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a  b  s  t  r  a  c  t

DNA  ligases  are  attractive  therapeutics  because  of  their  involvement  in completing  the repair  of almost
all  types  of  DNA  damage.  A series  of DNA  ligase  inhibitors  with  differing  selectivity  for  the three  human
DNA  ligases  were  identified  using  a structure-based  approach  with  one  of  these  inhibitors  being  used  to
inhibit  abnormal  DNA ligase  III�-dependent  repair  of  DNA  double-strand  breaks  (DSB)s  in breast  can-
cer,  neuroblastoma  and  leukemia  cell  lines.  Raghavan  and  colleagues  reported  the  characterization  of  a
derivative of  one  of  the  previously  identified  DNA  ligase  inhibitors,  which  they  called  SCR7 (designated
SCR7-R  in  our  experiments  using  SCR7).  SCR7  appeared  to show  increased  selectivity  for  DNA  ligase  IV,
inhibit  the  repair  of DSBs  by  the DNA ligase  IV-dependent  non-homologous  end-joining  (NHEJ)  path-
way,  reduce  tumor  growth,  and  increase  the  efficacy  of DSB-inducing  therapeutic  modalities  in mouse
xenografts.  In  attempting  to  synthesize  SCR7,  we encountered  problems  with  the  synthesis  procedures
and  discovered  discrepancies  in  its reported  structure.  We  determined  the structure  of  a sample  of  SCR7
and  a related  compound,  SCR7-G,  that  is the  major  product  generated  by  the  published  synthesis  proce-
dure  for  SCR7.  We  also  found  that  SCR7-G  has the  same  structure  as  the  compound  (SCR7-X)  available
from  a commercial  vendor  (XcessBio).  The  various  SCR7  preparations  had  similar  activity  in  DNA  ligation
assay assays,  exhibiting  greater  activity  against  DNA  ligases  I and  III than  DNA  ligase  IV. Furthermore,
SCR7-R  failed  to  inhibit  DNA ligase  IV-dependent  V(D)J  recombination  in a  cell-based  assay.  Based  on
our  results,  we  conclude  that SCR7  and  the  SCR7  derivatives  are neither  selective  nor  potent  inhibitors
of  DNA  ligase  IV.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

DNA ligation is required during DNA replication and to com-
plete almost all DNA repair events. In human cells, the DNA ligases
encoded by three LIG genes are responsible for joining interruptions
in the phosphodiester backbone [1]. These enzymes have distinct
but overlapping functions in cellular DNA metabolism. Interest-
ingly, DNA ligase expression levels are frequently dysregulated in
cancer. For example, the steady state levels of DNA ligase I (LigI) are
usually elevated in cancer cell lines and tumor specimens [2,3]. This
is presumed to reflect the increased proliferation that is a character-
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istic of cancer cells. In addition, a significant fraction of cancer cell
lines have elevated levels of DNA ligase III� (LigIII�)  and reduced
levels of DNA ligase IV (LigIV) [2]. Notably, this reciprocal change
in DNA ligase levels has been shown to result in abnormal repair of
DNA double-strand breaks in leukemia, breast cancer and neurob-
lastoma, with increased levels of LigIII� correlating with reduced
survival [4–6].

Given their dysregulation in cancer and almost ubiquitous
involvement in DNA transactions, DNA ligases are potential ther-
apeutic targets for the development of novel anti-cancer agents.
There have been several attempts to identify DNA ligase inhibitors
by screening of synthetic chemical and natural product libraries
that have met  with limited success. These have mainly involved
radioactive-based assays and the screening of a relatively small
number of compounds [7–9]. A series of small molecule inhibitors
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Fig. 1. Structures of SCR7 derivatives. In (A) is shown the structure of SCR7 as reported by Srivastava et al. [11]. The structure of the major product generated by the synthesis
protocol described by Srivastava et al. [11] and by a different synthesis method [20] (SCR7-G) and the compound sold as SCR7 by XcessBio (SCR7-X) are shown. Our  structure
determination of the SCR7 provided by Dr. Sathees Raghavan (SCR7-R) and the pan human DNA ligase inhibitor (L189) described by Chen et al. [2] are also shown.

with differing specificities for the three human DNA ligases were
identified by a structure-based approach using the atomic resolu-
tion structure of the DNA binding domain of human DNA ligase I
complexed with nicked DNA [2,10]. As expected, several of these
inhibitors were cytotoxic and, at subtoxic concentrations, they
potentiated cell killing by DNA damaging agents [2]. Unexpect-
edly, this enhancement of cytotoxicity occurred in malignant cells,
but not their non-neoplastic counterparts [2]. In further studies, a
LigI/III inhibitor L67 was found to synergistically increase the cyto-
toxicity of a PARP inhibitor by inhibiting LigIII� in therapy-resistant
chronic myeloid leukemia and breast cancer cells lines with abnor-
mal  DNA repair characterized by elevated levels of LigIII� and
PARP-1 [5,6].

Using molecular modeling to predict the structure of the DNA
ligase IV DNA binding domain with L189, the inhibitor of all three
human DNA ligases identified in the previous structure-based
approach [2], Raghavan and colleagues reported the identification
of a derivative of L189, which they called SCR7 [11]. SCR7 appeared
to selectively inhibit the repair of DSBs by the non-homologous
end-joining (NHEJ) pathway in a DNA ligase IV-dependent manner
as well as to both reduce tumor growth and increase the efficacy of
DSB-inducing therapeutic modalities [11]. In attempting to syn-
thesize SCR7 by the published procedure [11], we encountered
problems with the synthesis procedures and discovered discrep-
ancies in the reported structure of SCR7. Using three different
preparations of SCR7, we found that it is a DNA ligase inhibitor with
greater activity against DNA ligases I and III than DNA ligase IV and
that it fails to inhibit DNA ligase IV-dependent V(D)J recombination
in a cell-based assay.

2. Materials and methods

2.1. Purification of human DNA ligases

Human LigI and LigIII� were purified after expression in
Escherichia coli as described [12,13]. Human LigIII�/XRCC1 and
LigIV/XRCC4 complexes were purified from insect cells infected
with a single baculovirus expressing both subunits of the DNA ligase
complex as described [12,14].

2.2. Preparation and purification of SCR7-G

A solution of benzaldehyde (466 mg,  4.4 mmol) in DMF  (1.5 mL)
and acetic acid (0.5 mL)  was added to solid 4,5-diamino-6-hydroxy-
2-mercaptopyrimidine (316 mg,  2.0 mmol). The reaction mixture
was heated under reflux for 3 h, then cooled to room temperature,
and added slowly to 10 mL  of ice water. A yellow solid precipitated
out which was collected by vacuum filtration and air dried. The solid
was dissolved in 60 mL  of chloroform, filtering the chloroform solu-
tion to remove insoluble material. The entire chloroform solution
was loaded onto a silica gel column packed in dichloromethane.
The column was eluted with 2:1 dichloromethane: ethyl acetate,
and the first yellow band was collected. The solvent was removed

to yield 257 mg  (0.77 mmol, 39%). 1H NMR  (DMSO) � 13.42 (br. s,)
12.82 (br. s, 1H), 7.43-7.34 (m,  10H). 13C NMR  (DMSO) � 175.7,
158.5, 155.9, 149.1, 147.0, 137.7, 137.1,129.8 (C-H)129.7 (C-H),
129.5 (C-H), 128.8 (C-H), 128.3 (C-H), 128.2 (C-H), 127.2. HRMS
Calcd. for C18H13N4OS (M + H+) 333.0810. Found: 333.0802. IR
(Nujol): 3407 (br), 1698, 1633, 1552, 1126, 722, 695, 665. M.P.
200–203 (d.).

2.3. Preparation and purification of SCR7-R

A solution of benzaldehyde (466 mg,  4.4 mmol) in DMF  (2 mL)
was added to solid 4,5-diamino-6-hydroxy-2-mercaptopyrimidine
(316 mg,  2.0 mmol). The reaction mixture was heated under reflux
under nitrogen and in the dark for 3 h, then cooled to room tem-
perature and diluted with 3 mL  of ethanol. The reaction mixture
was added dropwise with stirring to 40 mL  of diethyl ether to
produce a yellow precipitate, which was  collected. The solid was
re-suspended in 20 mL  of ethanol with heating and stirring to dis-
solve any oily residue that co-precipitated with the product. The
ethanol-insoluble material was  collected by vacuum filtration and
dried under vacuum to yield pure product. Additional pure prod-
uct crystallized out of the mother liquor over the course of 3 days,
yielding a total of 150 mg  (0.45 mmol, 22%) of free-flowing light
yellow powder. 1H NMR  (DMSO)

ı 12.07 (br. s, 1H), 12.00 (s, 1H), 7.83 (dd, J = 7.6, 1.4 Hz, 2H), 7.52
(d, J = 3.3 Hz, 1H, N-H), 7.39-7.26 (m,  8H), 6.02 (d, J = 3.3 Hz, 1H, C-H).
13C NMR  (DMSO)d 173.1, 157.6, 146.7, 143.2, 140.1, 136.1, 129.7
(C-H), 129.2 (C-H), 128.63 (C-H), 128.56 (C-H), 127.0 (C-H), 126.4
(C-H), 104.3, 52.3 (C-H). HRMS Calcd. for C18H15N4OS (M+H+)
335.0967. Found: 333.0959. IR (Nujol): 3381 (br), 1652, 1565, 1085,
693, 665, 612. M.P. 273–280 (d.).

2.4. DNA ligase assays

DNA nick ligation was  measured using a fluorescence-based
ligation assay described previously [15]. Briefly, 100 fmol of puri-
fied LigI, LigIII�/XRCC1, or LigIV/XRCC4, SCR7, were incubated in
the presence or absence of an SCR7 derivative with fluorescent
nicked DNA annealed to an upstream quencher (200 fmol) in lig-
ation buffer (60 mM Tris–HCl [pH 7.4], 10 mM MgCl2, 5 mM DTT,
1 mM ATP, 50 �g/ml BSA, 4% DMSO, and 50 mM NaCl for LigI or
150 mM NaCl for LigIII and LigIV) at 25 ◦C in a total volume of 20 �L.
Following incubation, reactions were further diluted to 200 �L
with a 30-fold molar excess of the unlabeled competing oligonu-
cleotide in annealing buffer (10 mM Tris–HCl [pH 7.4], 50 mM KCl,
1 mM EDTA and 5 mM  MgCl2) and heated to 95 ◦C for 5 min. After
cooling to 4 ◦C at a rate of 2 ◦C/min, fluorescence read at 519 nm
(excitation at 495 nm)  was measured immediately using the Syn-
ergy H4 microplate reader (BioTek). Relative ligation efficiency was
calculated as a percentage of the amount of product formed by
each uninhibited ligase. This corresponds to 106 fmol (53% liga-
tion), 104 fmol (52% ligation), and 9.4 fmol (4.7% ligation) of product
formed for LigI, LigIII, and LigIV respectively. Additionally, the
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