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ABSTRACT

Enteroaggregative Escherichi coli (EAEC) 042 is a pathogenic strain of
E.coli that produces a severe diarrhea in humans. A mutant of EAEC 042 that
does not produce dispersin, a cell surface protein, is not pathogenic. It has been
proposed that dispersin imparts a positive charge to the bacterial cell surface
allowing the bacteria to colonize on the negatively charged intestinal mucosa.
However, physical properties of the bacterial cell surface, such as rigidity, may
be influenced by the presence of dispersin and may contribute to pathogenicity.
Using the system developed in our laboratory for mounting and imaging bacterial
cells by atomic force microscopy (AFM), in liquid, on gelatin coated mica
surfaces, studies were initiated to measure cell surface elasticity of both wild type
EAEC 042 that produces dispersin, and the mutant that does not produce
dispersin. This was accomplished using AFM force distance (FD) spectroscopy
on the wild type and mutant grown in liquid or on solid medium. Images in liquid
and in air of both the wild type and mutant grown in liquid and on solid media are
presented. This work was done to establish a baseline for future AFM force
interaction studies to determine the pathogenic role of the dispersin protein in the

wild type bacteria.
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1. INTRODUCTION

1.1 Document Layout

This thesis describes research conducted to gain an understanding of the
pathogenicity of EAEC 042. This first chapter is organized to introduce the
background information explaining why cell surface and cell wall elasticities are
important and how unique properties of the EAEC 042 are amenable to
investigation by AFM. Chapter 2 describes the operation of the AFM and the
modes and imaging environments used to visualize surface structures and
measure mechanical properties of these bacteria. Chapter 3 describes the
materials and methods used in this research. Chapter 4 includes the
experimental and analytical challenges of conducting AFM on these bacteria as
well as descriptions of how these challenges were overcome during preliminary
experiments. Also presented in this chapter are the results from our recent
publication, M.A. Beckmann, S. Venkataraman, M.J. Doktycz, J.P. Nataro, C.J.
Sullivan, J.L. Morrell-Falvey, D.P. Allison, 2006. Measuring Cell Surface Elasticity
on Enteroaggregative Escherichia coli Wild Type and Dispersin Mutant by AFM
Ultramicroscopy 106: 695-702. The final chapter addresses conclusions that may
be drawn from this research and recommends possible directions for future
research.

My contributions to the above publication and the research presented in
this thesis include literature review, research of topic information, and preliminary

experimental investigation. Preliminary data were verified by repeat experiments



conducted and presented in the paper by D.P. Allison.

From this preliminary work, | established that a unique bacteria
immobilization technique for AFM imaging previously used in the Allison
laboratory is also suitable for sustained FD spectroscopy. In addition, after
conducting numerous FD spectroscopy experiments on the EAEC 042 bacteria, |
recognized that the standard approach of FD curve analysis was inadequate for
determining cell elasticities of these bacteria.

Conventional analysis of bacterial cell elasticity with AFM involves the
visual inspection of FD curves which are plots of the force of a probe tip against
the distance that the tip indents the bacterium. The slopes of linear areas of
these curves have traditionally been used to estimate the rigidity or softness of
bacteria cell walls. However, | consistently located more than one linear area per
curve which made it difficult to select the slope value that could be used to
estimate the whole cell elasticity. | presented these results and analytical
difficulties at two different professional meetings. The identification and
description of the problem enabled S. Venkataraman to contribute to this work by
developing a method of analysis which uses both the FD curve and the raw data
file from FD spectroscopy. An algorithm was developed that could be
implemented to separate the FD curves into four distinct regions of tip-cell
surface interactions while simultaneously producing the slopes of these regions.
With this method of analysis, two distinct slopes per FD curve became apparent,

one from which the elasticity of the bacteria cell walls was determined and



another from which the elasticity of the outer membrane was determined. The
ability to distinctly measure and compare these two different bacteria surfaces

could enhance descriptive bacteriology efforts using AFM.

1.2 Function and Importance of the Gram Negative Cell Envelope

In Gram negative bacteria that would include E. coli, the structures in
contact with the environment make up the cell envelope. Figure 1, a
representation of the Gram negative cell envelope showing the thicknesses of its

various layers, was adapted from Yao et al., 1999 and Amro et al., 2000.
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Fig.1. Schematic of a Gram negative bacterium cell envelope.



The most critical of these structures is the stress-bearing cell wall made
up of cross-linked peptidoglycan (Yao et al., 1999; 2002). The properties of the
cell wall that distinguish it from other cell envelope structures are: it imparts cell
shape, maintains internal turgor pressure, acts as a selective barrier to nutrients
and metabolites, and allows a bacterium to selectively interact with its
environment (Vadillo-Rodriguez et al., 2003). A gel-like periplasm overlies the
thin cell wall. The outer-most layer is the lipopolysaccharide (LPS) membrane.
The LPS and lipoproteins are covalently attached to the peptidoglycan cell wall
(Arnoldi et al., 1998). Approximately 75% of the outer membrane is LPS (3.5
million molecules of LPS) while the remaining 25% is composed of membrane
proteins that may be compactly folded and form dense structures that probably
represent the stiff regions of the outer membrane (Amro et al., 2000; Schaer-
Zammaretti and Ubbink, 2003). Each LPS molecule’s length is determined by the
number of O-antigen units (2 to 40) at the termini of the LPS molecules (Amro et
al., 2000). Longer O-antigens may be bent relative to the membrane normal and
lie across other membrane molecules forming a mechanically stable felt-like
barrier (Kastowsky et al., 1992). The outer cell membrane may also contain a
variety of external structures such as fibrils, fimbriae, pilli, and flagella (Dufrene et
al., 2001; Vadillo-Rodriguez et al., 2003).

The combination of all of these structures determines the physicochemical
cell surface properties of a particular bacterial strain. These properties, however,

are not fixed in space or time but vary with stages of the life cycle (e.g. growth,



division, protection against hostile environments, and host infection) and as a
result of mutations (Schar-Zammaretti and Ubbink, 2003; Vadillo-Rodriguez et

al., 2003).

1.3 Description of EAEC

EAEC is an emerging diarrheal pathogen that has been associated with
endemic and epidemic diarrheal illness both in developing and industrialized
countries (Nataro et al., 1998; Sheikh et al., 2002). The pathogenesis of EAEC
infection is thought to occur by adherence of the pathogen to the negatively
charged intestinal mucosa, most likely of both the small and large intestines, by
thin, positively charged, hair-like, adhesive structures called aggregative
adherence fimbriae (AAF), followed by a pathological process initiated by one or

more enterotoxins (Sheikh et al., 2002; Nishi et al., 2003).

1.4 Surface Structures and Properties Unique to EAEC 042

Working with the pathogenic strain EAEC 042, Nataro’s laboratory
discovered a novel protein designated Aap (anti-aggregation protein) that is
thought to play a significant role in the pathogenic sequence. This 10.2-kDa, low
molecular weight protein, is secreted to the exterior environment of the bacteria
and appears to form a non-covalently associated capsule on the bacterial cell
surface. It is not known whether this capsule is homogenously distributed across

the cell surface or whether it is rigid or gel-like in constitution. The positively



charged Aap is believed to cover the negatively charged LPS of the outer
membrane. Either the repulsion between Aap and the positively charged AAF
fimbriae or the neutralization of the LPS layer by Aap effectively allows the
fimbriae to move away from the cell surface. The extended fimbriae can then
make contact with the intestinal mucosa and initiate colony formation. In light of
this property, Aap has been given the more descriptive name “dispersin” (Nishi et
al., 2003). Dispersin is also thought to contribute to pathogenesis by allowing
individual progeny of established colonies to swim freely through the mucosa to
establish new foci of infection. A mucus penetration assay revealed that a
dispersin deletion mutant (042aap) was more than an order of magnitude less
efficient at penetrating a mucin column than was the wild type parent strain
(Sheikh et al., 2002; Nishi et al., 2003).

Several alleles of AAF exist in different strains. The Nataro lab works
predominantly with EAEC strain 042 and supplied the wild type and mutant
bacteria of this strain for this AFM investigation designed to help characterize the
structure and function of the EAEC 042 cell surface. This thesis describes our
initial experiments to characterize surface features and their influence on the
mechanical dynamics of EAEC 042 strain variants, 042pet and 042aap. 042pet is
essentially the wild type bacterium, but carries a mutation in the Pet toxin
(plasmid-encoded toxin) to reduce its virulence and danger of infection to lab
personnel (Henderson et al., 1999). 042pet expresses the AAF and dispersin

surface structures when grown in culture broth with at least 0.5% glucose.



042aap is a dispersin mutant of the EAEC 042 strain (Sheikh et al., 2002). Like
042pet, the dispersin mutant can express AAF, but the fimbriae cannot be
extended without the dispersin protein coating as shown in figure 2 (Nishi et al.,
2003). We also investigated the effects of two different growth environments,
solid agar and broth media, on the cell surface features and dynamics. The
bacteria in this figure were cultured in Dulbecco’s minimal essential medium with
0.5% glucose overnight. The arrows represent AAF, which splay out from the
bacterium in wild type 042, but which typically lie along the bacterial cell surface

in 042aap. Bars are equal to 1 um.

1.5 AFM to Investigate EAEC 042
The AFM, invented in 1986, is one of the scanning probe microscope

family members (Binnig et al., 1986). There are several specific features of the

Fig.2. Scanning electron micrographs of 042pet (A) and 042aap (B).



AFM that have brought it to a leading position in surface science and biological
investigations such as descriptive bacteriology. The AFM provides three-
dimensional surface topography of cells at nanometer scale resolution by
scanning cell surfaces with the tip of a probe mounted at the end of a thin,
flexible cantilever.

It is well established that AFM can be used to image living cells under
physiological conditions in a nondestructive manner (Schaus and Henderson,
1997). Since AFM images are obtained through physical interaction of a probe tip
with the sample, the harsh effects of stains and dyes required for light
microscopy and high vacuum and electron beam used in electron microscopy are
avoided. Cells can be investigated in a variety of environments (air or liquid) and
temperatures while recording real time cellular features and responses in situ.

Finally, in addition to imaging, the AFM can also be used to study
mechanical, immunochemical, adhesive, and electrostatic properties of cells by
measuring the forces of interaction between the probe tip and the cell’s surface
(Bottomley et al., 1996; Bolshakova et al., 2004). The sensitivity of the AFM
cantilever can measure forces at the pico Newton (pN) range, including a force of
16.6 pN, required to rupture a single hydrogen bond (Han et al., 1995). Forces
between and within biomolecules have been measured (Allison et al., 2002), and
most importantly for this application force measurements have also been made
on cell surfaces, including bacterial cell surfaces (Arnoldi et al., 2000; Yao et al.,

2002; Dufrene, 2004).



By using the tip to indent cells and the AFM as a force sensor, it has been
established that the resulting force curves (plots of force applied versus depth of
indentation) provide qualitative measurements of the elastic properties of living
cells (Bhushan and Koinkar, 1994; Hoh and Schoenenberger, 1994; Radmacher,
1997; A-Hassan et al., 1998). We investigated the wild type and genetically
modified dispersin mutant of the EAEC 042 strain to determine if changes of
surface structure mediated by dispersin can be registered by means of AFM.
Following these changes should provide valuable insight into the biological

importance of dispersin on cellular mechanics and its regulation.

1.6 Significance of Research

A bacterium’s cell wall has a critical role in maintaining the overall health
of the cell. It is a dynamic structure that continually senses and responds to
internal and external cellular environments and makes necessary adjustments to
accommodate the cell’'s needs. Measuring the cell wall elasticity is one way of
monitoring these responses. Some of these responses include changing the
outer membrane surface structures (e.g. growth of fimbriae and secretion of
proteins). Growth of certain structures out of the cell wall and opening of cell wall
pores or channels to release proteins can change the elastic properties of the cell
wall (Muller and Engel, 1999; Walch et al., 2000). Additionally, these structures

may also impart measurable differences in elasticity of the outer membrane.



The design of diagnostic and treatment protocols for EAEC 042 infection
is dependent upon knowledge of the functions of its fimbriae and dispersin
protein and the surface properties they impart on the cell wall in vivo. It has been
recognized that important aspects of microbial behavior are controlled by the
physicochemical properties of the cell wall (Xu et al., 1996; Dufrene et al., 2001;
Vadillo-Rodriguez et al., 2003; Touhami et al., 2003; Schar-Zammaretti and
Ubbink, 2003; Bolshakova et al., 2004; Dufrene, 2004). The cell wall is also
important in controlling cellular interfacial interactions with the environment, cell-
substratum adhesion, and cell-cell aggregation (Touhami et al., 2004). An
understanding of the elastic properties of cell surfaces is important since the
degree of elasticity will be a function of the combination of the various structural
components with one another and reflect complex underlying physiological

processes (Vinckier and Semenza, 1998; Haga et al., 2000).
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2. ATOMIC FORCE MICROSCOPE
2.1 System Description

The tip of the probe that is used to “feel” and indent sample surfaces to
produce images and FD curves is located under the end of a cantilever. Figure 3
is a scanning electron microscope image of commercially available AFM
cantilevers showing both V-shaped and beam-shaped cantilevers. A human hair
with a diameter of ~100 um diameter is included as a size reference. The insert
shows a higher magnification image showing the probe. The tip of the probe
shown has a radius of curvature of ~10 nm (Allison et al., 2002).

The system used in this research is a tip-scanning system in which the
cantilever is fastened beneath a scanner and raster scanned across a stationary
sample. Scanning is accomplished using a hollow piezoelectric ceramic tube
configured to move linearly in X, Y, Z directions. This movement results from
mechanical deformation proportional to an applied voltage. Figure 4 shows a
hollow piezoceramic tube that is divided into upper and lower portions. The upper
portion controls Z plane movement and a lower portion is further divided it into
four equal sections for scanning in the X, Y plane. The piezo tube is mounted to
the microscope by one end and the cantilever is mounted beneath the free end of
the piezo tube. The polarity of the applied voltage determines the direction and
extent of the peizo movement by altering the length of the tube, as well as the

tube diameter (Muller, 2006; Sensor Technology Limited, 2006).
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Fig. 3 Scanning electron microscope image of AFM cantilevers.
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Fig. 4. Configuration of a piezoceramic tube of an AFM scanner.
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Raster scanning is a repeated pattern of tip motion from left to right along
a line in the X direction followed by an advance of the tip one line in the Y
direction. Figure 5 shows the configuration of the scanner relative to the other
principle components of the AFM system and their general operation. As the
sample surface is raster scanned the cantilever moves up and down (deflects) in
response to the surface features. Deflection of the cantilever is monitored by
bouncing a laser beam off the back of the cantilever onto a position-sensitive
photodetector. Tip-sample interaction distance is controlled by registering the
distance that the cantilever deflection deviates from the user defined set-point.
This creates an error signal to the controller electronics and a feedback signal in
volts is applied to the peizo to move the cantilever up or down in the Z direction
to either maintain a constant force on the sample or distance from the sample
depending on the mode of operation.

The photodetector measures the vertical cantilever (Z) displacements by
the location of the reflected laser spot on the split photodetector relative to
(above or below) the user defined deflection set-point as shown in figure 6. The
output signals from photodiodes A and B are collected by a differential amplifier.
The angular displacement of cantilever results in one photodiode collecting more
light than the other photodiode, producing a voltage output signal (the difference
between the photodiode signals normalized by their sum) which is proportional to
the deflection of the cantilever. The long beam path (several cm) amplifies

changes in beam angle so that minute changes in deflection are registered.
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The Z position of the tip at each data point in the X-Y plane of the raster scan
produces a three dimensional image the surface features. The number of voltage
points collected along each X, Y scan line is user-defined in increments of 256.
The vertical (Z) resolution achievable is on the Angstrom level and the lateral (X,
Y) resolution is on the sub-nanometer level with a probe such as the one shown

in figure 3.

2.1.1 Modes of Image Acquisition

There are a number of AFM operating modes that can be used to image
various surfaces. The two modes used in this research were contact mode and
intermittent contact mode.

In the contact mode, the tip is forced against and dragged across the
sample surface during the raster scan. The feedback control loop maintains the
force on the sample while the tip is scanned across the surface so that vertical
movement of the tip follows the surface profile and is recorded as the surface
topography by the AFM.

The type of intermittent contact mode used was the MAC Mode (magnetic
alternating current). MAC Mode requires the use of a cantilever that has a
magnetic coating applied to its back side that causes the cantilever to vertically
oscillate at its resonant frequency above the sample surface when an external
alternating magnetic field is applied (Han et al., 1996). The tip alternately

oscillates at a high frequency above the surface then approaches the surface to
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near-contact where the frequency of oscillation dampens. At near-contact the
cantilever oscillation is reduced due to energy loss caused by the tip’s proximity
to the surface. The oscillation amplitude is maintained throughout the scanning
process by the feedback system as the tip follows the topography of the sample
surface (Molecular Imaging Inc., 2006).

The mode of operation is critical to the appearance of cells and their
surfaces. In general the contact mode provides higher resolution imaging of
minor surface details than the intermittent contact mode. A drawback in using the
contact mode is the tip is subject to permanent damage or accumulation of debris
from its contact with surfaces. Additionally, the contact force can also damage or
change the natural conformation of the cell surfaces or dislodge the sample from
the surface. MAC Mode intermittent contact operation applies a small amount of
pressure to the sample, but not as much as contact mode and is less likely to
alter the natural height of cells or damage the tip. Therefore, topographical
images obtained in the MAC Mode are more representative of cell dimensions
than contact mode images because the tip does not continuously press down on

the cells. The MAC Mode is also less likely to dislodge the bacteria.

2.1.2 Imaging Environments
The imaging environment is also critical to the appearance of biological
surfaces and each sample requires a unique approach. Successful imaging of

Gram-negative bacteria is a challenge due to the dynamics of the cellular
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filaments and LPS carbohydrate chains described in Chapter 1 (Bolshakova et
al., 2001). Imaging in air and water environments allows different morphological
features of interest to be investigated. When dry bacteria are imaged in air, the
cell dimensions are distorted by dehydration but the extracellular structures
collapse on the cell surface and allow small surface details and ultrastructures
such as flagella to be imaged with high resolution. Since bacteria normally live in
aqueous environments, liquid imaging results in more accurate measurements
necessary for comparison of cells’ natural dimensions and dynamics. When
imaged in liquid, the normal, overall dimensions of cells (height, width and length)
can be observed, but hydration leads to mobility of the extracellular structures
which decreases the imaging resolution of surface details (Bolshakova et al.,

2001).

2.1.3 Force Distance Spectroscopy

The AFM can be used to study the mechanical property of an entire
sample surface (force mapping) or a single X, Y point on the sample surface
through the measurement of FD spectroscopy curves. To measure at single
points, in the contact mode the X, Y scan size is set to zero and the cantilever tip
is positioned on the scanned image on the computer screen by cursor
placement. The scanner is lowered in the Z direction applying a force against the
surface with the tip. This produces a FD curve, a plot of the vertical force

(recorded in volts) that the tip applies to the surface against the Z position of the
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scanner as it is ramped toward the sample. The vertical force (Fsum) acting
normally between the tip and the sample is proportional to the distance of
deflection of the cantilever according to Hooke’s law Fg,m = kcAz, where the
distance of the vertical deflection is Az and k. is the cantilever spring constant.

To determine the distance of the vertical deflection the distance that the
cantilever actually deflects for a certain measured change in photodetector
voltage must be determined. This value depends on the type of cantilever and
the optical path of the detection laser, and will be slightly different each time the
cantilever is mounted in the instrument (JPK Instruments, 2006). The cantilever
deflection is calibrated by conducting a FD curve on a hard reference surface,
usually the surface that the sample is mounted on. The conversion factor is

determined as illustrated in figure 7.
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Figure 7 is a schematic of a FD curve showing the sequence of cantilever
movements during the cycle of a FD measurement on a hard reference surface.
In this figure, the cantilever, with a spring constant of 0.10 nN/nm, acts as a
single spring being compressed as its tip is pressed against a hard surface
without indenting the surface. The distance of compression is measured as
deflection on the Y axis. The piezo scanner moves the cantilever to the surface in
the Z direction. The distance that the piezo advances is measured on the X axis.

The red and blue colors of the curve and cantilevers represent the
cantilever approach and retraction portions of the complete cycle respectively. At
the right side of the curve, the piezo scanner is well above the surface and
approaching the surface in the Z direction. The distance that the piezo advances
is measured on the X axis. The cantilever is not deflected since the tip is not
touching the surface (position 1). As the scanner progresses downward toward
the surface, attractive forces bring the tip and surface into contact (position 2). As
the scanner continues downward, the cantilever deflects away from the surface
due to repulsive forces (position 3). The gradient of the repulsive contact region
(between positions 2 and 3) is marked with green dotted lines and is used to
determine the conversion factor. In this case the conversion factor is 8 nm per V.
At the end of the user defined Z range, the scanner begins to retract and pulls
the tip away from the surface. The cantilever deflection retraces the same curve
down to position 5 where a thin layer of water present on many surfaces in air

exerts an attractive capillary force and holds the tip in contact with the surface as
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the scanner retracts. This causes the cantilever to deflect toward the surface
(position 5). As the scanner continues to retract, the capillary force is broken and
the cantilever returns to its original undeflected status (position 6) (A-Hassan et
al., 1998). This is illustrated in an actual “raw” data FD curve conducted on bare
mica in figure 8, when FD spectroscopy is performed in air (curve on left), the
capillary forces are large (blue line) when FD spectroscopy is performed in water
(curve on right), the capillary force is isotropic and the retract portion of the curve
traces the approach portion more closely from beginning to end.

Figure 9 is a schematic of a FD curve showing the sequence of the cantilever’'s
movements during the cycle of a FD measurement on a softer surface such as
that of a bacterium (gray rods). Only the approach portions of FD curves are
used in elasticity measurements, so only this portion is shown in this schematic.

In figure 9, at position 3 the tip indents the surface.
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Fig. 8. Raw data FD curves on mica in air and in water.
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Fig. 9. Schematic of a FD curve on a soft surface.

The cantilever acts as one spring being compressed against another spring, the
soft bacterium surface material that is compressed and indented. Thus, the
distance of the vertical deflection of the cantilever represents the compression of
two springs in a series. To determine the distance of deflection, the Y-axis volts
are converted to nanometers using the conversion factor determined in figure 7.
In figure 10 the conversion factor has been applied to display the data as nm of
cantilever deflection on the Y axis versus piezo distance on the X axis. Each of
the voltage points on the Y axis of figure 9 was multiplied by 8, the conversion

coefficient.
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Fig. 10. Cantilever deflection on a soft surface.

Figure 11 shows how the slope of a FD curve taken on a soft surface
(gray curve) such as a bacterium is calculated. For FD curves made on bacteria,
the overall bacterial spring constant is derived from the region representing
indentation of the cell wall. This region can be roughly described as a linear plot,
in accordance with Hooke’s law and is located at the upper left portion of the
curve (Capella et al., 1997; Domke and Radmacher, 1998; Fang et al., 2000;
Arnoldi et al., 2000; Aimqvist et al., 2001).

The distance that the tip indents the bacterium rather than the distance of
cantilever deflection must be known to complete the calculation of the bacterial

spring constant. The indentation (area indicated by the green arrow) can be
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Fig. 11. Tip indentation of a soft surface and calculation of the slope.

calculated by subtracting the distance of cantilever deflection on the bacterium
from the total distance of cantilever deflection on an infinitely hard surface (red

line) with a theoretical slope of -1 using the equation:
m

where (kp) is the spring constant of the bacterium, k. is the spring constant of the
cantilever, m is the slope of the cantilever deflection versus piezo distance FD
curve on the bacterium and -1 represents a cantilever deflection on an infinitely
hard surface. By substituting the slope, m = 0.40 and the cantilever spring
constant, 0.10 nN/nm in the above formula, the estimated spring constant of the

bacterium in these illustrations is 0.07 nN/nm.
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3. MATERIALS AND METHODS
3.1 Choice of Mounting Substrate
Muscovite mica was used as the mounting substrate. A hole punch
(Ralmikes TOOL-A-RAMA, South Plainfield, NJ) was used to cut % inch diameter
mica disks out of flat mica sheets. The disks were cleaved to approximately 0.5
mm thickness using a razor to separate the edges. Clean surfaces of both sides
of the disks were exposed by peeling the outer layers off with Scotch tape and

clean tweezers were used to manipulate the disks thereafter.

3.2 Preparation of the Mica Disks for Immobilizing EAEC 042

Mica surfaces are negatively charged and hydrophilic. Initial experiments
were conducted on EAEC 042 grown in conditions that suppressed expression of
the positively charged dispersin coating and AAF, so they too had negatively
charged surfaces. The mica disk surfaces were subbed with chrome-gelatin to
provide a positively charged surface for bacteria adsorption. A refrigerated stock
solution of chrome-gelatin (prepared according to the protocol in the Appendix)
was heated to 60° C to reduce the viscosity of the gelatin. Freshly cleaved mica
disks were vertically dipped into the warmed chrome-gelatin and supported on

edge on a paper towel at a steep angle in a dust free area to air dry overnight.
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3.3 Growth of EAEC 042

Bacteria used in this study were the wild type, 042pet and the dispersin
mutant of the wild type, 042aap. The experiments were conducted on four
different samples; 042pet grown on agar, O42pet grown in broth, 042aap grown
on agar and O42aap grown in broth. Bacteria were maintained on Luria-Bertani
(LB) broth and these cultures were used to inoculate both LB broth cultures and
LB agar plates. Experiments were performed on bacteria recovered at
logarithmic phase growth from freshly inoculated broth and solid agar plates that

had been incubated at 37° C for 5 hours.

3.4 Preparation of EAEC 042 for AFM

Cells from plate cultures were prepared for imaging by scraping a small
quantity of the bacteria off the culture plate with a sterile loop and transferring it
into a micro-centrifuge tube containing 0.6 ml of distilled water. The cells were
briefly mixed and centrifuged at 10,000 rpm (Eppendorf Centrifuge 5415D,
Hamburg, Germany) for 10 min to remove the culture medium before applying
them to the gelatin coated mica discs. The wet pellet was suspended in 0.6 ml of
fresh distilled water and 100 pl was pipetted onto the center of a gelatin-treated
mica disk. The sample droplet was spread to a circular diameter of roughly 5-7
mm then allowed to stand for 10 min for bacterial adhesion. The bacteria
mounted disks were then rinsed vigorously in a stream of deionized water to

remove non-adherent cells. The disks were then either dried with a focused jet of
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nitrogen for imaging in air or covered with distilled water in a liquid cell, as shown
in figure 12, for imaging in water.

Cells from broth cultures were prepared similarly starting with 0.6 ml of
broth culture and following the procedure described for plated bacteria. Care was
taken to insure that once the bacterial samples were removed from their
respective growth media, centrifuged to a pellet, and suspended in water,
imaging was preformed immediately.

The liquid imaging environment was assembled by placing the bacteria
mounted disk in the center of the sample stage (bottom figure) of figure 12
(Molecular Imaging Inc., Tempe, AZ). The liquid cell (top figure) was fitted with an
O-ring to protect the stage from leaking water and then clamped over the mica
and filled with distilled water. The liquid cell and O-ring were cleaned between

samples by sonication (Branson 1510 sonicator, Danbury, CT) for 10 min.

Fig.12. Assembly of liquid cell and sample stage.
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3.5 Determination of Cantilever Spring Constant

To verify the manufacturer’'s quoted cantilever spring constant value for
ensuing calculations of bacteria surface elasticity, | used a thermal noise
measurement and automatic spring constant calculation software (Thermal K
1.03, Molecular Imaging Inc., Tempe, AZ). A single dedicated cantilever with
spring constant of 0.1 N/m was selected for MAC Mode imaging to locate cells
and to perform FD curve measurements. Once the cantilever was mounted on
the microscope and the laser spot was adjusted on the back of the cantilever for
maximum signal onto the position sensitive diode no further adjustments were

made for the duration of the experiments.

3.6 Imaging Environments and Modes of AFM Operation

Both air and liquid imaging environments were used; air, to identify unique
surface features and liquid, to identify normal appearing bacteria for mechanical
measurements. The AFM was operated in the contact mode for imaging in air to
investigate surface details and MAC Mode in water to locate cells of normal
dimensions for subsequent cell elasticity measurements (Lantz et al., 1994; Han

et al., 1996).

3.6.1 Imaging in Air Using Contact mode
Samples of both the wild type (O42pet) and the dispersion mutant

(O42aap) were immobilized on the gelatin-coated mica disks as described in
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section 3.5. Nitrogen stream-dried samples were placed in an environmental
chamber for imaging where the relative humidity was maintained at 12 % by
flooding the chamber with dry nitrogen. Bacteria were imaged using a PicoPlus
AFM (Molecular Imaging Inc., Tempe, AZ). Imaging in air was done with the AFM
operating contact mode with a scan rate of 1.0 line/second with 512 pixels
collected per line. Type I, 225 ym long, bar shaped, MAClever silicon cantilever
(Molecular Imaging Inc., Tempe, AZ), with manufacturer’s stated nominal spring
constants of 2.8 N/m, and pyramid shaped probes 10-15 pm long with tip radii
less than 10 nm were used to obtain these images. | began by scanning a large
field of bacteria (50 um x 50 yum) and then | reduced the image size to zoom in on
one or two bacteria for higher-resolution imaging. Topographic and deflection
images were recorded and the only processing done was first order flattening to

remove any vertical offset artifacts between scan lines.

3.6.2 Imaging in Water Using Intermittent Contact Mode

After immobilizatiom on the gelatin-coated mica disks, samples were
immediately secured in liquid cells and covered in room temperature, deionized
water. Imaging in liquid was done with the AFM operating in MAC Mode with a
scan rate of 1.0 line/second with 512 pixels collected per line.

A single, Type IV, 140 uym long, V-shaped, silicon nitride MACIlever
cantilever (Molecular Imaging Inc., Tempe, AZ) with a pyramid shaped, 3 ym

long probe and tip radius of less than 20nm was used to obtain these images and
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to conduct FD spectroscopy. The manufacturer’s suggested spring constant was
0.1 N/m. Topographic and amplitude images were recorded and the only

processing done was first order flattening.

3.6.3 Force Distance Spectroscopy

FD spectroscopy was conducted at the time of imaging in water using
MAC Mode. A higher-resolution image containing one or two well isolated,
normal appearing bacteria was saved on the computer screen. The topographic
image was used to verify that the selected cells exhibited normal heights of at
least 600-800 nm for FD spectroscopy. The AFM was then switched from MAC
Mode to the contact mode to measure cell elasticity. The X, Y scan size was set
to zero and the tip was then centrally positioned over the top of the bacterium.
The piezo and cantilever were ramped in the Z direction at sweep duration of 1.0
second and 2000 data points were collected per curve. The amount of force that
was applied to the cells did not exceed 10 volts.

Each experiment consisted of collecting two sets of FD curves (25 per set)
on two bacteria from each sample. Each experiment was repeated 3 times on
separate bacteria cultures.

Topographic imaging was repeated after indentation to make sure that the
bacteria did not move while the FD curves were collected. Only indentation data
for bacteria with the same height before and after indentation were included in

the analysis and both sets of FD curves (25 per set) were conducted on the
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same spot. FD curves were also collected on the gelatin-coated mica surfaces
next to each bacterium and on bare mica in deionized water, at the beginning,

the end and sometimes in the middle of experiments.

3.7 Analysis of FD Curves

Since it is difficult to use the FD curve alone to draw conclusions about the
relative softness or stiffness of the various cell layers, we found it helpful to
simultaneously analyze the slopes from FD curve raw data files. The raw data
that make up the FD curve are provided in a separate spreadsheet file from the
FD curve image file. Spreadsheet data are presented in two columns. The first
column is a series of piezo movement distances used to plot the X axis. The
second column is a series of voltages used to plot the Y axis that represent the
tip deflection.

We set the FD curve parameters to collect and plot 2000 X, Y data points
from the time the sweep is initiated to the time it is ended. The sweep collected
2000 data points during the approach and indentation of the tip into the bacteria
until the cantilever reached the user defined maximum deflection. We used the
gradient analysis method described by Li and Logan to analyze the approach
region of the FD curves and raw data files (Li and Logan, 2004). A semi-
automatic user interface algorithm was developed to analyze FD curves. The

algorithm was implemented using MATLAB 7.0.
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Using the two sets of FD curves and raw data files that were collected on
each sample, an average of the 50 curves was plotted to produce one FD curve
that represented each sample. The interface algorithm allowed the user to place
the cursor on points of the FD curve in which the slopes appeared to change.
Points were selected to divide the curve into 4 different regions (A, B, C, and D).
The slopes between consecutive points within each region were instantaneously
calculated and plotted on a secondary Y-axis. This allowed us to adjust the 4
different regions according to the calculated slope values and accurately
determine where changes in the slopes of the FD curve occurred.

An example of the four separate regions selected is shown in figure 13:
(A) a region where the cantilever tip is approaching the sample but has not made
contact, (B) a region where there is interaction with the surface without contact,
(C) a region where initial contact is made with the surface, (D) a region where
hard contact is made with the surface. The raw slope values (un-converted from
volts to nm) for the points on the approach curve are plotted on secondary Y axis
to the left of the graph. Lines drawn through the upper and lower linear portions
of the approach curve are designated m1 and m2 respectively. The values for the
slopes of these lines are indicated by the red arrows located in the centers of

regions C and D, -0.1 and -0.2 respectively.
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Fig. 13. Example of a FD curve produced by the gradient analysis method.

Once the regions are separated, slopes for each region where linearity is
evident can be compared between samples and treatments. The linear region D
is thought to be produced when the tip indents the cell wall. The small linear
region C might be produced when the tip indents stiff materials of the outer
membrane layers described in Chapter 1. Thus, it is possible to compare

treatment effects on two different cell envelope structures using one FD curve.
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4. RESULTS AND DISCUSSION

4.1 Choice of Mounting Substrate

For AFM, cells must be immobilized on a substrate. The substrate should
be flat so that the topography of the cells is easily discriminated from that of the
substrate. Mica is the most commonly used sample mounting substrate because
it is cheap and has a well ordered crystalline structure and is much flatter than
glass. Mica layers can be separated into clean, atomically flat sheets (Zhdan,
1997). The root-mean-square roughness of Muscovite mica, the most common
form of mica, is 0.25 A (Yu and Namba, 1998).

| made % inch diameter disks out of flat mica sheets. Alternatively,
squares can be made by cutting the mica with scissors if the sheets are thin
enough. | cleaved them no thinner than 0.5 mm in thickness so they would not
flex and crack during the bacterial mounting process. If the disks crack the
imaging surface will be discontinuous or stepped. By using disks of similar
thickness, | was able to limit the tip-sample approach and withdrawal times in
between samples. This also prevented cantilever tip damage that can result from
switching from a sample mounted on a thin disk to one mounted on a thicker

disk.

4.2 Preparation of the Mica Disks for Immobilizing EAEC 042
Most cells are negatively charged and the most common cell mounting

surface, glass, is also negatively charged, so mounting cells to a like-charged
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substrate is a common dilemma in any type of microscopy work (Vadillo-
Rodriguez et al., 2003).To solve this problem, negatively charged substrates are
substituted with a positively charged surface (slide subbing) to enhance the
adhesion of negatively charged cells.

AFM not only requires that cells be mounted to a solid substrate, they
must also be immobilized to guarantee that frictional forces of the scanning tip do
not displace them during imaging (Shao et al., 1996). Immobilization should
anchor cells without influencing their natural chemistry or morphology. Further,
immobilization should be effective in liquid environments that favor viability for
imaging and measuring dynamic forces under conditions that are compatible with
the natural environment of the cells.

There are a number of immobilization methods for bacteria. Two common
methods are mechanical trapping in a filter and physical adsorption (through
electrostatic interactions). Mechanical trapping by vacuum filtration is unsuitable
for rod-shaped bacteria because they enter the filter holes in such a way that
only the ends are accessible to the probe tip. Also, vacuum pressure may deform
the cells. For these reasons physical adsorption is preferable because it does not
damage the bacteria. A possible disadvantage of this method is it may stimulate
the cells to secrete excess extra cellular polymeric substances (EPS) especially if
the bacteria are grown on the substrate and form a biofilm (Camesano et al.,
2000). EPS is thought to account for higher repulsion forces operating over larger

distances upon approach of the AFM tip during force imaging.
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| chose the physical adsorption method and used very dilute suspensions
of bacteria from broth and agar cultures to limit the possibility of problems
associated with EPS secretion.

Of the physical adsorption techniques used in AFM work, the most
commonly used is surface subbing with poly—L-lysine. However, | used a
chrome-gelatin slide subbing method that was previously developed in this
laboratory on the basis of a well established technique for preparing cells for
electron and light microscopy (Doktycz et al.,, 2003). Chrome-gelatin was
demonstrated to be superior to poly—L-lysine for immobilizing and imaging both
Gram positive and Gram negative bacteria in both air and liquid environments.
Another advantage to using chrome-gelatin is that bacteria adsorb to the gelatin
within minutes compared to several hours for adsorption to poly-L-lysine
(Schaer-Zammaretti and Ubbink, 2003). Also, the collagen protein of gelatin not
only modifies the substrate surface charge but is also an adhesive protein for
which many pathogenic bacteria, including some E. coli, have specific binding
sites (Visai et al., 1990). However, it is not known if the EAEC 042 used in this
study express these binding sites.

The chromium ions cross-link the large gelatin molecules by coordinate
bonds and the adhesive mechanism of the chrome-gelatin is thought to be further
enhanced by the formation of coordinate bonds between chromium ions and

oxygen atoms on both the mica and bacteria (Kiernan, 1999). It is likely that the
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electrostatic interactions and coordinate bonds all contribute to retaining bacteria
on gelatin-coated substrates (Sullivan et al., 2005).

We have found that Sigma gelatin (G6144) outperforms other gelatins for
the adhesion of bacteria harvested from various growth media preparations (e.g.
minimal or supplemented media in solid or broth form) (Doktycz et al., 2003).
This was of particular importance in this study since | investigated the effects of
two different treatment conditions, broth and agar cultivation.

Both 042pet wild type and 042aap dispersin mutant readily adsorbed to
the positively charged gelatin coating of the mica mounting disks. In fact, |
occasionally had to repeat the mounting process with more dilute suspensions of
bacteria in order to find isolated cells because fewer bacteria than anticipated
were washed free during the rinsing step.

In preliminary experiments | cultured 042pet in LB broth supplemented
with 0.5% glucose to allow the dispersin protein cell coat to be expressed and
was not as successful in getting the bacteria to adhere to the gelatin coated mica
discs. | attributed this to the positive surface charge that the dispersin protein
imparts on the cell’s outer surface. Since adhesion was so successful in these
baseline experiments in which glucose was not provided to suppress dispersin
expression, | am reasonably confident that the FD spectroscopy measurements
reflect baseline cell surface characteristics without the influence of dispersin. For
future studies when the affects of dispersin protein on the cell surface elasticity

are investigated, it might not be necessary to sub the slides.
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4.3 Growth and Preparation of EAEC 042 for AFM

Bacteria used in this study were the wild type, 042pet and the dispersin
mutant of the wild type, 042aap. Expression of the dispersin and AAF surface
structures is only achieved by growth of 042pet in either LB broth with 0.5%
glucose, or in minimal essential media (MEM) with high glucose. These
structures are not expressed during growth on agar plates. 042aap behaves
similarly but will express only AAF and the fimbriae will not extend without the
dispersin coating (Nishi et al., 2003; Nataro, 2005). | was interested in obtaining
baseline cell surface differences between 042pet and 042aap prior to the
expression of dispersin, so | maintained the bacteria on Luria-Bertani (LB) broth
and these cultures were used to inoculate both LB broth cultures and LB agar
plates. For future studies, when dispersin will be induced to varying degrees by
supplementing LB broth with increasing amounts of glucose, we will be aware of
inherent differences not attributable solely to dispersin (Nataro, 2005).

Experiments were performed on bacteria recovered at logarithmic phase
growth from freshly inoculated broth and solid agar plates that had been
incubated at 37° C for 5 hours. This was done to obtain cells that were actively
dividing, an indication of viability, so that the images and measurements obtained
would be representative of live healthy cells. This also minimized data variability.
Stationary phase cultures can be comprised of bacteria at various stages of
metabolic activity compared to logarithmic phase cultures with bacteria that are

more consistent metabolically.
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Cells from cultures were centrifuged and resuspended in water to remove
culture medium before attempting to mount them on the gelatin-coated discs. It
was previously reported that media contents tend to interfere with bacterial
adhesion to surfaces possibly due to competition for surface binding sites

(Doktycz et al., 2003).

4.4 Determination of Cantilever Spring Constant

The value of the cantilever spring constant must be known in order to
calculate the elasticity (spring constant) of the bacteria cell surface.
Manufacturer’s quoted spring constant values are useful for initially choosing the
type of cantilever for a particular application. However, these values may not be
specific enough (range of listed spring constants is too large) for accurate force
measurements or they may only be approximate values. A comparison of
calibration methods for various types of AFM cantilevers from different batches
indicated that spring constant values could vary by as much as 20% from
manufacturer’s suggested values (Burnham et al., 2003).

It is difficult to complete an experiment involving multiple samples and
replicate measurements using a single cantilever due to the delicacy of the tip.
Ideally, replacement cantilevers will have the same spring constants as the
original cantilever. If not, then spring constant differences of each cantilever used
must be known. There are a number of calibration methods for verifying

cantilever spring constants. These methods are either based on cantilever
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geometry, thermal properties or comparisons between the cantilever stiffness
and reference materials of known stiffness (Cleveland et al., 1993; Hutter and
Bechhoefer, 1993; Burnham et al., 2003).

Thermal property analysis is the simplest and least tip-destructive of these
methods. This method takes advantage of the fact that thermal fluctuations in the
environment (air or water) provide small force impulses that can diffuse small
particles (Brownian motion). Soft cantilevers are also susceptible to these
thermal fluctuations which can be measured by the AFM using the same set-up
as for imaging. A thermal noise spectrum plots the oscillations of a cantilever as
a function of frequency. The greatest amplitude of these oscillations will be at the
cantilever’s resonant frequency. The amplitude of the oscillations for a given
temperature depends only on the spring constant of the cantilever (Hutter and
Bechhoefer, 1993; JPK Instruments, 2006).

| used a thermal noise measurement and automatic spring constant
calculation software (Thermal K 1.03, Molecular Imaging Inc., Tempe, AZ) to
compare spring constants of cantilevers from the same batch and found that the
spring constants varied about 20% on average from the value reported by the
manufacturer (data not shown). When the same cantilever was calibrated
repeatedly, individual spring constant values were all within 5% of the average
value.

The measured deflection distance of the cantilever not only depends upon

the cantilever spring constant, but also on the optical path of the AFM detection
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laser. A drawback to replacing cantilevers in the middle of an experiment is that
the optical path will be slightly different with each cantilever placement because it
is difficult to replace one cantilever in the exact position as the last one (JPK
Instruments, 2006). Therefore, to optimize the signal between cantilevers the
laser must be repositioned on the back of each successive cantilever.
Differences in cantilever position not only impact the location of the laser spot on
the photodiode but also the quality of the laser spot and ultimately the
measurements (Dcosta and Hoh, 1995).

| anticipated that the differences in elasticity would be small for our initial
baseline measurements between the wild type 042pet grown in dispersin
suppressive conditions and the dispersin mutant, 042aap. Therefore | did not
think that the 20% spring constant variability between cantilevers was acceptable
because small elasticity differences could be masked by cantilever and optical
pathway differences.

In considering the amount of error that could be introduced by replacing
cantilevers, | reasoned that the best approach would be to set up the
experiments in a way that would conserve the use of a single cantilever. By using
a dedicated cantilever for FD curve measurements, experimentally measured
values of slopes could then be attributed to differences in bacteria alone rather
than differences in cantilever spring constants or laser positions. Once the
cantilever was mounted on the microscope and the laser spot was adjusted on

the back of the cantilever for maximum signal on the position sensitive diode, no

40



further adjustments were made for the duration of the experiments.

Based on my review of literature, typical spring constant values of Gram
negative cell walls range from .03 to .07 N/m, so | selected a cantilever with a
spring constant of 0.1N/m that would be sensitive enough to deflect in response
to the soft bacteria surface and yet stiff enough to indent the cell wall (Arnoldi et

al., 2000; Yao et al., 2002; Velegol and Logan, 2002).

4.5 Imaging Environments and Modes of AFM Operation

| used both air and liquid imaging environments; air, to identify unique
surface features and liquid, to identify normal appearing bacteria for mechanical
measurements.

The contact mode was used for imaging in air because even dry surfaces
are coated with a layer of water. In the MAC Mode this can be problematic
because capillary action between the tip and sample water layers continually
brings the tip and sample into contact even when the chamber is flooded with dry
nitrogen to reduce the amount of water that condenses between the tip and
sample. Prolonged tip-sample interactions interfere with the amplitude of the
oscillating tip over the surface and interrupt image acquisition.

A drawback in using the contact mode is the tip is subject to permanent
damage or accumulation of debris from its contact with surfaces. Tip damage or
tip fouling changes the conformation and performance of the tip. Images artifacts

can result from tip changes, but these are usually apparent when viewing the
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image. More important is the influence that a change in tip conformation may
have on FD curves. In this case, the impact on the shape and slope of the FD
curve may not be obvious and could lead to erroneous conclusions regarding cell
elasticity. Additionally, the contact force can also damage or change the natural
conformation of the cell surfaces or dislodge the sample from the surface.

Therefore, | also used the MAC Mode for imaging in water to get the
topographic images and complement the data obtained by contact mode imaging
in air and to preserve the tip dedicated for force imaging. This mode of operation
uses the least amount of tip force on the sample. For ensuing elasticity
measurements with FD spectroscopy it was important to be able to use the same
tip for comparative analysis.

In summary, | used the contact mode for imaging in air to investigate
surface details and MAC Mode in water to locate cells of normal dimensions for

subsequent cell elasticity measurements (Lantz et al., 1994; Han et al., 1996).

4.5.1 Imaging in Air Using Contact Mode

The samples were dried and images were taken in contact mode in a
humidity controlled environment. These AFM images of both the 042pet wild type
and 042aap dispersing mutant are presented in figure 14.

One of the effects of drying can be clearly seen in the topographic image
(a) of 042pet grown on agar. In this image the cross section height of the bacteria

shown in both the line scans (f, g) is roughly 200-300 nm as opposed to the
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14. Contact mode images in air. Scale bars are shown on the X and Y axes.



height measured in liquid of 600-800 nm. Similar effects of drying were seen for
the other dried preparations. This apparent difference is due to dehydration and
indicates that the bacterial cell wall lacks the rigidity to maintain its form when
water is removed. Deflection mode images of 042pet grown on LB agar (b) and
in LB broth (d) and 042aap grown on LB agar (c) and in LB broth (e) show a
marked dehydration of the bacteria without lysis.

In deflection images (b-e), true height values that are discernable in
topographic images are sacrificed to allow for a more comprehensive view of the
entire cell structure from the gelatin substrate to the top of the bacteria. For
example, structures that appear to be flagella can be seen lying on the substrate
surface near the bacteria. 042pet have flagella when grown both on agar (b) and
in broth (d), although more evidence of flagella when grown on agar, while
042aap do not exhibit any flagella when grown either on agar (c) or in broth (e).
We found that when cells are isolated they tend to maintain their rod-like shape
while cells in close contact show a more pronounced collapse of the cell wall.
This is clearly seen in (b) where the isolated cells of 042pet grown in agar are
more normal looking as opposed to (c) where 042aap grown in agar shows a
normal looking cell on the periphery but the closely packed cells definitely show
evidence of severe dehydration. One observation that we have made in
comparing images of all different preparations is that cells grown on agar appear
to maintain their characteristic rod shaped appearance better than cells grown in

broth. This can also be seen in the images where 042pet (b) and 042aap (c) on
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agar appear to be less dehydrated than (d) 042pet and (e) 042aap grown in

broth.

4.5.2 Imaging in Water Using MAC Mode

AFM imaging of cells in liquid was accomplished using MAC Mode. In
figure 15, topographic images of all four of the bacterial sample preparations are
shown imaged in water. The EAEC 042pet wild type is shown grown on agar (a)
and in broth (c) while the dispersin mutant 042aap is shown grown on agar (b)
and in broth (d) respectively. Logarithmic cultures were used as evidenced by the
presence of dividing cells (red arrows) in all the images. There appears to be
very little morphological differences in these images. This is expected because
the depth of field of the topographic image does not allow the entire height of the
bacteria to be imaged while also including structures that might exist on the
lowest part of the image. For example, pili, or flagella that might be present on
the gelatin substrate surface would not be seen in the topographic image. A line
was arbitrarily drawn across the image to show the topography of the sample as
a function of distance. Line scans (e—h) taken through their corresponding
images (a—d) show an average height of 600—800 nm. A line scan that passes
perpendicularly across bacteria shows an exaggerated width of roughly 2
microns. This is due primarily to the tip being shaped as a pyramid such that a

convolution of the image results (Radmacher, 1997).
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Fig. 15. Topographic Mac Mode images in water. Scale bars are shown on the X

and Y axes.
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4.6 Force Distance Spectroscopy

Figure 16 shows bacteria images before (left) and after (right) FD
spectroscopy to demonstrate that the bacteria did not move while FD
spectroscopy was performed. This is evidenced by the unchanged proximity and
orientation of the cells to one another. The cross section line (green) shows that
the height of the bacteria did not change after FD spectroscopy, indicating that
the bacteria were not damaged. There is, however, some piezo drift (about 3 pm
in the Y direction and about 1 um in the X direction) during the 24 min time lapse
between the before and after scans. This emphasizes the importance of
rescanning between FD spectroscopy on the same bacteria over an extended

duration to make sure that the cursor can be placed in the exact desired location
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Fig. 16 Images before and after FD spectroscopy.
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each time. As testimony to the gelatin immobilization technique, this particular
image was produced in water using the contact mode, not the intermittent contact
mode.

The purpose of a FD curve is to reveal regions of linearity and non-
linearity. Linearity occurs where there is a predictable increase in cantilever
deflection per increase in piezo distance indicating resistance or stiffness. Non-
linearity occurs where there is an unpredictable increase in cantilever deflection
per increase in piezo distance indicating compliance or softness. The greater the
slope value, the harder the surface. The slopes of the linear regions on the FD
curve are used to derive spring constants of the materials encountered by the tip.
For instance, raw FD curves made in water on bare mica, bare gelatin and a
bacterium are shown in figures 17, 18, and 19, respectively. The slopes are
indicated on the lower right with a purple circle. The slopes on mica and gelatin
are the same, 0.208, while the slope on the bacterium is 0.097 indicating that the
mica and gelatin substrates are harder than bacteria.

The bacterium’s effective spring constant, the integral characteristic of the
cell as a whole, is typically derived from the value of the slope of uppermost
linear region of the FD curve. This region of the FD curve is created when the tip

finally reaches and presses on the peptidoglycan layers of the cell wall.
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Fig. 19. Raw FD curve made in water on a bacterium.

However, by using the gradient analysis technique, we have also noticed that a
linear region is also apparent at the point of contact between the tip and the outer
cell envelope surface layers. We believe that this first linear region may provide
additional information about other components of bacteria cell envelope
composition.

This first linear region is not usually discernable by visual analysis of the
FD curves alone. The problem is that the AFM does not provide direct
measurement of the distance between the sample and the tip, so the
determination of “zero” axes is a very complicated problem. The exact distance is

difficult to determine for two reasons. The first reason is that just before physical
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contact electrostatic repulsion causes the cantilever to begin deflecting away
from the sample. The second reason is that Gram-negative bacteria are covered
with multiple layers of material with varying degrees of softness.

These initial surface interactions make it difficult to separate the areas of
the FD curve that represent the cantilever’s response to each different cell layer
from the area that represents the actual indentation of the bacterium. To
illustrate, the bracketed area of figure 20 shows the approach portion of a FD
curve made on a 042pet bacterium from an LB broth culture. Without the benefit
of the cantilever diagrams over the curve, such as those shown in figure 7, it is
difficult to define the exact zero axis —where the cantilever indents the bacterium.
In the bracketed area the cantilever may be experiencing electrostatic repulsion
(non-linear), or it may be pressing into the softer outer envelope layer (linear or
non-linear depending on the material) or actually beginning to indent the cell wall
(linear). Large uncertainty in the exact location of linear regions leads to
significant variation in the estimation of the elasticities of a cell envelope’s layers.

Since it is difficult to use the FD curve alone to draw conclusions about the
relative softness or stiffness of the various cell layers, we simultaneously
analyzed the slopes from FD curve raw data files. We used the gradient analysis
method described by Li and Logan to analyze the approach region of the FD
curves and raw data files (Li and Logan, 2004).

Using the 2 sets of FD curve image and raw data files that were collected

on each sample, an average of the 50 curves was plotted to produce one FD
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Fig.20. An approach portion of a raw data FD curve on a bacterium.

curve that represented each sample. These experiments were repeated three
times and the results for each sample were in agreement. The results of one of
the experiments are presented in figure 21. These are raw FD curves of volts
versus piezo distance, but the slopes can still be compared to one another since
the same cantilever was used.

In all of our experiments force measurements were made with the sample
in water and a bare mica surface in water was used as a control. Force
measurements were made on mica before, midway and at the end of the
experiment to determine if there was any change in the spring constant as
evidenced by a change in slope. For example, in the data presented in figure 21

(a), the slope (m1) for mica was 0.223, 0.235, and 0.217 respectively for the
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beginning, midpoint, and end of the experiment. Therefore, the AFM consistently
measured the cantilever and bacterial spring constants within an acceptable
degree of error (0.009).

In each FD curve of figure 21, regions A all show the approach of the
cantilever tip to surface. The approach curves in these regions are all flat and the
corresponding calculated gradient slopes are zero. On the FD curve of bare mica
(a), region B is difficult to differentiate from region C where initial contact with the
surface is made. By visual inspection alone it appears that the tip is sharply
deflecting at contact with the surface. This is a good indication that sweep
parameters chosen to minimize hydrodynamic drag were appropriate otherwise
there would be a longer distance of piezo movement per increase in deflection.
However, the gradient analysis detected the difference in slope in this region and
indicated that there is a cantilever deflection of 8 V that before the tip makes hard
contact with the surface. This demonstrates that our gradient analysis technique
is extremely sensitive and improved our ability to identify changes in slopes in
this difficult region. The FD curve on bare mica is a good control and serves as a
reference curve for determining the conversion factor (discussed in Chapter 2)
which was 3.3 nm per V.

Regions B on the gelatin in figure 21 (b) and bacteria FD curves (c-f) are
well differentiated. This is because the tip underwent electrostatic repulsive
interactions with the gelatin/bacteria surfaces just before contact. The tip might

also be being deflected by soft, flexible structures external to the cell walls such
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as fimbriae, pilli, and flagella (Dufrene et al., 2001; Vadillo-Rodriguez et al.,
2003).The approach curves and slopes in these regions are all non-linear. It is
not clear what caused the cantilever to deflect more in region B (66 V) of the
O42aap dispersin mutant grown in broth (d) than the other bacteria (30-35 V).
O42aap does not express the dispersin surface protein and all bacteria were
grown in conditions known to suppress dispersin and AAF expression. Only the
042pet displayed flagella. Another known cause for increased cantilever
deflection at this region is EPS secretion. However, | have no reason for thinking
EPS was the cause since all of the samples were treated similarly. Future
research may reveal interactions other than those known to cause tip deflection
at this point in the FD curves of 042aap.

Of primary interest are regions C, where the tip indents the bacteria’s
outer surface, and regions D where the tip presses into the cell wall. These
regions contain areas of linearity where the distance traveled by the sample
toward the tip is proportional to the tip deflection. The m1 slope has traditionally
been used to determine relative stiffness or elasticity of the bacterial cell wall
(Radmacher, 1997; Arnoldi et al., 1998; Dufrene et al., 2001; Velegol and Logan,
2002; Bukharaev et al., 2003; Bolshakova et al., 2004). The m2 slopes could
represent the indentation of the outer cell surface layers.

In regions C, the slopes (m2) are calculated over similar distances of
cantilever deflection for all four bacteria samples. Given the amount of standard

deviation in spring constant measurements (0.009) determined on the bare mica
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control, the values for m2 are equal for 042pet (m2 = 0.040) and 042aap (m2 =
0.045) grown in broth. These values are also equal for 042pet (m2 = 0.060) and
O42aap (m2 = 0.057) grown on agar. This indicates that dispersin expression
which is anticipated to affect the outer cell wall elasticity was successfully
suppressed for these baseline measurements. The m2 values do show that
surfaces of bacteria grown on agar have greater rigidity compared to surfaces of
bacteria grown in broth. These differences in slope values between agar and
broth-grown bacteria surfaces support our observation that agar-grown cells
appear less dehydrated than do the broth-grown cells imaged in air shown in
figure 14.

The upper-most portion of the FD approach curve, region D, is most often
used to calculate the whole bacteria spring constants. Looking at the slopes of
m1 for all the surfaces we conclude that mica is definitely the most rigid surface
followed by gelatin-coated mica that serves as a substrate for mounting the
bacterial samples. The values for m1 are slightly different between 042pet (m1 =
0.069) and 042aap (m1 = 0.078) grown in broth. These values are also different
between 042pet (m1 = 0.133) and 042aap (m1 = 0.081) grown on agar. By
comparing m1 values, we found that the different growth conditions, on agar or in
broth, only affected the cell wall rigidity of the wild type, 042pet. There is no
difference in the slopes of 042aap grown on agar and in broth. Therefore, the cell

walls as well as the outer cell layers of 042pet are sensitive to the two different
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growth conditions, while only the outer cell layers of 042aap were affected by the
growth conditions.

Experimental spring constant values are useful in that they allow universal
comparisons to be made across studies. For instance, the bacteria cell wall
spring constants from this study are presented in table 1 and all are within range
of spring constants reported by others for Gram negative bacteria and. For
instance, E. coli K12 strains were found to have cell wall spring constants of
0.037 N/m when mounted on Poly(ethyleneimide) (PEI) coated glass slides
(Velegol and Logan, 2002). Pseudomonas aeruginosa, mounted by vacuum
through a filter followed by drying and then rehydration, had cell wall spring
constants ranging between 0.02 and 0.03 N/m (Yao et al, 2002).
Magnetospirillum gryphiswaldense mounted on silane trimethoxysilyl-propyl-
diethylenetriamine (DETA) coated glass slides had cell wall spring constants

ranging between 0.04 and 0.07 N/m (Arnoldi et al., 2000).

Table 1. Spring constants were derived for cell wall and outer cell envelope using

the slopes m1 and m2, respectively.

Bacteria/growth Spring constant Spring constant (nN/nm)

condition (nN/nm) of cell wall | of outer cell envelope
(from m1 slope) (from m2 slope)

042pet (broth-grown) 0.04 0.02

042pet (agar-grown) 0.07 0.03

042aap (broth-grown) 0.03 0.02

042aap (agar-grown) 0.04 0.02
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The slopes from which these spring constants were derived were
calculated from the X, Y coordinates of the FD curves in figure 21. The Y axis
values were converted from volts to nanometers using the conversion factor 3.3
nm/V as described in Chapter 2. The conversion factor was determined from the

FD curve on bare mica in figure 21.
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5. CONCLUSIONS AND FUTURE EXPERIMENTS

The bulk of this research was directed at further establishing a mounting
technique for effectively immobilizing bacterial cells for extensive physical AFM
experiments, and developing a fast and highly informative means of analyzing
the FD curves. The gelatin mounting technique was previously demonstrated in
this laboratory to be a superior immobilization strategy and this research
demonstrated that it is also effective during force spectroscopy. Prior to the use
of the gradient analysis algorithm, we were unable to identify the second region
of linearity that may represent the outer membrane elasticity because the FD
curves are difficult to analyze visually.

We have used these immobilization and gradient analysis techniques to
record AFM images and report force measurements on a pathogenic strain of
enteroaggregative Escherichi coli (EAEC) that produces a severe diarrhea in
humans. The wild type strain 042pet produces a protein, dispersin, that is
implicated in pathogenesis. In this thesis a mutant of 042pet that does not
produce dispersin, 042aap, is compared to the wild type grown in dispersin
suppressive conditions to determine if any baseline physical differences exist
before investigating differences caused by dispersin expression. We have found
some differences in morphology and cell rigidity between the two strains and will
investigate in future research the added impact of dispersin expression to these
differences that could implicate this protein in the pathology of this bacterial

strain.
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The full expression of dispersin in vitro is dependent on two environmental
factors. EAEC 042 must be grown in broth culture and the culture must contain at
least 0.5% glucose. It is possible that dispersin may be expressed to a limited
degree in lower concentrations of glucose. To investigate the influence of the
dispersin protein more thoroughly, future research with EAEC 042 should include
growth in minimum essential media (MEM) with gradually increasing
concentrations of glucose (e.g. a glucose gradient from 0-0.05%).

LB media used in these experiments may contain a slight amount of
glucose from the ingredient yeast extract. Glucose is primarily a component of
the yeast cell wall. The cell wall is excluded in most yeast extract processing but
preparations vary from batch to batch and the absolute ingredient concentrations
are not guaranteed. To be absolutely sure that the differences found in this
research between the cell wall elasticities of broth grown cultures of 042pet
(0.0074 N/m) and 042aap (0.0084 N/m) were not due to dispersin, these
experiments should be repeated on these bacteria from MEM cultures with no
glucose supplementation should be investigated. FD spectroscopy performed on
EAEC 042 in which dispersin is expressed will reveal whether or not this protein
is soft or hard and what the effects of secretion of dispersin have on the
constitution of the cell wall.

It would also be interesting for future experiments to address the extent of
coverage of fully expressed dispersin. Figure 22 shows a scanning electron

micrograph of 042 pet in which the AAF unique to EAEC is indicated with a black
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Fig. 22. A scanning electron micrograph of 042pet.

arrow. What distinguishes the AAF from the flagella is its straight rather than
curved configuration. The straight appearance is thought to be caused by tension
in the fimbriae which functions as an anchoring appendage. In some locations
the AAF appear to be lying across the cell surfaces. This is cause to question the
continuity of the dispersin coating across the cell surface. The positively charged
dispersin protein must be expressed to allow the positively charged AAF to
extend from the bacterial surface. Therefore, it seems unlikely that we would see
the AAF tethered over the top of neighboring cells unless there are patches of
negatively charged LPS exposed to allow this to happen.

The elastic property and extent of surface coverage of dispersin could be
investigated by two methods, microelastic mapping and molecular recognition
force microscopy (MRFM). A microelastic mapping is a mode of high-resolution
visualization in which the image contrast is based on the mechanical properties

of the sample rather than the topography (A-Hassan et al., 1998). By collecting
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arrays of FD curves over the entire cell surface instead of single measurements
at select locations, two dimensional maps of whole cell mechanical properties
can be produced. Images produced are similar to topographic images where gray
scales indicate low areas with dark gray and high areas with light gray.
Microelastic maps reveal stiff areas as dark and soft areas in light gray.

The stiff or soft areas can be correlated with areas of dispersin location
through MRFM. In MRFM an antibody is attached to the tip of the cantilever that
is specific for the surface antigen and images are simultaneously collected with
force recognition images (Allison et al., 2002). In this case an antibody for
dispersin is available for the dispersin antigen. As the tip is scanning the surface
it is magnetically oscillated to and from the surface in the Z direction. When the
tip reaches the surface, binding events occur between the antibody and antigen;
then as the tip moves away from the surface unbinding occurs. The force
recognition images are produced by unbinding events when the tip retracts from

the surface.
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SUBBING MICA DISCS FOR IMMOBILIZING BACTERIA
A chrome-gelatin adhesive for mounting bacteria on mica substrates was
prepared as follows:

0.5g gelatin (sigma G6144)

10 mg chromium ammonium sulfate

100 ml nanopure deionized water at 60 °C

The gelatin was dissolved in 90 ml of heated water. The chromium
ammonium sulfate was dissolved in 10 ml water of unheated water. The two

solutions were combined at room temperature.

A concentration of 5mg/ml of gelatin corresponds to the minimum
concentration for yielding a cross-linked gelatin network (Djabourov, 1988). The
chrome gelatin cannot be further diluted with water once cross-linking has

occurred, within a few minutes of mixing the components (Kiernan, 1999).
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