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Novel N-3-alkylated 6-anilinouracils have been identified as potent and selective inhibitors of bacterial DNA
polymerase IIIC, the enzyme essential for the replication of chromosomal DNA in gram-positive bacteria. A
nonradioactive assay measuring the enzymatic activity of the DNA polymerase IIIC in gram-positive bacteria
has been assembled. The 6-anilinouracils described inhibited the polymerase IIIC enzyme at concentrations in
the nanomolar range in this assay and displayed good in vitro activity (according to their MICs) against
staphylococci, streptococci, and enterococci. The MICs of the most potent derivatives were about 4 �g/ml for
this panel of bacteria. The 50% effective dose of the best compound (6-[(3-ethyl-4-methylphenyl)amino]-3-{[1-
(isoxazol-5-ylcarbonyl)piperidin-4-yl]methyl}uracil) was 10 mg/kg of body weight after intravenous application
in a staphylococcal sepsis model in mice, from which in vivo pharmacokinetic data were also acquired.

The antibiotic therapy of nosocomial infections caused by
gram-positive bacteria, in particular, Staphylococcus aureus,
Enterococcus faecalis, Enterococcus faecium, and Streptococcus
pneumoniae, has become more and more problematic during
the last 15 years because of the growing rates of development
of resistance of these organisms to traditional antibiotics (26).
The identification of novel classes of antibacterial substances
that inhibit a new or unexploited target is expected to facilitate
novel therapeutic approaches for the treatment of infections
caused by multiresistant pathogens. 6-Anilinouracils (AUs)
have been described in the literature (1, 9, 24, 25, 27, 28, 31)
and in patent applications (3, 7) as a novel antibacterial class
showing selective inhibition of DNA polymerase IIIC (Pol
IIIC; formerly Pol III), the enzyme required for the replication
of chromosomal DNA in gram-positive organisms with low
G�C contents (29).

Pol IIIC, encoded by the structural gene polC, is one of the
two essential replication-specific DNA polymerases in gram-
positive bacteria (10, 12). The polC gene is absent from the
eubacteria with high G�C contents, e.g., Mycobacterium,
Corynebacterium, and Streptomyces, and the gram-negative eu-
bacteria, e.g., Escherichia, Salmonella, and Haemophilus, as
well as eukaryotic cells, but is strongly conserved in a broad
group of gram-positive pathogens, including staphylococci,
streptococci, and enterococci (29). Pol IIIC has an essential
function in chromosomal DNA replication and can be selec-
tively inhibited by the AU family (29).

The AU-based inhibitors can be regarded as consisting of

three different domains (Fig. 1) (25). The central part of the
molecule is the base-pairing domain, which comprises three
uracil-specific substituents (the ring NH, the 2-oxo, and the
6-NH). The aryl domain, which consists of an appropriately
substituted aryl group, interacts with the Pol IIIC enzyme by
binding into a hydrophobic pocket (25). Although they are
formally pyrimidines, the AUs inhibit the Pol IIIC enzyme due
to their capacity to mimic the guanine moiety of the 2�-deoxyri-
bonucleoside triphosphate guanine, dGTP (25). The uncon-
ventional base-pairing domain of the AUs is able to form three
hydrogen bonds with the pyrimidine base cytosine (25). The
Pol IIIC enzyme, which tries to elongate the primer terminus
past a cytosine residue in the DNA template, is inhibited by
binding of the aryl domain of the anilinouracils into a unique
hydrophobic pocket of the enzyme (25). As a consequence, the
inhibitor sequesters the enzyme into a nonproductive, revers-
ible ternary complex with the template primer (25).

The increased inhibitory activities of AU compounds against
Pol IIIC and the growth of gram-positive bacteria have been
described for N-3-substituted anilinouracils (9, 25). The en-
hanced antibacterial activities of the compounds with the N-3
side chain alkyl substituents compared to those of N-3-unsub-
stituted molecules have been described (9, 25). Moreover,
more complex aminoalkyl substituents have also been de-
scribed in this position of the molecule (31).

In this paper we describe the preparation of several N-3-
substituted anilinouracils, as well as the effects of these struc-
tural variations on antibacterial potency and aqueous solubil-
ity. We developed a nonradioactive Pol IIIC assay that enables
the determination of the anti-Pol IIIC activities of the novel
N-3-substituted anilinouracils. Moreover, a more detailed bio-
logical characterization of 6-[(3-ethyl-4-methylphenyl)amino]-
3-{[1-(isoxazol-5-ylcarbonyl)piperidin-4-yl]methyl}uracil (EMAIPU;
compound 1) is described.

(This work was presented in part at the 43rd Interscience
Conference on Antimicrobial Agents and Chemotherapy, Chi-
cago, Ill., 2003 [A. Kuhl, K. Ehlert, N. Svenstrup, C. Ladel, M.
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Brands, D. Haebich, T. Lampe, and K. Ziegelbauer, Abstr.
43th Intersci. Conf. Antimicrob. Agents Chemother., abstr.
F-2155, 2003].)

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study were S. aureus 133, S. pneumoniae 1707/4, and E. faecalis ICB 27159. All
strains were subcultured on agar plates containing 5% sheep blood. Liquid
cultures were prepared in brain heart infusion (BHI) medium containing 10%
bovine serum for S. pneumoniae and E. faecalis at 37°C.

Cloning, expression, and purification of Pol IIIC from S. aureus. The polC
gene was amplified from S. aureus 133 genomic DNA by PCR with the primers
SAPOL31 5�-GCGCCATATGGACAGAGCAACAAAAATTTAA-3� and
SAPOLrev 5�-GCGCGGATCCTTACATATCAAATATCGAAA-3� and trans-
formed into pET15b (Novagen), which provides an N-terminal His tag. The PCR
product encoding the polC gene was digested with BamHI and NdeI and ligated
into the BamHI-NdeI-digested expression vector, resulting in plasmid
pSapolCHis. Upon transformation into Escherichia coli BL21(DE3), the Pol IIIC
protein could be expressed as a His tag fusion protein at 18°C for 20 h after
induction with 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) in a soluble
form. Briefly, cells were harvested by centrifugation, washed in phosphate-buff-
ered saline containing 1 mM phenylmethylsulfonyl fluoride (PMSF), and resus-
pended in 50 mM phosphate buffer (pH 8.0) containing 10 mM imidazole, 2 mM
�-mercaptoethanol, 1 mM PMSF, and 20% glycerol. The cells were broken with
a French press at 12,000 lb/in2, and the cell debris was removed by centrifugation
at 27,000 � g for 2 h at 4°C. The supernatant was incubated with Ni–nitrilotri-
acetic acid (NTA)–agarose (Qiagen) for 1 h at 4°C; placed into a column; and
washed with 50 mM phosphate buffer (pH 8.0) containing 20 mM imidazole, 2
mM �-mercaptoethanol, 1 mM PMSF, and 10% glycerol. The protein was eluted
in the presence of 100 mM imidazole and was stored in 50% glycerol at �20°C.

DNA Pol IIIC activity. DNA Pol IIIC activity was assayed by an enzymatic
coupled assay containing activated (partially digested with DNase I) calf thymus
DNA as the template-primer DNA and deoxynucleoside triphosphates (dNTPs)
as substrates. The reaction mixture contained 5 �l (25.0 A260 U/ml) of activated
calf thymus DNA (Amersham); dATP, dTTP, dGTP, and dCTP at 20 �M each;
20 �M adenosine 5�-phosphosulfate; and 60 �M luciferin in 50 �l of 50 mM
Tris-Cl (pH 7.5)–5 mM dithiothreitol–10 mM MgCl2–30 mM NaCl–0.1 mg of
bovine serum albumin per ml–10% glycerol. The reaction was started by the
addition of the Pol IIIC enzyme preparation. The reaction mixture was incubated
for 30 min at 30°C prior to the addition of 20 �l of 0.01 mg of ATP sulfurylase
(7.2 U/mg) per ml from baker’s yeast (Sigma). The mixture was further incubated
for 15 min at 30°C. Upon addition of 20 �l of 0.3 �g of firefly luciferase
(Promega) per ml, luminescence can be measured for 1 min in a luminometer.
For determination of the Km values of the nucleotides, the nucleotide of interest
was used at different concentrations, ranging from 5 to 50 �M, whereas the
remaining nucleotides were used in excess concentrations of 500 �M each. For
the determination of the anti-Pol IIIC activities of the described N-3-substituted
anilinouracils, dGTP as the competitive dNTP was omitted from the enzymatic
assay (25). Test compounds were dissolved in dimethyl sulfoxide to a final
concentration not higher than 2%.

MIC determinations. MICs were determined by the broth microdilution
method with an inoculum of 5 � 105 CFU/ml in BHI medium. Growth was read
after 18 h of incubation at 37°C. For S. pneumoniae and E. faecalis, 10% bovine
serum was added to the medium and incubation was performed under mi-

croaerophilic conditions. The test compounds were dissolved in dimethyl sulfox-
ide and diluted to a concentration not greater than 2.5% dimethyl sulfoxide.

Kill curves. For the time-kill assays, log-phase cultures in BHI medium were
diluted to 105 CFU/ml and treated with different concentrations of the test
compound. Cultures were sampled at 0, 2, 4, 6, and 24 h of incubation at 37°C.
Samples were serially diluted, plated on BHI agar, and incubated for 24 h at 37°C
to determine the colony counts.

Resistance development. Resistance development was investigated by serial
passages of S. aureus 133 in 10 ml of BHI medium containing the test compounds
at a concentrations of one-half the MIC, the MIC, and two times the MIC. Cells
grown in the presence of the highest concentration of compound 1 after over-
night incubation at 37°C were used as the inoculum for the next passage and were
diluted 1:100 into fresh BHI medium containing further increasing concentra-
tions of compound 1.

Metabolic incorporation assay. A cell culture of Bacillus subtilis 168 was grown
aerobically to the logarithmic growth phase (optical density at 535 nm, 0.1 to 0.2)
at 37°C in Belitsky medium supplemented with 1 �M L-leucine (23). After the
cells were diluted into fresh medium to an optical density at 535 nm of 0.02, each
1.25 ml of culture was labeled separately with 25 kBq each of L-[4,5-3H]leucine
(5.11 TBq/mmol), [5,6-3H]uridine (1.48 TBq/mmol), [methyl-1�,2�-3H]thymidine
(4.48 TBq/mmol), and N-acetyl-D-[1-3H]glucosamine (185 GBq/mmol). After 5
min, compound 1 (MIC, 2 �g/ml) was added to the cultures at concentrations
corresponding to one-fourth the MIC, the MIC, and four times the MIC for up
to 60 min. Samples of 0.1 ml were withdrawn at regular intervals and precipitated
with 6% perchloric acid in a 96-well multiscreen filter plate (pore size, 0.45 �m;
Millipore) to separate the radioactive metabolites from the radioactivity incor-
porated into high-molecular-weight material. The precipitates were washed with
0.1 ml of ethanol, and the filter plates were dried prior to the addition of 30 �l
of scintillation cocktail (Ultima Gold; Packard). Radioactivity was determined in
a 1450 Microbeta scintillation counter (Wallac). All radiochemicals were pur-
chased from Amersham Pharmacia Biotech, Little Chalfont, United Kingdom.

Cytotoxicity. Cytotoxicity was determined by measuring the metabolic (mito-
chondrial dehydrogenase) activities of different cell lines after 3 days of incuba-
tion with serial dilutions of the compounds. All permanent cell lines were ob-
tained from the American Type Culture Collection (Manassas, Va.). The cells
were cultured in RPMI 1640 medium (Gibco, Paisley, United Kingdom) supple-
mented with 10% fetal calf serum (Seromed, D), 1% glutamine, and 1% peni-
cillin-streptomycin (Gibco). The metabolic activity was determined with an
EZ4U kit (Biomedica, Vienna, Austria), which contains a soluble tetrazolium
salt, according to the procedures of the manufacturer. Briefly, after the 3-day
incubation with the compounds, 25 �l of the EZ4U reagent was added to the
cells. The absorbance at 450 nm was determined after 4 h of incubation at 37°C
in a 5% CO2 atmosphere with a SpectraFluor microplate reader (Tecan). The
50% effective concentrations (EC50s; the concentration at which 50% of the cells
were killed compared to the number of control cells) were determined with
GraphPad Prism software by calculation of dose-response curves by using sig-
moidal curve fit. No-effect concentrations (NOECs; the concentration at which
no differences in killing between treated and control cells were observed) were
estimated by means of the calculated curves.

Murine sepsis model. CFW1 mice (weight, 20 g; six mice per group) were
infected with a single intraperitoneal (i.p.) injection of S. aureus 133 (0.25 ml
containing 10% mucin per mouse; 106 CFU/mouse). At 30 min after infection
the mice were treated intravenously (i.v.) with 0.1 ml of test compound dissolved
in 2% dimethyl sulfoxide–12% Solutol at a concentration sufficient to give a dose
of 10 mg/kg of body weight. The mice were monitored over a 5-day period, and
the results are expressed as the number of surviving mice.

Pharmacokinetics. The animals used were female CFW1 mice (weight, 18 to
25 g; n � 3), male Wistar rats (weight, 175 to 225 g; n � 3), and female beagle
dogs (weight, 9 to 12 kg; n � 2).

For the animal studies, the compound was dissolved in 10% ethanol, 20%
Solutol HS15, and 70% water. The concentration of the solution was between 0.5
and 1 mg/ml. A volume of 2 ml/kg was administered to the mice and the rats. For
the dogs, the vehicle was 10% ethanol and 60% polyethylene glycol, and the
volume was 0.5 ml/kg. The formulation of the test compound was given as a
single i.v. administration via a caudal vein (mice and rats) or a cephalic vein
(dog). The i.v. doses were given either as a bolus injection (mice and rats) or as
a short infusion over 5 min (dogs).

For the rats, blood samples were drawn from the right jugular vein through an
implanted cannula while the rats were conscious. For the mice, blood was
obtained by exsanguination while the mice were under anesthesia. For the dogs,
blood samples were obtained from a punctured jugular vein while the dogs were
conscious. The blood was collected and placed into heparinized syringes or vials.

FIG. 1. Important pharmacophoric elements of a generic AU.
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Plasma was obtained by centrifugation of blood samples. The plasma was stored
below �15°C before further analysis.

LC/MS/MS. Plasma drug concentrations were quantified by a liquid chroma-
tography (LC)-mass spectrometry (MS) (LC/MS/MS) method. A total of 10 �l of
internal standard and 1 ml of acetonitrile were added to 0.1 ml of plasma. Plasma
proteins were precipitated by shaking. The supernatant was evaporated under
nitrogen and reconstituted in 300 �l of the mobile phase, which consisted of 50%
10 mM ammonium acetate (pH 3.5) and 50% acetonitrile. Twenty microliters of
the sample was injected onto a Luna C8 column (50 by 3 mm; 5 �m; Phenome-
nex, Torrance, Calif.). Separation was performed with an HP1100 high-pressure
liquid chromatography (HPLC) instrument (Agilent Technologies, Palo Alto,
Calif.). The mobile phases consisted of acetonitrile (mobile phase B) and 10 mM
ammonium acetate-formic acid (pH 3.5) (mobile phase A). The flow rate was 0.8
ml/min. The following gradient was used: from 0 to 2.0 min, 10% mobile phase
B; from 2.0 to 2.1 min, 90% mobile phase B; from 2.1 to 4.0 min, 90% mobile
phase B; from 4.0 to 4.1 min, 10% mobile phase B; and from 4.1 to 5.0 min, 10%
mobile phase B. The HPLC column effluent was analyzed directly on an API
3000 instrument (PE SCIEX, Toronto, Ontario, Canada) with turbo ion spray
ionization (positive mode). A parent-product ion combination of m/z 438.4 to
229.1 was used to monitor multiple ions. A standard curve was generated from
the mean of three replicates, which were made by spiking an equal volume of
plasma from untreated animals with increasing amounts of drug (1 to 1,000
ng/ml). The amount of drug was quantified by comparison of its peak area ratio
in a given sample to the standard curve.

To determine the partitioning to erythrocytes and blood, 10 �l of the test
substance (200 ng in acetonitrile) was added to 1 ml of blood and the mixture was
incubated for 30 min at room temperature. Plasma was prepared by centrifuga-
tion and analyzed by LC/MS/MS, as described above.

The level of protein binding of compound 1 to plasma proteins was determined
by the erythrocyte partitioning method described by Schuhmacher et al. (19).
Pharmacokinetic data from the concentration-time data were determined by
noncompartmental analysis with the KINCALC software package (version 2.33;
Bayer HealthCare). The allometric scaling (correlation with body weight) of the
pharmacokinetic parameters was performed as described by Boxenbaum (6).
After logarithmic/logarithmic transformation, the parameters were fitted to the
equation y � a � BWb, where BW is body weight and a and b are the allometric
coefficient and the allometric exponent, respectively.

RESULTS

Development of a homogeneous enzymatic assay monitoring
the activity of S. aureus Pol IIIC. Descriptions of the cloning
and expression of the S. aureus Pol IIIC enzyme in E. coli and
purification of the enzyme by classical methods have been
reported previously (13, 17). In order to facilitate efficient
purification of enzymatically active protein in sufficient
amounts, we cloned the polC gene amplified from S. aureus
into pET15b, which provided an N-terminal His tag. The Pol
IIIC protein could be expressed as a His tag fusion protein in
a soluble and enzymatically active form. However, it was im-
portant to avoid high salt concentrations during purification to
preserve the enzymatic activity of S. aureus Pol IIIC, which
resulted in only partially purified His-tagged Pol IIIC protein
after Ni-NTA affinity chromatography (Fig. 2).

Pol IIIC activity has commonly been measured in a hetero-
geneous radioactive assay that incorporates radiolabeled thy-
midine into acid-precipitable DNA (25). A homogeneous non-
radioactive assay would facilitate the identification of potential
Pol IIIC inhibitors from huge compound libraries in a short
time. An enzymatic method for continous monitoring of DNA
polymerase activity has been described by Nyren and Lundin
(15) and Nyren (16). The DNA polymerase reaction leads to
the formation of PPi (template DNA � dNTPs 3 replicated
template DNA � PPi [Pol IIIC reaction]). The PPi can be
converted into ATP by the enzyme ATP sulfurylase by using
adenosine 5�-phosphosulfate as a substrate (PPi � adenosine

5�-phosphosulfate3 ATP � SO4 [ATP-sulfurylase reaction]).
The resulting ATP is used for the production of biolumines-
cence, which can easily be measured in a luminometer. This
reaction is catalyzed by the well-known enzyme firefly lucif-
erase with luciferin as the substrate (ATP � O2 � luciferin3
AMP � PPi � light � CO2 [luciferase reaction]).

We obtained linear kinetics using the described enzymati-
cally coupled nonradioactive assay with low concentrations of
DNA Pol IIIC from S. aureus 133. Figure 3 shows the rate of
PPi production measured as bioluminescence as a function of
time and DNA Pol IIIC concentrations. The apparent Km

values of the recombinant S. aureus Pol IIIC in this assay were
0.3 �M for dCTP and dGTP, 1.5 �M for dTTP, and 0.7 �M for
dATP.

The inhibitory activities of various anilinouracil-based com-
pounds against the S. aureus enzyme were measured in order
to validate the homogeneous nonradioactive Pol IIIC assay
described here in comparison to the published radioactive as-
say. Since the anilinouracil-based compounds act as competi-
tive inhibitors of dGTP (25), this nucleotide was usually omit-
ted from the DNA Pol IIIC assay. In the absence of dGTP, the
enzymatic activity of the S. aureus Pol IIIC enzyme was low-
ered by �30% compared to the activity measured in the pres-
ence of all dNTPs. As can be seen from Table 1, 0.75 �M was
detected as the 50% inhibitory concentration (IC50) of the
ethyl-substituted compound 6-([3,4-trimethylene]anilino)ura-

FIG. 2. SDS-PAGE (7.5% polyacrylamide gel) analysis of the pu-
rification of His-tagged Pol IIIC from S. aureus 133 with Coomassie
blue staining. Fractions that eluted from a Ni-NTA-agarose column by
using 100 mM imidazole are shown. Lane 1, uninduced control; lanes
2 and 3, expressed Pol IIIC (�166-kDa) protein in the presence of 1
mM IPTG; lane 4, molecular mass marker.

FIG. 3. Time course of S. aureus Pol IIIC activity. The assay was
performed as described in Materials and Methods in the absence of
dGTP, and bioluminescence is shown in relative light units (RLU) per
minute.
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cil (TMAU), which has an IC50 of 0.38 �M in the radioactive
assay, as published elsewhere (25). Similarly, the IC50s of var-
ious published AU compounds determined by the homoge-
neous enzymatic coupled assay described here were found to
be in the same range as those obtained by the radioactive assay
(Table 1) (25). As an example the profile of the inhibitory
activity of allyl-substituted TMAU against the Pol IIIC enzyme
is shown in Fig. 4. IC50s for N-3-substituted anilinouracils
determined in the absence of dGTP were highly reproducible;
for instance, a standard deviation of 13% was obtained for the
IC50 of 0.75 �M for ethyl-substituted TMAU in 10 indepen-
dent experiments. Moreover, at high concentrations (�20 �M)
of this compound, complete inhibition of the luminescence
signal to the background level was observed, indicating that the
enzymatic activity measured was due only to Pol IIIC activity
and was not caused by other polymerase or pyrophosphate-
producing enzymatic activities present in the enzyme prepara-
tion, which could be only partially purified without a loss of
activity (Fig. 2).

The IC50s of the N-3-substituted anilinouracils determined
by the nonradioactive assay were clearly due to their specific
inhibitory mode of action on the polymerase activity and were
not influenced by the inhibitory activities of the compounds
used in the coupled assay system, i.e., ATP sulfurylase and

firefly luciferase. This could be demonstrated by using
poly(dA) as a template primer and dTTP as the nucleotide
substrate for the S. aureus Pol IIIC enzyme. None of the
compounds used in the assay system showed inhibitory effects
up to a concentration of 50 �M under the assay conditions
used compared to the results for an untreated control.

A relatively high background luminescence of �16% was
measured in the absence of the Pol IIIC enzyme in comparison
to the enzymatic activity of the untreated control S. aureus Pol
IIIC enzyme; i.e., a signal-to-noise ratio of 6 was obtained by
using the assay conditions described for N-3-substituted anili-
nouracils in the absence of dGTP. The reason for this lumi-
nescence was the fact that dATP as a substrate nucleotide for
the polymerase reaction could also be used as a substrate by
the firefly luciferase. For data analysis the background lumi-
nescence values were subtracted from the values obtained in
the presence of the Pol IIIC enzyme.

Inhibition of S. aureus Pol IIIC and activities against gram-
positive cocci of newly synthesized anilinouracil-based com-
pounds. The N-3 position of the anilinouracils is described as
the only position in the molecule in which a substitution can be
made without adversely affecting the inhibition of the bacterial
polymerase (25, 27), and consequently, we chose to focus our
efforts on optimization of potency by variation of the substitu-
ents at this position. Among the anilinouracil-based Pol IIIC
inhibitors described in the literature, those with substitutions
of 3-ethyl-4-methylanilinouracil (EMAU) and TMAU residues
at the aryl site of the molecule were described as the most
potent compounds (25, 27). Therefore, in the attempt to en-
hance the antibacterial activities of the compounds in this
class, these two aryl-substituted amino uracils were used as
templates in combination with broad variations of the N-3 side
chain. Some of the most potent newly identified compounds
are shown in Table 2. The anti-Pol IIIC activities (IC50s) could
be significantly improved by variation of the N-3 side chain
(Table 2) compared to the activities of previously described
alkyl-substituted compounds, which reportedly exhibited IC50s
of 0.09 to 1.3 �M (25). By introducing more polar functional
groups in the N-3 side chain, we achieved a dual goal: first, the
antibacterial efficacy as well as the target activity could be
improved, and second, the aqueous solubility was significantly
enhanced. For example, the IC50 of compound 4 for the S.
aureus Pol IIIC enzyme was 8 nM. In general, N-3-(4-piperi-
dylmethyl)anilinouracil amides prepared from five-membered-
ring aromatic heterocyclic carboxylic acids were potent inhib-
itors of Pol IIIC (Table 2).

Detailed characterization of EMAIPU (compound 1). On
the basis of the relatively high level of activity in vitro of
compound 1 against different gram-positive cocci (MICs, 4 to
8 �g/ml) (Table 2) as well as its favorable aqueous solubility of
90 mg/liter at pH 6.5 in phosphate-buffered saline, this com-
pound was selected for in-depth characterization of its in vitro
as well as its in vivo properties.

Killing curve. The bactericidal properties of the AU com-
pound class were described by Daly et al. (9). Time-kill studies
with compound 1 were performed with S. aureus 133. As shown
in Fig. 5, with compound 1 only a 1-log-unit drop in the num-
ber of CFU per milliliter was observed within 24 h at eight
times the MIC, indicating that compound 1 shows a bacterio-
static killing effect against this staphylococcal strain.

FIG. 4. Inhibition of the S. aureus Pol IIIC enzyme by TMAU with
an allyl side chain substitution at N-3. An IC50 of 0.6 �M was deter-
mined. Bioluminescence of �187,000 relative light units/min was mea-
sured for the uninhibited Pol IIIC enzyme.

TABLE 1. IC50 of EMAU and N-3-substituted TMAUs for the Pol
IIIC enzyme from S. aureus 133 determined by the

nonradioactive assay

AU R group substituted at N-3 IC50 (�M)a

EMAU OH 1.6
TMAU OH 3.0
TMAU OCH2CH3 (ethyl) 0.75
TMAU OCH2CHACH2 (allyl) 0.6
TMAU OC6H11 (cyclohexyl) 	18

a IC50, the concentration of a test compound that inhibited the Pol IIIC
enzyme activity by 50% compared to the activity of an untreated control.
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Selective inhibition of DNA biosynthesis. The ability of com-
pound 1 to selectively inhibit DNA synthesis was investigated
by the incorporation of radiolabeled metabolic precursors into
whole cells of B. subtilis 168. As shown in Fig. 6, compound 1
selectively inhibited DNA synthesis, as measured by determi-
nation of the level of incorporation of labeled thymidine at
one-fourth the MIC. Even at a concentration of four times the
MIC, the syntheses of other macromolecules, i.e., RNA, pro-
tein, and peptidoglycan, remained unaffected, demonstrating
the highly specific mode of action of the compound. This result
confirms similar previous results with this compound class (1).

Resistance development. Resistance development is re-
garded as a critical property for a novel antibacterial com-

pound class. The rate of resistance development was slower for
compound 1 than for rifampin and moxifloxacin with strain S.
aureus 133, as determined by serial passages in the presence of
increasing concentrations (in terms of the fold increase in the
MICs) of compound 1 (Fig. 7). However, regarding the rela-
tively weak MIC of 8 �g/ml of compound 1 for this strain, a
resistant isolate for which the MIC increased at least 32 times,
to 	256 �g/ml, was obtained after four passages, whereas the
MIC of moxifloxacin increased from 0.03 �g/ml to 2 �g/ml
within this number of passages. The MICs of the whole anili-
nouracil compound class for the compound 1-resistant S. au-
reus strain that was isolated were increased, and these in-
creases occurred independently of the N-3 side chain

TABLE 2. IC50 for Pol IIIC from S. aureus and in vitro activities of the N-3-substituted anilinouracils against the indicated species

Compound
no. Structure of R Structure of Ar

IC50 (�M)
for Pol

IIIC

MIC (�g/ml)

S. aureus
133

S. pneumoniae
1707/4

E. faecalis
ICB 27159

1 0.09 8 4 8

2 0.07 8 2 4

3 0.03 4 16 4

4 0.008 4 4 2

5 0.07 8 32 8

6 0.49 64 64 64
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substitution. However, no cross-resistance to other known an-
tibiotics was observed. To investigate the resistance mecha-
nism of this strain, the polC gene was amplified by PCR and
sequenced. In this strain the phenylalanine at position 1261 of
the Pol IIIC enzyme was found to be replaced by a leucine
residue. The mutation was caused by a transversion of
C3843G. The results show that resistance to compound 1 was
due to a target mutation, which might lower the binding affinity
of compound 1 to the Pol IIIC enzyme.

In vitro cytotoxicity. To estimate the cytotoxicity of com-
pound 1 in in vivo experiments, eukaryotic cell lines, including
human cells, were incubated in the presence of compound 1, as

described in Material and Methods. As shown in Table 3,
compound 1 showed no severe cytotoxic side effects in this in
vitro assay. The EC50 was 	100 �g/ml for all cell lines tested,
which is generally regarded as uncritical (trovafloxacin, a quin-
olone antibiotic, and cycloheximide, a known cytotoxic agent,
were included for comparison; Table 3). The results are con-
sistent with the selective inhibition of the Pol IIIC enzyme,
which is absent from eukaryotic cells.

In vivo efficacy in a murine sepsis model. On the basis of the
in vitro activity of compound 1 against S. aureus 133 (Table 2),
its in vivo efficacy was investigated in a murine sepsis model

FIG. 5. Killing curve of EMAIPU (compound 1) (MIC, 8 �g/ml)
for S. aureus 133. The compound was tested, as indicated, at half
(0.5�), two times (2�), and eight times (8�) its MIC.

FIG. 6. Mode-of-action studies for EMAIPU (compound 1) by the incorporation of radiolabeled metabolic precursors (as indicated) into whole
cells of B. subtilis 168 (MIC, 2 �g/ml). Labeling was performed at one-fourth the MIC, the MIC, and four times the MIC. —, control; Œ, EMAIPU
at 0.5 �g/ml; F, EMAIPU at 2 �g/ml; ■ , EMAIPU at 8 �g/ml.

FIG. 7. Development of S. aureus 133 resistance to EMAIPU
(compound 1; ■ ), determined as described in Material and Methods,
in comparison to the development of resistance to rifampin (F) and
moxifloxacin (Œ).
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with this strain. As mentioned above the improved, solubility of
90 mg of compound 1 per liter (calculated log P, 1.35 [where P
is the distribution coefficient between water and n-octanol of
compound 1]) enabled an i.v. application route. Groups of
mice (n � 6) were infected i.p., as described in Materials and
Methods, and 30 min thereafter were treated i.v. with 10 mg of
compound 1 per kg. Compound 1 protected the mice from
lethal staphylococcal sepsis; i.e., 50% survival could be ob-
served after administration of the described dosage compared
to the rate of survival for the untreated controls, none of which
survived. Moreover, an ED100 of 50 mg/kg was found for com-
pound 1 in a sepsis model with E. faecalis ICB 27159 (5 � 107

CFU/mouse) after i.p. administration at 15 min postinfection.
Pharmakokinetic properties. In order to evaluate the phar-

macokinetic properties of compound 1 in different species, the
drug was administered i.v. to mice, rats, and dogs. Plasma
clearances (CLplasmas) of 1.58, 1.32, and 0.65 liters/(h � kg)
were observed for the mice, rats, and dogs, respectively. The
elimination half-life (t1/2) and volume of distribution at steady
state (Vss) increased from the mice to the dogs (Table 4). The
unbound fractions of drug in plasma (fus) were determined to
be 1.1% for the mice, 2.6% for the rats, and 2.5% for the dogs.
By application of allometric scaling, a CLplasma of 0.53 liters/
(h � kg), a Vss of 1.88 liters/kg, and a mean residence time

(MRT) after i.v. administration (MRTi.v.) of 3.5 h were pre-
dicted for humans.

DISCUSSION

In order to identify novel antibacterial agents that inhibit the
Pol IIIC enzyme we performed for the first time a nonradio-
active and homogeneous enzyme assay by omitting filtration
steps. The enzymatic activity of Pol IIIC from S. aureus was
measured in an enzymatically coupled assay; i.e., the PPi pro-
duced from the DNA polymerization reaction was converted
into bioluminescence with the enzymes ATP sulfurylase and
firefly luciferase. Using this assay, we determined that the Km

values for the dNTPs were similar to those for the B. subtilis
Pol IIIC, as determined in the heterogeneous radioactive assay
(14). The IC50s of various published AU compounds deter-
mined by the homogeneous enzymatic coupled assay described
here were found to be in the same range as those determined
by the radioactive assay (25). Moreover, we also found that AU
compounds containing increasing numbers of carbon atoms in
the aliphatic side chains at N-3 had increased anti-Pol IIIC
activities. Addition of a cyclohexyl group significantly reduced
the inhibitory activity against the Pol IIIC enzyme. The results
reported here are in full agreement with those presented in
earlier reports (25), suggesting that the assay described here
might be suitable for the characterization of newly synthesized
anilinouracil-based compounds.

In a recently published report, Yang et al. (30) described a
homogeneous scintillation proximity assay with DNA Pol III
from Streptococcus pyogenes. Those investigators used syn-
thetic double-stranded oligonucleotides as substrates, although
the Pol III activity was considerably lower (30). They described
inconsistent results for inhibition of DNA Pol IIIC by anili-
nouracils when activated calf-thymus DNA was used as the
substrate (30). Yang et al. (30) pointed out that the sequence
and the concentration of activated calf thymus DNA are un-
known and might be the reason for the inconsistent inhibition
measurements obtained with anilinouracils. However, here we
found reproducible IC50s of the anilinouracils when we used
activated calf thymus DNA as the substrate, and these values
were also comparable to those determined by the published
radioactive heterogeneous Pol IIIC assay (25).

Previous work with the anilinouracil compound class has
primarily focused on the optimization of the anilino substitu-
ent; among the anilinouracil-based Pol IIIC inhibitors de-
scribed in the literature, those with 3-ethyl-4-methylanilino-
and 3,4-trimethyleneanilino substitutions at the aryl site of the
molecule have been described as the most potent (25); these
moieties were kept constant when we varied the substituents at
other positions. Despite a great deal of work to establish the
structure-activity relationship (SAR) of uracil ring substitu-
tions, so far the N-3 position appears to be the only place in the
molecule where substitutions can be made without a loss of
activity (25, 27). Among the series of linear N-alkyl substitu-
ents, the potency seems to correlate with lipophilicity; thus, the
highest activity was achieved with N-3 butyl-substituted
TMAU (25), whereas the addition of a benzyl group at N-3
significantly reduced the anti-Pol IIIC activity (25), seemingly
indicating an unfavorable steric interaction. A recent report

TABLE 3. In vitro cytotoxicity of EMAIPU (compound 1)
compared to those of cycloheximide and trovafloxacin against

different eukaryotic cell lines

Compound and
parameter

P388
(mouse

monocyte)

THP-1
(human

monocyte)

U937
(human

macrophage)

CHO
(hamster

ovary)

HUH7
(human

hepatocyte)

Cycloheximide
EC50 (�g/ml) 0.06 0.11 0.28 3.59 0.08
NOEC (�g/ml) 
0.1 
0.1 
0.1 1.0 
0.1

Compound 1
EC50 (�g/ml) 	100 	100 	100 	100 	100
NOEC (�g/ml) 31.6 31.6 31.6 	100 	100

Trovafloxacin
EC50 (�g/ml) 7.55 24.29 5.42 23.84 24.29
NOEC (�g/ml) 1.0 3.16 1.0 1.0 3.16

TABLE 4. Pharmacokinetic parameters for compound 1
(EMAIPU) in mice, rats, and dogs

Parametera Female CFW1
mice

Male Wistar
rats

Male beagle
dogs

Doseb (mg/kg) 1 2 1
t1/2 (h) 0.53 0.89 (1.17) 1.54 (1.08)
MRT (h) 0.35 0.57 (1.09) 1.55 (1.04)
Vss (liter/kg) 0.55 0.75 (1.27) 1.01 (1.23)
CLplasma [liters/(h � kg)] 1.58 1.32 (1.26) 0.65 (1.19)
CLplasma/CLblood 1.36 1.21 1.22
CLblood [liters/(h � kg)] 2.15 1.60 0.79
fu (%) 1.1 2.6 2.5

a For plasma clearance, the equation y � 1.02 � BW0.848 (r2 � 0.999) was used;
for volume of distribution, the equation y � 1.23 � BW1.098 (r2 � 0.999) was used.
The values of the pharmacokinetic parameters are geometric means for the mice
and geometric means (standard deviations) for the rats and dogs.

b The doses were administered as i.v. bolus injections for the mice and rats and
as a 5-min i.v. infusion for the dogs.
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(31) has described the more hydrophilic N-3-piperidinylbutyl
derivative as a potent Pol IIIC inhibitor.

Our work with this compound class was based on the hy-
pothesis that an energetically favorable interaction with the Pol
IIIC enzyme could be achieved by elaboration of the N-3
substituent, which in turn would lead to improved antibacterial
potency.

Indeed, many of the resulting compounds showed significant
inhibitory activities against the Pol IIIC target in the low nano-
molar range. Several structural classes with improved poten-
cies were identified, and although each structural subclass
seemed to have a distinct SAR, an overall SAR did not
emerge. Zhi et al. (31) also observed the lack of steric limits for
bulky substituents at this position and assumed only a low-level
interaction of this group with the Pol IIIC enzyme.

Nevertheless, the anti-Pol IIIC activity could be significantly
influenced by variation of the N-3 side chain. It is known that
the formation of a hydrogen-bonded complex between an AU
molecule and a cytosine base in the DNA template is the first
interaction in the inhibitory mechanism of the AU compound
class (25). This could be demonstrated by the fact that poly-
merization of a poly(dA)-oligo(dT) DNA template-primer
containing no cytosine bases in the template could not be
inhibited by anilinouracils (25). It might be that the newly
identified N-3 substituents with improved anti-Pol IIIC activi-
ties enhance the base-pairing faculties of the AU compounds.

The MICs of the compounds described here for gram-pos-
itive cocci were found to be, at best, in the range of 4 to 8
�g/ml, which is in agreement with data from recent reports
describing aminoalkyl substituents at position 3 of the uracil
ring (31). It is noteworthy that the MICs of the investigated
derivatives somehow seemed to be limited, regardless of the
anti-Pol IIIC activity measured in the enzymatic assay; i.e.,
although the anti-Pol IIIC activities of the compounds could be
significantly improved, the antibacterial activities (MICs) of
the compounds could not be improved beyond a comparatively
modest MIC of 2 �g/ml. Although these activities are much
improved relative to those of previously reported anilinoura-
cils, they are still far from the potencies of fluoroquinolones
and modern beta-lactam antibiotics. Apparently, the anti-Pol
IIIC activity does not linearly correlate with the MICs, and
factors other than the activity against the target alone contrib-
ute to the antibacterial activities, and physicochemial param-
eters are of importance. Zhi et al. (31) also observed this
variation in antibacterial activity, despite strong inhibition of
Pol IIIC.

The apparently inherent minimum MICs of the AU com-
pounds might be explained by one of the following three hy-
potheses or a combination thereof. (i) The level of penetration
of the AU molecules into a bacterial cell might be somehow
limited. (ii) The IC50s were determined in the absence of
dGTP, which is present in the bacterial cell. Indeed, addition
of dGTP to the enzymatic Pol IIIC assay increased the IC50s of
the AU compounds (data not shown), which is consistent with
the competitive mode of action of this compound class (25).
(iii) It has been reported that the S. aureus Pol IIIC activity is
lowered from �480 to �120 nucleotides/s in in vitro assays, in
which the accessory proteins present in the bacterial cell, e.g.,
the � sliding clamp, are lacking (11). Thus, it might be that the
molecules are able to inhibit the slower activity of the Pol IIIC

enzyme in the in vitro assay but are not potent enough to
inhibit the enzymatic activity to the same extent inside a bac-
terial cell in the presence of dGTP.

Among the different N-3-substituted compounds, EMAIPU
(compound 1) not only showed moderate activity against S.
aureus (Table 2) but also showed a much increased aqueous
solubility compared to those of N-unsubstituted derivatives.
This improved solubility enabled i.v. application of compound
1 in a murine sepsis model, which is the first time that a
compound in this class has been able to be administered by this
route; previous in vivo experiments had been conducted with
i.p. dosing. We found an ED100 of 50 mg/kg in a murine
enterococcal sepsis model and an ED50 of 10 mg/kg in a mu-
rine staphylococcal sepsis model. Tarantino et al. (25) reported
that an AU compound with a hydroxypropyl N-3 side chain
substitution had an ED100 of 10 mg/kg after i.p. administration
in a murine staphylococcal sepsis model, which is in the same
range as our results. Pyrazolo[3,4-d]pyrimidine-based inhibi-
tors of Pol IIIC with improved aqueous solubilities have also
been described, but no animal studies were reported (2).

The pharmacokinetics of compound 1 (EMAIPU) in mice
showed a low to moderate CLplasma and a moderate Vss. This
results in an MRTi.v. of 0.35 h. Compared to the values of the
pharmacokinetic parameters for another marketed antibiotic,
such as linezolid, which possesses a CLplasma of 1.0 liters/h � kg
and an MRTi.v. of 0.8 h, the values of the pharamacokinetic
parameters for EMAIPU are in an acceptable range. There-
fore, the good pharmacokinetic properties of compound 1 sup-
port the positive findings obtained with the murine sepsis
model. For the antibacterial agent linezolid, CLplasma de-
creases (in relation to the total amount of blood in the liver)
and Vss is maintained at a constant level. This results in in-
creased MRTi.v.s of 1.3 and 5.3 h for rats and dogs, respectively
(21). By extrapolation of these data to humans by allometric
scaling, the MRTi.v. for humans is estimated to be 7 h (5). This
is in good agreement with the measured value of 8 h for
MRTi.v. after administration of a single i.v. dose (22). Other
marketed antibiotics, e.g., moxifloxacin, show an even more
pronounced increase in MRTi.v. in species with increasing body
weight. The MRTi.v. of moxifloxacin increased from 0.9 h in
mice to 13 h in humans (20). Extrapolation of the values
obtained for compound 1 (EMAIPU) to the values that would
be obtained for humans reveals less favorable pharmacokinetic
properties, in particular, less favorable CLplasma and MRTi.v.

values. This issue should be considered during the optimiza-
tion of anilinouracil-based compounds.

The rate of development of resistance to compound 1, as
determined by serial passages in S. aureus, was found to be
slower than that to rifampin. Nevertheless, a highly resistant S.
aureus strain could be isolated after four passages in the pres-
ence of compound 1. The mutation that caused resistance to
compound 1 was located at position 1261 of the Pol IIIC
enzyme, which resulted in a change of phenylalanine to
leucine. This conserved phenylalanine was also changed into
a leucine residue in different gram-positive organisms resis-
tant to 3(4�-hydroxybutyl)-6-(3�-ethyl-4�-methylanilino) uracil
(HBEMAU) (8). A Pol IIIC enzyme from B. subtilis resistant
to p-hydroxyphenyl azouracil has been described to be the
result of a mutation in azp-12, which contains a single base
change that results in the replacement of the serine at position
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1175 by alanine (18). The region of this mutation is described as
the C-terminal domain of the Pol IIIC enzyme required for dNTP
binding and as the known aryl-binding region in B. subtilis (4, 18).
The Pol IIIC enzymes from resistant organisms displayed the
same polymerase activities as their wild-type counterparts, but
they showed higher Ki values for AU compounds (8). Thus, re-
sistance to the AU compound class is based on the lower binding
affinities of the inhibitory molecules to the target enzyme. The
fact that resistance to anilinouracils containing different N-3 side
chains but the same aryl domain was caused by the exchange of a
conserved phenylalanine residue within the aryl-binding domain
of the Pol IIIC enzyme further supports the assumption that the
N-3 substituents investigated so far do not play a crucial role in
enzyme binding.

Low frequencies of resistance to HBEMAU were observed
(8), which seems to be in accordance with the fact that prob-
ably only a single allowable mutation leads to resistance to the
anilinouracil-based compound class. However, to estimate the
clinical relevance of this resistance phenomenon, more de-
tailed studies with more strains should be performed.

Other key properties of compounds of the AU class, e.g.,
their specific inhibition of DNA biosynthesis, have been pre-
served in the newly synthesized compounds, and the results for
these properties obtained here are comparable to those re-
ported in previous studies (1, 9, 25).

In summary, by using an approach to optimize the antibac-
terial activities of compounds within the AU compound class
by making variations at position 3 of the uracil ring, a number
of derivatives, including EMAIPU (compound l), showing
promising in vitro and in vivo antibacterial efficacies have been
identified. The enhanced aqueous solubility facilitated i.v. ad-
ministration in a mouse sepsis model. The anilinouracils are a
promising novel antibacterial compound class, but further im-
provement of their antibacterial potencies would be required
for this class to be competitive in a clinical setting. Exploration
of the novel derivatives belonging to this class may, it is hoped,
lead to the identification of novel antibiotics to combat mul-
tiresistant gram-positive pathogens.
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