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Previous studies have shown that E. coli B23 cells pretreated with a sub-inhibitory 
concentration of the aminoglycoside kanamycin develop short term (1.5 hour) 
resistance against lethal concentrations of tetracycline, ampicillin, streptomycin and 
kanamycin, as well as long term (24 hour) resistance to streptomycin and 
kanamycin.  Modulation of outer membrane porins such as OmpC and OmpF has 
been suggested as an early line of defense to antibiotherapy by provoking a decrease 
in membrane permeability.  Given that OmpC and OmpF have been shown to be 
important for the uptake of antibiotics for which cross-resistance was observed, this 
study isolated and quantified their expression in outer membrane extracts from E. 
coli B23 treated with sub-inhibitory kanamycin.  It was observed that upon 
exposure to sub-inhibitory concentrations of kanamycin, OmpC levels increased 
relative to the OmpA, while OmpF levels did not, concordant with our expectations 
as OmpC is the smaller of the two porins and excludes the passage of larger 
hydrophilic antibiotics capable of permeating OmpF. The results of this study help 
to further elucidate the mechanism(s) of adaptive resistance observed in Escherichia 
coli B23 following exposure to sub-inhibitory concentrations of kanamycin. 

	
 

The use of antibiotics as therapeutic agents 
exemplifies some of the greatest successes and 
failures of medicine in the last half century. While 
efficacious in the treatment of a spectrum of 
infectious diseases, an equally diverse set of 
strategies have been evolved by bacteria to 
overcome these pharmaceuticals (5). Many 
mechanisms of antibiotic resistance have been well 
documented, such as intrinsic resistance due to 
outer membrane impermeability or efflux pumps 
(12) and acquired mechanisms of resistance like 
antibiotic modifying enzymes or alteration of the 
30S ribosomal subunit (11).  However, as of yet, 
little work has been done to identify mechanisms 
of adaptive resistance (9), which is defined as an 
environment dependent induction of transient 
resistance without observable changes in genotype 
(12).  

It has previously been shown that Escherichia 
coli B23 cells pretreated with a sub-inhibitory 
concentration of the aminoglycoside kanamycin 
developed short term (1.5 hour) resistance against 
lethal concentrations of tetracycline, ampicillin, 
streptomycin and kanamycin, as well as long term 
(24 hour) resistance to streptomycin and 
kanamycin (3). Chen et al speculated that this 
resistance might be the result of outer membrane 
alterations, specifically through manipulating the 
ratio of OmpF and OmpC to favor the exclusion of 

drugs translocating through the larger porin (3). 
OmpC and OmpF have been shown to be important 
for the uptake of antibiotics for which cross-
resistance was observed (15, 25) and may play a 
small role in the uptake of aminoglycosides (13, 
20).   

OmpC and OmpF are reciprocally expressed 
major outer membrane proteins in E. coli that form 
hydrophilic pores and participate in non-specific 
transport of solutes (7).  OmpC has a channel size 
of 0.54 nm and molecular weight of 37 kDa, while 
OmpF has a channel size of 0.58 nm and a 
molecular weight of 38 kDa (21).  Both are 
trimeric units consisting of three beta barrel 
channels formed by membrane spanning porin 
polypeptides.  Due to its larger diameter, OmpF 
allows a greater flow rate, is more efficient in the 
uptake of sparse nutrients and allows the 
permeation of large hydrophilic molecules, such as 
aminoglycosides, whose passage is most likely 
excluded by the smaller OmpC (13, 21).  

A decrease in membrane permeability through 
modulation of outer membrane porins could be an 
early line of defense to antibiotic therapy.  Methods 
of regulation could include transcriptional and/or 
translational repression, or even a mechanistic 
closing of the porins as has been observed for 
OprM and TolC porins in Pseudomonas 
aeruginosa (23).  OmpF expression has been 
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shown to decrease in the first 60 to 90 min 
following exposure to drugs or environmental 
stresses (9).  Previous studies have used knockouts 
of the OmpC and OmpF proteins, attempting to 
account for the transient resistance by comparing 
membrane profiles and growth rates to wild type 
strains (1). However, no study has yet attempted to 
quantify the effect of antibiotic treatment on the 
relative concentrations of OmpC and OmpF in the 
outer membrane.  

This study aimed to characterize any changes in 
the relative levels of outer membrane proteins 
OmpA, OmpC, and OmpF following exposure to 
sub-inhibitory levels of kanamycin. We 
hypothesized that an upregulation of OmpC and 
downregulation of OmpF correlated with the 
observed transient resistance when E. coli B23 is 
exposed to sub-inhibitory levels of kanamycin. Gel 
band intensity of an SDS-PAGE gel was used to 
quantitate the relative levels of these proteins. 
 

MATERIALS AND METHODS 
 

Bacterial strains and media.	 Escherichia coli B23 
(Microbiology 421 culture collection) strain was the primary 
strain used in this study, with outer membrane protein controls 
from the Keio collection (Coli Genetic Stock Centre) (1): 
BW25113 (wild type, CGSC #7636), JW0912 (ΔompF, CGSC 
#8925), and JW2203 (ΔompC, CGSC #9781). All strains were 
cultured in Luria Bertani (LB) broth consisting of 1%  (w/v) 
tryptone (Becton Dickinson #211701), 0.5% (w/v) yeast extract 
(BD #212750), 1% (w/v) NaCl (Fisher #S271-3), and pH 
adjusted to 7.0 with 5N NaOH. 

Preparation of kanamycin stock solution. Kanamycin 
monosulfate (Sigma #K4000) was dissolved in distilled water to 
make 100 mg/ml working stock, filter-sterilized using a 0.45 μm 
Millipore filter (#HAWP01300), and stored at -20°C.  A 128 
μg/ml working solution was prepared with LB broth prior to use 
in experiments. 

Minimal inhibitory concentration (MIC) microdilution 
assay.  MIC microdilution assays were performed in a 96 
well flat bottom plate (Sarstedt #82.1581.001) as previously 
described (29).  Briefly, wells were filled with 100 μl of LB 
diluted kanamycin working solution to achieve final 
concentrations of 0, 0.5, 1, 2, 4, 8, 16, 32, and 64 μg/ml 
kanamycin. To this 100 μl of E. coli B23 overnight culture, 
diluted to an OD600 of 0.1, was added.  The plate was incubated 
at 37°C for 18 hours.  The MIC was determined to be the lowest 
concentration of antibiotic in which there was no visible 
bacterial growth. 

Minimal inhibitory concentration (MIC) macrodilution 
assay.  MIC assays was repeated using the macrodilution 
protocol described by Wiegand et al to better approximate 
experimental conditions (29).  LB diluted kanamycin working 
solution was used to achieve final concentrations of 0, 0.5, 1, 2, 
4, 8, 16, 32, and 64, 128, 256 and 512 μg/ml of antibiotic.  The 
assay was performed in glass tubes using both the described 
bacterial inoculant (29) as well as a of E. coli B23 at a bacterial 
density of 0.2 OD600 units.  Tubes were incubated at 37°C for 18 
hours with aeration.  The MIC was determined to be the lowest 
concentration of antibiotic in which there was no visible 
bacterial growth. 

Optimization of kanamycin sub-inhibitory treatment.
 Conditions that most readily induced acquired antibiotic 
resistance were determined by varying time and concentration 

of sub-inhibitory kanamycin pretreatment prior to inhibitory 
kanamycin treatment.  A 96 well flat bottom plate (Sarstedt 
#82.1581.001) was prepared with 100 μl LB broth and either no 
kanamycin, 2X MIC, ½ MIC or ¼ MIC. E. coli B23 overnight 
culture was added to each to well to obtain a final bacterial 
density of 0.2 OD600 units at staggered time points to obtain a 40 
min, 60 min and 80 min pretreatment time.  At 80 min, each 
condition was made up to MIC (post-treatment) with the 
exception of a no pre or post-treatment control.  Plates were 
then incubated at 37°C and turbidity measured at 595 nm every 
20 min for 1 hr, and again at 18 hr using a Bio-RAD Model 
3550 Microplate reader. 

Sub-inhibitory kanamycin treatment. Cultures were 
prepared for each of the five strains; one for each of the Keio 
strains and four (two control and two treated) for E. coli B23. 
This was done by diluting overnight cultures into fresh LB broth 
to achieve a 500 ml volume at 0.1 OD600 units, and growing at 
37°C until an OD600 of 0.2 was achieved. Two of the E. coli B23 
cultures were treated with ½ MIC (8 μg/ml) kanamycin and all 
seven cultures were then allowed to grow for one generation (~2 
hours) before subsequently harvesting the outer membrane 
proteins.  

Isolation of outer membrane proteins. Cells were harvested 
and outer membrane proteins isolated as described by Carson et 
al, with the addition of a carbonate extraction step described by 
Molloy et al (2, 19).  Briefly, bacterial cultures described above 
were centrifuged at 10,000 × g for 5 min using a Sorvall RC-5B 
centrifuge with an SLA-1500 rotor.  Pellets were resuspended in 
resuspension buffer (Tris HCl, 1mM EDTA (FisherBiotech 
#BP120-1), 20% sucrose (Sigma #S-0389), 1 mg/ml Lysozyme 
(Sigma #L-7651), pH 8.0) then lysed at 15,000 psi using a 
French pressure cell.  Deoxyribonuclease I (Sigma #D-5025) 
was added to each sample for 30 min.  Lysates were 
subsequently centrifuged in at 2,500 × g for 25 min at 10°C to 
remove unbroken cells and cell debris. The pellet was diluted in 
0.1 M sodium carbonate then incubated on ice for 1 hour.  
Supernatants were collected following centrifugation in a 
Beckman J2-21 centrifuge with a JA-14 rotor at 35,000 × g for 
20 min.  Pellet was washed twice with 10 mM Tris HCl, pH 8.0, 
resuspended in 1 ml OMP Resuspension Buffer (2% Triton X-
100 (BIO RAD #161-0407), 10mM Tris HCl (Sigma #T3253-
500G) pH 8.0) and stored at -20°C. 

Buffer replacement of  outer membrane protein samples.  
OMP resuspension buffer was displaced with SDS buffer (8 
mM TrisHCL, pH 8.0 with 2% SDS) using a Millipore 
Centricon centrifugal filter device (Centricon YM-10; Catalog 
No. YM-10: 4205) and method described by Carson et al (2). A 
total of 135 μl of each sample buffer was placed into the 
filtration device and spun for 40 min at 5000 × g and 25°C in a 
Sorvall  RC-5B centrifuge with  SS-34 rotor down to a volume 
of 40 μl. Subsequently, 95 μl of SDS buffer was added and 
centrifugation repeated. This was repeated three times, diluting 
the original buffer to 2.7% of its original concentration. Samples 
were stored at -20°C until subsequent analysis. 

Protein concentration assay. The concentration of 
recovered protein was assessed by bicinchoninic acid (BCA) 
assay, using the Sigma BCA assay kit (Sigma #B9643) 
according to the manufacturer’s instructions. The assay was 
carried out in a polystyrene 96 well plate (Sarstedt 
#82.1581.001) with absorbance at 595 nm read using Bio-RAD 
Model 3550 microplate reader. 

SDS-PAGE analysis of outer membrane proteins.  
 The outer membrane proteins of all strains were resolved by 
sodium dodecyl sulfate polyacrylamide agarose gel 
electrophoresis (SDS-PAGE) as previously described (17). A 
total of 0.875 μg protein was mixed one to one with 2X sample 
loading buffer (50 mM Tris-HCl (Sigma #096K5405) pH 6.8, 
10% glycerol (BDH #B28454-76)), 2% SDS (EM Science 
#DX2490-2), 0.1% Bromophenol Blue (Sigma #B-8026) and 
0.05% β-mercaptoethanol (Gibco BRL #21985-023)). 
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Molecular weights were determined by parallel electrophoresis 
of a protein weight marker (Invitrogen multimark LC5725).  
Protein bands were visualized with Coomassie staining solution. 
Gels were photographed using a Nikon D-70 camera and 
analyzed using ImageJ Version 1.440 software as previously 
described (18). Signal peak identification and delineation was 
adopted from the HP 3396 Series II Integrator manual (14). 

 
RESULTS 

 
Determination of kanamycin MIC using an 

optimized assay. To ensure the inhibitory effect 
of kanamycin was concordant across all assay 
conditions, we modified the MIC assay to fit with 
the inocula and incubation conditions to be used 
when quantifying Omp levels. As expected, the 
higher inocula resulted in an increase of the  
MICfrom 4 μg/ml MIC assay to 16 μg/ml when 
carried out by macrodilution. Performing the assay 
in a polystyrene 96 well plate also increased the 
observed MIC to 16 μg/ml independently of 
inocula.  As a result of these findings, 16 μg/ml 
was taken to be the relevant MIC for use in both 
the treatment optimization assay as well as for the 
outer membrane protein analysis assay. 

Optimization of sub-inhibitory kanamycin 
concentration and treatment length. In order to 
detect changes in outer membrane protein levels, 
we first identified the kanamycin concentration and 
length of pre-treatment that created the largest 
distinction of growth rate from control cultures. 
Similar results were achieved when cells were pre-
treated with kanamycin for 40, 60, or 80 min, (Fig. 
1, 60 min data shown) and there was no significant 
growth in any level of kanamycin during a one-
hour monitoring period following pretreatment 
(Fig. 1). This poor growth was unexpected, and 
thus the cultures were permitted further growth 
overnight. When allowed to achieve at least half of 
a generation, significant distinctions were achieved 
between the pretreated and the non pretreated 

cultures for all three pretreatment times tested (Fig. 
1). When taken together, these data suggest that 
culture generation would be a better endpoint for 
future assays, as the effect of kanamycin on growth 
rate makes timed incubations difficult to interpret. 
The generation time for the membrane isolation 
assay was expected to be considerably less than 
that observed for the optimization assay, owing to 
the differences growth conditions of a 96 well plate 
to aerated batch culture. Therefore, the time 
necessary for one generation was accepted as a 
reasonable endpoint. Only ½ MIC pretreatment 
achieved a significant change in cell density 
relative to no pretreatment for all time points, 
although ¼ MIC pretreatment did trend towards 
greater cell density (Fig.1, data not shown). 

Effect of sub-inhibitory kanamycin on levels 
of outer membrane proteins in E. coli B23. 
 Using the optimized assay conditions determined 
above, we proceeded to upscale the culture to 
enable the visualization of outer membrane 
proteins by SDS-PAGE (Fig. 2). The final period 
of treatment was 2 hours, corresponding to one-
generation time. Identification of Omp proteins of 
interest was based on approximate molecular 
weight and Omp knockout strains as control. Clear 
loss of band intensity above the 42 kDa weight 
marker in lane 7 (ΔompC) was observed,  
indicating the location of OmpC. No positive 
identification could be made for OmpF, as lane 6 
(ΔompF) failed to demonstrate an identifiable 
banding deficiency. The identification of OmpA 
and OmpF was therefore based on their relative 
hydropathy, as more hydropathic proteins are 
expected to migrate at a faster rate (16). From least 
to most hydropathic is OmpC, OmpF, and OmpA, 
as indicated by Grand average of hydropathicity 
index (16). Therefore, the anticipated banding 
order was OmpC migrating the least followed by 
OmpF and OmpA, respectively. 

 
FIG. 1. Sub-inhibitory kanamycin reduces subsequent sensitivity to inhibitory levels of kanamycin. Samples were 

pretreated for 60 min with or without sub-inhibitory kanamycin (1/4 or 1/2  (MIC) = 4 or 8 ug/ml) and then treated with 
inhibitory (16 ug/ml) kanamycin (post-treatment). Graphs show mean cell density ± 2 SD. Data shown is representative of one of 
two independent experiments with similar results. 
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Comparison of protein levels was done by 
quantitating band intensities. The OmpC band 
intensity relative to both OmpF and OmpA was 
appreciably different in kanamycin treated cultures 
(Fig. 2, Table 1). Relative to OmpF, OmpC 
expression increased ~30%, consistent with the 
hypothesis that as OmpC is more important in 
mediating antibiotic permeability as it is the 
smaller of the two porins (21). A increase in the 
ratio of OmpC to OmpA of ~30% was observed 
(Table 1). However, levels of OmpF relative to 
OmpA did not change appreciably following 
kanamycin pre-treatment. As these outer 
membrane proteins constitute such a large 
proportion of membrane proteins, we were unable 
to simultaneously resolve OmpC, OmpF, and 
OmpA while maintaining adequate levels of other 
proteins. It is for this reason that we could not 
compare the expression of the Omp proteins to the 
general level of expression within the outer 
membrane. Direct comparison of band intensities 
across treatments could not determined, as loading 
controls could not be utilized to make accurate 
comparisons in banding intensity differences 
between samples.  
 

DISCUSSION 
 

Previous studies have demonstrated that the 
pretreatment of E. coli B23 with sub-inhibitory 
concentrations of kanamycin resulted in an 

increased resistance to a higher concentration of 
kanamycin (3). Furthermore, this enhanced 
resistance extended to other classes of antibiotics. 
The relatively short duration of pretreatment, non-
bactericidal concentration used, and generality all 
indicate an environmentally induced adaptive 
resistance: an unstable resistance lacking 
observable changes in genotype termed adaptive 
resistance (12).  The sub-inhibitory concentration 
allowed for an environment in which induction of 
resistance can occur by allowing for phenotypic 
alterations through bacterial growth and replication 
. 

This work built upon these observations of 
adaptive resistance, and sought to identify a 
phenotypic change that could account for 
kanamycin induced adaptive resistance. Previous 
work has attributed the decrease in OmpF with the 
increase in resistance to various antibiotics (3).  We 
have quantitatively demonstrated that treatment 
with a sub-inhibitory concentration of kanamycin 
resulted in the increased ratio of OmpC to OmpF 
(Table 1). Since OmpC has a smaller channel size 
relative to OmpF, increase in OmpC will exclude 
passage of larger hydrophilic antibiotics capable of 
fitting thorough OmpF but not OmpC (2). 
Furthermore, the expression of OmpC and OmpF is 
reciprocal, with the increased expression of one 
causing the decrease of the other (15). Therefore, 
the increased ratio of OmpC to OmpF should 
indicate an overall decrease in total membrane 

 
 

FIG. 2. Effect of treatment with sub- inhibitory kanamycin on the outer membrane protein profile of E. coli B23.  Outer 
membrane proteins were isolated from E. coli strains treated with or without kanamycin (½ MIC), and electrophoresed on a 10% 
SDS-PAGE as follows: lane 1+2,E. coli B23; lanes 3& 4, ,E. coli B23 + kanamycin; lane L1, pre-stained molecular weight 
marker; Lane L2, overrun of lane L1; Lane 5, WT Keio control; Lane 6, ΔompF; Lane 7, ΔompC. Duplicate lanes represent outer 
membrane isolations from independent cultures.		
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permeability (24). One caveat to this notion was 
the lack of an observed decrease in the ratio of 
OmpF to OmpA (Table 1). Theoretically, OmpA 
does not change in response to environmental 
stressors (27, 29), and so if the concentration of 
OmpF in the membrane truly declined, we would 
expect its levels to decrease relative to OmpA. 
Resolving this issue requires characterizing the 
membrane concentration of these proteins in a 
more absolute manner, which would show whether 
OmpA is indeed downregulated alongside OmpF 
or if OmpC is upregulated with no corresponding 
downregualtion of OmpF. 

The observed change in ratio is possibly due to a 
change in gene expression triggered by the sub-
inhibitory kanamycin. OmpC and OmpF are 
controlled by two well-defined regulatory 
mechanisms, one at the transcription level and the 
other translational (24). One of the most studied 
two component regulatory systems controlling the 
differential expression of OmpF and OmpC is the 
EnvZ/OmpR regulon (24). In response to 
increasing osmolarity, the sensor kinase EnvZ 
increases phosphorylation of OmpR which 
activates OmpC transcription while repressing 
transcription of OmpF (24).   

A translational control mechanism for the 
regulation of OmpF involves the elevated 
expression of mRNA interfering complementary 
RNA (micF). Studies have demonstrated that micF 
plays a pivotal role in mediating responses to 
antibiotics and other environmental stresses (6, 24, 
26). MicF is a small anti-sense RNA that reduces 
the synthesis of OmpF through post-translational 
modifications. This occurs through both the 
inhibition of an active translation initiation 
complex and destabilization of the OmpF mRNA 
(8). Work by Oh et al previously demonstrated that 
cationic antimicrobial peptides activated the 
transcription of micF (22) and Viveiros et al 
observed a high increase in micF in tetracycline 
induced cells (27).   

While current evidence suggests that micF is 
highly associated with bacterial environmental 
stress such as from antibiotics, the EnvZ/OmpR 
two component system may also play a role. OmpR 

has been shown to control micF expression through 
mechanisms similar to the regulation of OmpC (10) 
with micF sharing the same OmpR-P binding site 
as OmpC but as a divergent promoter (8). 
Furthermore, structural changes may also 
contribute to overall decrease in outer membrane 
permeability as observed in P. aeruginosa. Recent 
x-ray structures of OprM and TolC have 
demonstrated that permeability of porins can be 
modified through transition between an open and 
closed state in an energy dependant manner (23). It 
remains to be evaluated if E. coli porins have a 
similar ability to modify porin permeability. 

Our findings that kanamycin pre-treatment 
causes  changes in outer membrane protein ratios 
contrasts with previous findings by Agafitei et al, 
who showed that OmpF and OmpC may only play 
a minor role in the observed adaptive resistance to 
kanamycin (1). This discrepancy may be attributed 
to insufficient treatment time with sub-inhibitory 
kanamycin in their study. We have demonstrated 
that while pretreatment with kanamycin for 1 hour 
is sufficient in increasing drug resistance overnight, 
the changes could not be confirmed up to 80 min 
after pretreatment (Table 1). Work done by Daikos 
et al also demonstrated this effect, with optimal 
adaptive resistance not observed until 5 hours post-
treatment when bacteria concentration has 
effectively doubled (4). This is likely due to the 
delayed replication time under sub-inhibitory 
conditions and the requirement for replication to 
alter the outer membrane profile. This observation 
fits with the induction of an adaptive resistance, as 
replication is needed for regulatory changes of 
OmpC and OmpF to manifest as changes in the E. 
coli membrane protein profile. It was also observed 
that a previous publication erroneously presented 
the results obtained from the SDS-PAGE gel of the 
extracted outer membrane proteins, as Fig. 3 of that 
study is upside-down. This may have led to the 
reversed identification of OmpC and OmpF.  

This study has shown a significant increase in 
the level of OmpC protein relative to both OmpA 
and OmpF following treatment with sub-inhibitory 
kanamycin in E. coli B23. This change is 
consistent with the hypothesis that upregulation of 
OmpC and downregulation of OmpF may account 
for the transient resistance observed when E. coli 
B23 is exposed to sub-inhibitory levels of some 
antibiotics by altering membrane permeability.  
 

FUTURE DIRECTIONS 
 

While we have demonstrated a change in the 
relative levels of OmpC to OmpF and OmpA, these 
changes may not be related to absolute changes in 

TABLE 1. Relative expression of outer membrane proteins 
in E. coli B23 following exposure to sub-inhibitory 

kanamycin. Data shown is mean ± 2 SE, of two independent 
gels. 

Kanamycin 
Ratio (arbitrary units) 

OmpC: 
OmpF 

OmpC: 
OmpA 

OmpF: 
OmpA 

0 3.23 ± 0.06 4.30 ± 0.55 1.32 ± 0.15 
½ MIC 4.17 ± 0.18 5.51 ± 0.27 1.28 ± 0.17 
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the membrane concentration. Future studies could 
endeavor to gain a sense of Omp level changes 
relative to general membrane transcription levels, 
as the membrane is not expected to have reduced 
permeability after the upregulation of OmpC unless 
there is a corresponding decrease in the 
concentration of OmpF. Also, monitoring the 
activity of those mechanisms which control 
expression of OmpC and OmpF may provide 
insight into the regulatory systems controlling the 
response to antibiotic stresses in the environment. 
It is also recommended that future studies utilize 
verified knockouts as controls to avoid potential 
band mislabeling and misinterpretation.  Further 
characterization of strain JW0912 (ΔompF) is 
required as ompF was not observed to be knocked-
out. This could be done by using PCR to confirm 
the deletion is complete and appropriate. 
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