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ABSTRACT

Analysis of the genome sequence of Pseudomonas aeruginosa PA14 revealed the presence of an operon encoding an ABC-type
transporter (NppA1A2BCD) showing homology to the Yej transporter of Escherichia coli. The Yej transporter is involved in the
uptake of the peptide-nucleotide antibiotic microcin C, a translation inhibitor that targets the enzyme aspartyl-tRNA synthetase.
Furthermore, it was recently shown that the Opp transporter from P. aeruginosa PAO1, which is identical to Npp, is required for
uptake of the uridyl peptide antibiotic pacidamycin, which targets the enzyme translocase I (MraY), which is involved in pepti-
doglycan synthesis. We used several approaches to further explore the substrate specificity of the Npp transporter. Assays of
growth in defined minimal medium containing peptides of various lengths and amino acid compositions as sole nitrogen
sources, as well as Biolog Phenotype MicroArrays, showed that the Npp transporter is not required for di-, tri-, and oligopeptide
uptake. Overexpression of the npp operon increased susceptibility not just to pacidamycin but also to nickel chloride and the
peptidyl nucleoside antibiotic blasticidin S. Furthermore, heterologous expression of the npp operon in a yej-deficient mutant of
E. coli resulted in increased susceptibility to albomycin, a naturally occurring sideromycin with a peptidyl nucleoside antibiotic.
Additionally, heterologous expression showed that microcin C is recognized by the P. aeruginosa Npp system. Overall, these
results suggest that the NppA1A2BCD transporter is involved in the uptake of peptidyl nucleoside antibiotics by P. aeruginosa
PA14.

IMPORTANCE

One of the world’s most serious health problems is the rise of antibiotic-resistant bacteria. There is a desperate need to find novel
antibiotic therapeutics that either act on new biological targets or are able to bypass known resistance mechanisms. Bacterial
ABC transporters play an important role in nutrient uptake from the environment. These uptake systems could also be exploited
by a Trojan horse strategy to facilitate the transport of antibiotics into bacterial cells. Several natural antibiotics mimic sub-
strates of peptide uptake routes. In this study, we analyzed an ABC transporter involved in the uptake of nucleoside peptidyl
antibiotics. Our data might help to design drug conjugates that may hijack this uptake system to gain access to cells.

Newly developed antimicrobial compounds that show strong
in vitro activity are often inactive under in vivo conditions. A

possible reason why these compounds fail as practically useful
antibiotics is that they do not reach their intracellular targets because
of the impermeability of bacterial membranes. The wide range of
nutrient uptake systems harbors immense potential for the delivery
of antibiotics into bacterial cells (1). Uptake systems could be hijacked
for drug delivery by the Trojan horse strategy, in which the antibiotic
mimics either the structure of the natural substrate of the transporter
or is covalently linked to the substrate. In this context, it is essential to
understand the different nutrient uptake mechanisms and entry
routes to develop new drug delivery strategies.

ABC (ATP-binding cassette) transporters play an important
role in the nutritional uptake of substrates from the environment.
They typically consist of two permease domains and various ATP-
binding domains that are responsible for the energy supply (2).
Translocation of molecules across membranes is achieved by the
two hydrophobic transmembrane domains upon ATP hydrolysis.
The substrate specificity of ABC importers is determined by their
substrate-binding protein(s) (SBP[s]), which scavenges solutes in
the periplasm and delivers them to the translocator permease (2).

ABC transporters connected to the uptake of various nutrients
have been associated with the virulence of pathogenic bacteria (3).
For example, ABC transporter mutants defective in the uptake of
amino acids or oligopeptides have shown attenuated virulence in
multiple animal models (3, 4). Moreover, oligopeptide transport-
ers have also been connected to genetic competence, cell wall me-
tabolism, sporulation, and adherence (5, 6). The diversity of the
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peptide uptake machinery makes it a viable target for Trojan horse
strategy compounds by improving drug internalization into the
cytoplasm.

Analysis of the genome sequence of Pseudomonas aeruginosa
PA14 revealed the presence of three putative peptide ABC trans-
porters belonging to the peptide-opine-nickel uptake transporter
(PepT) family. We have previously characterized the transporter
system DppBCDF (PA14_58440-PA14_58490), which is respon-
sible for the utilization of di- or tripeptides (7). Available RNA
sequencing data (8) have revealed that the operon encoding the sec-
ond member of the PepT family, PA14_37840-PA14_37880, is not
expressed during in vitro growth. The objective of the present study
was to characterize the third member of the PepT family of P.
aeruginosa PA14, NppA1A2BCD (PA14_41110-PA14_41160). A
recent study showed that in P. aeruginosa PAO1, this transporter,
previously designated OppABCDE, is involved in the transloca-
tion of the uridyl peptide antibiotic pacidamycin (9). In the pres-
ent study, we demonstrate that pacidamycin is also a substrate of
the Npp permease in P. aeruginosa PA14 and further show that
three other antibiotics, blasticidin S, albomycin, and microcin C
(McC), are also transported by this uptake system. The four Npp
permease substrates identified have diverse chemical structures,
mechanisms of antibacterial action, and intracellular targets;
however, they are all peptidyl nucleosides, which we propose is a
feature specifically recognized by the Npp transport system.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. P. aeruginosa strains

were cultured at 37°C in double yeast tryptone (dYT) medium or minimal
medium P (MMP) (10). For growth assays, MMP was modified by omit-
ting NH4Cl (MMP-N) so that various peptides could be used as sole
nitrogen sources. Selection for transformed pseudomonads was achieved
on King’s B medium. Escherichia coli strains were cultured in dYT or M9
minimal medium (11), and cells were routinely maintained at 37°C, ex-
cept when strains were used that contained the FLP or � Red recombinase
(30°C). E. coli XL-1 Blue was used as the cloning host, E. coli W3110 was
used for heterologous expression of transporter genes from PA14, and E.
coli ST18 was used for biparental mating where the medium was supple-
mented with 50 �g/ml 5-aminolevulinic acid.

Cultures harboring individual vectors were supplemented with 50
�g/ml ampicillin (Ap), 25 �g/ml chloramphenicol (Cm), and 25 �g/ml
gentamicin (Gm) for E. coli or 500 �g/ml carbenicillin (Cb) and 100
�g/ml Gm for PA14. Bacterial growth was monitored by measuring opti-
cal density at 600 nm (OD600) with a spectrophotometer.

PCR amplifications and DNA modifications. For the PCR primers
used in this study, see Table S1 in the supplemental material. All primer
sequences were based on the genome of P. aeruginosa UCBPP-PA14
(GenBank accession no. NC_008463.1). Screening PCRs were carried out
with the DreamTaq DNA polymerase (Thermo Scientific) in accordance
with the manufacturer’s instructions at the optimal annealing tempera-
ture for each primer set. For screening PCRs performed with PA14, bac-
terial cells were boiled at 95°C for 5 min and subsequently pelleted at
13,000 rpm for 1 min. Phusion DNA polymerase (Thermo Scientific) was
used for high-fidelity PCRs (supplemented with 5% dimethyl sulfoxide).
Restriction digestions were performed with Thermo Scientific restriction
enzymes according to the manufacturer’s instructions at the appropriate
temperature. All ligation reactions were carried out at room temperature
with Thermo Scientific T4 DNA ligase. DNA purifications were per-
formed with either the GeneJET PCR purification or the GeneJET gel

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s) or genotypea

Reference
or source

Strains
Pseudomonas aeruginosa

PA14 Wild type 51
PA14 �dppBCDF dppBCDF deletion mutant 7
PA14 �nppBCD nppBCD deletion mutant This study
PA14 �dppBCDF �nppBCD dppBCDF nppBCD deletion mutant This study
PA14 pscC::MAR2�T7 pscC transposon mutant, Gmr 52

Escherichia coli
XL1-Blue recA1 endA1 gyrA96 thi-1 hsdR17(rK

� mK
�) supE44 relA1 lac [F= proAB lacIqZDM15 Tn10(Tcr)] Stratagene

ST18 pro thi hsdR� Tpr Smr; chromosome::RP4-2 Tc::Mu-Kan::Tn7/�pir �hemA 53
W3110 F� �� rph-1 IN(rrnD rrnE) 54
W3110 �yejABEF yejABEF deletion mutant This study
BW28357 F� �� �lacZ4787(::rrnB-3) hsdR514 �(araD-araB)567 �(rhaD-rhaB)568 55

P. syringae pv. phaseolicola 6/0 Wild type from bush bean, producer of phaseolotoxin 56

Plasmids
pGEM-T Easy Apr, high-copy-number cloning vector Promega
pPS858-Eco Apr Gmr, source of Gmr-GFP-FRT cassette 57
pEX18Ap Apr, gene replacement vector 57
pEX18Ap.nppBCD-ko Apr Gmr, contains 2.9-kb fusion fragment of PA14_41130, Gmr-GFP-FRT, and PA14_41170 This study
pBBR1MCS-5 Gmr, broad-host-range cloning vector 58
pBBR5.npp Gmr, contains 7.5-kb fragment carrying nppA1A2BCD operon under lac promoter control This study
pFLP2 Apr, source of FLP recombinase 57
pKD46 Apr, lambda Red recombinase expression plasmid 14
pKD3 Apr Cmr, source of Cmr cassette flanked by FRT sequences 14
pUHAB Apr, pUC19 carrying mccABCDE genes from E. coli R51 on 11.2-kb fragment 59

a Antibiotic resistance: Apr, ampicillin; Gmr, gentamicin; Kan, kanamycin; Smr, streptomycin, Tc, tetracycline; Tpr, trimethoprim.
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extraction kit (Thermo Scientific) by following the manufacturer’s in-
structions.

Construction of the PA14 nppBCD knockout mutant. The construc-
tion of the knockout vector was based on the protocol described by Zu-
maquero et al. (12). Briefly, approximately 500-bp sequences flanking the
5= and 3= regions of the nppBCD operon were PCR amplified with primers
41130-A1 and 41130-A2 and primers 41170-B1 and 41170-B2. The T7
primer sequence, as well as a KpnI restriction site, was incorporated into
primers A2 and B1 to provide homology between the two fragments. After
amplification, the fragments obtained were gel purified and approxi-
mately 40 ng of each fragment was used in a PCR with primers A1 and B2.
The resulting fusion product was gel purified, further ligated into the
pGEM-T easy vector, and verified by sequencing.

A Gmr cassette, coupled to green fluorescent protein (GFP) and
flanked by Flp-FRT sites, was cut from plasmid pPS858-Eco and subse-
quently inserted into the KpnI-digested pGEM construct. The deletion
allele was cut and further ligated into EcoRI-digested pEX18Ap, yielding
the final replacement vector pEX18Ap.nppBCD-ko.

The generation of the PA14 nppBCD mutant was based on the site-
specific insertional mutagenesis strategy of Schweizer and Hoang (13) and
carried out as described previously (7). In order to confirm the trans-
porter deletion, locus-specific primers that bind up- and downstream
of the operon were designed (41130_out1 and 41170_out2) and used in
combination with primers binding within the Gmr-GFP cassette (Gm-
GFP_out_F and Gm-GFP_out_R).

Construction of the nppA1A2BCD overexpression plasmid. The
7,475-bp operon comprising the ABC transporter NppA1A2BCD was
PCR amplified (Fig. 1A), cloned into pBBR1MCS-5 to obtain expression
under Plac, and subsequently sequenced to rule out mutations that might
have occurred during the PCR. The construct obtained was mobilized
into PA14 via biparental conjugation as described earlier (7).

Construction of the W3110 yejABEF knockout mutant. The con-
struction of the yejABEF deletion mutant was based on the protocol de-

scribed by Datsenko and Wanner (14). This protocol utilizes linear DNA
fragments for the recombination event. Briefly, primers yej-ko_fwd and
yej-ko_rev containing 50-nucleotide extensions that were homologous to
the region surrounding the yejABEF operon were used to amplify the Cmr

cassette of plasmid pKD3. The resulting PCR product was digested with
DpnI and gel purified.

E. coli W3110 cells, harboring the � Red recombinase on plasmid
pKD46, were grown in dYT medium at 30°C. When the culture reached an
OD600 of 0.4, L-arabinose was added to a final concentration of 0.3% to
induce the expression of RecET recombinase. The culture was shifted to
37°C and further incubated for 1 h. Cells were harvested by centrifugation,
washed with ice-cold water, and stored on ice until electroporation.

A 500-ng sample of the purified PCR product was transformed by
electroporation into E. coli W3110 cells with an Eppendorf Electropora-
tor 2510 at 1,350 V. Following the recovery of electrotransformants for 2
h at 37°C in dYT medium, bacterial cell suspensions were plated on dYT
plates containing half of the standard antibiotic concentration. Homolo-
gous recombination events were screened by colony PCR with primers
yej_out1 and yej_out2 flanking the knockout region. PCR products were
verified by sequencing.

Phenotype MicroArrays. We utilized PM6, PM7, and PM8 Biolog
Phenotype MicroArray plates to monitor the catabolism of the di- or
tripeptides used as nitrogen sources by PA14 and its mutant strains. Prep-
aration of PM plates was done as described previously (7).

All experiments were performed with a minimum of three replicates.
Outliers among all replicates were identified by means of their standard
deviation. On the basis of the difference between the standard deviation
and the average value, we defined a maximum deviation threshold of 20%
to be a good replicate. A deviation of more than 50% disqualified the
sample from further analysis. Samples with deviations between 20 and
50% were considered acceptable.

The respiratory activity of bacterial cells in the wells of PM plates was
quantified by a kinetic plot of color formation against time. The resulting

FIG 1 Overview of the P. aeruginosa PA14 nucleoside transport machinery. (A) Schematic representation of the genomic region surrounding the transporter
operon nppA1A2BCD-fabI. The 3,719-bp deletion of the ABC transporter nppBCD operon, as well as the overexpressed 7,475-bp ABC transporter region, is
indicated. The subcellular locations of the proteins are indicated by different colors. The black arrow indicates an operon structure. (B) Transmembrane domain
analysis of ABC transporter permeases NppB and NppC. The upper line indicates the predicted topology from TOPCONS based on amino acid sequences. Red
lines indicate an inner membrane orientation, blue lines indicate an outer membrane orientation, gray boxes indicate transmembrane helices spanning from the
inside to the outside, and white boxes indicate transmembrane helices spanning from the outside to the inside. Below the line is a graphic interpretation of the
reliability of the prediction for each amino acid.
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area of each plot was represented by a specific value. The threshold of this
area value was set to 2,000 (approximately 15 to 20% of the average area
value of the positive control for all of the plates). In order to assist visual-
ization of the data, we created a heat map based on values representing the
area under the respiration curve (see Fig. S1 in the supplemental mate-
rial).

Growth experiments with various peptides as sole nitrogen sources.
We performed growth experiments with selected peptides as sole nitrogen
sources (Table 2). Therefore, bacteria grown overnight on KB agar plates
were scraped from the plates, resuspended in MMP-N, washed by centrif-
ugation, and adjusted to an OD600 of 0.05. For the growth assay, MMP-N
was individually supplemented with various peptides at 0.2 mM to serve
as sole sources of nitrogen. Cell cultures (1 ml of culture in a 2-ml Eppen-
dorf tube) were incubated in an incubator shaking at 200 rpm at 37°C.

After 24 h, an endpoint measurement (OD600) was taken. All experiments
were repeated at least three times.

Drug susceptibility tests. The MICs of drugs for P. aeruginosa strains
were determined by a 2-fold dilution assay in a 96-well plate with MMP.
MIC determination for E. coli cultures was done with Mueller-Hinton
broth. All tests were performed at least in triplicate in accordance with
Clinical and Laboratory Standards Institute recommendations (15).
Growth of bacteria at 37°C was examined by visual inspection after 24 h of
incubation. The MIC was defined as the lowest concentration of an anti-
biotic that completely prevented visible cell growth.

McC toxicity and competition assay. McC was purified from E. coli
BW28357 harboring plasmid pUHAB as described previously (16).
Chemically synthesized peptides MRTGNAN (7 amino acids [aa]), GGG
MRTGNAN (10 aa), and VNKVKEQQKKVLECGAATCGGGSN (24 aa)

TABLE 2 Effect of nppBCD and dppBCDF mutations on the use of peptides as nitrogen sourcesa

Nitrogen source
Length
(aa)

Avg OD600 � SD

PA14 �nppBCD �dppBCDF �nppBCD �dppBCDF

Controls
None 0.02 � 0.00 0.01 � 0.00 0.02 � 0.00 0.02 � 0.00
0.2 mM NH4Cl 0.35 � 0.01 0.38 � 0.02 0.35 � 0.02 0.36 � 0.03

Oligopeptidesb

Gly-Pro-Ile-Ser 4 0.07 � 0.01 0.09 � 0.00 0.06 � 0.01 0.05 � 0.00
Gly-Pro-Arg-Pro 4 0.08 � 0.01 0.06 � 0.00 0.07 � 0.00 0.06 � 0.00
Gly-Arg-Gly-Asp 4 0.14 � 0.02 0.13 � 0.01 0.14 � 0.01 0.13 � 0.00
Val-Ile-His-Asn 4 0.14 � 0.01 0.13 � 0.00 0.14 � 0.02 0.13 � 0.01
Lys-Thr-Thr-Lys-Ser 5 0.18 � 0.03 0.19 � 0.02 0.17 � 0.02 0.16 � 0.02
Phe-Leu-Glu-Glu-Val 5 0.05 � 0.00 0.05 � 0.00 0.05 � 0.00 0.04 � 0.01
Phe-Tyr-Gly-Pro-Val 5 0.14 � 0.01 0.11 � 0.03 0.14 � 0.01 0.13 � 0.00
Tyr-Gly-Gly-Phe-Leu 5 0.15 � 0.00 0.16 � 0.02 0.06 � 0.00 0.04 � 0.01
Tyr-Gly-Gly-Phe-Met 5 0.17 � 0.02 0.15 � 0.02 0.11 � 0.01 0.11 � 0.02
Gly-Arg-Gly-Asp-Asn-Pro 6 0.07 � 0.02 0.05 � 0.00 0.08 � 0.02 0.05 � 0.01
Lys-Lys-Thr-Pro-Glu-Glu 6 0.09 � 0.02 0.07 � 0.01 0.09 � 0.02 0.08 � 0.01
Val-Tyr-Ile-His-Pro-Phe 6 0.16 � 0.01 0.16 � 0.02 0.16 � 0.02 0.13 � 0.02
Asp-Arg-Val-Tyr-Ile-His-Pro 7 0.10 � 0.01 0.09 � 0.01 0.09 � 0.01 0.10 � 0.01
Ile-Ile-Asn-Phe-Glu-Lys-Leu 7 0.08 � 0.03 0.08 � 0.01 0.09 � 0.02 0.10 � 0.03
Ser-Gln-Asn-Tyr-Pro-Ile-Val 7 0.36 � 0.07 0.32 � 0.05 0.30 � 0.03 0.32 � 0.03
Asp-Arg-Val-Tyr-Ile-His-Pro-Phe 8 0.34 � 0.04 0.34 � 0.03 0.31 � 0.01 0.32 � 0.02
Asp-Arg-Val-Tyr-Val-His-Pro-Phe 8 0.39 � 0.06 0.38 � 0.03 0.36 � 0.04 0.38 � 0.01
Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys 8 0.12 � 0.03 0.10 � 0.02 0.13 � 0.04 0.11 � 0.02
Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly 10 0.39 � 0.03 0.38 � 0.02 0.36 � 0.03 0.35 � 0.04
Ala-Pro-Gly-Asp-Arg-Ile-Tyr-Val-His-Pro-Phe 11 0.05 � 0.00 0.07 � 0.01 0.07 � 0.01 0.05 � 0.00

AMPsb

HHC36 9 0.05 � 0.03 0.06 � 0.02 0.07 � 0.03 0.04 � 0.02
Bac2a 12 0.06 � 0.01 0.06 � 0.00 0.05 � 0.01 0.06 � 0.00
Indolicidin 13 0.09 � 0.01 0.10 � 0.01 0.14 � 0.03 0.12 � 0.01
LL37 37 0.14 � 0.00 0.14 � 0.00 0.13 � 0.01 0.12 � 0.01

Cell wall peptides (0.1 mg/ml)
B. subtilis PGN 0.18 � 0.01 0.18 � 0.00 0.16 � 0.02 0.15 � 0.02
Tri-DAP 0.08 � 0.00 0.07 � 0.01 0.08 � 0.01 0.06 � 0.02

Miscellaneous
Phe-Arg-	-naphthylamide (0.2 mM) 0.24 � 0.02 0.22 � 0.02 0.24 � 0.01 0.21 � 0.03
Aminolevulinic acid (0.2 mM) 0.06 � 0.01 0.06 � 0.01 0.07 � 0.01 0.06 � 0.00
Aminopterin (0.2 mM) 0.08 � 0.01 0.04 � 0.02 0.05 � 0.02 0.04 � 0.01
Pacidamycin D (0.1 mg/ml) 0.05 � 0.00 0.04 � 0.00 0.04 � 0.01 0.04 � 0.00
Glutathione (0.2 mM)c 0.41 � 0.01 0.38 � 0.04 0.42 � 0.01 0.38 � 0.02

a Bacterial growth was measured in triplicate by determining the increase in OD600. Boldface values are significantly different as determined by a two-tailed t test (P 
 0.05).
b The concentration of peptides in growth assays was 0.2 mM.
c Glutathione was tested in growth assays as a nitrogen or sulfur source with similar results.
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were purchased from GeneScript USA. McC toxicity and transporter
competition assays were performed with E. coli strain W3110 and its
corresponding �yejABEF mutant harboring either empty plasmid
pBBR1MCS-5 or a plasmid overexpressing the PA14 npp operon. Over-
night cultures were diluted 1:100 into 15 ml of M9 soft agar (0.6%) sup-
plemented with 0.5% glycerol, 0.1% Casamino Acids, 0.01% thiamine,
and Gm at 25 �g/ml.

The toxicity assay was performed with a 3-fold dilution of 100 �M
McC, where 2.5 �l of McC was dropped onto an agar plate and subse-
quently incubated at 37°C for 16 h. The transporter competition assay
contained a mixture of 30 �M McC and one of the aforementioned pep-
tides at 3 mM.

Agar diffusion assay with toxic tripeptides. The toxic tripeptide
phaseolotoxin [N�(N=-sulfodiaminophosphinyl)-ornithyl-alanyl-homoargi-
nine] was obtained from a culture of Pseudomonas syringae pv. phaseolicola
as previously described (7). The tripeptide bialaphos was obtained from
Alfa Aesar.

For preparation of the test plates, P. aeruginosa strains grown over-
night were scraped from agar plates, resuspended in sterile water, and
adjusted to an OD600 of 1.0. A 500-�l volume of the cell suspension was
added to 50 ml of MMP agar warmed to 50°C. After the plates was pre-
pared, 7-mm holes were punched into the agar and 50-�l volumes of the
tripeptides were added to the holes. Plates were incubated for 24 h at 37°C
and subsequently visually analyzed in terms of growth inhibition zones on
the bacterial lawn.

Human bronchial epithelial cells. The immortalized human bron-
chial epithelial cell line 16HBE14o� was obtained from Dieter C. Gruen-
ert (University of California, San Francisco, CA). Cells were cultured in
coated T25 cell culture flasks at 37°C in a humidified 5% CO2 atmosphere.
The coating solution contained 10% bovine serum albumin (Sigma-
Aldrich), 1% bovine collagen I (Invitrogen), and 1% human fibronectin
(Sigma-Aldrich) in LHC basal medium (Invitrogen) and was applied to
the T25 flasks 1 day prior to seeding of the cells. The culture medium was
minimum essential medium (Invitrogen) supplemented with 10% fetal
bovine serum (Sigma-Aldrich), 2 mM L-glutamine (Invitrogen), 100
U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen).

Cytotoxicity assay. 16HBE14o� cells were cultured in T25 flasks until
90% confluent (5 days). Bacteria were grown aerobically in LB medium to
an OD600 of 1.0. Bacterial densities were adjusted in infection medium
(minimal essential medium with 2 mM L-glutamine) to infect epithelial
cells at a ratio of 50:1. After the 16HBE14o� cell layer was washed twice
with phosphate-buffered saline, epithelial cells were infected with P.
aeruginosa PA14 or its transporter mutants. Samples from the superna-
tant of the cell cultures were drawn 3, 6, and 9 h postinfection. The lactate
dehydrogenase (LDH) activity released into the medium by damaged cells
was determined with the Pierce LDH cytotoxicity kit (Thermo Scientific).
Absorbance of the samples was detected with a microplate reader (FLUO-
star Omega; BMG Labtech) at wavelengths of 490 and 680 nm, respec-
tively. LDH activity was calculated by subtracting the 680-nm absorbance
value (background signal from the instrument) from the 490-nm absor-
bance value. All experiments were repeated in triplicate.

Multiple-sequence alignment and phylogenetic analysis. Protein se-
quence data were obtained from NCBI and the Pseudomonas Genome
Database (17). Putative peptide ABC transporter proteins from P. aerugi-
nosa PA14 were identified on the basis of homology to already described
transporters from other organisms found in the Transporter Classifica-
tion Database (18) and respective BLASTP searches. The phylogenetic tree
reconstruction was performed by the Phylogeny.fr web service (19) with
the phosphonate ABC permease PhnE of P. aeruginosa PA14 included as
the outgroup. The tree obtained was subsequently visualized by FigTree
(20).

RESULTS
Computational analysis of the ABC transporter NppA1A2BCD
from P. aeruginosa PA14. It was previously shown that inactiva-

tion of an ABC transporter mediates high-level resistance of P.
aeruginosa PAO1 to the uridyl peptide antibiotic pacidamycin.
Mistry et al. (9) named this transporter Opp because of its se-
quence similarity to the oligopeptide permease of Helicobacter py-
lori. However, phylogenetic analysis shows that this transporter
and known oligopeptide permeases are clearly separated. On the
basis of this observation and functional findings reported below,
we propose that this ABC transporter be renamed Npp (nucleo-
side peptide permease).

In P. aeruginosa strain PA14, the gene for the Npp transporter
is located in an operon-like structure containing two genes for
SBPs PA14_41110 (nppA1) and PA14_41130 (nppA2), two genes
for membrane-associated permeases PA14_41140 (nppB) and
PA14_41150 (nppC), a gene for hydrophilic ATP-binding protein
PA14_41160 (nppD), and a gene for NADH-dependent enoyl-acyl
carrier protein reductase PA14_41170 (fabI) (Fig. 1A). Analysis of
the genome sequence upstream of the ABC transporter genes (Fig.
1A) revealed the presence of the gene for lytic murein transglyco-
sylase D (MltD), which is involved in bacterial cell wall degrada-
tion (21). The mltD gene is not part of the npp operon, which is
expressed as a single polycistronic nppA1A2BCD-fabI transcript
(8, 9, 17) from three promoters (�32, �38, and �70) located in
the intergenic region between mltD and nppA (22). The
nppA1A2BCD-fabI operon is expressed at a low level in cells of P.
aeruginosa PA14 during growth in LB medium, as previously
shown by RNA sequencing (8). The transcriptional profile corre-
lates with mass spectrometry-based proteomic data showing that
the Npp transporter appears to be present at approximately 30
copies per cell (D. Bumann, personal communication).

Analysis of NppB and NppC topology with the TOPCONS
prediction software (23) revealed the typical six -helical trans-
membrane-spanning domains of ABC-type permeases (Fig. 1B).
Using the NppB protein sequence, we identified homologs of this
permease in P. aeruginosa PA14 (PA14_37870, 68% identity) and
E. coli (YejB, 64% identity). Phylogenetic analysis showed that these
three permeases form a cluster, whereas other ABC-type peptide up-
take transporters appeared with greater distance (
35% identity), as
depicted in the phylogenetic tree in Fig. 2.

Role of the Npp transporter in peptide utilization. It has pre-
viously been reported that oligopeptide permeases are responsible
for the uptake of cell wall peptides in E. coli and Salmonella enterica
serovar Typhimurium (24). These data, together with the pres-
ence of the aforementioned gene for lytic MltD immediately up-
stream of the npp operon, led us to the initial hypothesis that
the Npp transporter might be involved in the uptake of cell wall
peptides such as peptidoglycan (PGN). In order to test this hy-
pothesis, we performed batch culture growth assays with PGN
from Bacillus subtilis or Tri-DAP (L-Ala-�-D-Glu-meso-diamin-
opimelic acid), a compound present in PGN, as a sole source of
nitrogen (Table 2). Although we could demonstrate that PA14 is
able to utilize PGN as a nitrogen source, we could not demonstrate
its uptake by the Npp transporter.

Next, we used PM6 to PM8 Biolog Phenotype MicroArray
plates to test whether the Npp transporter is involved in the utili-
zation of di- and tripeptides. We have previously demonstrated
that the ABC transporter Dpp of P. aeruginosa PA14 is an uptake
system for these peptides (7). In contrast, analysis of Biolog data
showed that the Npp transporter does not contribute to the utili-
zation of di- or tripeptides by PA14 (see Fig. S1 in the supplemen-
tal material).
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Recently, Mistry et al. (9) reported that bialaphos (L-alanyl-L-
alanyl-phosphinothricin), a tripeptide with antibacterial activity,
is a substrate of the Opp system of P. aeruginosa PAO1, which is
identical to the Npp system of PA14. This prompted us to inves-
tigate whether the Npp transporter is involved in the uptake of
bialaphos and another toxic tripeptide, phaseolotoxin. However,
our results show that, in PA14, these peptides are taken up only by
the dipeptide permease DppBCDF (see Fig. S2 in the supplemen-
tal material).

To elucidate whether the Npp transporter is responsible for the
uptake of longer peptides, we performed growth assays with de-
fined minimal medium containing peptides of various lengths,
ranging from 4 to 11 aa, as the sole nitrogen source (Table 2). We
found that the wild-type PA14 strain grew well on 4 of the 20
oligopeptides tested (OD600 of �0.3 after 24 h), growth was mod-
erate with 9 oligopeptides (OD600 of �0.1 after 24 h), and the
remaining 7 peptides could not be utilized by PA14. It should be
noted that analysis of culture supernatants by thin-layer chroma-
tography revealed that some peptides were partially degraded
(data not shown). However, as we observed no difference in the
growth of the wild type and the nppBCD-deficient mutant in this
assay, the results suggest that Npp of P. aeruginosa PA14 is not
involved in the utilization of oligopeptides. Interestingly, in the
course of these studies, we found that the dipeptide transporter
DppBCDF appears to be involved in the uptake of two pentapep-
tides (Table 2).

The Yej transporter of S. enterica serovar Typhimurium,
which is homologous to the Npp transporter of PA14, is able to
confer resistance to antimicrobial peptides (AMPs) (25). How-
ever, antimicrobial susceptibility tests showed that mutational in-
activation of nppBCD had no effect on the susceptibility of PA14

to four AMPs (Bac2a, HHC-36, indolicidin, and LL37). Thus, we
tested whether PA14 is able to utilize these AMPs as nitrogen
sources. Two of the four AMPs tested allowed slight growth
(OD600 of �0.1 after 24 h) of the PA14 wild-type strain, as well as
of the nppBCD-deficient mutant, suggesting that the Npp per-
mease is not involved in the translocation of these AMPs (Table 2).

Contribution of the Npp transporter to P. aeruginosa PA14
antibiotic resistance. Recently, Mistry et al. (9) demonstrated
that the Npp transporter of P. aeruginosa PAO1 is required for
uptake of the uridyl peptide antibiotic pacidamycin across the
inner membrane. In order to investigate the role of the Npp trans-
porter in P. aeruginosa PA14 antibiotic resistance and to identify
additional substrates, wild-type PA14 and peptide transporter
mutants were tested for antimicrobial susceptibility. Deletion of
the nppBCD genes caused the expected increase in the pacidamy-
cin MIC, as previously described for PAO1 (Table 3) (9). In addi-
tion, we observed increases in resistance to blasticidin S, another
peptidyl nucleoside antibiotic, in the nppBCD mutant (2-fold)
and the nppBCD dppBCDF double mutant (4-fold) (Table 3).

To identify additional substrates of the ABC transporter,
the nppA1A2BCD operon was overexpressed from plasmid
pBBR1MCS-5. Consistent with the results of the nppBCD dele-
tion mutant analysis, overproduction of the Npp transporter in-
creased the susceptibility of PA14 to blasticidin S (8-fold) and
pacidamycin (�32-fold). In addition, we detected a 16-fold in-
crease in the susceptibility of PA14 overexpressing npp to nickel
chloride, which has previously been described as a substrate of the
NikABCDE transporter of E. coli, another member of the ABC
superfamily of transporters belonging to the peptide-opine-nickel
uptake transporter family (Transporter Classification Database
TC number 3.A.1.5) (26) (Table 3). Chivers et al. (26) found that

FIG 2 Phylogenetic relationships among ABC transporter permeases. The tree reconstruction shown was performed by the Phylogeny.fr web service, and the
result was visualized by FigTree. Distance is expressed as the number of amino acid substitutions per 100 positions.
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the NikABCDE system transports nickel ions in the presence of
exogenously added L-histidine in the form of a Ni-(L-His)2 com-
plex. In the case of Npp, the form in which nickel ions are trans-
ported remains to be established.

Heterologous expression of the Npp transporter in E. coli.
The Yej transporter is the closest homolog of the Npp system in E.
coli (Fig. 2). It is involved in the uptake of the peptide nucleotide
antibiotic McC, a protein synthesis inhibitor that targets the en-
zyme aspartyl-tRNA synthetase (27). In order to test whether the
P. aeruginosa Npp and E. coli Yej transporter systems are similar in
substrate specificity, we constructed a yejABEF-negative mutant

of E. coli W3110 and complemented it with the nppA1A2BCD
genes from P. aeruginosa PA14.

To determine if McC is a substrate of the Npp system, we used
an agar diffusion assay and applied various concentrations of McC
to lawns of cells being tested. Clear zones of inhibition of the E. coli
wild-type strain and a complete lack of growth inhibition of the
yejABEF-deficient mutant were observed, as expected. Interest-
ingly, clear growth inhibition zones were detected on lawns of the
yej mutant complemented with the nppA1A2BCD genes (Fig. 3A),
indicating that McC is efficiently recognized by the Npp system.
Moreover, heterologous expression of the Npp transporter in a

TABLE 3 Antimicrobial susceptibility profiles of P. aeruginosa strains

Drug

MIC (�g/ml)a for:

PA14
PA14
�nppBCD

PA14
�dppBCDF

PA14 �nppBCD
�dppBCDF

PA14
(pBBR5)

PA14
(pBBR5.npp)

PA14
�nppBCD(pBBR5)

PA14
�nppBCD(pBBR5.npp)

Peptidyl nucleoside antibiotics
Pacidamycin D 125 500 125 500 125 <3.9 500 <3.9
Blasticidin S 125 250 125 500 125 15.6 250 15.6
Nikkomycin �500 �500 �500 �500 �500 �500 �500 �500

Aminonucleoside antibiotic:
puromycin

625 625 625 625 625 625 625 625

Fatty acyl nucleoside
antibiotic: tunicamycin

100 100 100 100 100 100 100 100

AMPs
LL37 12.5 12.5 6.2 12.5 12.5 12.5 12.5 12.5
Protamine 3.1 3.1 3.1 3.1 3.1 3.1 3.1 3.1

Polymyxins
Colistin 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Polymyxin B 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2

Glycopeptide: vancomycin 500 250 500 250 500 500 500 500

Heavy metal: nickel chloride 125 125 125 125 125 15.6 250 31.2
a MICs were determined by 2-fold dilution assay in three or more independent experiments with similar results. Boldface values are more than 2-fold higher or lower MICs.

FIG 3 Heterologous expression of the Npp transporter in E. coli W3110. (A) McC toxicity assay with a 3-fold dilution of McC (right to left). (B) Peptide
transporter competition assay with 30 �M McC and the peptides indicated at 3 mM. Rows: a, W3110(pBBR1MCS-5); b, W3110 �yejABEF(pBBR1MCS-5); c,
W3110 �yejABEF(pBBR5.npp).
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yejABEF-negative E. coli background increased susceptibility to
pacidamycin D, a uridyl peptide antibiotic, and albomycin, a sid-
eromycin composed of a thioribosyl pyrimidine antibiotic conju-
gated to an iron-complexing moiety as found in ferrichrome (Ta-
ble 4), indicating that these compounds are also recognized by
Npp.

The peptide moiety of McC is responsible for facilitated trans-
port of the toxic aspartate-adenylate inside the target cell. Von-
denhoff et al. (28) previously showed that peptides ranging from 7
to 13 aa in length outcompete McC uptake by E. coli, decreasing
the susceptibility to the antibiotic. In order to test whether the
Npp system is also able to recognize unmodified peptides, a com-
petition assay with McC and peptides of various lengths was per-
formed. In the E. coli wild-type strain, the effect of McC was im-
paired by simultaneous incubation with peptides 7 or 10 aa in
length (Fig. 3B), in agreement with earlier observations. Interest-
ingly, when cells overexpressing the Npp system were tested, no
comparable inhibition of McC uptake was observed. This finding
is in line with our previous results, where we were not able to
associate peptide utilization with the Npp transport machinery in
P. aeruginosa.

Roles of peptide ABC transporters in P. aeruginosa PA14
cytotoxicity. Kiely et al. (29) demonstrated that the dipeptidase
MdpA contributes to P. aeruginosa PAO1 cytotoxicity. This
prompted us to investigate the roles of the dipeptide ABC trans-
porter Dpp and the nucleoside peptide transporter Npp in P.
aeruginosa PA14 cytotoxicity to cells of a human bronchial epithe-
lial line. The cytotoxicity of wild-type PA14 and the correspond-
ing transporter mutants was measured by quantifying the cytoso-
lic enzyme LDH release by damaged cells in culture supernatants.
The data showed that none of the transporters is involved in P.
aeruginosa PA14 cytotoxicity (see Fig. S3 in the supplemental ma-
terial).

DISCUSSION

In the present study, we show that the ABC-type transporter
NppA1A2BCD from P. aeruginosa PA14 is involved in the uptake
of four diverse antibiotics with antifungal and antibacterial activ-
ities acting on various intracellular targets (30, 31). While these
antibiotics have very different chemical structures (Fig. 4), their
scaffold consists of peptides joined to nucleosides, and apparently,
this common scaffold is required for Npp-mediated transport.
Two of the Npp transporter substrates identified are ineffective
against Pseudomonas.

McC. McC is produced by some E. coli strains carrying plasmids
with the mccABCDEF gene cluster (32). McC consists of an MRT
GNAD peptide with a modified AMP attached to the -carboxyl
group of aspartate through an N-acyl phosphoramidate linkage
(33). The N-terminal methionine is formylated, and the phos-
phate group is decorated with a propylamine group (33). McC is
processed within the target cell to a toxic nonhydrolyzable aspar-
tyl-adenylate analogue that inhibits translation by preventing the
synthesis of aminoacylated tRNAAsp (27, 34). In E. coli, McC up-
take through the outer membrane occurs via the porin OmpF and
other unknown transport mechanisms (28). Once in the periplas-
mic space, McC is recognized via its peptide moiety by the inner
membrane ABC-type transporter YejABEF (27, 28). The Npp sys-
tem of P. aeruginosa PA14 is homologous to the Yej transporter of
E. coli (Fig. 2). Heterologous overexpression of Npp in an E. coli
strain lacking the yej operon showed that the Npp transporter is
able to replace the Yej system and translocate McC through the
inner membrane. Curiously, McC showed no antibiotic activity
against P. aeruginosa. Since proteolytic processing is rather non-
specific, while the target of processed McC is highly conserved, we
surmise that the natural resistance of P. aeruginosa to McC is
probably due to the lack of a transport system moving the nucle-
oside heptapeptide across the outer membrane or is caused by the
presence of highly active enzymatic systems that detoxify pro-

TABLE 4 Antimicrobial susceptibility profiles of E. coli strains

Drug

MIC (�g/ml)a for:

W3110(pBBR5) W3110(pBBR5.npp) W3110 �yejABEF(pBBR5) W3110 �yejABEF(pBBR5.npp)

Peptidyl nucleoside antibiotics
Pacidamycin D �500 250 �500 125
Blasticidin S 15.6 15.6 15.6 15.6
Albomycin NDb ND 250 15.6

AMPs
LL37 �500 �500 �500 �500
Protamine �500 �500 �500 �500

Cyclic polypeptides
Colistin 
3.9 
3.9 
3.9 
3.9
Bacitracin �2,500 �2,500 �2,500 �2,500

Glycopeptide: vancomycin 312 312 312 312

Heavy metals
Nickel chloride 1,250 625 1,250 625
Copper sulfate 1,250 1,250 1,250 1,250
Cadmium acetate 31.2 31.2 31.2 31.2

a MICs were determined by 2-fold dilution assay in three or more independent experiments with similar results. Boldface values are more than 2-fold higher or lower MICs.
b ND, not determined.
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cessed McC, such as Rim family acetyltransferases (35) or efflux
systems. Similarly, while the Yej transporter of Salmonella confers
resistance to AMPs (25), mutational inactivation of nppBCD had
no effect on the susceptibility of P. aeruginosa PA14 to these pep-
tides. The reason for this difference remains to be established.

Previous studies have shown that peptides with a minimal chain
length of 6 aa can compete with McC for uptake by the Yej transporter
(28). Interestingly, the Pseudomonas Npp transporter seems to
work in a different way since the peptides tested could not com-
pete with the uptake of McC into E. coli cells by the heterologously
expressed Npp transporter. This finding seems to indicate that the
Npp transporter specifically “senses” the presence of nucleotide
modification on transported peptides. The substrate specificity of
ABC importers from Gram-negative bacteria is defined by
periplasmic SBPs that capture substrates with high affinity and
specificity and deliver them to the transporter (36). Whether
structural variations of the SBPs YejA, NppA1, and NppA2 are
responsible for the substrate specificity differences observed in the
respective transporters will be the subject of future studies.

Albomycin. Albomycin, a naturally occurring peptidyl nucle-
oside sideromycin structurally related to the hydroxamate sidero-
phore ferrichrome, consists of an aminoacyl-nucleotide antibiotic
moiety linked to a ferrichrome siderophore (37, 38). The high
specific activity of albomycin against E. coli comes from its ability
to use the ferric hydroxamate import system for its uptake across
both the outer membrane and the cytoplasmic membrane. Albo-
mycin is actively transported across the outer membrane of E. coli
by the TonB-dependent transporter FhuA (39). Transport across
the cytoplasmic membrane is mediated by the ABC transporter
FhuBCD (37). Upon release of the active antibiotic moiety (ami-
noacyl-thioribosyl pyrimidine) from the iron-chelating group
(40), it interferes with the loading of serine to the seryl-tRNA by

seryl-tRNA synthetases (41). Interestingly, we found that the Npp
permease of P. aeruginosa is also able to translocate albomycin
when heterologously expressed in E. coli. Again, as is the case with
Npp-mediated McC transport discussed above, it is tempting to
speculate that the binding proteins of the Npp transporter recog-
nizes the peptidyl nucleoside moiety of albomycin, whereas the
binding protein of the Fhu transporter recognizes the siderophore
moiety. P. aeruginosa possesses two TonB-dependent transport-
ers, FiuA and FoxA, that are responsible for the uptake of hydrox-
amate siderophores, including ferrichrome, across the outer
membrane (42, 43). Albomycin displays only weak bactericidal
activity against P. aeruginosa (44, 45). This allows speculation that
cleavage of albomycin inside the cell and/or detoxification of its
toxic payload is the limiting factor that modulates its bactericidal
activity in P. aeruginosa.

Pacidamycin D. Pacidamycin D belongs to the large group of
uridyl peptide antibiotics. These antibiotics have a structural fea-
ture in common, namely, a 3=-deoxyuridine with an enamide
linkage at the 5= position that is attached to a tetrapeptide moiety
via a central diaminobutyric acid that connects the N-terminal
amino acid, the ureadipeptide, and the 3=-deoxyuridine moiety
(46). Pacidamycins exhibit antimicrobial activity inhibiting trans-
locase I (MraY), an enzyme located on the cytoplasmic face of the
inner membrane (47). MraY catalyzes the formation of lipid I
from UDP-N-acetylmuramoyl-pentapeptide and undecaprenyl
phosphate during bacterial cell wall biosynthesis in most Gram-
positive and Gram-negative bacteria (31). However, treatment of
most bacteria with pacidamycins fails because of their intrinsic
resistance, caused by a lack of antibiotic uptake and extrusion via
efflux pumps. Intriguingly, pacidamycin is very effective against P.
aeruginosa, although its therapeutic use is limited by the fact that
resistant mutants emerge with high frequency (9). Recently, the

FIG 4 Chemical structures of the nucleoside peptidyl antibiotics recognized by the Npp transporter of P. aeruginosa PA14.
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uptake of this peptide antibiotic through the inner membrane has
been associated with the putative peptide ABC transporter Opp of
P. aeruginosa PAO1 (9). This transporter is identical to the Npp
transporter of P. aeruginosa PA14. In the present study, we showed
that heterologous expression of the Npp system renders E. coli
sensitive to pacidamycin. This result suggests that E. coli is resis-
tant to pacidamycin because of a lack of import through the inner
membrane. Furthermore, our data show that the Yej transporter
of E. coli, which is a close homolog of the Npp transporter that
used the same McC substrate, is not able to recognize uridyl pep-
tide antibiotics.

Blasticidin S. Blasticidin S is a peptidyl nucleoside antibiotic
produced by Streptomyces griseochromogenes (48). Unlike other
peptidyl nucleoside antibiotics that typically contain nucleosides
with a five-carbon sugar, the structure of blasticidin S features a
glucuronic acid-derived hexose that is coupled to cytosine (Fig. 4)
(49). The cytidine of blasticidin S can bind tightly to the peptidyl
transferase center of the large ribosomal subunit of the ribosome,
which makes it a potent inhibitor of protein synthesis in both
prokaryotic and eukaryotic cells (50). Interestingly, it appears that
several transporters are involved in the uptake of blasticidin S
through the inner membrane of P. aeruginosa PA14. Deletion of
the NppBCD transporter leads to a 2-fold increase in PA14 resis-
tance to blasticidin S, whereas the double mutant defective in the
Npp permease and the dipeptide ABC transporter Dpp showed a
4-fold increase in resistance.

In summary, we have demonstrated that the NppA1A2BCD
transporter of P. aeruginosa PA14 is involved in the uptake of the
peptidyl nucleoside antibiotics McC, albomycin, pacidamycin,
and blasticidin S. Two of these antibiotics are ineffective against P.
aeruginosa, suggesting that they do not pass through the outer
membrane of the bacterial cell. Furthermore, our results show that
the Npp transporter recognizes peptidyl nucleosides with widely
different structures. This observation might help to design new
AMP-drug conjugates that hijack this specific entry route, thereby
increasing our arsenal of pathogen-specific antibiotics.

A question that remains unresolved is the natural substrate of the
Npp transporter system. Since we found that the Npp permease is
involved in the translocation of nucleoside peptidyl antibiotics, we
tested whether the system is involved in the uptake of nucleosides and
nucleotide sugars (UPD-glucose and UDP-GlcNAc). However, un-
der our experimental conditions, PA14 was not able to utilize the
tested compounds as sole carbon sources (data not shown).

Furthermore, we found that the Npp transporter of PA14 is not
involved in the translocation of peptides. Our data suggest that the
previously described di- or tripeptide permease Dpp of PA14 (7) is
also responsible for the uptake of several short-chain peptides com-
posed of 5 aa. We identified another as-yet-uncharacterized putative
peptide transporter (PA14_12980) in the genome of PA14. This inner
membrane transporter belongs to the oligopeptide transporter family
(Transporter Classification Database TC number 2.A.67). However,
under our experimental conditions, this transporter was not involved
in oligopeptide uptake in PA14 (data not shown).
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