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Abstract—Human nuclear uracil DNA glycosylase (UNG2) and deoxyuridine triphosphate nucleotidohydrolase (dUTPase) are the
primary enzymes that prevent the incorporation and accumulation of deoxyuridine in genomic DNA. These enzymes are desirable
targets for small molecule inhibitors given their roles in a wide range of biological processes ranging from chromosomal rearrange-
ments that lead to cancer, viral DNA replication, and the formation of toxic DNA strand breaks during anticancer drug therapy. To
accelerate the discovery of such inhibitors, we have developed a high-throughput approach for directed library synthesis and screen-
ing. In this efficient technology, a uracil-aldehyde ligand is covalently tethered to one position of a trivalent alkyloxyamine linker via
an oxime linkage, and then the vacant linker positions are derivatized with a library of aldehydes. The resulting triskelion oximes
were directly screened for inhibitory activity and the most potent of these showed micromolar binding affinities to UNG2 and
dUTPase.
� 2006 Elsevier Ltd. All rights reserved.
Figure 1. Biological effects of uracil in DNA.2–4
1. Introduction

From the classic view of DNA repair and mutagenesis,
the uracil base has no place in genomic DNA.1

Accordingly, elaborate DNA repair mechanisms have
evolved to exclude dUTP from the nucleotide pool
used for DNA replication,5,6 and to remove uracil from
DNA when it arises from spontaneous deamination of
cytosine bases.7 However, the uracil base has recently
been found to play a much more diverse role in human
biology, disease, and anticancer therapy (Fig. 1). Sur-
prisingly, the uracil excision repair machinery has been
found to participate in the process of generating
somatic mutations during antibody maturation in B
cells,8–10 and uracil incorporation and/or removal is
critical in the life cycles of herpes,11 cytomegalo,12

pox,13,14 and type 1 human immunodeficiency viruses
(HIV-1).15 Furthermore, this pathway also generates
the pharmacologically active single and double strand
DNA breaks that are the essential tumor killing lesions
produced by the widely used anticancer drugs 5-fluoro-
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uracil and methotrexate,16,17 and generates the charac-
teristic chromosomal translocations found in some B
cell lymphomas. Thus, pharmacologic agents that
inhibit these processes are desirable for both investiga-
tional and therapeutic purposes.

Human nuclear uracil DNA glycosylase (UNG2)
and deoxyuridine triphosphate nucleotidohydrolase
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(dUTPase) are the primary enzymes that prevent the
incorporation and accumulation of deoxyuridine in geno-
mic DNA.17,18 Given that these enzymes are emerging as
interesting pharmacologic targets, we have sought out
methods for the rapid and efficient identification of small
molecule ligands that can inhibit their activity. One of the
most exciting potential applications of UNG2 and dUT-
Pase inhibitors would be as antiretroviral agents. Recent
findings have established that HIV-1 specifically packag-
es UNG2 into virus particles via interaction with the
virus encoded integrase protein (Int), or perhaps a ter-
nary complex between UNG, Int and the viral Vpr pro-
tein.11,19–26 UNG2 is required for infection of
nondividing cells such as macrophages and resting T
cells, and virus particles produced from UNG depleted
cells are incapable of infecting new target cells.15,27

Infection of macrophages helps maintain a viral reser-
voir in the host that is crucial for virus spread to the
lymphoid organs and T-helper lymphocytes, and ulti-
mately, AIDS pathogenesis.21,28 UNG is apparently
recruited to minimize uracil incorporation into the viral
genome in these cells, which have naturally high levels of
dUTP, a good substrate for the viral reverse transcrip-
tase.29 Inhibition of dUTPase would be expected to fur-
ther increase dUTP levels in macrophages, resulting in
even more uracil misincorporation into the viral
genome (Fig. 1). Pharmacologic targeting of a UNG2
and dUTPase is extremely attractive because these tar-
gets would not be susceptible to the same high mutagen-
esis rate and resulting drug resistance as viral encoded
proteins.30 Targeting UNG2 is a viable therapeutic
strategy because it is not an essential enzyme. Thus,
UNG knock-out mice display no remarkable pheno-
type, nor do UNG null yeast or human cell lines.31

Although dUTPase is an essential enzyme in all organ-
isms, it would be expected that rapidly replicating virus-
es such as HIV-1 would show higher sensitivity than the
host, providing a potential therapeutic window.
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Scheme 2. Reagents and conditions: AcOH (20% v/v), DMSO, 12 h, 37 �C.
Herein, we report an integrated high-throughput (HTP)
platform for the synthesis and evaluation of uracil-
directed small molecule libraries based upon triskelion
oxyamine scaffolds. The strategy is to attach a uracil-
aldehyde ligand to one or two arms of the triskelion
scaffold and then derivatize the vacant position(s) with
a random library of aldehydes (RCHO). The
uracil moiety is expected to weakly target the fully
functionalized compound to the active site rather than
irrelevant regions of the enzyme, and the random
functional groups can then explore nearby binding
pockets resulting in increased affinity over that of the
uracil alone. Library compounds are rapidly screened
using robust HTP activity assays, from which
several inhibitors of UNG2 and dUTPase have been
identified.
2. Results and discussion

2.1. Synthesis of uracil triskelion oxime libraries

We sought an inhibitor development strategy that al-
lowed rapid and economical synthesis of small molecule
ligands that explore binding sites near the UNG2 and
dUTPase active sites, and which could be used directly
in HTP screening applications without purification.
One efficient synthesis strategy that meets these criteria
is outlined in Schemes 1 and 2. First, a triskelion oxy-
amine scaffold is synthesized in two steps from
tris(hydroxymethyl)methane (Scheme 1). Then the three
oxyamine groups are derivatized with a uracil-aldehyde
and a library of 215 aldehyde binding elements (RCHO,
Table 1) via the formation of stable oxime linkages
(Scheme 2).

Each linking reaction is carried out in one well of a 96-
well microtiter plate that contains one molar equivalent
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Table 1. Representative aryl aldehydes (RCHO) used in library synthesisa
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a The entire library consisted of 215 aryl aldehydes.
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uracil aldehyde, two molar equivalents RCHO library
member, and one molar equivalent oxyamine triskelion
scaffold (Scheme 2). The reactions typically proceed to
85–99% completion after overnight incubation (DMSO,
37 �C), and produce a statistical mixture of the homotri-
meric (UUU, RRR) and heterotrimeric (UUR, RRU)
oximes in the approximate amounts indicated in Scheme
2 (see supplemental materials). No compound purifica-
tion is required before screening the library for active
compounds.

2.2. High-throughput screening of triskelion libraries
against UDG

We have previously developed a high-throughput fluo-
rescence assay for UNG2 that allows screening of chem-
ical libraries.33 This assay was used to screen the 215
oxime mixtures obtained from reaction of the triskelion
oxyamine scaffold with uracil 5 and library aldehydes 6
through 34. Mixtures that showed inhibitory activity
were subjected to fractionation using reversed-phase
HPLC, and then the individual purified components
were reevaluated to determine which species was respon-
sible for the inhibition. After identifying the inhibitory
molecules, they were resynthesized in larger scale,
purified, and complete IC50 curves were determined as
previously described.33

Two RCHO groups were found to be inhibitory when
attached to uracil in the triskelion scaffold (Table 2).
The IC50 values were found to fall in the range �0.9
to 11 lM. When RCHO = 3,4 dihydroxybenzaldehyde,
both the RRU (45) and UUR (46) variants showed
nearly equal activity, suggesting that the enzyme recog-
nizes the UR element, but not the third substituent on
the scaffold (U or R). Consistent with this interpreta-
tion, the corresponding bifunctional oxime (UR, 47,
Table 2)33 showed a similar IC50 value as 45 and 46.
In contrast, when RCHO = 3-carboxybenzaldehyde,
the trivalent forms 48 and 49 were found to be 6-
to 12-fold more potent than the bifunctional oxime
50. Thus, in this latter case the third substituent has a
significant effect on binding affinity.
2.3. High-throughput screening of triskelion libraries
against dUTPase

A similar strategy was used to screen the 215 oxime mix-
tures obtained from reaction of the triskelion scaffold
with uracil aldehyde 4 and library aldehydes 6 through
34 against human dUTPase. In this case, only one inhib-
itory RCHO group was found (Table 3), and both the
RRU (51) and UUR (52) variants provided comparable
IC50 values in the range 3–5 lM. To the best of our
knowledge, 51 and 52 are the most potent nonnucleotide
inhibitors of human dUTPase yet reported.

2.4. Inhibition by the untethered parts

The key question in determining the effectiveness of this
tethering strategy is the inhibitory capacities of the
untethered uracil and aldehyde components. For
UNG2, the methyl oxime of uracil 5 has an IC50 value
of 75 lM, and no inhibition by the methyl oxime of 3,4
dihydroxybenzaldehyde (15) could be detected even at
concentrations as high as 1 mM. Thus, tethering 15–5
produced an increase in binding affinity of 75-fold relative
to uracil alone, and tethering 5–15 brought about at least
a 1000-fold increase in binding affinity relative to 15
alone. For dUTPase, the methyl oximes of 4 and 8 were
not inhibitory even at concentrations as high as 1 mM.
Thus in this case, tethering of the two parts has brought
about increases in binding affinity of at least 700-fold as
compared to the separate components. A trivial but
potentially useful modification of the tethering approach
would be to incorporate two different R groups into the
triskelion scaffold. This is easily accomplished by first
synthesizing and isolating the monoderivatized uracil
compound and then reacting the remaining two oxyamine
positions with a mixture of two aldehydes (unpublished).
3. Conclusion

We have established that triskelion libraries of uracil
derivatives can efficiently yield inhibitors with micromo-
lar affinities for two different enzymes that recognize the



Table 2. Structures and inhibitory constants for UNG2 inhibitorsa
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Table 3. Structures and inhibitory constants for dUTPase inhibitors
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uracil base. Unlike previous nucleic acid-based inhibitors
of UNG.34,35 and nucleotide-based inhibitors of dUT-
Pase,36 these library compounds are expected to be cell
permeable. A useful extension of this approach is current-
ly being developed where the length of the linker arms is
varied. This modified approach is expected to generate
more diverse libraries that allow more comprehensive
probing of potential binding sites near the uracil pocket.

With respect to the in vivo utility of such oxime libraries,
there are a number of currently used drugs with oxime
functional groups: the selective serotonin reuptake inhib-
itor, fluvoxamine,37,38 the monobactam antibiotic, aztre-
onam,38 and several preclinical antimicrobial drugs.39,40

The activity of these drugs indicates that oxime linkages
are stable and useful in real clinical applications. Never-
theless, oximes are susceptible to reduction in metabolic
reactions involving cytochrome P450-mediated transfor-
mations.40,41 Depending on the pharmacokinetic and
pharmacodynamic properties of the individual oximes,
this may or may not pose a problem. For instance fluvox-
amine, although extensively processed in first-pass
metabolism, has a reasonable serum half-life of
12 h.37,38 We anticipate that triskelion libraries based
on substrate fragments will be useful for rapid inhibitor
development against a variety of enzymes.
4. Experimental

4.1. Reagents and general methods

All chemicals were purchased from commercial sources
without further purification unless otherwise stated.
The 1H and 13C NMR spectra were recorded on a
400 MHz Varian Innova instrument. The spectra were
recorded in deuteriochloroform (CDCl3) or in hexadeu-
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teriodimethylsulfoxide (DMSO-d6). The chemical shifts
of protons are given in ppm with TMS as internal stan-
dard. The chemical shifts of carbons are obtained in
ppm with solvents as internal standards. Oximes were
purified by HPLC using aqueous triethylammonium
acetate (TEAA) as a running buffer. Therefore, TEAA
was not completely removed and it appeared in the
NMR spectra. Accordingly, proton and carbon chemi-
cal shifts of TEAA were not listed during the character-
izations of the oximes. During purification of the oximes
45 and 46, 2-mercaptoethanol was used as an anti-oxi-
dant. Therefore, small amounts of this compound and
its oxidation product are also present in these oximes.
Flash chromatographies were performed with silica
(70–230 mesh from Sorbent Technologies) and moni-
tored by thin-layer chromatography (TLC) with silica
plates (Merck, Kieselgel 60 F254).

4.2. 2,2 0,200-[(2-Methyloxy-1,3-propanedioxy)tris]-1H-
isoindole-1, 3(2H)-dione (2)

To a suspension of 2-hydroxymethyl-1,3-propanediol 1
(0.848 g, 8.0 mmol), triphenylphosphine (7.32 g, 28 mmol),
and N-hydroxyphthalimide (6.52 g, 40 mmol) in anhy-
drous THF (60 ml) was added diisopropyl azodicarboxy-
late (5.64 ml, 28.0 mmol) dropwise at 0 �C.42–44 The
mixture was stirred overnight, and the precipitate was fil-
tered and washed with cold THF. After removal of the
THF in vacuo, product 2 was obtained (2.3 g) in 53%
yield. 1H NMR (400 MHz, CDCl3): d 7.76 (m, 12H),
4.66 (d, J = 6.4 Hz, 6H), 2.78 (septet, J = 6.4 Hz, 1H);
13C NMR (100 MHz, CDCl3): d 163.43, 134.39, 128.97,
123.47, 75.52, 37.68. HRMS (m/z): [M+H]+ calcd for
C28H20N3O9, 542.12; found, 542.12.

4.3. 2-[(Aminooxy)-methyl]-1,3-bis(aminooxy)-propane (3)

To a suspension of 2 (2.43 g, 4.5 mmol) in 95% ethanol
(9.5 ml), was added anhydrous hydrazine (0.67 ml,
20.2 mmol) dropwise within 10 min at room temperature.
The mixture was stirred for 2 h, filtered, and washed with
95% ethanol. The filtrate was concentrated in vacuo to
give a residue. To the residue was added methylene chlo-
ride (10 ml). The resulting mixture was kept overnight at
room temperature, filtered the following morning, and
the filtrate was concentrated in vacuo, giving product 3
(0.46 g) in 67% yield. 1H NMR (400 MHz, CDCl3): d
3.71 (d, J = 6.0 Hz, 6H), 2.41 (septet, J = 6.4 Hz, 1H);
13C NMR (100 MHz, CDCl3): d 74.66, 37.05; HRMS
(m/z): [M+H]+ calcd for C4H14N3O3, 152.10; found,
152.10.

4.4. General synthesis of tethered triskelion oximes

A set of 39 commercially available aldehydes were
linked to the two uracil-containing aldehydes 4 and 5
using the triskelion alkyloxyamine linker 3 (see Scheme
2 and Table 1, and supplementary materials). To each
well of a 0.5-ml Matrix microtiter plate were added
DMSO stock solutions of AcOH (20 lL, 150 mM,
3 lmol), uracil-containing aldehyde 4 or 5 (20 lL,
150 mM, 3 lmol), and one library aldehyde (40 lL,
150 mM, 6 lmol). The synthesis and characterization
of 4 and 5 has been previously reported. The plate was
carefully agitated to make the solutions homogeneous,
and 22 lL of a DMSO solution of the triskelion oxy-
amine was then added (150 mM, 3.3 lmol). The plate
was sealed and further agitated and incubated in an
oven for 12 h at 37 �C. The expected statistical ratios
of the oxime products were confirmed by 1H NMR anal-
ysis (see supplementary materials).

4.5. Isolation and purification of inhibitory triskelion oximes

The most potent inhibitors were resynthesized in larger
scale and thoroughly characterized after HPLC purifica-
tion of the mixed oximes using a Phenomenex Aqua
reversed-phase C-18 HPLC column (250 mm, 10 mm,
5 lm). Gradient elution from 0% to 65% CH3CN in
0.1 M aqueous TEAA over the course of 2 h with UV
detection at 254 nm was used. An exception was oxime
47, which is prone to air oxidation. In this case, 25 mM
2-mercaptoethanol was added to both of the running
buffers. The oximes all eluted with baseline resolution in
the order (1) the homotrimer oxime derived from 4 or 5,
(2) the heterotrimer oxime derived from 4 or 5 and either
8, 15 or 19, and (3) the homotrimer oxime derived from 8,
15 or 19.

4.6. 2-[O-(6-Uracilcarboxaldoximyl)-methyl]-1,3-bis[O-
(3,4-dihydroxybenzaldoximyl)]-propane (45)

1H NMR (400 MHz, DMSO-d6): d 11.15 (br s, 1H), 9.30
(br s, 1H), 8.09 (s, 2H), 7.98 (s, 1H), 7.05 (d, J = 1.6 Hz,
1H), 6.84 (dd, J = 8.0, 2.0 Hz, 1H), 6.74 (d, J = 8.0 Hz,
1H), 5.78 (s, 1H), 4.32 (d, J = 6.0 Hz, 2H), 4.17 (d,
J = 5.6 Hz, 4H), 2.66 (m, 1H); 13C NMR (100 MHz,
DMSO-d6): d 163.85, 151.04, 149.12, 147.70, 145.57,
144.51, 142.43, 123.09, 119.95, 115.60, 112.91, 101.78,
73.25, 71.13, 38.67; HRMS (m/z): [M+H]+ calcd for
C23H24N5O9, 514.16; found, 514.16.

4.7. 2-[O-(3,4-Dihydroxybenzaldoximyl)-methyl]-1,3-
bis[O-(6- uracilcarboxaldoximyl)]-propane (46)

1H NMR (400 MHz, DMSO-d6): d 11.15 (br s, 1H), 8.05
(s, 1H), 7.97 (s, 2H), 7.04 (d, J = 2.0 Hz, 1H), 6.84 (dd,
J = 8.0, 2.0 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 5.78 (s,
2H), 4.32 (d, J = 6.4 Hz, 4H), 4.16 (d, J = 6.0 Hz, 2H),
2.66 (m, 1H); 13C NMR (100 MHz, DMSO-d6): d
164.50, 151.72, 149.84, 148.39, 146.24, 145.16, 143.13,
123.68, 120.61, 116.25, 113.61, 102.40, 73.73, 71.60,
38.98; HRMS (m/z): [M+H]+ calcd for C21H22N7O9,
516.15; found, 516.15.

4.8. 1-[O-(6-Uracilcarboxaldoximyl)]-3-[O-(3,4-dihy-
droxybenzaldoximyl)]-propane (47)

The synthesis and characterization of this oxime hetero-
dimer has been previously described33.

4.9. 2-[O-(6-Uracilcarboxaldoximyl)-methyl]-1,3-bis[O-
(3-carboxybenzaldoximyl)]-propane (48)

1H NMR (400 MHz, DMSO-d6): d 8.34 (s, 2H), 8.15 (s,
2H), 8.0 (s, 1H), 7.91 (d, J = 6.8 Hz, 2H), 7.65 (d,
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J = 8.0 Hz, 2H), 7.38 (t, J = 8.4 Hz, 2H), 5.77 (s, 1H),
4.36 (d, J = 6.4 Hz, 2H), 4.28 (d, J = 5.6 Hz, 4H), 2.82
(m, 1H); 13C NMR (100 MHz, DMSO-d6): d 168.54,
163.88, 151.07, 149.16, 144.57, 142.60, 137.36, 131.43,
130.62, 128.75, 128.27, 127.55, 101.86, 73.12, 71.50,
38.67; HRMS (m/z): [M+H]+ calcd for C25H24N5O9,
538.16; found, 538.16.

4.10. 2-[O-(3-Carboxybenzaldoximyl)-methyl]-1,3-bis[O-
(6-uracilcarboxaldoximyl)]-propane (49)

1H NMR (400 MHz, DMSO-d6): d 11.17 (br s, 1H), 8.32
(s, 1H), 8.16 (s, 1H), 8.0 (s, 2H), 7.92 (dd, J = 6.8,
1.6 Hz, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.39 (t,
J = 7.2 Hz, 1H), 5.79 (s, 2H), 4.33 (d, J = 5.6 Hz, 4H),
4.25 (d, J = 5.6 Hz, 2H), 2.82 (m, 1H); 13C NMR
(100 MHz, DMSO-d6): d 168.29, 163.85, 151.10,
149.15, 144.54, 142.46, 131.33, 130.67, 128.22, 127.58,
101.70, 72.99, 71.39, 38.56; HRMS (m/z): [M+H]+ calcd
for C22H22N7O9, 528.15; found, 528.15.

4.11. 1-[O-(6-Uracilcarboxaldoximyl)]-3-[O-(3-carbo-
xybenzaldoximyl)]-propane (50)

The synthesis and characterization of this oxime hetero-
dimer has been previously described33.

4.12. 2-{O-[2-(N1-uracil)-acetaldoximyl]-methyl}-1,3-
bis[O-(3,4-dihydroxy-5-methoxybenzaldoximyl)]-propane
(51)

1H NMR (400 MHz, DMSO-d6) d 11.32 (d, 2H), 9.14 (s,
1H), 8.72 (s, 1H), 8.03 (q, 1H), 7.65 (dd, 1H), 7.56 (d,
1H), 7.52 (dd, 1H), 6.92 (dd, 1H), 6.69 (s, 1H), 5.55
(d, 2H), 4.50 (dd, 2H), 4.43 (t, 2H), 4.17–4.00 (m, 6H),
3.70 (s, 3H), 1.28 (m, 1H); 13C NMR (400 MHz,
DMSO-d6) d (164.5, 164.4), 153.2, (151.8, 151.5),
(150.8, 150.0), (149.1, 147.2), (146.5, 146.3), 143.5,
137.1, 122.7, 108.6, 103.2, (101.9, 101.8), 72.4, 72.0,
59.9, (56.9, 56.5), (46.5, 45.2); HRMS (m/z): [M+H]+

calcd for C24H28N7O10 574.1892, found 574.1885.

4.13. 2-[O-(3,4-Dihydroxy-5-methoxybenzaldoximyl)-meth-
yl]-1,3-bis{O-[2-(N1-uracil)-acetaldoximyl]}-propane (52)

1H NMR (400 MHz, DMSO-d6) d 11.33 (d, 1H), 9.14 (s,
2H), 8.72 (s, 2H), 8.03 (d, 2H), 7.65 (d, 0.5H), 7.56 (d,
0.5H), 7.53 (t, 0.5H), 6.93 (t, 0.5H), 6.69 (s, 2H), 5.55
(d, 1H), 4.50 (d, 1H), 4.43 (d, 1H), 4.42-4.00 (m, 6H),
3.70 (s, 6H), 1.24 (m, 1H); 13C NMR (400 MHz,
DMSO-d6) d (164.5, 164.4), 153.2, (151.8, 151.5),
(150.8, 150.0), (149.1, 147.2), (146.5, 146.3), 143.5,
137.1, 122.7, 108.7, 103.1, (101.9, 101.8), 72.4, 71.9,
59.9, (56.9, 56.4), (46.5, 45.2); HRMS (m/z): [M+H]+

calcd for C26H30N5O11 588.1936, found 588.1920.
5. In vitro inhibition studies

5.1. High-throughput inhibitor screening of UDG

The molecular beacon-based HTS assay for UDG has
been previously described.33 Briefly, to a 96-well micro-
titer plate was added 5 lL of 2 mM total compound in
DMSO, followed by 75 lL 33.3 pM human UNG in
reaction buffer (10 mM Tris–HCl, pH 8.0, 20 mM NaCl,
7.5 mM MgCl2, 0.002% brij-35). The reactions were ini-
tiated by the addition of 20 lL of 250 nM molecular
beacon substrate in reaction buffer. The plates are incu-
bated at ambient temperature in a fluorescence plate
reader for 30 min, and the progress of the reaction was
monitored every 5 min (Ex. 485 nm/Em. 520 nm). The fi-
nal concentrations of the reagents in the assay are
10 mM Tris–HCl, pH 8.0, 20 mM NaCl, 7.5 mM
MgCl2, 0.002% Brij-35, 25 or 100 pM human UNG,
50 nM molecular beacon substrate, 100 lM total com-
pound, and 5% DMSO. IC50 analysis was performed
using the same conditions except that the concentration
of compound was varied in the range 0.01–100 lM.

5.2. High-throughput inhibitor screening of dUTPase

To a 96-well microtiter plate were added 20 lL of reaction
buffer (50 mM Tris, pH 8.0, 10 mM MgCl2, and 0.05%
Tween 20) and 5 lL of compounds (2 mM) in DMSO, fol-
lowed by 50 lL of dUTPase (1 nM) and pyrophosphatase
(10 U/mL) in reaction buffer. The reactions were initiated
by the addition of 25 lL dUTP (40 lM). The plates are
incubated at ambient temperature for 50 min and the
reactions were quenched by 25 lL of malachite green
color reagent.45 The mixtures were then allowed to stand
for 10 min and the absorbances were measured using a
microtiter plate reader with a 620 nm bandpass filter.
IC50 analysis was performed using the same conditions
except that the concentration of compound was varied
in the range 0.1–75 lM.
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