 (C-6), 62.2 (C-7), 65.1 (C-1′), 66.1 (C-18), 83.6
(C-8), 120.9 (C-2), 121.2 (C-2′), 123.4 (C-9), 124.6 (C-14), 131.4 (C-15), 136.6 (C-3’), 141.6 (C-3),
145.0 (C-10) ppm. HR-ESI-MS:m/z = 411.2881 ([M+Na]+, calcd. for C25H40O3Na, 411.2875).

4.4 Inhibition of specific binding of [3H]PDBu to the recombinant PKCs
and synthetic PKCC1 peptides

The binding of compounds to PKCα, PKCδ, α-C1A (72-mer), α-C1B (72-mer), δ-C1A, and δ-C1B pep-
tides was evaluated by the procedure of Sharkey and Blumberg22 with modifications as reported previ-
ously24 using 50mMTris–maleate buffer (pH 7.39 at 4 °C; containing 0.1 mMCaCl2 for the recombinant
PKCα), 11.4 nM (for PKCα), 11.6 nM (for PKCδ), 13.8 nM (for δ-C1B), 20 or 40 nM (for α-C1B), or
40 nM (α-C1A, and δ-C1A) receptors, 10 nM (for the recombinant proteins) or 20 nM (for the C1 pep-
tides) [3H]PDBu (17.16Cimmol−1), 50 μgmL−1 1,2-dioleoyl-sn-glycero-3-phospho-l-serine, 3mgmL−1

bovine γ-globulin, and increasing concentrations of the unlabeled ligands.
The assay tubes containing 250 µL of mixture solution were incubated at 37 °C for 10 min and then

at 4 °C (on ice) for 10 min for the recombinant proteins, at 25 °C for 10 min and then at 4 °C (on ice)
for 10 min for α-C1A and δ-C1B, or at 4 °C (on ice) for 30 min for α-C1B and δ-C1A, after which 187 μL
of 30% poly(ethylene glycol) (PEG) 8000 was added. The tubes were vortexed and centrifuged at 12,000
rpm for 10 min at 4 °C. A 50 μL aliquot of the supernatant of the total- and nonspecific binding groups
was transferred to a scintillation vial, and its radioactivity was measured to determine the free [3H]PDBu
concentration. The remainder of the supernatant of each tube was removed by aspiration. The tips of the
tubes were cut off, and the radioactivity in the pellets was measured to determine the bound [3H]PDBu.
Specific binding represents the difference between the total and nonspecific binding. The supernatant and
pellet vials were immersed in 2 mL of scintillation cocktail (Insta-Gel Plus, PerkinElmer, Waltham, MA).
In each experiment, triplicate measurements at each concentration of ligand were performed.

Binding affinity was evaluated based on the total ligand concentration required to cause 50% inhi-
bition of the specific binding of [3H]PDBu, IC50. The following values were used for the calculation of
the binding inhibition constant, K i; Kd, a dissociation constant of [3H]PDBu for each peptide; 𝑘, a par-
tition coefficient of [3H]PDBu between supernatant and γ-globulin/phosphatidylserine pellet; [𝐿T], the
total concentration of [3H]PDBu in the assay solution determined from total radioactive counts; [𝑅𝐿0],
a specifically-bound concentration of [3H]PDBu in the absence of unlabeled ligands; [𝑅𝐿], a specifically-
bound concentration of [3H]PDBu in the presence of unlabeled ligands which was calculated as [𝑅𝐿] =
[3H in pellet]–𝑘 × ([𝐿T] − [3H in pellet]); [𝐿0], a free concentration of [3H]PDBu in the absence of
unlabeled ligands; [𝐿50], a free concentration of [3H]PDBu at 50% inhibition which was calculated as
[𝐿50] = ([𝐿T] − [𝑅𝐿0]/2)/(1 + 𝑘). The smaller values (15.15, 14.74, or 13.92 Ci mmol−1) of the specific
activity of [3H]PDBu were used for the calculation in consideration of radioactive decay. Two or three
independent experiments for each combination of ligands and the C1 peptides with three concentrations
of unlabeled ligands in 100.5 M increments across the IC50 point were performed.

The logarithmic concentration of the unlabeled ligand, log10[𝐼] (M), on the horizontal axis was plot-
ted versus ln[𝜃/(1 − 𝜃)] on the vertical axis. 𝜃 = [𝑅𝐿]/[𝑅𝐿0], a ratio of specific [3H]PDBu binding to
that of the total binding group. Linear regression was performed using the least-squares method, and the
IC50 value was defined as the concentration at which the regression line intersected the horizontal axis
(ln[𝜃/(1 − 𝜃)] = 0).

The binding inhibition constant,K i, of VibA for δ-C1Bwas calculated by theMunson–Rodbard equa-
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tion,39

𝐾i =
IC50

1 + [𝐿T](𝑦0+2)
2𝐾d(𝑦0+1)

+ 𝑦0

− 𝐾d (
𝑦0

𝑦0 + 2 ) ,

where 𝑦0 = [𝑅𝐿0]/[𝐿0].
In the other cases, K i values were calculated by the Goldstein–Barrett equation,40

𝐾i = [𝐼50]

2 [𝐿50]
[𝐿0]

− 1 + [𝐿50]
𝐾d

,

where [𝐼50] is a free concentration of unlabeled ligands at 50% inhibition and approximated by the IC50
value.

ThemeanK i values and the 95% confidence intervals (based on t-distribution)were calculated on the
logarithm scale and converted to the nanomolar unit.

From the binding assay for the recombinant proteins, the K i values for each of two binding sites were
estimated by nonlinear regression to the equation,

𝜃 = 1
[𝑅𝐿]0

[𝑅T] ([𝐿T] − 𝜃[𝑅𝐿]0)

(
1

(1+ [𝐼]
𝐾i−𝐶1𝐴 )𝐾d−𝐶1𝐴+([𝐿T]−𝜃[𝑅𝐿]0)

+ 1

(1+ [𝐼]
𝐾i−𝐶1𝐵 )𝐾d−𝐶1𝐵+([𝐿T]−𝜃[𝑅𝐿]0) )

,

where 𝜃 is a [3H]PDBu binding ratio, [𝑅𝐿]0 is a bound [
3H]PDBu concentration in the absence of VibA,

[𝑅T] is a total effective concentration of the protein estimated from [𝑅𝐿]0 and theKd values, [𝐿T] is a total
concentration of [3H]PDBu, [𝐼] is a free concentration of the unlabeled ligand and approximated by the
equation [𝐼] = [𝐼T] − 1.1 × [𝑅𝐿]0(1 − 𝜃),Kd is a dissociation constant of [

3H]PDBu (theKd values used
for the α-C1A,24 α-C1B,24 δ-C1A,41 and δ-C1B41 domains were 1.1, 5.3, 2.04, and 0.33 nM, respectively),
andK i is a binding inhibition constant of VibA and a fitting parameter. In the nonlinear regression analysis,
we assumed that K i for α-C1A < K i for α-C1B and K i for δ-C1A > K i for δ-C1B.

4.5 Molecularmodeling
Three-dimensional structures of VibA and 1 were created by the Avogadro (version 1.2.0) software.42

Homology modeling of the human PKCα-C1A domain were performed by the MODELLER soft-
ware43 (version9.23). 1PTR.pdb14 (PKCδ-C1Bdomain in complexwithphorbol 13-acetate), 4L9M.pdb44

(RasGRP1), and 3CXL.pdb45 (α-chimaerin) were used as multiple templates. Phorbol-13-acetate from
1PTR and zinc ions from all templates were included in themodeling. The distances between the zinc ions
and the zinc-coordinated sulfur atoms (2.3 Å), and between zinc ions and the zinc-coordinated nitrogen
atoms (2.0 Å) were all restrained with a Gaussian function with standard deviation values of 0.2. Each
model was first optimized with the variable target functionmethod (VTFM; autosched.slow, max_var_it-
erations = 500) with conjugate gradients (CG), and was then refined using molecular dynamics (MD;
md_level = refine.very_slow) with simulated annealing (SA). The created fifty models were assessed by
the DOPE score.

Docking and molecular dynamics simulations and MM-PBSA calculation were performed as pre-
viously described.31 Amber ff14SB,46 ZAFF,47 LIPID17, GAFF2 (with AM1-BCC charge) force fields
were used for the MD simulation. The decomposition of energies per residue was performed using the
MMPBSA.py.MPI module48 in the AmberTools 20 and 21 packages.49,50

Thefollowingprograms and serverswereused for the calculation andanalysis: TheMODELLER(ver-
sion 9.23) software, the AutoDock GPU (version 4.2.6) program,51,52 the PPM server and program,35 the
CHARMM-GUI server,53–55 Antechamber,56 tleap, and MMPBSA.py.MPI48 modules in the AmberTools
20 and 21 packages,49,50 the GROMACS (version 2021.1) program,57 and the PyMOL program.58
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4.6 Cell growth inhibition assay
MOLT-4Fhuman leukemia cell linewas purchased fromRIKENCell Bank in Japan (RCB1936) andgrown
in RPMI-1640 medium with 10% heat-inactivated fetal bovine serum (FBS), 100 IU/mL penicillin, and
100 μg/mL streptomycin in a 5% CO2 humidified incubator at 37 °C.

Test compoundsweredissolved inDMSO, and theDMSOstockwasdilutedwith themedium. MOLT-
4F cells were seeded in 96-well plates at a density of 5 × 103 cells/well in 95 µL of the medium, and then
5 µL solution of each compound was added (final DMSO concentration of 0.5%). After 48 h incubation,
10 µL of Cell Counting Kit-8 was added to each well, and the plate was incubated at 37 °C for a further
4 h. Absorbances for the control well (𝐶) and test well (𝑇) were measured at 450 nm, together with the
absorbance at time 0 (𝐶0). A blank value was subtracted from each value. Cell growth (% of control) was
expressed as 100 × [(𝑇 − 𝐶0)/(𝐶 − 𝐶0)] (𝑇 ≥ 𝐶0) or 100 × [(𝑇 − 𝐶0)/𝐶0] (𝑇 < 𝐶0). Two or three
independent experiments with a triplicate setting were performed. TheGI50 was calculated from the linear
regression to two concentrations across 50% growth inhibition on the logarithm scale and converted to the
molar unit.

4.7 Stability test
Ten millimolars solution of VibA or 1 in DMSO (4 or 5 µL) was diluted 100-fold by phosphate-buffered
saline [Dulbecco’s formula (modified)withoutmagnesium and calcium ions, pH 7.4, TaKaRa, Japan]. The
final concentration of the compounds was 0.1 mM. Test solutions were incubated at 37 °C, from which 50
µL was sampled at 0, 2, 4, 6, and 24 h for VibA, and 0, 2, 4, 8, and 24 h for 1. For each time point, duplicate
set was used. After sampling, each sample was frozen. Just before HPLC analysis, each sample was thawed
by adding 450 µL of ice-cold MeOH and filtered by a membrane filter. Then, 300 µL of each sample was
analyzed using HPLC (column, YMC-Pack ODS-A AA12S05-1006WT; solvent, 85%MeOH/H2O; flow
rate, 2.0mLmin−1; UVdetection, 220nm; retention time, 4.7min forVibAand5.3min for1). The remain-
ing amount of the compounds was estimated by integrating the peak areas in the HPLC chromatograms.

The half-lives 𝑡 were determined from the nonlinear regression to the equation 𝐴 = 𝐴0 (
1
2 )

𝑡
𝑇 , where 𝐴

is peak area at λ = 220 nm at given time 𝑡 (h), 𝐴0 is peak area at 0 h, 𝑇 is the half-life in h. The nonlinear
regression analysis was conducted using the R software (version 4.1.0).

For the LC-TOF-MS analysis, 10 mM solution of VibA in DMSO (1 µL) was diluted 100 fold by
phosphate-buffered saline. The solution was incubated at 37 °C for 24 h, from which 50 µL was sampled
and frozen. The sample was thawed by adding 50 µL of ice-cold MeOH, filtered by a membrane filter, and
then analyzed by an LC-TOF-MS system (C18 column; linear gradient from 30% to 100% MeOH/H2O
in 8 min).
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