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Abstract
The synthetic compound NK109 shows anti-tumor effects against a number of human cancer cell lines. The mechanism of action is

thought to involve the inhibition of DNA topoisomerase II. However, NK109 also exhibits potent anti-tumor activities against

doxorubicin-, cisplatin- and etoposide-resistant human cell lines. This paper describes target validation of NK109 using biotinylated

NK109 and a T7 phage library screening procedure. Phage particles displaying an affinity for NK109 were isolated and the DNA

sequence determined. The amino acid sequences of selected peptides, and the results of mutation experiments by alanine scanning,

confirmed that the binding target motif of NK109 is PNxxxxP. In silico analysis of the interaction between NK109 and the peptide, by

docking simulation and molecular dynamics, supported this conclusion. The PNxxxxP motif exists in the C2 domain of protein kinase

Ca. NK109 was confirmed to bind the C2 domain from surface plasmon resonance analysis. Furthermore, NK109 moderately inhibited

protein kinase C activity in vitro. Our results show that the anti-tumor activity of NK109 stems from interactions with multiple protein

targets.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

NK109, 7-hydroxy-8-methoxy-5-methyl-2,3-methyle-

nedioxybenzo[c]phenanthridium (1) is a synthetic deriva-

tive of the benzo[c]phenanthridine family and has anti-

tumor activities against several murine cell lines including

P 388, L1210 leukemia, colon 26 and B16 human mela-

noma as well as drug-resistant human tumor cell lines [1–

4]. Some derivatives of the benzo[c]phenanthridine family

inhibit topoisomerase activity through the stabilization of

the cleavable complex [5]. Besides them, chelerythrine

chloride specifically inhibits protein kinase C (PKC) and

induces tumor cell toxicity and growth delay [6]. NK109

inhibits topoisomerase at >100 mM in vitro. Nevertheless,
Abbreviations: PKCa, protein kinase Ca; SPR, surface plasmon reso-

nance
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NK109 exhibits potent anti-tumor activity at lower con-

centration (<1 mM) against human cell lines with resis-

tance against agents, such as doxorubicin, cisplatin or

etoposide [2]. These suggest that NK109 would affect

various protein functions. In order to elucidate the anti-

tumor activity of NK109, identification of target motif of

NK109 should be required.

Phage display cloning is one of the best methods for the

identification of drug binding proteins. This method has

been applied successfully to determine the protein target of

several small molecule drugs including paclitaxel, FK506,

doxorubicin, SQMG and HBC [7–12]. Phage display also

has the advantage of not only identifying the target protein

but also the binding site in terms of a peptide sequence. In

this study, we have used phage display screening to identify

the target motif of NK109, which was then verified by

alanine scanning and in silico docking analyses. Indeed the

binding motif (PNxxxxP) was found in the C2 domain of

PKCa, which is inhibited by NK109 in vitro.
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2. Materials and methods

2.1. Synthesis of biotinylated NK109, 7-hydroxy-8-

{2-[3-(N-biotiny)aminopropionyloxy]-ethoxy}-5-

methyl-2,3-methylenedioxybenzo[c]phenanthridium

chloride (4)

To a solution of 1 [4] (9 mg, 0.02 mmol) dissolved in

CH2Cl2 (20 ml) is added water (10 ml), and then water

phase was adjusted to pH 9.0 with 0.1N NaOH solution.

Subsequently, CH2Cl2 (15 ml) MeOH (1.5 ml) and water

(10 ml) were added, and after shaking, the organic phase

was separated. Extraction with CH2Cl2 was repeated sev-

eral times. The organic layers were combined, dried over

anhydrous Na2SO4, and concentrated in vacuo. The residue

was chromatographed on silica gel eluting with CHCl3/

MeOH (5/1 v/v) to afford a desired 2 (6 mg, 75%): ESI-MS

m/z 364 (M + H)+. To a solution of 2 (32 mg, 0.08 mmol) in

dry CH2Cl2 (22 ml) is added 3 (83 mg, 0.26 mmol), N,N0-
dicyclohexylcarbodiimide (70.8 mg, 0.34 mmol) and 4-

dimethylaminopyridine (9.7 mg, 0.08 mmol). The mixture

was allowed to 44 8C and stirred for 48 h. The mixture was

partitioned between CH2Cl2 (40 ml) and saturated

NaHCO3 solution (20 ml). Extraction with CH2Cl2 was

repeated several times. The organic layers were combined,

washed with brine, dried with anhydrous Na2SO4, and

concentrated in vacuo. The residue was chromatographed

on silica gel eluting with CHCl3/MeOH (15/1–6/1 v/v).

The desired fraction was collected, and concentrated in

vacuo to give a crude powder (23.7 mg). The powder was

dissolved with small amount of MeOH, and the solution

was applied on Sephadex LH-20 column (110 ml). After

the column was developed with MeOH, the main fraction

of elution was collected, and concentrated in vacuo to give

a purple powder. The powder is dissolved in MeOH

(10 ml), acidified with 0.01N HCl solution, and stirred

until its color changed to yellow. The solution was con-

centrated in vacuo to dryness, the residue was treated with

Et2O (10 ml), and then filtrated. The precipitate was

washed with diethyl ether, and dried in vacuo to give 4
(18.6 mg, 31%) as a yellow powder (purity was 97%); 1H

NMR (CD3OD d (ppm) from TMS as an interval standard):

d 1.30 (m, 2H), 1.40–1.70 (m, 5H), 2.10 (t, J = 7.4 Hz, 2H),
Scheme 1. Synthesis of 4. Reagent: (a) NaOH, H2O–CH2C
2.55 (t, J = 6.5 Hz, 2H), 2.60 (d, J = 12.8 Hz, 2H), 2.83

(dd, J = 12.8, 5.2 Hz, 2H), 3.08 (m, 1H), 3.41 (t,

J = 13.2 Hz, 2H), 4.22 (m, 1H), 4.42 (m, 1H), 4.93 (s,

3H), 6.26 (s, 2H), 7.52 (s, 1H), 8.10 (d, J = 9.0 Hz, 1H),

8.13 (s, 1H), 8.15 (d, J = 9.0 Hz, 1H), 8.34 (d, J = 9.0 Hz,

1H), 8.57 (d, J = 9.0 Hz, 1H), 9.96 (s, 1H); 13C NMR

(CD3OD d (ppm) from TMS as an interval standard): d
26.8, 29.4, 29.7, 35.2, 36.3, 36.6, 41.0, 52.6, 56.9, 61.6,

63.3, 64.2, 69.5, 104.3, 105.1, 107.0, 114.9, 116.9, 119.6,

121.8, 127.0, 127.1, 129.9, 132.3, 133.2, 134.2, 146.6,

148.2, 150.6, 150.8, 151.8, 166.0, 176.1, and 176.9; FAB-

MS m/z 661 (M+, C34H37N4O8S) (Scheme 1).

2.2. Construction of T7 phage library from human

leukocytes

HindIII random primer (dTTNNNN), MMLV-RT,

methylation dNTP, Escherichia coli DNA pol I, T4

DNA polymerase and EcoRI/HindIII linker were pur-

chased from Novagen (Madison, WI). The T7 phage

library alternating peptide sequence was made as follows.

Total RNA was extracted from human leukocytes using the

RNeasy Maxi kit (Qiagen, Amsterdam, The Netherlands)

and 400 mg was then applied to oligotex-dT30 resin

(Takara, Tokyo, Japan) to obtain purified poly (A)+ mRNA.

An aliquot (4 mg) of poly (A)+ mRNA was primed with

HindIII random primer (dTTNNNN), and first strand

cDNA was synthesized with MMLV-RT using methylated

dNTPs. Second strand cDNA was synthesized with E. coli

DNA polymerase I. The ends of the double stranded cDNA

product were then made flush with T4 DNA polymerase.

The flushed double stranded cDNA was ligated with

EcoRI/HindIII linker and then digested with EcoRI and

HindIII. The cDNA was inserted into the EcoRI/HindIII

site of T7 phage 10-3b vector and packaged. The titer of the

primary recombinants was 4 � 106 pfu/ml.

2.3. Panning the phage library

A modified version of the panning technique given in the

manufacturer’s instructions (Novagen) was used in this

study. Biotinylated NK109 (4; 100 pmol) was immobilized

into 4 wells of an avidin coated 96 well plate after dilution
l2; (b) (i) DCC, DMAP, CH2Cl2 and (ii) HCl, MeOH.
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in 200 ml of TBD buffer (50 mM Tris–HCl, pH 8.0, 10%

DMSO). The solution was incubated for 1 h at room

temperature. After washing each well in TBD buffer,

200 ml of TBD buffer containing 3% skimmed milk was

added into each well and incubated for 1 h at room

temperature for blocking. The blocking solution was dis-

carded and 100 ml of T7 phage library (approximately

2 � 109 pfu) or 200 ml of amplified phage library (approxi-

mately 1 � 1010 pfu) was added. After 1 h incubation at

room temperature the phage solution was removed and the

wells were washed 10 times with 200 ml of TBD buffer.

Bound phage was selectively removed by adding 100 ml of

TBD buffer containing 10 nmol of free NK109. After

30 min incubation at room temperature the solution was

recovered. The eluted phage was then applied to the host

cells (E. coli BLT5615). The titer was monitored at each

panning step. Blank wells, without immobilized NK109,

were prepared and the eluted phage titers were compared to

those of the binding phage. The eluted phage solution at

each step was used for the immediate infection of 2 ml E.

coli BLT5615. Incubation with shaking at 37 8C was

continued until lysis was observed. Amplified phage titers

of each panning round were estimated as approximately

1011 pfu/ml.

2.4. Validation of interaction between monoclonal

T7 phage and ligand by reverse affinity assay

The T7 phage mixture from the final round of panning

was incubated at low density on an LB plate containing

50 mg/ml of carbenicillin. Individual plaques were ran-

domly picked and diluted into 50 ml of phage extraction

buffer (20 mM Tris–HCl pH 8.0, 100 mM NaCl, 6 mM

MgSO4). Isolated phage particles were amplified with E.

coli BLT5615 and used for reverse affinity validation and

PCR-amplification. For reverse affinity validation, 1 ml of

each amplified phage solution was spotted onto freshly

prepared top-agarose plates containing non-infected

BLT5615 cells. After 3 h, spots appeared as a circle

composed of monoclonal phage, and the areas of the

circular drop were transferred onto a nitrocellulose mem-

brane. The membrane was blocked with the blocking

buffer (3% skimmed milk, 50 mM Tris–HCl pH 8.0,

150 mM NaCl, 10% DMSO) for 1 h at room temperature.

After extensive washing with TBD buffer, the membrane

was incubated with 3 ml of TBD buffer containing 15 nmol

of biotinylated NK109 and 3 ml of alkaline phosphatase–

avidin (ZYMED Laboratories Inc., San Francisco, CA) for

1 h at room temperature. The membrane was then washed

three times with TBD buffer and developed in the presence

of 10 ml AP buffer (100 mM Tris–HCl pH 8.8, 100 mM

NaCl, 5 mM MgCl2) containing 30 ml of BCIP (50 mg/ml;

5-bromo-4-chloro-3-indolyl phosphate, 4-toluidine salt in

DMF) until signals appeared. The signals were scanned

and quantified by NIH image software on a personal

computer.
2.5. PCR amplification and sequencing

For PCR amplification of DNA fragments and sequen-

cing, 5 ml of T7 phage solution was used as template. T7

UP new (TGCTAACTTCCAAGCGGACC) and T7 Down

(AACCCCTCAAGACCCGTTA) primers, corresponding

to the sequences in the phage vector DNA that flank the

inserts, were used to amplify cDNA sequences. PCR was

performed in a 20 ml reaction mixture with gene Taq

polymerase (Nippon gene, Tokyo, Japan). Amplified frag-

ments were analyzed by agarose gel (1.5%) electrophoresis

and purified with MagExtractor (TOYOBO, Osaka, Japan).

DNA fragments were sequenced using PRISM BigDye

terminator ready reaction kit ver 3.1 (PE-ABI, Foster City,

CA) and sequenced on an ABI3100 sequencer (Applied

Biosystems, Foster City, CA).

2.6. Surface plasmon resonance (SPR) analysis

SPR analysis was performed on a BIAcore 3000 (Biacore

AB, Uppsala, Sweden). The synthesized peptides were

immobilized covalently on a hydrophilic carboxymethy-

lated dextran matrix on a CM5 sensor chip (Biacore AB)

using a standard amine coupling reaction in 10 mM

CH3COONa pH 4.0 at a level of about 200 resonance units.

Pep14 (SGVMLGDPNSSRIP) and pep9 (SGVMLGDPN)

were purchased from AnyGen Co. Ltd. (Puk-gu, Kwang-ju,

Korea). The C2 domain of PKC was expressed in E. coli and

purified according to a previous report [12]. For constructing

the mutant form of C2 domain, PCR was carried out by using

0.2 mM of oligo nucleotides, C2P32A-S (CCCTATGGA-

TGCAAACGGGCTTTCAG) and C2P32A-S (CTGAA-

AGCCCGTTTGCATCCATAGGG) from 100 ng of the

plasmid inserted C2 domain of PKC (mutation points were

underlined). The amplified fragment was digested with DpnI

for 1 h at 37 8C. The digested fragment was transformed into

E. coli, and the mutation point of plasmid was confirmed by

sequnecing. The mutant form of C2 domain was expressed

in E. coli and purified as well as the C2 domain. The purified

C2 domain, mutant form of C2 domain and synthesized

peptides were immobilized covalently on a CM5 sensor

chip, respectively. Binding analyses were carried out in

HBS-EP buffer (10 mM HEPES pH 7.4, 150 mM NaCl,

3.4 mM EDTA, 0.005% surfactant P20) containing 8%

DMSO at a flow rate of 20 ml/min. Appropriate concentra-

tions of NK109 were injected over the flow cell. The bulk

effects of DMSO were subtracted using reference surfaces.

The chips were regenerated with 30 injections of 10 mM

NaOH and 1 M NaCl. To derive binding constants, data was

analyzed by means of global fitting using the BIAevaluation

software version 3.1 (Biacore AB).

2.7. Small molecule pull-down assay

Oligonucleotides encoding the displayed amino acid

sequences of selected phage were used to construct expres-
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sion plasmids of GST-peptide fusion proteins. For the

construction of pGSTpep10 (LGDPNSSRIP), sense strand

oligonucleotide, pep10-S (GATCCATGCTCGGGGATC-

CGAATTCAAGCAGGATCCCTTGAG) and anti-sense

strand, pep10-AS (AATTCTCAAGGGATCCTGCTT-

GAATTCGGATCCCCGAGCATG) were annealed and

inserted into the BamHI and EcoRI sites in pGEX 6P-1.

Similarly 10 mutants of the GSTpep10 protein in which

each residue was replaced with alanine (GCT in nucleotide

sequence) were constructed. The expression plasmids were

transformed into E. coli BL21(DE3) pLysS. For expres-

sion, 50 ml of LB medium containing ampicillin (50 mg/

ml) and chloramphenicol (50 mg/ml) was inoculated with

500 ml of overnight culture. When the absorbance at

600 nm reached 0.6, heterologous gene expression was

induced with 1 mM isopropyl-b-D-thiogalactoside for 4 h

at 37 8C. The cells were then harvested and disrupted by

sonication in the 2.5 ml of TBS buffer containing 1%

Triton-X 100. For purification of the recombinant protein,

50 ml of glutathione sepharose 4B beads (50% slurry) was

added to 2 ml of soluble protein extract. After washing

three times with 1 ml of TBS buffer, recombinant protein

was eluted by the addition of 30 ml of glutathione elution

buffer (10 mM reduced glutathione, 50 mM Tris–HCl, pH

8.0) three times. The preparation was analyzed by SDS

polyacrylamide gel electrophoresis and protein was visua-

lized by staining the gel with Coomassie brilliant blue. For

NK109 pull-down assays, 10 ml of the recombinant protein

(1.5 mM) and 5 mM of biotinylated NK109 in the presence

or absence of 5 mM of free NK109 in 500 ml of TBSD

buffer was incubated with rotation at 4 8C overnight.

Streptavidin beads (Sigma-Aldrich, St Louis, MO) were

added and incubated for 30 min at room temperature. After
Fig. 1. Relative enrichment of phage particles binding to biotinylated

NK109 (4). Relative enrichment was determined by the relationship

between phage titer eluted from a biotinylated NK109 coated well and a

non-coated well.
washing three times with 1 ml of TBST (0.1% Tween-20),

SDS sample buffer was added and the sample was analyzed

by SDS polyacrylamide gel electrophoresis. Protein on the

gel was visualized by silver staining. The stained gels were

scanned using NIH image software. Raw data was normal-

ized by the ratio of each peptide fused GST protein against

monomeric avidin protein.

2.8. Modeling of NK109 complex with pep10

The structure of NK109 was prepared in CDX format

using ChemDraw (CambridgeSoft, Cambridge, MA), and

then converted to a three-dimensional structure and energy

minimized in Chem3D (CambridgeSoft). Partial atomic

charges for NK109 were computed using the PM3 Hamil-

tonian within MOPAC [14]. The protein module in Tinker

[15] was used to generate the initial conformation of

pep10. The energy minimization using the Amber94 force
Fig. 2. Validation of an affinity for NK109 (1) and phage clone #27. (A)

Association of NK109 (1) coated well to the phage clone #27. Titer of

phages from a biotinylated NK109 (4) coated and non-coated well are

indicated. Diluted phage solution spotted on an agarose plate exhibited

plaques as black dots. The phage clone #27 showed significant differences,

whereas the ND phage clone displayed no significant differences. (B)

Reverse affinity analysis of biotinylated NK109 (4) and phage clone

#27. No Ins, phages with no inserted DNA fragment as a negative control.

Signal intensities were means from four spots. Error bar indicates standard

deviations.
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field [16] was performed with Tinker. During the mini-

mization, RMSD gradient limits were 0.01.

Automated docking was carried out with the AutoDock

3.0 Lamarckian Genetic Algorithm [17] on a COMPAQ

Alphastation DS20E (double 833 MHz processors and

1024 MB of memory). A binding free energy scoring

function in the AutoDock was based on an empirical

function derived by linear regression analysis of a large

set of diverse protein–ligand complexes with known inhi-

bition constants. There are many successful examples of

structures of protein–ligand systems studied by AutoDock

[18,19]. During a docking simulation in AutoDock, the

receptor is rigid and fixed while the ligand is flexible and

can both translate and rotate. In this study, we assumed that

NK109 was rigid and pep10 was flexible for constructing

the model of the NK109/pep10 complex because the initial

conformation of pep10 was not considered to be the
Fig. 3. Surface plasmon resonance analysis of the binding of NK109 (1) and pep14

different concentrations of NK109 (curve 1, 750 mM; curve 2, 700 mM; curve 3, 6

flow cells on the immobilized pep14 (A). The background resulting from inject

Response units (RU) were generated by subtraction of the background signal gener

immobilized chip, all RUs measured from different concentrations of NK109 (0
binding conformation and the NK109 had a rigid structure.

Docking was performed in a 80 Å � 80 Å � 80 Å volume,

with a grid spacing of 0.375 Å centered on NK109. The

number of energy evaluations was set at 5 � 106. Each

simulation performed a total of 100 runs. Other parameters

were default values. Rotational bonds in pep10 were

assigned with AutoTors [17]. All torsions, except the

peptide bonds, were unconstrained during the docking.

After docking had been carried out, the lowest-energy

docking pose was used for analysis.

2.9. Protein kinase C inhibition assay

PKC from rat brain was purchased from Sigma-Aldrich.

PKC and appropriate concentrations of NK109 in 25 mM

of Tris–HCl, pH 7.5, 10% DMSO were incubated at room

temperature for 5 min. After pre-incubation, 50 ml of the
(A) and pep9 (B). A representative overlay of a sensorgram generated for six

50 mM; curve 4, 550 mM; curve 5, 400 mM; curve 6, 200 mM) injected over

ion of running buffer alone was subtracted from the data before plotting.

ated simultaneously on the control flow cell. For a sensorgram with the pep9

mM to 750 mM) show less than 1.0.
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incubation mixture containing 25 mM Tris–HCl, pH 7.5,

5 mM MgCl2, 500 mg/ml of histones (Type IIIS), 25 mg/ml

of 1,2-dioleoyl-rac-glycerol, 500 mg/ml of phosphatidyl

serine, 1 mM CaCl2, 10 mM ATP, [g-32P]-ATP (9.25 kBq)

was added into the solution of enzyme and NK109. After

incubation for 5 min, the reaction was terminated by the

addition of 50 ml of 20 mM ATP. The reaction mixtures

were collected on DE52 DEAE cellulose (Whatman, Clif-

ton, NJ) and extensively washed with 75 mM phosphate.

The radioactivity was normalized for non-specific activity

by assaying in the absence of 1,2-dioleoyl-rac-glycerol,

phosphatidyl serine and CaCl2.
Fig. 4. Small molecule pull-down assay with NK109 and GST fused

peptides. (A) Silver staining of SDS polyacrylamide gel. Incubated avidin

beads with GST or GST-pep10 protein in the presence (+) or absence (�) of

NK109 (5 nmol) were loaded. Molecular marker was loaded on a lane M.

Monomeric avidins were visible at approximately 16 kDa. (B) The relative

amount of GSTand GST fused peptides in panel Awere normalized with the

amount of monomeric avidin in the same lane. Results are given in the form

of a bar graph.
3. Results

3.1. Selection of the T7 phage associated with NK109

Peptides derived from human leukocytes were analyzed

for their ability to bind NK109 by employing a biopanning

technique. A T7 phage library displaying a library of

peptides was screened by affinity selection using NK109

as bait. Phage particles displaying affinity for biotinylated

NK109 were efficiently enriched during the panning pro-

cedure (Fig. 1). It was expected that the eluted phage at the

fourth round of panning would include those having a high

affinity for NK109. We confirmed the affinity for immo-

bilized NK109 by using single phage clones. The 36 phage

clones were randomly selected and amplified. Among the

36 phage clones, the titer of phage clone #27 during elution

from the well containing immobilized NK109 indicated

significant binding compared with the blank well (Fig. 2A).

Next, we validated NK109 affinity of the phage clone #27

by using reverse affinity analysis. The ratio of affinities

between the immobilized phage and mobilizing biotiny-

lated NK109 was measured. The phage clone #27 showed a

higher affinity ratio than one inserted no fragment

(Fig. 2B). These results suggested that phage clone #27

had a high affinity for NK109.

3.2. The peptide, LGDPNSSRIP, interacts with NK109

The inserted cDNA of phage clone #27 was frame-

shifted, resulting in a peptide of five amino acids, S-S-

R-I-P. To identify amino acids required for affinity against

NK109, we performed surface plasmon resonance analysis

with two peptides, pep14 and pep9. Pep14 consisted of

fourteen amino acids (SGVMLGDPNSSRIP), including

nine (SGVMLGDPN) from the capsid protein of T7 phage

in addition to five (SSRIP) from the inserted cDNA. Pep9

consisted of only the nine amino acids from the capsid

protein. These peptides were immobilized on a sensor chip

and NK109 was injected. The sensorgrams of pep14 were

clearly dose-dependent with the concentration of NK109,

whereas those for pep9 were not (Fig. 3). An equilibrium

dissociation constant (KD) between pep14 and NK109 was
determined to be 980 mM. To confirm the interaction

between the peptide and NK109, we performed a small

molecule pull-down assay. In this method, small molecule

associated proteins are co-precipitated with avidin beads

using biotinylated derivatives. The LGDPNSSRIP peptide

fused GST protein, GST-pep10, was expressed in E. coli

and purified. As shown in Fig. 4A, a significant amount of

GST-pep10 protein was co-precipitated with avidin beads

via biotinylated NK109. The association was disrupted by

the addition of NK109 as a competitor. These results

suggest a specific association between NK109 and the

LGDPNSSRIP peptide.

3.3. Target motif of NK109 is PNxxxxP

In order to identify the residues required for interaction

with NK109, we performed binding analysis using mutants

of the LGDPNSSRIP peptide in which each amino acid

was successively replaced with alanine in the GST fused

protein. The mutant peptides fused to GST protein were

named GST-L1A, -G2A, -D3A, -P4A, -N5A, -S6A, -S7A, -

R8A, -I9A, and -P10A. The mutants P4A, N5A and P10A

displayed a drastic reduction in affinity for NK109, while

mutants S7A and R8A had a slightly lower affinity (Fig. 5).
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Fig. 5. Alanine scans of the LGDPNSSRIP peptide. Eleven peptides (GST-L1A, -G2A, -D3A, -P4A, -N5A, -S6A, -S7A, -R8A, -I9A, and -P10A) corresponding

to the pep10 sequence but with the systematic replacement of each residue with alanine were expressed as GST fusion proteins. (A) A silver staining of SDS

polyacrylamide gel among independent four experiments: lane 0, GST-pep10; lane 1, GST-L1A; lane 2, GST-G2A; lane 3, GST-D3A; lane 4, GST-P4A; lane 5,

GST-N5A; lane 6, GST-S6A; lane 7, GST-S7A; lane 8, GST-R8A; lane 9, GST-I9A; lane 10, GST-P10A. (B) The relative amount of GST fused peptides in panel

A were normalized with the amount of monomeric avidin in same lane. Results are given in the form of a bar graph.
Mutants L1A, G2A and D3A had the same binding proper-

ties as the original peptide. These results indicate that the

seven residues from P4 to P10 were required for the

molecular recognition of NK109. Moreover, the three

residues P4, N5 and P10 are the most important for this

interaction. To predict the binding structure of NK109 with

the peptide LGDPNSSRIP, we carried out in silico simula-

tion with docking studies and molecular dynamics. The

predicted binding structure clearly shows the importance

of the side chains of three residues, P4, N5 and P10, for the

affinity (Fig. 6). We, therefore, propose that the target motif

of NK109 is PNxxxxP, where x represents any amino acid

residue.

3.4. NK109 inhibits PKCa via the C2 domain,

including PNxxxxP motif

Chelerythrine, a derivative of benzo[c]phenanthridine is

a specific protein kinase C inhibitor [6]. Thus, we searched

whether PKC has the PNxxxxP motif. Indeed, PKCa

shows the PNGLSDP sequence in the C2 domain, which

includes Ca2+ binding region conserved among classical

PKCs (Fig. 7A) [13]. To confirm an interaction between

NK109 and the C2 domain, we carried out SPR analysis

with the recombinant C2 domain from PKCa and NK109.

The sensorgrams were clearly dose-dependent with the

concentration of NK109 (Fig. 7B). The KD value between

the C2 domain and NK109 was determined to be 24 mM. In

order to confirm the significance of PNxxxxP motif in C2

domain for the NK109 interaction, we also performed SPR
analysis with the mutant protein of C2 domain, which was

disrupted a PNxxxxP motif by amino acid substitution of

the first Pro to Ala (PNGLSDP to ANGLSDP). Fig. 7C

shows the mutant form of C2 domain apparently decreased

the interaction with NK109. The KD value of the mutant

form of C2 domain is 3.2 mM. These indicate that

PNxxxxP of C2 domain is required for the NK109 inter-

action. Next, we measured the inhibitory activity of NK109

against PKC kinase activity to verify a functional associa-

tion between NK109 and the C2 domain. Fig. 7D clearly

shows the inhibition dose-dependent curves of NK109

against PKC. The IC50 value was estimated to be

73 mM. These results demonstrate that NK109 inhibits

the kinase activity of PKC by interacting with the C2

domain of PKC. We, therefore, conclude that the target

motif for NK109 is PNxxxxP.
4. Discussion

In this report we describe the isolation a phage display-

ing the LGDPNSSRIP peptide that has an affinity for

NK109. As shown Fig. 5, the proline residues Pro4 and

Pro10 and asparagine Asn5 in the amino acid sequence of

the displayed peptide were required for good association

with NK109. Serine (Ser7) and arginine (Arg8) were also

important. Moreover, docking structures predicted from

molecular dynamic calculations indicate that the side

chains of Pro4, Pro10 and Asn5 hold NK109 in an orienta-

tion akin to that of the forefinger and thumb. It is likely that
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Fig. 6. Docking simulation with molecular dynamics of NK109 (1) and the pep10. (A) Interaction between NK109 and pep10. (B and C) Different angles from

panel A. (D) Magnification of docking site.
amino acids Ser6 to Ile9 form a palm-like structure for

stabilization of the NK109–peptide complex. The side

chains of Ser7 and Arg8 might enhance the stability of

the complex by increasing the hydrophilic nature of the

interaction. It is noteworthy that the two proline residues

stack with the polycyclic portion of NK109, rather than

bending the polypeptide chain (Fig. 6C and D). Taken

together these results suggest that NK109 binds to the

PNxxxxP motif. Indeed, NK109 inhibits the activity of

PKC, which has a PNxxxxP motif (PNGLSDP) in the C2

domain [20,13]. The PNGLSDP sequence is located within

the Ca2+ binding region of the C2 domain, indicating that

NK109 might inhibit PKC by interfering with the associa-

tion between Ca2+ and the enzyme.

NK109 is an anti-tumor drug and has various effects on

several different cell lines. Previous reports indicated that

NK109 inhibits DNA topoisomerase II activity by stabiliz-

ing the cleavable complex [2,21]. The amino acid sequence
of topoisomerase II alpha does not contain a PNxxxxP

motif. However, interestingly, topoisomerase II beta does

contain a PNxxxxP motif at the carboxyl terminus, indi-

cating a possible interaction with NK109. This means

NK109 inhibits both topoisomerase II and PKCa. Because

proline residues generally break the tertiary structure, the

PNxxxxP region is likely to form an independent structural

unit within the overall protein structure. Therefore, NK109

can easily interact with the PNxxxxP motif of various

proteins to influence a number of protein functions.

The amount of NK109 required for inhibition of DNA

topoisomerase II activity is >100 mM [1,2] and of PKCa is

73 mM. Since IC50 value of NK109 in the cell lines is sub-

micromolar, unknown target protein(s) clearly exist in the

cell. We revealed here NK109 associated the PNSSRIP

sequence. This suggests that proteins containing a

sequence with good homology to PNSSRIP would be

predicted to bind NK109 with higher affinity than topoi-
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Fig. 7. (A) Amino acid sequence alignment of the C2 domains of PKCa,

PKCbII and PKCg. The coordinating-calcium residues of the C2 domains

of PKCa crystal structure are indicated by asterisks. Double-underline

shows PNxxxxP motif in the C2 domain. (B and C) Surface plasmon

resonance analysis of the binding of NK109 and C2 domain (B) and mutant

form of C2 domain (C) from PKCa. Four different concentrations of NK109

(1) (curve 1, 50 mM; curve 2, 12.5 mM; curve 3, 6.25 mM; curve 4,

3.125 mM) were injected over a flow cell on the immobilized C2 domain

of PKCa. The background resulting from injection of running buffer alone

was subtracted from the data before plotting. (D) Dose–response curves of

NK109 to PKC kinase activity. The PKC used at 0.05 units. The PKC kinase

activities were measured as described in the text. The PKC kinase activity in

the presence or absence of CaCl2, DG and PS is represented as 100 or 0%,

respectively.
somerase II and PKCa. Thus, next step for elucidating the

anti-cancer mechanism of NK109 is identification of a

main target. We are now studying several candidates of a

main target of NK109.
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