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We previously reported that phenolic compounds, petasiphenol and curcumin (diferuloylmethane),
were a selective inhibitor of DNA polymerase λλλλ

 

 (pol λλλλ

 

) 

 

in vitro

 

. The purpose of this study was to
investigate the molecular structural relationship of curcumin and 13 chemically synthesized derivatives
of curcumin. The inhibitory effect on pol λλλλ

 

 (full-length, i.e. intact pol λλλλ

 

 including the BRCA1 C-
terminal [BRCT] domain) by some derivatives was stronger than that by curcumin, and mono-
acetylcurcumin (compound 13) was the strongest pol λλλλ

 

 inhibitor of all the compounds tested,
achieving 50% inhibition at a concentration of 3.9 µµµµ

 

M

 

. The compound did not influence the activities
of replicative pols such as αααα

 

, δδδδ

 

, and εεεε

 

. It had no effect on pol ββββ

 

 activity either, although the three-
dimensional structure of pol ββββ

 

 is thought to be highly similar to that of pol λλλλ

 

. Compound 13 did
not inhibit the activity of the C-terminal catalytic domain of pol λλλλ

 

 including the pol ββββ

 

-like core, in
which the BRCT motif was deleted from its N-terminal region. MALDI-TOF MS analysis dem-
onstrated that compound 13 bound selectively to the N-terminal domain of pol λλλλ

 

, but did not bind
to the C-terminal region. Based on these results, the pol λλλλ

 

-inhibitory mechanism of compound
13 is discussed.

 

Introduction

 

The human genome encodes 16 DNA polymerases
(pols) to conduct cellular DNA synthesis (Bebenek &
Kunkel 2004). Eukaryotic cells reportedly contain three
replicative types; pols 

 

α

 

, 

 

δ

 

, and 

 

ε

 

, mitochondrial pol 

 

γ

 

and at least 12 repair types such as damaged DNA
template synthesis; pols 

 

β

 

, 

 

δ

 

, 

 

ε

 

, 

 

ζ

 

, 

 

η

 

, 

 

θ

 

, 

 

ι

 

, 

 

κ

 

, 

 

λ

 

, 

 

µ

 

, 

 

σ

 

, and
REV1 (Friedberg 

 

et al

 

. 2000). We have searched for
natural compounds that selectively inhibit each of these
eukaryotic pols to use as tools and molecular probes to
distinguish pols and to clarify their biologic and 

 

in vivo

 

functions (Mizushina 

 

et al

 

. 1996, 1997, 1999, 2000,
2002a, 2003, 2004; Kuriyama 

 

et al

 

. 2005). We reported
on an interesting compound that selectively inhibits only

pol 

 

λ

 

 (Mizushina 

 

et al

 

. 2002b). The natural compound
was a phenolic compound, petasiphenol (compound 1),
produced from a higher plant, a Japanese vegetable
(

 

Petasites japonicus

 

), and the selectivity toward pol 

 

λ

 

 was
extremely high. Then we found that another phenolic
compound, curcumin (diferuloylmethane, compound 2),
which is known as an antichronic inflammatory agent and
an anti-oxidative compound (Sigma Reagent Catalog), is
structurally similar to petasiphenol. Curcumin is a yellow
substance from the root of the plant 

 

Curcuma longa

 

 Linn.
Not unexpectedly, curcumin was also a potent pol 

 

λ

 

-
selective inhibitor. To our knowledge, there have been no
reports about such natural inhibitors specific to X family
pols, except for solanapyrone A as a pol 

 

β

 

 and 

 

λ

 

 inhibitor
and prunasin as a pol 

 

β

 

 inhibitor, which we reported
previously (Mizushina 

 

et al

 

. 1999; Mizushina 

 

et al

 

.
2002b). The compound differed from solanapyrone A in
that it inhibited only pol 

 

λ

 

 among pols examined to date,
and was a stronger pol 

 

λ

 

 inhibitor than solanapyrone A.
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Pol 

 

λ

 

 is a recently described eukaryotic pol belonging
to the pol X family (Aoufouchi 

 

et al

 

. 2000; Garcia-Diaz

 

et al

 

. 2000) comprising enzymes involved in DNA repair
processes, whose main member is pol 

 

β

 

. Human pol 

 

λ

 

(63.4 kDa) consists of a nuclear transport signal (residues
1–35), a BRCA1 C-terminal (BRCT) domain (residues
36–132), a proline–serine-rich region (residues 133–
243) and a pol 

 

β

 

-like core region (residues 244–575).
The N-terminal part of pol 

 

λ

 

 has similarity to yeast pol
IV and contains a BRCT domain (Garcia-Diaz 

 

et al

 

.
2000). The BRCT domain is present in several proteins
involved in DNA repair and cell cycle checkpoint con-
trol (Bork 

 

et al

 

. 1997; Zhang 

 

et al

 

. 1998). Recently, it has
been shown that the BRCT domain is involved in protein–
protein interactions (Zhang 

 

et al

 

. 1998). The C-terminal
part of pol 

 

λ

 

 (residues 244–575) is composed of a cata-
lytic core, which is similar to pol 

 

β

 

 (8-kDa domain and
31-kDa finger, palm and thumb polymerization domain)
and has 32% amino acid identity to pol 

 

β

 

 (Garcia-Diaz

 

et al

 

. 2000). A truncated pol 

 

λ

 

, in which the BRCT
motif was deleted from the N-terminal region (i.e. the
C-terminal region including the pol 

 

β

 

-like core), has the
pol activity (Garcia-Diaz 

 

et al

 

. 2004).
In this study, we identified the structure of petasiphe-

nol and curcumin essential to the inhibition of pol 

 

λ

 

, and
then chemically synthesized derivatives of curcumin.
Some of the newly synthesized derivatives were stronger
pol 

 

λ

 

 inhibitors than petasiphenol and curcumin. The
same derivatives inhibited the activity of intact pol 

 

λ

 

, but
did not suppress the activity of the pol 

 

λ

 

-catalytic core
domain. Based on these results, the inhibitory action of
the compound and its relation to the enzyme structure
of pol 

 

λ

 

 will be discussed. These studies may help further
clarify the structure and function of pol 

 

λ

 

 three-
dimensionally and to synthesize a theoretically selective
pol inhibitor.

Results
Effects of curcumin derivatives on the activity of 
DNA pol λλλλ

As briefly described in the previous text, we reported
that a phenolic compound, petasiphenol (compound 1
in Fig. 1), which was isolated from a Japanese vegetable
(P. japonicus), is an inhibitor capable of selecting among
the pols (Mizushina et al. 2002b). We investigated whether
curcumin (compound 2 in Fig. 1), which is the same
phenolic compound as petasiphenol and 13 chemically
synthesized derivatives of curcumin (compounds 3–15
in Fig. 1), inhibited the activities of mammalian pols α,
β, and λ. As shown in Fig. 2, 10 µm of petasiphenol and

curcumin inhibited human pol λ activity. The inhibitory
effect on pol λ by 10 µm of compounds 4, 5, 13, and 14
was stronger than that by curcumin. As compounds
6–11, which do not have two enone moieties, did not
influence the pol λ activity, the enone moiety might be
important to the inhibition of pol λ. Petasiphenol has an
enone moiety; therefore, one or more enone moieties in
the compound might be essential for pol λ inhibition.
Compounds 4, 5, and 13, which have an acetoxy moiety,
strongly inhibited the activity of pol λ, and compound
13 (monoacetylcurcumin) was the strongest inhibitor
among the compounds tested. The one acetoxy moiety
at position C3′ in compound 13 would stimulate the
inhibitory effect on pol λ. On the other hand, none of
the compounds inhibited the activities of calf pol α and
rat pol β.

Effects of compound 13 on the activities of 
mammalian DNA pols and other DNA metabolic 
enzymes

Figure 3 shows the inhibition dose–response curves of
compound 13 against mammalian pols. Compound 13
was effective at inhibiting human pol λ activity, and
the inhibition was dose dependent, with 50% inhibition
observed at a dose of 3.9 µm. The compound had no
influence at all on the activities of not only replicative
pols such as calf pol α, human pol δ, and human pol ε,
or mitochondrial replicative pol such as human pols γ,
but also repair-related pols such as rat pol β (Fig. 3).
Compound 13 had no inhibitory effect on cauliflower
(higher plant) pol I (α-like) and II (β-like), prokaryotic
pols such as the Klenow fragment of Escherichia coli
pol I, Taq pol and T4 pol, and other DNA-metabolic
enzymes such as calf DNA primase of pol α, calf TdT,
HIV-1 reverse transcriptase, T7 RNA pol, T4 polynucle-
otide kinase and bovine deoxyribonuclease I (Table 1).
Therefore, compound 13 was a specific inhibitor of pol λ
among the pols and DNA metabolic enzymes tested.
Petasiphenol and curcumin also selectively inhibited the
activity of pol λ (Table 1). The IC50 values in Table 1 did
not change when the DNA template-primer was
activated DNA (data not shown).

Interestingly, compound 13 selectively inhibited the
activity of pol λ, which has been recently identified as
a new member of the pol β family, and their three-
dimensional structures are thought to be highly similar
(Garcia-Diaz et al. 2000). Compound 13 did not inhibit
the activity of either pol β or the C-terminal domain
including pol β-like core region of pol λ (Fig. 3), indi-
cating that it binds to the N-terminal region including
the BRCT domain of pol λ directly, and subsequently,
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inhibited the activity of the C-terminal pol β-like core
of pol λ. On the other hand, compound 13 did not
inhibit the activity of TdT, which is also the X family
enzyme with the BRCT domain (Table 1), suggesting
that the compound did not always recognize any of the
BRCT domain structure.

Inhibitory effect of compound 13 on 5′′′′-phosphate 
recognition in DNA with gaps

Pol β consists of an independently folded N-terminal 8-
kDa domain and C-terminal 31-kDa domain (Kumar
et al. 1990a, 1990b). The N-terminal domain was found
to possess binding specificity for the 5′ phosphate in
DNA with gaps, and cross-linking of pol β to such
DNA is dependent on a 5′-phosphate moiety in the gap
(Casas-Finet et al. 1991; Prasad et al. 1993, 1994). Because
the binding of pol β was directed by the 8-kDa domain
(Kumar et al. 1990a), it was suggested that the pol β-like

core region including the 8-kDa domain of pol λ could
have the binding activity. To investigate the effect of
compound 13 on the recognition by human pol λ of
the 5′ phosphate in DNA with gaps, a synthetic DNA
substrate was formed by annealing two 17-residue oligo-
nucleotides (designated primer 1 and primer 2) to a 39-
residue template 1 creating a 5-nucleotide gap between
the 3′ hydroxyl of primer 1 and the 5′ phosphate or 5′
hydroxyl of primer 2 (see Fig. 4A and Experimental
procedures). This DNA substrate was incubated with full-
length pol λ, and then, the complex was photochemically
cross-linked with UV light (Prasad et al. 1994). To score
the covalently cross-linked complexes, the 5′ end of the
primer 1 oligonucleotide was separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE),
and the gel was analyzed by autoradiography (Fig. 4B).
The results showed that the cross-linking among pol λ,
template 1, and primer 1 was strongly influenced by the
phosphate group at the 5′ end of primer 2 (lanes 3 and

Figure 1 Structure of curcumin derivatives. Compound 1: petasiphenol; compound 2: curcumin (diferuloylmethane); compound 3:
(1E,6E )-1,7-bis(3′,4′-dimethoxyphenyl)-4,4-dimethyl-1,6-heptadien-3,5-dione; compound 4: (1E,4Z,6E )-1,7-bis(4′-acetoxy-3′-
methoxyphenyl)-5-hydroxy-1,4,6-heptatrien-3-one (diacetylcurcumin); compound 5: (1E,6E )-1,7-bis(4′-acetoxy-3′-methoxyphenyl)-
4,4-dimethyl-1,6-heptadien-3,5-dione; compound 6: 1,7-bis(3′-hydroxy-4′-methoxyphenyl)-3,5-heptadione; compound 7: 1,7-bis(3′-
hydroxy-4′-methoxyphenyl)-5-hydroxy-3-heptanone; compound 8: 1,7-bis(3′-hydroxy-4′-methoxyphenyl)-3,5-heptadiol; compound
9: 1,7-bis(3′-acetoxy-4′-methoxyphenyl)-3,5-heptadione; compound 10: 1,7-bis(3′-acetoxy-4′-methoxyphenyl)-5-hydroxy-3-
heptaone; compound 11: (1E,6E )-1,7-bis(3′-acetoxy-4′-methoxyphenyl)-3,5-dihydroxy-1,6-heptadiene; compound 12: (1E,6E )-1,7-
bis(3′-hydroxy-4′-methoxyphenyl)-3,5-dihydroxy-1,6-heptadiene; compound 13: (1E,4Z,6E )-7-(4′′-acetoxy-3′′-methoxyphenyl)-5-
hydroxy-1-(4′-hydroxy-3′-methoxyphenyl)hepta-1,4,6-trien-3-one (monoacetylcurcumin); compound 14: (1E,4Z,6E )-1-(3′,4′-
dimethoxyphenyl)-5-hydroxy-7-[4′′-hydroxy-3′′-methoxypheny]hepta-1,4,6-trien-3-one (monometylcurcumin); compound 15:
(1E,6E )-1-(3′,4′-dimethoxyphenyl)-4-dimethyl-7-(4′-methoxyphenyl)hepta-1,6-trien-3,5-dione.
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Figure 2 Inhibitory effect of curcumin
derivatives on the activities of mammalian
DNA polymerases. The compounds
(10 µm) were incubated with calf pol α, rat
pol β and human pol λ (0.05 units each).
The enzymatic activity was measured as
described in the text. Activity in the
absence of compounds was taken as 100%.
Data are shown as means ± SEM for three
independent experiments.

Table 1 IC50 values of petasiphenol, curcumin and compound 13 for various DNA polymerases and other DNA metabolic enzymes
 

 

Enzyme

IC50 value (µm)

Petasiphenol Curcumin Compound 13

Mammalian DNA pols
Calf DNA pol α >100 >100 >100
Rat DNA pol β >100 >100 >100
Human DNA pol γ >100 >100 >100
Human DNA pol δ >100 >100 >100
Human DNA pol ε >100 >100 >100
Human DNA pol λ 7.8 ± 1.2 7.0 ± 1.0 3.9 ± 1.0

Plant DNA pols
Cauliflower DNA pol I (α like) >100 >100 >100
Cauliflower DNA pol II (β like) >100 >100 >100

Prokaryotic DNA pols
E. coli DNA pol I (Klenow fragment) >100 >100 >100
Taq DNA pol >100 >100 >100
T4 DNA pol >100 >100 >100

Other DNA metabolic enzymes
Calf DNA primase of DNA pol α >100 >100 >100
Calf terminal deoxynucleotidyl transferase >100 >100 >100
HIV-1 reverse transcriptase >100 >100 >100
T7 RNA pol >100 >100 >100
T4 polynucleotide kinase >100 >100 >100
Bovine deoxyribonuclease I >100 >100 >100

These compounds were incubated with each enzyme (0.05 units). The enzymatic activity was measured as described in the Experimental 
section. Enzyme activity in the absence of the compound was taken as 100%.
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4 in Fig. 4B). The molecular ratios of compound 13 and
pol λ are shown as the inhibitor to protein ratio (I/P) in
Fig. 4B. Even an excess amount of compound 13 (at an
I/P ratio of more than 100) could not interfere with the
recognition of the 5′ phosphate by pol λ (lanes 7 and 8
in Fig. 4B). Compound 13 did not influence the activity
on gapped DNA substrates of the C-terminal catalytic
domain of pol λ either (data not shown).

Binding between compound 13 and the N-terminal 
BRCT domain or the C-terminal domain of DNA 
pol λλλλ

It has been reported that some bioactive compounds
containing an enone moiety bind their targets covalently
(Kudo et al. 1999; Usui et al. 2004). Because the struc-
ture–activity relationships showed that an enone moiety
is important for the inhibitory activity of the chemically
synthesized curcumin derivatives against pol λ (Fig. 2),
there is a possibility that curcumin derivatives such as
compound 13 covalently bind human pol λ via enone
moiety. To test this possibility, we investigated the change in

the molecular weight of human pol λ after compound 13
treatment by matrix-assisted laser desorption ionization–
time of flight (MALDI-TOF) mass spectrometry (Fig. 5).
The molecular weight of full-length human pol λ was
determined to be 68 350 (–cur), but that of compound
13-treated human pol λ was 68 758 (+cur) (Fig. 5A). The
difference, 408, was thought to represent the molecular
weight of compound 13 (M.W. 412). This binding is
highly specific, because treatment with a fourfold excess
molar amount of compound 13 resulted in an increase in
mass corresponding to only one compound 13.

To determine which domain of pol λ was bound to
compound 13, the N-terminal BRCT domain or the
C-terminal catalytic domain, including the pol β-like core,
these domains of pol λ were treated with compound 13
and then analyzed with MALDI-TOF mass spectrome-
try. The molecular weight of the BRCT domain of pol

Figure 3 Dose–response curves of compound 13. The enzymes
used (0.05 units each) were calf pol α (open square), rat pol β
(open circle), human pol γ (open triangle), human pol δ (open
diamond), human pol ε (open reverse-triangle), full-length
human pol λ (residues 1–575) (closed circle) and the C-terminal
domain including pol β-like core region of human pol λ (residues
133–575) (closed triangle). The pol activity was measured as
described in the text. The pol activity in the absence of
compound 13 was taken as 100%. Data are shown as
means ± SEM for three independent experiments.

Figure 4 5′-Phosphate recognition in a 5-nucleotide gap by full-
length pol λ. (A) Template 1, primer 1, and primer 2 were
annealed as outlined under the Experimental section. (B) A
photograph of an autoradiogram illustrating the result of UV
cross-linking to a substrate with a 5-nucleotide gap is shown.
Primer 2 (40 pmol in each lane) was either phosphorylated (p)
(lanes 1, 3, 5, and 7) or not (d) (lanes 2, 4, 6, and 8) at its 5′ end.
The DNA substrate was mixed with full-length human pol λ and
irradiated as described, and then, the cross-linked products were
separated and analyzed as described under the Experimental
section. The positions of the UV cross-linked product (pol λ/
primer 1/template 1) and free probe are indicated. Lanes 3–8
contained pol λ at an amount of 20 pmol (1 µm); lanes 1 and 2
contained no enzyme. Lanes 3, 4, 5, 6, 7, and 8 were each mixed
with amounts of compound 13: 0, 0, 200, 200, 2000, and
2000 pmol, respectively. The concentration ratios of compound
13 (I) and pol λ (P) are indicated in the figure.
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Figure 5 MALDI-TOF MS analysis of
the binding of compound 13 to human pol
λ. (A) Full-length human pol λ (residues
1–575, M.W. 68 350) and compound 13-
treated pol λ. (B) The N-terminal BRCT
domain of human pol λ (residues 36–132,
M.W. 17 698) and compound 13-treated
the BRCT domain. (C) The C-terminal
catalytic domain of human pol λ (residues
133–575, M.W. 53 655) and compound
13-treated the C-terminal domain.



Binding of curcumin derivatives to pol λ

© 2006 The Author(s) Genes to Cells (2006) 11, 223–235
Journal compilation © 2006 by the Molecular Biology Society of Japan/Blackwell Publishing Ltd.

229

λ was determined to be 17 698 (–cur), but that of com-
pound 13-treated human pol λ was 18 121 (–cur) (Fig. 5B).
The difference, 423, was thought to represent the
molecular weight of compound 13 (M.W. 412). However,
there is no difference between the molecular weight of
the C-terminal domain of pol λ and that of the com-
pound 13-treated one (Fig. 5C). These results strongly
suggest that compound 13 covalently binds the N-
terminal BRCT domain of pol λ, but not the C-terminal
catalytic domain including pol β-like core region.

Simulation of the docking of the BRCT domain of 
human DNA pol λλλλ with compound 13

To confirm the previous assumption, we performed a
homology modeling analysis of the BRCT domain of
pol λ. As described in the early part of this report, com-
pound 13 did not inhibit the activity of calf TdT, which
contains a BRCT domain (Table 1), suggesting that the
compound does not recognize the BRCT domain struc-
ture of TdT. Therefore, the three-dimensional structure
of the BRCT domain of pol λ with or without com-
pound 13 should be studied. At present, the BRCT
domain structure of pol λ has not been determined by
X-ray crystal or nuclear magnetic resonance analysis;
however, the three-dimensional structures of the BRCT
domains in human XRCC1 (Protein Data Bank [PDB]
accession code: 1CDZ) (Garcia-Diaz et al. 2000), bacte-
rial Nad+-dependent DNA ligase (PDB accession code:
1DGS) (Lee et al. 2000) and human DNA ligase IIIa
(PDB accession code: 1IMO) (Krishnan et al. 2001) are
available. The sequence of the BRCT domain of pol λ
with 97 amino acids was retrieved from the databank in
the National Center for Biotechnology Information
(NCBI). The DNA sequence of the BRCT domain in
human XRCC1 was used in this experiment because it
was the most similar to that of human pol λ among the
three proteins. From pairwise sequence alignments, the
percent identity is 13% between the BRCT domains
of human pol λ and human XRCC1. The multiple-
sequence alignment of the template was obtained from
the CD-Search (NCBI), which compares a protein
sequence against the conserved domain database with the
RPS-blast program. The calculated three-dimensional
structure of the BRCT domains of human pol λ is
shown in Fig. 6A.

According to the homology modeling of the BRCT
domain described previously, the three-dimensional
binding structure between the BRCT domain of human
pol λ and compound 13 was also studied. The N-terminal
BRCT domain of pol λ (residues 36–132) was assumed
to form four α-helices and three β-sheets (Fig. 6A).

The three-dimensional position of the α-helices in
the BRCT domain of pol λ was different from that of
human XRCC1, and the three-dimensional position of
the β-sheets in the BRCT domain of pol λ was the same
as that of human XRCC1 (Mizushina et al. 2002b).
The compound 13-binding site of the modeled BRCT
domain of human pol λ was refined using Insight II/
Binding Site Analysis (Accelrys, San Diego, CA, USA).
The data from the MALDI-TOF mass analysis suggested
that a covalent bond is involved in the binding between
compound 13 and the BRCT domain of human pol λ
(Fig. 5B). A cavity having a space (i.e. the grid size, site
of open size and site of cut-off size were 0.8 Å, 8 Å and
20 Å, respectively) where compound 13 can bind was
searched for on the surface of the protein near Cys73 and
Cys118, which can bind to the amino acid residues via
covalent bonds. The number of final docking positions
was only one, and a promising position including Cys73
was finally identified. Compound 13 did not inhibit the
activity of TdT, which has a BRCT domain (Table 1).
The BRCT domain sequence of pol λ was compared
with that of TdT, and the conserved sequence region
between pol λ and TdT was estimated. The cavity far-
thest away from the conserved region was determined as
the compound 13-binding site.

As shown in Fig. 6B, the compound 13-binding
region in the BRCT domain of human pol λ was
assumed to consist of the β-sheet (Thr51 of sheet-1), the
α-helix (helix-1, residues 57–69) and the two loops
(residues 51–56 and 70–75). Compound 13 could be
mapped to one face of the BRCT domain of pol λ. The
loop was significantly moved following the binding of
compound 13 by the flexible docking procedure in the
affinity program within the insight II modeling soft-
ware. The compound 13-interacted amino acid residues
and their binding energies are indicated in Table 2. In
the energy-minimized docking simulation, Cys73 in
human pol λ forms a covalent bond with the position
C1 in compound 13 (Fig. 6C,D). The binding energy
between COO– of Glu59, COO– of Glu62 or NH4

+ of
Lys63 and the hydrophilic groups in compound 13 was
−7.55664, −9.11299, or −37.93930 kcal/mol by hydro-
gen bonding, respectively (Fig. 6C,D), and the binding
force consisted of coulomb forces (−3.35309, −3.93849,
or −29.59488 kcal/mol, respectively) and van der Waals
forces (−4.20355, −5.17450 or −8.34442 kcal/mol,
respectively) (Table 2). The distances between the three
hydroxyl groups of compound 13 and the hydrophilic
residues of Glu59, Glu62, and Lys63 were 2.65, 2.74–
2.87, and 2.43 Å, respectively (Fig. 6C). The binding
energy between the other hydrophilic and neutral amino
acids (i.e. Thr51 and Glu87) and compound 13 was



T Takeuchi et al.

Genes to Cells (2006) 11, 223–235 © 2006 The Author(s)
Journal compilation © 2006 by the Molecular Biology Society of Japan/Blackwell Publishing Ltd.

230

Figure 6 Docking simulation of compound 13 interaction interface on the N-terminal BRCT domain of human pol λ. (A) The homology
modeled structure of the N-terminal BRCT domain (97 amino acids, residues 36–132) of human pol λ. The colors of the three-dimensional
structure of the domain consisting of α-helix, β-sheet, turn, and flexible loop are red, white-blue, green, and white, respectively.
(B) Flexible docking simulation of the BRCT domain of pol λ with compound 13. The colors of the three-dimensional structure of the
domain consisting of α-helix, β-sheet, turn, and flexible loop are red, white-blue, green, and white, respectively. (C) Interaction between
compound 13 and amino acid residues of the BRCT domain of pol λ. (D) Chemical structure of compound 13 and the amino acid
residues to which it binds. Compound 13 is blue. The colors of the covalent bond and five hydrogen bonds are red and green, respectively.
(E, F) Connolly surface and electrostatic potential of the β-sheet (residues 49–51), the α-helix (residues 57–69) and the two loops (residues
51–56 and 70–75) in the BRCT domain of pol λ with compound 13. Blue is positive charge, and red is negative charge. The three-
dimensional structure of the N-terminal BRCT domain of human pol λ consists of four helices, helix 1 (residues 57–69), helix 2 (residues
99–106), helix 3 (residues 114–121), and helix 4 (residues 144–150), and three β-sheets (residues 49–51, 83–85, 109–111). The
remainder of the domain consists of three turns (residues 79–80, 90–91, 128–131) and extended structures. The Cα-backbone of the
structure of pol λ is shown. The carbons, oxygens, hydrogens, and sulfurs of the structure of compound 13 and residues near compound
are indicated in gray, red, white and yellow, respectively. This figure was prepared using insight II/discover (Accelrys).
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−7.48746 kcal/mol, and the binding energy between the
benzene backbone of compound 13 and the hydropho-
bic amino acids (i.e. Gly52, Gly54, Ala58, Val66, Val85,
and Ala113) was −23.12777 kcal/mol (Table 2). The
Connolly surface of the loops and the three-dimensional
position of compound 13 are indicated in Fig. 6E,F.
On the BRCT domain of pol λ, compound 13 was
smoothly intercalated into the pocket of the loops, and
the side of the nonacetoxy group on compound 13 (the
left side of compound 13 in Fig. 6E,F) just fitted into the
pocket of the BRCT domain. The residues around
the amino acid site consisting of a covalent bond (i.e.
Cys73) and five hydrogen bonds (i.e. Glu59, Glu62 and
Lys63) appear to be important for binding to compound
13.

Discussion
This is the first report of the characterization of an inhibitor
specific to a mammalian pol. Of the newly synthesized
compounds, compound 13 (monoacetylcurcumin) was
the strongest inhibitor of human pol λ at a concentration
of 1–10 µm. Because the specificity was extremely high,
compound 13 could be useful as a pol λ-specific inhib-
itor in studies to determine the precise roles of pol λ.
Compound 13 must inhibit pol λ activity indirectly
by acting at the BRCT domain. It is possible that
compound 13 might inhibit other cellular proteins con-
taining the BRCT domain, for example, TdT. Com-
pound 13, however, did not influence the activity of
TdT at all (Table 1). Compound 13 could not recognize
the BRCT domain of TdT, suggesting that the three-

dimensional structure of the domain differs between pol
λ and TdT, and subsequently, compound 13 could selec-
tively inhibit pol λ.

Although the biochemical function of pol λ is unclear
as yet, pol λ appears to act in a similar manner to pol β
(Garcia-Diaz et al. 2002). Pol β, which is widely recognized
to have a role in the short-patch base excision repair (BER)
pathway (Singhal & Wilson 1993; Sobol et al. 1996;
Garcia-Diaz et al. 2001; Garcia-Diaz et al. 2002; Ramadan
et al. 2002), is essential for neural development (Sugo
et al. 2000). Recently, pol λ was found to have dRP lyase
activity, but not AP lyase activity (Garcia-Diaz et al.
2001), and to be able to substitute for pol β in in vitro
BER, suggesting that pol λ also participates in BER.
Northern blot analysis indicated that the transcript of pol
β was abundantly expressed in the testis, thymus, and
brain in rats (Hirose et al. 1989), but pol λ was tran-
scribed mostly in the testis (Garcia-Diaz et al. 2000). A
reason why the testis and thymus require pol β activity
has been suggested: both organs have DNA repair and
recombination systems for meiotic crossing over and
immunoglobulin production (Plug et al. 1997; Esposito
et al. 2000), and the systems require the pol. The roles of
pol β in the brain are unknown as yet. Therefore, pol λ
as well as pol β may also have a role in the testis. Because
the DNA repair system at meiotic prophase requires pol
β activity, the system must contain a process similar to BER.
The system may also require pol λ activity. However,
speculation concerning the biochemistry, structure, and
function of pol λ should be done later, because the in vivo
function is mostly unknown. We are at present analyzing
the structure and function of pol λ using an inhibitor.

 

 

Compound 13-interacting Energy (kcal/mol)

Amino acid Coulomb van der Waals Total

Thr51 −4.83848 −3.31812 −8.15661
Gly52 −0.22282 −2.25461 −2.47743
Gly54 −0.50666 −3.01302 −3.51968
Ala58 −2.01700 −4.29988 −6.31688
Glu59 −3.35309 −4.20355 −7.55664
Glu62 −3.93849 −5.17450 −9.11299
Lys63 −29.59488 −8.34442 −37.93930
Val66 0.30780 −2.09996 −1.79217
Val85 0.19016 −4.93938 −4.74922
Glu87 4.62628 −3.95713 0.66915
Ala113 −1.63004 −2.64235 −4.27239

All amino acids in the BRCT domain of human pol λ, which could interact with 
compound 13, are indicated. The binding energy was calculated by the flexible docking 
procedure in the affinity program within the insight II modeling software.

Table 2 The binding energy of compound
13 and DNA pol λ
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As described previously, another purpose of this study
was to screen for a useful agent for analyzing the in vivo
functions of pol β and pol λ in pol β- and pol λ-rich
tissues. We could report the properties of compound 13
with regard to its effect on pol λ. Although pol β was
efficiently transcribed in the testis, the thymus and the
brain, pol λ was mainly expressed in the testis (Garcia-Diaz
et al. 2000). Because solanapyrone A could inhibit the
activities of both pol β and pol λ and compound 13
could distinguish between pol β and pol λ, compound
13 and solanapyrone A would be useful for analyzing the
function of pol β and pol λ in the testis, especially at the
point where homologous chromosomes pair and recom-
bine during the meiotic prophase. Higher plants have no
pol β, but pol λ (Uchiyama et al. 2004). Moreover, the
activity of the plant pol λ is present only in cells at the
meiotic prophase (Uchiyama et al. 2004). These natural
compounds may therefore act on the plant reproductive
system.

It has been shown that the BRCT domain of pol λ
is involved in interaction with nonhomologous end-
joining (NHEJ) factors (Lee et al. 2004), and therefore, it
can be predicted that compound 13 inhibits the capacity
of pol λ to participate in an NHEJ mechanism. Moreover,
as speculated, compound 13 may lead block the mis-
match error in DNA repair synthesis to rescue cells con-
taining damaged DNA during clinical radiation therapy
or chemotherapy. Curcumin derivatives such as com-
pound 13 could be a useful molecular tool for developing
a drug design strategy for cancer chemotherapy agents to
help with clinical radiation therapy or cancer chemotherapy.

Experimental procedures
Materials

Nucleotides and chemically synthesized DNA template-primers
such as poly(dA), poly(rA) and oligo(dT)12−18, and [3H]-2′-
deoxythymidine 5′ triphosphate (dTTP, 43 Ci/mmol) were pur-
chased from Amersham Biosciences (Buckinghamshire, UK). All
other reagents were of analytical grade and were purchased from
Nakarai Tesque (Kyoto, Japan).

Enzymes

Pol α was purified from calf thymus by immunoaffinity column
chromatography (Tamai et al. 1988). Recombinant rat pol β was
purified from Escherichia coli JMpβ5 as described by Date et al.
(1988). The human pol γ catalytic gene was cloned into pFastBac.
The histidine-tagged enzyme was expressed using a BAC-
TO-BAC HT Baculovirus Expression System according to the
supplier’s manual (Life Technologies, MD) and purified using Pro-
Boundresin (Invitrogen Japan, Tokyo, Japan). Human pol δ and ε

were purified from the nuclear fraction of human peripheral blood
cancer cells (Molt-4) using the second subunit of pol δ- and ε-
conjugated affinity column chromatography, respectively (Oshige
et al. 2004). The cDNA encoding full-length human pol λ (resi-
dues 1–575, 68.4 kDa), the N-terminal BRCT domain of pol λ
(residues 36–132, 17.7 kDa) and the C-terminal catalytic domain
of pol λ lacking the BRCT domain (i.e. pol β-like core region,
residues 245–575, 53.7 kDa) were generated by polymerase chain
reaction (PCR) using the primers L-F1 (5′-GCAGAATTCAT-
GGATCCCAGGGGTATCTTGAAG-3′) and L-R1 (5′-
GTTCTCGAGCCAGTCCCGCTCAGCAGGTTCTCG-3′),
L-F4 (5′-GCAGAATTCGTACTTGCAAAGATTCCTAG-
GAGG-3′) and L-R4 (5′-CCAAAGCTTGATGCTGAATC-
CAGCTACATCCAC-3′), and L-F3 (5′-CGGGAATTCTTC-
ATCCCCAGTAGGTACTTGGAC-3′) and LR-1, respectively,
and then constructed and purified as previously described
(Mizushina et al. 2002b; Shimazaki et al. 2002). Pol I (α-like) and
II (β-like) from a higher plant, cauliflower inflorescence, were
purified according to the methods outlined by Sakaguchi et al.
(1980). The Klenow fragment of pol I and human immunodefi-
ciency virus type 1 (HIV-1) reverse transcriptase were purchased
from Worthington Biochemical (Freehold, NJ, USA). Calf thymus
TdT, T7 RNA pol and bovine pancreas deoxyribonuclease I were
purchased from Stratagene Cloning Systems (La Jolla, CA, USA).
Taq pol, T4 pol and T4 polynucleotide kinase were purchased from
Takara (Tokyo, Japan).

DNA polymerase assays

The reaction mixtures for pol α, pol β, plant pols and prokaryotic
pols were previously described (Mizushina et al. 1996, 1997).
Those for pol γ, δ, and ε were as described by Ogawa et al. (1998).
The reaction mixture for pol λ was the same as that for pol β. The
substrates of the pols used were poly(dA)/oligo(dT)12−18 and dTTP
as the DNA template primer and nucleotide substrate, respectively.
The substrates of HIV-1 reverse transcriptase used were poly(rA)/
oligo(dT)12–18 and dTTP as template primer and nucleotide substrate,
respectively. The substrates of TdT used were oligo(dT)12−18 (3′-OH)
and dTTP as template primer and nucleotide substrate, respec-
tively. The compounds were dissolved in dimethylsulfoxide (DMSO)
at various concentrations and sonicated for 30 s. The sonicated
samples (4 µL) were mixed with 16 µL of each enzyme (final 0.05
units) in 50 mm Tris-HCl (pH 7.5) containing 1 mm dithiothreitol,
50% glycerol, and 0.1 mm ethylenediaminetetraacetic acid (EDTA),
and kept at 0 °C for 10 min. These inhibitor–enzyme mixtures
(8 µL) were added to 16 µL of each of the standard enzyme reac-
tion mixtures, and incubation was carried out at 37 °C for 60 min,
except for Taq pol, which was incubated at 74 °C for 60 min. The
activity without the inhibitor was considered to be 100%, and the
remaining activity at each concentration of inhibitor was deter-
mined relative to this value. One unit of pol activity was defined
as the amount of enzyme that catalyzed the incorporation of
1 nmol of deoxyribonucleotide triphosphate (i.e. dTTP) into the
synthetic DNA template-primers (i.e. poly(dA)/oligo(dT)12−18, A/
T = 2/1) in 60 min at 37 °C under normal reaction conditions
for each enzyme (Mizushina et al. 1996, 1997).
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Other enzyme assays

Activities of calf DNA primase of pol α, T7 RNA pol, T4 poly-
nucleotide kinase, and bovine deoxyribonuclease I were measured
in each of the standard assays according to the manufacturer’s
specifications as described by Tamiya-Koizumi et al. (1997),
Nakayama & Saneyoshi (1985), Soltis & Uhlenbeck (1982), and
Lu & Sakaguchi (1991), respectively.

5′′′′ and 3′′′′ end labeling

The 5′ end of the dephosphorylated primer (Primer 1; 17 mer, in
Fig. 4A) was labeled with T4 polynucleotide kinase using [γ-32P]-
ATP as previously described (Sambrook et al. 1989). These oligo-
nucleotides were annealed to their complementary strands by
heating the solution at 90 °C for 3 min, followed by slow cooling
to 25 °C. The 32P-labeled duplex oligodeoxynucleotide was sep-
arated from unincorporated [γ-32P]-ATP using a MicroSpin G-25
column (Amersham Pharmacia Biotech) according to the manu-
facturer’s suggested protocol.

UV cross-linking to DNA

Human pol λ (20 pmol = 1 µm) was mixed with the 5-nucleotide
gapped DNA template-primer (0.5 µm) (Doherty et al. 1996) and
various concentrations of compound 13 in a reaction mixture
containing 20 mm Tris-HCl (pH 8.0), 20 mm NaCl, 1 mm
EDTA, 5 mm MgCl2, and 10% DMSO, and incubated at room
temperature for 15 min. The samples were spotted onto Parafilm
and irradiated at 254 nm for 4 min using a UV-Stratalinker
(Stratagene Cloning Systems). The photochemical cross-linked
68.4-kDa protein of full-length pol λ-DNA complexes were sep-
arated by 15% SDS-PAGE and visualized by autoradiography.

MALDI-TOF mass analysis

Full-length human pol λ (2 µm), the N-terminal BRCT domain
of human pol λ (6 µm) or the C-terminal catalytic domain of
human pol λ (4 µm) were mixed with four equivalents of
compound 13 at room temperature. The MALDI analyses were
performed using a reflex III MALDI-TOF mass spectrometer
(Bruker Daltonics, Billerica, MA, USA). A saturated MALDI
matrix solution (0.5 µL) of sinapinic acid in 1 : 1 MeCN : water
and 0.5 µL of sample solution were spotted onto the MALDI tar-
get. Co-crystallization of the sample and matrix was allowed to
proceed at room temperature.

Protein-inhibitor docking modeling

The generation of the N-terminal BRCT domain of human pol
λ was performed using the molecular modeling software Insight
II/Homology (Accelrys). All calculations were conducted on an
HP workstation wx4100 (3.4GHz processor and 1024MB of
memory), running under the Red Hat Enterprise Linux WS2.1
operating system. The BRCT domain of pol λ was refined based

on molecular dynamic simulations using Insight II/Discover
(Accelrys). The binding site of compound 13 on the BRCT
domain of human pol λ was determined using the software
insight II/binding Site Analysis (Accelrys), and the molecular
docking of the compound and the protein was modeled using a
flexible docking procedure in the discovery program within the
insight II modeling software (Accelrys). The calculations used a
CVFF force field in the discovery program.
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