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Abstract

Real-time single-molecule microscopy and spectroscopy were used to monitor single molecules moving in and out of live bacterial

cells, Pseudomonas aeruginosa. Ethidium bromide (EtBr) was chosen as the fluorescence probe because it emitted a weak fluores-

cence in aqueous solution (outside of the cells) and became strongly fluorescent as it entered the cells and intercalated with DNA.

Such changes in fluorescence intensity by individual EtBr molecules were measured to determine the influx and efflux rates of EtBr

by the cells. The transport rates for EtBr through the energized extrusion pumps of these strains (WT, nalB-1, and DABM) of

P. aeruginosa were measured and showed stochastic behavior with the average being ð2:86� 0:12Þ; ð2:80� 0:13Þ; and

ð2:74� 0:39Þ s�1, respectively. The transport rates of the three strains were independent of substrate concentration at the single-

molecule level. In contrast to bulk (many molecules) measurements, single-molecule detection allowed the influx and efflux kinetics

to be observed in low substrate concentrations at the molecular level.

� 2003 Elsevier Science (USA). All rights reserved.
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All living organisms appear equipped with an ef-

fective means to defend themselves against the hazards

of noxious compounds (e.g., hydrophobic materials,

heavy metals, cytotoxic agents, and drugs) by lowering
the intracellular concentration of such compounds

through active extrusion [1–3]. It is of great interest

and importance to study the mechanism of such uni-

versally occurring extrusion pump machinery. Pseu-

domonas aeruginosa is a ubiquitous Gram-negative

bacterium and has emerged to be the leading cause of

nosocomial infections in cancer, transplantation, burn,

and cystic fibrosis patients. These infections are im-
possible to eradicate in part because of the bacterial

intrinsic resistance to a wide spectrum of structurally

and functionally unrelated antibiotics [3–6]. Several

efflux systems, including MexAB-OprM, MexCD-

OprJ, MexEF-OprN, and MexXY-OprM, have been

reported in P. aeruginosa [6–9]. The MexAB-OprM

pump is the major efflux pump in wild-type (WT)

cells. This pump consists of two inner membrane

proteins (MexA and MexB) and one outer membrane
protein (OprM) [8,9]. The MexB protein consists of

1046 amino acid residues and is assumed to extrude

the xenobiotics utilizing the proton motive force as the

energy source [6,7]. Studies showed that the inner

membrane subunits appeared to specify the substrates

to be transported [8,9]. Several models have been

proposed in an attempt to describe the possible

mechanism of the pump [8–13]. Time-course fluores-
cence spectroscopy has been used as a popular tool

for real-time monitoring of the substrates accumulated

in bulk bacterial cells [14]. Such bulk measurements

have significantly advanced the understanding of efflux

machinery in both prokaryotes and eukaryotes [3,14].

However, these bulk measurements showed the accu-

mulated kinetics of substrates in the cells and repre-

sented the average behavior of a massive number of
pumps in cells. To study the influx (passive diffusion
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into the cell) and efflux kinetics of substrates at the
molecular level, single-molecule detection (SMD) was

introduced in this study.

SMD is a way to study and characterize physical and

chemical properties of individual molecules in detail [15–

17]. This approach allows one to look beyond the en-

semble average and provides a new opportunity to study

the pump machinery at the molecular level. A variety of

approaches were recently demonstrated for SMD in so-
lution and several excellent review articles have been

published [15–17]. Studies of SM diffusion in phospho-

lipid membrane [18] and free solution [19–23] have been

demonstrated. Detection of single-molecules labeled with

fluorophores in single living cells [24] and on cellular

membrane [25], and single-molecule analysis of chemo-

tactics signaling in living cells [26] have also been re-

ported. However, direct monitoring of influx and efflux of
a single molecule through intact cell membrane remains

unexplored. The key challenges of such endeavor include

(i) how to detect a single molecule outside and inside a

living cell and distinguish the difference between them; (ii)

how to develop a sufficient rapid mean to follow the

molecule while it is passing through the living cellular

membrane, and (iii) how to select the biocompatible

molecules that will not perturb the cellular function.
In this work, we demonstrated the possibility of real-

time measurement of membrane pump machinery of

single living cells at the single-molecule level. MexAB-

OprM membrane pump in WT of P. aeruginosa was

used as a working model and the pump efficiency of

single EtBr molecules transported by WT and its mu-

tants was investigated using single-molecule fluorescence

microscopy and spectroscopy.

Materials and methods

Chemicals and supplies

Quartz slides (25� 75mm), coverslips (22� 30� 0:08mm), and

Nuclepore membrane (25mm diameter with 6 lm thickness) were

purchased from VWR, Edmund Scientific and Corning Corporation,

respectively. Ultra-pure water (Nanopore, 18MX, sterilized) and PBS

buffer solutions were illuminated under a UV-lamp (Labconco) for

48 h to photo-bleach fluorescence contaminant and triple filtered using

a 0.22lm sterilized membrane filter (Costar) before they were used to

prepare solutions for SMD. EtBr (Sigma) solution was prepared in

ultra-pure bleaching water and triple filtered using 0.2 lm sterilized

membrane filters prior to being incubated with cells. All other reagents,

Na3PO4, Na2HPO4, NaH2PO4, and NaCl, were purchased from Sigma

and used without further purification or treatment.

Cell culture and preparation

Pseudomonas aeruginosa cell lines [9,27,28], PAO4290 (a wild-type

level expression), nalB-1 (TNP030#1, MexAB-OprM over expression

mutant), and DABM (TNP076, MexAB-OprM deficient mutant), were

used. Cells were grown in L-broth medium containing 1% tryptone,

0.5% yeast extract, and 0.5% NaCl at pH 7.2 while rotating at 120 rpm

and 37 �C. Cells were first pre-cultured to ensure a full growth and then

cultured for an additional 8 h. Cells were harvested by centrifugation at

7500 rpm and 23 �C for 10min, washed three times with 50mM

phosphate buffer (pH 7.0), and then suspended again in the same buffer

(A600 nm ¼ 0:1). The cell solution (20� dilution of A600 nm ¼ 0:1) was

used for SMD of pump machinery in single living cells.

Bulk measurement using fluorescence spectroscopy

Time courses of fluorescence intensity of EtBr at 590� 10nm from

3.0mL cell solutions containing 40 and 0.010lM EtBr were directly

recorded by a fluorescence spectrometer (Perkin–Elmer LS50B), using

a time-drive mode with a 3 s data acquisition interval and 488� 10nm

excitation (Fig. 1). Time courses of fluorescence intensity of each type

of cells in a particular concentration of EtBr were recorded on the

same day. The experiment was repeated at least three times using fresh

cell solutions.

Single-molecule and single-cell microscopy and spectroscopy

Instrumentation. The entire system included a 6lm thickness thin-

layer microchannel, an inverted microscope (Zeiss Axiovert 100/135D)

Fig. 1. Study of concentration dependence of accumulation kinetics in

intact cells of P. aeruginosa: time courses of fluorescence intensity of

EtBr at 590� 10nm (a) in the PBS buffer and in the presence of intact

cells of P. aeruginosa, (b) WT, (c) nalB-1, and (d) DABM, acquired

directly from a 3.0mL cell solution containing (A) 40 lM and (B)

0.010lM (10nM) EtBr using fluorescence spectroscopy with a time-

drive mode at a 3 s data acquisition interval and 488� 10nm excita-

tion.
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with an 100� microscope objective (ultrafluar, numerical aperture¼
1.2, Zeiss), a detector (a 512� 512 pixel ICCD, Princeton Instruments,

Intensified PentaMAX-512 EFT at 5MHz with Gen II high-resolution

image intensifier), a microscope illuminator (halogen lamp, 100W)

with an oil dark-field condenser (Oil 1.43–1.20, Nikon) for dark-field

microscopy, and the unfocused filtered Arþ laser beam at 514.5 nm

(Spectra-physics, Beam Lok 2045-15/4) for total-internal reflection

fluorescence microscopy (Fig. 2). The ICCD element was maintained

at )25 �C by a thermoelectric cooler. A band-pass interference filter at

600 nm with FWHM of 40 nm (Coherent) was used to collect the flu-

orescence signal. The entire imaging system, including a microscope

and ICCD camera, was placed in the dark box and all measurements

were made in a darkened room to reduce the ambient light.

Procedure. A rectangle hole (�12� 16mm2) was made on the

center of a Nuclepore membrane (6lm thickness), which was placed

on the surface of a cleaned quartz slide and rapidly sealed around the

membrane using glue (Duco cement) to create a microwell. The cell

solution (20� dilution of A600 nm ¼ 0:1) was mixed with EtBr, while a

timer was started to record the time. The 30 lL of cell solution con-

taining 0.2 and 0.4 nM EtBr was added on the center of the microwell.

A coverslip was added on the top of the well and sealed to create the

microchannel. The microchannel was placed on the microscope stage

with the coverslip facing downward to the 100� objective. The slide

was secured onto the microscope stage using the tape to eliminate

perturbation movement. The immersion oil (ultrafluora, Zeiss) was

added onto the slide surface. The dark field condenser attached to the

illuminated lamp of the inverted microscope using a homemade

adaptor was then brought in contact with the immersion oil on the

slide surface. Single living cells were imaged using the dark-field optical

microscopy to identify the location of a single cell (Fig. 2A). The size of

the sub-frame was then selected to contain the observation zone for

single EtBr in a single cell (solid-line square) and in the solution (ab-

sence of cell, dash-line square). The dark-field condenser was carefully

lifted from the slide surface and microscope illuminator (halogen lamp,

100W) was turned off.

A fused-silica right-angle prism was then placed on the quartz slide

with the index matching oil (ultrafluora, Zeiss) sandwiched between

them. The unfocused filtered Arþ laser beam at 514.5 nm was directed

into the fused-silica right-angle prism via fiber-optic. The laser pene-

trated the solution before being totally reflected at the interface of the

coverslip and air. This provided a total-internal reflection configura-

tion to avoid excitation source from penetrating into the ICCD de-

tector and hence reduce background. A mechanical shutter (Melles

Griot, CA) placed in front of the laser beam was synchronized with

ICCD shutter to limit exposure of the sample to the laser and to

prevent the sample from photobleaching. The power of laser beam

directed to the prism was measured before and after the experiments

using a power meter (broadband power/energy meter 13PEM001,

Melles Griot). Fluorescence was detected by the ICCD that was

mounted at the bottom entrance of the microscope, facing upward.

Two hundred sequence images of single living cells in 0.2 and 0.4 nM

EtBr were acquired with 70ms temporal resolution and 99.84 exposure

time. Fifteen–seventeen sets of such sequence images were measured

during 80min to provide 15–17 snapshots of influx and efflux kinetics.

After fluorescence measurements, the prism was then gently removed

from the slide surface and replaced by the dark-field condenser. Dark-

field optical microscopy was applied to image the cells and to confirm

the position of the cells that remained unchanged through the entire

experiment. The experiment was repeated at least 3 times and 3–10

cells of each strain were investigated.

Results and discussion

Study of pump machinery using bulk fluorescence spec-

troscopic measurements

Time courses of fluorescence intensity of 40 and

0.01 lM EtBr in the cell solutions of WT, nalB-1, and

DABM (Fig. 1) were measured at 590� 10nm to follow
the accumulation kinetics of EtBr in the cells. The flu-

orescence intensity of EtBr in the buffer solution re-

mained almost unchanged over time demonstrating

the photostability of EtBr. This suggested that the

change of fluorescence intensity in cell solution could be

used to follow the accumulation of EtBr in cells. The

result clearly showed that time courses of fluorescence

intensity of EtBr depended on substrate (EtBr) con-
centrations. As substrate concentration decreased, the

distinguished extrusion kinetics in three strains

decreased.

In 40 lM EtBr, the fluorescence intensity of EtBr in

all three strains increased with time, indicating the ac-

cumulation of EtBr in cells (Fig. 1A). The fluorescence

intensity of DABM (mutant devoid of MexAB-OprM)

and nalB-1 (mutant with over-expression pump)

Fig. 2. Schematic diagram of single-cell and single-molecule micros-

copy and spectroscopy: (1) dark-field optical microscopy for imaging

and locating of single living bacterial cells, P. aeruginosa and (2) thin-

layer total-internal reflection fluorescence microscopy for detection of

single molecules in and out of single living cells. Both microscopes

shared the same inverted microscope, microscope objective, and ICCD

detector. Dark-field microcopy used halogen lamp (100W) as an illu-

mination source, whereas the thin-layer total-internal reflection mi-

croscopy used the unfocused filtered Arþ laser beam at 514.5 nm as the

excitation source. The laser penetrated the solution before being totally

reflected at the interface of the coverslip and air. This configuration

provided a lower background than epifluorescence arrangement. A

mechanical shutter placed in front of the laser beam was synchronized

with ICCD shutter to limit the exposure of the sample to the laser and

to prevent the sample from photobleaching. Exposure time of ICCD

and shuttle delay time were monitored using an oscilloscope to ensure

the precise measurement of temporal resolution.
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increased with time most and least rapidly, respectively.
This result suggested that nalB-1 extruded EtBr out of

cells much more effectively than WT and DABM be-

cause of the over expression of pump proteins. On the

contrary, DABM was unable to extrude EtBr using

MexAB-OprM and thus accumulated EtBr more rapidly

than WT and nalB-1. Unlike those observed in 40 lM
EtBr, time courses of the fluorescence intensity in

0.010 lM EtBr for all three strains showed the similarity
that the fluorescence intensity remained almost un-

changed over time (Fig. 1B). This result suggested that

no detectable change of fluorescence intensity was ob-

served by fluorescence spectrometer. In order to probe

the pump machinery in the low substrate concentration,

we developed and applied single-molecule fluorescence

microscopy and spectroscopy to measure the influx and

efflux kinetics of EtBr in live cells.

Sizes of single living cells as SM detection volume

To detect single substrate molecules (EtBr), we used

sizes of single living cells as individual detection volume

and thin-layer total-internal reflection fluorescence mi-

croscopy to eliminate the excitation noise and increase the

signal-to-noise ratio. High-resolution optical images of

WT of P. aeruginosa were acquired using optical dark-
field microscopy, indicating that the sizes of optical im-

ages of cells were around 2 lm in length, 0.5 lm in width

and in height (Fig. 3). Similar results forDABMandnalB-

1 were also observed. The sizes of cells were confirmed by

transmission electron microscope (TEM). Thus, the de-

tection volume of a single cell was 5� 10�16 L. Cell con-

centration (20� dilution of A600 nm ¼ 0:1) and 0.2–0.4 nM
EtBr were used to ensure statistically a single cell with
about a single EtBr molecule or less.

We identified the location of a single cell in the so-

lution using dark-field optical microscopy, selected the

subframe that contained a single cell (solid-line square)

(Fig. 3), and then acquired sequence fluorescence images

using SM fluorescence microscopy and spectroscopy.

Integrated fluorescence intensity of a detection zone in

the part of the image, including a single cell (solid-line
square) and the other part of the image excluding the

cell (solution only, dash-line square) was measured in

the same solution using the same laser power and re-

corded in the same frame. The former served as a signal

for monitoring of the influx and efflux of a single EtBr

molecule by a single living cell. The latter offered the

real-time measurement of a single EtBr molecule in the

solution that served as a reference and background for
the signal measurement. The subtracted fluorescence

intensity of the latter from the former represented a

single EtBr molecule in or out of a single living cell.

Using this novel approach, the fluctuation of ICCD

dark noise, laser beam, buffer solution, and photode-

composition of EtBr molecules, was reduced to the

minimum because the fluorescence intensity of EtBr in

and out of the cell was measured simultaneously in the
same frame from the same solution at the same laser

power. This allowed us to distinguish single molecules in

and out of single living cells and measure influx and

efflux kinetics at the molecular level.

Membrane pump efficiency of WT

Two hundred sequence images of WT cells in 0.2 nM

EtBr were recorded using ICCD with 70ms temporal
resolution and 99.84ms exposure time. Seventeen sets of

such sequence images recorded over 80min showed snap

shots of influx and efflux of a single EtBr by a single WT

cell. We selected an area (13� 13 pixel) that contained

an individual cell (solid-line square) and an equal sized

pixel area that contained no cells (solution only) (dash-

line square) in the same frame (Fig. 3A). We then ana-

lyzed the integrated fluorescence intensity of each area
and subtracted the integrated intensity of area (dash-line

square) where no cell was present (EtBr in solution)

from that of the area where a cell was present (solid-line

Fig. 3. (A) Sub-frame high-resolution optical image of single living

bacterial cells, P. aeruginosa (WT), acquired using dark-field micros-

copy showing the well-dispersed single cells in the microchannel. Solid-

line and dash-line squares represented the selected pixel area for

integrated fluorescence intensity analysis of EtBr in a single cell and in

solution, respectively. (B) Schematic illustration of the selected detec-

tion volume, including a single EtBr molecule in the solution (left) and

with a single living cell (right) in the microchannel. EtBr entered the

cell using passive diffusion and was extruded out of the cell by MexAB-

OprM.
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square) (EtBr in a single cell). Representative plots of
subtracted integrated fluorescence intensity versus time

Fig. 4A clearly demonstrated that the change of fluo-

rescence intensity of a single EtBr molecule with a single

WT cell was above the fluctuation of background

emission of a single cell and ICCD noise (baseline).

Unlike eukaryote cells, the auto-fluorescence of WT was

not observed. This might be attributable to its tiny size

(2� 0:5� 0:5lm).
As EtBr molecules entered the cell and intercalated

with DNA, the fluorescence intensity of a single EtBr

molecule in the cell increased over the intensity of EtBr

in solution. Thus, the subtracted integrated intensity

became positive. On the contrary, as EtBr molecules

were transported out of the cell, the fluorescence inten-

sity of a single cell decreased below the intensity of EtBr

in solution. Thus, the subtracted integrated intensity
became negative. EtBr concentration in solution was

higher than in a live cell. Thus, the molecule must be

extruded out of the cell through the active efflux mech-

anism. Taken together, the subtracted fluorescence in-

tensity was positive or negative representing the location

of a single EtBr molecule, in or out of a single living cell,

respectively. The frequency of changed sign of the sub-
tracted fluorescence intensity from negative to positive

or from positive to negative represented the rates of

influx and efflux of a single EtBr molecule by a single

living cell, respectively. Seventeen sets of 200 sequence

images recorded in Fig. 4 demonstrated that the sto-

chastic influx and efflux rate of a single EtBr molecule

with the average at ð2:86� 0:12Þ s�1. The average of

influx and efflux rates remained nearly constant over
time. This was in an excellent agreement with the bulk

measurement of accumulated EtBr in WT cells (Fig. 1B).

To determine whether EtBr entered the cells or stayed

on the membrane, the fluorescence intensity of the

membrane on live cells incubated with 0.1 nM to 400 lM
EtBr was measured. The result showed insignificant

change of fluorescence intensity of EtBr on membrane

[29]. This result suggested that the increasing fluores-
cence intensity in Fig. 4 was attributable to EtBr

entering the cell. To investigate whether the photo-

decomposition lifetime of EtBr affected the influx and

efflux rate measurement, we changed the laser power

from 2.6 to 1.3mW and performed the same measure-

ment. The results are similar to those in Fig. 4 with the

average pump efficiency within ð2:86� 0:12Þ s�1, which

suggested that photodecomposition did not significantly
interfere the influx and efflux measurements at

1.3–2.6mW.

Temporal resolution and concentration dependence

In order to determine whether influx and efflux rates

depended on the temporal resolutions of SM measure-

ments, the rates in a single WT containing 0.2 nM EtBr

were measured in both 70 and 60ms temporal resolution
using the similar approach. Plots of the subtracted in-

tensity versus time were similar to those in Fig. 4

showing the stochastic behavior with the average influx

and efflux rates approaching constant over time. On

average, the pump efficiency was within ð2:86� 0:12Þ
s�1. These data suggested that it took more than 10ms

for a single EtBr molecule to pass through the mem-

brane of living WT cell in 0.2 nM because the average
efflux pump efficiency remained the same for both

measurements with 70 and 60ms resolution.

To study whether single membrane pump efficiency

depended upon EtBr concentrations within SM regime,

the rates in a single WT containing 0.4 nM EtBr were

measured. This concentration still ensured statistically

one molecule with one cell. Plots of subtracted inte-

grated intensity versus time were similar to the one in
Fig. 4 showing the stochastic behavior with the average

influx and efflux rates being approximately constant

over time. On average, the pump efficiency was within

ð2:86� 0:12Þ s�1. This result suggested that we indeed

monitored the influx and efflux rates at the single-mol-

ecule level because the pump efficiency was independent

Fig. 4. Representative plots of (A) subtracted integrated fluorescence

intensity of a single EtBr molecule in solution (dash-line square) from

that in a single living cell (WT) (solid-line square) versus time (min) at

21.5000–21.9000min; (B) 17 sets of the 200 consecutive images were

taken during 80min. A zoom-in display of (B) at 21.5000–21.9000min

was shown in (A). The selected analyzed zone (dash-line and solid-line

square) was 13� 13 pixel in the same frame (167� 127-pixel). Every

set of 200 sequence images was taken with a 70ms temporal resolution

and 99.84ms CCD exposure time.
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on substrate concentration only at the single-molecule
level and was dependent on substrate concentration at

the multi-molecule level [29,30].

Mutant dependence

To determine whether influx and efflux kinetics in

such low EtBr concentration depended upon mutants of

WT, two mutants of PAO4290 (a wild-type level ex-

pression), nalB-1 (TNP030#1, MexAB-OprM over ex-
pression mutant), and DABM (TNP076, MexAB-OprM

deficient mutant), were used [9,27,28]. Representative

plots of subtracted integrated fluorescence intensity of

EtBr molecules with a single nalB-1 cell versus time were

shown in Fig. 5. The rate of influx and efflux of a single

EtBr molecule by a single living nalB-1 cell showed the

stochastic behavior with the average pump efficiency at

ð2:80� 0:13Þ s�1. This appeared similar to the pump
efficiency of WT in the presence of same EtBr concen-

tration (0.2 nM). This result suggested that the influx

and efflux rates of a single substrate molecule (EtBr)

were independent on number of pumps expressed per

cell. This was consistent with unique feature of single-

molecule measurements.

Using similar approaches, the influx and efflux rates
of DABM in 0.2 nM EtBr were measured. Representa-

tive plots of subtracted integrated fluorescence intensity

of a single DABM in 0.2 nM EtBr versus time were

shown in Fig. 6. The rates of influx and efflux of a single

EtBr molecule by a single DABM cell showed the sto-

chastic behavior with the average pump efficiency at

ð2:74� 0:39Þ s�1, which was only slightly smaller than

that of nalB-1 and WT. Because there were other pump
proteins (e.g., MexCD-OprJ) with the low expression

level in DABM, the observation of efflux in DABMmight

be attributable to these pump proteins. The detection of

efflux in DABM also suggested that other types of active

extrusion pumps might function in DABM mutant. This

result is correlated with our recent measurements of ef-

flux kinetics in DABM [30,31]. In these experiments, we

observed astonishing efflux of EtBr by DABM in high
concentrations of EtBr (100–400 lM) [30]. This new

finding is also supported by the genome data, which in-

dicated that chromosome of P. aeruginosa encodes more

than dozen of unidentified efflux pump proteins [32].

This result also showed the unique capability of SMD

for study of efflux machinery and transportation mech-

anism in live cells at the single-molecule level.

Fig. 5. Representative plots of (A) subtracted integrated fluorescence

intensity of a single EtBr molecule in solution (dash-line square) from

that in a single living cell (nalB-1) (solid-line square) versus time (min)

at 26.5000–26.9000min; (B) 17 sets of the 200 consecutive pictures

were taken during 80min. A zoom-in display of (B) at 26.5000–

26.9000min was shown in (A). The selected analyzed zone (dash-line

and solid-line square) was 13� 13 pixel in the same frame (136� 109

pixel). The temporal resolution and data analysis were the same as

those in Fig. 4.

Fig. 6. Representative plots of (A) subtracted integrated fluorescence

intensity of a single EtBr molecule in solution (dash-line square) from

that in a single living cell (DABM) (solid-line square) versus time (min)

at 23.3000–23.7000min; (B) 15 sets of the 200 consecutive pictures

were taken during 80min. A zoom-in display of (B) at 23.3000–

23.7000min was shown in (A). The selected analyzed zone (dash-line

and solid-line square) was 13� 13 pixel in the same frame (160� 146

pixel). The temporal resolution and data analysis were the same as

those in Fig. 4.
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Likewise, the influx and efflux rates of nalB-1 and
DABM were measured in 0.2–0.4 nM EtBr, at 1.3–

2.6mW laser power and 60–70ms temporal resolution.

The results suggested the independence of concentra-

tions within 0.2–0.4 nM, the laser power of 1.3–2.6mW,

and the temporal resolution of 60–70ms. The data

suggested that the transport rate of a single EtBr mol-

ecule through the membrane of live nalB-1 and DABM

cells appeared to be greater than 10ms, similar to those
observed in WT. The average of influx and efflux rates in

live nalB-1 and DABM cells remained nearly constant

over time (Figs. 5 and 6), which was in excellent agree-

ment with those measured using bulk analysis (Fig. 1B).

Conclusion

We presented a new platform for real-time detection

and observation of single molecules passing through

living cell membrane. This was demonstrated by mea-

surement of the transport rates of a single EtBr molecule

through single living bacterial cells, P. aeruginosa, using

SM fluorescence microscopy and spectroscopy. The re-

sults suggested that the transport rates at the SM level

were independent of substrate concentration and the
expression levels of pump proteins. One can now use this

approach to study other transport mechanisms at the

SM level and to probe other membrane pumps for the

better understanding of the universal extrusion cell

defense mechanism.
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