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Kinetics of antimicrobial peptide activity measured
on individual bacterial cells using high-speed

atomic force microscopy

Georg E. Fantner', Roberto J. Barbero?, David S. Gray' and Angela M. Belcher'?*

Observations of real-time changes in living cells have contributed
much to the field of cellular biology. The ability to image whole,
living cells with nanometre resolution on a timescale that is rel-
evant to dynamic cellular processes has so far been elusive'?,
Here, we investigate the kinetics of individual bacterial cell
death using a novel high-speed atomic force microscope
optimized for imaging live cells in real time. The increased time
resolution (13 s per image) allows the characterization of the
initial stages of the action of the antimicrobial peptide CM15
on individual Escherichia coli cells with nanometre resolution.
Our results indicate that the killing process is a combination of
a time-variable incubation phase (which takes seconds to
minutes to complete) and a more rapid execution phase.

High-resolution atomic force microscopy (AFM) images of live
cells® and cell fragments? have resolved the nanoscale structure of
cell walls®, the structural dynamics of the germination of single
spores®, the structural changes of bacteria treated with bactericidal
enzymes’ and the location of specific binding sites®. One of the
limitations that makes AFM unsuitable for studying many
dynamic processes in cell biology’® is the long image acquisition
time of several minutes for one high-resolution AFM image.
Progress in AFM instrumentation has enabled imaging of single
molecules at up to video rates, but this has been limited to appli-
cation to small areas (hundreds of nanometres) and flat
samples!'®-12, We used a high-speed atomic force microscope specifi-
cally designed to bridge the gap between the improved AFM tech-
nology and the biologically relevant but challenging experiments
of interest in cellular biology. The key benefit of this instrument is
the combination of very soft but rapid imaging and a scan size
large enough to monitor multiple cells simultaneously.

Imaging live bacteria in an aqueous environment is one of the
most challenging of applications for AFM'. The force interaction
between the cantilever tip and the sample is critical. If the force is
too high, the bacteria are damaged or disconnected from the
surface; if it is too low, information about the sample is lost.
Maintaining this balance at high imaging speeds is achieved using
prototype AFM components and micro-fabricated small canti-
levers'* (having a mass that is approximately a thousand times
smaller than that of conventional cantilevers) with integrated tips.
These cantilevers have resonance frequencies in liquid at
~100 kHz and spring constants between 300 and 1,000 pN nm ™.
The higher resonance frequency and the lower mass, quality
factor and spring constant enable the imaging speed in tapping
mode to be increased while keeping the imaging forces on the bac-
teria low'”. Figure 1a shows a scanning electron microscopy (SEM)
image of the small cantilevers used in this research. The inset shows
a comparison of these with a conventional cantilever (NPS-B, Veeco
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Figure 1| Small AFM cantilevers for high-speed AFM. a, SEM image of
small SiN cantilevers (~10 um wide, 100-350 nm thick, 20-30 wm long).
The inset compares the small levers (right) and a conventional lever (left)
used for AFM imaging in fluid (Veeco NPS-D) at the same magnification. b,
Thermal noise power spectra of regular and small cantilevers. In air (red
solid line), the first resonance frequency of the small cantilever is ~350 kHz.
In agueous solution this drops to 100-120 kHz (red dashed line). The inset
shows the thermal noise power spectra of an NP-S lever B with resonance
frequencies of 21kHz in air (blue solid line) and 4 kHz in aqueous solution
(blue dashed line).

Metrology). Figure 1b shows the thermal spectra of the two types of
cantilever. The resonance frequency of the small cantilever is 17
times higher than that of the conventional cantilever in air and is
a factor of 30 greater in fluid.
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Figure 2 | Escherichia coli cell disruption induced by CM15, imaged with high-speed AFM. a, Time series of CM15 antimicrobial action. CM15 injected at
t=—6s and images recorded every 13 s, with a resolution of 1,024 x 256 pixels and a rate of 20 lines s~". The surface of the upper bacterium (1) starts
changing within 13 s. The lower bacterium (2) resists changing for 78 s. b, Larger-area view recorded 12 min after addition of CM15. Most bacteria are
corrugated, but some are still smooth. ¢, High-resolution image of bacterium 3 showing that this bacterium is still smooth at t =16 min. d, Image of the now
corrugated bacterium 3 at ¢ =30 min. Eventually, all bacteria in the field of view are affected by CM15. Images were recorded in liquid in tapping mode with
a tapping frequency of 110 kHz. Phase images are shown here for high contrast; amplitude data are shown in Supplementary Fig. S2. Images b-d were

recorded with a resolution of 1,024 x 256 pixels at 2 lines s~

Antimicrobial peptides (AmPs) are a promising class of anti-
microbials that have demonstrated activity against antibiotic-resistant
bacteria, parasites, viruses and fungi'®'. The high-speed AFM
was used to measure the kinetics of the pre-death activity of a
pore-forming, membrane-disrupting AmP (CM15) on individual
live Escherichia coli cells in an aqueous solution?.

Electron microscopy and AFM experiments have demonstrated
the endpoint surface morphological changes of a population of
cells treated with AmPs?!"2. Spectroscopic analyses of synthetic
membranes or vesicles have provided insight into the sizes and
structures of pores formed by AmPs?*-%6. However, to date, the
early-stage kinetics of the membrane-disrupting activity of an
AmP on live cells have not been reported with a spatial resolution
of nanometres and temporal resolution of seconds.

In this work, bacteria were immobilized on cover slides coated
with poly-L-lysine. The bacteria were imaged in aqueous solution
for at least 10 min to ensure that the cells were not altered or dis-
placed by the AFM tip and to ensure that the poly-L-lysine did
not change the cells in the timescales considered in our experiments.
CM15 was added to the liquid droplet around the sample to a final
concentration of 50 g ml~!, or five times the minimum inhibitory
concentration (MIC)%. Images were acquired every 13 s.

Figure 2a shows AFM phase images of the surfaces of two bac-
teria before and at several time points after the addition of CM15.
The most obvious effect of the addition of CM15 is a change in

the surface state of the bacteria from smooth to corrugated. AFM
phase data are shown because the changes are most apparent
there. The same changes in surface morphology are also visible in
the AFM amplitude data (Supplementary Fig. S2). The changes
are more difficult to discern in the AFM height data due to the
large background variation on the surface of the bacteria. The
changes in the surfaces of the bacteria are consistent with published
electron microscopy data, which report ultra-structural damage to
the outside of peptide-treated bacterial cells?'">%. Interestingly,
there is a wide range in the time of onset of the change for individual
bacteria. Bacterium 1 in Fig. 2a starts changing within 13 s of the
addition of CM15, and the change is completed in ~60 s.
Bacterium 2 does not start changing until ~80 s, and the change
is not complete until ~120 s.

Figure 2b shows a larger area of the same sample 12 min after the
addition of CM15 (bacteria 1 and 2 are in the centre of the image).
Other bacteria (3 and 4) have still not changed. Figure 2c is a higher-
resolution image of the smooth surface of bacterium 3, taken 16 min
after the addition of CM15. Eventually, this bacterium (Fig. 2d) and
indeed all bacteria in the field of view become corrugated. We con-
sidered several reasons for the cell-to-cell variation in onset time.
The bacteria are all grown from a single clone, so we would
expect them to be genetically identical. They are located close to
one another (within 10 wm), and are therefore exposed to the
same concentration of CM15 at the same time. It is likely that the
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Figure 3 | AmP-induced surface morphology change correlates to cell death. Combined AFM and fluorescence microscopy images recorded on the same
spot before and after addition of CM15. a, Tapping-mode image of bacteria before the addition of CM15 (phase data). The surfaces of most bacteria are
smooth. b, Fluorescence image before the addition of CM15. Live bacteria, green; dead bacteria, red (LIVE/DEAD stain). ¢, AFM image 30 min after exposure
to a CM15 solution at twice the MIC. Nearly all the bacteria have a corrugated surface. d, Fluorescence image after the addition of CM15. All bacteria are
red, indicating that they are dead. AFM images were taken with a resolution of 512 x 256 pixels and a scan rate of 0.5 Hz.

cells are not all at the same stage in the cell cycle. However, in all of
our experiments, we found no correlation between the time of onset
of change and cell length (an indicator of the stage in the cell cycle?).

To correlate the corrugation of the cell surface with cell death, we
performed combined AFM and fluorescence microscopy using a
fluorescent indicator of cell viability (LIVE/DEAD BacLight).
Figure 3a presents an AFM image of live cells. To minimize disrup-
tions caused by the AFM tip, the imaging force was reduced until
only the tops of the bacteria were imaged. Figure 3b presents a flu-
orescence image of the same cells recorded immediately after AFM
imaging. Figure 3c,d shows the AFM and fluorescence images of the
same bacteria 30 min after the cells were exposed to a concentration
of M15 equivalent to twice the MIC. Almost all of the bacteria have
corrugated surfaces and there are no green (live) cells remaining.
The apparent broadening of the cells is an imaging artefact due to
the pyramidal shape of the tip?. There was a strong correlation
between the fluorescence and surface variation of the cells
(P<0.004). To ensure that the change was induced by the CM15,
control experiments were performed with a positively charged
peptide with no known antimicrobial action (Supplementary
Fig. S4) and with the conventional antibiotic ampicillin
(Supplementary Fig. S5).

The increased time resolution of the measurements allowed
the characterization of the initial stages of antimicrobial action on
individual live bacteria. The high-speed AFM experiment was
repeated with a larger scan area to investigate relative differences
in the response times of adjacent cells. At t=0s, the imaging sol-
ution was exchanged with a CM15 solution (twice the MIC) using

a flow-through system. One image was taken every 21s; every
fifth image is shown in Fig. 4a (for the full series see
Supplementary Figs S6 and S7). It is evident that bacteria 1, 7 and
8 respond more quickly to the addition of CMI15 than the
other bacteria.

To quantify the kinetics of the change, we measured, for each
bacterium separately, the change in the root-mean-square (r.m.s.)
value of the surface corrugation along the long axis of the bacteria
in every frame of the image. Figure 4b shows representative cross-
sections through bacterium 1 for each image. The change in
surface corrugation is visible ~80 s after the addition of CM15.
Figure 4c shows the normalized r.m.s. corrugation values for the
bacteria in Fig. 4a as a function of time after the addition of
CM15. Time of onset of change is highly variable, in this experiment
ranging from 40 s (bacterium 7) to more than 4 min (bacterium 2),
with an average of 155+89s (mean+ standard deviation). The
time for each bacterium to complete the change (smooth to corru-
gated) is more consistent, with 50% of the damage completed within
52+ 16 s. We chose phase data for the analysis, because the changes
are most apparent. However, the same trends can be observed in the
height and amplitude images (Supplementary Fig. S8). We moni-
tored the CM15-treated cells for up to 100 min after treatment
and did not observe any additional changes. Eventually, the cells
disappear, but we cannot say whether this is due to lysis or due to
the detachment of cells. Figure 4d shows the results of the measure-
ment of the kinetics of CM15 activity on a population of cells. The
bulk killing rate of CM15 can be described reasonably well with a
single exponential with a half-time of 4.6 min.
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Figure 4 | Early-stage kinetics of CM15 action measured by AFM correlates with bulk killing activity experiment. 3 Time series of bacteria after injection
of CM15. Images are recorded every 21s (1,024 x 256 pixels, 12.2 lines s™') with every fifth image shown (see Supplementary Information for the full time
series). b, Cross-sections along the long axis of bacterium 1 showing the time progression of the surface variation. Each slice represents data extracted from
one image in the full time series. ¢, Averaged surface variation of the bacteria as a function of time after injection of CM15 (bacteria numbers correspond to
those in frame one of panel a). d, Bulk measurement of CM15 antimicrobial activity. The interpolated behaviour between O and 5 min correlates well with the

single cell measurements.

With this AFM technique, one might expect to see the pores
that are formed in the outer membrane by CMI15.
Unfortunately, the pores formed by CM15 are reported to have
diameters of 2-4 nm (ref. 27), which is close to the pixel resolution
of our high-speed images (4-10 nm, scan-size-dependent). Using
a slower acquisition speed (2 lines s™'), we obtained images for
which the pixel resolution was 1nm for a 1l-mwm image
(Supplementary Fig. S3). Although there are features of this size
in this higher-resolution image, we are reluctant to over-interpret
the results.

We propose that the killing of the bacteria by CM15 is a two-
stage process consisting of an incubation phase, which can last

from seconds to minutes, followed by an execution phase, in
which 50% of the damage is completed in less than one minute.
The time to complete the incubation phase varies considerably
more from cell to cell than the time to complete the execution
phase. This result suggests that the bulk kill rate is dominated by
the time it takes to complete the incubation phase, rather than the
execution phase. It also raises the question of whether the incu-
bation and execution phases are prolonged equally in bacteria that
are more resistant to AmPs or if one particular phase is more pro-
longed than the other. Answering this could be important for
understanding the mechanism by which bacteria can develop resist-
ance to this class of peptide antibiotics.
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The heterogeneity in the dynamics of AmP-induced bacterial cell
death has an interesting parallel in eukaryotic cell biology.
Mammalian cell apoptotic death has recently been demonstrated
to be a two-stage process comprising a time-variable and long-in-
duration incubation phase followed by a more constant and rela-
tively short execution phase®’. Despite the apparent differences in
the overall mechanisms, protein/peptide-induced pore formation
in a membrane is a critical component of both mammalian cell
apoptotic death (mitochondrial outer membrane permeabilization)
and AmP-induced bacterial cell death (outer membrane
permeabilization).

Our observation of this two-stage process was made possible by
the use of a high-speed AFM capable of recording dynamic changes
on the single-cell level. These measurements demonstrate the enor-
mous potential of high-speed AFM imaging for cellular biology.
This technique can be applied to other cell types such as yeast or
mammalian cells and even to eukaryotic cell organelles. The
advances in AFM technology and its application reported here
constitute an enabling technology with which cell biologists may
explore cellular processes, in real time, at the nanometre level.

Materials and Methods

Antimicrobial peptide. We used a well-studied, pore-forming AmP called CM15
with the sequence KWKLFKKIGAVLKVL. The peptide was made by Genscript
using standard solid-phase peptide synthesis methods. It was purified by desalting
and was shipped lyophilized. The peptide was resuspended and stored in Millipore
water and diluted to the appropriate concentrations in Millipore water.

Bacteria preparation. E. coli bacteria (ATCC 25922) were grown overnight from a
single colony in LB growth medium at 37 °C. Cells were diluted 1:100 in fresh LB
medium and grown for 3 h. Cells were spun down and washed three times with
Millipore water.

To increase adherence of the bacteria to the glass substrate, glass coverslips were
coated with poly-L-lysine before depositing the bacteria. Round glass coverslips were
boiled in 2.5 M HCI solution for 10 min to clean the glass. The coverslips were
rinsed six times with Millipore water and then immersed for 10 min in a pH 8.0
solution of 0.05 mg ml~! poly-L-lysine hydrobromide (Sigma part number P1524)
and 10 mM Tris. They were then covered and dried vertically overnight at room
temperature. The coated coverslips were stored at room temperature and were used
within one week.

Concentrated bacteria suspended in unbuffered Millipore water were deposited
on the coated coverslips and incubated for 30 min. Excess cells were rinsed off with
three washes of 1 ml Millipore water. Images were taken in Millipore water.

High-speed AFM imaging. All high-speed AFM images were taken on a customized
AFM instrument based on a Veeco Multimode with a Nanoscope 5 controller
(Veeco Metrology). The most enabling modifications were small cantilevers (SCL-
Sensor.Tech. fabrication GesmbH) and a new AFM head designed for use with the
small cantilevers (see Supplementary Fig. S1 for more details). We chose not to use a
high-speed scanner for these experiments, because turnaround ripples and other
distortions were small at these scanning parameters. All measurements were
performed in tapping mode in fluid with an open fluid cell. Flow-through fluid
exchange was achieved using a dual syringe pump. Height, amplitude and phase
signals were recorded for both trace and retrace. The data were processed using
Image], ImageSXM and Gwyddion, using standard modification commands applied
over the whole sample.

Combined AFM/fluorescence microscopy imaging. AFM images were recorded
on a Digital Instruments Bioscope (Veeco Metrology) with an extended Nanoscope
3a controller, mounted on top of a Zeiss Axiovert 135 inverted microscope (Carl
Zeiss Microimaging GmbH). AFM images were taken with a Veeco NPS cantilever
in tapping mode (Veeco Instruments). Fluorescence images were recorded using a
Zeiss x100 Plan-Neofluar oil immersion objective and a Chroma Technology
Corporation filter set 41012. Cells were stained with LIVE/DEAD BacLight stain
(Invitrogen PN: L13152). The LIVE/DEAD stain was a mixture of SYTO® 9 green-
fluorescent nucleic acid stain and propidium iodide red-fluorescent nucleic acid
stain. These stains differ in their ability to penetrate healthy bacterial cells, with the
green stain permeating healthy cells and the red stain permeating membrane-
compromised cells.

Owing to the loss in viability during the preparation process, some cells were
already dead before the commencement of the experiment (see Fig. 3b). During
initial AFM imaging, some loosely connected cells detached from the surface, so not
all cells in Fig. 3a are present in Fig. 3b.

Analysis of LIVE/DEAD stain results and correlation with r.m.s. variation of
bacterial surfaces. Fluorescence images were analysed using Image] with nucleus

counter plug-in (downloaded from MacBiophotonics). Cells were identified and
numbered using the nucleus counter plug-in. The colour images were split into red,
green and blue channels. For each cell, the mean red and green values were measured
and the green to red ratio for each cell calculated. The cells were divided into two
populations, those with green to red ratios less than one (dead) and those with green
to red ratios greater than one (live). Using the axial r.m.s. variation for each cell
(calculation described below), a one-tailed Student’s ¢-test was used to assess
whether the live cell population and the dead cell population had statistically
different r.m.s. variation values.

Calculation of axial r.m.s. variation of bacteria. To quantify the change in
variations on the bacterial surface, line sections were extracted from the phase data
on the top of each bacterium in the longitudinal direction. The exact number of line
sections per bacterium per image depended on the size of the bacterium but was
always more than 20. A third-degree polynomial was fit through each line section
and subtracted from the original data. The resulting data represent only the higher
spatial frequencies from which the r.m.s. value was calculated. The r.m.s. values of
each line were then averaged over all the lines along the bacterium. This number
represents one data point in Fig. 4c. The error bars represent standard deviations of
this calculation when varying the exact area on each bacterium and the number of
longitudinal sections used for the calculation. This calculation was repeated for each
frame in the time series and for each cell. The data processing was carried out with
custom software written in Labview and NI-Vision (National Instruments).

Bulk cell killing assay. Cells were grown overnight in LB from a single colony. In the
morning, they were diluted 1:100 in fresh LB and grown for 3 h. After 3 h, they were
washed three times in Millipore water. The washed cells were resuspended in
Millipore water to a concentration of 2 x 10° cells ml~!. The CM15 peptide was
added to the cells to a final concentration of 20 pg ml~!, which was the same
peptide-to-cell ratio as that used in the AFM experiments. Aliquots were taken from
the cells at various time points and were plated in triplicate on fresh, pre-warmed LB
agar plates, which were incubated overnight at 37 °C. The number of colonies
formed is an indicator of the number of viable cells remaining in the suspension at
each time point. The number of colonies formed was counted and the average and
standard deviation of each time point calculated. All data were normalized to the
zero time point (before addition of peptide).
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