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In view of increasing health threats from multiresistant pathogens, antimicrobial peptides (AMPs) and, specifically, proline-rich
AMPs (PrAMPs) have been investigated in animal models. PrAMPs enter bacteria via the ABC transporter SbmA and inhibit
intracellular targets. We used phage transduction (Tn10 insertion) to screen by random mutagenesis for alternative uptake
mechanisms for analogs of apidaecin 1b, a honeybee-derived PrAMP. All 24 apidaecin-resistant mutants had the Tn10 insertion
in the sbmA gene. These sbmA::Tn10 insertion mutants and the Escherichia coli BW25113 �sbmA (JW0368) strain were still sus-
ceptible to the bactenecin PrAMP Bac7(1-35) and oncocin PrAMPs Onc18 and Onc112, as well as to Chex1-Arg20, despite signif-
icantly reduced internalizations. In a second round of random mutagenesis, the remaining susceptibility was linked to the yjiL-
mdtM gene cluster. E. coli BW25113 and its �yjiL null mutant (JW5785) were equally susceptible to all PrAMPs tested, whereas
the BW25113 �mdtM mutant was less susceptible to oncocins. The JW0368 yjiL::Tn10 transposon mutant (BS2) was resistant to
all short PrAMPs and susceptible only to full-length Bac7 and A3-APO. Interestingly, PrAMPs appear to enter bacteria via
MdtM, a multidrug resistance transporter (drug/H� antiporter) of the major facilitator superfamily (MFS) that can efflux antibi-
otics, biocides, and bile salts. In conclusion, PrAMPs enter bacteria via ABC and MFS transporters that efflux antibiotics and
cytotoxic compounds from the cytoplasm to the periplasm.

There are rising death tolls due to drug-resistant bacteria among
persons with weakened or suppressed immune systems. The

worldwide spread of multiresistant or even extensively resistant
bacteria has therefore triggered intense research efforts to identify
novel antibiotic classes, especially those with new modes of action
(1). In recent years, thousands of gene-encoded antimicrobial
peptides (AMPs) have been identified in different organisms and
investigated in vitro and often in vivo, with several being now
pursued in preclinical studies (2, 3). Proline-rich AMPs
(PrAMPs), which are produced by insects with typical lengths of
18 to 25 residues or in mammals with 40 to 60 residues, represent
a promising class of antibiotics (3–6). Besides native PrAMPs,
either shortened versions [e.g., bactenecin Bac7(1-35)] or chemi-
cally optimized versions (e.g., apidaecin 1b analogs Api88 and
Api137 or oncocins Onc18, Onc72, and Onc112) and those with
artificial sequences (e.g., A3-APO and its single-chain version
Chex1-Arg20) were shown to be highly efficient against Gram-
negative and partially even against Gram-positive bacteria in sev-
eral different murine infection models (5, 7–12).

PrAMPs appear to pass readily across the outer membrane of
Gram-negative bacteria before they are actively transported into
the cytoplasm by SbmA (13, 14). This 406-residue-long integral
inner membrane protein has common features with the ATP-
binding cassette (ABC) transporters but lacks the nucleotide bind-
ing domain and requires an electrochemical proton gradient
across the inner membrane (15, 16). SbmA is one of two currently
known members of the peptide uptake permease family (PUP)
(17). Its physiological role is not yet known, although it is ex-
pressed in many bacteria, including Escherichia coli, Klebsiella
pneumoniae, and Acinetobacter baumannii (18). Recent data indi-
cate that SbmA contains eight transmembrane regions and forms
a functional homodimer (18). SbmA is responsible for the uptake
of structurally diverse AMPs, including microcin 25 and even pep-

tide nucleic acids (19, 20). BacA, a homolog of SbmA, was shown
to favor chronic infections of Brucella abortus and Mycobacterium
tuberculosis in mice, which may indicate that SbmA is crucial for
invading an organism or overcoming the host defense systems (21,
22), but it is not essential for cell viability in vitro (15). BacA is also
the only uptake system of exogenous corrinoids, including vita-
min B12 in M. tuberculosis, elucidating a role in chronic mycobac-
terial infection (23).

Drug efflux is a common resistance mechanism in pathogens
and relies on overexpressed multidrug resistance (MDR) trans-
porters, which are grouped into the major facilitator superfamily
(MFS), the ATP-binding cassette (ABC), resistance-nodulation-
division (RND), small multidrug resistance (SMR), and multi-
drug and toxic compound (MATE) families. Thirty-seven genes of
E. coli encode putative MDR transporters, of which 18 belong to
MFS as the dominant group (24). MdtM, formerly termed YjiO,
belongs to this group and is a drug/H� antiporter that can protect
E. coli against cytotoxic compounds, such as antibiotics (chloram-
phenicol and puromycin), cationic antimicrobials, and biocides
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(quaternary ammonium compounds) (24–28). The physiological
role of MdtM is most likely to function as an antiporter for the
efflux of bile salts and inorganic cations, such as sodium and po-
tassium, against protons, and in alkaline pH homeostasis (24, 26).

Bacteria grown in vitro in the presence of one PrAMP can ac-
quire resistance by mutations in the sbmA gene. Resistant Salmo-
nella enterica serovar Typhimurium strains appeared in the pres-
ence of PR-39, a porcine PrAMP, at a frequency of 4 � 10�7 per
cell per generation (14). A very similar mutation rate of 6 � 10�7

per cell per generation was reported for E. coli in the presence of
pyrrhocoricin (29), a PrAMP expressed by the European sap-
sucking bug Pyrrhocoris apterus (30) and which has a high se-
quence homology to the 2-kDa Oncopeltus antibacterial peptide 4
(31). Thus, the role of SbmA during the infection process needs to
be elucidated to evaluate the potential resistance mechanisms in
the context of PrAMPs as a promising class of antibiotics. How-
ever, it appears likely that SbmA mutations will reduce the viru-
lence of the pathogen or increase its vulnerability against other
parts of the host defense system. This is an inevitable conclusion
supported from evolution, as the innate immunity in insects and
mammals depends very much on PrAMPs in concert with other
antimicrobial substances.

Stimulated by Scocchi’s approach (13) to identify SbmA as an
uptake system of the PrAMPs and the reduced susceptibility of
SbmA null mutants against apidaecin 1b and Bac7(1-35), we ap-
plied a similar approach to screen for alternative uptake mecha-
nisms or modes of action to see if PrAMPs can overcome SbmA
mutations. Expectedly, SbmA null mutants were resistant to the
apidaecin derivatives Api88 and Api137 and the oncocin Onc72.
Surprisingly, Bac7(1-35), Onc18, Onc112, and Chex1-Arg20 were
still active against the mutant. In a second random mutagenesis
approach, we were able to link the remaining activity to yjiL,
which codes for a hypothetical 225-residue-long protein with pre-
dicted ATPase activity.

MATERIALS AND METHODS
All E. coli strains and plasmids used in this study are shown in Table 1. The

primers, peptides, and all other materials used in this study are listed in
Tables S1 to S3 in the supplemental material.

Peptide synthesis. Peptides were synthesized on Rink amide 4-meth-
ylbenzhydrylamine (MBHA) or Wang resin with standard 9-fluorenyl-
methoxycarbonyl/tert-butyl chemistry using in situ diisopropylcarbodi-
imide (DIC)/1-hydroxybenzotriazole (HOBt) activation on a multiple
synthesizer, SYRO2000 (MultiSynTech). The N termini of apidaecin
derivatives were guanidinated with 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorphosphate (HBTU) and N-methylmor-
pholine (NMM) (9, 32). Some oncocin peptides were N-terminally la-
beled with 5(6)-carboxyfluorescein (Cf) using HBTU activation in the
presence of N,N-diisopropylethylamine (DIPEA), whereas apidaecin an-
alogs were modified at the side chain of Orn-1 after cleavage of the Mtt-
protecting group using 2% (vol/vol) trifluoroacetic acid (TFA) in dichlo-
romethane (DCM) and 5% (vol/vol) triisoproprylsilane (TIS) as a
scavenger. All peptides were cleaved with TFA, precipitated with diethyl
ether, and purified by reverse-phase high-performance liquid chromatog-
raphy (RP-HPLC) on a Jupiter C18 column using an aqueous acetonitrile
gradient in the presence of 0.1% TFA. Peptide masses were confirmed by
matrix-assisted laser desorption ionization–time of flight mass spectrometry
(MALDI-TOF MS) (4700 Proteomics analyzer; Applied Biosystems, Darm-
stadt, Germany). Peptide purities were judged by peak areas on RP-HPLC.

Media and growth conditions. Bacterial cultures were grown in LB
Luria (10 g/liter tryptone, 5 g/liter yeast extract, and 0.5 g/liter NaCl), 33%
tryptic soy broth (TSB) medium (10 g/liter), Mueller-Hinton broth
(MHB) (21 g/liter), or LB Luria agar plates at 37°C under aerobic condi-
tions. If required, tetracycline (15 �g/ml), chloramphenicol (15 to 34
�g/ml), ampicillin (100 �g/ml), Api88 (20 �g/ml), or Onc112 (96 �g/ml)
was added.

Api88- and Onc112-resistant E. coli mutants. E. coli strains MC4100
and JW0368 (BW25113 �sbmA) were randomly mutagenized by Tn10
insertion, using the lambda phage lysate �NK1323 with a tetracycline
resistance cassette and grown on LB Luria agar plates containing tetracy-
cline (15 �g/ml) at 30°C overnight (33, 34). The tetracycline-resistant
colonies were transferred to LB Luria agar plates containing either Api88
(20 �g/ml) or Onc112 (96 �g/ml) and incubated again at 30°C overnight.

Antibacterial activity. MICs were determined in a liquid broth mi-
crodilution assay using sterile 96-well plates. Aqueous peptide solutions
were serially 2-fold diluted (128 to 1 �g/ml) in 33% TSB medium and
mixed with overnight cultures diluted in 33% TSB or MHB medium to

TABLE 1 E. coli strains and plasmids used in this study

Strain or plasmid Characteristics, sequence, or genotypea Reference or source

E. coli strains
MC4100 F� araD139 �(argF-lac)205��rpsL150 flbB5301 relA deoC1 pstF25 44
M1 to M24 MC4100 sbmA::Tn10 insertion mutants, Tetr This study
BS1 to BS24 JW0368 yjiL::Tn10 insertion mutants, Tetr This study
BS-L BW25113 �sbmA �yjiL Cmr This study
BS-M BW25113 �sbmA �yjiM Cmr This study
BS-N BW25113 �sbmA �yjiN Cmr This study
BS-O BW25113 �sbmA �mdtM Cmr This study
JW0368 BW25113 �sbmA Keio collectionb

BW25113 lacIq rrnB3 �lacZ4787 hsdR514 DE(araBAD)567 DE(rhaBAD)568 rph-1 Keio collectionb

JW5785 BW25113 �yjiL Keio collectionb

JW4300 BW25113 �mdtM Keio collectionb

Plasmids
psbmA pNTR-SD, sbmA Ampr Mobile plasmid collectionb

pyjiL pNTR-SD, yjiL Ampr Mobile plasmid collectionb

pKD46 Red recombinase expression plasmids, Ampr 37
pKD3 Template plasmids for FRT-flanked chloramphenicol resistance cassette, Cmr 37

a Tetr, tetracycline resistant; Cmr, chloramphenicol resistant; Ampr, ampicillin resistant.
b GenoBase (http://www.shigen.nig.ac.jp/ecoli/strain/) (37, 45, 46).
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1.5 � 107 cells/ml, for a total volume of 100 �l in each well. The plates were
incubated for 20 � 2 h at 37°C. The turbidity of each well at 595 nm was
measured. The MIC was defined as the lowest peptide concentration at
which the optical density did not exceed that of the medium only.

Identification of the Tn10 insertion position. Genomic DNA was
isolated from resistant strains, and the DNA sequences flanking the trans-
poson insertion were determined by arbitrarily primed PCR (35, 36). The
first round of amplification included six cycles consisting of denaturation
(95°C for 30 s), annealing (30°C for 30 s), and extension (72°C for 90 s),
followed by 30 cycles of denaturation (95°C for 30 s), annealing (45°C for
30 s), and extension (72°C for 2 min), and a final 6-min extension at 72°C.
This PCR relied on the arbitrary primer ARB6 and the Tn10 transposon-
specific primer Tn10-R3. The second round of amplification used arbi-
trary primer ARB2 and primer IS10-R complementary to the IS10 element
of the Tn10 transposon. The PCR consisted of 30 cycles of denaturation
(95°C for 30 s), annealing (52°C for 30 s), and extension (72°C for 2 min),
and a final extension step (72°C for 6 min). The final PCR products were
purified with the Qiagen PCR purification system (Qiagen, Hilden, Ger-
many), sequenced (Eurofins MWG Operon, Ebersberg, Germany) using
primer IS10-R, and identified in a DNA sequence database (UniProt
[www.uniprot.org] and NCBI [http://blast.ncbi.nlm.nih.gov/Blast.cgi]).

Gene knockout. Gene knockout of yjiL, yjiM, yjiN, and mdtM relied
on the protocol of Datsenko and Wanner (37). Briefly, the Flip recombi-
nase target (FRT)-flanked chloramphenicol resistance cassette of pKD3
was amplified with the corresponding knockout primers by PCR. The
PCR products were digested with DpnI, purified with the Qiagen PCR
purification system, and incubated on ice (6 �l for 5 min) with electro-
competent JW0368 cells carrying a Red helper plasmid (pKD46). Electro-
poration was done using the EasyjecT Prima cell-porator (EquiBio/
Thermo Electron, Milford, MA, USA), according to the manufacturer’s
instructions. The cells were transferred to 950 �l of LB Luria, incubated at
30°C for 1 h, and then L-arabinose (0.15% vol/vol) was added overnight at
room temperature (RT). Transformed cells were selected on LB Luria agar
plates containing 15 �g/ml chloramphenicol. The mutants were colony
purified once at 43°C and then tested for ampicillin sensitivity to confirm
the loss of the pKD46 plasmid. The chloramphenicol resistance cassette in
the genomic DNA replacing the target gene was verified by PCR using the
corresponding control primers (see Fig. S1 in the supplemental material).

Flow cytometry. The cellular uptake of the fluorescently labeled
PrAMP was studied, as described previously (32). Briefly, E. coli strains
were grown in 33% TSB medium (37°C) to a density of 9 � 108 cells/ml,
diluted to 7.5 � 106 cells/ml, and incubated with Cf-labeled Api88 or
Onc112 (6 �M) or without peptide (control) for 30 and 90 min (37°C in

the dark). Aliquots (2.6 ml) were centrifuged at 5,000 � g and 4°C for 3
min. The pellets were washed twice with ice-cold phosphate-buffered sa-
line (PBS) (pH 7.4), suspended in PBS (0.5 ml), mixed with paraformal-
dehyde in 400 �l of PBS (4% [wt/vol]), incubated (room temperature [RT]
for 20 min in the dark), diluted with PBS (4 ml), and centrifuged at 5,000 � g
and 4°C for 3 min. The pellets were washed with PBS, suspended in PBS to a
final volume of 0.25 ml, and analyzed by flow cytometry (BD FACSCali-
bur flow cytometer; Becton Dickinson, Heidelberg, Germany). Data were
processed with the software BD CellQuest Pro 5.2.1 (Becton Dickinson).

RESULTS
Api88-resistant E. coli MC4100 Tn10 insertion mutants. Phage
transduction of E. coli MC4100 yielded around 8,000 Tn10 inser-
tion mutants, which were plated on LB Luria agar plates contain-
ing Api88 (20 �g/ml). The resulting 24 colonies (M1 to M24) were
resistant against Api88 (MIC, 128 �g/ml; Table 2). An arbitrarily
primed PCR of the genomic DNA and subsequent sequencing of
the final PCR products revealed that all Tn10 insertions were lo-
cated in the sbmA gene (see Fig. S2 in the supplemental material),
which codes for the inner membrane transporter SbmA, already
shown to take up PrAMPs (13). The M9, M16, and M22 mutants
were randomly selected and tested against several PrAMPs. Api88,
the closely related Api137, and the oncocin derivative Onc72 were
inactive (MIC, �64 �g/ml), whereas oncocin derivatives Onc18
and Onc112 were only two to four times less active against these
mutants (MIC, 16 �g/ml) than against E. coli strain MC4100 (Ta-
ble 2). Similar susceptibilities were obtained for E. coli BW25113
and the corresponding deletion mutant BW25113 �sbmA
(JW0368). Transformation of M22 and JW0368 with plasmid
psbmA restored the susceptibility to all peptides tested (Table 2).
Flow cytometry showed that Cf-labeled Api88 and Onc112 en-
tered the �sbmA mutant JW0368 at much lower quantities than
that of the wild-type strain BW25113 and that Onc112 was trans-
ported more efficiently into JW0368 than Api88 (Fig. 1; see also
Fig. S4 in the supplemental material).

Onc112-resistant E. coli JW0368 Tn10 insertion mutants.
Because of the unexpected susceptibility of the �sbmA mutants to
Onc18 and Onc112, we postulated an alternative uptake system,
which was selected by random mutagenesis of E. coli JW0368. The
E. coli JW0368 Tn10 insertion mutants (	5,000) obtained were

TABLE 2 MICs determined for apidaecin and oncocin peptides against different E. coli strains in 33% TSB mediuma

E. coli strain

MIC (�g/ml) for:

Api88 Api137 Onc18 Onc72 Onc112

MC4100 1 1 8 8 4
M9, M16, M22 (sbmA::Tn10) 128 
128 16 64 16
M22 [psbmA] 16 32 8 16 4
BW25113 1 4 8 16 4
JW0368 (�sbmA) 128 128 32 128 16
JW0368 [psbmA] 2 4 8 16 4
BS2, 8, 10 (�sbmA yjiL::Tn10) 128 128 
128 
128 128
BS2 [pyjiL] 128 128 16 32 16
BS [psbmA] 1 4 8 32 8
JW5785 (�yjiL) 1 4 8 32 8
JW4300 (�mdtM) 2 4 32 64 16
BS-L (�sbmA �yjiL) 128 128 64 128 32
BS-M (�sbmA �yjiM) 128 128 64 128 32
BS-N (�sbmA �yjiN) 128 128 64 128 32
BS-O (�sbmA �mdtM) 
128 
128 64 128 64
a Shown are the results from two independent experiments in triplicate.
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plated on LB Luria agar plates containing Onc112 (96 �g/ml).
Twenty-four colonies (BS1 to BS24) were able to grow under these
selective conditions. Their MIC was 128 �g/ml for Onc112, which
was eight times higher than observed for the starting strain
JW0368 (Table 2). Sequence and PCR analysis revealed all trans-
poson disruptions in the yjiL gene (see Fig. S3 in the supplemental
material), which codes for a hypothetical 27-kDa protein (225
residues) with putative ATPase activity. It is predicted to form one
operon with yjiM, which encodes a predicted 2-hydroxyglutaryl-
coenzyme A (CoA) dehydratase (SRI International Pathway Tools
version 18.0) (38). Upstream is an operon consisting of yjiN, a
conserved inner membrane protein, and mdtM, which encodes a
multidrug efflux pump linked to resistance to chloramphenicol,
ethidium bromide, and tetraphenylphosphonium bromide (TPP)
(25, 27, 28). The downstream genes yjiJ and yjiK code for two
hypothetical inner membrane proteins (Fig. 2).

The selected JW0368 yjiL::Tn10 mutants BS2, BS8, and BS10
were resistant to all apidaecin and oncocin derivatives tested
(MIC, �128 �g/ml; Table 2). The transformation of BS2 with
plasmid pyjiL restored the susceptibility to Onc18 and Onc112
completely, i.e., to the level of the original E. coli strain JW0368.
Expectedly, the BW25113 �yjiL single mutant (JW5785) and the
isogenic wild-type BW25113, which both contain the active SbmA
transporter, displayed similarly low MICs for Api88, Api137,
Onc18, Onc72, and Onc112 (Table 2). The transformation of BS2
with psbmA restored its susceptibility for all peptides tested to the
level of JW5785. According to flow cytometry, the Cf-labeled
Api88 entered the �sbmA mutant JW0368 and the �sbmA yjiL::
Tn10 mutant BS2 at similar rates, whereas the transport of
Onc112 into BS2 was slightly reduced relative to JW0368 (Fig. 1;
see also Fig. S4 in the supplemental material).

YjiL is linked to the antimicrobial activity of PrAMPs. E. coli
strains JW0368 and BS2 were resistant (MIC, �128 �g/ml) to
Api88, drosocin, and pyrrhocoricin (Fig. 3A). Onc112 and Chex1-
Arg20 (a metabolite of A3-APO) were only about 4-fold less
active against JW0368 than the corresponding wild-type strain
BW25113 but inactive against BS2, indicating that the remaining
antibacterial activity against the �sbmA mutant is related to YjiL
(Fig. 3A). In contrast, the longer PrAMPs A3-APO, Bac7(1-35),
and Bac7 and the lytic AMP melittin were similarly active against
all three E. coli strains (Fig. 3A). In Mueller-Hinton broth, the
MICs of Bac7(1-35) decreased only 2-fold from BW25113 to the
�sbmA mutant JW0368, which is in agreement with a previous
report (13), whereas BS2 was resistant to Bac7(1-35) (Fig. 3B).
Interestingly, the activity of the full-length Bac7 was identical for
all three strains in both 33% TSB medium and MHB (Fig. 3).

yjiL-mdtM gene region. The influence of yjiL on the activity of
PrAMPs was further studied using the BS-L, BS-M, BS-N, and
BS-O double mutants, which were obtained by knocking out yjiL
and yjiM, yjiN, or mdtM, respectively, upstream of yjiL in JW0368
(Table 2). The MICs of 128 �g/ml indicated that all three double
mutants, i.e., BS-L (�sbmA �yjiL), BS-M (�sbmA �yjiM), and
BS-N (�sbmA �yjiN), were resistant to Api137, Api88, and
Onc72. The mutants were slightly less susceptible to Onc18 (MIC,
64 �g/ml) and Onc112 (MIC, 32 �g/ml) than JW0368. The fourth
mutant BS-O (�sbmA �mdtM) showed an equally low suscepti-
bility to Onc18 and Onc72 (MIC, 64 and 128 �g/ml) but was even
more resistant to Api88, Api137 (MIC, 
128 �g/ml), and Onc112
(MIC, 64 �g/ml). Therefore, we also examined the BW25113
�mdtM (JW4300) single-knockout mutant. This mutant strain
was equally susceptible to Api137 and slightly less susceptible to
Api88 relative to the wild-type strain (Table 2), because SbmA as

FIG 1 Flow cytometry analysis of E. coli strains BW25113 (black bars and lines), JW0368 (orange bars and lines), and BS2 (blue bars and lines) incubated with
Cf-labeled peptides (6 �M) for 90 min in 33% TSB medium. Geometric mean (GeoMean) fluorescence intensities and histogram plots are shown for cells treated
with Cf-Api88 (A and B) and Cf-Onc112 (A and C). BW25113 treated without peptide as a control is shown as light gray area (B and C). Shown are the results
of two independent experiments, as indicated by the error bars. **, P � 0.01 for JW0368 or BS2 versus BW25113. *, P � 0.05 for JW0368 or BS2 versus BW25113.
#, P � 0.05 for BS2 versus JW0368.

FIG 2 Gene region upstream (dark gray) and downstream (medium gray) of yjiL (arrow outlined in black) in E. coli BW25113.
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their major transporter was still present. Oncocin derivatives were
around 2- to 4-fold less active against JW4300 than against
BW25113, with MICs of 32, 64, and 16 �g/ml for Onc18, Onc72,
and Onc112, respectively. However, JW4300 was more susceptible
to oncocins than the BS2 and BS-O double mutants, indicating
that they use mostly the SbmA transporter in JW4300.

DISCUSSION

The 24 isolated colonies resistant to apidaecins contained the
Tn10 insertion always within the sbmA gene and thus identified
this peptide uptake permease as the most relevant bacterial trans-
porter involved in the uptake of apidaecins. Drosocin and pyrrho-
coricin appeared to rely exclusively on the same uptake system,
whereas the oncocin derivatives tested most likely circumvent
SbmA by using a hypothetical secondary transporter system ex-
pressed from the gene cluster of yjiL, yjiM, yjiN, and mdtM. Al-
though the proteins corresponding to the first three genes have
not been studied in detail, to the best of our knowledge, their
predicted functions indicate that they probably resemble together
with MdtM a transporter system located at the inner bacterial
membrane of E. coli. The low susceptibilities of the double-knock-
out mutants to the oncocin analogs Onc18 and Onc112 point to a
new transport mechanism involving the proteins encoded in the
yjiL-mdtM gene cluster as integral components, with YjiL and
MdtM most likely being the most relevant proteins. The lower
susceptibility of the individual mdtM knockout mutant JW4300
than that of the wild-type BW25113 against the oncocin deriva-
tives indicates that MdtM is likely the transporter component of
the YjiL-MdtM transport system, in addition to its described role
as an efflux pump (24–26). Although the transport mechanism
remains unclear and should be studied next, it appears reasonable
that either this function is induced by the interaction with an
ATPase, e.g., the predicted ATPase YjiL, or MdtM functions as an
antiporter that effluxes small antibiotics and transports peptides
into the cytoplasm using proton or electrochemical gradients sim-
ilar to SbmA (16). This MDR ABC transporter acts as an importer
of PrAMPs and other peptides when the nucleotide binding do-
main (NBD) is absent (16). This might be the opposite in MdtM,
as it may need ATPase activity to transport PrAMPs from the
periplasm to the cytoplasm. Such differences were also described

for SbmA and its homologue BacA from Sinorhizobium meliloti
(SmBacA) and M. tuberculosis (MtBacA), which all transport
Bac7(1-16) into the cells. However, SmBacA misses the NBD, and
MtBacA requires its putative ATPase domain (39).

The identification of this second transporter system confirms
also a recent observation that some PrAMPs are still active in
�sbmA mutants (40); in this study, the authors proposed an ad-
ditional translocation system with a higher Km than that of SbmA.
Therefore, this potential transporter system appears to be highly
specific and most likely involves specific interactions among all
four proteins, if not an even larger protein complex that could be
formed. The predicted inner membrane proteins YjiJ and YjiK,
encoded by the two genes yjiJ and yjiK downstream of yjiL (Fig. 2),
are also interesting candidates for future studies in this case.

It is highly interesting that PrAMPs can use members of at least
two different transporter families, which both represent efficient
efflux pumps in MDR pathogens, to overcome small-molecule
antimicrobial chemotherapies. It is speculative but compelling
that such MDR pathogens might be hypersusceptible to PrAMPs
and that different insect- or mammal-derived PrAMPs may use
different ABC and MFS transporters or even transporters of the
RND, SMR, and MATE families. It might even be possible to de-
sign PrAMPs using several MDR transporters to overcome com-
mon resistance mechanisms to rescue antibiotics, assuming that a
pathogen would be killed by either substance, depending on the
expression of an MDR transporter.

The high sequence homologies among the eight insect-derived
PrAMPs tested (Table 3) also allow the deduction of the sequence
motif important for their uptake by the proposed YjiL-MdtM
transporter system. Considering the ratio of the MICs between the
�sbmA mutant and the native strain, the efficiency of the uptake
system decreased from the least affected of Onc18, Onc112, and
Chex1-Arg20 (all 4� the MIC) to Onc72 (8� the MIC). As the
three oncocins differ in positions 15 and 19 only, it appears very
likely that either or both of these residues are important for bac-
terial uptake, with the guanidino group more likely being pre-
ferred over the amino group (41). Chex1-Arg20 possesses high
sequence homology to all oncocins, with the 10-residue sequence
PYLPRPRPPR in the middle being identical. Structural differ-
ences at the residues extending this sequence to the N terminus

FIG 3 Antibacterial activities of different PrAMPs and melittin against E. coli strains BW25113 (black bars), JW0368 (orange bars), and BS2 (blue bars)
determined in 33% TSB medium (A) or MHB (B). Shown are the results from two independent experiments in triplicate.

Krizsan et al.

5996 aac.asm.org October 2015 Volume 59 Number 10Antimicrobial Agents and Chemotherapy

http://aac.asm.org


(Arg6 in Chex1-Arg20) or C terminus (Orn in Onc72, D-Arg in
Onc112, and Pro in Chex1-Arg20) may explain the slight differ-
ences observed, although these might also be related to other parts
of the killing mechanism, such as penetration through the outer
membrane or inhibition of the 70S ribosome (11, 42). Further
support that the PYLPRPRPPR motif is important for the YjiL-
MdtM-transporter system comes from pyrrhocoricin, which con-
tains two substitutions (Pro1Ser and Arg7Thr) in this sequence,
drosocin (four substitutions), and both apidaecins (three substi-
tutions). Taking these data together, we hypothesize that residues
5 to 15 of the oncocins are important for bacterial uptake in the
�sbmA mutants. This part of the sequence contains also several
PRP motifs that are typical for PrAMPs and essential for their
antibacterial activity (3, 4).

The observation that the uptake of Cf-labeled Api88 into the
�sbmA mutants was much lower than that for Cf-Onc112 and that
the �sbmA yjiL::Tn10 mutant reduced the uptake of Cf-Onc112
slightly supported the proposed alternative transporter system for
this PrAMP. The proposed YjiL-MdtM transporter system might
transport some PrAMPs into the cytoplasm, although at appar-
ently lower rates than that for SbmA, and thus allow them to
inhibit the 70S ribosome and DnaK as their final targets. The high
70S ribosome binding constants recently reported for oncocins
(42) indicate that even small intracellular peptide concentrations
are sufficient to inhibit protein translation. Another important
observation was the influence of the peptide length of the PrAMPs
investigated. Whereas Chex1-Arg20 relied on either of the two
transporter systems studied here and was inactive against the
�sbmA yjiL::Tn10 mutant, its branched dimer (A3-APO) killed all
bacteria equally efficiently and independently of the disturbed
transporter system. The same was true for Bac7(1-35) and full-
length Bac7(1-60), at least in MHB medium. Thus, longer pep-
tides (e.g., dimers) are most likely able to enter bacteria without
active transport mechanisms, which may reduce the chance of
bacterial escape by developing resistance mechanisms. However,
changes in the membrane composition may have more severe
consequences for these compounds than for short peptides using
an uptake system.

Although further studies are necessary to explore the proposed
secondary transporter system for insect-derived PrAMPs, the
findings appear very important for the further optimization of
currently investigated lead structures. The small structural differ-
ences between pyrrhocoricin and oncocins opened a second route

for oncocins to bypass the SbmA transporter system, thereby
overcoming a potential bacterial resistance mechanism. Impor-
tantly, the MdtM transporter also functions as an efflux pump for
bile salts, small-molecule antibiotics, and biocides and thus might
represent the proverbial Achilles heel in such resistant strains that
PrAMPs use. It will be interesting to see if other PrAMPs can use
this or other detours as well. Similarly, the linear or branched
dimerization of PrAMPs may provide an interesting strategy to
extend the therapeutic activity, as originally proposed for A3-APO
(43). We imagine active dimeric (or oligomeric) versions of short
active PrAMPs are slowly cleaved into similarly active monomers,
providing an effective antibiotic that could enter bacteria passively
(dimer) or actively after cleavage (monomer) via (different) trans-
porter systems.
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