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ABSTRACT Unlike most antimicrobial peptides (AMPs), the main mode of action of
the subclass of proline-rich antimicrobial peptides (PrAMPs) is not based on disrup-
tion of the bacterial membrane. Instead, PrAMPs exploit the inner membrane trans-
porters SbmA and YjiL/MdtM to pass through the bacterial membrane and enter the
cytosol of specific Gram-negative bacteria, where they exert an inhibitory effect on
protein synthesis. Despite sharing a high proline and arginine content with other
characterized PrAMPs, the PrAMP Bac5 has a low sequence identity with them. Here
we investigated the mode of action of three N-terminal Bac5 fragments, Bac5(1-15),
Bac5(1-25), and Bac5(1-31). We show that Bac5(1-25) and Bac5(1-31) retained excel-
lent antimicrobial activity toward Escherichia coli and low toxicity toward eukaryotic
cells, whereas Bac5(1-15) was inactive. Bac5(1-25) and Bac5(1-31) inhibited bacterial
protein synthesis in vitro and in vivo. Competition assays suggested that the binding
site of Bac5 is within the ribosomal tunnel, where it prevents the transition from the
initiation to the elongation phase of translation, as reported for other PrAMPs, such
as the bovine PrAMP Bac7. Surprisingly, unlike Bac7, Bac5(1-25) exhibited species-
specific inhibition, being an excellent inhibitor of protein synthesis on E. coli ribo-
somes but a poor inhibitor on Thermus thermophilus ribosomes. This indicates that
while Bac5 most likely has an overlapping binding site with Bac7, the mode of inter-
action is distinct, suggesting that Bac5 fragments may be interesting alternative lead
compounds for the development of new antimicrobial agents.

KEYWORDS proline-rich antimicrobial peptide, PrAMPs, Bac5, ribosome, translation,
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he increasing spread of multidrug-resistant pathogens is highlighting the urgent

need for new antimicrobial compounds that can be used for the treatment of
human and livestock infections. Antimicrobial peptides (AMPs) are considered a good
starting point for the development of future antibiotics (1), and among AMPs, proline-
rich antimicrobial peptides (PrAMPs) are very promising candidates (2). As a result of
convergent evolution, PrAMPs are present in some insects and mammals, where they
act as important effectors of the innate immunity (3, 4). Indeed, PrAMPs have a potent
antimicrobial effect on many different Gram-negative bacteria (3, 5). Unlike most other
AMPs that have a lytic mode of action, the majority of the characterized PrAMPs pass
through the membrane and access the bacterial cytosol, where they target intracellular
processes (6-8). Generally, PrAMPs damage and permeabilize the bacterial membrane
only at concentrations much above those sufficient to inhibit the growth of the
bacteria; therefore, their lytic mode of action is limited to a secondary effect (7-9), with
the exception of that observed in Pseudomonas aeruginosa strains (10). Moreover,
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Peptide Sequence N°aa
Apil37 gu-ONNRPVYIPRPRPPHPRL 18
Pyrrhocoricin VDKGSYLPRPTPPRPIYNRN 20
Metalnikowin 1 VDKPDYRPRPRPPNM 15
Oncll2 VDKPPYLPRPRPPRrIYNr-NH, 19
Bac7 RRIRPRPPRLPRPRPRPLPFPRPGPRPI (PRPLPFPRPGPRPI) ,PRPL 60
Bac5 RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPIRPPFRPPLGPFPGRR 46
Bac5(1-31) RFRPPIRRPPIRPPFYPPFRPPIRPPIFPPI 31
Bac5 (1-25) RFRPPIRRPPIRPPFYPPFRPPIRP 25
Bac5(1-25)sheep RFRPPIRRPPIRPPFRPPFRPPVRP 25
Bac5(1-25)goat RFRPPIRRPPIRPPFNPPFRPPVRP 25
Bac5(1-15) RFRPPIRRPPIRPPF 15

FIG 1 Alignment of the native Bac5 and Bac5 fragments with other PrAMPs. The gray box indicates a conserved
region among ribosome-targeting PrAMPs. r, p-arginine; gu, N,N,N',N'-tetramethylguanidino; O, ornithine. Under-
lined residues are those that differ among the Bac5(1-25) orthologues.

because of their intracellular mode of action, PrAMPs display lower toxicity toward
eukaryotic cells (8) than lytic AMPs.

PrAMPs take advantage of two inner membrane transport proteins to pass through
the bacterial membranes, predominantly using the SbmA transporter, but also the
YjiL-MdtM transport system at higher concentrations (7, 11). Once in the bacterial
cytosol, PrAMPs prevent bacterial growth by binding to ribosomes and inhibiting the
protein synthesis (4). So far, two distinct mechanisms of action have been identified for
PrAMPs. The type | PrAMPs bind within the ribosomal exit tunnel and allow translation
initiation but block the transition into the elongation phase, presumably by preventing
aminoacyl-tRNA accommodation at the peptidyltransferase center of the ribosome (12,
13). Type | PrAMPs encompass insect PrAMPs, such as oncocin, pyrrhocoricin, and
metalnikowin, as well as mammalian PrAMPs, such as the bovine Bac7 and its dolphin
orthologue, Tur1A (12-14). In contrast, type Il PrAMPs also bind within the ribosomal
tunnel but do not interfere with translation initiation and elongation but, rather, inhibit
the termination step by blocking the dissociation of release factors (RFs; RF1 and RF2)
from the ribosome (15). Type Il PrAMPs include the insect PrAMP apidaecin 1b and its
synthetic derivative Api137 (15).

Because of the high prevalence of arginine and proline residues in the PrAMPs, it is
not always obvious how to use sequence similarity to predict which mechanistic class
that a particular PrAMP belongs to. For example, the PrAMP Bac5 is also highly rich in
proline and arginine and intermediate in length (43 amino acids [aa]) between Bac7 (60
aa) and oncocin (19 aa). However, despite its high content of proline and arginine, the
Bac5 sequence cannot be aligned easily with those of other PrAMPs (Fig. 1). Bac5 was
first isolated from bovine neutrophils as a peptide with remarkable antimicrobial
potency (16), and its orthologues were subsequently found in other mammals, includ-
ing sheep and goats (17-19). An old pioneering study suggested that Bac5 (and Bac7)
had a permeabilizing mode of action (20); however, a subsequent study demonstrated
that a shortened version of the ovine homolog of Bac5 [Bac5(1-24)] did not strongly
affect bacterial membrane integrity (21). Moreover, an Escherichia coli mutant lacking
the SbmA transporter was less susceptible to the antimicrobial activity of the Bac5(1-31)
fragment (7), suggesting that Bac5 could also exploit this transporter to access the
bacterial cytosol and inhibit essential bacterial processes, such as protein synthesis.

In this study, we characterized N-terminal fragments of Bac5, namely, Bac5(1-15),
Bac5(1-25), and Bac5(1-31). We observed that the Bac5 fragments indeed inhibit
bacterial growth using a nonlytic mode of action. We show that Bac5 binds to
ribosomes and blocks translation using a mechanism of action analogous to that
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TABLE 1 MIC and MBC values of Bac5 fragments for E. coli BW25113 and E. coli BW25113 AsbmA

MIC (uM)2 MBC (uM)@
E. coli strain Bac5(1-15) Bac5(1-25) sBac5(1-25) gBac5(1-25) Bac5(1-31) Bac5(1-25) Bac5(1-31)
BW25113 >32 1 1 1 4 4 16
BW25113 AsbmA >32 16 8 >32 16-32 >16 >32

aResults are the mode from three independent experiments performed in duplicate (n = 6). Results for sheep Bac5(1-25) [sBac5(1-25)] and goat Bac5(1-25) [gBac5(1-
25)] orthologues are also shown.

reported previously for oncocin and Bac7 but unlike that of apidaecin. Despite also
binding within the ribosomal tunnel, Bac5 fragments exhibited a mode of interaction
with the ribosome distinct from that exhibited by oncocin and Bac7. Specifically, we
observed that the Bac5 fragments, like Bac7, are excellent inhibitors of translation on E.
coli ribosomes; however, unlike Bac7, the Bac5 fragments were poor inhibitors of
translation on Thermus thermophilus ribosomes. Moreover, our findings suggest that
PrAMPs such as Bac5 can exert a bactericidal effect at concentrations where cell
membrane integrity is not affected, thus indicating that the bactericidal effect results
from interaction with the ribosome, as reported for the aminoglycoside and ketolide
classes of antibiotics (22, 23).

RESULTS

Antimicrobial activity of Bac5 fragments. To assess the antimicrobial activity of
the Bac5(1-15), Bac5(1-25), and Bac5(1-31) fragments, the MIC and minimum bacteri-
cidal concentration (MBC) were determined using E. coli strain BW25113 (Table 1). Both
the Bac5(1-25) and Bac5(1-31) fragments displayed good antimicrobial activity, with
MICs of 1 uM and 4 uM, respectively. In contrast, the shortest fragment, Bac5(1-15), was
inactive. A previous study reported that the native Bac5 had an MIC value (2 uM) for E.
coli similar to the MICs observed here for Bac5(1-25) and Bac5(1-35), suggesting that
these N-terminal Bac5 fragments retained full antimicrobial activity. However, we note
that these comparisons could be affected by the difference in E. coli strains used,
namely, ATCC 25922 (16) versus BW25113, used in this study.

Both of the longer fragments, Bac5(1-25) and Bac5(1-31), also displayed good
bactericidal activity, with MBCs of 4 uM and 16 uM, respectively, i.e., MBCs 4-fold higher
than the respective MIC values in both cases (Table 1). This is in agreement with the
bactericidal activity reported for other PrAMPs. The fragments from aa 1 to 16 and aa
1 to 35 of the bovine peptide Bac7 displayed bactericidal properties when used on E.
coli cells at 4 uM and 1 uM, respectively, i.e., concentrations 2-fold higher than the
respective MICs (7, 9). A killing activity on E. coli cells at 4 uM was also reported for the
porcine PrAMP PR-39 (24). However, a bactericidal effect of PrAMPs is not limited to
peptides from mammals since lethality has also been reported under some conditions
for insect AMPs, e.g., for pyrrhocoricin (25) and apidaecin (26).

To assess whether the Bac5 fragments display a mode of action involving their
internalization in bacteria through the SbmA transporter, the MIC values of the Bac5
fragments were determined for the E. coli strain BW25113 lacking the sbmA gene
(BW25113 AsbmA). Indeed, the absence of the SbmA transporter led to 16-fold and
4-fold increases in the MICs of Bac5(1-25) and Bac5(1-31), respectively, indicating that
SbmA plays a major role in the uptake of Bac5 fragments into the bacterial cell.
Additionally, the absence of SbmA also led to an increase in the MBC for Bac5(1-25) and
Bac5(1-31) (Table 1). These observations support a nonlytic mode of action for Bac5
fragments.

We also determined the MIC of the Bac5(1-25) orthologues from sheep and goats,
which have high sequence similarity with bovine Bac5 (Fig. 1). Both the sheep and goat
Bac5(1-25) peptides displayed good antimicrobial activity against E. coli BW25113 with
an MIC of 1 uM, i.e, an MIC identical to that determined for the bovine Bac5(1-25)
fragment (Table 1). This was not unexpected, given that only two sequence differences
were present, one of which was a conservative lle23Val substitution (Fig. 1). Apparently,
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replacing Tyr16 in the bovine Bac5(1-25) with either Arg16 in the sheep Bac5 or Asn16
in the goat Bac5 has little effect on the antimicrobial activity of this PrAMP. Similarly, the
absence of SbmA led to an increase in the MIC for sheep and goat Bac5(1-25), indicating
that SbmA also plays a major role in the uptake of these Bac5 orthologues into the
bacterial cell.

Membrane permeabilization activity of Bac5 fragments. To directly assess
whether the Bac5 fragments were capable of disrupting the bacterial membrane, a
permeabilization assay using flow cytometry previously used for assessing the permea-
bilization activity of Bac7 fragments was employed (7, 27). The integrity of the bacterial
membrane was assessed by exposing E. coli BW25113 cells to either 1 uM, 10 uM, or
50 uM the Bac5 fragments in the presence of propidium iodide (PI) for up to 1 h. Under
these conditions, Bac5(1-15) did not permeabilize the bacterial membrane and Bac5(1-
25) permeabilized less than 1% of the bacterial cells even at a concentration of 10 uM
(data not shown), which was well above both the MIC and the MBC values (1 uM and
4 uM, respectively). This result is consistent with a nonlytic mechanism of action for
Bac5(1-25). Similarly, Bac5(1-31) permeabilized less than 5% of the bacterial cells at a
concentration of 10 uM, which was above the MIC value of 4 uM, indicating that
Bac5(1-31), like Bac5(1-25), also utilizes a primarily nonlytic mechanism. Interestingly,
Bac5(1-25) did not permeabilize the E. coli membrane even at 10 uM, a concentration
more than 2-fold the MBC for Bac5(1-25), suggesting that not only the bacteriostatic
effect but also the bactericidal effect of this fragment can be ascribed to the targeting
of bacterial cytosolic structures. Nevertheless, the relatively high content of charged
arginine residues (seven) in the longer Bac5 peptides, together with a larger amount of
hydrophobic residues, likely explains why high concentrations (50 nM) of both Bac5(1-
25) and Bac5(1-31) led to permeabilization of more than 90% of the bacterial cells (data
not shown).

Bac5(1-25) inhibits protein synthesis in living bacteria. Because the high argi-
nine and proline content of Bac5 is similar to that of other PrAMPs, such as Bac7, we
hypothesized that Bac5 most likely targets the ribosome and inhibits protein synthesis
in vivo. However, the inability to align the Bac5 sequence to the sequences of other
PrAMPs (Fig. 1) raised the possibility that Bac5 may have a different mechanism of
action. To assess the intracellular target of Bac5 in living bacteria, a culture of E. coli
strain BW25113 was exposed to 1 uM each of the Bac5 fragments in the presence of
radioactive leucine. The incorporation of the radioactive amino acid into newly syn-
thesized proteins was then assessed to evaluate the effect of the Bac5 fragments on
protein synthesis (Fig. 2A). As expected, in the absence of Bac5 fragments, there was a
linear increase of radioactive leucine incorporation with increasing time. A similar trend
was observed in the presence of the shortest fragment, Bac5(1-15), consistent with the
lack of inhibitory activity of this peptide on the growth of E. coli cells (Table 1). In
contrast, Bac5(1-31) and especially Bac5(1-25) inhibited the incorporation of leucine
into newly synthesized proteins in vivo (Fig. 2A). This is also consistent with the good
MICs of Bac5(1-31) and especially Bac5(1-25) observed in the antimicrobial activity
assays (Table 1). The specificity of the Bac5-induced inhibition on protein synthesis was
evaluated by also monitoring the effect of the Bac5(1-25) fragment on RNA (Fig. 2B) and
DNA (Fig. 2C) synthesis, in addition to protein synthesis (Fig. 2A and D), in living
bacteria under similar conditions. The experiments were also performed in the pres-
ence of the macrolide erythromycin, a well-known inhibitor of protein synthesis (28,
29). As expected, Bac5(1-25) and erythromycin had no effect on the incorporation of
radioactive uridine into RNA or on incorporation of radioactive thymidine into DNA (Fig.
2B and (), indicating that Bac5(1-25) and erythromycin do not inhibit RNA or DNA
synthesis. In contrast, the inhibitory activity of Bac5(1-25) on protein synthesis was
comparable to that of erythromycin (Fig. 2D). Moreover, to validate the role of the
SbmA transporter in the mode of uptake of Bac5 fragments, the incorporation of
radioactive leucine was performed not only on the wild-type strain E. coli BW25113 but
also on the mutant E. coli BW25113 AsbmA lacking SbmA (Fig. 2D). The inhibition of the
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FIG 2 Incorporation of radioactive isotopes in the E. coli BW25113 and BW25113 AsbmaA strains. (A) Incorporation of radioactive leucine
in an E. coli BW25113 culture in the absence (no peptide [No pept.]) or the presence of 1 uM Bac5(1-15), Bac5(1-25), or Bac5(1-31).
(B to D) Incorporation of radioactive uridine (B), thymidine (C), and leucine (D) in an E. coli BW25113 culture in the absence (no peptide)
or the presence of 1 uM Bac5(1-25) or erythromycin (Ery). (D) The incorporation of radioactive leucine in an E. coli BW25113 AsbmA
culture was also determined in the absence (no peptide) or the presence of 1 uM Bac5(1-25). Error bars represent the standard
deviation from the mean from three independent experiments. WT, wild type.

protein synthesis by Bac5(1-25) was abolished in the absence of the SbmA transporter,
indicating the critical role that SbmA has for internalization of Bac5 fragments. The
specific action on protein synthesis and the lack of activity on DNA and RNA synthesis
as well as the dependency on SbmaA for inhibition of protein synthesis are all additional
arguments in favor of an intracellular and nonlytic mode of action of the two Bac5
fragments.

Bac5 fragments specifically inhibit bacterial translation in vitro. To directly
assess the effect of the Bac5 fragments on transcription and translation, we employed
in vitro transcription and translation assays. First, we monitored the effect of 1 uM and
10 uM each of the Bac5 fragments on inhibition of the synthesis of a luciferase reporter
protein using an E. coli in vitro coupled transcription-translation system (Fig. 3A). As
expected, no reporter protein was synthesized in the absence of the luciferase DNA
template, whereas luciferase activity was observed in the absence of the Bac5 peptides,
which was normalized to 100% (Fig. 3A). Bac5(1-15) was a poor inhibitor, displaying no
significant inhibition at 1 uM and only a 30% reduction in luciferase production at 10
1M (Fig. 3A). This suggests that the lack of antimicrobial activity of Bac5(1-15) observed
on living cells is due to the loss of activity of the peptide, rather than to the lack of
uptake of the peptide or reduced peptide stability. In contrast, Bac5(1-25) and Bac5(1-
31) were potent inhibitors, displaying an approximately 50% reduction of luciferase
synthesis at 1 uM and nearly complete inhibition of luciferase synthesis at 10 uM (Fig.
3A). We note that similar results were also obtained for the sheep and goat Bac5(1-25)
orthologues (Fig. 3B), consistent with the excellent MIC activities that these PrAMPs had
in vivo (Table 1). To distinguish between an inhibitory effect on transcription and/or
translation by the Bac5 peptides, we assessed the influence of the Bac5 fragments on
a T7 RNA polymerase-based in vitro transcription assay. As seen in Fig. 3C, none of the
Bac5 fragments displayed any inhibitory effect on transcription, even at 10 uM,
indicating that Bac5(1-25) and Bac5(1-31) are potent inhibitors of translation and do not

August 2018 Volume 62 Issue 8 e00534-18 aac.asm.org 5


http://aac.asm.org

Mardirossian et al. Antimicrobial Agents and Chemotherapy

A 120 - B 120 -
g 100 4 :\;100 J
3 0
= 80 2 80
P W
2 2
£ 60 - £ 60 -
£ g
2 w0 2 40
£ £
% 20 4 % 20
& &

=]
'

=)
'

No No 1 10 1 10 1 10 (uM) No No 1 10 1 10 1 10 (uM)
DNA pept.  Bac5(1-15) Bac5(1-25) Bac5(1-31) DNA pept.  cBac5(125) sBac5(1-25) gBac5(1-25)
C No No 10 pM D

T7pol.  pept.  Bac5(1-15) Bac5(1-25) Bac5(1-31)

= = S = - :
= 120
600 - glm) i
500 - g 80
= 400 - g
2 g 60 -
= 300 - £
E 5 40
200 - 2
>
100 1 £ 20
)
0 - , . . . SR
T7N°l No  Bac5(1-15) Bac5(1-25) Bac5(1-31) No No 1 10 1 10 1 10 1 10 (M)
pol.  pept. 10 pM RNApept. Bacs(115) Bacs(1-25) Bac5(1-31) Bac7(135)

FIG 3 Effect of Bac5 fragments on in vitro transcription and translation assays. (A) Effect of Bac5 fragments in in vitro prokaryotic coupled
transcription/translation assays (E. coli lysate). The presence of luciferase was checked and quantified using luminescence. As a negative
control, a reaction was performed in the absence of DNA template (No DNA). (B) Effect of Bac5(1-25) homologues on E. coli in vitro
transcription/translation reactions. The cow [cBac5(1-25)], sheep [sBac5(1-25)], and goat [gBac5(1-25)] orthologues were used. As a
negative control, a reaction was performed in the absence of DNA template (No DNA). (C) In vitro mRNA synthesis in the presence of Bac5
fragments. The presence of two different RNA products (arrows) was checked and quantified by agarose gel electrophoresis (top) and
spectrophotometric quantification (A,g,) (bottom). As a negative control, a reaction was performed in the absence of T7 RNA polymerase
(No T7 pol.). (D) Effect of Bac5 fragments on in vitro prokaryotic translation assay (T. thermophilus lysate). The luciferase was quantified by
luminescence. As a negative control, a reaction was performed in the absence of RNA template (No RNA). Bac7(1-35) was used for
comparison. Error bars represent the standard deviation from the average from three independent experiments. Results are expressed as
a percentage of the value for the positive controls, namely, reactions performed in the presence of water instead of peptides, for which
the results were defined as 100%.

affect transcription. These findings are in agreement with the specific inhibitory effect
of Bac5(1-25) and Bac5(1-31) on protein synthesis (Fig. 2).

Species-specific inhibition by Bac5 fragments. Previous studies have successfully
utilized the T. thermophilus 70S ribosomes to determine the X-ray structures of PrAMPs
in complex with the bacterial ribosome, including Bac7 (12, 30). However, all attempts
to obtain a structure of Bac5(1-25) bound to the T. thermophilus 70S ribosome were
unsuccessful (Axel Innis, personal communication), raising the question as to whether
Bac5 can actually inhibit protein synthesis on T. thermophilus ribosomes. To assess this,
we prepared a T. thermophilus lysate-based translation system, as described previously
(14), and monitored the effect of the Bac5 fragments on the synthesis of firefly
luciferase (Fig. 3D). Consistent with the results of the crystallization experiments, all
Bac5 fragments were shown to be poor inhibitors of translation on T. thermophilus
ribosomes. Partial inhibition of translation was observed for Bac5(1-25) and Bac5(1-31)
at 10 uM, whereas at these concentrations, complete inhibition was observed in the E.
coli lysate-based system (Fig. 3A). As a positive control, we could demonstrate that
Bac7(1-35) is a potent inhibitor in the T. thermophilus translation system, displaying
good inhibition at 1 uM and complete inhibition at 10 wM. These findings suggest that
Bac5 has a lower affinity for T. thermophilus 70S ribosomes than for E. coli 70S
ribosomes, which may explain the unsuccessful crystallization attempts. Therefore, it
may be interesting in the future to investigate structurally the interaction of Bac5
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FIG 4 Toe-printing analysis to monitor the effect of Bac5 fragments on translation. Fluorescence scan of
a polyacrylamide gel of toe-print samples obtained in the absence or presence of increasing concen-
trations of the Bac5(1-15), Bac5(1-25), and Bac5(1-31) peptides. Water instead of antibiotics or peptide
was added to a reaction mixture as a control (lane —). Thiostrepton (ThS) was chosen as a control for the
inhibition of elongation, and edeine (Ede) was chosen as a control for the inhibition of initiation. ThS
stalls ribosomes at the AUG site, and Ede prevents the formation of the initiation complex. PPP, the
position where ribosomes stall on the proline triplet motif; FL, the position of the reverse transcription
band corresponding to the full-length mRNA; lanes C, U, A, and G, the DNA sequencing lanes of the
template.

fragments using E. coli ribosome complexes, as was successfully performed recently for
the PrAMP apidaecin using cryo-electron microscopy (15).

Bac5 peptides inhibit the first translation elongation step. Given that Bac5
appears to interact with the ribosome differently than Bac7, we decided to investigate
which step of the protein synthesis is targeted by the Bac5 fragments using toe-
printing, an assay in which reverse transcription monitors the position of the bacterial
ribosomes on an mRNA template (31). Translation reactions used an mRNA encoding
the N terminus of the E. coli protein H-NS and were performed in the presence of
Bac5(1-15), Bac5(1-25), and Bac5(1-31) (at T uM, 10 uM, and 100 uM) and the control
antibiotics thiostrepton (ThS; 100 uM) and edeine (Ede; 50 uM) as well as in the
absence of antibiotic (Fig. 4). In the absence of antibiotic, ribosomes initiate at the AUG
start codon and elongate until becoming stalled at an in-frame proline triplet (PPP)
because of the absence of EF-P in the translation system (32, 33). In the presence of
thiostrepton, ribosomes initiate on the AUG start codon but cannot enter into the
elongation phase, whereas edeine prevents initiation (22), leading to a signal for the
full-length mRNA. In the presence of 1 uM and 10 uM Bac5(1-15), ribosomes were
observed to stall at the PPP motif, indicating that translation was not efficiently
inhibited, whereas ribosome accumulation at the AUG start codon occurred only at very
high concentrations (100 wM). These findings indicate that Bac5(1-15) is a poor trans-
lation inhibitor, in agreement with the in vivo and in vitro data (Table 1; Fig. 2 and 3).
In contrast, the presence of 10 uM either Bac5(1-25) or Bac5(1-31) was sufficient to
completely inhibit the first translation elongation step, leading to an accumulation of
ribosomes at the AUG start codon and loss of the stall signal at the PPP triplet (Fig. 4).
Therefore, the mechanism of action of Bac5 appears to be similar to that reported
previously for the PrAMPs Onc112 (13) and Bac7(1-35) (12, 30) and differs from that
observed for apidaecin (15). However, whether Bac5 fragments influence A-site sub-
strate binding or accommodation, peptide bond formation, or elongation factor
G-dependent translocation remains to be elucidated.

Bac5 fragments compete with erythromycin to bind to the ribosomal exit
tunnel. The structures reported for PrAMPs, such as for Onc112 (13) and Bac7(1-35)
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FIG 5 Toe-printing assay on Bac5 fragments and Bac7 alone and in the presence of erythromycin. A fluorescence
scan of a polyacrylamide gel of toe-print samples obtained in the absence or presence of increasing concentrations
of peptides. Water only instead of antibiotics or peptide was added to a reaction mixture as a control (lane —). The
already characterized Bac7(1-35) peptide was used for comparison. All the peptides were used at the identical
concentration of 20 uM. Samples in the right panel were pretreated with the peptides and then exposed to 5 uM
erythromycin. The positions of the AUG, Asp, and Thr sites are indicated by arrowheads. Lanes C, U, A, and G, the
DNA sequencing lanes of the template; FL, full-length RNA.

(12), as well as, more recently, for Api137 (15), show that all these PrAMPs bind within
the ribosomal exit tunnel, overlapping the binding position of the macrolide antibiotic
erythromycin. Moreover, Onc112 and Bac7 were shown to compete with erythromycin
for ribosome binding (12). To assess whether the Bac5 binding site also overlaps the
erythromycin binding site, we employed a competitive toe-printing assay (Fig. 5). In the
absence of PrAMPs, ribosomes initiate and translate a portion of the ErmBL mRNA until
they become stuck on a downstream threonine (Thr) codon, because the amino acid
threonine (Thr) is lacking from the translation mix. As before, the inclusion of the Bac5
fragments led to the appearance of a toe-print signal corresponding to ribosomes stuck
on the AUG start codon, as well as a reduction [Bac5(1-15)] or a complete loss
[Bac5(1-25) and Bac5(1-31)] of ribosomes stalled at the downstream Thr codon. In the
presence of erythromycin but in the absence of PrAMP, ribosomes translate the ErmBL
mMRNA but become stalled at the aspartate (Asp) codon because the ErmBL nascent
chain and erythromycin interplay within the tunnel to induce translation arrest (34, 35).
When the reaction mixtures were pretreated with the Bac5 peptides and then eryth-
romycin was added to the reaction mixtures, stalling at the Asp codon was observed,
indicating that erythromycin could displace some Bac5 molecules to allow translation
until the Asp codon, where ErmBL-dependent arrest ensued (Fig. 5). Erythromycin was
particularly efficient at displacing Bac5(1-15) but could only partially displace Bac5(1-
25), Bac5(1-31), and Bac7(1-35). These findings support the suggestion that Bac5 binds
within the ribosomal exit tunnel analogously to Bac7 and other PrAMPs.

Influence of rRNA and ribosomal protein mutations on antimicrobial activity of
Bac5 fragments. Studies on E. coli have shown that specific mutations within the
ribosomal exit tunnel, which can confer resistance to erythromycin, can also reduce the
sensitivity of strains to the PrAMPs oncocin and apidaecin (15, 30) but not Bac7(1-35)
(30) or Tur1A (14). We used these E. coli erythromycin-resistant strains to evaluate the
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TABLE 2 MICs of Bac5(1-25), Bac5(1-31), and erythromycin for erythromycin-resistant E. coli strains

MICa (M)
AB301 N281 AB301 N282 SQ110 AtolC SQ110 AtolC SQ110 AtolC SQ110 AtolC
Antimicrobial AB301 (wt) (L22) (L4) (wt) A2059C A2059G A2503C
Bac5(1-25) 8 4-8 16 1 1-2 1 4
Bac5(1-31) 8 8 8 2-4 4-8 4 8
Erythromycin 128 1,024 1,024 2 4,096 2,048 2,048

aData are the mode from at least three independent experiments. wt, wild type.

MIC of Bac5(1-25) and Bac5(1-31), to assess whether there was any reduced sensitivity.
In particular, we tested three strains bearing the 23S rRNA mutation A2503C, A2059G,
or A2059C (15) as well as two strains with alterations in the ribosomal protein L4 (K63E)
or L22 (Ag,MRKg,) (36, 37) (Table 2). The MIC of erythromycin was also determined in
parallel as a control, and, as expected, all the mutant strains displayed higher erythro-
mycin MIC values than their respective wild-type parental strains (Table 2). In contrast,
little to no change in the MIC against Bac5(1-25) and Bac5(1-31) was observed between
the wild-type and most mutant strains, similar to the findings observed previously with
Bac7(1-35) and Tur1A (14). A slight decrease (2- to 4-fold) in the sensitivity of E. coli to
the Bac5 fragments was observed for strains bearing the A2503C mutation; however,
structural analysis will be required to validate whether this nucleotide is directly
involved in contacting the Bac5 peptide within the ribosomal tunnel.

Bac5 fragments are poor inhibitors of eukaryotic translation in vitro. To under-
stand if Bac5 fragments can also bind to eukaryotic ribosomes, we tested the effect of
the Bac5 peptides in a cell-free translation system based on a rabbit reticulocyte lysate
(Fig. 6A). Each Bac5 fragment (1 wM and 10 uM) was added to the translation reaction
mixtures, and the effect on the production of luciferase was evaluated. As expected,
Bac5(1-15) was completely inactive, as observed also in the bacterial translation assays
(Fig. 3A). Similarly, Bac5(1-25) and Bac5(1-31) were also poor inhibitors of eukaryotic
translation, reducing the translation activity by 50% at 10 uM (Fig. 6A), whereas in the
E. coli system, the same peptides obtained a comparable effect already at 1 uM
(Fig. 3A). The difference in the activity of the peptides on E. coli and eukaryotic
translation was therefore assessed as being approximately 10-fold, suggesting a certain
selectivity of the Bac5 fragments for the bacterial over the eukaryotic translation
machinery, as previously reported for Bac7(1-35) (12).

Cytotoxicity of Bac5 fragments. Given the slight permeabilization activity of the
Bac5 fragments at high peptide concentrations on E. coli cells, we also determined the
cytotoxicity of the peptides on eukaryotic cells, specifically, a murine fibroblast cell line
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FIG 6 Effect of Bac5 fragments on eukaryotic translation and cell viability. (A) Effect of Bac5 fragments on an in vitro eukaryotic translation
assay (rabbit reticulocyte lysate). The luciferase was quantified by luminescence. As a negative control, a reaction was performed in the
absence of RNA template (No RNA). (B) NIH 3T3 murine fibroblast cells were exposed to Bac5 fragments for 24 h, and then cell viability
was measured by the tetrazolium (MTT) assay by reading the optical density at 570 nm. As a negative control for toxicity, sterile water
was added instead of the peptides (No pept.). The error bars represent the standard deviation from the mean from three independent
experiments performed with internal duplicates (n = 6). *, statistically significant compared with the value for the untreated control
(P = 0.05, the Student t test).
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(NIH 3T3). The fibroblast cells were exposed to increasing concentrations of Bac5(1-15),
Bac5(1-25), and Bac5(1-31) for 24 h, and cell viability was estimated using the tetrazo-
lium assay, a colorimetric assay evaluating cell viability as a function of mitochondrial
activity (38). Bac5(1-15) and Bac5(1-25) had no significant effect on cell viability at
concentrations up to 32 uM (Fig. 6B). On the other hand, Bac5(1-31) displayed a
concentration-dependent cytotoxicity, but this became statistically significant only at
32 pM, the highest concentration tested (Fig. 6B).

DISCUSSION

During the last few years, the molecular details of the mode of action of many
PrAMPs has been unraveled. Insect-derived PrAMPs, such as metanikowin, oncocin, and
pyrrhocoricin, but also the mammalian dolphin-derived Tur1A PrAMP and some frag-
ments of the bovine-derived Bac7 PrAMP, have been shown to block the bacterial
protein synthesis (4, 14, 39, 40). They act by binding to ribosomes (39, 40) and
preventing them from entering the elongation phase (4, 12-14, 30). All these peptides
share not only the molecular target but also a quite conserved region of their sequence,
which is likely very important for their mechanism of action (4). Other well-
characterized PrAMPs include the apidaecins, which have significant sequence similar-
ity with ribosome-targeting PrAMPs (4) but a distinct mode of action (15). Rather than
blocking the first translation elongation step, the apidaecins inhibit termination by
trapping the release factors RF1 or RF2 on the ribosome, thereby depleting the pool of
free RFs that bacteria need to efficiently carry on the protein synthesis (15). The Bac5
sequence cannot be satisfactorily aligned with any of the peptides reported above (4),
yet the proline- and arginine-rich content of Bac5 suggested nevertheless that the
mode of action is likely to be via inhibition of protein synthesis. Here we have
confirmed this hypothesis, demonstrating both in vivo and in vitro that Bac5 targets
protein synthesis. More specifically, we could demonstrate that Bac5 displays many
characteristics similar to those of Bac7 since (i) Bac5 fragments enter the bacterial cell
mainly via the SbmA transporter (Table 1), (ii) once they are in the cytosol, they most
likely bind within the ribosomal exit tunnel with a binding site at least partially
overlapping that of erythromycin (Fig. 5), and (iii) they inhibit protein synthesis by
blocking the transition from the initiation to the elongation phase of translation (Fig. 4).
Curiously, Bac5 also displays characteristics distinct from those of Bac7 since Bac5
fragments (i) could not be crystallized with the T. thermophilus 70S ribosomes, as other
PrAMPs were (12, 13, 30, 41), (i) did not inhibit the protein synthesis in a T. thermophilus
lysate (Fig. 3D), and (iii) appeared to have a slightly reduced activity in strains bearing
the 23S rRNA A2503C mutation (Table 2), unlike Bac7(1-35) and Turl1A (14). These
findings are in agreement with the similar but distinct amino acid sequence and proline
pattern that Bac5 has compared to other PrAMPs, suggesting that while Bac5 most
likely has a binding site within the exit tunnel that overlaps that of erythromycin and
other PrAMPs, the mode of interaction appears to be distinct. This is unexpected, given
the high structural conservation between components that comprise the exit tunnel of
T. thermophilus and E. coli ribosomes; however, species-specific interactions of ligands,
such as antibiotics, have been observed before within the upper region of the tunnel
(42). Structural studies using E. coli ribosomes should be able to elucidate the details of
the interaction of Bac5 within its ribosomal binding site.

The inactivity of the Bac5(1-15) fragment and the good inhibitory activity of the
Bac5(1-25) and Bac5(1-31) fragments suggest that residues 16 to 25 establish critical
interactions with the ribosome. The best antimicrobial effect on E. coli cells was
reported for Bac5(1-25) (MIC = 1 uM; Table 1), whereas the addition of six more
residues slightly increased the MIC (4 uM; Table 1). This differs from the findings for
other PrAMPs, such as Bac7 fragments, which showed an antimicrobial potency directly
proportional to the length of the peptide (5). Despite having different MIC values,
Bac5(1-25) and Bac5(1-31) exerted comparable inhibition toward protein synthesis in
vitro (Fig. 3A), which may suggest that their different effects on bacterial growth could
be due to different transport efficiencies across the inner membrane by the SbmA
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transporter, to different peptide stabilities, or to dissimilar peptide attachment to the
bacterial membrane.

The increase in the MIC and MBC values of Bac5 fragments in the absence of the
transporter SbmA and the lack of any lytic effect on E. coli membranes by Bac5(1-25)
not only at its MIC but also at its MBC suggest that the interaction of this peptide with
the ribosome is sufficient to explain the Bac5(1-25) bactericidal mechanism. The specific
in vivo inhibition of protein synthesis by the Bac5(1-25) peptide, leaving DNA and RNA
synthesis unaffected, as well as the dependency on the SbmA transporter for protein
synthesis inhibition, growth inhibition, and killing, is in agreement with this proposi-
tion. This is not the first report of a nonlytic bactericidal PrAMP effect. Podda and
colleagues (9) reported a lethal effect of Bac7(1-35) on Salmonella enterica serovar
Typhimurium occurring above the MIC value without significant membrane permea-
bilization (i.e., approximately 3% permeabilization at 1 uM, 2-fold the MIC, and approx-
imately 10% permeabilization at 10 wM, 20-fold the MIC). Recent studies have shown
that while bactericidal antibiotics, such as the ketolide telithromycin, and bacteriostatic
antibiotics, such as the macrolide erythromycin, have similar affinities for the ribosome,
the rate of dissociation of ketolides is much lower than that of macrolides (23). This may
suggest that the bactericidal effect of PrAMPs is also due to a low dissociation rate
constant of the peptide fragments from the ribosome; however, this remains to be
tested.

Because Bac5, like Bac7, is expressed as a prepropeptide (43), the active Bac5 is not
likely present in the cytosol of eukaryotic cells. Nevertheless, we show that even if Bac5
can access the cytosol, the peptide appears to have a low affinity for the eukaryotic
ribosome since the peptides inhibited protein synthesis in an E. coli lysate system
approximately 10-fold more efficiently than in a rabbit reticulocyte system (Fig. 3A
and 4A). Moreover, the bacteriostatic and even bactericidal concentrations of
Bac5(1-25) and Bac5(1-31) are still not significantly toxic toward eukaryotic cells
(Table 1 and Fig. 6).

Taken together, our results indicate that among the tested Bac5 fragments, Bac5(1-
25) is the most promising molecule for future studies. It has the lowest MIC value
toward E. coli cells (1 uM) and is not toxic for eukaryotic fibroblasts even at 32 uM. This
peptide surely deserves further screening to evaluate its efficacy against other bacterial
strains and clinically isolated pathogen strains. Additionally, further structure-activity
relationship studies are desirable to improve the already promising Bac5(1-25) antimi-
crobial activity. A rational optimization of Bac5(1-25) would provide an excellent
candidate for the development of a new antimicrobial agent.

MATERIALS AND METHODS

Peptide synthesis and quantification. The peptides Bac5(1-15), Bac5(1-25), and Bac5(1-31) were
synthesized using solid-phase 9-fluorenylmethoxy carbonyl chemistry and purified by high-performance
liquid chromatography and their quality was assessed by mass spectrometry, as previously described
(27). The ovine and caprine orthologues of Bac5(1-25), as well as Bac7(1-35), were purchased from
NovoPro (China). All the peptides were lyophilized three times from 10 mM HCl solutions to remove the
trifluoroacetate group present as the counterion of the arginine residues, and then the peptides were
resuspended in sterile Milli-Q water. The concentration of the peptides was estimated spectrophoto-
metrically. The absorbance of the peptides at 214 nm and at 280 nm was measured, and the concen-
tration was calculated using the molar extinction coefficients of tyrosine (¢ = 1,500 M~ cm~") and of
the whole peptide. The latter value was calculated by the in-house-developed program ConCalc using
the values proposed previously (44), i.e., ¢ = 93,800 for Bac5(1-31), & = 74,500 for Bac5(1-25), and ¢ =
40,500 for Bac5(1-15).

Bacterial strains. All the bacterial strains used in this study were grown at 37°C in Miiller-Hinton
broth (MHB) with shaking (140 rpm). The E. coli BW25113, N281, N282, and AB301 strains were grown
without antibiotics, whereas E. coli BW25113 AsbmA (JW0368-1) (45) required a final concentration of 50
rg/ml kanamycin. The E. coli strains SQ110 AtolC, SQ110 AtolC A2059C, SQ110 AtolC A2059G, and SQ110
AtolC A2503C were grown in the presence of a final concentration of 25 ug/ml kanamycin and 50 ug/ml
spectinomycin. The E. coli strains BW25113 and BW25113 AsbmA:Km" are part of the KEIO Collection (45).
E. coli strains AB301 with its mutants N281 (mutation on L22) and N282 (mutation on L4) and SQ110
AtolC:Km" and its mutants SQ110 AtolC:Km" Spr A2059C, SQ110 AtolC:Km® Spr A2059G, and SQ110
AtolC:Kmr Spr A2503C were generously provided by Alexander Mankin and Nora Vasquez-Laslop,
University of lllinois, Chicago, IL, USA.
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MIC and MBC determination. A bacterial overnight culture was diluted 1:50 in new MHB (with
antibiotics, as required) and incubated at 37°C with agitation until an optical density at 600 nm (OD,)
of ~0.3 was reached. The culture was then diluted to 5 X 105 CFU/ml with fresh MHB. The peptide was
serially diluted in 50 ul of MHB in a microtiter plate (round bottom), before adding 50 ul of the bacterial
suspensions (5 X 10° CFU/ml) to each well. The plate was sealed using Parafilm and incubated at 37°C
overnight. The MIC was calculated as the lowest peptide concentration that inhibited the visible growth
of bacteria. Then, 25 ul of medium from each clear well was collected after pipetting and was spread on
Miller-Hinton agar plates. The colonies were counted after incubation overnight at 37°C. The minimum
bactericidal concentration (MBC) was calculated as the lowest peptide concentration killing 99.9% of the
original bacterial inoculum.

Membrane integrity evaluation. To evaluate the bacterial membrane integrity, propidium iodide
(P1) uptake was evaluated by flow cytometry using a Cytomics FC 500 instrument (Beckman-Coulter, Inc.,
Fullerton, CA), as described previously (27, 46). A bacterial mid-log-phase culture diluted to 1 X 106
CFU/ml in MHB was incubated at 37°C for 15 min, 30 min, and 60 min in the presence of 1 uM, 10 uM,
or 50 uM peptide and of a final concentration of 10 wg/ml PI. A total of 10* cells were used for each
measurement. Pl cannot cross an intact bacterial envelope; therefore, the percentage of Pl-positive cells
indicates the extent of membrane damage.

In vitro transcription/translation using an E. coli lysate. Reaction mixtures were set up using an
S30 T7 high-yield protein expression system (Promega) or an RTS 100 E. coli HY system (Biotech Rabbit),
with T ul or 0.1 ul, respectively, of RNase inhibitor (RNasin; 20 to 40 U/ul; Promega) being added to each
reaction mixture. In the positive controls, nuclease-free water was added instead of the peptides. In the
negative control, nuclease-free water was added instead of the peptides and the DNA template. For the
S30 T7 kit, 2 ul of peptide solution was added to each reaction mixture to get a final concentration of
1 wM or 10 uM in a final volume of 40 ul. Samples were incubated at 37°C for 1 h and subjected to 12
cycles of 1 min of vigorous mixing (1,200 rpm) and 4 min of resting. Subsequently, the presence of the
reporter protein (Renilla reniformis luciferase) was assessed, and the reporter protein was quantified using
a commercial kit (Renilla luciferase assay system; Promega), as indicated in the S30 T7 high-yield protein
expression system kit, using black flat-bottom 96-well plates and a luminometer (Chameleon plate;
Hidex) with MikroWin 2000 software. For experiments performed using the RTS 100 kit, 1 ul of peptide
solution was added to each reaction mixture to reach a final concentration of 1 uM or 10 uM in a final
volume of 6 ul. Samples were incubated at 30°C for 1 h with shaking (750 rpm). To stop the reaction, 2
wul of reaction mixture was added to 8 ul of kanamycin (50 mg/ml) and mixed, before being diluted with
40 pl of luciferase assay reagent (Promega) and placed into a 96-well white flat-bottom microtiter plate
(Greiner). The presence of the reporter protein (Photinus pyralis luciferase) was assessed, and the reporter
protein was quantified using a Tecan Infinite M1000 plate reader. In all the luminescence analyses, the
relative values were calculated as a percentage of the value for the positive control.

In vitro translation using Thermus thermophilus lysate. The lysate of T. thermophilus was prepared
in-house using a protocol slightly modified from a previously reported one (47). Bacterial cells were
grown in 1X YT (yeast extract and tryptone) medium at 70°C to an ODg,, of ~0.6, harvested by
centrifugation at 5,000 X g at 4°C for 15 min, and then washed 3 times in buffer A (10 mM Tris-acetate
buffer [pH 8.2], 14 mM magnesium acetate [MgOAc], 60 mM potassium acetate[KOAc], T mM dithio-
threitol [DTT], 6 mM 2-mercaptoethanol). The pellet was flash frozen in liquid nitrogen. Cells were then
thawed, resuspended in buffer B (10 mM Tris-acetate buffer [pH 8.2], 14 mM MgOAc, 60 mM KOAc, 1 mM
DTT) and disrupted by three passages through a French press at >15,000 Ib/in2. The lysate was cleared
by centrifugation at 12,000 X g for 10 min at 4°C. The supernatant was aliquoted, flash frozen in liquid
nitrogen, and stored at —80°C. The in vitro translation reactions were performed with a final volume of
25 pl (containing 240 mM HEPES [pH 8], 0.6 mM polyethylene glycol 8000, 60 mM glucose, 4.4 ug bulk
tRNA from E. coli MRE600 [Sigma], 1.2 mM ATP, 1.2 mM GTP, 0.85 ug folinic acid, 1 mM DTT, 90 mM
potassium glutamate. 80 mM ammonium acetate, 20 mM K,HPO,, 1.8 mM each amino acid, 12.6 mM
magnesium acetate, and 200 ng of firefly luciferase mRNA synthesized in vitro as reported previously [48])
using 6.75 ul of bacterial lysate and 1 ul of peptide solution where required. The reaction mixtures were
incubated at 30°C for 1 h under agitation (550 rpm). The reaction was stopped by the addition of 2 ul
of 50 mg/ml kanamycin to 8 ul of each reaction mixture. All samples were diluted with 40 ul of luciferase
assay substrate (Promega) and placed into a white 96-well chimney flat-bottom microtiter plate (Greiner).
The luminescence was then measured using a Tecan Infinite M1000 plate reader. Relative values were
determined by defining the luminescence value of the sample without inhibitor as 100%.

In vitro transcription. Reactions were carried out using a commercial kit (Riboprobe System T7;
Promega) in the absence or presence of 4 ul of peptide solution (final concentration, 1 uM or 10 uM).
For the negative control, no RNA polymerase was added to the reaction mixture. The in vitro-transcribed
RNA was subsequently purified using the TRIzol reagent (Life technologies), as suggested by the supplier
for RNA isolation from suspension cell samples. The purified synthetic mRNA was resuspended in 20 ul
of RNase-free water and quantified spectrophotometrically using a NanoDrop 2000 spectrophotometer,
and then 2 ul of each sample was separated by electrophoresis on a 1% agarose gel containing 0.05%
NacClO (49).

In vitro translation using rabbit reticulocyte lysate. Reaction mixtures with or without Bac5
fragments were set up with a commercial rabbit reticulocyte lysate system kit (Promega), according to
the manufacturer’s description, but the total volume was scaled down to 6 ul and 0.1 ul of an RNase
inhibitor (RNasin; 20 to 40 U/1 ul; Promega) was added to each reaction mixture. The reaction mixtures
were incubated for 1 h at 30°C with shaking (400 rpm). The reaction was stopped by the addition of 7
wul kanamycin (50 mg/ml) to 3 ul of each reaction mixture. All samples were diluted with 40 ul of
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luciferase assay substrate (Promega), and the samples were placed into a white 96-well chimney
flat-bottom microtiter plate (Greiner). Luminescence was then measured using a Tecan Infinite M1000
plate reader. Relative values were determined by defining the luminescence value of the sample without
inhibitor as 100%.

Toe-printing assay. For toe-printing assays, an in vitro transcription/translation kit (PURExpress in
vitro protein synthesis kit; NEB) was used. Reaction mixtures were set up by mixing 2 ul of solution A, 1.5
wul of solution B, 1 ul (0.5 pmol) of DNA template, 0.1 ul of RNasin (20 to 40 U/ul; Promega), and 1 ul of
peptide (to get a final concentration of 1 uM, 10 uM, or 100 M) or 1 ul of antibiotic (to obtain a final
concentration of 100 uM for thiostrepton and 50 uM for edeine) in PCR tubes. The DNA template codes
for the first 36 N-terminal residues of the E. coli DNA-binding protein H-NS (UniProt accession number
POACF8) were modified to replace the residues at positions 20 to 22 of the original protein with three
proline residues (5'-ATTAATTACGACTCACTATAGGGATATAAGGAGGAAAACATATGAGCGAAGCACTTAAAA
TTCTGAACAACCTGCGTACTCTTCGTGCGCAGGCAATTCCGCCGCCGCTTGAAACGCTGGAAGAAATGCTGGA
AAAATTAGAAGTTGTTGTTTAAGTGATAGAATTCTATCGTTAATAAGCAAAATTCATTATAACC-3’; the start,
proline, and stop codons are highlighted in bold). The control had nuclease-free water instead of
inhibitors. Samples were incubated for transcription/translation for 15 min at 37°C with agitation (550
rpm), cooled down on ice for 5 min, and equilibrated at room temperature for 2 min. Then, 1 ul (2 pmol)
of Alexa Fluor 647 5'-labeled NV-1 toe-print primer (5'-GGTTATAATGAATTTTGCTTATTAAC-3") was added
to each reaction mixture, and the samples were incubated for 5 min at 37°C. For reverse transcription,
0.5 pl of avian myeloblastosis virus reverse transcriptase (NEB), 0.1 ul deoxynucleoside triphosphate mix
(10 mM), and 0.4 ul Pure system buffer were added to each reaction mixture and the samples were
incubated for 20 min at 37°C. To stop the reaction and degrade the RNA, 1 ul of 5 M NaOH was added
to each reaction mixture and the samples were incubated for 15 min at 37°C. Samples were neutralized
by adding 0.7 ul 25% (vol/vol) HCl and 20 ul of toe-print resuspension buffer. Samples were then purified
by using a QIAquick nucleotide removal kit (Qiagen) and adding 200 ul of PN1 buffer following the
supplier’s instructions. DNA was eluted using 80 ul of RNase-free water, dried in a vacuum centrifuge,
and resuspended in 4 ul of formamide loading dye (10 mM EDTA, 1T mg/ml bromophenol blue, T mg/ml
xylene cyanol in formamide). Samples were heated for 5 min at 95°C and then separated by electro-
phoresis on a 6% polyacrylamide gel (19:1) containing 7 M urea at a setting of 2,000 V and blocking the
run before the dye exited the gel. Results were acquired using a GE Typhoon FLA9500 imaging system.

For the competition toe-print assay with erythromycin, the PURExpress in vitro protein synthesis kit
(without the amino acid mix and tRNA; NEB) was used. The reaction mixtures were set up by mixing 1
wul of solution A (without the amino acid mix and tRNA), 0.5 ul of 5 mM amino acid mix (without Thr),
0.5 ul of a tRNA mix, and 1.5 ul of solution B, 0.5 ul of peptide (to get a final concentration of 1 uM, 10
1M, or 100 uM) or 0.5 ul of antibiotic (to get a final concentration of 100 uM for thiostrepton and 50
uM for edeine). Samples were incubated for 5 min at 37°C at 550 rpm, and then 1 ul (0.9 pmol) of a DNA
template encoding part of the slightly modified ermBL sequence (5'-ATTAATACGACTCACTATAGGGATA
TAAGGAGGAAAACATATGTTGGTATTCCAAATGCGTAATGTAGATAAAATATCTACTATTTTGAAATAAGTGAT
AGAATTCTATCGTTAATAAGCAAAATTCATTATAACC-3’; the start, aspartate, threonine, and stop codons
are highlighted in bold) was added to each sample. After 5 min, some reaction mixtures also received 0.5
wul of erythromycin to obtain a final drug concentration of 5 uM. To the other samples, 0.5 ul of
RNase-free water was added to equalize the volumes. Then, the toe-print assay was carried out as
described above.

Sequencing of the toe-print DNA template. The sequencing of the toe-print DNA template was
carried out by mixing 1 ul (0.5 to 0.8 pmol) of DNA template, 5 ul of sequencing buffer, 9 ul of
nuclease-free water, 1 ul (10 pmol) of Alexa Fluor 647-labeled NV-1 toe-print primer (5'-GGTTATAATG
AATTTTGCTTATTAAC-3), and 1 ul of Hemo Klen Tag polymerase. Then, 4 ul of this mix was added to 2
wul of ddATP, ddTTP, ddGTP, or ddCTP and incubated in a thermocycler (1 cycle of 2 s at 95°C; 30 cycles
of 30 s at 95°C, 30 s at 42°C, and 1 min at 70°C; and 1 cycle of 1 min at 70°C with storage at 4°C). Samples
were then heated and loaded on a gel as indicated above for the toe-print assay.

In vivo assays for radioactive isotope incorporation into bacterial macromolecules. The incor-
poration of radioactive isotopes into bacterial macromolecules was performed as previously described
(39). Briefly, mid-log-phase E. coli BW25113 cells grown in MHB medium were centrifuged (2,000 X g) and
resuspended in M9 salts containing 5 mM glucose and 1% (vol/vol) MHB to a final concentration of
1.5 X 107 CFU/ml, and 650 ul of this culture was incubated at 37°C in 2-ml tubes in a dry-block bath
for 15 min. Subsequently, the radioactive compounds and Bac5 peptides were added to the bacterial
suspension. The assay was performed in the presence of 7.5 uCi [3H]leucine (1 mCi/ml; PerkinElmer), 4
wCi [2H]uridine (1 mCi/ml; PerkinElmer), or 4 uCi [*H]thymidine (1 mCi/ml; PerkinElmer) for protein, RNA,
and DNA synthesis, respectively. All the Bac5 fragments and the erythromycin were used at a final
concentration of 1 uwM. After incubation at 37°C for the times indicated in Fig. 2, 100 ul of the bacterial
culture was mixed with 5 ml of ice-cold 10% trichloroacetic acid followed immediately by the addition
of bovine serum albumin to a final concentration of 200 wg/ml. The bacteria were lysed, and bacterial
macromolecules were precipitated by incubation on ice and then filtered on 0.22-um-pore-size filters
(GSTF; Millipore). The filters were air dried and then incubated at room temperature in the dark in a
scintillation tube with 4 ml of scintillation fluid (Ecolite[+] liquid scintillation cocktail; MP Biomedicals).
The radioactivity was quantified using an LS-600-SC liquid scintillation analyzer (Beckman), with the
radioactivity in each sample being measured for 10 min. Some reaction mixtures were set up using sterile
Milli-Q water instead of peptides as controls. Results are the averages from three independent experi-
ments, and error bars in the figures represent the standard deviation from the mean.
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Cytotoxicity and cell viability assay. The cytotoxicity of the Bac5 fragments for NIH 3T3 murine
fibroblasts was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay
(38). Cells were grown to subconfluence in 50 ul of Dulbecco’s modified Eagle’s medium (Sigma-Aldrich)
containing 10% fetal bovine serum (EuroClone), 2.4 mM glutamine, 100 U/ml penicillin, and 100 ug/ml
streptomycin, using 96-well flat-bottom microtiter plates at 37°C in 5% CO,. Serial 2-fold dilutions of the
Bac5 fragments were prepared in cell growth medium, and 50 ul of diluted peptides was added to the
cells. After 20 h of incubation, 20 ul of MTT (Sigma-Aldrich) in phosphate-buffered saline was added to
each well to a final concentration of 1 mg/ml. After 4 h of incubation at 37°C in 5% CO,, 100 ul of 10%
Igepal (Sigma-Aldrich) in 10 mM HCI was added to each well and the plate was incubated overnight at
37°C. On the following day, the absorbance at 570 nm was measured using a plate reader (Tecan Infinite
M1000) to evaluate cell viability.
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