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Staphylococcus epidermidis is a major cause of nosocomial infections because of its ability to form biofilms on
the surface of medical devices. Only a few antibacterial agents are relatively active against biofilms, and
rifampin, a transcription inhibitor, ranks among the most effective molecules against biofilm-related infec-
tions. Whether this efficacy is due to advantageous structural properties of rifampin or to the fact that the RNA
polymerase is a favorable target remains unclear. In an attempt to answer this question, we investigated the
action of different transcription inhibitors against S. epidermidis biofilm, including the newest synthetic
transcription inhibitors. This comparison suggests that most of the antibiotics that target the RNA polymerase
are active on S. epidermidis biofilms at concentrations close to their MICs. One of these compounds, CBR703,
despite its high MIC ranks among the best antibiotics to eradicate biofilm-embedded bacteria.

Many bacteria organize in biofilms in their natural environ-
ment to protect themselves from hostile conditions. The med-
ical community is now aware that biofilms are involved in many
serious infections and that it is very difficult to eradicate them
(11). Indeed, bacterial biofilms are inherently resistant to an-
tibiotics and host defenses. Various mechanisms have been
proposed to explain why very few molecules are active against
biofilms: the penetration of antibiotics can be limited by the
protective matrix that enclose bacteria, and/or antibiotic activ-
ity is altered by the phenotypic heterogeneity of biofilm-em-
bedded bacteria (7). However, the presence in the biofilms of
a high frequency of persister bacteria that do not grow or die
in the presence of the antibiotic might be the cause of these
recalcitrant infections (15).

S. epidermidis is a biofilm-forming pathogen and is respon-
sible for a significant amount of nosocomial device-related
infections (21, 29). Rifampin, in combination with other anti-
biotics, is frequently used to treat these infections. This mole-
cule is able to penetrate the protective exopolysaccharidic ma-
trix but fails to eradicate the whole biofilm, even when
administered at a high concentration (31). Rifampin is also one
of the most hydrophobic agents used in chemotherapy, and its
efficiency might be due to its physicochemical properties (e.g.,
hydrophobicity or size), which allow it to penetrate the biofilm
matrix and perform its bactericidal activity. It is also possible
that its intracellular target, the RNA polymerase (RNAP), is of
particular importance for biofilm survival.

To further address this question, we have investigated the
behavior of different antibacterial inhibitors of RNAP from
seven structurally unrelated families on S. epidermidis biofilms:
rifampin and two recently commercialized and more hydro-
phobic analogs, rifapentine and rifaximin; streptolydigin (25);
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lipiarmycin (5, 28), which is currently in a clinical trial under
the name of OPT-80 (1); two putative transcription inhibitors
(22, 23) from the pyrrothines family, thiolutin and holomycin;
the recently described synthetic molecules CBR703 and its more
active analogue, CBR64 (4, 18); SB2 (2, 9); and a ureidothio-
phene (2) (Fig. 1). The activity on biofilms was determined by an
ATP-counting bioluminescence assay (8) used in several studies
of antibacterial activity against S. epidermidis biofilms (18, 19).

MATERIALS AND METHODS

Bacterial strain. S. epidermidis RP62A (CIP 105777) was used for its ability to
colonize solid supports such as plastic culture dishes and catheters.

Antibiotics and experimental compounds. Rifampin was purchased from Sigma-
Aldrich. Rifapentine and rifaximin were purchased from Sequoia Research
Products, Pangbourne, United Kingdom. Streptolydigin, holomycin, and thiolu-
tin were purchased from Sourcon-Padena, Tiibingen, Germany. Lipiarmycin was
produced according to the method of Talpaert et al. (28). CBR703 was pur-
chased from Maybridge, Tintagel, United Kingdom. CBR64 was synthesized
according to the method of Li et al. (17; L. Li et al., 19 July 2001, World
Intellectual Property Organization). SB2 was synthesized according to the
method of Leonetti et al. (J.-P. Leonetti et al., 10 March 2005, World Intellectual
Property Organization) (14). The ureidothiophene was purchased from Chem-
bridge, San Diego, CA.

Planktonic MIC and MBC determination procedures. The MIC and minimal
bactericidal concentration (MBC) were determined as recommended by the
Clinical and Laboratory Standards Institute (20). Antibiotics were tested at final
concentrations (prepared from serial twofold dilutions) ranging from 0.1 X 10~*
to 2 X 10~* ug/ml for rifampin, rifapentine, and rifaximin and from 200 to 0.4
pg/ml for streptolydigin, lipiarmycin, thiolutin, holomycin, CBR703, CBR64,
SB2, and ureidothiophene. The MIC was defined as the lowest antibiotic con-
centration that yielded no visible growth. The test medium was Mueller-Hinton
broth (MHB), and the inoculum was 5 X 10° CFU/ml. The inoculated micro-
plates were incubated at 37°C for 24 h before being read. The MBCs were
established by extending the MIC procedure to the evaluation of bactericidal
activity. After 24 h, 10-pl portions were drawn from the wells, serially diluted,
and then spotted onto MHB-agar plates. The plates were incubated at 37°C. The
MBC was read 24 h later as the lowest concentration of antibiotic that resulted
in 0.1% survival in the subculture. All of the experiments were done in triplicate.

Transcription inhibition assay. The inhibitory effects of the RNAP inhibitors
on transcription were measured according to the method of Gualtieri et al. (10)
on toluene-permeabilized S. epidermidis cells. The template for these reactions
was the endogenous S. epidermidis DNA, and the concentration necessary to
inhibit 50% of the [S-*H]UTP incorporation was calculated by using the LSW
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FIG. 1. Chemical structures of rifampin (a), rifapentine (b), rifaximin (c), streptolydigin (d), lipiarmycin (e), thiolutin (f), holomycin (g),

CBR703 (h), CBR64 (i), SB2 (j), and ureidothiophene (k).

data analysis tool (MDL, San Leandro, CA). All of the experiments were done
in triplicate.

Growth of biofilms in 96-well polystyrene microtiter plates. The wells of a
black 96-well polystyrene microtiter plate (Greiner Bio-One, Frickenhausen,
Germany) were filled with 0.1-ml aliquots of S. epidermidis inoculum (107 CFU/
ml) in MHB, and the plate was incubated for 24 h at 37°C. Each well was rinsed
three times with 0.2 ml of sterile water to remove nonadherent bacteria. Subse-
quently, 0.1 ml of MHB containing the desired antibiotic concentration was
added to each well, and the plate was incubated at 37°C for 24 h without shaking.
After the challenge, the plate was washed three times with 0.2 ml of sterile water
to remove nonadherent bacteria, and 10 wl of dimethyl sulfoxide was added to
each well to lyse the bacteria. The plate was shaken for 5 min, and 90 ul of
ATP-counting bioluminescence buffer (25 mM HEPES, 24 mM MgCl,, 2 mM
EDTA, 2 mM dithiothreitol, 60 pg of bovine serum albumin/ml, 20 pg of

luciferase/ml, 0.6 mM b-luciferin [pH 7.2]5) was added to each well before
reading with a luminometer (Chameleon; Hidex, Turku, Finland) (8). All of the
experiments were done in triplicate.

Correlation between luminescence and the amount of biofilm-embedded bac-
teria. Previous studies have shown that the relationship between bacterial ATP
measured by luminometry and the corresponding bacterial count was linear and
that dimethyl sulfoxide was a good ATP extractant (8, 18). To establish a cali-
bration curve for our experiments, 24-h biofilms and 48-h biofilms of S. epider-
midis were grown in wells of a microtiter plate as described above. Culture
medium was replaced by fresh MHB after 24 h of growth in the case of 48
h-biofilms. After incubation at 37°C for 24 h or 48 h, the biofilms were rinsed
three times with 0.2 ml of sterile water to remove nonadherent bacteria. The
biofilms were resuspended in 0.1 ml of sterile water by sonication using a
Branson 450 sonifier with a microtip (four times for 2 s each time, 10% of the
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FIG. 2. Correlation curves between the ATP-counting luminescence values and the amount of biofilm-embedded S. epidermidis bacteria.
(A) 24-h biofilm; (B) 48-h biofilm. The mean value * the standard error is shown.

maximal amplitude). Each bacterial suspension was serially diluted in sterile
water, and 10 pl of this serial dilution were drawn from the wells to be measured
by bioluminescence while the number of bacteria in the wells was estimated by
classical plate counting. Luminescence was measured in arbitrary relative lumi-
nescence units (RLU). All of the experiments were done in triplicate. The same
procedure was applied with a 48-h biofilm (Fig. 2). Measures by bioluminescence
and by plate counting allowed us to establish the following correlation equations:

24 h-biofilm, log,, (CFU) = 0.90 X log,o (RLU) + 0.85, R? = 0.9994 (1)
48 h-biofilm, log,, (CFU) = 0.96 X log,, (RLU) + 0.53, R> = 0.9997 (2)

Since no significant difference was observed between these equations, equation
1 was used to assess the amount of embedded bacteria within challenged and
unchallenged biofilms.

Quantification of persister bacteria within the biofilm. Ciprofloxacin was used
by Keren et al. to assess the amount of persister bacteria within planktonic
cultures of Staphylococcus aureus (13). Thus, we have used ciprofloxacin to
quantify persister cells in S. epidermidis biofilms. A S. epidermidis 24-h biofilm
grown under the conditions described above was challenged with ciprofloxacin at
20 pg/ml in MHB for 24 h. After the challenge the bacterial count was estimated
by the ATP-bioluminescence method used for the transcription inhibitors. This
experiment was done in triplicate.

RESULTS

As expected, rifampin, rifapentine, and rifaximin—three
commercial molecules—were the most active in terms of tran-
scription inhibition. The ureidothiophene inhibited RNAP at a
concentration of <1 pg/ml and the other less-evolved mole-
cules—lipiarmycin, streptolydigin, CBR, and SB2—inhibited
the RNAP at reasonable concentrations (1 to 5 pg/ml) but
were far less active in the transcription assay than ansamycins.
The pyrrothines thiolutin and holomycin did not inhibit
RNAP. When tested on planktonic S. epidermidis, all of these
compounds except ureidothiophene were bactericidal at con-
centrations ranging from 1X to 4X MIC (Table 1).

These molecules were evaluated on biofilms with a concen-
tration range from 1X to 16X MIC, except for CBR703, which
was poorly soluble at more than 4X MIC. The mean bacterial
count was 6.55 = 0.02 log,, CFU/well. The different transcrip-
tion inhibitors challenged against S. epidermidis were evaluated
for their ability to decrease the bacterial count within the
biofilm and were compared to rifampin (Fig. 3).

As expected from a bacteriostatic agent, ureidothiophene
had no effect on biofilms at concentrations up to 16X MIC. All
of the other bactericidal inhibitors, with the exception of CBR
and the pyrrothines thiolutin and holomycin, seemed to reach
a limit of activity at a concentration of 4X MIC.

Due to its very low MIC, rifampin was more active in the
present study than all of the other molecules in terms of con-
centration, but rifampin failed to decrease the bacterial count
by more than 2 log,,. The other ansamycines, rifapentine and
rifaximin, presented activities that were comparable to ri-
fampin against S. epidermidis biofilms. These molecules were
able to decrease the bacterial count by about 1.5 log,, at
concentrations equal to their respective MBCs. These more
hydrophobic analogs did not present any significant advantage
over rifampin regarding biofilm eradication.

However, at concentrations close to their MICs, less-evolved
molecules are as efficient or even more efficient than rifampin.
When normalized on the basis of the MIC, the most active
compounds against S. epidermidis biofilms appeared to be the
CBR-type compounds. CBR703 and mainly CBR64 succeeded
at decreasing the bacterial amount by about 3 log,, at a con-
centration as low as 4X MIC. These values are very high in
terms of concentration. Nevertheless, this series of synthetic
compounds can be optimized to decrease the MICs, as exem-
plified by the lower value of the MIC of CBR64 compared to
the parent compound CBR703 (Table 1). CBR compounds
presented a clear advantage over the reference inhibitor ri-
fampin. They were the only structural family to display such a
property in the present study since the others did not kill

TABLE 1. Biological activity of the studied molecules on bacterial
growth and transcription

Mean
Inhibitor” (Mz[/;cl),, (’1:4;“3) MBC/MIC ;I%S(Lg%g]é
RIF 0.006 0.006 1 0.04 = 0.02
RFP 0.012 0.025 2 0.08 = 0.03
RFX 0.012 0.025 2 0.07 = 0.03
STL 50.0 100 2 2.30 = 0.80
LIP 50.0 50.0 1 1.40 = 0.80
THL 6.25 12,5 2 >100
HOL 12.5 50.0 4 >100
CBR703 100 100 1 4.20 = 1.00
CBR64 25.0 25.0 1 2.30 = 0.70
SB2 12.5 25.0 2 2.50 = 0.80
URT 6.25 >100 >18 0.50 = 0.30

¢ RIF, rifampin; RFP, rifapentine; RFX, rifaximin; STL, streptolydigin; LIP,
lipiarmycin; THL, thiolutin; HOL, holomycin; URT, ureidothiophene.
® MIC values were determined by the broth microdilution method.

¢ Inhibition of transcription directed by S. epidermidis RNAP.
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FIG. 3. Difference of S. epidermidis counts in log,, (CFU/well) between unchallenged and challenged 24-h biofilms as measured by biolumi-
nescence. Challenged biofilms were exposed for 24 h to the transcription inhibitors at concentrations ranging from 1X MIC to 16X MIC. The mean
bacterial amount within the unchallenged biofilm was 6.55 * 0.02 log,, CFU/well. The dashed line represents the difference of counts after
challenge with ciprofloxacin at 20 wg/ml for 24 h. The mean value of the bacterial count = the standard error is given. RIF, rifampin; RFP,
rifapentine; RFX, rifaximin; STL, streptolydigin; LIP, lipiarmycin; THL, thiolutin; HOL, holomycin; URT, ureidothiophene.

biofilm-embedded S. epidermidis far beyond the threshold of 2
log, .

The second most interesting molecule was the other syn-
thetic molecule, SB2. It was able to decrease the bacterial
count on a biofilm by more than 1.8 log,, at a concentration of
4Xx MIC.

Streptolydigin appeared to be efficient on biofilms at a con-
centration close to its MIC, and this activity was comparable to
the activity of the ansamycine family in terms of reduction of
the bacterial count. Lipiarmycin was only able to decrease the
bacterial count by 0.5 to 1 log,, at a concentration of 2X MIC.
The pyrrothines, thiolutin, and holomycin were not or weakly
active against biofilms at concentration below 16X MIC.

Ciprofloxacin was used by Keren et al. (13) to quantify the
level of persister cells within Staphylococcus aureus planktonic
cultures. We extended this procedure to S. epidermidis biofilms
and, after 24 h of exposure to the antibiotic, surviving bacte-
ria—purported to be persister cells—accounted for 4.93 = 0.10
log,, i.e., ca. 2% of the biofilm-embedded bacteria (Fig. 3).

DISCUSSION

The molecules we have tested can be classified into three
categories. (i) Rifampin, rifapentine, rifaximin (27), CBR (4),
lipiarmycin (10), and streptolydigin (30) are molecules that
inhibit transcription in vitro and whose target has been genet-
ically validated by the isolation of resistant mutants in the
genes coding for the RNA polymerase. (ii) SB2 (2, 9) and
ureidothiophene (3) are molecules that inhibit transcription in
vitro, but no genetic data has proven that the target is the RNA
polymerase. (iii) Holomycin and thiolutin have recurrently
been suspected to affect transcription elongation in growing
bacteria, but no effects have been observed in vitro (22, 23).

All of the inhibitors investigated here demonstrated bacte-
ricidal action on S. epidermidis with the exception of the ure-
idothiophene. However, we have observed (P. Villain-Guillot,
unpublished results) that ureidothiophene properties strongly
depend on the concentration of the inoculum: ureidothio-
phene was bactericidal with an inoculum of 5 X 10* CFU/ml.

The bacteriostatic property of ureidothiophene was unex-
pected from an RNAP inhibitor since transcription inhibitors
are expected to be bactericidal, possibly by triggering pro-
grammed cell death in bacteria (6, 24, 26).

The comparison of lipiarmycin, rifampin and its more hy-
drophobic analogs rifapentine and rifaximin, and the recent
synthetic molecules (SB and CBR) allowed us to conclude that
the physicochemical properties (e.g., hydrophobicity or size)
are not the only significant factors that can explain the advan-
tage of rifampin over other antibacterial agents on biofilms.
The molecules rifampin, rifapentine, rifaximin, streptolydigin,
lipiarmycin, CBR, and SB2 share common properties: they are
bactericidal on planktonic S. epidermidis, and they are active
against biofilms at concentrations close to their respective
MICs. Lipiarmicyn’s moderate activity might be due to its pH
dependence (5), and pH is not homogeneous within a biofilm
(12).

Interestingly, thiolutin and holomycin do not share similar
properties with the RNAP inhibitors whose target has been
genetically validated. In spite of their bactericidal properties,
thiolutin and holomycin were active on biofilms at concentra-
tions higher than 8 X MIC in contrast to the other transcription
inhibitors. Thiolutin and holomycin may fail to penetrate the
protective matrix of the biofilm, but it should be noted that the
mechanism of action of these molecules remains unclear. For
instance, both molecules preferentially inhibit transcription in
a whole-cell assay, whereas they do not inhibit RNAP in vitro
(22), suggesting an indirect mechanism of action and that
RNAP may not be their primary target.

Despite the good activity of rifampin, rifapentine, rifaximin,
streptolydigin, and SB2, these molecules could not eradicate
the whole biofilm at concentrations up to 16X MIC. This is
probably due to the presence of “backup” persister bacteria
within the biofilm. These persister bacteria may be a leading
cause of the recalcitrance of biofilm-related pathologies (16).
Persister bacteria accounted for 2% of the bacterial population
in our study, and it seems that rifampin, rifapentine, rifaximin,
streptolydigin, and SB2 could not exceed a threshold of 2 log;,
in bacterial count reduction. These results are intriguing, but
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they do not permit us to conclude that only persister bacteria
remain in the biofilm after the challenge with these antibacte-
rial agents. However, CBR-type molecules could eradicate bio-
film-embedded bacteria clearly above 2 log,,. Thus, CBR703
and CBR64 have a bactericidal activity against persister bac-
teria.

The bacterial RNAP is a good target for the development of
new bactericidal antibiotics, as is highlighted by the recent
publication of three new synthetic inhibitors (2-4). In the
present study we have compared clinically used molecules with
excellent pharmacological properties to natural molecules and
the latest synthetic inhibitors of transcription to determine
whether this enzyme is truly of interest to generate new drugs
that are active on biofilms. It appears that the relative hydro-
phobicity of some of these compounds or their high MICs will
preclude their immediate clinical use, but this comparison sug-
gests that all of the antibiotics that directly target the RNA
polymerase, such as rifampin, rifapentine, rifaximin, streptoly-
digin, lipiarmycin, and CBRs, are active on S. epidermidis bio-
films at concentrations close to their MICs. These data support
the use of RNAP as a target for generating new drugs that are
active against biofilms. The CBR-type compounds are very
promising in this regard. It is difficult to predict whether these
molecules will successfully evolve toward antibacterial drugs,
but their ability to affect biofilm-embedded persister bacteria
may be very advantageous for curing biofilm-related infections.
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