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ABSTRACT: Typically, biochemical screens that employ pure macromolecular components focus on single
targets or a small number of interacting components. Researches rely on whole cell screens for more complex
systems. Bacterial DNA replicases contain multiple subunits that change interactions with each stage of a
complex reaction. Thus, the actual number of targets is a multiple of the proteins involved. It is estimated that
the overall replication reaction includes up to 100 essential targets, many suitable for discovery of
antibacterial inhibitors. We have developed an assay, using purified protein components, in which inhibitors
of any of the essential targets can be detected through a common readout. Use of purified components allows
each protein to be set within the linear range where the readout is proportional to the extent of inhibition of the
target. By performing assays against replicases from model Gram-negative and Gram-positive bacteria in
parallel, we show that it is possible to distinguish compounds that inhibit only a single bacterial replicase from

those that exhibit broad spectrum potential.

Typically, in vitro high-throughput screening (HTS)' assays
target single proteins or protein pairs. This approach has enabled
significant success. To exploit all of the targets available in
complex pathways or molecular machines, researchers often
resort to cellular screens, to ensure the availability of all relevant
targets. Using these approaches, novel targets have been revealed
that have led to the discovery of new interactions, validating the
power of forward chemical genetics (/). However, cellular screens
have the drawback of missing compounds that cannot achieve
suitable intracellular concentrations because of low permeability,
unfavorable metabolism, or efflux. These issues could be over-
come if all of the machinery involved in a complex process could
be reconstituted in vitro, enabling a biochemical screen. This
approach would permit identification of inhibitors that could
subsequently be optimized for potency and permeability in
parallel with other favorable pharmacological properties.

DNA replication is an essential process for the proliferation of
all pathogens and offers a largely unexplored target for the
development of novel antibacterials. Therapeutically useful in-
hibitors have been developed that inhibit processes upstream
(nucleotide precursor biosynthesis) (2) and downstream (DNA
gyrase) (3) of DNA replication. Most of the subunits of the
bacterial DNA replication apparatus are essential, suggesting
that their inhibition should lead to blockage of cell proliferation
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or death (4). This has been validated by a class of compounds, 6-
anilinouracils, targeted to the polymerase subunit of the Gram-
positive replicase, Pol C. These compounds not only are potent
biochemical inhibitors but also specifically block DNA replica-
tion in Gram-positive bacteria (5). While screens targeting
individual replicase subunits have been described (6—9), com-
plete bacterial replicases have not been explored by chemical
genetic approaches.

Cellular replicases are tripartite multiprotein assemblies (for
reviews, see refs (/0—13)). They contain specific DNA poly-
merases that function as the catalytic elongation component and
that derive enormous processivity from interaction with a
braceletlike “sliding clamp” processivity factor that encircles
DNA, tethering the replicative polymerase to it. The sliding
clamp is loaded onto DNA by an ATP-powered “clamp loader”.
The clamp loader serves additional roles, including communica-
tion with the replicative helicases and linking the leading and
lagging strand polymerases, at least in Escherichia coli (14, 15).

The 10 subunits of the E. coli DNA Pol III holoenzyme
interact to form a remarkably complex protein machine (10, 14,
16—18). Protein interactions change at the various steps of the
replicative reaction. Counting all of the individual protein
components and their interactions with other subunits and
substrates, we estimate upward of 100 essential targets that are
potentially useful for development of antibacterial agents (see
Results and Discussion for enumeration). Given the impracti-
cality of running 100 specific screening assays and preferring to
avoid the problems inherent in whole cell screens, we established
a biochemical HTS in which inhibition of any of the essential
targets could be detected through a common end point. This
would permit screening for all targets within the replicase in a
single well of a microtiter plate, a goal never achieved for
such a complex target in a biochemical screen using purified
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components. Using conversion of single-stranded DNA binding
protein (SSB)-coated single-stranded DNA to a duplex, detected
by binding of the fluorescent dye, PicoGreen, we developed
robust screens for model Gram-negative and Gram-positive
bacterial replicases. By screening a small trial 20000-compound
library against these related targets in parallel, we were able to
distinguish compounds that inhibited the replicase of a single
species from those compounds that exhibited broad spectrum
potential. Counterscreens against nonorthologous enzymes with
related activities revealed those compounds that are most likely
to be target-specific.

MATERIALS AND METHODS

Chemicals and Reagents. Screening compounds were pur-
chased from TimTec (Newark, DE) (10000 compounds, Diver-
sity Set collection) and Chembridge (San Diego, CA) (10000
compounds, DIVERset collection). All nucleotide triphosphates,
PicoGreen double-stranded (ds) DNA detection reagent, and
fluorescein digalactoside were purchased from Invitrogen
(Carlsbad, CA). T4 and T7 DNA polymerases and apyrase were
purchased from New England Biolabs (Ipswich, MA). The E. coli
RNA polymerase core (a5 w) was purchased from Epicenter
Biotechnologies (Madison, WI). 5-Galactosidase was purchased
from Worthington Biochemical Corp. (Lakewood, NJ).

Buffers. Buffer Q consists of 50 mM HEPES (pH 7.0), 20 mM
NaCl, 10% glycerol, 5 mM DTT, and 1 mM EDTA. Buffer Q2
consists of 40 mM HEPES (pH 7.5), 50 mM NaCl, 10% glycerol,
0.5 mM DTT, and 0.5 mM EDTA. Buffer B consists of 50 mM
Tris-HCI (pH 7.5), 10% glycerol, 1.0 M ammonium sulfate, 0.5
mM EDTA, and 5mM DTT. Buffer QS consists of 50 mM Tris-
HCI (pH 7.5), 10% glycerol, S mM DTT, 0.1 M NaCl, and
0.5mM EDTA. Buffer HA consists of 25 mM Tris-HCI (pH 7.5),
10% glycerol, 5mM DTT, 150 mM NaCl, and 0.5 mM EDTA.
Buffer S consists of 25 mM HEPES (pH 7.5), 10% glycerol, 0.2 M
NaCl, 0.5 mM EDTA, and 5 mM DTT. Buffer QE consists of
20 mM Tris-HCI (pH 7.5), 100 mM NaCl, 10% glycerol, 5 mM
DTT, and 0.5 mM EDTA. Buffer H consists of 50 mM imidazole
(pH 7.0), 10% glycerol, and S mM DTT. Buffer S consists of
50 mM Tris-HCl (pH 7.5), 10% glycerol, 10 mM NaCl, 0.1 mM
EDTA, and 5 mM DTT. Buffer I consists of 50 mM imidazole
(pH 6.0), 20% glycerol, 20 mM NaCl, and SmM DTT. Buffer H2
consists of 50 mM Tris-HCI (pH 7.5), 400 mM NaCl, 20%
glycerol, 0.5 mM EDTA, and 0.25 mM DTT.

Cloning and Expression of Bacillus subtilis DNA Repli-
cation Proteins. All B. subtilis DNA Pol I1I holoenzyme subunit
genes were amplified by PCR of the relevant coding region from
B. subtilis genomic DNA (ATCC) and the resulting amplified
segments inserted into expression plasmid pAl-CB (19, 20)
immediately behind the IPTG-inducible Pajg4/3 promoter/
operator using appropriate restriction enzymes. This resulted in
the construction of expression plasmids pA1-BS-polC, pA1-BS-
dnaX, pA1-BS-holBA, pA1-BS-holB, pA1-BS-dnaN, and pAl-
BS-ssbl, expressing B. subtilis DNA Pol I1I subunits PolC, 7, 9,
o', B, and SSB, respectively. All individual B. subtilis replicase
subunits were heterologously expressed as native sequences,
without affinity tags in E. coli strain DH5-o. Due to extremely
low levels of expression of the B. subtilis § subunit in an initial
expression construct containing only the ho/A gene, it was cloned
into the polylinker region immediately downstream of the /0/B
gene in pA1-BS-holB (resulting in expression plasmid pA1-BS-
holBA). The level of expression of & (holA) was significantly
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FiGuRre 1: Homogenous, PicoGreen fluorescence-based assay for
high-throughput screening of bacterial replicases. In all replicase
screening assays, the conversion of single-stranded (ss) phage DNA
to the duplex form was monitored by an increase in fluorescence upon
binding the ds DNA-specific dye, PicoGreen. This permitted detec-
tion of inhibitors that act at any of the reaction steps, including
priming on the SSB—ss DNA nucleoprotein filament, ATP-depen-
dent initiation complex formation by the Pol III holoenzyme, and
subsequent elongation in the presence of dNTPs. Assays of the
B. subtilis replicase were similar, except a primer was provided by
annealing of a synthetic oligonucleotide.

increased to levels above that of & (holB), which allowed
purification of the single isolated ¢ subunit.

Cell lysates were prepared by procedures identical to those
used for E. coli replicase component purifications. For all
purifications, enzyme activity was monitored using DNA Pol
[T holoenzyme reconstitution assays measuring the incorpora-
tion of [*H]TTP into DNA synthesized on either M13Goy
templates (dnaG primase-dependent E. coli system) or oligonu-
cleotide-primed M13,,; templates (B. subtilis system), in a filter
binding assay essentially as outlined in Figure 1 and ref 21.

Purification of Bacterial DNA Replication Proteins.
E. coli Pol 111*, 5, SSB, and DnaG were expressed and purified
using published methods (22—24).

B. subtilis PolC was expressed in E. coli, precipitated from a cell
lysate with a 40—55% ammonium sulfate cut, and purified by
chromatography over Q-Sepharose (buffer QE, gradient from
0.05 to 0.6 M NaCl), hydroxylapatite (buffer HE, gradient from
0.05to 0.4 M potassium phosphate), BioRex70 (buffer I, gradient
from 0.075 to 0.4 M NaCl), and Sephacryl S-300 gel filtration in
buffer S. A total of 25 mg of purified PolC (specific activity of
1.0 x 10" units/mg) was obtained from 600 g of cells.

B. subtilis T was precipitated from cell lysate with a 35—45%
saturated ammonium sulfate cut and purified by chromato-
graphy over Q-Sepharose (buffer QE, gradient from 0.1 to
0.4 M NacCl), hydroxylapatite (buffer HE, gradient from 0 to
0.25 M potassium phosphate), and Sephacryl S-400 gel filtration
in buffer S. A total of 160 mg was obtained from 280 g of cells
(specific activity of 3.3 x 10° units/mg).

B. subtilis 6 was precipitated from extracts with a 35—50%
saturated ammonium sulfate cut and purified by chromato-
graphy over Q-Sepharose (buffer QS, gradient from 0.1 to
0.35 M NaCl), hydroxylapatite (buffer H, gradient from 0 to
0.2 M potassium phosphate), and Sephacryl S-100 gel filtration in
buffer S. A total of 22 mg was obtained from 100 g of cells
(specific activity of 1.6 x 107 units/mg).

B. subtilis & was precipitated from extracts with a 40—55%
saturated ammonium sulfate cut and purified by chromato-
graphy over Q-Sepharose (buffer Q, gradient from 0.02 to



Article

PiC T B & & SSB

— kDa
b—— — 162

— — 62.5

- —41.9
- 405

37.5

—— 18.2

Wi

FIGURE 2: Purified B. subtilis DNA replication proteins. Purified
B. subtilis minimal replicase components PolC, 7, f3,, 0, &', and SSB
were analyzed on a 4 to 20% gradient SDS—polyacrylamide gel. The
first lane contained protein molecular mass standards. Other lanes
contained 2 ug samples of each B. subtilis replicase protein as
indicated. Molecular masses of each replicase protein are listed on
the right.

0.18 M NaCl) and Butyl Sepharose (buffer B, gradient from 0.8
M ammonium sulfate and 10% glycerol to 0 M ammonium
sulfate and 30% glycerol). A total of 44 mg was obtained from
400 g of cells (specific activity of 1.3 x 107 units/mg). Although
two distinct bands are present in the purified preparation of ¢
when it is analyzed by SDS—PAGE (Figure 2), both bands
contain the ¢ subunit. This doublet is also observed in purified
E. coli &' (25, 26) and Streptococcus pyogenes &' (27). The basis for
this electrophoretic behavior of ¢’ is not known.

B. subtilis 5 was precipitated from extracts with a 65—75%
saturated ammonium sulfate cut and purified by chromato-
graphy over Q-Sepharose (buffer Q2, gradient from 0.05 to
0.5 M NaCl) and heparin Sepharose (buffer Q2, gradient from
0.05 to 0.25 M NaCl). A total of 25 mg was obtained from 400 g
of cells (specific activity of 8.0 x 107 units/mg).

B. subtilis SSB was precipitated from extracts with a 0 to 40%
ammonium sulfate cut followed by backwashing the resulting
pellet with 36% ammonium sulfate. The pellet was then resus-
pended in buffer QS and purified by chromatography over Blue
Sepharose FF (24). This column was successively washed with
0.1,0.4, 1, and 2 M NaCl in buffer QS before the final elution in
4 M NaCl. SSB was further purified by hydroxylapatite (buffer
H2, gradient from 0 to 0.1 M potassium phosphate). A total of
110 mg was purified from 900 g of cells.

A polyacrylamide gel showing the final purified B. subtilis
replicase subunits and SSB is shown in Figure 2.

High-Throughput Screening Assays. HTS assays of the E.
coli replicase were performed using final protein concentrations
and conditions listed in the legend of Figure 3 using Biomek FX
liquid handling robotics (Beckman Coulter Ltd.) equipped with a
96-well pipettor head and a plate stacker unit. An enzyme
mixture containing all of the protein components for the assay
in a buffer was optimized for maximal enzyme stability and
activity [S0 mM HEPES (pH 7.5), 5% glycerol, 0.02% Pluronic
F-68, 80 uM TCEP, 150 mM potassium glutamate, and 7 mM
magnesium acetate]. During HTS, the enzyme mixture was kept
on a chilled reservoir (4 °C), to ensure stability over a 6 h
screening period. Substrate mix (nucleotides and M13g,;; ss
circular DNA template) and test compounds were kept at room
temperature. The HTS assay was performed by the addition of
1.5 uL of compound (500 uM in DMSO, final concentration of
30 uM) into 18.5 uL of enzyme mix in black 384-well assay plates
(Greiner Bio-One, Monroe, NC) and mixed by repeated aspira-
tion. The compounds and proteins were incubated at room
temperature for 10 min, after which 5 uL of substrate mix was
added to initiate DNA synthesis (see the legend of Figure 3 for
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FIGURE 3: Optimization of E. coli and B. subtilis replicase high-
throughput screening assays. (a) Titration of E. coli Pol 111 holoenzyme
components in the presence of saturating levels of the other assay
components. Screening assays (volume of 25 uL.) were conducted using
0.35nM Pol I1T* and 1.4 nM f3,. Substrate concentrations used in all E.
coli HTS assays were as follows: 5 uM dATP, dGTP,dCTP, and dTTP,
200 uM CTP, GTP, and UTP, 50 uM ATP, and 40 pmol of ss M 13,
(as the nucleotide). (b) Titration of E. coli SSB and DnaG primase in the
presence of saturating levels of the other E. coli assay components.
Screening assays were conducted using 154 nM SSB4 and 2 nM DnaG.
(c) Titration of B. subtilis replicase components in the presence of
saturating levels of the other assay components. Screening assays
(volume of 25 uL) were conducted using 1.7 nM PolC, 2.8 nM f,,
12 nM 7, and 6 nM ¢'. Substrate concentrations used in all B. subtilis
HTS assays were as follows: 7 uM dATP, dGTP, dCTP, and dTTP, 15
uM ATP, and 40 pmol of oligonucleotide-primed ss M13¢,,; (as the
nucleotide). (d) Titration of B. subtilis SSB in the presence of saturating
levels of the other assay components. Screening assays were conducted
using 156 nM SSB,. (e) Determination of time course of optimized,
reconstituted replicase reactions. All assay components for each experi-
ment were used at the concentrations specified for panels a—d, includ-
ing 5% DMSO. All screening assays were performed for the indicated
times before reactions were quenched with a PicoGreen dye/EDTA
mixture as described in Materials and Methods. (f) Determination of
the sensitivity of the HTS assay to DMSO. All assays were performed as
specified for panels a—d. E. coli screening assays were conducted at a
maximum of 8% (v/v) DMSO. B. subtilis screening assays were
conducted at a maximum of 15% (v/v) DMSO. (g) Determination of
the stability of assay components at room temperature (22 °C). An
enzyme premix containing protein components (at concentrations
specified for panels a—d) diluted in the optimized HTS assay buffer
was mixed with 8% (E. coli) and 15% (B. subtilisy DMSO and
incubated for the indicated times at room temperature before the
addition of substrates. Reactions were conducted for 20 min before
the addition of PicoGreen dye reagent and EDTA as described in
Materials and Methods.
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details). After incubation for 20 min at room temperature (22 £
1 °C), 75 uL of PicoGreen dye reagent [containing 0.1 uL of
reagent stock, as supplied by Invitrogen, in 10 mM Tris-HCI
(pH 7.5) and 10 mM EDTA] was added to stop the reaction.
Assay plate fluorescence intensity was read using an excitation
wavelength of 485 nm and an emission wavelength of 535 nm on
an EnVision plate reader (Perkin-Elmer, Waltham, MA). Com-
pounds were not prescreened for fluorescence at 535 nm, and this
could have caused a small number of false negative readings.

The B. subtilis HTS assay was performed essentially as
described for E. coli except that the B. subtilis DnaG primase
was not included in the HTS. Instead, a synthetic DNA primer
(5-AGGCTGGCTGACCTTCATCAAGAGTAATCT) was
annealed to ss circular M13g,,; DNA in an equimolar ratio in
a quantity sufficient for all assays and kept frozen until it was
needed. The assay buffer for the B. subtilis screen was optimized
for maximal enzyme stability and activity and contained 40 mM
HEPES (pH 7.5), 0.5% polyethylene glycol, 0.02% Pluronic
F-68, 20 uM TCEP, 200 mM potassium glutamate, 3 uM zinc
sulfate, 12.5 mM manganese chloride, and 12.5 mM magnesium
acetate. The B. subtilis HTS assay used 0.5 uL of compound
(500 uM in DMSO, final concentration of 10 uM) added to
19.5 uL of enzyme mix. All subsequent steps were identical to
those of the E. coli HTS assay described above. We also included
the known inhibitor of B. subtilis PolC, HB-EMAU [provided as
a kind gift from N. Brown and G. Wright, University of
Massachusetts Medical Center, Worcester, MA (5)] as a positive
control inhibitor in all B. subtilis replicase screening and 1Cs
assays (compound 13, Table S1 of the Supporting Information).

Primary Screening of Bacterial Replicases. Screening
compounds from TimTec and Chembridge were tested in each
screening system in duplicate (Figure 4). Each 384-well screening
plate contained DMSO (volume equivalent to the volume of
compound added in each screen as a negative control) and EDTA
(final concentration of 20 mM as a positive control) in the two
outer columns of every assay plate. Data from these controls were
used to normalize compound activity calculations and determine
assay signal-to-background ratios and Z and Z' factors (28).
Compounds exhibiting <50% of the normalized DMSO control
activity in both screens were scored as primary hits and were
reordered from suppliers or sampled from internal stores for
retesting to confirm inhibitory activity and potency.

ICs5y Measurements. 1Cs, values were determined using
protocols identical to the HTS and enzyme specificity assays
described above and in the Supporting Information, except that
assays were conducted in 96-well plates using ten 2-fold serial
dilutions of test compounds dissolved in DMSO at starting
concentrations of 5 mM. This resulted in dilution series ranging
from 300 to 0.29 uM for all assays. ICs, values were calculated by
nonlinear least-squares curve fitting of the fluorescence data to
the equation ¥ = Yin + (Ymax — Ymin)/[1 + (ICs0/x)"], where ¥
is the normalized percent activity of the reaction, x is the inhibitor
concentration, and / is the Hill coefficient.

Secondary Screening in Specificity Assays. Test com-
pound-intercalator dye displacement (IDD) assays (29) were
performed by modifications of published procedures (30). Double-
stranded calf thymus DNA (5 ng) was mixed with 0.1 uL of
PicoGreen reagent in 23.5 uL of the E. coli HTS assay buffer and
allowed to bind for 10 min; 2-fold dilutions of test compounds
(1.5 uL) were added in a final volume of 25 uL. Fluorescence
intensity and ICsy values were determined as described above.
E. coli f-galactosidase assays were performed by published
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FIGURE 4: Duplicate screening plots of the bacterial DNA Pol III
holoenzyme HTS. Compound activity (expressed as a percentage of
the normalized DMSO control activity) for two screening runs is
plotted. The black diagonal line represents the theoretical position of
equivalent activity for the 20000 compounds in each duplicate screen.
The red lines outline the hit definition zone in which compounds
scoring <50% of the activity of the uninhibited DMSO controls are
considered primary hits (red points). (A) E. coli DNA Pol 111 HTS.
Average assay signal-to-background ratios were 9.4 + 2.2 and 9.8 +
1.8 for screens 1 and 2, respectively. Average Z' factors were 0.73 £
0.14 and 0.76 £ 0.16, respectively. (B) B. subtilis DNA Pol 111 HTS.
Average assay signal-to-background ratios were 11.7 £ 1.0 and
10.3 4 0.7 for screens 1 and 2, respectively. Average Z' factors were
0.71 £ 0.10 and 0.74 = 0.10, respectively.

procedures (3/) using fluorescein digalactoside as a fluorogenic
substrate (fluorescence intensity was read using an excitation
wavelength of 485 nm and an emission wavelength of 535 nm).
Apyrase ATPase activity was assayed using 0.5 mM ATP at 22 °C
for 10 min using a colorimetric assay employing ammonium
molybdate and malachite green dye to detect inorganic phos-
phate as described in ref 32.

E. coli RNA polymerase core transcription was assayed
essentially as described in ref 33. T4 DNA polymerase was
assayed in a gap-filling DNA polymerase assay essentially as
described in ref 34. Both of these assays used DNasel-activated
calf thymus DNA as templates and measured the incorporation
of either [PHJUTP (E. coli RNA polymerase core) or ['H]TTP
(T4 DNA polymerase) into their respective RNA or DNA
products. RNA and DNA synthesis was assessed via scintillation
counting after the addition of poly-L-lysine-coated polyvinyl
acetate scintillation proximity assay beads (Invitrogen) in 0.3
M sodium citrate (pH 3.0) (35).

Saccharomyces cerevisiae Pol 0 holoenzyme (36) and human
mitochondrial DNA polymerase (37) were assayed as described
previously. These assays and the T7 DNA polymerase assay used
the oligonucleotide-primed M13,,; template described for the
B. subtilis replicase assay and PicoGreen as described in Materials
and Methods. The yeast Pol 0 holoenzyme assay contained
25 ng of Pol 6, 2 ng of PCNA, 1 ng of RFC, and 0.6 ug of
RPA in a total volume of 25 uL. Assays were performed at 22 °C
for 40 min. The human mitochondrial polymerase assay
contained 4 ng of Pol y a subunit, 10 ng of Pol y § subunit,
and 1 ug of human mitochondrial SSBin a total volume of 25 uL.

Antimicrobial Susceptibility Testing. The reference strains
for antimicrobial susceptibility testing, E. coli ATCC 25922 and
B. subtilis ATCC 6633, were used for all experiments and were
obtained from the American Type Culture Collection (ATCC,
Rockville, MD). Antimicrobial susceptibility testing was done
using Mueller-Hinton broth according to the Clinical Laboratory
Standards Institute (38). Microtiter plates containing serial
dilutions of each test compound (beginning at a final concentra-
tion of 512 ug/mL) were inoculated with each organism
(10° colony forming units/mL) in a final volume of 100 uL.
Assay plates were incubated for 20 h at 35 °C in ambient air.
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Minimum inhibitory concentrations (MICs) were scored as the
lowest compound concentrations at which no bacterial growth
was visible. The antibiotics tetracycline, rifampicin, and novo-
biocin were used as reference standards (39).

Macromolecular  Synthesis  Assays. Macromolecular
synthesis (MMS) assays were adapted from ref 40. E. coli strain
ATCC 25922 and B. subtilis strain ATCC 6633 were grown
overnightin L Broth at 37 °C before inoculation into M9 minimal
medium (10 mL) and grown to an absorbance (600 nm) of
0.15. Radiolabeled precursors of three MMS pathways (DNA
synthesis, 10 #Ci/mL of [methyl-*H]thydmidine; RNA synthesis,
3 uCi/mL of [5-*H]uridine; protein synthesis, 1 uCi/mL of
L-[2,5-*HJhistidine) were then added and incubated at 37 °C to
allow incorporation of radiolabeled precursors in the presence of
test compounds or control inhibitors. Compounds were added to
25 uL of cells at concentrations 4, 2, 1, 0.5, and 0.25 times the
MIC in a final volume of 50 L. Novobiocin (and HB-EMAU for
B. subtilis), rifampicin, and tetracycline were used as controls for
inhibition of DNA, RNA, and protein synthesis, respectively.
For B. subtilis MMS assays, radiolabeled cells were incubated
with compounds for 40 min before lysis. For E. coli MMS assays,
cells were incubated for 30 min for DNA and RNA synthesis
MMS assays and for 10 min for the protein synthesis MMS assay
before lysis. Labeled cells were lysed using the detergent lysis
reagent, Y-PER (Pierce Chemical), which lyses both Gram-
negative and Gram-positive bacteria. After 100 uL of Y-PER
reagent had been added and the cells had been mixed by repeated
pipetting, they were lysed by incubation at 37 °C for 20 min with
shaking. Macromolecules were precipitated by the addition of
TCA to a final concentration of 10% (v/v) and incubation on ice
for 1 h prior to filtration on 96-well Whatman GF/C filter plates.
Filter plates were washed eight times with 10% cold TCA (200
uL/well) and once with 100% ethanol. Incorporation of radio-
activity into DNA, RNA, and protein was detected by scintilla-
tion counting. Data were expressed as the percentage of
macromolecule precursor incorporated, normalized to DMSO
controls.

RESULTS

DNA replication is essential for the propagation of living cells.
In spite of the widespread use of drugs that target processes
upstream and downstream of DNA replication, no clinically
useful compounds have been developed that target the central
DNA replication apparatus. We describe an approach in which
purified, reconstituted bacterial replicases are assayed by a screen
that simultaneously detects inhibitors of the numerous compo-
nent targets. Parallel screens of replication systems from Gram-
negative and Gram-positive organisms and comprehensive coun-
terscreening, including eukaryotic replicases, allow the biochem-
ical assessment of the spectrum of potential antibacterial agents
as well as potential toxins. The strategies outlined here should
prove general and useful in initiating reverse chemical genetic
approaches to any complex biological process.

Development of HTS Assays for Detect Inhibitors of
Bacterial DN A Replicases. The origin of the ss circular DNA
of bacteriophage G4 cloned into M13 provides a convenient
template for the assay of the E. coli Pol III holoenzyme, SSB, and
DnaG primase (41, 42). The G4 origin possesses an ss DNA
element that allows primase to bypass normal DnaB helicase-
dependent primase recruitment during chromosomal replication,
allowing direct primer synthesis (43).
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We adapted a fluorescent PicoGreen assay (44) to monitor
conversion of ss templates to a duplex and optimized the assay in
a format suitable for HTS. PicoGreen binds preferentially to ds
DNA and becomes fluorescent (Figure 1), providing a homo-
geneous and sensitive indicator of compounds interfering with
the synthesis of ds DNA. Given the complexity of this multi-
component system, the E. coli replicase HTS assay was exten-
sively optimized and was dependent upon all of the purified
protein components (Figure 3a,b). Each protein component was
assayed at limiting concentrations that would respond linearly to
binding of an inhibitor. Nucleotide substrate concentrations were
also near-limiting (data not shown), permitting the detection of
inhibitors of dNTP binding to the polymerase active site, INTP
binding to the primase active site, or dATP or ATP binding to the
ATPase site within the DnaX complex.

We next extended our capability to screen for inhibitors of a
Gram-positive replicase. This would permit identification of
inhibitors of both Gram-negative and Gram-positive DNA
replication and, thus, would have the potential of being devel-
oped into a detection system for broad spectrum antibacterials or
chemical biological tools. A minimal five-subunit replicase has
been demonstrated from S. pyogenes (27). For the development
of basic chemical biological approaches, we chose to use a
replicase from a related model organism, B. subtilis, so that we
could exploit biochemical and genetic tools and knowledge
available for this organism in downstream studies. We expressed
the B. subtilis PolC, the 3, processivity factor, the three subunits
of the DnaX complex (7, ¢, and ¢'), and SSB and purified them in
sufficient quantity for HTS (Figure 2).

The B. subtilis replicase HTS assay was formulated using a
strategy similar to that used for E. coli. The identical DNA
template was used in both assays. Since the B. subtilis DnaG
primase cannot synthesize primers directly on the G4 origin
(unlike the E. coli primase) without the participation of addi-
tional proteins (45, 46), we annealed an oligonucleotide primer
complementary to the M 13g,,; ss DNA template. Titrations of all
protein components and HTS assay optimization studies were
performed as described for the E. coli replicase (Figure 3c,d).

Reaction kinetics were measured to determine the longest time
for which a linear response was observed, ~20 min for both
E. coli and B. subtilis (Figure 3e). As our screening compounds
are dissolved in DMSO, we tested the DMSO tolerance of the
assay to determine compound screening concentration limits
(Figure 3f). More than 80% activity was retained at 8 and
15% DMSO for the Gram-negative and Gram-positive screens,
respectively. Since screening would be conducted over the course
of a day, we tested the stability of the enzyme in assay buffer and
determined that approximately 20% the activity was lost after 4 h
at room temperature (Figure 3g). Consequently, the E. coli
protein component mixes used during screening were kept in a
chilled reservoir (at 4 °C) for no longer than 6 h to ensure
maximum enzyme activity.

HTS of both Gram-Negative and Gram-Positive Repli-
cases against a Compound Library. Having established
robust, reliable replicase-targeted biochemical HTS systems, we
tested a trial library comprised of 20000 commercially obtained
compounds in duplicate screens against both the Gram-negative
and Gram-positive replicases (Figure 4). Compounds that limited
enzyme activities to <50% of uninhibited DMSO controls in
both duplicates (red circles in Figure 4) were considered primary
hits and selected for follow-up studies. Statistics from the screens
yielded Z' factor averages of >0.7, which was extremely
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FIGURE 5: Representative inhibitors identified through HTS against bacterial replicases. Structures of selected inhibitors of the B. subtilis and
E. colireplicases are shown. Activity profiles of each compound in all replicase screens and specificity assays are listed in Table 1 and in Table S1 of

the Supporting Information.

encouraging given the complexity of both systems. Typically, Z
factors between 0.5 and 1 indicate a very robust assay (28). A
total of 831 and 290 compounds were identified as primary hits in
the Gram-negative and Gram-positive screens, respectively
(Figure 4).

Initial hit confirmation was done using a combination of
compound titrations against the primary screen and a DNA
intercalator dye displacement (IDD) assay (29). Preliminary
studies indicated that the most common sources of artifactual
hits were compounds that affected the PicoGreen assay readout
either by binding to the DNA template or product, subsequently
blocking polymerase activity, by blocking PicoGreen dye binding
tods DNA, or, more trivially, by interfering with the fluorescence
of the PicoGreen—ds DNA complex due to absorption. The IDD
assay measures the ability of a test compound to interfere with
binding of the ds DNA-selective dye PicoGreen to ds calf thymus
DNA. For example, compounds such as 133 (Figure 5 and
Table 1) yielded comparable ICs, values in both bacterial

replicase assays and the IDD assay; 251 and 143 of the primary
hits resulting from the E. coli and B. subtilis screens, respectively,
titrated with 1Csq values of <100 uM in the primary screen and
were inactive (with ICs, values > 5-fold greater than the replicase
ICsg) in the IDD assay, strongly suggesting that these were
specific inhibitors. These compounds were chosen for further
analysis against a panel of specificity assays (Table S1 of the
Supporting Information).

Development of Assays To Eliminate Nonspecific Inhi-
bitors. Since our screening systems comprised a large range of
potential enzymatic, protein—protein, and protein—nucleic acid
targets against which hits could act, we counterscreened active
compounds against a diverse panel of specificity assays to
distinguish specific inhibitors of the bacterial Pol III holoenzymes
from nonspecific inhibitors of unrelated DNA polymerases
(bacteriophage T7 and T4 DNA polymerases, S. cerevisiae
DNA Pol 6 holoenzyme, and human mitochondrial DNA
polymerase), an unrelated RNA polymerase (E. coli RNA
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Table 1: Representative Inhibitors Identified through HTS against Bacterial Replicases

DNA replication ICs, («M)”

specificity assay I1Csq (uM)

compound” Eco Bsu DNA binding T7 T4 Polo  Poly Apy RNAP  j-Gal specificity®
56 5.6 86.0 >300 110 300 >300 >300 >300 >300 >300 E. coli

39 2.7 62.9 >300 >300 >300 >300 >300 >300 >300 >300  E. coli

45 13.4 192 300 >300 >300 >300 >300 >300 >300 >300 E. coli

48 60.6 >300 >300 >300 >300 >300 >300 >300 >300 >300  E. coli

19 >300 8.7 >300 >300 >300 300 >300 >300 >300 >300 B. subtilis

67 >300 1.3 >300 28.0  >300 >300 >300 >300 >300 >300  B.subtilis

33 260 35.0 >300 >300 >300 180 >300 >300 >300 >300 B. subtilis

26 >300 20.5 >300 >300 >300 >300 >300 >300 >300 >300  B.subtilis

51 28.6 22.3 >300 250 >300 300 >300 250 >300 >300 broad

70 1.3 32 >300 102 >300 >300 >300 >300 >300 >300  broad

69 0.9 0.9 55.4 11.3 14.6 4.5  >300 8.1 129 >300 broad

65 6.0 3.0 33.0 31.8 57.2 36.6  >300 300 >300 >300  broad

29 25.2 25.2 175 >300 >300 147 >300 >300 >300 >300 broad

61 46.2 9.4 >300 68.1 127 >300 >300 >300 >300 >300  broad

133 8.2 22.3 19.5 14.2 99.4 12.0  >300 198 94.5 15.8  nonspecific
395 36.9 2.8 > 600 12.6  >600 > 600 >600 >600 > 600 >600  T7 Pol/B. subtilis
162 20.4 34.0 >300 200 2.8 >300 >300 >300 >300 >300 T4

152 12.4 10.5 >300 >300 >300 25.0 >300 >300 >300 >300  Pol ¢/broad
100 22.7 18.8 >300 >300 >300 >300 >300 0.8 >300 >300 apyrase

“Compound refers to compounds shown in Figure 5 and Table S1 of the Supporting Information. “ICs, values for both bacterial replicase assays (Eco,
E. coli replicase; Bsu, B. subtilis replicase) and all specificity assays (DNA binding, IDD assay; T7, T7 DNA polymerase; T4, T4 DNA polymerase; Pol 0,
S. cerevisiae DNA Pol 9; Pol v, human mitochondrial DNA polymerase; Apy, apyrase ATPase; RNAP, E. coli RNA polymerase core; f-Gal, f-galactosidase)
are shown. Bacterial replicase assays were conducted as described in Materials and Methods. ICs, values containing a greater than sign indicate that the
compound did not inhibit the assay lower than the 50% activity level at the highest compound concentration tested. ‘A threshold of 5-fold was used to score the
specificity of a given compound for a particular assay or bacterial replicase target. Specificity assays were conducted as described in Materials and Methods.

polymerase core), an unrelated ATPase (apyrase), and a mechan-
istically unrelated enzyme (E. coli -galactosidase).

The ICs, values of confirmed inhibitors were determined and
compared with ICs, values determined in specificity assays. A
threshold of 5-fold was used to score the specificity of a given
compound for a particular assay or bacterial replicase target. A
compound such as 133 (Figure 5 and Table 1) was scored as
nonspecific with respect to most specificity assays, since the ICs
values all fell within 5-fold of one of the bacterial holoenzyme
target 1Cs values. Compound 26 (Figure 5 and Table 1) was
considered specific for the B. subtilis replicase, because the 1Csg
(20.5 uM) was more than 5-fold more potent compared to the
E. coli replicase assay 1Cso (> 300 uM), or that of any specificity
assay. A complete listing of the annotated activities of all 394
compounds tested is provided in Table S1 of the Supporting
Information. Figure 5 and Table 1 illustrate the structures and
activity profiles of selected compounds that will be presented as
examples of the classes of inhibitors we have identified.

The panel of specificity assays was selected not only to identify
problematic compounds such as protein reactive and aggrega-
tion-based inhibitors (47) but also to detect mechanistically
nonspecific compounds (i.e., general polymerase, ATPase, or
RNA polymerase inhibitors) and, as such, proved to be critical to
a thorough evaluation of the replicase inhibitors identified here.
Of all compounds tested, relatively few were found to be active
against f-galactosidase, E. coli RNA polymerase, or human
mitochondrial DNA polymerase (16, 19, and 18 compounds,
respectively). Most of these compounds were generally nonspe-
cific, inhibited many other targets, and were eliminated from
further consideration.

DNA Pol IlIs, involved in chromosomal replication, are a
special subclass of type X polymerases and have a unique fold in
their active site that distinguishes them from type B polymerases,
which replicate eukaryotic chromosomes, or type A polymerases,

which are responsible for mitochondrial replication (48—51). To
eliminate compounds that generally inhibited DNA polymerases,
we performed counterscreens against two type A polymerases
(bacteriophage T7 and human mitochondrial DNA polymerase)
and two type B polymerases (bacteriophage T4 and S. cerevisiae
DNA Pol 6 holoenzyme). The bacteriophage T7 DNA polymer-
ase assay was by far the most efficient specificity filter, identifying
a total of 96 compounds that inhibited T7 DNA polymerase (and
an additional 50 that inhibited T7 and the three other polymerase
specificity targets). Compounds such as 395 exhibited compar-
able levels of inhibition in the T7 assay and the bacterial replicase
screens. T7 DNA polymerase is a highly processive polymer-
ase (52) and may be particularly sensitive to compounds that
interact with the ss DNA template, blocking processive replica-
tion by blocking progression of the polymerase. In contrast to T7
DNA polymerase, the human mitochondrial DNA polymer-
ase (53) was inhibited by only 18 compounds, all of which were
also active against T7. This enzyme was included because it is a
known predictor of mitochondrial toxicity. DNA replication
inhibitors (notably anti-reverse transcriptase inhibitors) have
displayed toxicity directed at mitochondrial DNA polymer-
ase (53, 54) and have even led to the clinical failure of drugs
such as the anti-hepatitis B agent Fialuridine (55). The majority
of the compounds identified here have proven to be inactive
against this specificity filter.

Only five compounds (e.g., compound 162) were found to
significantly inhibit T4 DNA polymerase. The S. cerevisiae DNA
Pol 6 holoenzyme (56) specificity filter was included to permit
detection of compounds that result from inhibition of a eukar-
yotic enzyme highly similar to the human replicase. Such
compounds, of course, would have toxic potential from the
perspective of antibacterial therapeutic agents but could also be
among the most useful as chemical biological tools, as they may
target central mechanisms common to diverse life forms.
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We identified 15 compounds (e.g., compound 152) that fall into
this class of agents that do not inhibit the simpler DNA
polymerases or other specificity targets tested but do inhibit both
a bacterial and the eukaryotic replicase.

Because a major enzymatic target in both replicase screens is
the processivity clamp loader ATPase, a eukaryotic E-type
ATPase, apyrase (57), was included to identify compounds that
could target ATPases nonspecifically. A total of 14 compounds
inhibited apyrase (e.g., compound 100) at ICs, values compar-
able to that of either bacterial replicase, as well as 48 others that
inhibit both apyrase and T7 DNA polymerase. While the
majority of these compounds do not appear to inhibit any other
specificity target (notably the S. cerevisiee DNA pol 6, which
contains an AAA™ ATPase clamp loader, as in the bacterial
replicases), it will be of interest to determine if selected com-
pounds in this set do inhibit bacterial clamp loader ATPases in
future work and if structural analogues of these compounds that
confer greater specificity toward the bacterial replicases could be
identified.

Identification of Specific Bacterial Replicase Inhibitors.
Most encouragingly, a total of 74 compounds were determined to
exhibit a significant degree of specificity toward one or both
bacterial replicases. According to our specificity threshold, a
5-fold difference in 1Cs, values between replicases and specificity
assays, 18 compounds were specific for the E. coli replicase
(examples are compounds 56, 39, 45, and 48), 28 compounds
were specific for the B. subtilis replicase (e.g., compounds 19, 67,
33, and 26), and 28 compounds were found to inhibit both
replicases (e.g., compounds 51, 70, 69, 65, 29, and 61), revealing a
potential to be developed into broad spectrum antibacterial
agents. Our specificity threshold is based on relative numbers.
We acknowledge that some compounds, such as 3 (Table S1 of
the Supporting Information), were designated Gram-positive-
specific but still yield a credible ICs, against the E. coli replicase
of 25 uM.

We anticipate that these highly specific replicase inhibitors will
act by a variety of mechanisms against numerous protein
subtargets within the replicase assays. Although we have identi-
fied compounds that appear to be specific to Gram-negative
replicases, this conclusion cannot be firmly established until the
actual targets are identified. The primase activity in the Gram-
positive replicase systems was not included, and templates were
primed by annealing an exogenous primer. Thus, a broad
spectrum primase inhibitor could appear to be Gram-negative-
specific in our assays, as constituted.

Identification of Compound Structural Series. We
examined all 394 compounds identified from the bacterial
replicase screens using a chemical structure clustering algorithm
(ChemTK, Sage Informatics LLC, Santa Fe, NM) to
identify structurally similar inhibitors. We identified seven dis-
tinct chemical series (A—G, Table 2), all with representatives
among the specific bacterial replicase inhibitors listed in Table 1
(and further described in Table S1 of the Supporting In-
formation).

The largest series identified (series A, 46 compounds) con-
tained a purine-2,6-dione core and included nine compounds
predominantly displaying broad spectrum replicase-specific in-
hibition and also B. subtilis replicase specificity, as shown with
compounds 51 and 19. Other members of this series showed
nonspecific activities primarily against apyrase, T7 DNA poly-
merase, and S. cerevisiaee DNA Pol 0, possibly reflecting the
nucleoside-like core structure.
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Table 2: Inhibitor Series Identified in Replicase Screens
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“Ar, aromatic substitution. '7C0mp # refers to all compounds shown in
Figure 5 and Table 1. “Compounds that were hits in the HTS and titrated
with an ICsg of <100 uM. “Compounds that titrated with an ICs, <5-fold
greater than the most inhibited specificity assay.

The next-largest series (series C, 28 compounds) contained
5-arylmethylenethiazolidine-2,4-diones  or  -2-thioxo-4-ones.
Many of these compounds showed broad spectrum activity
(e.g., compounds 65 and 69), and a few were specific for the
E. coli targets (e.g., compound 45). Other members of the series
displayed nonspecific activities predominantly toward other
DNA polymerases.

An additional series (series F, 20 compounds) contained
variously substituted 2-quinazolinylguanidines. The eight bacter-
ial replicase-specific members of this series (e.g., compounds 67
and 71) predominantly targeted the B. subtilis replicase. Other
nonspecific members of the series predominantly inhibited T7
DNA polymerase (compound 395) and the other DNA poly-
merases in the specificity panel. This series has been previously
identified as possessing antimicrobial activity (58) and, later, as a
polymerase inhibitor (59).

The remaining series identified (series B, compounds 29 and
48; series D, compound 56; series E, compounds 33 and 61; series
G, compounds 26 and 162) all contain compounds displaying
broad spectrum and organism-specific replicase inhibition. The
data obtained from these series of compounds provide informa-
tion that can be used to derive preliminary structure—activity
relationships (SAR) that will prove to be useful during the
pursuit of more defined SARs and the design of library expansion
strategies. Likewise, the 44 remaining bacterial replicase-
specific compounds that do not fall into obvious inhibitor series
can also provide starting points for testing structurally related
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Table 3: Inhibitors of Cellular DNA Replication

Antimicrobial Activi
imicrobial vity MMS Assagf

Comp # Structure MIC (ug/mL)* Specificity
E. coli B. subtilis
B subtilis
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285 N >512 256
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345 128 16
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“MIC values of > 512 ug/mL indicate no growth inhibition at the highest
compound concentration tested. “Data for MMS assay of these com-
pounds are shown in Figure S1 of the Supporting Information.

compounds to establish whether a common structural series can
be identified.

Identification of Compounds with Target-Specific Bio-
logical Activity. To determine which compounds, initially
identified using our multiplicative target screen, exhibited anti-
microbial activity and retained target specificity in a whole cell
context, we took a two-pronged approach. First, we screened all
compounds with promising biochemical profiles for antimicro-
bial activity. Minimal inhibitory concentrations (MICs) were
determined. Then, all compounds that exhibited a MIC of
<256 ug/mL were screened using macromolecular synthesis
assays in which incorporation of precursors for proteins, RNA,
and DNA was quantified. Among 196 compounds with bio-
chemical replicase specificity (or activity against few other
specificity targets) screened, 33 compounds exhibited MICs of
<256 ug/mL. Among these, seven preferentially inhibited DNA
replication and provide candidates for the development of more
potent and specific probes that can be used to block bacterial
DNA replication (Table 3). All of the compounds identified show
biochemical activity against both Gram-positive and Gram-
negative replicases (Table SI of the Supporting Information).
We were unable to explore the specificity for the E. coli replicase
for five compounds because of high MICs (Table 3). Two
compounds (309 and 345) that exhibited low MICs against both
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E. coli and B. subtilis exhibited replicase specificity against only
E. coli, not B subtilis. In all cases, increasing the potency and
specificity with attention to cell permeability issues promises to
yield specific biological probes.

DISCUSSION

Typically, screens of compound libraries are performed on
single targets. While this has led to the efficient identification of
inhibitors of an enzymatic activity or a targeted interaction, it
misses inhibitors of interactions absent from the relatively simple
screening assay. To target more complex interactions, we gen-
erally performed whole cell screens. In a particularly elegant early
example, Mitchison and colleagues, using a screen for mitotic
arrest in tissue culture cells, identified monastrol, an inhibitor of
the kinesin Eg5 that binds to a site remote from the ATP or
microtubule binding sites (60).

An alternative approach to the whole cell screens would be to
include all of the components of a multiprotein machine in a fully
reconstituted biochemical system. Indeed, progress has been
reported in the development of more complex biochemical
assays; for example, a fatty acid biosynthesis pathway screen in
which a precursor is converted to product through several
intermediates and independent enzyme-catalyzed reactions has
been described (61). Screens have also been performed against
multisubunit enzymes, permitting identification of individual
subunits and their interactions (62, 63). In this report, we
exploited the most complex biochemical system reassembled
from purified components for screening purposes to date. We
reconstituted and screened the entire apparatus for both Gram-
positive and Gram-negative bacterial replicases. For the E. coli
assay, thisincludes the 10 subunits of the Pol I1I holoenzyme with
SSB and DnaG primase.

We estimate that this assay contains upward of 100 targets,
including all of the essential subunits and their interactions and
essential conformers. These include an o.—¢ interaction, required
for shuttling of the primer terminus between these two essential
subunits (64). Polymerization itself contains at least six kinetic
steps and essential changing enzyme conformations (65).
Additionally, the replicative elongation reaction includes addi-
tional steps involved in partitioning of the primer terminus
between the polymerase and exonucleolytic proofreading
active sites (66). Each stage of the replication pathway provides
a target that can be trapped by a small molecule, arresting the
overall reaction. Indeed, the Benkovic lab has demonstrated that
gpS9 arrests the bacteriophage T4 replicase by trapping a
conformation that blocks both polymerase and exonuclease
activity (67).

In addition, a interacts with the ss DNA template, the duplex
immediately behind the template, the primer of the preceding
Okazaki fragment, and the essential 5 and 7 subunits (/6, 19,
68, 69). The subunit interactions change during the formation of
the initiation complex and also in the dissociative reactions
requisite for cycling during Okazaki fragment synthesis on the
lagging strand of the replication fork (18, 69). The DnaX complex
contains essential intracomplex interactions: 7—7, T—y, y—0/,
0'=0, 0—t, y—v, and yP—y. This is just the static picture.
Assembly of a processivity factor onto DNA requires at least
six kinetic steps in which the intersubunit interactions change
during a tightly regulated process that involves ATP binding and
turnover, accompanied by ordered f and DNA binding and
release (70). Blockage of any of these discrete kinetic steps by
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FIGURE 6: Use of parallel multiplicative target screening assays to
identify specific bacterial DNA replication inhibitors with broad
spectrum potential. The use of the E. coli replicase permits identifica-
tion of compounds that have potential for general Gram-negative
antibacterial activity. The same approach, utilizing the B. subtilis
replicase, permits us to distinguish compounds with general Gram-
positive activity. Compounds that inhibit both Gram-positive and
Gram-negative replicases have the highest potential for being devel-
oped into broad spectrum agents. For therapeutic purposes, having a
spectrum that is so broad that it includes the analogous human target
is, of course, undesirable. Inclusion of a human target or a homo-
logous eukaryotic target permits elimination of compounds inhibit-
ing the eukaryotic target. Compound numbers correspond to those in
Table 1 and Table S1 of the Supporting Information.

trapping the complex in a specific conformation should result in
inhibition of the whole reaction.

SSB interacts with DNA and DnaG primase and regulates the
transfer of nascent primers to the polymerase, a process that
likely involves DnaG—y—y—a or DnaG—a interactions (71).
An additional SSB—y interaction is important for the initiation
of complex formation and stabilization of the polymerase on
DNA in the presence of physiological salt levels (72, 73).
Blockage of any of these targets by a small molecule inhibitor
would prevent conversion of the ss DNA template to the ds DNA
product detected in our HTS assay. We refer to the exploitation
of complex dynamic protein machines for screening purposes as
multiplicative target screening to reflect the combinatorial nature
of interacting components providing a quantity of targets thatisa
multiple of the number of individual components required.

We have extended multiplicative target screening to replication
systems from two diverse organisms. Parallel analysis of a
compound library in replication systems from diverse organisms
provided a direct determination of which compounds have broad
spectrum potential and which compounds are specific to one or
more related organisms. Compounds that inhibit replicases from
distinct Gram-negative and Gram-positive organisms would be
expected to have broad spectrum potential. Compounds that
inhibit replicases from only closely related organisms would be
expected to have a narrower spectrum (Figure 6). This approach,
which we refer to as parallel target screening, provides informa-
tion useful for both reverse chemical genetic approaches and the
development of therapeutics. For chemical genetics, knowing
which small molecules are inhibitors of a specific enzyme in a
variety of systems will improve their utility as a tool, both in
serving to block a common process in multiple organisms and in
serving as a probe to study conserved mechanistic features. For
therapeutics, broad spectrum agents are most often pursued, but
a need for targeted therapeutics exists (74), such as antimicrobial
agents used to treat chronic diseases without interfering with
normal flora.
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Inclusion of counterscreens against targets that, if inhibited,
could result in toxicity permitted early discrimination of com-
pounds with an undesirable lack of specificity. In our studies, we
used the S. cerevisiae Pol 0 replicase as a surrogate for the closely
related human replicase and the recombinant human mitochon-
drial replicase. Screening for compounds that interact with ds
DNA and interfere with dye binding provided a preliminary
indication that a compound might be acting by interacting with
the substrate of the replicase rather than the protein itself.
Inclusion of unrelated phage polymerases provided an additional
means of detecting compounds that can block DNA synthesis by
general or nonspecific mechanisms. The E. coli replication system
contains a specialized RNA polymerase that makes primers for
DNA replication. Inclusion of the unrelated E. coli RNA
polymerase provided a means of eliminating general RNA
polymerase inhibitors. In both the E. coli and B. subtilis systems,
the 5 processivity factor is placed on DNA by the action of a
AAA+ ATPase, the DnaX complex. We included an unrelated
ATPase, apyrase, to eliminate simple ATP analogues or non-
specific ATPase inhibitors.

We have also demonstrated that our approach yields a subset
of interesting compounds with biological activity, retaining the
specificity indicated by the biochemical screen. The good yield
(seven compounds with biological target specificity) from a small
20000-compound test library is an indication of the richness of
the target explored by the biochemical multiplicative target
screening approach. We expect that, via selection of a range of
compounds showing high biochemical specificity, further opti-
mization to increase potency will reveal additional useful biolo-
gical probes as well as useful compounds for studying the
structure and mechanism of replicases. However, a strength of
the biochemical approach resides in the ability to identify
compounds and their accompanying targets that would have
been missed in whole cell screens because the compounds fail to
achieve the high cellular concentrations required for the relatively
weak inhibitors expected from first-stage screening efforts. Those
additional compounds that demonstrate high biochemical speci-
ficity can be further optimized to increase both their potency and
cellular permeability.

A key advantage of our multiplicative target screening strategy
is that a very large number of targets can be screened simulta-
neously. These targets include subtle conformational changes
and interactions that may not yet be understood. However, this
powerful approach leaves the challenge of identifying the exact
target, in terms of both the binding sites and the specific
interactions and mechanistic/kinetic steps affected. We are
developing an efficient deconvolution process whereby the target
can be identified without all possibilities being tested. We
anticipate this will involve broad classification of the general
reaction stage (priming, initiation complex formation, and
elongation) and iteratively narrowing our search until the specific
target is identified. For example, inhibitors shown to block
formation of the initiation complex specifically will be screened
to determine whether ATP, DNA, or f, binding to the DnaX
complex is blocked or if the ATPase activity of DnaX is
repressed. Once these details are understood, the specific kinetic
step affected and specific binding site can be pursued, exploiting
the extant wealth of functional and structural information. This
will not only permit direct identification of known interactions
and kinetic steps but also reveal unknown features of our
complex system, via the discovery of compounds that interfere
with weak, essential interactions or block fast non-rate-limiting
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kinetic steps that have eluded detection by other techniques. As
our studies progress, we hope to gain a better understanding of
the structure of target—inhibitor complexes and exploit this
information to gain mechanistic insight and to make rational
progress with promising inhibitors toward useful therapeutics
and valuable biological and mechanistic probes.

NOTE ADDED AFTER ASAP PUBLICATION

After this paper was published ASAP February 25, 2010, the

Supporting Information document was updated. The revised
version was reposted March 1, 2010.

SUPPORTING INFORMATION AVAILABLE

A figure showing the results of the MMS assays reported in

Table 3 and the complete screening, specificity, and microbiolo-
gical data for the 394 compounds identified in the E. coli and
B. subtilis HTS. This material is available free of charge via the
Internet at http://pubs.acs.org.

REFERENCES

1.

Haggarty, S.J., Koeller, K. M., Kau, T. R., Silver, P. A., Roberge, M.,
and Schreiber, S. L. (2003) Small Molecule Modulation of the Human
Chromatid Decatenation Checkpoint. Chem. Biol. 10, 1267-1279.

. Hawser, S., Lociuro, S., and Islam, K. (2006) Dihydrofolate

Reductase Inhibitors as Antibacterial Agents. Biochem. Pharmacol.
71, 941-948.

. Mitscher, L. A. (2005) Bacterial Topoisomerase Inhibitors: Quino-

lone and Pyridone Antibacterial Agents. Chem. Rev. 105, 559-592.

. Kornberg, A., and Baker, T. A. (1992) DNA Replication, 2nd ed.,

W. H. Freeman and Company, New York.

. Daly, J. S., Giehl, T. J., Brown, N. C., Zhi, C., Wright, G. E., and

Ellison, R. T., IIT (2000) In Vitro Antimicrobial Activities of
Novel Anilinouracils Which Selectively Inhibit DNA Polymerase
III of Gram-positive Bacteria. Antimicrob. Agents Chemother. 44,
2217-2221.

. Yang, F., Dicker, I. B., Kurilla, M. G., and Pompliano, D. L. (2002)

PolC-Type Polymerase 111 of Streptococcus pyogenes and Its Use in
Screening for Chemical Inhibitors. Anal. Biochem. 304, 110-116.

. Shapiro, A., Rivin, O., Gao, N., and Hajec, L. (2005) A homogeneous,

high-throughput fluorescence resonance energy transfer-based DNA
polymerase assay. Anal. Biochem. 347, 254-261.

. Butler, M. M., and Wright, G. E. (2008) A method to assay inhibitors

of DNA polymerase I1IC activity. Methods Mol. Med. 142, 25-36.

. Georgescu, R. E., Yurieva, O., Kim, S. S., Kuriyan, J., Kong, X. P.,

and O’Donnell, M. (2008) Structure of a small-molecule inhibitor of a
DNA polymerase sliding clamp. Proc. Natl. Acad. Sci. U.S.A. 105,
[1116-11121.

. McHenry, C. S. (2003) Chromosomal Replicases as Asymmetric

Dimers: Studies of Subunit Arrangement and Functional Conse-
quences. Mol. Microbiol. 49, 1157-1165.

. Johnson, A., and O’Donnell, M. (2005) Cellular DNA Replicases:

Components and Dynamics at the Replication Fork. Annu. Rev.
Biochem. 74, 283-315.

. Waga, S., and Stillman, B. (1998) The DNA Replication Fork in

Eukaryotic Cells. Annu. Rev. Biochem. 67, 721-751.

. Kelman, Z. (2000) DNA Replication in the Third Domain (of Life).

Curr. Protein Pept. Sci. 1, 139-154.

. Kim, S., Dallmann, H. G., McHenry, C. S., and Marians, K. J. (1996)

Coupling of a Replicative Polymerase and Helicase: A 7-DnaB
Interaction Mediates Rapid Replication Fork Movement. Cell 84,
643-650.

. Glover, B. P., and McHenry, C. S. (2001) The DNA Polymerase 111

Holoenzyme: An Asymmetric Dimeric Replicative Complex with
Leading and Lagging Strand Polymerases. Cell 105, 925-934.

. Kim, D. R., and McHenry, C. S. (1996) Identification of the -Binding

Domain of the o Subunit of Escherichia coli Polymerase 111 Holoen-
zyme. J. Biol. Chem. 271, 20699-20704.

. Jeruzalmi, D., O’Donnell, M. E., and Kuriyan, J. (2001) Crystal

Structure of the Processivity Clamp Loader Gamma Complex of
E. coli DNA Polymerase I11. Cell 106, 429-441.

. Williams, C. R., Snyder, A. K., Kuzmic, P., O’'Donnell, M. E., and

Bloom, L. B. (2003) Mechanism of Loading the Escherichia coli DNA

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

33.

34.

35.

36.

37.

38.

39.

Biochemistry, Vol. 49, No. 11, 2010 2561

Polymerase I11 Sliding Clamp I: Two Distinct Activities for Individual
ATP Sites in the y Complex. J. Biol. Chem. 279, 4376-4385.

. Kim, D. R., and McHenry, C. S. (1996) Biotin Tagging Deletion

Analysis of Domain Limits Involved in Protein-Macromolecular
Interactions: Mapping the t Binding Domain of the DNA Polymerase
11T o Subunit. J. Biol. Chem. 271, 20690-20698.

Gao, D., and McHenry, C. S. (2001) 7 Binds and Organizes Escher-
ichia coli Replication Proteins through Distinct Domains: Partial
Proteolysis of Terminally Tagged 7 to Determine Candidate Domains
and to Assign Domain V as the o Binding Domain. J. Biol. Chem. 276,
4433-4440.

Fay, P. J., Johanson, K. O., McHenry, C. S., and Bambara, R. A.
(1981) Size Classes of Products Synthesized Processively by DNA
Polymerase I1T and DNA Polymerase II1 Holoenzyme of Escherichia
coli. J. Biol. Chem. 256, 976-983.

Fay, P. J., Johanson, K. O., McHenry, C. S., and Bambara, R. A.
(1982) Size Classes of Products Synthesized Processively by Two
Subassemblies of Escherichia coli DNA Polymerase 111 Holoenzyme.
J. Biol. Chem. 257, 5692-5699.

Johanson, K. O., Haynes, T. E., and McHenry, C. S. (1986) Chemical
Characterization and Purification of the 8 Subunit of the DNA
Polymerase III Holoenzyme from an Overproducing Strain. J. Biol.
Chem. 261, 11460-11465.

Griep, M. A., and McHenry, C. S. (1989) Glutamate Overcomes the
Salt Inhibition of DNA Polymerase 111 Holoenzyme. J. Biol. Chem.
264, 11294-11301.

Carter, J. R., Franden, M. A., Aebersold, R., and McHenry, C. S.
(1993) Identification, Isolation and Overexpression of the Gene
Encoding the Psi Subunit of DNA Polymerase III Holoenzyme.
J. Bacteriol. 175, 5604-5610.

Dong, Z., Onrust, R., Skangalis, M., and O’Donnell, M. E. (1993)
DNA polymerase 111 Accessory Proteins. 1. holA and holB encoding
o and d'. J. Biol. Chem. 268, 11758-11765.

Bruck, I., and O’Donnell, M. E. (2000) The DNA Replication
Machine of a Gram-positive Organism. J. Biol. Chem. 275, 28971—
28983.

Zhang, J., Chung, T., and Oldenburg, K. (1999) A Simple Statistical
Parameter for Use in Evaluation and Validation of High Throughput
Screening Assays. J. Biomol. Screening 4, 67-73.

Boger, D. L., Fink, B. E., Brunette, S. R., Tse, W. C., and Hedrick, M.
P. (2001) A Simple, High-resolution Method for Establishing DNA
Binding Affinity and Sequence Selectivity. J. Am. Chem. Soc. 123,
5878-5891.

Boger, D. L., Fink, B. E., Brunette, S. R., Tse, W. C., and Hedrick, M.
P. (2001) A simple, high-resolution method for establishing DNA
binding affinity and sequence selectivity. J. Am. Chem. Soc. 123,
5878-5891.

Chamberlin, M. J., Nierman, W. C., Wiggs, J., and Neff, N. (1979) A
Quantitative Assay for Bacterial RNA Polymerases. J. Biol. Chem.
254, 10061-10069.

. Cogan, E. B., Birrell, G. B., and Griffith, O. H. (1999) A robotics-

based automated assay for inorganic and organic phosphates. Anal.
Biochem. 271, 29-35.

Burgess, R. R. (1969) A new method for the large scale purification of
Escherichia coli deoxyribonucleic acid-dependent ribonucleic acid
polymerase. J. Biol. Chem. 244, 6160-6167.

Kim, D. R., and McHenry, C. S. (1996) In Vivo Assembly of Over-
produced DNA Polymerase III: Overproduction, Purification, and
Characterization of the a, o—e¢, and oo—e—6 Subunits. J. Biol. Chem.
271, 20681-20689.

Macarron, R., Mensah, L., Cid, C., Carranza, C., Benson, N.,
Pope, A. J., and Diez, E. (2000) A Homogeneous Method to Measure
Aminoacyl-tRNA Synthetase Aminoacylation Activity Using Scin-
tillation Proximity Assay Technology. Anal. Biochem. 284, 183-190.
Gomes, X. V., and Burgers, P. M. J. (2001) ATP Utilization by Yeast
Replication Factor C. I. ATP-mediated interaction with DNA and
with proliferating cell nuclear antigen. J. Biol. Chem. 276, 34768—
34775.

Fan, L., Kim, S., Farr, C. L., Schaefer, K. T., Randolph, K. M.,
Tainer, J. A., and Kaguni, L. S. (2006) A novel processive mechanism
for DNA synthesis revealed by structure, modeling and mutagenesis
of the accessory subunit of human mitochondrial DNA polymerase.
J. Mol. Biol. 358, 1229-1243.

Clinical and Laboratory Standards Institute (2007) Methods for
Dilution: Antimicrobial susceptibility tests for bacteria that grow
aerobically, Clinical and Laboratory Standards Institute, Wayne, PA.
Clinical and Laboratory Standards Institute (2006) Performance
standards for antimicrobial susceptibility testing, Clinical and La-
boratory Standards Institute, Wayne, PA.



2562  Biochemistry, Vol. 49, No. 11, 2010

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Wilson, J. M., Oliva, B., Cassels, R., O’Hanlon, P. J., and Chopra, I.
(1995) SB 205952, a novel semisynthetic monic acid analog with at
least two modes of action. Antimicrob. Agents Chemother. 39, 1925—
1933.

Johanson, K. O., and McHenry, C. S. (1980) Purification and
Characterization of the S Subunit of the DNA Polymerase III
Holoenzyme of Escherichia coli. J. Biol. Chem. 255, 10984-10990.
Kaguni, J., and Ray, D. S. (1979) Cloning of a Functional Replication
Origin of Phage G4 into the Genome of Phage M 13. J. Mol. Biol. 135,
863-878.

Bouché, J. P., Rowen, L., and Kornberg, A. (1978) The RNA Primer
Synthesized by Primase to Initiate Phage G4 DNA Replication.
J. Biol. Chem. 253, 765-769.

Seville, M., West, A. B., Cull, M. G., and McHenry, C. S. (1996)
Fluorometric Assay for DNA Polymerases and Reverse Transcrip-
tase. BioTechniques 21, 664-672.

Koepsell, S. A., Larson, M. A., Griep, M. A., and Hinrichs, S. H.
(2006) Staphylococcus aureus Helicase But Not Escherichia coli Heli-
case Stimulates S. aureus Primase Activity and Maintains Initiation
Specificity. J. Bacteriol. 188, 4673-4680.

Noirot-Gros, M. F., Dervyn, E., Wu, L. J., Mervelet, P., Errington, J.,
Ehrlich, S. D., and Noirot, P. (2002) An Expanded View of Bacterial
DNA Replication. Proc. Natl. Acad. Sci. U.S.A. 99, 8342-8347.
McGovern, S. L., Caselli, E., Grigorieff, N., and Shoichet, B. K.
(2002) A Common Mechanism Underlying Promiscuous Inhibitors
from Virtual and High-Throughput Screening. J. Med. Chem. 45,
1712-1722.

Filee, J., Forterre, P., Sen-Lin, T., and Laurent, J. (2002) Evolution of
DNA Polymerase Families: Evidences for Multiple Gene Exchange
Between Cellular and Viral Proteins. J. Mol. Evol. 54, 763-773.
Bailey, S., Wing, R. A., and Steitz, T. A. (2006) The Structure of
T. aquaticus DNA Polymerase III Is Distinct from Eukaryotic
Replicative DNA Polymerases. Cell 126, 893-904.

Lamers, M. H., Georgescu, R. E., Lee, S. G., O’Donnell, M., and
Kuriyan, J. (2006) Crystal Structure of the Catalytic a Subunit of E.
coli Replicative DNA Polymerase I11. Cell 126, 881-892.
Braithwaite, D. K., and Ito, J. (1993) Compilation, Alignment, and
Phylogenetic Relationships of DNA Polymerases. Nucleic Acids Res.
21, 787-802.

Johnson, D. E., Takahashi, M., Hamdan, S. M., Lee, S. J., and
Richardson, C. C. (2007) Exchange of DNA Polymerases at the
Replication Fork of Bacteriophage T7. Proc. Natl. Acad. Sci.
U.S.A. 104, 5312-5317.

Kaguni, L. S. (2004) DNA Polymerase y, The Mitochondrial
Replicase. Annu. Rev. Biochem. 73, 293-320.

Scatena, R., Bottoni, P., Botta, G., Martorana, G. E., and Giardina,
B. (2007) The Role of Mitochondria in Pharmacotoxicology: A
Reevaluation of an Old, Newly Emerging Topic. Am. J. Physiol.
293, C12-C21.

Honkoop, P., Scholte, H. R., de Man, R. A., and Schalm, S. W. (1997)
Mitochondrial Injury: Lessons from the Fialuridine Trial. Drug Saf.
17, 1-17.

Gomes, X. V., and Burgers, P. M. J. (2001) ATP Utilization by Yeast
Replication Factor C: I. ATP-mediated Interaction with DNA
and with Proliferating Cell Nuclear Antigen. J. Biol. Chem. 276,
34768-34775.

Handa, M., and Guidotti, G. (1996) Purification and Cloning of a
Soluble ATP-diphosphohydrolase (Apyrase) from Potato Tubers
(Solanum tuberosum). Biochem. Biophys. Res. Commun. 218, 916-923.
Shiba, S. A., el Khamry, A. A., Shaban, M. E., and Atia, K. S. (1997)
Synthesis and Antimicrobial Activity of Some Bis-quinazoline
Derivatives. Pharmazie 52, 189-194.

59.

60.

6l.

62.

63.

64.

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

Dallmann et al.

Guiles, J., Sun, X., Critchley, I. A., Ochsner, U., Tregay, M., Stone,
K., Bertino, J., Green, L., Sabin, R., Dean, F., Dallmann, H. G.,
McHenry, C. S., and Janjic, N. (2009) Quinazolin-2-ylamino-quina-
zolin-4-ols as novel non-nucleoside inhibitors of bacterial DNA
polymerase I11. Bioorg. Med. Chem. Lett. 19, 800-802.

Maliga, Z., Kapoor, T. M., and Mitchison, T. J. (2002) Evidence that
Monastrol is an Allosteric Inhibitor of the Mitotic Kinesin Eg5.
Chem. Biol. 9, 989-996.

Kodali, S., Galgoci, A., Young, K., Painter, R., Silver, L. L., Herath,
K. B., Singh, S. B., Cully, D., Barrett, J. F., Schmatz, D., and Wang, J.
(2005) Determination of Selectivity and Efficacy of Fatty Acid
Synthesis Inhibitors. J. Biol. Chem. 280, 1669-1677.

Wu, P., Daniel-Issakani, S., LaMarco, K., and Strulovici, B. (1997)
An Automated High-Throughput Filtration Assay: Application to
Polymerase Inhibitor Identification. Anal. Biochem. 245, 226-230.
Roychoudhury, S., Makin, K. M., Twinem, T. L., Stanton, D. T.,
Nelson, S. L., and Catrenich, C. E. (2003) Development and
Use of a High-Throughput Bacterial DNA Gyrase Assay to Identify
Mammalian Topoisomerase 11 Inhibitors with Whole-cell Anticancer
Activity. J. Biomol. Screening 8, 157-163.

Maki, H., and Kornberg, A. (1987) Proofreading by DNA Polymer-
ase I11 of Escherichia coli Depends on Cooperative Interaction of the
Polymerase and Exonuclease Subunits. Proc. Natl. Acad. Sci. U.S.A.
84, 4389-4392.

. Benkovic, S. J., and Cameron, C. E. (1995) Kinetic Analysis of

Nucleotide Incorporation and Misincorporation by Klenow Frag-
ment of Escherichia coli, DNA Polymerase 1. Methods Enzymol. 262,
257-269.

Hochstrasser, R. A., Carver, T. E., Sowers, L. C., and Millar, D. P.
(1994) Melting of a DNA Helix Terminus within the Active Site of a
DNA Polymerase. Biochemistry 33, 11971-11979.

Xi,J.,Zhuang, Z., Zhang, Z., Selzer, T., Spiering, M. M., Hammes, G.
G., and Benkovic, S. J. (2005) Interaction between the T4 Helicase-
Loading Protein (gp59) and the DNA Polymerase (gp43): A Locking
Mechanism to Delay Replication during Replisome Assembly.
Biochemistry 44, 2305-2318.

Reems, J. A., Wood, S., and McHenry, C. S. (1995) Escherichia coli
DNA Polymerase III Holoenzyme Subunits a, S and y Directly
Contact the Primer Template. J. Biol. Chem. 270, 5606-5613.

Lopez de Saro, F. J., Georgescu, R. E., Goodman, M. F., and
O’Donnell, M. E. (2003) Competitive Processivity-clamp Usage by
DNA Polymerases During DNA Replication and Repair. EMBO J.
22, 6408-6418.

Ason, B., Handayani, R., Williams, C. R., Bertram, J. G., Hingorani,
M. M., O’Donnell, M. E., Goodman, M. F., and Bloom, L. B. (2003)
Mechanism of Loading the Escherichia coli DNA Polymerase I1I 8
Sliding Clamp on DNA. Bona Fide Primer/Templates Preferentially
Trigger the y Complex to Hydrolyze ATP and Load the Clamp.
J. Biol. Chem. 278, 10033-10040.

Yuzhakov, A., Kelman, Z., and O’Donnell, M. E. (1999) Trading
Places on DNA: A Three-Point Switch Underlies Primer Handoff
from Primase to the Replicative DNA Polymerase. Cell 96, 153-163.
Kelman, Z., Yuzhakov, A., Andjelkovic, J., and O’Donnell, M. E.
(1998) Devoted to the Lagging Strand: The y Subunit of DNA
Polymerase III Holoenzyme Contacts SSB to Promote Processive
Elongation and Sliding Clamp Assembly. EMBO J. 17, 2436-2449.
Glover, B. P., and McHenry, C. S. (1998) The yy Subunits of DNA
Polymerase 111 Holoenzyme Bind to Single-stranded DNA-binding
Protein (SSB) and Facilitate Replication of a SSB-coated Template. J.
Biol. Chem. 273, 23476-23484.

Projan, S. J., and Bradford, P. A. (2007) Late Stage Antibacterial
Drugs in the Clinical Pipeline. Curr. Opin. Microbiol. 10, 441-446.



