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Abstract
Our lab has isolated hexameric peptides that are structure-selective ligands of Holliday junctions
(HJ), central intermediates of several DNA recombination reactions. One of the most potent of
these inhibitors, WRWYCR, has shown antibacterial activity in part due to its inhibition of DNA
repair proteins. To increase the therapeutic potential of these inhibitors, we searched for small
molecule inhibitors with similar activities. We screened 11 small molecule libraries comprising
over nine million individual compounds and identified a potent N-methyl aminocyclic thiourea
inhibitor that also traps HJs formed during site-specific recombination reactions in vitro. This
inhibitor binds specifically to protein free HJs and can inhibit HJ resolution by RecG helicase, but
only showed modest growth inhibition of bacterial with a hyperpermeable outer membrane;
nonetheless, this is an important step in developing a functional analog of the peptide inhibitors.

Site-specific recombination (SSR) catalyzed by bacteriophage λ Integrase (Int) requires the
formation and subsequent resolution of a 4-armed DNA intermediate known as a Holliday
Junction (HJ) (Supplemental information Figure 1A, and reviewed in ref1). We have
previously identified hexapeptide inhibitors from combinatorial peptide libraries that
stabilized the HJ intermediate, or blocked recombination completely2, 3. The activity of
many of these peptides, such as WRWYCR (Supplemental information Figure 1B), is not
dependent upon interactions with any of the proteins required for recombination. In fact,
these peptides inhibit several mechanistically distinct tyrosine recombinases3, 4, DNA
cleavage and HJ resolution by Vaccinia virus topoisomerase5, 6, and structurally unrelated
HJ processing enzymes like RecG helicase and RuvABC resolvase7. All of these activities
are based on the ability of the peptides to bind to protein-free HJs, and with somewhat lesser
affinity to other branched DNAs and replication forks7. Because HJs are central
intermediates in several DNA repair pathways8, we reasoned that these peptides may
interfere with DNA repair and thus have antibacterial activity. Indeed, Minimal Inhibitory
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Concentration (MIC) values range from 32–64 μg/ml in Gram negative bacteria and 4–32
μg/ml in Gram positive bacteria, including methicillin resistant Staphylococcus aureus
(MRSA)4. Evidence from genetic and biochemical studies supports a model where the need
for DNA repair causes the formation of Holliday junctions that are trapped by the peptides;
in this way repair is blocked and the cells die4, 7, 9, 10.

DNA repair is a novel antibacterial target. Moreover, target-site resistance is unlikely to
develop because HJs are generated in multiple independent ways8. Consistent with this
hypothesis, we have been unable to isolate stable peptide resistant mutants. Due to the
increasing problem of multiple drug resistance in bacteria, we wanted to identify small
molecules with similar activities as the peptides. We performed screens of 11 small
molecule libraries comprising over nine million individual compounds to identify functional
analogs of the HJ trapping peptides. Here we present the identification and characterization
of an N-methyl aminocyclic thiourea that is an active inhibitor of our in vitro recombination
assays, binds specifically to protein free HJs, and inhibits a HJ-processing helicase.

Compound identification
The mixture-based libraries we screened were synthesized at Torrey Pines Institute for
Molecular Studies (reviewed in ref11). In general the compounds in the libraries we tested
had low molecular weights and 3 diversity positions, or R groups, built on unique scaffolds
(Figure 2 in Supplemental information). These scaffolds were first evaluated for inhibition
of site-specific recombination without regard to individual R groups in the libraries by
making a “mixture of mixtures.” For example, the 40 R1, 37 R2, and 80 R3 mixtures of the
N-methyl aminocyclic thiourea library (DCR 528, Supplemental information Table 1) were
pooled together to make one mixture comprising the total diversity of that library (40 R1 *
37 R2 * 80 R3 = 118,400 compounds). This “mixture of mixtures” was tested in Int-
mediated recombination between two attL sites known as the bent-L2, 12 pathway at 10 μg/
ml and quantitated with respect to accumulation of HJs (Figure 1). Individual compounds
from the mixture are present in the recombination reactions at approximately 84 pg/ml
(~225 pM for DCR 528 given an average molecular weight of 374 g/mol for compounds in
that library)i. This concentration is well below the IC50 of even our most potent peptide
inhibitor. However, as discussed previously2, 11, the inhibitory activity seen in the libraries
is likely the result of a number of chemically similar compounds with characteristics and
potency close to the most active inhibitors and this group increases the “effective
concentration” of the inhibitors in the mixtures. As seen in Figure 1, the accumulation of
HJs in treated reactions coincides with a reduction in recombinant products as catalysis in
the context of the HJ is blocked (refer to Supplemental information, Figure 1A). Of the
libraries screened, the N-benzyl aminocyclic thiourea scaffold (DCR 527) and the N-methyl
aminocyclic thiourea scaffold (DCR 528) accumulated the most HJs and inhibited
recombination to the greatest extent (Figure 1B). Therefore, we pursued both libraries.

Following scaffold selection, defined R group mixtures were screened to identify individual
compounds with activity (reviewed in ref 11, 13). Each mixture has a “defined position” and
individual compounds within that mixture all have the same functionality at that R group
position; the other two R group positions contain equimolar mixtures of the other
functionalities. For example, mixture 126 in the N-methyl aminocyclic thiourea library
(Supplemental information Table 1) contains the defined functionality N′N-dimethyl-S-

iThe concentration of individual compounds (in μg/ml) that are present in the library or in the defined mixtures are calculated from the
final concentration of the mixture in the treated reaction divided by the diversity of the mixture. For instance, treatments with library
DCR 528 at 10 μg/ml gives a final compound concentration of 84 pg/ml (10 μg/ml/118,400 compounds), and treatments with a
defined DCR 528 mixture (such as mixture 126) at 1 μg/ml gives a final compound concentration of 337 pg/ml (1 μg/ml/2960
compounds).
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propylamine at position R1, and a mixture of the 37 R2 and 80 R3 functionalities at the other
two positions. Thus, this single mixture contains a total of 2960 (1*37*80) possible
compounds, each present at ~337 pg/ml (~900 pM) when tested in reactions at 1 μg/ml, and
this allows evaluation of the functionality N′N-dimethyl-S-propylamine at position R1 with
respect to inhibition of recombination. Functionalities at R2 and R3 were screened in the
same fashion. The mixtures from DCR 528 (Figure 3 in Supplemental information) averaged
two-fold more HJ accumulation than DCR 527 (data not shown) and thus we chose to
identify compounds from DCR 528. These top ranking mixtures are designated with an
asterisk in Supplemental information, Figure 3, and each mixture was titrated more
extensively in the bent-L pathway and ranked based on potency. The top defined mixtures
were also shown to inhibit attL x attR (excisive12) recombination, albeit with lower
potencies2, 14. In order to test the specificity of these mixtures, they were assayed in several
other reactions involving DNA transactions and were found not to inhibit restriction digests
by NdeI and HindIII, or plasmid relaxation by E. coli topoisomerase I at 10 μg/ml14. The
mixtures were also tested (as described in ref4) at 25 μg/ml, and shown to inhibit the growth
of S. aureus14. Based on these data, three R1, three R2, and one R3 functionalities were
selected and the combinations resulted in nine individual compounds (Table 1) that were
synthesized as described15, 16.

The crude compounds were characterized in several in vivo and in vitro assays similar to
those used to assess the defined mixtures14. Based on these data TPI1530-1 (Figure 2) was
selected for further study.

Compound characterization
Compound 1530–1 was purified to > 95% and verified by LC-MS. We titrated 1530–1 into
excision recombination reactions (Figure 3A) and determined IC50 values of 3 μg/ml for
accumulation of HJs, and 5 μg/ml for inhibition of recombination (compared with IC50
values for peptide wrwycr of 0.04 and 0.12 μg/ml, respectively; Table 2). We tested for
whether 1530–1 inhibits several restriction enzymes as well as for whether it binds non-
specifically to double stranded DNA (an attL site12 in the absence of recombination
enzymes). 1530–1 inhibited restriction digests at 100 μg/ml by 22% compared to untreated
reactions (Table 2); however, no evidence of binding to double stranded DNA alone was
detected at this concentration. This suggested specificity for the common HJ intermediate in
the recombination assays. To test this further, 1530–1 was examined for its ability to bind to
protein-free HJ substrates and shown to form a specific complex similar to that seen with
peptide WRWYCR (Figure 3B). We then tested the effects of the compound on RecG-
mediated unwinding of HJs. RecG is a monomeric SFX family helicase that recognizes HJs
and unwinds these substrates in the presence of ATP and magnesium17. This helicase bears
no structural or mechanistic similarity to the proteins in the recombination assays and has
been used previously to examine the specificity of our peptides for the HJ7, 10. As seen in
Figure 3C, 1530–1 does inhibit RecG activity in a dose dependent manner with an IC50 of
0.85 μg/ml (compared with 0.12 μg/ml for wrwycr). These data further corroborate a model
where the inhibitor recognizes the structure of the HJ intermediate.

The ability of 1530–1 to inhibit bacterial growth was examined using several Gram (+) and
Gram (−) bacteria. In contrast to the activity of the DCR 528 library, compound 1530–1 did
not inhibit bacterial growth, even at the highest concentration tested (100 μg/ml, data not
shown). Lack of inhibitory activity may be due poor to permeability of 1530–1 into bacterial
cells. To address this possibility we tested a hyperpermeable Salmonella enterica serovar
Typhimurium (Stm) strain with mutations in the galE and rfa genes; this strain has shorter
lipopolysaccharide (LPS) chains in the outer membrane and increased permeability to many
compounds, including our peptides4, 18–20. At 100 μg/ml, 1530–1 inhibited the growth of
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this mutant by 50% after 22 hours of incubation (data not shown). Alternatively, 1530–1
may be rapidly effluxed from the cell. To address this we tested an E. coli strain with a
deletion of the acrAB genes, which inactivates the major drug efflux pump in the bacterium
and increases susceptibility to many antibiotics21.

At 100 μg/ml of 1530–1 the growth of the efflux mutant was not inhibited (data not shown).
These data suggest that 1530–1 may have antibiotic activity but that poor membrane
permeability may prevent the compound from entering cells and finding its target14.

In summary, we have identified and purified an N-methyl aminocyclic thiourea that
recognizes HJs and inhibits enzymes that catalyze the resolution of these intermediates of
DNA recombination and repair. This compound is composed of a similar combination of R-
group functionalities as the side chains of the peptide inhibitors3, 6: aromatic and basic
functionalities are present in both the most potent peptides and in the other N-methyl
aminocyclic thioureas that were identified (Table 1). Molecular modeling corroborated by
fluorescence quenching studies on peptide WRWYCR suggested that aromatic
functionalities may be involved in base stacking interactions with the HJ10, while
functionalities that are positively charged could stabilize binding to the negatively charged
DNA. Together, these functionalities may represent the core characteristics necessary for
interactions with HJs, although not necessarily for entry into bacteria. One attribute which
1530–1 does not share with the peptides is an efficient mechanism for forming dimers,
which the most effective hexapeptides do via disulfide linkage between two monomers.
Future screening of other chemical libraries combining a primary screen for HJ binding
activity, followed by a secondary screen for growth inhibition may yield compounds with
greater antimicrobial activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Scaffold ranking
(A) Lanes from Tris-Tricine-SDS gels showing recombination reactions in the presence of
the small molecule mixtures at 10 μg/ml in bent-L recombination. “Sub” refers to the double
radioactive end-labeled DNA substrate which recombines with an unlabeled partner to
generate products, “Prod”. “CPD” refers to covalent protein-DNA complexes and “HJ” is
the Holliday junction. (B) Quantitation of the reactions shown in Figure 1A for HJ
accumulation (left Y-axis) and concurrent reduction in the formation of recombinant
products (right Y-axis). Int and IHF are the proteins performing the recombination reaction.
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Figure 2.
1530–1 is built on a N-methyl aminocyclic thiourea scaffold with functionalities N′N-
dimethyl-S-propylamine, R-hydroxy-methyl, and 2-(4-nitro-phenyl)-ethyl (R1, R2, and R3,
respectively).
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Figure 3.
1530–1 interacts with Holliday junctions. All concentrations in μg/ml. (A) Dose dependent
inhibition of excision SSR. Rec protein refers to inclusion of Int and Xis proteins and
Integration Host Factor (IHF). (B) 1530–1 causes a shift in the migration rate of HJ DNA.
The specific shift seen with 1530–1 is comparable to the shift seen in control reactions with
peptide WRWYCR. (C) 1530–1 inhibits RecG-mediated unwinding of HJ DNA. RecG
binds to HJs and, in the presence of ATP and Mg+2 will unwind the DNA to a replication
fork. This activity is inhibited by 1530–1 in a dose dependent manner.
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Table 1

Deconvolution of positional scanning data for the N-methyl aminocyclic thiourea library

Compound R1 R2 R3

1530-1 N′N-dimethyl-S-propylamine

R-hydroxy-methyl

2-(4-nitro-phenyl)-ethyl

1530-2 R-hydroxy-methyl

1530-3 S-3-methyl-1-methyl-indole

1530-4 N′N-dimethyl-S-propylamine

S-3-methyl-1H-indole1530-5 R-hydroxy-methyl

1530-6 S-3-methyl-1-methyl-indole

1530-7 N′N-dimethyl-S-propylamine

S-hydroxy-methyl1530-8 R-hydroxy-methyl

1530-9 S-3-methyl-1-methyl-indole
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