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Abstract: We report that N8-(1-naphthyl)-ADP (1) inhibits the
Escherichia coli RecA protein in vitro. A novel rapid screen
identified 1 as a potent inhibitor of RecA nucleoprotein
filament formation, and further characterization established
1 as an ATP-competitive inhibitor of RecA-catalyzed ATP
hydrolysis. 1 and other inhibitors of RecA activities represent
a new approach for understanding the molecular targets and
pathways involved in the evolution of antibiotic resistance in
bacteria.

Antibiotic resistance in pathogenic bacteria has enor-
mous human and economic consequences worldwide.
The rapid rate at which bacteria develop drug resistance
is due in large part to mutations arising during stress-
induced DNA repair! and during the lateral transfer of
genes between organisms.2 The bacterial RecA protein
is essential to both of these processes. In addition, RecA
function is required for aspects of pathogenicity, includ-
ing antibiotic-induced responses to ciprofloxacin® and
B-lactams,* antigenic variation in Neisseriae,” and the
induction of shiga toxin production.® All RecA functions
require formation of an active nucleoprotein filament
(NPF) comprising multiple RecA monomers, ATP, and
single-stranded DNA (ssDNA). Hence, the discovery of
small molecules that suppress the formation of such
NPF's would be an important step in the development
of inhibitors for the suppression of the evolution and
transmission of antibiotic resistance. On the basis of our
recent investigations of RecA mechanism,” we designed
putative small-molecule inhibitors of RecA and a rapid
microplate screening assay for its inhibition. Herein, we
report the synthesis of N®-(1-naphthyl)-ADP (1, Scheme
1) and demonstrate that it inhibits formation of the
RecA—ssDNA complex that controls bacterial recombi-
nation and stress-induced mutagenesis.

Like most ATPases, RecA can be inhibited in vitro
by ADP and a variety of nonhydrolyzable derivatives
of ATP.%10 Qur rationale for selective inhibitor design
was inspired by the Steitz laboratory’s initial observa-
tion that the orientation of ADP bound to protein in
RecA crystals was different from those of nucleotides
bound to related NTP-binding proteins.!! To extend this
investigation, we comparatively analyzed the RecA
crystal structure with those of homologous motor pro-
teins, such as F;-ATPase, T7 helicase, and the rho
transcription terminator, as well as other P-loop
NTPases and kinases. As a result of ADP’s unusual
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Scheme 1¢
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@ Reagents: (a) RNHy, EtOH, reflux, 59%; (b) (1) POCls, Proton
Sponge, PO(OMe)s, 4 °C, (2) "BusNH, HoPOy, pyridine, 0 °C, 13%.

relative orientation, the adenosine moiety in RecA is
located in a wide crevice near the surface of the protein
(Figure 1A). In contrast, the ATP-binding sites of other
NTPases and kinases envelop adenine in a hydrophobic
pocket and maintain close contact with the edge and
both faces of the purine moiety (Figure 1B), mitigating
their potential interactions with N®-substituted adenos-
ine nucleotides.'%!3 Hence, we reasoned that the ATP-
binding site of RecA could uniquely accommodate a
sterically demanding substituent at N® of adenine. Our
initial approach to inhibition of RecA thereby relies on
the principles of negative design: the achievement of
specificity involves the introduction of substituents that
prevent the formation of nonproductive alternative
complexes with nontargeted enzymes.

We chose to synthesize N®-substituted ADP analogues
including those depicted in Scheme 1. Of the compounds
in this class we have investigated, we selected 1—3
because they bear the largest N®-substituents and
because the 5'-O-triphosphates related to 2 and 3 have
been shown to be poor substrates of protein kinases,
myosin, and kinesin.!® The syntheses began with the
amination of 6-chloropurine ribonucleoside.* The re-
sulting nucleosides were readily converted to the 5'-O-
diphosphates (see Supporting Information).

In conjunction with the synthesis of potential inhibi-
tors, we developed a novel high-throughput screening
compatible assay to take advantage of the fact that
binding of ADP can induce the release of RecA from
ssDNA. In the context of mechanistic studies, we
recently demonstrated that binding of ATP or ADP to
a preformed RecA—ssDNA complex results in the re-
lease of the bound protein molecules, followed by reas-
sociation of the ternary complex in the active confor-
mation.” This discovery led us to consider whether RecA
could be prevented from binding to ssDNA immobilized
on streptavidin paramagnetic particles (SA-PMP).

Capturing biotinylated-(dT)ss on SA-PMP allowed us
to determine whether RecA is prevented from forming
an NPF in the presence of a putative inhibitor by
measuring the amount of RecA in the supernatant using
a Bradford assay. In practice, the assay is conducted
by incubating the nucleotide with RecA and (dT)s¢, and
then immobilizing the ssDNA and any bound RecA. This
allows us to take advantage of the fact that binding of
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Figure 1. Comparison of the ATP-binding sites of RecA (A)
and smooth muscle myosin (B). (Left panels) The structures
were aligned with SwissPDB Viewer® using the C, atoms of
the residues in the phosphate-binding loop (P-loop) and the
o-helix and f-strand adjacent to each (cyan). The ADP
molecules are shown with atoms colored by elemental identity.
(Right panels) The Connolly surfaces of the respective proteins
and the bound ADP molecules (stick models) are shown
following identical rotations to emphasize the different relative
orientations of the nucleotides within the binding clefts.
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Figure 2. (a) Relative stabilities of NPFs formed in the
presence or absence of nucleotide as measured by Menetski
and Kowalczykowski using the salt titration midpoint (STMP,
ref 10). (b) Relative inhibition of NPF formation in the presence
of various nucleoside di- and triphosphates (100 «M each).

ADP to RecA reduces the apparent stability of the
RecA—ssDNA complex (Figure 2a).10

Using the inhibition of NPF formation assay, we
screened the 16 canonical nucleoside di- and triphos-
phates (both ribo- and 2'-deoxyribonucleotides) for RecA
inhibition. The results clearly recapitulated what is
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known about the ability of various nucleotides to bind
and activate (or deactivate) the RecA nucleoprotein
filament. Indeed, the assay results (Figure 2b) demon-
strate the expected trend in the relative NPF stabili-
ties: RecA—ADP < RecA-only. Moreover, ATP has the
same apparent effect on NPF stability as does ADP,
consistent with the hydrolysis of ATP to ADP during
the experiment. The fact that the amount of RecA
protein released in the presence or absence of ADP/ATP
is significantly less than that released by the addition
of NaCl (final concentration of 1.5 M) verifies that
substantial protein is coating the immobilized (dT)ss.
The results for the nucleotides that are known to be
RecA substrates were qualitatively similar to those for
ADP/ATP.15

Using this assay, we investigated the release of RecA
induced by three synthetic ADP analogues, N%-(1-
naphthyl)-, N8-(benzyl)-, and N8-(2-phenethyl)-ADP (1,
2, and 3, respectively; Figure 2b). Compound 1 (100 «M)
inhibited NPF formation to the greatest extent of any
agent examined to date. As a control, we observed that
the N8-(1-naphthyl)-adenosine monophosphate did not
inhibit NPF formation, the extent of formation being
the same within error as that observed in the absence
of added nucleotide. We conclude that N8-(1-naphthyl)-
AMP does not bind RecA under these conditions.
Importantly, the efficacy of 1 relative to its monophos-
phate for inhibition of NPF formation parallels that
known for ADP and AMP.1¢ The observation that the
inhibitory effect of 1 responds to the phosphorylation
state of the nucleoside suggests that its action does not
result exclusively from interactions with the naphthyl
moiety.

In contrast to those results for 1, 100 uM 2 or 3
inhibited NPF formation to the same or lesser extent
as 100 uM ADP. In this context, we tentatively conclude
that 2 and 3 bind RecA similarly to ADP. Nucleotides 2
and 3 have been successfully used by the Shokat!32 and
Mitchison!3¢ laboratories to control the functions of
bioengineered (mutant) myosins, protein kinases, and
kinesins.!” The superiority of 1 for the inhibition of wild-
type RecA likely results from its spacious surface crevice
in which the ADP analogues are accommodated.

The formation of an active NPF in the presence of
ATP results in ATP hydrolysis. By monitoring the
steady-state kinetics of ATP hydrolysis by RecA in a
poly(dT)-dependent ATPase assay,!® we found that 1
exhibited fully competitive inhibition with respect to
ATP and noncompetitive inhibition with respect to
ssDNA (see Supporting Information). These results
indicated that 1 binds in or near the RecA ATP-binding
site, confirming our expectation that the ATP-binding
cleft is large enough to accommodate the sterically
demanding naphthyl moiety. Although relatively high,
the apparent inhibition constant for 1 (K. = 46 + 6 uM)
is essentially identical to the So 5 value for ATP1920 and
within the range of Ky and K; values for ADP.%» The
observation that the affinities of 1, ADP, and ATP are
similar recapitulates the principles of negative design
used to guide our choice of potential inhibitors.

We then conducted preliminary tests of the specificity
of 1 for inhibition of RecA. In particular, we evaluated
the inhibition of the ATPase activities of rabbit muscle
pyruvate kinase, E. coli rho transcription terminator,
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Figure 3. SOS induction in the absence and presence of 1
(100 uM). 5-Galactosidase activities in permeabilized GY7313
bacteria were measured 2.5 h after treatment with mitomycin
C (MMC, 0.5 ug/mL) as described in the Supporting Informa-
tion. The gray and red bars represent activities measured after
SOS induction by MMC, while the white bars represent basal
activities measured without added MMC. The “ArecA” data
were obtained using GY7313 cells transformed by pTrc99A
without a recA gene.

and chicken muscle myosin. Pyruvate kinase is an
important glycolytic enzyme, the ATP binding site of
rho is a close structural homologue of the RecA site, and
the ATPase active site of myosin is known to tolerate a
variety of base-substituted ATP analogues.?!-13> Taken
together, these three enzymes represent several classes
of ATPases and provide a reasonable test of the pro-
miscuity of 1. At concentrations up to 300 uM, 1 led to
no reduction in the rates of the three enzyme-catalyzed
reactions. These results provide initial evidence that 1
is a specific inhibitor of RecA and validate the principles
used to guide the design of 1.

As an initial test of the biological activity of 1, we
tested its ability to inhibit the induction of the SOS
response in permeabilized E. coli cells. As described
above, the RecA protein stimulates DNA repair and
mutagenesis processes by initiating the SOS response.
In the presence of ATP and Mg2", the RecA protein
bound to ssDNA activates the LexA repressor for
autoproteolytic destruction and derepresses the genes
controlled by LexA-repressible promoters. To evaluate
the ability of 1 to modulate the SOS response to the
DNA-damaging agent mitomycin C, we measured -ga-
lactosidase activity in E. coli strain GY7313 harboring
a lacZ reporter gene fused to the LexA-regulated sfi
promoter. RecA-activated autoproteolysis of LexA dere-
presses lacZ, and the -galactosidase produced can be
quantitatively measured by an established colorimetric
assay.18

For the investigation of ADP derivatives, the E. coli
cells were made permeable to nucleotides with a hypo-
tonic Tris-EDTA buffer at 4 °C. This treatment rendered
the cells permeable to propidium iodide,?? but impor-
tantly, they remained fully viable as judged by the
ability to form colonies following recovery from perme-
abilization (see Supporting Information for details).
Following permeabilization, -galactosidase induction
in ArecA GY7313 harboring a plasmid with the WT recA
gene expressed from the ¢rc promoter was 7-fold greater
than the basal level 2.5 h after treatment of the
transformants with mitomycin C (Figure 3). Control
experiments using GY7313 cells harboring the plasmid
without a recA gene verify that the response is RecA-
dependent. When 100 4M 1 was added just prior to
treatment with mitomycin C, the level of induction was
reduced more than 55%. The significant inhibition of
[-galactosidase induction by 1 in this system is a
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particularly rigorous test of its biological activity be-
cause the RecA protein is constantly overexpressed from
the trc promoter, whereas the normal basal expression
level for RecA is low and it is overexpressed only after
DNA damage induces the SOS response.?2 Control
experiments performed using 1 in the absence of mito-
mycin C revealed no effect of 1 on the viability of
permeabilized GY7313 cells. Moreover, a preliminary
confirmation of a correlation between in vivo and in vitro
activities was provided by the observation that treat-
ment of permeabilized cells with 2 or 3 (100 uM)
resulted in no significant reduction in SOS (5-galactosi-
dase) induction (data not shown).

The observation that 1 mitigates the induction of SOS
in permeabilized E. coli cells provides powerful proof
that RecA activities, including its role in processes
leading to the development and transfer of antibiotic
resistance genes, may be selectively controlled by small
molecules in living bacteria. Diphosphates such as 1 are,
however, likely to be of little therapeutic utility because
of membrane impermeability caused by the negative
charges on the 5'-diphosphate moiety at physiological
pH. Nevertheless, substantial progress has been made
in the development of effective strategies for the intra-
cellular delivery of nucleotide prodrugs (pronucleotides),
particularly for use as anticancer and antiviral thera-
peutics.2* Experiments to test the biological activities
of pronucleotides related to 1 are under way.

In summary, we have reported the discovery that N®-
(1-naphthyl)-ADP prevents formation of the RecA—DNA
filament that is essential for all RecA-associated func-
tions. The fact that 1 is an inhibitor of RecA activities
(IRA) provides essential proof of the principle that RecA
functions can be selectively controlled by synthetic small
molecules. Importantly, we have developed a novel
assay for nucleotide analogue-dependent inhibition of
NPF formation that is suitable for high-throughput
screening of synthetic inhibitor libraries. IRAs that are
active inside living bacteria will allow for the design of
future chemical biology experiments to tease apart long-
standing questions about the prokaryotic response to
genome-wide DNA damage.2> Moreover, we anticipate
that these studies will provoke the development of lead
compounds for inhibiting RecA-dependent processes
leading to the development and transfer of antibiotic
resistance.
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