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Pseudomonas aeruginosa is a common opportunistic human pathogen that is associated with life-threatening
acute infections and chronic airway colonization during cystic fibrosis. Previously, we converted the wide-
spectrum antimicrobial peptide novispirin G10 into a selectively-targeted antimicrobial peptide (STAMP),
G10KHc. Compared to novispirin G10, the STAMP had an enhanced ability to kill Pseudomonas mendocina. In
this study, we explored the activity of G10KHc against P. aeruginosa. G10KHc was found to be highly active (as
active as tobramycin) against P. aeruginosa clinical isolates. Most interestingly, we observed a synergistic-like
enhancement in killing activity when biofilms and planktonic cultures of P. aeruginosa were cotreated with
G10KHc and tobramycin. The data indicate that the mechanism of enhanced activity may involve increased
tobramycin uptake due to G10KHc-mediated cell membrane disruption. These results suggest that G10KHc
may be useful against P. aeruginosa during acute and chronic infection states, especially when it is coadmin-
istered with tobramycin.

Pseudomonas aeruginosa is ubiquitous in nature, coloniz-
ing soil, industrial surfaces, humans, and plants. Normally
harmless, it can constitute a large proportion of the normal
flora found at nasal and pharyngeal mucosal surfaces. How-
ever, if the innate immune system is compromised or if the
organism gains access to submucosal tissues, P. aeruginosa
can become a persistent opportunistic pathogen. It is com-
monly associated with otitis media and nasal infections and
represents a leading cause of morbidity due to burn wound
infection (5, 22). Additionally, chronic P. aeruginosa coloni-
zation afflicts over 90% of patients with cystic fibrosis (CF);
the most common genetic disease of Caucasians. Patients
with CF fail to effectively clear P. aeruginosa from the air-
way, resulting in cycles of uncontrolled inflammation and
reduced lung function (8, 42). As an added complication, P.
aeruginosa is also a frequent nosocomial isolate, colonizing
mops, faucet heads, and waterlines. Unless these surfaces
are diligently disinfected, they can become reservoirs for
subsequent P. aeruginosa colonization (27, 29).

P. aeruginosa readily forms a biofilm, characterized by the
secretion of an extracellular matrix of various polysaccharides
and the up-regulation of a number of genes involved in surface
adherence (19, 20, 32, 36, 41). Cells associated with a biofilm
may be less metabolically active than their planktonic counter-
parts and are notably resistant to small-molecule antibiotics
(through several mutually inclusive possible mechanisms), sur-
viving 100- to 1,000-fold better than free-swimming cells (7, 9,
15, 27, 40).

There is a pressing need for alternative therapeutics against
this pathogen, as the P. aeruginosa organisms isolated from the
expectorated sputum of aminoglycoside-treated CF patients
are often found to be fully resistant to multiple antibiotics,
including the “gold standard” aminoglycoside prescribed
against P. aeruginosa, tobramycin (28, 30). As one possibility,
antimicrobial peptides (AMPs) have garnered some attention
due to their potent activity against many pathogenic bacteria,
including drug-resistant strains (17, 34, 35). Although the de-
tails vary, AMPs kill bacteria by general cytoplasmic mem-
brane disruption, a mechanism that is not conveniently over-
come by mutation and that may slow the evolution of bacterial
resistance (4, 18, 37).

Previously, we designed and evaluated a selectively-targeted
antimicrobial peptide (STAMP), G10KHc, which exhibits kill-
ing specificity against Pseudomonas spp. This chimeric mole-
cule consisted of a wide-spectrum AMP domain (novispirin
G10) conjoined with a preselected targeting peptide domain
(KH). KH alone was found to selectively bind to Pseudomonas
spp. (including P. aeruginosa) and conferred this selectivity to
G10KHc: KH-targeted bacteria (for our proof of concept we
used Pseudomonas mendocina) were eliminated at an en-
hanced rate compared to the rate of elimination achieved with
novispirin G10 (G10) alone, while untargeted organisms either
were not affected or were affected at a rate similar to that
achieved with G10. Mechanistic analysis suggested that
G10KHc had a selective increase in outer membrane perme-
ation for Pseudomonas spp. compared to that of G10 (11).

Because KH was shown to bind to P. aeruginosa, we hypoth-
esized that G10KHc may also show an improved activity
against this bacterium, including clinical isolates and biofilm-
associated cells. Additionally, we theorized that STAMP-
tobramycin cotreatment may be effective in increasing the
susceptibility of biofilm-associated P. aeruginosa cells to this
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small-molecule antibiotic by increasing target cell membrane
permeation. In this study we report on the effectiveness of
G10KHc and tobramycin against planktonic and biofilm-asso-
ciated P. aeruginosa cells in vitro and the possible mechanism
of enhanced killing activity observed when the agents are co-
applied.

MATERIALS AND METHODS

Strains and planktonic growth conditions. All P. aeruginosa strains used in this
study (Table 1) were cultivated in Luria-Bertani (LB) medium at 37°C under
aerobic conditions. Strains ATCC 9027, ATCC 15692, and ATCC 27853 were
originally isolated from patients with acute infections. J. L. Burns, Children’s
Hospital and Regional Medical Center, University of Washington School of
Medicine, kindly provided CF P. aeruginosa isolates ARG10 (aminoglycoside
resistant); MR15 (multiple-drug resistant); and S40, S60, and S100 (aminogly-
coside sensitive).

Synthesis and purification of peptides. Solid-phase peptide synthesis of G10
(KNLRRIIRKGIHIIKKYG) and G10KHc (KKHRKHRKHRKH-GGSGGS-K
NLRRIIRKGIHIIKKYG [targeting peptide-linker-antimicrobial peptide]) was
carried out by Fast–9-fluorenylmethoxycarbonyl methodology on a 431A peptide
synthesizer (Applied Biosciences), as described previously (11). Completed pep-
tides were cleaved from the resin with 95% trifluoroacetic acid and the appro-
priate scavengers. The peptide mass was confirmed by matrix-assisted laser
desorption ionization (MALDI) mass spectroscopy (Voyager System 4291; Ap-
plied Biosystems), and the crude peptides were purified by reverse-phase high-
pressure liquid chromatography (HPLC; ACTA purifier; Amersham) with mon-
itoring of absorbance at 215 nm. The mobile phase during HPLC consisted of
water-acetonitrile (with 0.1% trifluoroacetic acid) at a flow rate of 0.5 ml/min
(Source 15 RPC column; Amersham). The HPLC and MALDI profiles for
purified G10KHc are shown in Fig. 1.

MIC assay. The antimicrobial activities of peptide and tobramycin (MP Bio-
medicals, Solon, OH) were determined by a previously described microdilution
broth assay (11). MICs are reported in micromolar, although for familiarity, 1
�M tobramycin is equal to 0.468 �g/ml tobramycin. P. aeruginosa was grown to
log phase, adjusted to �1 � 105 CFU/ml in Mueller-Hinton broth, and added to
96-well plates. Twofold serial dilutions of the peptide were then added to the
bacteria, and the plates incubated for 18 to 24 h at 37°C. The MIC was deter-
mined as the concentration of peptide present in the last clear well (no growth).

Time-kill assays (killing kinetics) assay. Experiments were performed essen-
tially as described in our previous report (11). Briefly, P. aeruginosa was grown to
log phase and diluted to �1 � 105 CFU/ml (moderate-density planktonic cul-
tures) in LB with 30% mouse serum (MP Biomedicals), prior to the addition of
10 �M tobramycin, G10, or G10KHc to the cell suspensions. At each time point,
10 �l of the culture was removed. The P. aeruginosa cells were rescued by

dilution in 500 �l LB and were kept on ice until they were plated. The surviving
CFU/ml was quantitated after the cells were plated on LB agar and incubated
overnight at 37°C under aerobic conditions.

For evaluation of the enhanced activity of G10KHc and tobramycin against
high-density planktonic cultures, strain ATCC 15692 cells grown overnight were
adjusted to �1 � 108 CFU/ml in double-distilled H2O (ddH2O; pH 7.4) and
exposed to 5 �M tobramycin, G10KHc, or a combination of both agents. As
described above, 10 �l of the treated cultures was rescued by dilution after 24 h,
and the surviving cells were plated on LB and counted after growth on LB agar.

Disk reactor biofilm experiments. A rotating-disk biofilm reactor system was
used to generate quantitative data on biofilm susceptibility to tobramycin and
G10KHc. The system consisted of a reactor vessel containing 250 ml of diluted
Trypticase soy broth (TSB) (1:100) medium. The reactors were inoculated with
overnight cultures (1%; vol/vol). After static overnight growth in TSB, a flow of
fresh medium was initiated (dilution rate, 0.7 h�1). After 24 h in a flow of
medium, the polycarbonate chips with the attached biofilm bacteria were asep-
tically removed from the spinning disk, washed three times in ddH2O (pH 7.4),
and incubated in 1 ml ddH2O. G10KHc (100 �g/ml), tobramycin (100 �g/ml), or
a combination of tobramycin and G10KHc was added as indicated. The chips
were then incubated for 4 or 24 h in 24-well tissue culture plates (Falcon no.
353047; Becton Dickinson Labware, Franklin Lakes, NJ). To estimate the num-
ber of viable P. aeruginosa cells remaining, the disks were placed in 1 ml phos-
phate-buffered saline, the cells were dispersed by using a tissue homogenizer
(Brinkmann Instruments, Westbury, NY), and the total number of CFU per chip
was determined by serial dilution and plating on LB agar.

Peptide-mediated dye uptake and visualization. Overnight cultures of P.
aeruginosa were diluted 1:50 in LB medium and grown to log phase (3 to 4 h,
�1 � 105 CFU/ml) prior to mock treatment or treatment with 2 �M G10KHc.

FIG. 1. HPLC and MALDI spectra for G10KHc. The quality of
purified G10KHc was assessed by HPLC (A) and MALDI mass spec-
trometry (B). By monitoring the UV absorbance at 215 nm, a single
peak that had the correct mass for G10KHc (4,267.44) was detected
during HPLC (at 10.06 ml). mAU, milli-absorbance units.

TABLE 1. MICs of tobramycin, G10, and G10KHc for
P. aeruginosa laboratory and clinical isolates

Strain
MIC (�M)a

G10KHc Novispirin G10 Tobramycin

PAO1 6 23 2.5
PA14 5.5 10 0.7
PAK 5.5 13 2.12
PDO300b 6 45 NTc

ATCC 15692 6 16 3.05
ATCC 27583 6 16 1.75
ATCC 10145 4.5 14.5 1.75
ATCC 9027 5.5 15 2.12
AGR10 1.1 18 55
MR15 0.5 14 55
S40 29 60 0.4
S60 3.13 30 0.4
S100 1.1 30 3.5

a The average MIC from at least three independent experiments is shown. The
KH targeting domain alone does not have any antimicrobial activity (data not
shown). For reference, 1 �M tobramycin is equal to 0.468 �g/ml tobramycin.

b Mucoid phenotype.
c NT, not tested.
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After 5 min, membrane-compromised cells were stained with propidium iodide
(PI; LIVE/DEAD Baclight viable stain; Invitrogen) in accordance with the man-
ufacturer’s protocol. Dye intercalation into DNA (red stain) was detected by
fluorescence microscopy (E400 microscope; Nikon) at a �40 magnification.
Bright-field and red fluorescence images were collected by using the factory
default settings (SPOT; Diagnostics Instruments). To determine the bactericidal
activity after peptide treatment and PI staining, samples prepared in parallel with
the visualized cultures were plated on LB agar after 1:5 serial dilution. Images of
the surviving CFU were taken with a GelDoc imaging system (Bio-Rad) by using
QuantityOne software.

RESULTS

Synthesis and purification of G10KHc. G10 and G10KHc
were synthesized and purified as described in Materials and
Methods. After purification, we observed a single peak for
G10KHc at a retention volume of 10.06 ml (Fig. 1A), which
was found to have the expected mass for G10KHc (predicted
mass, 4,267.08; observed mass, 4,267.44), as shown in Fig. 1B.

G10KHc activity against P. aeruginosa. The general activi-
ties of G10KHc, G10, and tobramycin against clinical isolates
of P. aeruginosa were evaluated by determination of the MICs
(Table 1). The MICs are shown in micromolar, although for
familiarity 1 �M tobramycin is equal to 0.468 �g/ml tobramy-
cin. As expected, G10KHc was significantly more active than
G10 alone against the P. aeruginosa clinical isolates (Student’s
t test, P � 0.001): the MICs for G10KHc ranged from 0.5 to 29
�M (mean, 6.22 �M), whereas the MICs for G10 ranged from
10 to 60 �M (mean, 23.4 �M). Since the KH domain itself does
not have any antimicrobial activity (data not shown) (11), the
increased anti-P. aeruginosa activity of G10KHc is likely due to
the targeted binding ability of KH to Pseudomonas spp., as
reported previously (11). In contrast to tobramycin, G10KHc
was also effective against aminoglycoside and multiple-antibi-
otic-resistant P. aeruginosa strains isolated from CF patients
(strains AGR10 and MR15). Additionally, as mucoid P. aerugi-
nosa isolates are often associated with reduced susceptibility to
antimicrobial agents, we were encouraged to find that G10KHc
was active against one such strain, PDO300. Overall, G10KHc

was not as active as tobramycin against the sensitive isolates
examined (typically, 1 to 2 dilution steps less effective).

Examination of the killing kinetics (Fig. 2) revealed that
G10KHc had an obvious improvement in killing of P. aerugi-
nosa compared with that of G10: treatment of the cultures with
10 �M G10KHc was associated with a decrease in the number
of viable P. aeruginosa cells (to less than 100 CFU/ml by 30
min), while G10 was ineffective over the time course exam-
ined. The rate of the antimicrobial activity of G10KHc was
similar to that of an equimolar dosage of tobramycin (4.68
�g/ml). These results suggest that G10KHc and tobramycin
have similar potencies against clinical isolates as well as
laboratory strains and that G10KHc can inhibit the growth
of drug-resistant P. aeruginosa. Furthermore, the data indi-
cate that G10KHc appears to require the KH Pseudomonas
sp.-targeting domain for effective killing of P. aeruginosa
cells: G10 alone showed poor activity unless it was incubated
with the cells for 18 to 24 h (Table 1).

Determination of enhanced activity with tobramycin. To
explore the possibility that G10KHc might act synergistically
with the aminoglycoside antibiotic tobramycin, a time-kill assay
was conducted with a high starting inoculum of strain ATCC
15692 (1 � 108 CFU/ml) and a combination of 5 �M tobra-
mycin (2.34 �g/ml) and 5 �M G10KHc or G10, as well as each
agent alone. As shown in Fig. 3, we observed a clear enhance-
ment in killing activity when tobramycin and the STAMP (but
not G10) were coadministered. The number of surviving
CFU/ml from cotreated cultures (�1 � 103 CFU/ml) was 5
log10 lower than the number recovered from untreated cul-
tures (�1 � 108 CFU/ml) or those exposed to either tobramy-
cin or G10KHc (1 � 107 CFU/ml and �1 � 108 CFU/ml,
respectively). These results suggest that when applied together,
these agents are markedly more effective against planktonic P.
aeruginosa than either constituent singly and can eliminate
nearly all of a high-cell-density culture by 24 h, even when
G10KHc was administered at a concentration below the MIC
for the strain tested.

We also examined whether a synergistic killing effect be-
tween tobramycin and G10KHc could be seen against biofilm-

FIG. 2. Antimicrobial kinetics of G10KHc, G10, and tobramycin.
P. aeruginosa strain ATCC 15692 was either mock treated or chal-
lenged with the STAMP G10KHc, untargeted G10, or tobramycin (10
�M). The surviving CFU/ml was quantitated after 1 min, 5 min, 30
min, and 2 h. The assay was conducted in 30% mouse serum, and the
results represent the averages of at least three independent experi-
ments.

FIG. 3. Time-kill assay with high-density planktonic P. aeruginosa.
Cultures (1 � 108 CFU/ml) were exposed to 5 �M G10KHc or G10
with and without cotreatment with an equimolar concentration of
tobramycin, as well as tobramycin administered alone. After 24 h, the
number of surviving CFU/ml was determined by plating. Datum points
represent the averages of three independent experiments.
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associated P. aeruginosa. As shown in Fig. 4, 100 �g/ml
G10KHc or 100 �g/ml tobramycin alone had very limited kill-
ing effects against P. aeruginosa biofilms after 4 h or even 24 h.
However, the combination of 100 �g/ml G10KHc and 100
�g/ml tobramycin dramatically reduced the level of surviving
CFU/ml after 4 h, a 4-log10 improvement in killing ability
compared to that of either agent alone. More strikingly, no
CFU/ml was recovered when the agents were coincubated with
P. aeruginosa for 24 h (a decrease of nearly 5 log10 from
individual applications). These data indicate a strong enhance-
ment in killing activity when G10KHc and tobramycin are used
against P. aeruginosa biofilms in vitro. Additionally, these re-
sults were consistent with those presented in Fig. 3, suggesting
that G10KHc and tobramycin may be synergistic against P.
aeruginosa in the planktonic or the biofilm modes of growth,
although further experiments are necessary to fully establish
synergistic activity.

G10KHc-mediated membrane permeation. The results from
Fig. 3 and 4 suggest that the rate of tobramycin cell killing
could be increased by G10KHc cotreatment. In the absence of
peptide, the robust bacterial uptake of tobramycin is an active
process that requires an intact �� gradient (electric potential
of the proton motive force) which is maximized during aerobic
respiration. This process may be slowed or eliminated in anoxic
environments (such as the interior of a biofilm), suggesting
that tobramycin diffusion across P. aeruginosa membranes (or
the lack thereof) is critical to at least one mechanism of amino-
glycoside tolerance in these bacteria (14, 33, 40). Therefore,
due to the membrane-disrupting AMP domain in G10KHc and
its previously described anti-outer membrane activity (11), we
posited that G10KHc was permeating the P. aeruginosa outer
and inner membranes, enabling increased tobramycin uptake
and leading to the synergy that was observed. In order to
confirm that G10KHc disruption of the membrane could me-
diate the cellular accumulation of a small molecule, P. aerugi-
nosa cells were treated with PI in the presence or absence of
sublethal G10KHc concentrations (2 �M). PI is a small-mol-
ecule dye that binds to double-stranded DNA and that fluo-

resces red upon excitation and was used as a surrogate for
tobramycin, as the internalization of an aminoglycoside is not
easily assayable. The dye cannot cross an intact cytoplasmic
membrane and is commonly used for cell viability analysis (13,
24, 26). We expected that G10KHc-induced membrane disrup-
tion would lead to an increase in nucleic acid staining com-
pared to that of PI alone. As shown in Fig. 5, bacteria treated
with PI alone remained unstained. In comparison, intracellular
PI staining was clearly visible in cultures exposed to PI and
G10KHc. Additionally, the amount of red fluorescence ob-
served was proportional to the amount and length of G10KHc
treatment (data not shown). To ensure that we were not simply
staining P. aeruginosa cells killed by G10KHc, the number of
viable CFU/ml was evaluated from the visualized cultures.
From the serial dilutions shown below the images in Fig. 5, it
was clear that the number of viable P. aeruginosa cells recov-
ered was similar between cultures treated with PI alone and
cultures treated with PI and G10KHc. Overall, these data
suggest that a sublethal dosage of G10KHc can induce mem-
brane damage and promote the uptake of small molecules,
such as tobramycin or PI, into metabolically active P. aerugi-
nosa cells.

DISCUSSION

P. aeruginosa is a persistent and recurrent opportunistic
pathogen responsible for life-threatening recurrent infections
in patients with CF (8, 22). Frequent isolation of antibiotic-
resistant P. aeruginosa isolates suggests that it is critical that
new therapies be developed to inhibit and treat P. aeruginosa
colonization of airway mucosal surfaces before the currently
prescribed treatment options are no longer effective.

In this report we show that the activity of G10KHc is mark-
edly improved in comparison to that of its wide-spectrum par-
ent peptide, G10, and is similar to that of tobramycin. Addi-
tionally, G10KHc is effective against high-density planktonic
cultures and P. aeruginosa biofilms in vitro (Fig. 3 and 4).
Compared to the effectiveness of tobramycin, G10KHc was
nearly 10-fold more effective per micromolar at reducing bio-
film viability (100 �g/ml tobramycin � 213 �M, 100 �g/ml
G10KHc � 23.5 �M). Against high-density planktonic cells,
however, 5 �M (2.34 �g/ml) tobramycin alone was markedly
more bactericidal than either 5 �M G10 or G10KHc after 24 h
(1 to 2 log10 improvement). The difference in the activity of
tobramycin may be linked to the anaerobic environment found
at the interior of P. aeruginosa biofilms, which inhibits robust
cellular uptake of aminoglycosides (33, 40).

The highest level of anti-P. aeruginosa activity observed in
planktonic or biofilm cultures occurred when both agents were
applied together. Coadministration of tobramycin and
G10KHc resulted in a marked enhancement of killing activity:
nearly 10,000-fold more bacteria were eliminated by cotreat-
ment than by treatment with either agent alone in planktonic
and biofilm cultures. Although additive and synergistic anti-P.
aeruginosa activities between an antimicrobial peptide and to-
bramycin (31, 35), as well as tobramycin plus numerous other
conventional small-molecule antibiotics (2, 25), have been de-
scribed, we believe that this study represents the first reported
example of biofilm-associated P. aeruginosa being synergisti-
cally or additively eliminated by an aminoglycoside-peptide

FIG. 4. Enhanced antimicrobial activity of G10KHc and tobramy-
cin against biofilm P. aeruginosa. Biofilms were grown on disk reactors
and challenged with 100 �g/ml of agent, as indicated. After 4 and 24 h,
the surviving bacteria were harvested and plated for quantitation. The
data represent the averages of at least three independent experiments.
*, the number of CFU/ml from G10KHc-tobramycin-treated cultures
was too small to appear on the log scale.
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combination. Due to the differences in the methods used to
establish synergistic and additive effects (the MIC checker-
board method versus the time-kill method), it is difficult to
compare G10KHc-tobramycin with other combinations with
synergistic or additive activities. However, in a similar study,
SMAP29 and OV-1 (AMPs on which G10 was based) in com-
bination with tobramycin were not found to have synergistic
activities against planktonic P. aeruginosa after 24 h (31). The
robust in vitro anti-P. aeruginosa activity of G10KHc in com-
parison with the activities of these peptides from the G10
parent could explain this discrepancy.

Under normal circumstances, aminoglycoside antibiotics
must cross both the outer and the inner membranes to affect
gram-negative bacteria. Similar to AMPs, aminoglycosides ap-
pear to cross the outer membrane by a “self-mediated” system
that may involve disruption of lipopolysaccharide (38). Al-
though the process is not entirely understood, robust cytoplas-
mic membrane crossing requires aerobic respiration and an
intact �	 gradient (14, 40). From the data presented here, it is
unclear at which stage (outer membrane crossing or inner
membrane diffusion) G10KHc is affecting tobramycin uptake
during enhanced cell killing. However, we have shown that
sublethal G10KHc concentrations can disrupt the cytoplasmic
membrane of bacteria to allow the internalization of a small-
molecule dye, and it is likely that tobramycin could enter the
cell by the same general mechanism, although tobramycin is
more hydrophobic than PI (the dye that was used) and there-
fore may not have similar internalization kinetics. Alterna-
tively, the robust outer membrane disruption caused by
G10KHc could lead to increased tobramycin buildup at the
cytoplasmic membrane and thereby could subsequently en-
hance accumulation in the cytoplasm (1, 11). Potentially,

G10KHc could also potentiate tobramycin activity by indirect
means: several studies have indicated that AMPs can activate
external autolysins and phospholipases, leading to membrane
permeation events (4, 17), although the fact that G10 alone did
not have enhanced killing effects when it was administered with
tobramycin suggests that this is not the case. It is possible that
all these scenarios apply for the activity between these two
agents, although antibiotic uptake from peptide-induced mem-
brane disruptions likely has a major impact in promoting in-
creased intracellular tobramycin levels. A significant body of
evidence suggests that general disruption of gram-negative and
gram-positive bacterial membranes, caused by a diverse me-
nagerie of agents from ultrasonic waves to bile, can increase
the uptake of and sensitivity to numerous antibiotics, including
aminoglycosides (3, 6, 12, 23, 39). Additionally, the results
obtained in our laboratory have shown that treatment with
sublethal concentrations of a STAMP can increase the effec-
tiveness of tobramycin against Veillonella atypica (an anaerobic
gram-negative bacterium highly tolerant of aminoglycosides
[10]) under anoxic conditions, suggesting that a mechanism of
general membrane disruption is critical to synergistic or addi-
tive killing with tobramycin (R. Eckert et al., unpublished ob-
servations).

Aerosolized tobramycin has been approved for the control
of P. aeruginosa infections in CF patients, and not unexpect-
edly, tobramycin- and aminoglycoside-resistant strains of P.
aeruginosa and other organisms have been isolated from the
sputum of CF patients (16, 28, 30). This fact, combined with
the relatively high rate of unpleasant posttreatment dyspnea,
bronchospasm, and increased cough (21), suggests that tobra-
mycin may best be used at a smaller dosage in combination
with another agent. We believe that G10KHc may be a candi-

FIG. 5. Dye uptake mediated by subinhibitory concentrations of G10KHc. P. aeruginosa cells were treated with medium (left column) or 2 �M
G10KHc (right column) for 5 min, followed by PI dye addition. Bright-field (upper panels) and fluorescence (lower panels) images of the same
field were collected and evaluated for intracellular dye accumulation (red fluorescence). The surviving numbers of CFU/ml from untreated (dye
only) and G10KHc-treated cultures were quantitated after visualization and were plated as fivefold serial dilutions.
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date for coadministration due to its engineered selectivity for
Pseudomonas spp. and potent effects against P. aeruginosa bio-
films and multidrug- and aminoglycoside-resistant strains. Fur-
thermore, G10KHc retains its rapid effects against some strains
in mouse serum, which is encouraging for future therapeutic
development. Although ongoing in vivo studies are necessary
to fully explore this possibility, these results suggest that
G10KHc could be a useful addition to the arsenal of weapons
against P. aeruginosa.
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