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ABSTRACT. We reported previously that lithocholic acid (LCA o3hydroxy-54-cholan-24-oic acid), one
of the major compounds in the secondary bile acids, selectively inhibited the activity of mammalian DNA
polymerases (pol ) [Mizushina, Y., Ohkubo, T., Sugawara, F., and Sakaguchi, K. (2808)hemistry

39, 12606-12613]. The purpose of this study was

to investigate the molecular structural relationship of

LCA and its 10 chemically synthesized derivatives. The inhibitory activities ofgml some derivative
compounds were stronger than that by LCA, and these compounds bound tightly to the 8-kDa domain
fragment but not to the 31-kDa domain fragment of foBiacore analysis demonstrated that the 8-kDa
domain bound selectively to compoufid3-o-O-lauroyl-543-cholan-24-oic acid), which was the strongest

pol 8 inhibitor tested, as a 1:1 complex with a dissociation constagt ¢f 1.73 nM. From computer
modeling analysis (i.e., molecular dynamics analysis), the 8-kDa domain had two inhibitor binding areas.
Three amino acid residues (Lys60, Leu77, and Thr79) of the 8-kDa domain bound to LCA and compound
2 (3-a-methoxy-5p-cholan-24-oic acid), and four amino acid residues (Leull, Lys35, His51, and Thr79)
of the 8-kDa domain bound to compou@id=rom these results, the structtfeinction relationship among

pol 5 and its selective inhibitors was discussed.

We have screened eukaryotic DNA polymerase inhibitors

the structure and function of pgl using the inhibitor from

as molecular probes to distinguish DNA polymerases and two different viewpoints to understand the role of each of

to clarify their biological and in vivo functions. As reported
previously (), one of them was the secondary bile acid,
lithocholic acid (LCA? 3-a-hydroxy-54-cholan-24-oic acid),
which is known to promote tumorigenesis in rats induced
by the monoalkylating agentN-methylN'-nitro-N-ni-
trosoguanidine (MNNG) 4, 3). LCA exerts its activity
without further modification by intestinal bacteria, but the
molecular mechanism of the cancer-promoting activity by
this bile acid has long remained obscu#. LCA was an
inhibitor of mammalian DNA polymerase (pol ) (1). As

to why LCA is a polg inhibitor, at present, we are analyzing
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the polymerases in vivo, and to develop a drug design
strategy for cancer chemotherapy agents.

pol 5 has a modular two-domain structure, with apparent
flexibility within a protease-sensitive region between residues
82—86, which separates the two domaibs §). Treatment
with trypsin yields an N-terminal domain fragment (8 kDa),
which retains binding affinity for single-stranded DNA
(ssDNA) and a C-terminal domain fragment (31 kDa) with
reduced DNA polymerase activity5,( 6). We reported
previously the mode of biochemical inhibition by LCA and
unsaturated long-chain fatty acids such as nervonic acid (NA)
using two of the polB fragments, which were separated
proteolytically @, 7, 8). Both LCA and NA were found to
bind to the 8-kDa DNA-binding domain fragment and to
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1 Abbreviations: LCA, lithocholic acid; NA, nervonic acid; pol,
DNA-directed DNA polymerase (E. C. 2.7.7.7); poly(dA), polydeox-
yriboadenylic acid; oligo(dT}-1s, oligo(12—18) deoxyribothymidylic
acid; dTTP, 2-deoxythymidine 5triphosphate; HIV-1, human immu-
nodeficiency virus type-1; ssDNA, single-stranded DNA.

chemical mode of inhibition of pg# by LCA was the same
as those by the fatty acids, although the chemical structure
of LCA greatly differed from those of the fatty acids. On
IH-15N HMQC NMR analysis of the 8-kDa domain of pgl
with LCA, the chemical shifts were observed only in
residues, mainly helix 3, helix 4, and the-787 turn of the
same faceX). This region was comprised mainly of three
amino acid residues (Lys60, Leu77, and Thr79) of poin
the LCA-interaction interfacel]. On the other hand, the
chemical shifts by binding NA to p@ were mainly of four
amino acid residues (Leull, Lys35, His51, and ThrB)) (
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Scheme 1: Structure of LCA and lts Derivatites

3': Ry=Cbz-NH-CH,-CO, Ry=Bn
4: Ri=H,N-CH»-CO, Ry=H

d) N-Cbz-Gly, EDCI, DMAP, dry CH.Cl,
€) 20% Pd(OH),/C, Ha, (96%)

1: R1=H, R=H 5: Ry=HaN-CH>-CH»-CO, R1=H (81%)
: T:Ri=H, Rp=Bn ) 6: Ry=H,N-CH(-CH2-Ph)-CO, Ry=H (97%)
2: Ry=CHg, Ry=H 7: R4=CH3CO, Ry=H (99%)

3: R1=H, R2=CH3
a) DBU, BnBr, Dry Bzn (qy)
b) i: NaH, CH3l, dry THF
II: methanol (45%)
¢) NaHCOg3, CHgl, dry DMF (99%)

8: R1=C11H23C0, R2=H (99%)
9: R1=C13H27CO, Ro=H (94%)
10: R1=C15H31C0, R2=H (96%)
11: R4=C17H35CO, Ro=H (99%)

@ Chemical yields (%) were expressed in parentheses. Abbrevia-

tions: qy, quantitive yield; Bn, benzyl; DBU, 1,8-diazabicyclo[4,3,0]undec-
7-ene; BnBr, benzyl bromide; NaH, sodium hydride; THF, tetrahydro-
furan; DMF, N,N-dimethylformamide; Cbz, carbobenzyloxy; EDCI,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride; DMAP,
(dimethylamino)pyridine.

These results indicated that the binding region of LCA and
NA on the 8-kDa domain of pgb was different, and this
domain fragment had two inhibitor binding areas. In this
study, we modeled the structural interactions of LCA
derivatives with the 8-kDa domain of p@l based on the
NMR mapping results for the 8-kDa domain with or without
LCA or NA. Some of the structurally modified LCAs did
not bind to the LCA-binding site but to the NA-binding site.

These studies may help to further clarify the structure and

function of pol g three-dimensionally and to synthesize a
theoretically selective DNA polymerase inhibitor.

MATERIALS AND METHODS
Materials.Nucleotides such agHl]-2'-deoxythymidine 5

Mizushina et al.

8) in 99% vyield from1', 3-a-O-myristoyl-5{3-chloan-24-
oic acid (compound9) in 94% vyield from 1', 3-a-O-
palmitoyl-54-chloan-24-oic acid (compoundl0) in 96%

yield from 1', and 3e-O-stearoyl-58-chloan-24-oic acid

(compoundl1l) in 99% vyield from1'. The structures of
synthetic products were determined by spectroscopic means
including Fourier transform (FT)-NMR and FT-IR.

2. 3-a-Methoxy-5{-cholan-24-oic acid.d]p +26.1
1.88, CHC}). IR: 2939, 2868, 1709, 1379, and 1093 ¢m
H NMR (400 MHz, CDC}) o6: 3.36 (s, 3H), 3.17 (m, 1H),
2,39 (m, 1H), 2.24 (m, 1H), 1.960.96 (m, 26H), 0.92 (s,
3H), 0.91 (s, 3H), 0.64 (s, 3H}3C NMR(100 MHz, CDC})

0: 179.9,80.5,56.4, 55.9,55.5,42.7, 42.0, 40.3, 40.1, 35.8,
35.8,35.2, 34.8, 32.6, 31.1, 30.8, 28.1, 27.3, 26.7, 26.3, 24.2,
23.4, 20.8, 18.2, 12.0.

3. 3-a-Hydroxy-543-cholan-24-oic acid methyl esten]p
+34.4 € 0.72, CHC}Y). IR: 2939, 2866, 2360, 2341, 1732,
and 1377 cm*. *H NMR (400 MHz, CDC}) ¢: 6.3.66 (s,
3H), 3.62 (m, IH), 2.35 (m, IH), 2.22 (m, |H), 1.99.97
(m, 26H), 0.92 (s, 3H), 0.90 (s, 8H), 0.64 (s, 8#C NMR
(00 MHz, CDCk) o: 174.8, 71.8, 56.5, 55.9, 51.5, 42.7,
42.1, 40.4, 40.1, 36.4, 35.8, 35.4, 35.3, 34.6, 31.0.

4. 3-0-O-Glycyl-5-3-cholan-24-oic acid.d]p +34.70 €
0.6, CHC}). IR: 1751 and 1681 cni. *H NMR (400 MHz,
MeOD + TFA-d;) 6: 4.81 (m, 1H), 3.74 (s, 2H), 2.29 (m,
1H), 2.17 (m, 1H), 1.980.99 (m, 26H), 0.92 (s, 3H), 0.89
(s, 3H), 0.64 (s, 3H)3C NMR (100 MHz, MeOD+ TFA-

d,) o: 178.6, 168.0, 78.3,57.8,57.5, 43.9, 43.8, 41.8, 41.8,
37.2,36.7, 35.9, 35.7, 33.2, 32.8, 32.2, 32.0, 31.9, 29.1, 28.1,
27.5,25.2,23.7, 21.9, 18.7, 12.4.

5. 3-0-O--Alanyl-5-3-cholan-24-oic acid.d]p +24.9 €
.14, MeOH). IR: 1712 and 1223 cth'H NMR (400 MHz,
MeOD + TFA-dy) 6: 4.78 (m, IH), 3.19 (t, 2HJ = 6.8
Hz), 2.71 (t, 2H,J = 6.8 Hz), 2.88 (m, IH), 2.20 (m, [H),

triphosphate (dTTP, 43 Ci/mmol) and chemically synthesized 2.04-2.02 (m, 26H), 0.97 (s, 8H), 0.97 (s, 8H), 0.70 (s, 3H).
template-primers such as poly(dA) and oligo(gT)s were 3C NMR (100 MHz, MeOD + TFA-d;) 6: 178.2, 171.7,
purchased from Amersham Biosciences Inc. (Buckingham- 76.8, 57.9, 57.5, 43.9, 43.3, 41.8, 41.5, 37.2, 36.7, 36.4, 36.0,
shire, U.K.). LCA, NA, and all other reagents were of 35.7,33.8, 32.5,32.3,32.0, 29.2, 28.2, 27.6, 25.2, 23.8, 21.9,
analytical grade and were purchased from Nacalai Tesquel8.7, 12.5.

Inc. (Kyoto, Japan).

Syntheses of LCA Deatives. As shown in Scheme 1,
benzyl esterX’) of LCA (compoundl) was obtained from
the reaction with benzyl bromide and 1,8-diazabicyclo[5,4,0]-
undec-7-ene (DBU) as a catalyst in quantitative yield. The
reaction ofl’ and CHI with NaH in dry tetrahydrofuran
(THF) yielded 3©-methyl ether, and addition of methanol
afforded 3e--methoxy-54-cholan-24-oic acid (compourg)
in 45% yield from1'. The reaction of compountiwith CHal
and NaHCQin dry N,N-dimethylformamide (DMF) afforded
3-a-hydroxy-5#-cholan-24-oic acid methyl ester (compound
3) in 99% yield. The compound in dry CH,CI, was reacted
with the mixture of (dimethylamino)pyridine (DMAP),
1-ethyl-3-(dimethylaminopropyl)carbodiimide (EDCI), and
N-carbobenzoxyglycine\N-Cbz-Gly) to yield3', which was
treated with 20% Pd(OH)on carbon under a hydrogen
atmosphere to give &-O-glycyl-5-3-cholan-24-oic acid
(compound4) in 96% yield from1'. In a similar manner,
3-a-O-p-alanyl-54-cholan-24-oic acid (compoung) was
obtained in 81% vyield froni’, 3-a-O-L-phenylalanyl-58-
cholan-24-oic acid (compour@) in 97% yield from1', 3-a-
O-acetoyl-58-cholan-24-oic acid (compouri) in 99% yield
from 1', 3-a-O-lauroyl-543-cholan-24-oic acid (compound

6. 3-a-O-L-Phenylalanyl-53-cholan-24-oic acid. d]p
+95.2 € 0.59, MeOH+ CH;COOH). IR: 1743 and 1710
cm™. '"H NMR (400 MHz, MeOD+ TFA-d;) 6: 7.29 (s,
5H), 4.69 (m, IH), 4.16 (t, IHJ = 6.8 Hz), 3.14 (m, 2H),
2.34-2.06 (m, 2H), 1.99-0.96 (m, 26H), 0.89 (s, 3H), 0.89
(s, 3H), 0.62 (s, 3H)'*C NMR (100 MHz, MeOD+ TFA-
dy) o: 176.2, 170.1, 135.8, 130.6, 130.0, 128.7, 77.9, 67.1,
57.8,57.4,43.9,43.1,41.7,41.4, 38.0, 37.1, 36.6, 35.9, 35.6,
33.1,32.2,31.8,29.2,28.1, 27.5, 27.3, 25.2, 23.8, 21.9, 18.8,
12.5.

7. 3-a-O-Acetoyl-543-cholan-24-oic acid. The data were
described in ref 9.

8. 3-a-O-Lauroyl-543-cholan-24-oic acid.d]p +31.5 €
0.74, CHCY). IR: 2929, 2858, 2360, 2341, and 1716 ¢m
H NMR (400 MHz, CDC}) 6: 4.73 (m, IH), 2.62 (t, 2H,
= 7.6 Hz), 2.42-2.22 (m, 2H), 1.981.00 (m, 44H) 0.93
(s, 3H), 0.92 (s, 3H), 0.88 (t, 3H,= 6.8 Hz), 0.64 (s, 3H).
3C NMR (100 MHz, CDCk) 6: 179.8, 173.5, 74.1, 56.5,
56.0,42.7,41.9,40.4, 40.1, 35.8, 35.3, 35.0, 34.8, 34.6, 32.8,
31.9, 30.9, 30.7, 29.6, 29.4, 29.8, 29.2, 29.1, 28.2, 27.0, 26.7,
26.3, 25.0, 24.2, 23.3, 22.7, 20.8, 18.2, 14.1, 12.0.

9. 3-0-O-Myristoyl-5-3-chloan-24-oic acid.d]p +26.6 €
0.88, CHCY). IR: 2929, 2856, and 1712 c'H NMR (400
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MHz, CDCk) 6: 4.73 (m, IH), 2.44-2.22 (m, 2H), 2.26 (t, each inhibitor concentration was determined as a percentage
2H,J=7.2 Hz), 1.98-1.00 (m, 48H), 0.97 (s,3H), 0.92 (s, of this value. A total of 1 unit of each DNA polymerase
3H), 0.88 (t, 3H,J = 6.8 Hz), 0.65 (s, 3H)**C NMR (l00 activity was defined as the amount of enzyme that catalyzed
MHz, CDCl) 6: 179.3,173.5, 74.1, 56.5, 56.0, 42.7, 41.9, the incorporation of 1 nmol of deoxyribonucleoside tri-
40.4, 40.1, 35.8, 35.3, 35.0, 34.8, 34.6, 32.3, 31.9, 30.8, 30.8,phosphates (i.e., dTTP) into synthetic template primers (i.e.,
29.7,29.6,29.6, 29.5, 29.4, 29.3, 29.1, 28.2, 27.0, 26.7, 26.8,poly(dA)/oligo(dT)_15, A/T = 2:1) in 60 min at 37C under
25.1, 24.2, 23.3, 22.7, 20.8, 18.2, 14.1, 12.0. the normal reaction conditions for the enzynTe 13).

10. 3-a-O-Palmitoyl-543-chloan-24-oic acid.d]p +29.4 Other Enzyme AssayBovine deoxyribonuclease | was
(c0.71, CHCH). IR: 2929, 2856, and 1712 cth 'H NMR measured in each of the standard assays according to the
(400 MHz, CDC}) o: 4.73 (m, IH), 2.43-2.21 (m, 2H), 2.26  specifications of the manufacturer as described by Lu and
(t, 2H,J = 7.6 Hz), 1.98-1.00 (m, 52H), 0.93 (s, 3H), 0.91  Sakaguchi 14), respectively.

(s, 3H), 0.88 (t, 8HJ = 6.8 Hz) 0.65 (s, 8H)!*C NMR Gel Mobility Shift AssayThe gel mobility shift assay was
(100 MHz, CDCE) o: 180.1, 173.5, 74.1, 56.5, 56.0, 42.7, carried out as described by Casas-Finet et BE).(The
41.9,40.4,40.1, 35.8, 35.3, 35.0, 34.8, 34.6, 32.3, 31.9, 31-1’binding mixture (a final volume of 2@L) contained 20 mM
30.8, 29.7, 29.6, 29.6, 29.5, 29.4, 29.2, 29.1, 28.2, 27.0, 26.7,Tris-HC] at pH 7.5, 40 mM KCI, 5Qug/mL bovine serum
26.3,25.1, 24.2, 23.3, 22.7, 20.8, 18.2, 14.1, 12.0. albumin (BSA), 10% dimethyl sulfoxide, 2 mM EDTA, 2.2

11. 3-0-O-Stearoyl-56-chloan-24-oic acid.d]p +27.4 € nmol of M13 plasmid DNA (single stranded and singly
0.77, CHCY). IR: 2927, 2854, and 1708 cth 'H NMR primed), and the 8-kDa domain fragment of purified pol
(400 MHz, CDC}) 6: 4.73 (m, IH), 2.42-2.19 (m, 2H),  various concentrations of LCA and its derivatives were
2.26 (t, 2H,J = 7.2 Hz), 1.98-1.00 (m, 56H), 0.93 (s, 3H),  added to the binding mixture. The mixture was incubated at
0.91 (s, 3H), 0.88 (t, 3HJ) = 7.2 Hz), 0.65 (s, 3H)"*C 25 °C for 30 min. Samples were run on 1.2% agarose gel in
NMR (100 MHz, CDCE) 0: 179.8, 173.5, 74.1, 56.5, 56.0, 0.1 M Tris-acetate at pH 8.3, containing 5 mM EDTA at 50

427, 419, 404, 401, 358, 354, 350, 348, 346, 328, 319,V for 2 h. The agarose ge| was stained and detected with
31.2,30.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.2, 27.0, 26.7, 26.3 ethidium bromide.

25.1,24.2, 233, 2.2.'7’ 208,183, 14.1, 12.0. _ Surface Plasmon Resonance Analygisl § and LCA
EnzymesWe purified pola. from calf thymus by immu-  qgerjyatives binding analyses were performed using a Bio-
noaffinity-column chromatography as described previously gensor Biacore instrument (BIACORE X) (Biacore, Sweden).
(10). Recombinant rat DNA polymerasg (pol f) was s research-grade sensor chips (Biacore, Sweden) were
purified from ESChe”Ch'.a coluMps5 as descrlbed by Date seq. All buffers were filtered before use. The 8-kDa domain
et al. 11). The C-terminal 31-kD<’_31 domain fragment_was fragment of polg (1.87 nmol) in coupling buffer (@M
prepared by controlled proteolysis at 26 with trypsin g4 4ijym acetate at pH 4.7) was injected over a CM5 sensor
(1500:1, w/w) for 90 min. This fragment was purified as iy 4t 204L/min to capture the protein in the carboxymethy
previously dgscrlbed by Kumar et ab, @). The N-terminal dextran matrix of the chip by the NHS/EDC coupling
8-kDa domain of rat pop (residues 2:87) was OVerex-  reaction (60uL of mix) as described 16). Unreacted
pressed inE. coli strain BL21 harboring the expression . hyqroxysuccinimide ester groups were inactivated using
plasmid “Lys-87" constructed in our laboratory. Overproduc- 1 \y"ethanolamine-HCI (pH 8.0). This reaction immobilized
tion of the N-terminal 8-kDa domain and the purification  5,4,t 5000 response units (RU) of both proteins. Binding
procgdure were performgd essentlally as descnbgd iN OUranalysis of LCA derivatives was performed in a running
previous reportd). pol | (-like) and Il (5-like) from a higher y, ¢rar including the compounds (5 mM potassium phosphate
plant, cauliflower inflorescence, were purified according to |, ¢er (pH 7.0) and 10% DMSO) at a flow rate of 20/

the methods outlined by Sakaguchi et ab)(E. coliKlenow  yin 5t 25°C. Kinetic parameters were determined using BIA
fragment of pol | and human immunodeficiency virus type evaluation 3.1 software.

1 (HIV-1) reverse transcriptase were purchased from Wor-
thington Biochemical Corp. (Freehold, NJ). T4 DNA poly-
merase,Taq DNA polymerase, and calf-terminal deoxy-
nucleotidyl transferase were purchased from Takara (Tokyo,
Japan). Bovine pancreas deoxyribonuclease | was purchase\év
from Stratagene Cloning Systems (La Jolla, CA).

DNA Polymerase Assaylhe activities of DNA poly-
merases (0.05 units each) were measured as describe
previously {7, 13). For DNA polymerases, poly(dA)/oligo-
(dT)i2-18 and dTTP were used as the template-primer DNA
and nucleotide substrate, respectively. The substrates o
terminal deoxynucleotidyl transferase used were oligadik)
(3-OH) and dTTP as the template primer and nucleotide
substrate, respectively. For HIV reverse transcriptase, poly-
(rA)/oligo(dT)12-15 and dTTP were used as the template ResyLTS AND DISCUSSION
primer and nucleotide substrate, respectively. LCA and its
derivatives were dissolved in dimethyl sulfoxide (DMSO) Effects of LCA Detiatives on the Actiity of Rat DNA
at various concentrations, sonicated for 30 s, and then addedPolymerase3. As briefly described in the Introduction, we
to the reaction mixture. The activity without the inhibitor found and reported that LCA is an inhibitor of eukaryotic
was considered to be 100%, and the remaining activity at DNA polymerases, and among the DNA polymerasesfthe

LCA Derivatives Docking ModelingThe molecular dock-
ing of LCA derivatives and the 8-kDa domain of gbivere
done using a fixed docking procedure in the Affinity program
ithin Insight Il modeling software (Accerlys Inc., San
iego, CA). The calculations used a CVFF force field in
the Discovery program and a Monte Carlo strategy in the
Affinity programs (L7). Each energy-minimized final-docking

osition of LCA derivatives was evaluated using the interac-
tive score function in the Ludi module. The Ludi score
1jncludes the contribution of the loss of translational and
rotational entropy of the fragment, number and quality of
hydrogen bonds, and contributions from ionic and lipophilic
interactions to the binding energy.
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COOR,

ROV
H
Compound R1 Rz
1 H H
2 CHs H
3 H CHs;
4 -CO-CHa-NHz H
5 -CO-(CHa)2-NH, H
R
A <
7 CO-CHg H
8 CO-(CHz)10-CHg H
9 CO-(CHg)12-CH3 H
10 CO-(CH2)14-CH3 H
11 CO-(CHy)16-CHg H

Ficure 1: Structure of LCA and its derivatives: compouhd.CA
(3-a-hydroxy-5$-cholan-24-oic acid); compourg] 3-a-methoxy-
5-3-cholan-24-oic acid; compour®j 3-a-hydroxy-54-cholan-24-
oic acid methyl ester; compounrt] 3-o-O-glycyl-5-3-cholan-24-
oic acid; compound5, 3-a-O-f$-alanyl-5{3-cholan-24-oic acid;
compoundb, 3-a-O-L-phenylalanyl-538-cholan-24-oic acid; com-
pound?, 3-a-O-acetoyl-56-cholan-24-oic acid; compourg) 3-a-
O-lauroyl-543-cholan-24-oic acid; compourf@ 3-o-O-myristoyl-
5-3-chloan-24-oic acid; compouri®, 3-o-O-palmitoyl-543-chloan-
24-oic acid; and compountll, 3-o-O-stearoyl-58-chloan-24-oic
acid.

type was most sensitive to inhibition by LCAL)( The
purpose of this study was to investigate the inhibitory
mechanism more precisely by using 10 chemically synthe-
sized derivatives of LCA prepared in our laboratory. The
chemical structure of LCA and 10 derivatives are shown in
Figure 1.

LCA (compoundl) dose-dependently inhibited the activi-
ties of pola andf, and the 1G, value of compound were
52.1 and 11.Q«M, respectively (parts A and B of Figure 2
and Table 1). The inhibitory effects of palandp by 3-a-
methoxy-LCA (compoun@®) were stronger than those by
LCA, and the inhibition of pols activity by compound
was approximately 10-fold stronger than that of pol
activity. The carboxyl group at carbon position 21 in LCA
(i.e., R of LCA in Figure 1) is thought to be important for
the inhibition of pola and 3, because the compound that
was modified from the carboxyl group to a methyl ester
(compound3) could not inhibit the activity (Table 1).
Compoundsl and2 inhibited the activities of pot. andj
more potently than the compounds that were modified at
carbon position 3 in LCA (i.e., Rof LCA in Figure 1) from
the hydrogen group to amino acid groups containing the
hydrophilic group such as-NH; (i.e., compound#—6),

Mizushina et al.

which were weaker than those of compouddsd?2 (Table
1).

Compound¥—11 are the esters of acetic acid (C2), lauric
acid (C12), myristic acid (C14), palmitic acid (C16), and
stearic acid (C18) at position C3 afOH of LCA (i.e., R
of LCA in Figure 1), respectively. The inhibition of p@l
activity by these compounds was stronger than that ofpol
activity (parts C and D of Figure 2 and Table 1). In the
chemically synthesized compounds, the inhibition of fol
by compound® was the strongest with an igvalue of 0.35
uM. The inhibitory effect of pols activity by compound®
was stronger than those of compour@and 10; therefore,
the molecular length of compourdmay be the best fit to
bind to polS. The length of C16 fatty-acid-conjugated LCA
(i.e., compound) is 25.65 A (Figure 5K), and the three-
dimensional molecular structure of compouhid suggested
to be similar to that of NA, which is a C24-long chain mono-
unsaturated fatty acid (parts G and J of Figure 5). Compounds
1, 2,9, and NA were used in the later experiments.

The thermal transition profiles of double- to single-
stranded DNA with or without LCA derivatives showed that
these compounds cannot bind to the DNA molecule (data
not shown). These results suggested that LCA derivatives
must inhibit the enzyme activities by interacting with the
enzymes directly.

Effects of LCA Detiatives on the Actities of DNA
Metabolic EnzymesLCA and its derivatives such as
compoundsl, 2, and 9 had no significant influence the
activities of higher plant, cauliflower, pel andg, prokary-
otic DNA polymerases such as the Klenow fragmengof
coli pol I, TagDNA polymerase, and T4 DNA polymerase.
The three-dimensional structures of mammalian DNA poly-
merases are greatly different from those of plant and
prokaryotic DNA polymerases. Compouritland?2 also did
not inhibit any of the activities of other DNA-metabolic
enzymes such as calf DNA primase of pglcalf-terminal
deoxynucleotidyl transferase, HIV-1 reverse transcriptase,
and bovine deoxyribonuclease I. On the other hand, com-
pound9 inhibited the activities of terminal deoxynucleotidyl
transferase and reverse transcriptase, but it did not influence
the activities of primase of pal and deoxyribonuclease I.
Because this manner of inhibition by compouevas the
same tendency as that by NA, compouhohight be of the
same inhibitory mode as NA. When activated DNA was used
as the template-primer DNA instead of poly(dA)/oligo-
(dT)12-18, the inhibition modes of these compounds did not
change. Therefore, the derivatives should be classified as
inhibitors of mammalian DNA polymerases, especially pol

B.

Analysis of Binding between LCA Desaitives and DNA
Polymerasgs. We prepared the whole enzyme of golvith
a molecular weight of 39 kDa, as well as the two domain
fragments of 8 kDa, which is the template-primer DNA-
binding domain, and 31 kDa, which is the catalytic part
involved in DNA polymerization (see the Materials and
Methods). Both fragments were obtained by controlled
proteolysis and purified by FPLC Superose 12 chromatog-
raphy to near homogeneity (see Figure 4 in ref 4).

The template-primer DNA-binding activity of the 8-kDa
domain was analyzed by gel mobility shift assay. Figure 3
shows the results of the gel shift assay of single-stranded
(ss) M13 plasmid DNA, the 8-kDa domain fragment of the
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Ficure 2: Mammalian DNA polymerase inhibition doseesponse curves of LCA derivatives. The enzymes used (0.05 units of each) were

calf pol o (A and C) and rat pop (B and D). Compound$, 2, and8—

activity in the absence of these compounds was taken as 100%.

Table 1: 1Go Values of LCA Derivatives on the Activities of
Mammalian polo. and

ICso value M)

ICso value M)

compound  pob pol 8 compound potbx pol 3
1(LCA) 52.1 110 7 485 9.8
2 20.0 21 8 10.6 11
3 >500 >500 9 7.7 0.35
4 114.5 60.5 10 11.4 1.2
5 99.5 914 11 18.5 2.0
6 50.3 21.0 nervonic acid 11 2.8

pol-5-binding complex (lanes-210). In the binding assay,
0.2 nmol of the domain was added to M13 DNA at a
concentration of 2.2 nmol (nucleotide). The 8-kDa domain
fragment bound to M13 DNA and shifted in the gel (lane
2), but not the 31-kDa fragment, the catalytic domain without
a DNA-binding site (see Figure 5A in ref 4). The molecular
ratios of compounds and the 8-kDa domain are shown as
inhibitor and enzyme (I/E) ratios in Figure 3. Compounds
(LCA) and 2 interfered with the complex formation M13
DNA and the 8-kDa domain to the same extent. At the I/E
ratio of 10, interference by all of the compounds was
complete (lanes 3, 5, 7, and 9). At a ratio of 1, interference
by compoundsl and 2 disappeared (lanes 4 and 6) and
interference by compoundsand NA was nearly complete

11 were measured at indicated concentrations. DNA polymerase

8 kDa domain of pol B (0.2 nmol)

ound 1 (LCA)  Compound 2 NA

start

B kDa & ssDNA
complex

M13 ssDNA

3 7]

10

10
1

|

Lane 8

I/E | 1
Ficure 3: Gel mobility shift analysis. Gel shift analysis of binding
between M13 single-stranded plasmid DNA and the 8-kDa domain
of pol 5. M13 DNA (2.2 nmol; nucleotide) was mixed with purified
proteins and compounds. LanesID contained the purified 8-kDa
domain at a concentration of 0.2 nmol; lane 1 contained no enzyme.
Lanes 3, 5, 7, and 9 were mixed with 2 nmol of compound
compound2, NA, and compound, respectively. Lanes 4, 6, 8,
and 10 were mixed with 0.2 nmol of compoutidcompound2,
NA, and compound, respectively. Samples were run on a 1.2%
agarose gel in 0.1 M Tris-acetate (pH 8.3) containing 5 mM EDTA
at 50 V for 2 h. A photograph of an ethidium-bromide-stained gel
is shown.

polymerization of pols by compounds9 and NA were
stronger than those by compountignd2. The inhibitory
mode of pols by compound® and NA might be different

0 1o 10 1 10

(lanes 8 and 10). These results suggested that one or a fevirom that of compoundsl and 2. Like LCA (1), the

molecules of compounds and2 or only one molecule of
compound® and NA competes with each molecule of M13
ssDNA and subsequently interferes with the binding of the
8-kDa domain fragment to DNA. The inhibitory activities
of both of the 8-kDa domain binding to sSDNA and DNA

derivatives must compete with the DNA template primer to
bind to the 8-kDa domain.

The question thus arose as to whether the derivatives have
a direct influence on the catalytic site. The catalytic 31-kDa
domain fragment can bind to the DNA template primer,
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FiGurRe 4: Biacore analysis of binding of LCA derivatives to immobilize the 8-kDa domain ofp@) Five different indicated concentrations

of compoundd were injected over the 8-kDa domain for 120 s at2@min and dissociated for 180 s at 20/min. (B) A total of 8 uM

of compoundsl, and2, and8—11 were injected over the 8-kDa domain for 120 s at2@min and dissociated for 180 s at 20./min.

Binding to compounds was detected by the surface plasmon resonance signal (Biacore; see the Materials and Methods) and is indicated in
response units. The background resulting from injection of the running buffer alone was subtracted from the data before plotting.

Table 2: Binding and Dissociation Constants between the 8-kDa 4B). All of the compounds bound and dissociated from the

Domain of polB and LCA Derivatives protein. From the responses by the Biacore instrument, the
K. Ky K. Ky 8-kDa domain binding of the derivatives can distinguish two
compound  (NM-2) (")  compound  (NMY)  (nM) groups; one is compound$ and 2, and the other is
1(LCA) 1.29x 104 7710 10 125 101 802 compounds$8—11. The response of compou2dvas higher
2 289% 104 3460 11 1.03x 10! 9.68 than that of compound. The response of compoudvas
8 3.19x 10t 3.13 nervonic acid 5.8% 102 17.0 the highest in compound®—11. The K4 values of these
9 578x 10t  1.73 compounds from Biacore analyses (Table 2) paralleled the
2K, = binding constant, andq = dissociation constant. observed 1@, values for pols from the doseresponse

) ) curves of parts B and D of Figure 2.
although weakly. The 31-kDa domain fragment synthesized

DNA without interference from any of the derivatives and h MgdﬁgngDof the_ LC'fA‘ Der;ia_f_iﬁes Ir;jt_e racti(_)n Inlterface onl
NA, because DNA was synthesized even at an I/E ratio for ¢ el “Kba bomain o é)_o,B. q rr(]ae- rllmenlflonz strgctufra |
the 31-kDa fragment of 1000 (data not shown). These results2alysis using NMR indicated that the 8-kDa domain of po
suggested that these compounds indirectly influence DNA £ (résidues £87) was formed by foue helices, packed as
polymerization on the 31-kDa catalytic site as a result of a two antiparallel pa”_s?(& 19). The pairs ok helices cross
lack of template primer and to compete with the substrate. one a_nother "# 50%“””_9 th?”‘. a V'“.k? sha_pe. The 8-kDa
Binding between LCA Deratives and the 8-kDa Domain  domain contains a "helixhairpin—helix” motif (parts C, F,
of DNA Polymerasg. To confirm the biochemical data, the | @nd L of Figure 5). The complex is in fast exchange on
parameters for binding of LCA and its derivatives were he NMR time scale, permitting us to follow the chemical-
determined using the 8-kDa domain of pbimmobilized  SNift changes of the backbone NH afflll signals of the.
to the sensor chip in a Biacore. Five different concentrations 8-I§Da15doma|n on complex formation by recording a series
of compound9, which was the strongest pglinhibitor in of *H-1N HMQC spectra of the uniformI§N-labeled 8-kDa
the synthesized LCA derivatives, were used for the binding domain in the presence of LCA (compoutid Parts A and
analysis (Figure 4A). The 8-kDa domain (1.87 nmol each) B of Figure 5 show the three-dimensional moI_ecuIar struc-
was conjugated to the CM5 sensor chip, and then the tures of compound, and the molecular length is 13.59 A
compound (2, 4, 6, 8, and 10M) was added to the From the NMR experiments and the docking simulation
conjugated proteins. CompouBdound to the 8-kDa domain ~ Studies, the compountibinding interface of the 8-kDa
and dissociated from the protein (Figure 4A). Compo@nd .doma|'n consisted o.f one region mostly con§|5t|ng of Lys60
also bound to the 39-kDa p@l at almost the same rate as N helix 3, Leu77 in helix 4, and Thr79 in the 787
the 8-kDa domain (data not shown). The dissociation constantunstructured linker segment (Figure 5C). Compotimdust
(Kq) of binding of compound to the 8-kDa domain was ~ €nter the pocket (i.e., the crevice between helix 3 and helix
determined to be 1.73 nM from the data in Figure 4A (Table 4) formed by the three amino acids (i.e., Lys60, Leu77, and
2). Therefore, compour@directly interacts with the 8-kDa ~ Thr79) in the 8-kDa domain.
domain. Prasad et al. reported that template DNA [i.e., p&iT)
A total of 8 uM of the LCA derivatives was analyzed to  binding activity was impaired in site-directed mutants of
determine whether it would bind to the 8-kDa domain (Figure Phe25, Lys35, Lys60, or Lys62(). The Helix-3—hairpin—
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Ficure 5: Docking simulation of LCA derivatives and the 8-kDa domain of io(A, D, G, and J) Computer graphics of compouhd

(LCA) (A), compound2 (D), NA (G), and compoun@® (J). Electrostatic potentials over molecular surfaces in the front view were analyzed
using WebLab Viewer Lite (version 3.2, Accerlys Inc., San Diego, CA) software. Blue areas are hydrophilic, red areas are hydrophobic,
and white areas are neutral. (B, E, H, and K) Stick models of compauid, compound (E), NA (H), and compoun® (K). (C, F, I,

and L) Simulation of LCA derivatives interaction interface on the 8-kDa domain gf piteractions of compound (C), compouna (F),

NA (1), and compound® (L). (C and F) Amino acid residues Lys60, Leu77, and Thr79, which were significantly shifted as the cross peaks
from tH-15N HMQC NMR experiments adding compoudgdare depicted in bluelj. (I and L) Amino acid residues Leull, Lys35, His51,

and Thr79, which were significantly shifted as the cross peaks &N HMQC NMR experiments adding NA, are depicted in blgg (

The Gu backbones of the X-ray crystal structures of the 8-kDa domain ofgpate shown in water blue. The carbons, oxygens, and
hydrogens of the compounds were indicated as green, red, and white, respectively. The Protein Data Base codes of the 8-kDa domain of
pol 5 is 1BNO. This figure was displayed using Insight Il/Affinity (Accerlys Inc., San Diego, CA).
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Table 3: Molecular Length of Three-Dimensional Structure of LCA
Derivatives Calculated by Computer Simulafion

molecular molecular
compound length (A) compound length (A)
1(LCA) 13.59 10 27.90
2 14.53 11 29.92
8 23.64 nervonic acid 18.14
9 25.65

@ These data were obtained by Insight Il (Accerlys Inc.).

Helix-4 motif and residues in an adjacef-type loop
connected helix 1 and helix 2 from the ssDNA interaction
surface. Because compoufidound to the ssDNA-binding
region of the 8-kDa domain and competed for binding with
template DNA as shown in Figure 3, two of the maps were
compared. The only amino acid residue shifted by both
compoundl binding and ssDNA binding was Lys60 in helix
3. Leu77 and Thr79 are different from the other DNA-
binding sites (Phe25, Lys35, and Lys68). Compound

Mizushina et al.

the molecular length of compourii(i.e., 25.65 A) might

be the best fit to the pocket of the 8-kDa domain. Therefore,
a docking simulation of compourtland the 8-kDa domain

of pol f was performed, with the compour@dbinding
interface of the 8-kDa domain being the same pocket (i.e.,
the crevice between helix 1 and helix 2) as NA (Figure 5L).
These results suggested that Lys35, which is a hydrophilic
amino acid in “region 11", bound to the carboxyl ends of
compound9 and that Leull and His51, which are hydro-
philic amino acids in “region 1", bound to the methyl end of
compoundo.

In conclusion, the inhibitory effects of LCA and its
derivatives on paop activity occur by the binding between
the 8-kDa domain and the compounds as a 1:1 complex. On
the pol g protein, one molecule of compoundsand 9
competed with one molecule of the template-primer DNA
and subsequently interfered with the binding of the template
primer to the 8-kDa domain (Figure 3). The binding of these

probably competes with template DNA at residue Lys60 and compounds indirectly inhibited catalytic activity on the 31-
binds to the site, which subsequently inhibits the ssDNA- kDa domain. These data indicated that there were at least
binding activity on the 8-kDa domain of pgl. two compound-binding pockets for sterol inhibitors such as
Compound2, which is of the—OCH;s; group instead of  LCA in the 8-kDa domain of pgB. The inhibitory action of
the —OH group, was located at carbon position 3 in pol 3 by compound was similar to the effect by compound
compoundl (parts A and D of Figure 5). The molecular 9, although compound® and9 are structurally unrelated.
length of compoun@is 0.94 A longer than that of compound  Both the hydrophilic end (carboxyl group) and hydrophobic
1 (parts B and E of Figure 5 and Table 3). The docking sites in the compound played crucial roles in the inhibition.
simulation of the 8-kDa domain of p@l and compound® The hydrophilic carboxyl group at carbon position 21 in
was shown in Figure 5F. The binding interface of the 8-kDa compounds2 and 9 are thought to be important for the

domain of compoun@ was in the same position as that of
compoundl, and the fitting of compoun@ to the pocket

inhibition of pol 3, because the compound that was modified
from the carboxyl group to a carboxyl ester (i.e., compound

(i.e., the crevice between helix 3 and helix 4) was better gy oo 14 not inhibit the activity (Table 1). The terpenoid rings

than that of compound. These results suggested that the
molecular length of the compound was important for both
fitting to bind the pocket and the inhibitory activity of DNA
polymerase and ssDNA binding.

As was also reported previously, unsaturated long-chain

fatty acids such as NA were also potent inhibitors of fol
(7). The two-dimensionaiH->N HMQC NMR spectra for
the 8-kDa-domainrNA complex were analyzed8)]. NA

and alkyl chain (i.e., hydrophobic site) of the compound are
also required for inhibition. The hydrophilic ssDNA-binding
amino acid residues in the 8-kDa domain interact with
compound< and9 (i.e., Lys60 for compoun@ and Lys35

for compound), although the binding to the 8-kDa domain
includes the DNA-binding amino acids residues.

Inhibitors of DNA polymerases such as pmlcould be

contains a free carboxyl group and a double bond in the cis anticancer agents as reported previousi), and the

configuration. The length of the three-dimensional structure polymerases have emerged as important cellular targets for
of the NA molecule was shown to be 18.14 A on a computer chemical intervention in the development of anticancer
simulation (parts G and H of Figure 5). From the analyses agents. The chemical LCA frames could be used for
of amino acid residues displaying chemical-shift changes on screening new anticancer chemotherapy agents. Compound
binding to NA in the solution structure of the 8-kDa domain 9, which is the strongest pok and § inhibitor in the
with or without NA, the NA-binding interface of the 8-kDa  synthesized LCA derivatives, could prevent the growth of
domain consists of two regions: one consists of Leull in hyman gastric cancer cells (NUGC-3) (data not shown).
the 1-13 unstructured segment, His51 in the-& W, poreover, these compounds may lead to the blockage of
and Thr79 in the 7987 unstructured linker segment (‘region  pnAa synthesis of base excision repair by the inhibition of
I”in Figure 5I), while the othe“r CO_”S'Stf_Of da-type loop 1 5 activity to rescue the cells containing the damaged
|nclud!ng h?"x 1 and helix 2 ( region II” in Figure 51). The -~ A under clinical radiation therapy or chemotherapy. LCA
OT"V.S'te shifted not_only by NA b|nd|.ng bUt_ also b.y SSDNA derivatives such as compoufdould be useful in develop-
bm;:img was Lys35 in théx-type Ipop including helix 1 aqd ing a drug design strategy for cancer chemotherapy agents,
helix 2. NA probably competes with template DNA at residue . - o

which help clinical radiation therapy or cancer chemotherapy.

Lys35 and binds to the site, which subsequently inhibits the .
ssDNA-binding activity on the 8-kDa domain. The synthesized compounds based on LCA (compound

Compound$8—11 have almost the same three-dimensional 1) inhibited the activities of pokx and3 more potently than
molecular structures as NA, such as “V-shape” (parts G and compoundl. We would like to develop a theoretically ideal
J of Figure 5). The molecular lengths of these compounds DNA polymerase inhibitor from structural relationship stud-
were shown in Table 3. Because compouhdvas the ies of previously reported fatty acids and LCA derivatives,
strongest inhibitor of pof in compounds8—11 and NA, which were investigated in this study.
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