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Penicilliols A (1) and B (2) are novel 5-methoxy-3(2H)-furanones isolated from cultures of a fungus (Pen-
icillium daleae K.M. Zalessky) derived from a sea moss, and their structures were determined by spectro-
scopic analyses. These compounds selectively inhibited activities of eukaryotic Y-family DNA
polymerases (pols) (i.e., pols n, t and k), and compound 1 was a stronger inhibitor than compound 2.
Among mammalian Y-family pols, mouse pol 1 activity was most strongly inhibited by compounds 1
and 2, with ICsq values of 19.8 and 32.5 uM, respectively. On the other hand, activities of many other pols,
such as A-family (i.e., pol v), B-family (i.e., pols o, & and €) or X-family (i.e., pols B, » and terminal deoxy-
nucleotidyl transferase), and some DNA metabolic enzymes, such as calf primase of pol o, human immu-
nodeficiency virus type-1 (HIV-1) reverse transcriptase, human telomerase, T7 RNA polymerase, mouse
IMP dehydrogenase (type II), human topoisomerases I and II, T4 polynucleotide kinase or bovine deoxy-
ribonuclease I, are not influenced by these compounds. In conclusion, this is the first report on potent
inhibitors of mammalian Y-family pols.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

We have long been interested in the integrity of the genome of
eukaryotes and its relation to cell differentiation. DNA replication,
recombination and repair in eukaryotes are key systems to main-
tain these processes,! and DNA polymerases (pols) have important
roles. In this regard, we have concentrated our efforts on investi-
gating eukaryotic pols associated with these processes.?

The human genome encodes at least 14 pols to conduct cellular
DNA synthesis.>* Eukaryotic cells contain three replicative pols (o,
& and ¢), mitochondrial pol v, and at least twelve non-replicative
pols [B, ¢, M, 6, 1, K, A, W, v, terminal deoxynucleotidyl transferase
(TdT) and REV1].3-® Pols have a highly conserved structure, which
means that their overall catalytic subunits vary, on the whole, very
little from species to species. Conserved structures usually indicate
important, irreplaceable functions of the cell, the maintenance of
which provides evolutionary advantages. Based on sequence
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homology, eukaryotic pols can be divided into four main different
families, A, B, X, and Y.° Family A includes mitochondrial pol v, and
pol 0, and family B includes three replicative pols (o, 3, and €) and
pol ¢. Family X is pols B, 2, |1, and terminal deoxynucleotidyl trans-
ferase (TdT), and family Y includes pols m, 1, k, and REV1. Because
not all functions of eukaryotic pols have been fully elucidated,
selective inhibitors of pol families are useful tools for distinguish-
ing pols and clarifying their biological functions. We have therefore
been searching for natural compounds that selectively inhibit each
of these eukaryotic pols.” '8

In this study, we report novel compounds 1 and 2, isolated from
a fungal strain derived from a sea moss, and named penicilliols A
and B, respectively (Fig. 1). These compounds selectively inhibited
activities of mammalian Y-family pols. To our knowledge, this is
the first report on such inhibitors specific to Y-family pols.

2. Results
2.1. Isolation and cultivation of fungus

Fungal strains were isolated from mosses collected on the beach
in Nichinan, Miyazaki prefecture, Japan, and the strains were trea-
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Figure 1. Structure of compounds 1 (penicilliol A) (A), 2 (penicilliol B) (B) and
gregatin A (C).

ted with 5% acetic acid. The fungi were isolated using standard iso-
lation techniques on corn meal agar (Sigma-Aldrich Corp., MO,
USA) plates, including rose Bengal (Junsei Chemical Co., Ltd, Tokyo,
Japan), and then cultured on potato dextrose agar (Difco & BBL, N]J,
USA) plates at 27 °C. The fungus, which was screened as an inhib-
itor of pols, was identified as Penicillium daleae K.M. Zalessky by
Techno Suruga Laboratory Co., Ltd (Shizuoka, Japan). This isolated
fungus was cultured by transferring a small agar piece of the cul-
tured plate into a 3 L Erlenmeyer flask containing potato dextrose
broth (24 g) (Difco & BBL, NJ, USA) in H,0 (1 L). The culture was
kept under static conditions in the dark for 14 days.

2.2. Extraction and purification of compounds

The cultured broth was filtered through cheesecloth to remove
fungal mycelia. The filtrate was extracted with CH,Cl,. The organic
layer was evaporated in vacuo to obtain crude extract (22.9 mg).
This crude extract was separated by silica gel column chromatog-
raphy with CHCl;-MeOH (99:1-0:100) to give fractions 1-7. Frac-
tion 2 was purified by silica gel column chromatography with n-
hexane-EtOAc (4:1-2:1) to give compound 1 (1.8 mg) as a color-
less oil, and fraction 6 was purified by silica gel column chromatog-
raphy with n-hexane-EtOAc (2:1-1:1) to give compound 2
(4.5 mg) as a colorless oil.

2.3. Structure determination of isolated compounds

The molecular formula of compound 1 was determined to be
Cy6H2005 by a high resolution electron spray ionization mass spec-
trometer (HR-ESIMS). The IR spectrum indicated the presence of a
hydroxyl group (3450cm™') and a conjugated ketone group
(1643 cm™!). 'H and '>C NMR spectra suggested that compound

A
OH

1 and gregatin A (Fig. 1C)'° had similar structures and differed only
in C15 of their side chains. The 'H signal of H,15 in gregatin A was
replaced in compound 1 by that of a more downstream H15 (6
4.35) that was correlated with C15 (6 68.2) in the HMQC spectrum
(Fig. 2A), suggesting the presence of C15 alcohol, in agreement
with the HR-ESIMS identification of an oxygen atom in the molec-
ular formula. Thus, the structure of compound 1 was determined to
be 4-[(2E)-but-2-enoyl]-2-[(1E,3E)-5-hydroxyhexa-1,3-dien-1-yl]-
5-methoxy-2-methylfuran-3(2H)-one (Fig. 1A), and was named
penicilliol A.

The molecular formula of compound 2 was determined to be
Cy6H2206 by HR-ESIMS. A comparison of the 1D- and 2D NMR data
and the molecular formulae obtained for compounds 1 and 2
showed that they had almost identical structures but differed in
C7 and C8 on their side chains. The 'H signals of H7 (6 7.21) and
H8 (6 7.34) in compound 1 were replaced in compound 2 by those
of the more upstream H,7 (6 3.19) and H8 (6 4.33), respectively
(Fig. 2B). These signals correlated with C7 (5 40.3) and C8 (¢
66.3), respectively, suggesting the presence of C7 methylene and
C8 alcohol, supporting the HR-ESIMS identification; therefore, the
structure of compound 2 was determined to be 4-(3-hydroxybuta-
noyl)-2-[(1E,3E)-5-hydroxyhexa-1,3-dien-1-yl]-5-methoxy-2-meth-
ylfuran-3(2H)-one (Fig. 1B), and was named penicilliol B.

2.4. Effect of isolated compounds on the activities of DNA
polymerases and other DNA metabolic enzymes

First, the novel isolated compounds 1 and 2 were investigated
as to whether they inhibited the activities of ten mammalian pols,
such as families A (pol ), B (pols o, § and €), X (pols B and A and
TdT), and Y (pols n, 1 and x). As shown in Figure 3A, these com-
pounds at 100 M were found to significantly inhibit the activities
of all the three Y-family pols, and mouse pol 1 was most strongly
inhibited among the three pols. Compounds 1 and 2 inhibited
the activity of these pols dose-dependently, and 50% inhibition of
pol 1 was observed at concentrations of 19.8 and 32.5 M, respec-
tively (Fig. 4). Thus, compound 1 is an approximately 1.6-fold
stronger inhibitor than compound 2. On the other hand, activities
of the other families (i.e., families A, B and X) of mammalian pols
(Fig. 3A), fish pol (cherry salmon pol &), insect pols (fruit fly pols
o, & and €), higher plant pols (cauliflower pol o and rice pol 1),
and prokaryotic pols (the Klenow fragment of Escherichia coli pol
I, T4 pol and Taq pol) (Fig. 3B) were not influenced.

These compounds at the same concentration (i.e., 100 pM) did
not suppress activities of other DNA metabolic enzymes, such as
calf primase pol o, human immunodeficiency virus type-1 (HIV-
1) reverse transcriptase, human telomerase, T7 RNA polymerase,
mouse IMP dehydrogenase (type II), human topoisomerases I and
II, T4 polynucleotide kinase, and bovine deoxyribonuclease I
(DNase I). These results suggest that compounds 1 and 2 may be
selective inhibitors of mammalian Y-family pols, especially pol 1.
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Figure 2. Selected COSY (bold lines) and HMBC ('H— 3C) (arrows) correlations in compounds 1 (penicilliol A) (A) and 2 (penicilliol B) (B).
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Figure 3. Effect of compounds 1 (penicilliol A) and 2 (penicilliol B) on the activities of various DNA polymerases and other DNA metabolic enzymes. (A) Mammalian pols, (B)
fish, insect, plant and prokaryotic pols, and (C) other DNA metabolic enzymes. Compound 1 (black bars) and compound 2 (gray bars) (100 uM each) were incubated with each
enzyme (0.05 units). % of relative activity. Enzymatic activities were measured as described in the Section 4. Activities in the absence of the compounds were taken as 100%.
Data are shown as the means + SEM of four independent experiments.
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Figure 4. Y-family DNA polymerase inhibition dose-response curves of compounds
1 (penicilliol A) and 2 (penicilliol B). Compounds 1 (closed circle) and 2 (open
square) were incubated with mouse pol 1 (0.05 units of each). Pol activity was
measured as described in the Section 4. Activity in the absence of the compounds
was taken as 100%. Data are shown as the means + SEM of three independent
experiments.

Table 1
H (400 MHz) and '3C (100 MHz) NMR spectral data for compounds 1 (penicilliol A)
and 2 (penicilliol B)

Position 1 2
dc Sy (mult., J in Hz) d¢ Sy (mult., J in Hz)

2 90.2 91.5

3 198.1 197.6

4 103.6 107.7

5 163.4 164.1

6 185.3 196.0

7 145.0 7.21 (m) 403 3.19 (m)

8 120.7 7.34 (dd, 15.6, 1.2) 66.3 4.33 (m)

9 19.4 2.07 (dd, 6.8, 1.2) 24.0 1.36 (dd, 4.0, 2.4)
10 22.5 1.57 (s) 22.4 1.56 (d, 2.0)
11 1289 5.69 (d, 15.2) 127.6 5.66 (dd, 15.6, 2.0)
12 1303 6.29 (dd, 15.2, 10.4) 130.9 6.33 (ddd, 15.6, 10.4, 5.8)
13 127.7 6.15 (dd, 15.2, 11.6) 127.9 6.15 (dd, 15.2, 10.4)
14 139.7 5.81 (dd, 15.2, 6.4) 140.1 5.82 (ddd, 15.2, 5.8, 2.8)
15 68.2 4.35 (m) 68.2 4.35 (m)
16 232 1.27 (d, 6.4) 23.2 1.28 (d, 6.4)
17 51.7 3.84 (s) 51.9 3.84 (s)

Recorded in CD30D and chemical shifts are expressed as 6 ppm. s, singlet; d, dou-
blet; dd, double of doublets; t, triplet; m, multiple.

2.5. Mode of inhibition of pol 1 by compound 1

Next, to elucidate the mechanism by which compound 1 inhib-
ited mouse pol 1, the extent of inhibition as a function of the DNA
template-primer or dNTP substrate concentration was studied (Ta-
ble 2). In kinetic analysis, poly(dA)/oligo(dT);2-1s and 2’-deoxythy-
midine 5'-triphosphate (dTTP) were used as the synthetic DNA
template-primer and 2’-deoxynucleoside 5'-triphosphate (dNTP)
substrate, respectively. Double reciprocal plots of the obtained
data showed that the compound 1-induced inhibition of pol 1
activity was non-competitive with respect to both the DNA tem-
plate-primer and the dNTP substrate. For the DNA template-pri-
mer, the apparent Michaelis constant (K;;) was unchanged at
2.60 uM, whereas 54.6%, 70.8% and 78.4% decreases in maximum

Table 2

Kinetic analysis of the inhibitory effects of compound 1 (penicilliol A) on the activities
of mouse DNA polymerase 1 as a function of the DNA template-primer dose and the
nucleotide substrate concentration

DNA substrate Compound 1 K? Vinax® K® Inhibitory
(HM) (uM)  (pmol/h) (uM)  mode?
Template- 0 2.60 68.5 435 Non-
primer® competitive
5 31.1
10 20.0
15 14.8
Nucleotide 0 3.09 50.2 6.48 Non-
substrate? competitive
5 35.7
10 27.6
15 225

2 These data were obtained from Lineweaver-Burk plot.
b These data were obtained from Dixon plot.

¢ That is, poly(dA)/oligo(dT);2-1s.

4 That is, dTTP.

velocity (Vinax) were observed in the presence of 5, 10 and 15 uM
of compound 1, respectively. The K, for the dNTP substrate was
unchanged at 3.09 uM, and the V. for the dNTP substrate de-
creased from 50.2 to 22.5 pmol/h in the presence of 15 uM of com-
pound 1. Inhibition constant (K;) values, obtained from Dixon plots,
were found to be 4.35 uM and 6.48 UM for the DNA template-pri-
mer and dNTP substrate, respectively. Because the K; value for the
DNA template-primer was approximately 1.5-fold smaller than
that for the dNTP substrate, the affinity of compound 1 was greater
for the enzyme-DNA template-primer binary complex than for the
enzyme-nucleotide substrate complex. When activated DNA (i.e.,
DNA with gaps digested by bovine DNase I) and four dNTPs were
used as the DNA template-primer and dNTP substrates, respec-
tively, the mode of inhibition of pol 1 by compound 1 was the same
as that with the above synthetic DNA template-primer (data not
shown). The mode of inhibition of pol 1 by compound 2 was the
same as by compound 1 (data not shown).

3. Discussion

As described in this report, we found potent inhibitors specific
to mammalian Y-family pols from a fungal strain derived from a
sea moss. These were novel natural compounds named penicilliols
A (1) and B (2). Compound 1 showed stronger effects in inhibiting
the pols than compound 2, therefore; the double bond at position 7
and hydrogen group at position 8 in compound 1, which are the
sole structural differences between compounds 1 and 2, may be
important for these bio-activities.

Y-family pols differ from pols belonging to other families in
their ability to replicate through damaged DNA. Members of this
family are hence called translesion synthesis (TLS) pols.2® Depend-
ing on the lesion, TLS pols can bypass the damage in an error-free
or error-prone fashion, the latter resulting in elevated mutagene-
sis. Xeroderma pigmentosum variant (XPV) patients, for instance,
have mutations in the gene encoding pol 1, which is able to bypass
cyclobutane pyrimidine dimmers (CPDs), the most frequent UV-in-
duced lesions, in an error-free fashion. In XPV patients, alternative
error-prone pols, for example, pol { (a B-family pol), are thought to
be involved in errors which result in the cancer predisposition of
these patients. Other members of Y-family in humans (pols 1, «,
and Rev1) are thought to be involved in bypassing different le-
sions.52° The inhibitors of Y-family pols may be useful as anti-can-
cer drugs for clinical radiation therapy.

In conclusion, this is the first report on potent inhibitors of
mammalian Y-family pols, especially pol 1. Since compounds 1
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and 2 have extremely high specificity for pol families, these com-
pounds could be useful molecular tools as Y-family pol-specific
inhibitors in studies to determine the precise roles of the pol family
in vitro, and also may provide valuable information for developing
drug design strategy for anti-cancer chemotherapy agents.

4. Experimental
4.1. Materials

Nucleotides and chemically synthesized template-primers, such
as poly(dA), oligo(dT);5-1s, and [3H]-dTTP (43 Ci/mmol), were pur-
chased from GE Healthcare Bio-Sciences (Little Chalfont, UK). All
other reagents were of analytical grade and were purchased from
Wako Chemical Industries (Osaka, Japan).

4.2. Enzymes

Pol o was purified from calf thymus by immuno-affinity column
chromatography, as described by Tamai et al.?! Recombinant rat
pol B was purified from E. coli J]MpB5, as described by Date et
al.?2 The human pol vy catalytic gene was cloned into pFastBac. His-
tidine-tagged enzyme was expressed using the BAC-TO-BAC HT
Baculovirus Expression System according to the supplier’s manual
(Life Technologies, MD, USA) and purified using ProBoundresin
(Invitrogen Japan, Tokyo Japan).?> Human pols & and € were puri-
fied by the nuclear fractionation of human peripheral blood cancer
cells (Molt-4) using the second subunit of pols 5 and e-conjugated
affinity column chromatography, respectively.?* A truncated form
of human pol n (residues 1-511) tagged with Hisg at its C-terminal
was expressed in E. coli cells and was purified as described previ-
ously.?> A recombinant mouse pol 1 tagged with Hisg at its C-termi-
nal was expressed and purified by Ni-NTA column chromatography
as described elsewhere (Masutani et al., in preparation). A trun-
cated form of pol k¥ (residues 1-560) with 6 x His-tags attached
at the C-terminus was overproduced in E. coli and purified as de-
scribed previously.?® Recombinant human His-pol A was overex-
pressed and purified according to a method described
previously.?” Fish pol & was purified from the testis of cherry sal-
mon (Oncorhynchus masou).2® Fruit fly pols o, 8 and € were purified
from early embryos of Drosophila melanogaster, as described previ-
ously.??3% Pol o from a higher plant, cauliflower inflorescence, was
purified according to the methods outlined by Sakaguchi et al.!
Recombinant rice (Oryza sativa L. cv. Nipponbare) His-pol 1 was
overexpressed and purified according to a method described previ-
ously.3? Calf thymus TdT and bovine pancreas DNase I were ob-
tained from Stratagene Cloning Systems (La Jolla, CA, USA). HIV-1
reverse transcriptase (recombinant) and the Klenow fragment of
pol I from E. coli were purchased from Worthington Biochemical
Corp. (Freehold, NJ, USA). T4 pol, Taq pol, T7 RNA polymerase and
T4 polynucleotide kinase were purchased from Takara Bio (Tokyo,
Japan). Purified human placenta DNA topoisomerases I and Il were
purchased from TopoGen, Inc. (Columbus, OH).

4.3. DNA polymerase assays

The reaction mixtures for pol o, pol B, plant pols and prokary-
otic pols were described previously.”® Those for pol 7, and pols &
and ¢ were as described by Umeda et al.?®> and Ogawa et al.>3,
respectively. The reaction mixtures for pols n, 1 and k were the
same as for pol o, and the reaction mixture for pol A was the same
as for pol B. For pols, poly(dA)/oligo(dT)2_15 (A/T =2/1) and dTTP
were used as the DNA template-primer and nucleotide (i.e., ANTP)
substrate, respectively. For HIV-1 reverse transcriptase, poly(rA)/
oligo(dT);2-18 (A/T=2/1) and dTTP were used as the template-pri-

mer and nucleotide substrate, respectively. For TdT, oligo(dT);2_1g
(3’-OH) and dTTP were used as the DNA primer and nucleotide
substrate, respectively.

The compounds were dissolved in distilled dimethyl sulfoxide
(DMSO) at various concentrations and sonicated for 30 s. Aliquots
of 4 pl sonicated samples were mixed with 16 pl of each enzyme
(final amount 0.05 units) in 50 mM Tris-HCI (pH 7.5) containing
1 mM dithiothreitol, 50% glycerol and 0.1 mM EDTA, and kept at
0°C for 10 min. These inhibitor-enzyme mixtures (8 ul) were
added to 16 pl of each of the enzyme standard reaction 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. Activity without
the inhibitor was considered 100%, and the remaining activity at
each concentration of the inhibitor was determined relative to this
value. One unit of pol activity was defined as the amount of en-
zyme that catalyzed the incorporation of 1 nmol dNTP (i.e., dTTP)
into synthetic DNA template-primers in 60 min at 37 °C under
the normal reaction conditions for each enzyme.”®

4.4. Other DNA metabolic enzymes assays

The activities of calf primase of pol o, human telomerase, T7
RNA polymerase, mouse IMP dehydrogenase, human DNA topoi-
somerases | and II, T4 polynucleotide kinase and bovine DNase I
were measured in standard assays according to the manufacturer’s
specifications, as described by Tamiya-Koizumi et al.34, Oda et al.>®,
Nakayama et al.>®, Mizushina et al.>’, Mizushina et al.>8, Soltis et
al.®® and Lu and Sakaguchi?®, respectively.

4.5. Instrumental analyses

All reactions were monitored by TLC, which was carried out on
Silica Gel 60 F;s4 plates (Merck, Germany).

'H and '3C NMR spectra were recorded on a Bruker 400 MHz
spectrometer (Avance DRX-400), using CDCl; (with TMS for 'H
NMR and chloroform-d for }3C NMR as an internal reference) solu-
tion, unless otherwise noted. Chemical shifts were expressed in ¢
(ppm) relative to Me,Si or residual solvent resonance, and coupling
constants (J) were expressed in hertz.

Optical rotations were recorded on a JASCO P-1010 digital
polarimeter at room temperature.

Infrared spectra (IR) were recorded on a JASCO FT/IR-410 spec-
trometer using NaCl (neat), and were reported as wave numbers
(em™).

Mass spectra (MS) were obtained on an Applied Biosystems
mass spectrometer (APIQSTAR pulsar i) under conditions of high
resolution, using poly (ethylene glycol) as the internal standard.

4.6. Structure determination

4.6.1. Penicilliol A (4-[(2E)-but-2-enoyl]-2-[(1E,3E)-5-
hydroxyhexa-1,3-dien-1-yl]-5-methoxy-2-methylfuran-3(2H)-
one) (1)

Colorless oil: [a]2° = +60.7 (¢ 0.09, CHCl5); IR (film) vnax = 3450,
2973, 1693, 1643, 1587, 1441, 1390, 1201, 1128, 1043, 991 cm™';
HR ESIMS m/z found 293.1386 [M+H]*, calcd for CisH;00sH
293.1388; '3C and 'H data, see Table 1.

4.6.2. Penicilliol B (4-(3-hydroxybutanoyl)-2-[(1E,3E)-5-
hydroxyhexa-1,3-dien-1-yl]-5-methoxy-2-methylfuran-3(2H)-
one) (2)

Colorless oil: ]2’ = +62.8 (¢ 0.23, CHCl3); IR (film) vpax = 3421,
2974, 1708, 1643, 1581, 1442, 1394, 1205, 1126, 1043, 993 cm™';
HR ESIMS m/z found 311.1492 [M+H]*, calcd for C;gH»,0¢H
311.1494; 13C and 'H data, see Table 1.
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