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Neocarzinostatin (NCS) is the first discovered anti-tumor antibiotic having an enediyne-
containing chromophore and an apoprotein with a 1:1 complex. An artificial gene
library for NCS apoprotein (apo-NCS) production in Escherichia coli was designed and
constructed on a phage-display vector, pJuFo. The recombinant phages expressing pre-
apo-NCS protein were enriched with a mouse anti-apo-NCS monoclonal antibody,
1C7D4. The apo-NCS gene (encaA) for E. coli was successfully cloned, and then re-cloned
into the pRSET A vector. After the his-tagged apo-NCS protein had been purified and
cleaved with enterokinase, the binding properties of the recombinant protein as to
ethidium bromide (EtBr) were studied by monitoring of total fluorescence intensity and
fluorescence polarization with a BEACON 2000 system and GraphPad Prism software. A
dissociation constant of 4.4 ± 0.3 fiM was obtained for recombinant apo-NCS in the fluo-
rescence polarization study. This suggests that fluorescence polarization monitoring
with EtBr as a chromophore mimic may be a simplified method for the characterization
of recombinant apo-NCS binding to the NCS chromophore. When Phe78 on apo-NCS was
substituted with Trp78 by site-directed mutagenesis using a two stage megaprimer poly-
merase chain reaction, the association of the apo-NCS mutant and EtBr observed on flu-
orescence polarization analysis was of the same degree as in the case of the wild type,
although the calculated maximum change (AITmax) in total fluorescence intensity
decreased from 113.9 to 31.3. It was suggested that an environmental change of the
bound EtBr molecule on F78W might have dramatically occurred as compared with in
the case of wild type apo-NCS. This combination of monitoring of fluorescence polariza-
tion and total fluorescence intensity will be applicable for determination and prediction
of the ligand state bound or associated with the target protein. The histone-specific pro-
teolytic activity was also re-investigated using this recombinant apo-NCS preparation,
and calf thymus histone HI, H2A, H2B, H3, and H4. The recombinant apo-NCS does not
act as a histone protease because a noticeable difference was not observed between the
incubation mixtures with and without apo-NCS under our experimental conditions.

Key words: ethidium bromide, fluorescence polarization analysis, histone, megaprimer
polymerase chain reaction, neocarzinostatin, phage display.

Neocarzinostatin (NCS) is one of the anti-tumor chromo- membered ring enediyne-containing chromophore (NCS-
protein antibiotics isolated from culture nitrates ofSfrepto- chr) in the molar ratio of 1:1 (2-5). Several enediyne antitu-
myces carzinostaticus var. F-41 (S. carzinostaticus) (1). NCS mour agents have been isolated such as kedarcidin (6-5),
is composed of two components, an acidic single chain poly- and C-1027 (9-11), as nine-membered enediyne-containing
peptdde (NCS apoprotein, apo-NCS) and a labile, nine- choromoproteins, and maduropeptin (12, 13), esperamicin
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The nucleotide sequence in this study has been submitted to the DDBJ, EMBL, and GenBank nucleotide databases under accession numbers
AB066225, AB066226, AB071856, AB071857, and AB071858.
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Abbreviations: EtBr, ethidium bromide; FP, fluorescence polarization; IPTG, isopropyl-p-D-thiogalactopyranoside; IT, total fluorescence inten-
sity; NCS, neocarzinostatin; apo-NCS, NCS apoprotein; NCS-chr, NCS chromophore; PFU, plaque forming unit; PAGE, polyacrylamide gel
electrophoresis.
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(14), calicheamicin (15, 16), and dynemicin (17), as ten-
membered enediyne-containing compounds. On the first
limited clinical evaluation of NCS, it was observed that
NCS was effective for tumors resistant to other chemother-
apeutics or radiation (18). In 1978, anti-tumor activity of
NCS was detected in hepatomas and hematologic malig-
nancies with an iv bolus daily for five times schedule, and
in lung and colorectal carcinomas limitedly (19). In order to
overcome the major problem and limitation regarding the
clinical use of NCS, such as its severe toxicity and very
short half-life (tm\ SMANCS (conjugate of NCS and poly
(styrene-comaleic acid anhydride) was developed to make
NCS more lipophilic and structurally stable (20). Therefore,
apoproteins like apo-NCS remain excellent natural drug
delivery systems.

The apoprotein part of chromoprotein is proposed to play
at least two principle roles in the complex. Its primary role
is as a packing carrier protein for the chemically unstable
chromophore because apo-NCS strongly binds to and
greatly stabilizes the labile chromophore (21). The second-
ary role of the apoprotein is as an enzyme exhibiting pro-
teolytic activity toward basic proteins such as histones,
which are most opposite in net charge to the highly acidic
apoprotein (13, 22). These may allow a "targeted delivery"
of the highly cytotoxic chromophore to the chromatin (22).
A recent study showed that the potential proteolytic activi-
ties of apo-NCS may be very low (23).

It is known from X-ray and ^-NMR studies, that apo-
NCS binds to a number of drugs including ethidium bro-
mide (EtBr) and daunomycin (24). Therefore, fluorescence
measurement of EtBr binding to apo-NCS is a convenient
method for monitoring of the apo-NCS function. Fluores-
cence polarization (FP), the theory of which was first de-
scribed by Perrin (25), is widely used for molecular interac-
tion studies involving such as equilibrium binding assays
(26), fluorescence polarization immuno-assay (FPIA) (27),
DNA-protein interactions (28), or detection of single nu-
clear polymorphisms (29, 30). The polarization of a mole-
cule is proportional to the molecule's rotational relaxation
time, or the time it takes to rotate through an angle of
68.5°. The rotational relaxation time is related to viscosity
(h), absolute temperature (7/% molecular volume (V), and
the gas constant (R). The polarization value (m) <* rota-
tional relaxation time is proportional to 3hV/RT. Therefore,
if the viscosity and temperature are constant during an
experiment, the polarization is directly proportional to the
molecular volume. Changes in molecular volume result
from the binding or dissociation of two molecules, degrada-
tion, or conformation changes (26).

In order to produce apo-NCS in Escherichia coli, we
designed a synthetic DNA library for apo-NCS, and iso-
lated the DNA coding apo-NCS for E. coli production using
the phage display technique with an anti-NCS apoprotein
monoclonal antibody. The recombinant protein and amino
acid—substituted forms of it (positions Phe76 and Phe78)
were over-expressed in E. coli BL21(DE3) and purified. The
chromophore binding properties were studied and com-
pared, using the fluorescence polarization method with
ethidium bromide as a chromophore mimic

EXPERIMENTAL PROCEDURES

Design of a Neocarzinostatin Apoprotein Gene for E.

coli—To design apo-NCS for E. coli, we used the DNA se-
quence data under accession numbers D10996 and S65575
in the Gene Bank database, and checked the codon usage
table of E. coli Oittp://www.dna.affrc.go.jp/~nakamura/
CUTG.html) (31). Then we decided to use the optional
codons for amino acids below in this study; Phe (UUU), Leu
(CUG), lie (AUY), Val (GUG), Ser (AGC), Pro (CCG), Thr
(ACS), Ala (GCG), Tyr (UAU), Gin (CAG), Asn (AAY), Lys
(AAA), Asp (GAU), Glu (GAA), Cys (UGY), Arg (CGY), and
Gly (GGC). Then five restriction endonuclease sites, BgUl
(AGATCT), Notl (GCGGCCGCG), Pstl (CTGCAG), Nhel
(GCTAGC), and Kpnl (GGTACC), were designed, where
code Y is base C or T; and code S is base G or C. The
designed nucleotide sequence of apo-NCS for E. coli, named
the encsA library, is shown in Fig. 2.

Design of a Template DNA Fragment Sequence for PCR
Amplification—We designed five fragment libraries for
DNA synthesis and PCR amplification from the encsA
library. That is, N-I, 5'-GAAGA TCTAT GGTGC CGATY
AGCAT YATYC GYAAY CGYGT GGCGA AAGTG GCGGT
GGGCA GCGCG GCGGT GCTGG GCCTG GCGGT
GGGCT TTCAG ACSCC GGCGG TGGCG GCCGC
GCCGA-3'; N-H, 5-AAGGA AAAAA GCGGC CGCGC
CGACS GCGAC SGTGA CSCCG AGCAG CGGCC TGAGC
GATGG CACSG TGGTG AAAGT GGCGG GCGCG
GGCCT GCAGG CGGGC AC-3'; N-IH, 5-AAAAC TGCAG
GCGGG CACSG CGTAT GATGT GGGCC AGTGY
GCATG GGTGG ATACS GGCGT GCTGG CATGY AAYCC
GGCGG ATTTT AGCAG CGTGA CSGCG GATGC GAAYG
GCAGC GCTAG CAC-3; N-IV, 5-CTAGC TAGCA CCAGC
CTGAC SGTGC GYCGY AGCTT TGAAG GCTTT CTGTT
TGATG GCACS CGYTG GGGCA CSGTG GATTG YACSA
CSGCG GCATG CCA-3'; and N-V, 5'-ACATG CATGC
CAGGT GGGCC TGAGC GATGC GGCGG GCAAY
GGCCC GGAAG GCGTG GCGAT YAGCT TTAAY GGTAC
CCC-3'. The nucleotide code used is the IUB-IUPAC stan-
dard.

Design of Primer Sets for PCR Amplification and Clon-
ing—We designed primer sets for the PCR amplification of
each DNA fragment. The ncsl and ncs2 primers were used
for the amplification of N-I; and the ncs3 and ncs4 primers,
ncs5 and ncs6 primers, ncs7 and ncs8 primers, and ncs9
and ncslO primers for N-EI, N-1TI, N-IV, and N-V, respec-
tively. The primer sequences were as follows: ncsl, 5'-GAA-
GATCTATGGTGC-3'; ncs2, 5'-GGGGTACCTCGGCGCGG-
CCGCCA-3'; ncs3, 5'-AAGGAAAAAAGCGGC-3'; ncs4, 5'-
GGGGTACCGTGCCCGCCTG-3'; ncs5, 5'-AAAACTGCAG-
GCGGG-3'; ncs6, 5'-GGGGTACCGTGCTAGCGCTGCC-3';
ncs7, 5'-CTAGCTAGCACCAGCC-3'; ncs8, 5-GGGGTACC-
TGGCATGCCGC-3'; ncs9, 5-ACATGCATGCCAGGT-3';
and ncslO; 5'-GGGGTACCGTTAAAG-3'. The primers had
the following restriction endonuclease sites for cloning, re-
spectively: ncsl (tfmdin, BgUI), ncs2 (Kpnl, Notl), ncs3
(Notl), ncs4 {Kpnl, Pstl), ncs5 (Pstl), ncs6 (Kpnl, Nhel),
ncs7 (Mel), ncs8 (Kpnl, Sphl), ncs9 (Sphl), and ncslO
(Kpnl).

Cloning of the apo-NCS Gene for E. coli—The encsA
library was successively ligated and constructed on the
pGEM-3Zfl» phagemid DNA (Stratagene, La Jolla, CA,
USA) by the PCR method using the above primers and
template oligonucleotides. After this, the encsA library,
named the pN-V library, on pGEM-3Zf[+) was digested
with BgH and Kpnl, and its inserted DNA fragments were
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F76

F52

F78(Green)
& F78W (Blue)

NCS-chr
(Red)

Fig. 1. Protein modeling, and superimpositioning of apo-NCS
and an amino substituted apo-NCS (F78W). The positions of
Phe52, Phe76, and Phe78 in apo-NCS are indicated by arrowa NCS-
chr, Phe78, and Phe78Trp are colored red, green and blue, respec-
tively.

ligated into the pJuFo vector, a phagemid for the display of
cDNA libraries occurring on the phage surface (32). To en-
rich phages expressing the recombinant fos-apo-NCS, an
antibody-panning procedure was performed with 1C7D4
mouse anti-NCS apoprotein monoclonal antibodies accord-
ing to the standard instructions (33). Three rounds of pan-
ning were carried out in this study. BstNI fingerprinting
was performed to analyze clones obtained on panning for
diversity. Some enriched phage clones were induced with
isopropyl p-D-thiogalactopyranoside (HTG) after culturing
of transformed E. coli XL-1 Blue cells, and the cell lysates
containing the recombinant apo-NCS were subjected to
12.5% SDS-polyacrylamide gel electrophoresis (PAGE)
under reducing conditions with 2.5% of 2-mercaptoethanol
and immunoblot analysis (34) using mAb 1C7D4.

DNA Sequencing—DNA sequencing was carried out with
a Long-Read Tower DNA automated DNA sequencing sys-
tem (Amersham Pharmacia Biotech, Tokyo). The sequenc-
ing primers were as follows: M13F, M13R, pJuFo-F (5'-
CGCGAACCTGCTGAAAGAAA-30, pJuFo-R (5-GGCCAG-
TGAATTGTAATACGA-3'), RSETA-F (5'-CGCGAAATTAA-
TACGACTCAC-3), and RSETA-R (5'-GTTTAGAGGCCC-
CAAGGGGTTATG-3'). A Thermo Sequenase Cy5.0/Cy5.5
dye terminator sequencing kit (Amersham Pharmacia Bio-
tech) was used for chemistry.

Construction of the Expression Vector of NCS Apoprotein
in E. coli—Two primers were designed for expression of
NCS apoprotein: ncsmFl (5-CGGGATCCGCCGCGCCG-
ACCGCGACGGTGACCCCGAGC-3) with a fiamffl site,
and ncs_stoplR(5'-AATTCGGTACCCTAGTTAAAGCTGA-
TCGCCACGCCTTCC-3') with a Kpnl site and stop codon
tga. PCR was performed using ncsmFl and ncs_stoplR as
primers, and pJuFo DNA obtained on panning as a tem-
plate DNA. The PCR product was cloned into the pGEM-T
easy vector (Promega) to give plasmid pR38. After pR38
DNA had been digested with BarnHI and Kpnl, the
inserted DNA fragments were ligated into expression vec-

tor pRSET A (Invitrogen, San Diego, CA, USA) to give
expression plasmid pR49. Inthis-construcVthe-coding-gene
of the mature part of NCS apoprotein is fused to the poly-
histidine metal binding domain and enterokinase cleavage
site under the T7 RNA polymerase promoter. The E. coli
strain used for expression was BL21(DE3)pLysS (Strat-
agene).

Purification of Recombinant apo-NCS—Cells freshly
transformed with expression vector pR49 were grown on
SB/carb+G medium (typically 10 ml) containing chloram-
phenicol (final concentration, 100 jig/ml) at 37°C overnight
with shaking. The bacterial cells were pelleted by centrifu-
gation and re-suspended in 10 ml fresh SB/carb to remove
glucose, and then transferred to 100 ml of fresh SB medi-
um (without glucose, carbenicillin, or chloramphenicol) and
grown until an O D ^ of 1.0 was attained. Then, IPTG, at a
final concentration of 0.5 mM, was added to the culture, fol-
lowed by further incubation for 4 h at 30°C with shaking.
The bacterial cells were pelleted by centrifugation, and re-
suspended in 5 ml of Bacterial Protein Extraction Reagent
(B-PER®; Pierce, Rockford, IL, USA). To prepare a lysate,
the suspension was sonicated ten times on ice with a
TOMY Ultrasonic Disrupter Model VR 200P (TOMY Seiko,
Tokyo) for two seconds at maximum power, and stored
overnight at -20°C to allow it to freeze once. The next day,
the bacterial cellular debris was removed by centrifugation,
and the clear lysate was transferred to a clean tube.

Because the recombinant apo-NCS has the polyhistidine
metal binding domain at its N-terminal, it was purified
with a HiTrap chelating column (Amersham Pharmacia
Biotech) charged with Ni2+. Briefly, after equilibrating the
HiTrap 1 ml column charged with Ni2+ with 10 ml of B-
PER, 2.5 ml of a clear lysate was applied to the column, fol-
lowed by washing with 10 ml of B-PER. Two step elution
was then performed: the elution buffer for step 1 was 5 ml
of 0.02 M sodium phosphate buffer (pH 7.4) containing 0.08
M imidazole and 0.125 M sodium chloride, and that for step
2 was 5 ml of 0.02 M sodium phosphate buffer (pH 7.4) con-
taining 0.3 M imidazole and 0.125 M sodium chloride. The
his-tagged recombinant apo-NCS was recovered on the step
2 elution. Each fraction was analyzed by SDS-PAGE. The
purified protein was dialyzed against 0.02 M Tris-HCl (pH
8.0) containing 0.05 M sodium chloride and 0.002 M cal-
cium chloride. One unit of enterokinase (Stratagene) per
150 (xg of protein was added, followed by incubation for 17
h at 37°C. After enterokinase had been removed with STI
agarose (Stratagene), the recombinant apo-NCS was sub-
jected to Sephacryl S200 column (Amersham Pharmacia
Biotech) chromatography with an FPLC system (Amer-
sham Pharmacia Biotech) for further purification.

Site-Directed Mutation of NCS Apoprotein and Construc-
tion of Expression Vectors—Using a two stage megaprimer
PCR method (35, 36), amino acid Phe78 of NCS apoprotein
(apo-NCS) was mutated to Trp78 or Tyr78, and Phe76 to
Trp76, respectively. The mutated primers (R49_F78Y, R49_
F78, and R49_F76W) had the following sequences, respec-
tively: R49_F78Y (5-TTGAAGK3CTTTCTGTATGATGGCA-
CCCG-3'), Tm = 74.2°C, %GC = 50%, length = 28 bases;
R49_F78W (5-TTGAAGGCTTTCTGTGGGATGGCACCC-
G-30, Tm = 78.8°C, %GC = 57.1%, length = 28 bases; and
R49_F76W (5-TTGAAGG<yrGGCTGTTTGATGGCACCC-
G-30, Tm = 79.7°C, %GC = 57.7%, length = 28 bases. The 5'-
specific primer used was ncsmFl: ncsmFl (5'-CGGGATC-
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CGCCGCGCCGACCGCGACGGTGACCCCGAGC-3-), Tm =
98.2°C, %GC = 81.6%, length = 38 bases, and the 3'-specific
primer used was ncs_stoplE: ncs_stoplR (5-ATTCGGT-
ACCCTAGTTAAAGCTGATCGCCACGCCTTCC-3), Tm =
79.2°C, %GC = 51.3%, length = 39 bases. Each Tm value for
the reaction mixture was calculated with Primer Express™
1.5 software (PE Applied Biosystems Japan, Tokyo). The
pR49 DNA was used as the PCR template.

Each PCR was performed with a GeneAmp PCR system
model 2400 (PE Applied Biosystems Japan). Twenty-five-
microliter PCR mixtures were set up for the first stage
PCR. The composition of the reaction mixture was 10 mM
Tris-HCl (pH 8.3), 50 mM KC1, 1.5 mM MgCL,, 0.2 mM
dGTP, 0.2 mM dATP, 0.2 mM dTTP, 0.2 mM dCTP, 1 mM
mutated primer, 0.5 mM ncs_stoplR primer, 2.5 units
TaKaRa Taq DNA polymerase, and 0.5 mM template pR49
DNA, with the following temperatures: denaturation at
94"C for 2 min; 20 cycles of 94°C for 30s, 60°C for 30s, 72°C
for 60s. Then the second stage PCR was performed.
Twenty-five-microliter PCR-premixes were set up. The
composition of the reaction mixture was 10 mM Tris-HCl
(pH 8.3), 50 mM KC1, 1.5 mM MgCL,, 0.2 mM dGTP, 0.2
mM dATP, 0.2 mM dTTP, 0.2 mM dCTP, 2 mM ncsmFl
primer, and 2.5 units TaKaRa Taq DNA polymerase
(Takara Shuzo Co., Otsu). Twenty-five microliters of each
first stage PCR mixture was added to the second stage
PCR mixture, followed by the second stage PCR at the fol-
lowing temperatures: denaturation at 94C for 2 min; 25
cycles of 94°C for 30s, 60*C for 30s, 72°C for 60s; and 72°C
for 8 min.

DNA fragments were separated, excised, and purified
from the agarose gel followed by cloning into the pGEM-T
easy vector (Progega, Madison, WI, USA), respectively.
After the insertion of the correct mutation had been con-
firmed by DNA sequencing, the fragments were oppor-
tunely digested and re-cloned into the pRSET A expression
vector for E. coli (Invitrogen, San Diego, CA, USA), respec-
tively. The recombinant clones, designated as p2S41/F76W,
p2S45/F78Y, and p2S49/F78W, represented the expression
vectors.

Histone-Cleavage Activity Measurement of PR49 Pro-
tein—Seven micrograms of the purified PR49 protein was
incubated with 2 (xg each of calf thymus histones HI, H2A,
H2B, H3, and H4 (Roche Diagnostics, Tokyo) at 37°C for 12
h in 10 |xl of 0.05 M Tris-HCl (pH 7.4). Next, the samples
were heated in a Laemmli sample buffer for 1 min and
then analyzed by SDS-PAGE (15% gel). The protein bands
were visualized with GELCODE® Blue Stain Reagent
(Pierce).

Ethidium Bromide Binding to apo-NCS with Fluores-
cence Polarization—Ethidium bromide (EtBr) binding to
the recombinant apo-NCS was studied by fluorescence
polarization with a Beacon 2000 fluorescence polarization
system (PanVera, Madison, WI, USA) by monitoring the
fluorescence polarization (mP) of an EtBr solution ( \ a =
488 nm, A^ = 617 nm) as a function of the recombinant
apo-NCS concentration at 25°C. The emission filter of 617
nm (No. VP2400) was purchased from PanVera. Briefly, 120
pi of a reaction mixture containing 20 JJLI of BEACON™
BGG/phosphate buffer (pH 7.4; PanVera) and the purified
recombinant apo-NCS at various concentrations was pre-
pared in a disposable borosilicate glass tube (6 X 50 mm;
PanVera). After measuring the background intensity, EtBr

was added to a final concentration of 0.53 ^M. After 10 min
equilibration at 25°C, fluorescence polarization (FP) and
total fluorescence intensity (IT) were measured in the
three-cycle mode. Data were analyzed by using the sigmoi-
dal dose-response model of non-linear regression in Graph-
Pad Prism Ver 3.0a for Macintosh (GraphPad Software,
San Diego, CA, USA), using the following equation: Y =
Bottom -KTop + BottomV((l + 10A((logKd-.X)*Hill slope)),
where X is the logarithm of the apo-NCS concentration (M),
and Y is each response for IT or mP; bottom is the baseline
response of ITmm or mP^, top is the maximum response of
•^mai o r

 WPWB*
 an<i ^d is the dissociation constant.

Protein Modeling—Protein modeling of apo-NCS with
Phe78 substituted to Trp78 was performed using SWISS-
MODEL, a free Automated Protein Modeling Server ver-
sion 3.5 on the Internet (httpyAvww.expasy.ch/swissmod/)
written by Peitsch (37, 38). The templates for modeling
used were PDB (the Protein Data Bank) entry lNOA.pdb,
INCO.pdb, 2MCM.pdb, and lHZKpdb. Models were visu-
alized and outputted with Swiss-Pdb Viewer (Deep View)
(39).

RESULTS

Library Construction and Screening of apo-NCS for E.
coli—A set of preferred codons for E. coli (31) was used to
design a nucleotide library for apo-NCS for E. coli, because
the substitution of rare codons with optimal ones affects
not only the rate of elongation but also mRNA stability and
initiation. A total of 31 amino acids-^1 lie (ATY), 14 Thr
(ACS), 5 Asn (AAY), 5 Arg (CGY), and 3 Cys (TGY)— were
designed as mixed codons, respectively (Fig. 2). The result-
ing fos-fused NCS apoprotein (fos-apo-NCS) library (titer,
1011 CFU/ml) associated with the Jun-decorated phage par-
ticles was incubated with a plate coated with an anti-apo-
NCS monoclonal antibody (1C7D4) to enrich the recombi-
nant phages expressing fos-apo-NCS, non-specific binding
phages being removed by washing and bound phages being
eluted with acid. After three rounds of panning procedures,
five phagemid DNA clones were subjected to Western blot
analysis using 1C7D4 mAb to confirm (Fig. 3). Four (80%)
of the five samples expressed fos-apo-NCS of approximately
23 kDa (Fig. 3, lanes 2-5). These four phagemids also have
Noil, Pstl, Nhel, and Sphl restriction endonuclease sites in
the inserted DNA, as expected.

DNA Sequence Encoding apo-NCS for E. coli—The four
clones obtained were subjected to DNA sequence analyses.
Unfortunately, we could not obtain the first planned gene
full-encoding apo-NCS precursor because they had the
same mutation in their nucleotide sequences. A pN72
(accession number, AB066225) had three additional G (bold
characters, G50, G54, and G103) in the signal peptide
region of apo-NCS, and then a frame shift occurred. Conse-
quently, the selected codons of 24 amino acids designed as
mixed codons in the mature encoding region were 1 lie
(ATC), 13 Thr (6 ACC, 7 ACG), 4 Asn (2 AAT, 2 AAC), 3 Arg
(3 CGC), and 3 Cys (2 TGC, 1TGT), the exceptions being 6
amino acids (3 lie, 1 Asn, and 2 Arg) in the signal peptide
region. The base content of 339 base pairs for 113 amino
acids was 136 G, 56 A, 54 T, and 93 C, but 121 G, 40 A, 54 T,
and 124 C for ncsA. Its %GC was 67.6% as compared with
72.3% of ncsA (Fig. 4).

Expression of apo-NCS in E. coli—We decided to use this
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H 20 29 38 4 7 56 Fig. 2. Design of the apo-NCS gene
5 ' CAA GCT TGA AGA TCT ATG ~GTG CCG ATY* AGC ATY ATY CGY AAY CGY GTG GCG AAA aD^ t n e d e r i v e d a m i n o - a c i d s e -

quence for E. coli. The nucleotide

M' V T 7 7 "i 7 7 7 7 V "A" 7 f e ^ is ^
dard.

65 74 83 92 101 110
GTG GCG GTG GGC AGC GCG GCG GTG CTG GGC CTG GCG GTG GGC TTT CAG ACS CCG

V A V G S A A V L G L A V G F Q T P

119 128 137 146 155 164
GCG GTG GCG GCC GCG CCG ACS GCG ACS GTG ACS CCG AGC AGC GGC CTG AGC GAT

A V A A A P T A T V T P S S G L S D

173 182 191 200 209 218
GGC ACS GTG GTG AAA GTG GCG GGC GCG GGC CTG CAG GCG GGC ACS GCG TAT GAT

G T V V K V A G A G L Q A G T A Y D

227 236 245 254 263 272
GTG GGC CAG TGY GCA TGG GTG GAT ACS GGC GTG CTG GCA TGY AAY CCG GCG GAT

V G Q C A W V D T G V L A C N P A D

281 290 299 308 317 326
TTT AGC AGC GTG ACS GCG GAT GCG AAY GGC AGC GCT AGC ACS AGC CTG ACS GTG

F S S V T A D A N G S A S T S L T V

335 344 353 362 371 380
CGY CGY AGC TTT GAA GGC TTT CTG TTT GAT GGC ACS CGY TGG GGC ACS GTG GAT

R R S F E G F L F D G T R W G T V D

389 398 407 416 425 434
TGY ACS ACS GCG GCA TGC CAG GTG GGC CTG AGC GAT GCG GCG GGC AAY GGC CCG

C T T A A C Q V G L S D A A G N G P

443 452 461
GAA GGC GTG GCG ATY AGC TTT AAY GGT ACC CC 3 '

E G V A I S F N

pN72 DNA for recombinant apo-NCS production without
further screening, and performed a sub-cloning of the
mature gene encoding apo-NCS into E. coli expression vec-
tor pRSET A. Primers were designed for PCR, with a
BamHI site for the forward primer (ncsmFl), and a Kpnl
site and stop codon TAG for the reverse primer (ncs_
stopIR), as described in "EXPERIMENTAL PROCEDORES."
The expression vector pR49/pRSET A DNA for apo-NCS
was successfully prepared. In this construct, the coding
gene of the mature part of apo-NCS is fused to the polyhis-
tidine metal binding domain and enterokinase cleavage site
under the T7 RNA polymerase promoter. E. coli BL2KDE3)
pLysS was transformed with pR49 DNA for the expression
of 6x His-tagged apo-NCS. At 37°C, some of the expressed
protein was associated with the cell lysate pellet, but the
yield of soluble protein increased at 30°C. The time of
induction with 0.5 mM IPTG was four hours. The average
weight of cultured E. coli cells was 1.1 g per 100 ml of SB
medium culture. E. coli lysates in the B-PER were then

subjected to HiTrap Chelating affinity column chromatog-
raphy with two-step elution with 0.08 and 0.3 M imidazole.
The metal ion used was Ni2+. The purified protein of 15.2
kDa was homogeneously eluted with 0.3 M imidazole (Pig.
5a, lane 5). The yield of recombinant His-tagged apo-NCS
(PR49) was approximately 0.45 mg/g of E. coli cells (4 mg
recombinant protein/liter culture). The purified PR49 pro-
tein was treated with enterokinase to obtain the apo-NCS,
named PR49EK, with a cleaved N-terminal extra-peptdde.
As shown in Fig. 4b, SDS-PAGE analysis showed the cleav-
age of PR49 (149 amino acids residues) of 15.2 kDa into
PR49EK (118 amino acid residues) of 11.7 kDa and the
leader peptdde (31 amino acid residues) of 3.5 kDa. This
PR49EK would have the DRWGS sequence of 5 amino acid
residues of 619.9 Da in the N-terminal of the native apo-
NCS (113 amino acid residues). Moreover, the recombinant
protein yields from 400 ml cultures were 5.31 mg/3.8 g of E.
coli for F76W (P2S41), 1.30 mg/1.6 g of E. coli for F78Y
(P2S45), and 4.4 mg/4.2 g of E. coli for F78W (P2S49). SDS-
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1 2 3 4 5kDa
200 —
116 —
66
42
30

17

Fig. 3. Western blot analysis of an E. coli lysate expressing the
Fos-NCS apoprotein fusion protein using anti-apo-NCS mon-
oclonal antibodies. E. coli lysate samples were separated by SDS-
PAGE (12.5% gel) under reducing conditions, and then transferred
to a nitrocellulose membrana Western blot analysis was performed
with anti-apo-NCS monoclonal antibody 1C7D4, and development
with a DAB-hydroperoxide system. The samples were E. coli lysates
transformed with pJuFo-derived vector DNA of pN51 (lane 1), pN69
(lane 2), pN72 (lane 3), pN75 (lane 4), and pN80 (lane 5). The molec-
ular weights of markers are indicated on the left in kilodaltona The
solid arrow indicates the mobility of the Fos-apo-NCS fusion protein
of 23 kDa.

PAGE analysis revealed only one band with same electro-
phoretic mobility for the mutant and wild type proteins
(data not shown).

Ethidium Bromide Binding to the Recombinant apo-NCS
(PR49EK) and Mutants—It is convenient for fluorescence
measurement to monitor the ethidium bromide (EtBr)-
binding function as to apo-NCS because it has been shown
that EtBr binds to the natural and recombinant apo-NCS
in the same vicinity of the cleft (23, 24). Therefore, the
changes in total fluorescence intensity and fluorescence
polarization (FP) were observed as a function of added total
recombinant apo-NCS (Fig. 6). No fluorescence intensity
was measured in the absence of EtBr when \s=488 nm and
X.^^17 nm (data not shown). The maximum change in flu-
orescence (A/T^) was calculated to be 113.9 for the wild
type recombinant apo-NCS. The observed dissociation con-
stant (Kd) was 14.4 uM (95% confidence interval value, 13.1
to 15.8 \iM). On FP analysis, the Kd was calculated to be
4.39 (JLM (95% confidence interval value, 4.2 to 4.7 (JLM) with
155.0 millipolarization units (mPU; 1 PU = 1,000 mPU) of
the maximum change of FP (AFP^) and 0.92 of the Hill
slope value (Fig. 6A). The effects of amino acid substitu-
tions of apo-NCS on EtBr binding were also investigated.
Each maximum and minimum value of FP was calculated,
as shown in Table I. The A F P _ values were 153.3 mPU for

ncsA

pN72m

10 20 30 40 50
1 GCGGCGCCGACGGCTACGGTGACTCCGTCGTCCGGTCTGTCCGACGGCAC 50

A A P T A T V T P S S G L S D G T
1 ..C C. .G C. . .AGCAG. . .C. . .AG. . .T 50

ncsA

pN72m

ncsA

pN72m

60 70 80 90 100

51 CGTGGTCAAGGTCGCCGGCGCGGGTCTCCAGGCCGGAACGGCCTACGACG
V V K V A G A G L Q A G T A Y D V

51 G G..A..G..G C..G G..C..C..G..T..T.

Pst I

110 120 130 140 150
101 TCGGGCAGTGCGCGTGGGTGGACACCGGTGTTCTCGCGTGCAACCCGGCG

G Q C A W V D T G V L A C N P A
101 .G..C..A A T..G..C..G..G..A..T

100

100

150

150

ncsA

pN72m

ncsA

pN72m

ncsA

pN72m

ncsA

pN72m

160 170 180 190 200
151 GACTTCTCCTCCGTGACCGCGGACGCCAACGGCTCCGCGAGCACGTCGCT

D F S S V T A D A N G S A S T S L
151 . .T. .TAG.AG T . . G . . T . . . AG . . . T CAGC . .

Sac II me I
210 220 230 240 250

2 0 1 GACGGTGCGCCGCTCCTTCGAGGGCTTCCTCTTCGACGGCACCCGCTGGG
T V R R S F E G F L F D G T R W G

2 0 1 A G . . . T . . A T . . G . . T . . T

260 270 280 290 300
2 5 1 GCACCGTGGACTGCACCACCGCGGCCTGCCAGGTCGGCCTCTCGGACGCT

T V D C T T A A C Q V G L S D A
2 5 1 . . . . G T G . . G A G GAGC. . T . .G

Sph I

310 320 330 340 350
301 GCGGGOVACGGCCCGGAGGGTGTGGCGATCTCCTTCAAC

A G N G P E G V A I S F N
301 T A. .C AG. . .T. . .

200

200

250

250

300

300

350

350

Fig. 4. Nucleotide sequence
comparison between ncaA
and pN72m (encsA) with the
predicted amino acid se-
quence of the encoded pro-
tein. The nucleotide sequences
of the mature NCS apoprotein
coding region of ncsA from S.
neocarzinostoticus and pN72
from E. coli are shown in the top
and bottom lines of each row
with a restriction endonuclease
cleavage site for the pN72 se-
quence (identical residues are
indicated by dots in the pN72m
sequence). Nucleotides are
numbered beginning with the
first Ala.
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(a) (b) A. B.
1 2 3 4 5 1 2 3 4

kDa«g

42-

30-

1 7 -

Fig. 5. SDS-PAGE of recombinant apo-NCS purified from E.
coli transformed with pR49. (a) SDS-PAGE analysis (12.5% gel)
at different steps of purification of the expressed His-tagged apo-
NCS (PR49). Lane 1, standards protein markers. The molecular
weights of markers are indicated on the left (in hdlodaltons). The
samples were: E. coli lysate transformed with pR49/pRSET A in the
B-PER (lane 2); pass-through fraction on nickel chelating column
chromatography Qane 3); fraction eluted with 0.08 M imidazole in
0.02 M phosphate buffer, pH 7.4, containing 0.125 M NaCl (lane 4);
and fraction eluted with 0.3 M imidazole in 0.02 M phosphate buffer,
pH 7.4, containing 0.125 M NaCl (lane 5). The solid triangle indi-
cates the mobility of the PR49 protein expressed inE. coli. (b) SDS-
PAGE analysis of enterokinase treatment of the PR49 protein. Lane
1, standards protein markers. The samples, 1.5 jig protein per lane,
were: PR49 protein with 17 h incubation at 37'C in 0.02 M Tris-HCl
(pH 8.0) containing 0.05 M NaCl and 0.002 M CaClj with (lane 2) or
without (lane 3) one unit of enterokinase, and PR49 protein without
incubation (lane 4). The solid triangles indicate the mobility of PR49
(top), PR49EK (middle), and the leader peptide cleaved (bottom), re-
spectively.

F78Y, 197.0 mPU for F78W, and 153.3 mPU for F76W,
respectively. The A F P ^ value for the F78W mutant was
higher than those for the wild type and other recombinant
proteins. As shown in Table m, the Kd values between
EtBr and each apo-NCS in the FP study were calculated
from fitting curves to be 2.77 mM for the F78Y mutant,
5.16 yM for the F78W mutant, and 2.77 uM for the F76W
mutant, respectively. On the other hand, a major increase
in IT as a function of the recombinant apo-NCS concentra-
tion was not observed only for the F78W mutant as com-
pared with in the cases of the wild type, F78Y mutant and
F76W mutant (Fig. 6, B, D, F, and H). As shown in Table II,
the A / T ^ under this condition was calculated to be 112.6
for F78Y, 31.3 for F78W, and 120.3 for F76W, respectively.
It was also predicted that there was a single class of EtBr
binding site (1:1 complex of apo-NCS and EtBr) in the each
recombinant apo-NCS because the Hill slope values calcu-
lated were approximately 1.0 from on both FP analysis and
IT analysis (Table IH), respectively. These results indicated
that each mutant apo-NCS protein (F76W, F78Y, and
F78W) associated with EtBr under this experimental con-
dition. The decrease of the IT change in the F78W mutant
might not be due to the non-binding of F78W to EtBr.

100-

-S -7 -6 -5 -4

Protein cone (log [M]) D.
_8 -7 -6 -5 -4 -3

Protein cone, (log [M])

200

- 8 - 7 - 6 - 5 - 4 -3

Protein cone, (log [M]) F.
-8 -7 -6 -5 -4 -3

Protein cone, (log [M])

H.
- 8 - 7 - 6 - 5 - 4 - 3

Protein cone, (log [M])

- 8 - 7 - 6 - 5 - 4 - 3

Protein cone, (log [M])
- 8 - 7 - 6 - 5 - 4 - 3

Protein cone, (tog [M])

Fig. 6. Equilibrium binding isotherm of recombinant apo-
NCS and mutant proteins as to EtBr. losed symbols (A, C, E,
and G) represent the isotherm of the fluorescence polarization (mP)
at each titration point as a function of the total recombinant apo-
NCS concentration added to the binding reaction of 0.53 \iM EtBr.
Open symbols (B, D, F, and H) represent the isotherm of the total
fluorescence intensity. Actual data points and a computer-fitting
curve obtained using the sigmoidal dose-response model of non-lin-
ier regression in GraphPad Prism Ver3.0a for Machintosh are
shown, respectively. • and o, PR49EK (wild); • and o, P2S45EK
(F78Y); • and o, P2S49EK (F78W); T and v, P2S41EK (F76W).

Re-Examination of Histone-Cleavage Activities of the
PR49 and PR49EK Proteins—To estimate the proteolytic
activities of the PR49 and PR49EK proteins, calf thymus
histones HI, H2A, H2B, H3, and H4 were each incubated
either with or without purified PR49 protein (Fig. 7a) or
PR49EK protein (Fig. 7b). However, a noticeable difference
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TABLE I. Calculated maximum and minimum values of fluo-
rescence polarization.

Wild
F78Y
F78W
F76W

Pp^.
156.8 ± 1.5
153.3 ± 1.0
197.0 ± 1.0
153.3 ± 1.0

PP*b
1.8 ± 0.9
1.3 ± 1.0
0.4 ± 0.7
1.3 ± 1.3

155.0
152.0
196.6
152.0

Data are represented as millipolarization units (mPU).

(a)
kDa

6 6 -
4 2 -

3 0 -

1 7 - • * <

1 2 3 4 S 6 7 8 9 10 11 12

I
TABLE II. Calculated maximum and
total fluorescence intensity.

minimyim values of

Wild
F78Y
F78W
F76W

ITnmK

165.9 ± 2.0
165.0 ± 2.0
86.3 ± 2.9

175.7 ± 2.2

IT*.
52.0 ± 0.4
52.4 ± 0.5
55.0 ± 0.7
55.4 ± 1.1

113.9
112.6
31.3

120.3

TABLE m. Observed equilibrium dissociation constants for
EtBr and each recombinant apo-NCS.

Parameter
Observed equilibrium

dissociation const
95% Confidence
interval (uM) Hill slope

Fluorescence polarization
Wild
F78Y
F78W
F76W

4.39
2.77
5.16
2.77

Total fluorescence intensity
Wild
F78Y
F78W
F76W

14.4
14.9
7.81
3.08

4.15-4.65
2.64-2.90
5.00-5.32
2.64-2.90

13.1-15.8
13.8-16.2
6.05-10.0
2.78-3.42

0.92
0.99
1.04
0.99

0.91
0.99
0.97
0.94

was not observed in the incubation mixture between with
and without PR49 or PR49EK under our experimental con-
ditions (Fig. 7).

DISCUSSION

In this paper, the binding properties of EtBr, as a chro-
mophore mimic, as to recombinant apo-NCS or amino acid-
substituted apo-NCS mutants are reported. It is generally
well known that EtBr, a cationic dye, interacts strongly and
specifically with double helical RNAs and DNAs, and is
widely used in spectrofluorimetric analyses with striking
fluorescence enhancement. It is generally agreed that
strong fluorescence enhancement accompanies intercala-
tion of EtBr into the double helix conformation of nucleic
acids. The low intensity of free EtBr in water is attributed
to efficient quenching of excited state molecules by proton
transfer to water molecules, and the enhancement of the
fluorescence intensity on binding to nucleic acids is attrib-
uted to a reduction in the proton transfer rate (40). The
mechanism suggests that the fluorescence quantum yield
differs with the degree of exposure to the solvent of the
intercalated EtBr molecules.

It is known from X-ray and 'H-NMR studies that apo-
NCS binds to a number of drugs including ethidium bro-
mide (EtBr) and daunomycin (24). EtBr has been used as a
chromophore mimic and a fluorescence tracer, because it
also might be sandwiched by Phe52, Phe78, and the
Cyst37-Cys47 disulfide bond (24). NCS-chr is tightly and

(b)
k D a 1 2 3 4 5 6 7 8 9 10 II 12

4 2 - - •$ > ^ - ^
3 0 - ^ ^ . w « -

17-

f;

Fig. 7. SDS-PAGE analysis of the reaction of PR49 and
PR49EK(apo-NCS) protein with calf thymus histone.(a) Seven
micrograms of the purified PR49 protein (a) or 5.4 \ug of the purified
PR49EK protein (b) were incubated with 2 ng each of calf thymus hi-
stones HI, H2A, H2B, H3, and H4 (Roche Diagnostics, Tokyo) at
37*C for 12 h in 10 u.1 of 0.05 M Tris-HCl (pH 7.4). After the addition
of 10 uj of a Laemili sample buffer, the samples were heated and an-
alyzed by SDS-PAGE (15% gel). Lanes 2, 3, 4, 5, and 6, reactions of
the PR49 (a) or PR49EK protein (b) with HI, H2A, H2B, H3, and
H4, respectively; lanes 7, 8, 9, 10, and 11, control reactions with HI,
H2A, H2B, H3, and H4, respectively; lane 12, control reaction with
just PR49 (a) or PR49EK (b) protein; lane 1, standards protein
markers. The molecular weights of markers are indicated on the left
in kDa.

non-covalently bound to apo-NCS, because the dissociation
constant (KA) of the biologically active chromophore is ap-
proximately 0.1 nM (41). On the other hand, the KA values
for the ethidium-NCS complex were 0.857 yM. natural apo-
NCS (24), 1 JJLM natural apo-NCS, and 2 nM recombinant
apo-NCS (23), as judged on fluorescence measurement, and
4.4 \iM recombinant apo-NCS, as found in this fluorescence
polarization study. These data indicate that the recombi-
nant apo-NCS obtained in this study may have a binding
function as apo-NCS. It was suggested that the monitoring
of fluorescence polarization using EtBr may be a useful
way of characterizing recombinant apo-NCS binding to
NCS-chr.

Site-directed mutagenesis involving a two stage mega-
primer PCR (35, 36) was carried out to investigate the
functional roles of amino acid residues of apo-NCS in the
chromophore-binding cleft. Mutant apo-NCS possessing
amino acid substitutions were produced with attention to
the positions at which residues are expected to be involved
in the binding with the chromophore based on X-ray crys-
tallographic studies (21, 42) and NMR spectroscopic struc-
tural analyses (43—47). Moreover, Mohanty et al. demon-
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strated the amino acid residues that are involved in the
binding of-EtBr and-apo-NCS at amino acid residues (24}.
At first, two positions, Phe76 and Phe78 in apo-NCS, were
selected for substitution to another aromatic group (Fig. 1).
Each recombinant apo-NCS mutant (F78Y, F78W, and
F76W) could be successfully obtained from an E. coli cul-
ture.

When Phe78 was substituted with Trp78, the association
of apo-NCS and EtBr observed was the same as in the case
of the wild type apo-NCS, as judged from the results of FP
analysis (Fig. 6). The calculated A F P ^ value for the F78W
mutant seemed to be higher than those for other recombi-
nant apo-NCS, as shown in Table I. This suggested that
EtBr could bind the F78W mutant with a single EtBr bind-
ing site, and that a change in molecular volume including a
conformation change had obviously occurred in F78W as
compared with in other proteins. Therefore, the decrease in
the calculated A / T ^ value for F78W as compared with the
wild type apo-NCS was an indication of an environmental
change of the bound EtBr molecule on F78W. The func-
tional roles of the Phe78 residue on apo-NCS are thought
to be molecular cap holding of the NCS-chr TT-face tightly in
cooperation with Phe52, and the formation of a hydropho-
bic environment to protect the labile chromophore (21).
Therefore, the bound EtBr in the F78W mutant may be
more solvent-exposed than in the case of the wild type,
F78Y, or F76W; that is, a molecular cap of Trp78 may slip
off the bound EtBr, as modeled and shown in Fig. 1, result-
ing in the formation of an insufficient hydrophobic environ-
ment. Alternatively, it could be interpreted that the affinity
of the F78W mutant to EtBr is weaker than those of others
because the Kd value was 5.2 \iM for F78W. One possibility
is that the structure of F78W is destabilized. Anyway, these
results indicate that Phe78 on apo-NCS is a more impor-
tant amino acid residue than Phe76 for the wrapping of the
choromophore to form an hydrophobic environment, it
being shown previously that the hydrophobic interaction
between NCS-chr and apo-NCS is important (48). The
future direction for clarifying the effects of amino acid sub-
stitutions for apo-NCS should be X-ray and XH-NMR analy-
sis of apo-NCS mutants.

It is unclear why differences between the Kd values de-
termined in each FP and IT experiment were observed,
especially for the recombinant wild type apo-NCS and
F78Y mutant. Because the slope of the Hill plot was ap-
proximately 1, which indicates that there is a single class of
binding site as to EtBr and apo-NCS, one speculation is
that these differences may be due to the states (the binding
properties) of the EtBr and apo-NCS interaction. Although
further investigations should be conducted carefully, the
data obtained in the IT experiment may express the pack-
ing properties, and those in the FP one may express the
binding properties including the packed state of EtBr as to
apo-NCS, respectively.

The proteolytic activity of apo-NCS toward histones
(especially histone HI), which is associated with the DNA
cleavage activity by the NCS chromophore, reflcets the
potential appearance of a new protease family because a
highly acidic protein such as apo-NCS would probably
interact with highly basic proteins such as histones. How-
ever, a recent study involving a recombinant apo-NCS pro-
duced by E. coli also showed that this proteolytic activity
toward histones or synthetic peptddes can be physically sep-

arated from the apoprotein (23). Our preparation of this re-
combinant-apo-NGS, although it^has DRWGS as-N-termi-
nal extra 5 amino acid residues, does not exhibit histone-
cleavage activity. Our data strongly agree with their obser-
vation that apo-NCS does not exhibit proteolytic activity to-
ward histones.

Tsunoda et al. demonstrated that the immunoconjugate
of anti-tumor vascular endothelium monoclonal antibodies
(TES-23) and NCS would be a useful drug carrier complex
with high specificity to tumors and effects on tumor regres-
sion in rats bearing KMT-17 fibrosarcomas (49). Therefore,
the direct modification of apo-NCS with some targeting
molecule might be more effective for clinical needs.

Protein engineering has unlimited potential as to signifi-
cant advances in science, medicine and industry (50). One
of the major goals of such approaches is the design, modifi-
cation and production of proteins with improved protein
properties, such as molecular recognition, stability, safety,
etc., that have new functions not found in nature. The abil-
ity to tailor-make a protein with a predetermined function
and structure is the ultimate dream.

We are grateful to Dr. Crameri for the generous gift of pJuFo DNA.
YT thanks Dr. Randy Buck and Vanessa Buck for reviewing this
manuscript.
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