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Abstract

Abasic sites are ubiquitous DNA lesions that are mutagenic and cytotoxic but are removed by the

base excision repair pathway. DNA polymerase β carries out two of the four steps during base

excision repair, including a lyase reaction that removes the abasic site from DNA following

incision of its 5′-phosphate. DNA polymerase β is overexpressed in cancer cells and is a potential

anticancer target. Recently, DNA oxidized abasic sites that are produced by potent antitumor

agents were shown to inactivate DNA polymerase β. A library of small molecules whose

structures were inspired by the oxidized abasic sites was synthesized and screened for their ability

to irreversibly inhibit DNA polymerase β. One candidate (3a) was examined more thoroughly and

modification of its phosphate backbone led to a molecule that irreversibly inactivates DNA

polymerase β in solution (IC50 ~ 16 μM), and inhibits the enzyme’s lyase activity in cell lysates. A

bis-acetate analogue is converted in cell lysates to 3a. The bis-acetate is more effective in cell

lysates, more cytotoxic in prostate cancer cells than 3a, and potentiates the cytotoxicity of methyl

methanesulfonate between 2- and 5-fold. This is the first example of an irreversible inhibitor of

the lyase activity of DNA polymerase β that works synergistically with a DNA damaging agent.

Introduction

Base excision repair (BER) is a primary mechanism for maintaining genome integrity. A

large variety of modified nucleotides resulting from DNA oxidation and alkylation are

removed by glycosylases.1 Some BER glycosylases are bifunctional and cleave DNA at a
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transiently formed abasic site (AP) via a lyase process.2 In other instances AP sites are

produced as metastable intermediates. AP sites are also generated via spontaneous

hydrolysis of native and damaged nucleotides. DNA polymerase β (Pol β) plays an integral

role in BER by excising the remnant of an AP site following 5′-incision by apurinic

endonuclease I (Ape1), and subsequently filling in the single nucleotide gap (Scheme 1). Pol

β’s vitality to genome integrity is manifested by the observation that cells lacking both

alleles of the gene for this enzyme are embryonic lethal, and knocking down Pol β activity

sensitizes cells to DNA damaging agents.3 Consequently, Pol β has attracted interest as a

target for antitumor therapy. Inhibiting Pol β potentiates the cytotoxic effects of DNA

damaging agents and can be cytotoxic in its own right. We wish to report on a series of Pol β

inhibitors whose design was inspired by DNA lesions that irreversibly inactivate the enzyme

by targeting its lyase active site.4–7

Pol β is a bifunctional enzyme that contains an 8 kDa lyase active site separate from its

polymerase active site.8–10 The enzyme excises the 5′-phosphorylated 2-deoxyribose (dRP)

produced upon Ape1 incision of DNA containing an AP site (Scheme 2). Lys72 is the

primary amine responsible for Schiff base formation, although the enzyme retains some

lyase activity when this amino acid is mutated.11–14 Lys84, which is also present in the lyase

active site is postulated to substitute for Lys72 in the mutated enzyme, albeit with much

lower efficiency. Following Schiff base formation, dRP elimination leaves a single

nucleotide gap that contains the appropriate end groups for DNA synthesis (by Pol β) and

ligation to complete repair (Scheme 1). Part of the attraction of Pol β as a potential

therapeutic target is that it is over expressed in a variety of cancer cells.15–17 In addition, Pol

β variants are found in a large percentage of tumors.18–20 Some of the variants exhibit

reduced activity and may contribute to tumorigenesis by decreasing genomic stability.

Natural and unnatural products have been tested as inhibitors of Pol β and the related

enzyme, Pol λ, which is believed to act as a back up for Pol β in BER.21–26 Some of these

molecules are believed to target the lyase domain. The inhibitors described below were

designed to mimic the interaction between Pol β and a DNA lesion, 2-phosphato-1,4-

dioxobutane (DOB), which is produced by a family of potent cytotoxic antitumor antibiotics

following C5′-hydrogen atom abstraction.27,28 DOB efficiently inactivates Pol β (and Pol

λ).4–6 Radiolabeling experiments, liquid chromatography, and mass spectral analyses of

protease digests indicate that the 1,4-dicarbonyl inactivates Pol β in two ways (Scheme 3).

DOB forms a stable lactam following condensation with Lys72 or Lys84, elimination, and

dehydration. The lesion also forms a stable adduct without undergoing DNA cleavage. pC4-

AP that is produced upon Ape1 incision of C4-AP also contains a 1,4-dicarbonyl and

inactivates Pol β and Pol λ.6,7 We hypothesized that small, DNA-like molecules containing

such a 1,4-dicarbonyl motif would inactivate Pol β upon binding.
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Results and Discussion

Design and synthesis of small molecule DOB mimics as potential irreversible inhibitors of
Pol β

A library of nucleotide inhibitors containing the 1,4-dicarbonyl group that is present in the

DOB and pC4-AP lesions that irreversibly inhibit DNA polymerase β was conceived

(Scheme 4). A thymidine nucleotide was incorporated to make the molecule DNA-like.

Since Pol β exhibits no selectivity for one nucleotide over another, thymidine was chosen for

synthetic simplicity, as it has no exocyclic amines that require protection. Initially, the

phosphate diester in DNA was replaced by a more lipophilic methyl phosphonate (1). The

molecules contained a carbon between the ring containing the 1,4-dicarbonyl and the methyl

phosphonate to improve their chemical stability in aqueous solution by preventing

elimination. Finally, structural diversity was introduced in the form of an oxime linkage at

the 3′-terminus. The oxime group is easy to incorporate and has proven to be a useful means

for introducing structural diversity (represented by “R”) into chemical libraries of enzyme

inhibitors.29,30

We anticipated unmasking the 1,4-dialdehyde of 1 in the final step after the library was

prepared containing single compounds in individual wells of microtiter plates (Scheme 5).

The choice of acetal protecting group was important, as it needed to be cleaved rapidly

under mild conditions. We chose to use the pentenyl group that has been very useful in

carbohydrate synthesis for glycosidic bond formation and is cleaved rapidly under mild

oxidizing conditions. 31 The alkoxyamine (7) was the last common intermediate in the

library synthesis and was apportioned into the wells of the microtiter plates. The methyl

phosphonate coupling to produce 6 was carried out using the phosphonamidite of the

thymidine component (5) and the primary alcohol of the protected 1,4-dicarbonyl (4). The

coupling yields were higher using this approach due to poor solubility of the corresponding

5′-hydroxy-3′-phthalimide substituted thymidine (9). Following removal of the phthalimide

protecting group using hydrazine, chemical diversity was introduced by reacting 7
separately with one of 232 aldehydes overnight in DMSO and acetic acid. DMSO was

removed from the crude mixture of 8 under vacuum prior to deprotecting the bis-acetal with

N-bromosuccinimide.
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The methyl phosphonamidite (5) was prepared from previously reported 9 under standard

phosphitylation conditions in 60% yield.32 The requisite hydroxymethyl compound (4) was

prepared from 10 using a strategy employed previously for the synthesis of photolabile DOB

precursors (Scheme 6).33,34 The hydroxymethyl group was introduced via an aldol

condensation with formaldehyde that was ultimately trapped as the silyl ether of the

formacetal (11) using a chiral catalyst derived from proline.35 Substituting Selectfluor® for

N-bromosuccinimide, which was used in the synthesis of the DOB precursor, to induce

cyclization of 11 by oxidatively cleaving the 1,3-dithiane resulted in a significant

improvement in yield, albeit as an inseparable mixture of diastereomers of 12.36 Two of the

4 diastereomers were separable upon desilylation to 4. Although the stereochemistry of the

acetals were unimportant with respect to the properties of the inhibitor candidates, working

with less complex mixtures facilitated characterizing subsequent intermediates in the

synthetic sequence. A library containing 232 members was synthesized from 4 (Scheme 5)

and screened for Pol β inhibition.

Screening inhibitor candidates using a strand displacement assay

Inactivation of Pol β’s lyase activity by DOB or C4-AP also shuts down the enzyme’s ability

to extend a primer via strand displacement synthesis.5,7 Consequently, we speculated that

successful small molecules that inactivate the lyase activity would also shut down

polymerase activity. This enabled us to use a previously reported fluorescence assay

(Scheme 7) in which a ternary substrate (13, 50 nM) containing TAMRA at the 3′-terminus

of the displaced strand and quencher (BHQ-2) at the 5′-terminus of the template strand was

subjected to Pol β (10 nM) and dTTP (100 μM).37,38 Strand displacement synthesis results in

fluorescence by TAMRA, and Pol β inhibition is reflected by decreased fluorescence

relative to control lacking inhibitor.
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The 232 candidates38 (50 μM) were screened using this method. Although the underivatized

oxime (50 μM) had no effect on polymerase activity (data not shown), several candidates

exhibited significant inhibition in the strand displacement assay. Of these, the molecule

derived from 2,6-dichloro-3-hydroxy-4-methoxy benzaldehyde (1a) was most effective at

reducing fluorescence. Purified 1a significantly inhibited Pol β in the strand displacement

assay at as low as 10 μM (Figure 1A). The reduction product (14) had no effect on enzyme

activity (data not shown), indicating that the 1,4-dicarbonyl is required for inhibition.

Furthermore, the extent of inhibition was dependent upon the preincubation time (Figure

1B), a property that is consistent with irreversible inactivation.

Direct examination of Pol β lyase inactivation by 1a

The ability of 1a to inhibit Pol β’s dRPase activity was examined using 3′-32P-15 in which

the oligonucleotide containing dRP was labeled. The DNA substrate was added to the

reaction following preincubation of 1a with Pol β and subsequent 100-fold dilution. The

lyase reaction was monitored by gel electrophoresis. A logarithmic plot of activity in the

presence of 1a (up to 30 μM) relative to when no inhibitor is present versus preincubation

time decays linearly at each concentration over the range tested (Figure 2A).39 In addition,

Pol β activity was not restored following dialysis of the enyzme-inhibitor solution for up to 3

days (Figure 2B).40,41 Both observations are consistent with irreversible inhibition of Pol β.

However, we were unable to characterize the modified Pol β by mass spectrometry.

Effects of phosphate backbone modification on Pol β inactivation

Using 1a as a lead we explored the effect of modifying the phosphorous backbone on

inhibitor activity by synthesizing the phosphate triester (2a) and phosphate diester (3a)

analogues. These candidates were prepared from 4 and 9 via a similar manner as 1a.38

Phosphate triester 2a exhibited comparable inhibition activity as 1a using the strand

displacement assay (Scheme 7).38 This backbone motif was also useful for establishing the

necessity of the 1,4-dicarbonyl for irreversible inactivation, as monoaldehdye 16 had no

effect on Pol β lyase activity.38

In contrast, introducing the negative charge present in DNA (3a) produced a more potent

inhibitor. Direct measurement of Pol β lyase activity showed that 3a was at least 2-fold more

potent than 1a and exhibited an IC50 of ~21 ± 1 μM (Figure 3). The IC50 for 1a was 42 ± 5

μM.38 Furthermore, as for the methyl phosphonate, dialysis of Pol β incubated with 3a
confirmed that inhibition was irreversible, and reduction to the diol (17) provided additional

affirmation that the 1,4-dialdehyde was required for inactivation.38
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Selectivity and robustness of Pol β inactivation by small molecule DOB analogues

There are more than one dozen polymerases in a human cell. Because we do not have access

to each of these, we used the Klenow fragment of DNA polymerase I from E. coli, which is

often used as a model polymerase to test the inhibitor’s (3a) selectivity. While 3a (10 μM)

almost completely eliminated Pol β’s ability to carry out strand displacement synthesis using

13 (Scheme 7) and dTTP, it had no effect on the Klenow fragment’s activity under the same

conditions.38 However, the efficacy of the 1,4-dicarbonyl containing inhibitor (1a) was

compromised by thiols, presumably due to nucleophilic addition to the ring-opened 1,4-

dicarbonyl form (Scheme 3, Figure 4). For instance, preincubation (20 min) of 1a (50 μM)

with glutathione (5 mM) resulted in similar Pol β activity as 25 μM inhibitor in the absence

of thiol.38

Design and synthesis of a proinhibitor

The adverse effect of glutathione on 1a led us to design bisacetate 18 as a potential

proinhibitor. We postulated that 18 would be converted into 3a by cellular esterases.42,43

Proinhibitor 18 was synthesized from 3-hydroxymethylfuran (19) and 9 (Scheme 8).

Following Pb19
4 oxidation and hydrogenation, 18 was coupled with the methyl

phosphoramidite obtained from 9. Selective cleavage of the phthalimide group yielded

alkoxyamine 21, which was conjugated to 2,6-dichloro-3-hydroxy-4-methoxybenzaldehyde

prior to revealing the phosphate diester (18). As expected, 18 had no effect on Pol β lyase

activity because the electrophilic carbonyl groups are masked (data not shown).

The ability of 18 to provide more effective inhibition than 3a directly was examined in

prostate cancer cell (DU145) lysates. TLC analysis revealed that the bisacetate was

converted to 3a within 5 min in DU145 lysate. The ability of 3a and 18 to inhibit DU145

lysate lyase activity was then examined using 3′-32P-15 as substrate (Figure 5). Lyase

activity inhibition was significantly greater by bisacetate 18 than 3a. Almost complete

inhibition was achieved using 150 μM of 18, while more than 30% lyase activity remained

following incubation with the same concentration of 3a. Varying the preincubation time of

18 with the cell lysate between 5 and 60 min showed that inactivation was complete by 15

min.

Selective targeting of Pol β in cell lysates

The selectivity of 3a for Pol β was examined further by incubating various cell lysates of

mouse embryonic fibroblasts (MEFs) with proinhibitor 18. Pol λ−/− and Pol β−/− lysates

were obtained from the MEFs of mice (in a C57BL/6 background) that were established in
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two different laboratoaries.44,45 Pol β−/−/Pol λ−/− lysates were obtained from the MEFs of

double knockout mice that were generated by breeding Pol β+/− and pol λ+/− heterozygote

mice together.21 Pol λ WT and pol β WT cells were matched to Pol λ null and Pol β null,

respectively. Cell lines that differ from wild type by the presence or absence of these

polymerases are of interest because there is evidence that Pol λ acts as a back-up for Pol β

during BER, although its lyase activity in vitro is considerably weaker than that of Pol

β.6,21,22 Consequently, it would be useful to know if 3a distinguished between the two

enzymes. The lyase activity on 3′-32P-15 of various MEF cell lysates was examined in the

absence and presence of 18 (50 μM). Lyase reaction rates on 3′-32P-15 were measured

following preincubation of the lysate with 18 (or buffer). Preincubation with proinhibitor 18
reduced the rate of the lyase reaction almost 2-fold in lysates obtained from wild type cells.

As shown in Figure 6 this effect was similar in both WT cells as expected (even though their

individual rates were different).38 Also the effect of 18 on lyase activity in cells lacking Pol

λ (Pol λ −; Pol λ−/−/Pol β+/+) was statistically indistinguishable (p = 0.54) from reactivity in

the wild type cells, suggesting that the inhibitor does not signficantly inhibit this enzyme.

The effect of 18 in lysates lacking Pol β (Pol β −; Pol β−/−/Pol λ+/+)was clearly different (p <

0.05). The overall lyase activity in lysates lacking Pol β (in the absence of 18) was

signficantly lower than in those obtained from the wild type or Pol λ deficient cells,

indicating that Pol β enzyme was the major contributor to the lyase reaction with 3′-32P-15.

More importantly, 18 had a much smaller effect in Pol β deficient cells. The lyase activity

was reduced less than 30% in the presence of 18. The effect of 18 on lyase activity in the

double knock-out (Pol β/λ−; Pol β−/−/Pol λ−/−) cells was within experimental error of that in

the Pol β deficient (Pol β−; Pol β−/−/Pol λ+/+) cells, providing additional evidence that the

inhibitor is selective for Pol β over Pol λ. However, the observation that 18 has even a small

effect on the lyase reaction in the double knock-out or Pol β deficient cell lysates indicates

that one or more other enzymes are affected by the proinhibitor (Figure 6).

The effects of 3a and 18 in prostate cancer cells (DU145)

The superior performance of 18 compared to 3a in cell lysates was also evident in studies

using DU145 cells. For instance, ~0.01% of the DU145 cells survived treatment with 40 μM

18, whereas 12% of the cells survived treatment with the same concentration of 3a (Figure

7A). We postulate that greater stability of 18 than 3a to nucleophiles in the extracellular

matrix, resulting in a higher concentration of molecule delivered to the cell, is one source of

its greater efficacy. The above cell lysate experiments suggesting that the small molecule

DOB mimics inhibit Pol β lyase activity, combined with the encouraging intracellular

activity of 18 led us to examine its ability to potentiate the cytotoxicity of a DNA damaging

agent whose effects would require repair by Pol β. BER of DNA alkylated by methyl

methanesulfonate (MMS) proceeds through an abasic site (AP, Scheme 1). Consequently,

DU145 cell survival was measured as a function of MMS concentration, without and with

18 at a concentration (20 μM) where the proinhibitor itself results in ~45% cell death. After

normalizing the fraction of surviving DU145 cells by taking into account the cytotoxicity of

18, plotting cell survival as a function of MMS concentration (Figure 7B) reveals a clear

potentiation (Figure 7C) of the alkylating agent’s cytotoxicity at 0.2 mM and above. The

cytotoxicity of 18 (20 μM) and MMS (200 μM) is more than 2-fold greater than one would
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expect if the two agents were not acting synergistically. The synergistic effect of 18 and

MMS is even greater at higher MMS concentrations but is difficult to quantify above 0.3

mM MMS where one observes a 5-fold potentiation, due to the small numbers of surviving

cells. Interestingly, the level of potentiation observed by 18 is comparable and even slightly

greater than that seen in cells in which either the Pol β gene is removed or its expression is

knocked down using siRNA.46,47

Conclusions

The kinetic experiments described above demonstate that small molecules containing a 1,4-

dicarbonyl, the same functional group present in DNA lesions that is responsible for

inactivating Pol β (and Pol λ), irreversibly inhibit the lyase activity of this enzyme.17 To our

knowledge, these are the first suicide inhibitors that target the lyase activity of Pol β. Due to

the lack of MS evidence, we cannot unequivocally state that the inhibitor modifies the

lysine(s) involved in Schiff-base formation. Furthermore, the IC50 of 3a is comparable to the

best of previously reported Pol β inhibitors.17 Importantly, experiments in cell lysates

derived from a variety of mouse embryonic fibroblasts lacking neither, one, or both Pol β or

Pol λ demonstrate that 18, which is enzymatically converted to 3a in lysates selectively

inhibits the lyase activity of the former over the latter. Although other enzymes that

contribute to the lyase reaction of 32P-15 are affected more weakly by 18, overall the

experiments involving mouse embryonic fibroblast lysates support inhibition of the targeted

Pol β in cells. Pol λ is believed to back up BER by Pol β. Hence, developing molecules that

selectively inhibit one of these enzymes over the other is useful for probing the enzymes’

roles in DNA repair in cells.48,49 This suggests that 18 could be a useful tool for examining

the effects of Pol β in cells. Furthermore, 18 functions as well or better than other molecules

at potentiating the effects of a DNA damaging agent (MMS) in cells.3 To our knowledge,

this is the first example of an irreversible inhibitor of Pol β that potentiates the cytotoxicity

of a DNA damaging agent.3,17 Future generations of DNA repair inhibitors that potentiate

MMS and/or other DNA damaging agents at even lower concentrations are desirable.

Finally, there is a resurgence in interest in molecules that covalently modify their biological

targets.50–52 The approach described here may be useful for inhibiting other DNA repair

processes.53
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Figure 1.
Inhibition of strand displacement synthesis in 13 by 1a. A) Dependence on [1a] (μM): 0, ●;

1, ; 5, ○; 10, □; 25, ■; 50, . B) Dependence on preincubation time of 1a (10 μM) with

Pol β. No inhibitor, ●; Preincubation time 42: 5, ; 20, ○; 40, ■; 60, .
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Figure 2.
Irreversible inhibition of Pol β by 1a. A) Relative Pol β lyase activity on 32P-15 as a function

of [1a] and preincubation time of inhibitor with enzyme. B) Normalized lyase activity of Pol

β on 32P-15 upon dialysis following incubation with or without 1a ([1a] (μM): 0, ■; 50, ).
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Figure 3.
Irreversible inhibition of Pol β by 3a. A) Relative Pol β lyase activity on 32P-15 as a function

of [3a] and preincubation time of inhibitor with enzyme. B) IC50 of Pol β inactivation

following 30 min preincubation with 3a.
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Figure 4.
Effect of glutathione (GSH) on Pol β inhibition by 1a. A) No GSH B) [GSH] = 5 mM. [1a]

(μM): 0, ●; 5, □; 10, ; 25, ; 50, ■.
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Figure 5.
Effect of 3a and proinhibitor 18 on DU145 lysate lyase activity. A) Comparison of 3a and

18 as a function of concentration. Preincubation time: 1 h, [32P-15] = 200 nM. B) Effect of

preincubation time on the ability of 18 (50 μM) to inhibit lyase activity.
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Figure 6.
Effect of proinhibitor 18 (50 μM) on lyase activity (3′-32P-15) of various cell lysates from

mouse embryonic fibroblasts.
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Figure 7.
Effect of 3a and proinhibitor 18 on DU145 prostate cancer cells. A) Survival fraction as a

function of inhibitor concentration. B) Effect of 18 (20 μM) on methyl methanesulfonate

(MMS) cytotoxicity. C) Potentiation of MMS cytotoxicity by 18 (20 μM).
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Scheme 1.
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Scheme 2.
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Scheme 3.
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Scheme 4.
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Scheme 5a a

Key a) i. tetrazole, CH3CN, 25 °C ii. t-BuOOH b) N2H4, THF, 25 °C c) RCHO, AcOH,

DMSO, 37 °C d) NBS, CH3CN, −5 °C
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Scheme 6a a

Key a) i. CH2O, prolinol catalyst, toluene, 25 °C ii. TBDMSCI b) Selectfluor, pent-4-en-1-

ol, CH3CN, 25 °C c) TBAF, THF, 0 °C
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Scheme 7.
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Scheme 8a a

Key a) Pb(OAc)4 b) H2/Rh c) Phosphitylation d) i. S-Ethyl-1H-tetrazole, 20 ii. t-BuOOH e)

N2H4 f) 2,6-Dichloro-3-hydroxy-4-methoxybenzaldehyde, AcOH g) Demethylation
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