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A Detective Story in Drug Discovery: Elucidation of a Screening Artifact
Reveals Polymeric Carboxylic Acids as Potent Inhibitors of RNA Polymerase

Weixing Zhu, Matthias Groh, Jçrg Haupenthal, and Rolf W. Hartmann*[a]

Scientific progress is hampered by publications with erro-
neous results.[1] An improvement of this nuisance will
depend on an enhanced alertness of researchers and review-
ers of experimental artifacts. In the field of drug discovery
high-throughput screening traditionally performed by the
pharmaceutical industry, has found its way into academic re-
search.[2] The hit compounds are reported to the scientific
community as good starting points for drug discovery. How-
ever, in many cases these compounds act by unspecific in-
hibition modes, like aggregation,[3] or interfere with the bio-
assay,[4] meaning that they represent false starts.[5,6] During
our quest for novel bacterial RNA polymerase (RNAP) in-
hibitors for the treatment of infectious diseases, we recently
performed a fragment screening using a small commercial
compound library and thereby identified compound 1 as
being fairly active. Literature search revealed that three
structurally related compounds (2–4) have already been de-
scribed as RNAP inhibitors.[7,8] Resynthesis of compound 1
resulted in an inactive compound. In the subsequent eluci-
dation of this phenomenon we discovered that a polymeric
side product was responsible for RNAP inhibition. During
this process it was disclosed that the negatively charged
macromolecule interacts with the positively charged protein
surface.

Due to the increasing appearance of resistant microbes
against clinically used drugs, novel antibiotics are urgently
needed.[9] Since the therapeutic success of rifamycins, bacte-
rial RNA polymerase is regarded as a promising target for
broad-spectrum antibacterial therapy. However, their effi-
ciency has been reduced by an upcoming rifampicin resist-
ance.[10–12] Biological screening using low-molecular-weight
fragments has recently become a promising alternative to
high-throughput screening using drug-like molecules since
the hit rate is much higher. By subsequent fragment growing
or fragment linking, the initial hits can be optimized to lead
compounds, which ideally fit into the target binding site.[13, 14]

In a recent project we determined the in vitro inhibitory
activity of 500 commercially available fragments (molecular
weight, MW<300) towards E. coli RNAP. During that proc-
ess compound 1 was identified, showing 85 % E. coli RNAP
inhibition at a concentration of 200 mm. Its purity was 91 %,
determined by HPLC-UV. Surprisingly, compound 1 synthe-
sized in our laboratory (>96 % HPLC-UV) exhibited no
RNAP inhibition. Remarkably, the closely related com-
pounds 2–4 have already been reported as inhibitors of bac-
terial RNAP (Figure 1).[7,8] Synthesis of these compounds
and subsequent testing in our laboratory revealed no activity
(Table 1).

As we had observed that the color of compounds 1–4
turned to red under “bench conditions” (exposed to air at
room temperature for several hours), we considered the pos-
sibility that they might be unstable and their inhibitory ac-
tivities are due to the formation of decomposition products.
To speed up the degradation process, compound 1 was
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Figure 1. Compounds 1–5.

Table 1. E. coli RNAP inhibition of compounds 1–5 and P1–P5.

Compound Inhibition at
200 mm

Compound IC50ACHTUNGTRENNUNG[mg mL�1]

1 n.i.[a] P1 0.6
2 n.i.[a] P2 1.0
3 n.i.[a] P3 0.8
4 n.i.[b] P4 2.5
5 n.i.[c] P5 n.i.[d]

[a] 200 mm =43.0 mgmL�1. [b] 200 mm= 45.8 mg mL�1. [c] 200 mm=

34.2 mgmL�1. [d] 20.0 mg mL�1; n.i. =no inhibition (inhibition <15 %).
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heated and analyzed by HPLC-UV. The results revealed
that it was decomposed (Figure 2 a). The effect of decompo-
sition on RNAP inhibition was determined and an increase
of activity was observed with enhanced degradation (Fig-

ure S1 in Supporting Information). From the 1H NMR spec-
tra it becomes apparent that the signal of the b-C�H on the
pyrrole ring (d=5.7 ppm) of compound 1 disappears where-
as in the aromatic range (d=8.5 to 7.0 ppm) a broad new
signal can be observed (Figure 2 b). The appearance of a
broad peak in the chromatogram and broad signals in the
NMR spectra suggests that the decomposed product might
be a polymer. Accordingly, a decomposition sample was
subjected to ultrafiltration (cut-off 3.5 kDa) and it turned
out that the active component was of high MW. Finally the
pure polymeric compound derived from 1, named P1 was
isolated.

By gel permeation chromatography (GPC) it was shown
that P1 exhibits a broad molecular distribution with a
weight-average molecular weight (MW) of around 40 kDa
(Figure S3 in the Supporting Information). UV/Vis spectro-
scopy of P1 shows an absorption peak at 498 nm (2.49 eV)
associated with the p–p* transition, indicating a well conju-
gated p electron system in the backbone. Absorption at
498 nm could also be observed in the commercial compound
1 (Figure S4 in the Supporting Information). Interestingly,
for the related compounds 2–5 polymer formation was also
observed. Subsequent isolation resulted in compounds P2–
P5 (Figure S5 in the Supporting Information). In the IR

spectra of P1–P4 the signal of the carboxylic acid group is
still present (Figure S6 and Table S1 in the Supporting Infor-
mation). This is in accordance to the observation that com-
pounds P1–P4 can be easily dissolved in water at basic pH
in contrast to P5. In a gel electrophoresis experiment, the
“polyanionic character” of P1 was confirmed. At pH 7.8 P1
migrated to the anode. At this pH, P5 and at pH 3.6, both
compounds remained at the starting point (Figure S7 in the
Supporting Information). Based on our findings that in the
polymeric compounds P1–P4 the b-C�H on the pyrrole ring
signal is missing, the benzoic acid group is still present and a
conjugated system of double bonds has been demonstrated,
the only plausible structure, to the best of our knowledge, is
shown in Figure 3 with P1 as an example.

The ability of 1–5 and P1–P5 to inhibit E. coli RNAP was
determined in an in vitro transcription assay (Table 1). None
of the monomeric compounds affected transcription, where-
as the polymers bearing a carboxylic acid group (P1–P4) in-
hibited E. coli RNAP in a concentration-dependent manner
with IC50 values between 0.6 and 2.5 mg mL�1. P5 lacking the
carboxylic acid group was inactive indicating that the car-
boxylic acid group is essential for inhibitory activity.

Considering the mode of inhibition of the polymers, it is
worth mentioning that there are positively charged amino
acid residues on the surface of RNAP, including the DNA
binding channel (Figure 4), serving as a counterpart for the
negatively charged DNA. Therefore, it can be rationalized
that the inhibitory mechanism of P1 is based on multiple

Figure 2. a) HPLC analysis, UV detection at 254 nm, b) 1H NMR spectra.
Black line: 1; red line: 1 decomposed after 10 days heating at 50 8C; blue
line: P1.

Figure 3. Supposed structure of the polymeric compound P1.

Figure 4. Electrostatic surface of E. coli RNAP core enzyme visualized
using PyMOL (PDB ID: 3LU0).[18] The circle highlights the DNA bind-
ing channel. Red shows the negatively charged and blue positively charg-
ed electrostatic potential surface.
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electrostatic interactions between the negatively charged
carboxylate groups and the positively charged protein sur-
face. In this context it is of interest that some other polyan-
ions including polysulfated heparins have already been re-
ported to inhibit RNAP.[15–17]

The electrostatic interaction of P1 with RNAP was dem-
onstrated by gel electrophoresis. In the presence of RNAP
the mobility of P1 was reduced (Figure S7 in the Supporting
Information). Considering the averaged molecular weight of
around 40 kDa, the IC50 value of P1 against E. coli RNAP
can be calculated to be approximately 15 nm. Since the con-
centration of enzyme in the assay is 36 nm, it can be con-
cluded that P1 binds to the protein at a molar ratio of about
1:1 and is a very potent inhibitor. Under identical experi-
mental conditions a 70-fold excess of heparin is required to
obtain the same inhibitory effect.

On closer examination it is obvious that the bound poly-
mer should sterically block the loading of the DNA tem-
plate to RNAP and thus inhibit transcription at its earliest
step. To corroborate this hypothesis, the influence of P1 on
DNA binding to the RNAP main channel was investigated.
We expected that P1 should be less effective if the DNA
template already occupied the main channel. Indeed, our re-
sults revealed a significantly reduced RNAP inhibition when
the DNA template was added prior to P1 compared to a
vice versa chronology of addition. For rifampicin, which af-
fects the transcription process by binding to an allosteric site
close to the active site within the DNA binding channel,[19] a
similar trend was observed (Figure 5). As a negative control,
CBR703, was used as it is described to bind to a surface-ex-
posed groove distant from the main channel, which should
not influence the binding of the DNA template to its chan-
nel.[20] As expected, CBR703 inhibited RNAP independently
of whether the DNA channel was already occupied by the
DNA template or not. In summary, this experiment supports
our hypothesized mechanism of P1 RNAP inhibition.

To find out whether these inhibitory profiles can also be
observed for RNA polymerases from other species, RNAP
from bacteriophage T7 was employed. P1 showed a strong
inhibitory effect (IC50 =0.06 mg mL�1) whereas compound 1
was inactive at 200 mm (43.3 mg mL�1). In contrast to these
findings, P1 showed no or only moderate activity against
seven other enzymes (Table S2 in the Supporting Informa-
tion). In a further experiment, P1 did not inhibit growth of
E. coli and Pseudomonas aeruginosa (at 20 mg mL�1). The
lack of in vivo activity was expected as P1 is too hydrophilic
for passive diffusion and too large to permeate the porins
and enter the bacterial cell.

Nevertheless, it is feasible that the knowledge gained in
this study could be exploited for an antibacterial therapy.
Biological in vitro effects of polyanions including inhibition
of RNAP have indeed already been described.[15–17] Howev-
er, the polymers were devoid of antibacterial activity. It
seems viable that in vivo activity could be achieved for our
polymers by strongly reducing their size, thus enabling hy-
drophilic substances to penetrate the porins. On the other
hand polyanions of such a molecular weight should not be
capable of passing the membranes of mammalian cells, and
therefore they could be potential therapeutics for local in-
fections of the skin and lung.

In summary, we could demonstrate that the activity of the
hit compound 1 found in an experimental screening ap-
proach can be attributed to a highly active polymeric impur-
ity formed by decomposition of 1. Remarkably, the closely
related compound 4 is also described as a RNAP inhibitor.[7]

In our assay “synthesized” 4 was inactive, whereas the poly-
merized compound strongly inhibited the bacterial enzyme.
Furthermore, 2 was also reported to be active against polio-
virus RNAP,[21] which seems doubtful with respect to our
findings. It is worth mentioning that compounds 1–4 are re-
ported to inhibit HIV-1 gp41,[22] anthrax lethal factor[23] and
Eph receptors.[24] Remarkably around 500 related deriva-

tives of N-phenyl-2,5-dimethyl
pyrrole are reported in numer-
ous patents and publications as
biologically active com-
pounds;[25] nevertheless, they
do not have a clean slate and
have been propagated as pan
assay interference compounds
(PAINS).[26] However, the mo-
lecular mechanism of the false
positive results remained “mys-
terious” until this investigation.

In conclusion, researchers
should be cautious with com-
pounds that tend to polymer-
ize, as even traces of polymeric
impurities might cause tremen-
dous effects in biological
assays.

Figure 5. E. coli RNAP transcription assay with different chronology of addition of DNA template and inhibi-
tor. Solid line: normal test procedure: inhibitor was added before the DNA template. Dashed line: reversed
test procedure : DNA template was added before the inhibitor. Concentration-dependent inhibition of: a) P1,
b) rifampicin, c) CBR703; d) structures of rifampicin and CBR703.
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A Detective Story in Drug Discovery:
Elucidation of a Screening Artifact
Reveals Polymeric Carboxylic Acids as
Potent Inhibitors of RNA Polymerase

Chasing the active impurity : In the val-
idation of a screening hit it was discov-
ered that a polymeric trace impurity
was responsible for the biological
activity. Such a side product can be
formed with similar compounds.
During the investigations it was discov-
ered that the negatively charged mac-
romolecule interacts very efficiently
with the protein surface of E. coli
RNAP via electrostatic interactions.
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