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Abstract

Atomic force microscopy (AFM) holds a unique position in microbiology because of its
potential for nanometer (nm) scale imaging and piconewton (pN) force detection. These
features can be exploited to characterize bacteria from the cellular down to the
molecular level. In order to pursue such characterization studies, reliable sample
preparation techniques must be developed. Spheroplasts are bacteria which have been
treated with enzymes to remove cell wall components. Because the cytoplasmic
membrane is exposed in spheroplasts, they are suitable for localizing transporters and
other membrane proteins using AFM techniques. Constituents on the surface of intact
bacteria are responsible for their adhesion to various substrates in vivo. The absence of
these constituents in spheroplasts necessitates specialized immobilization strategies.
This study presents a technique in which spheroplasts are immobilized by cross linking
them with glutaraldehyde to mica surfaces pretreated with aminopropyltriethoxysilane.
As suggested by the AFM images, this approach facilitates stable imaging in appropriate
buffers. Because the sample preparation strategies presented are compatible with
optical and atomic force microscopies, investigations in which molecular system
components are monitored can be targeted.

Evidence that the cells retain membrane integrity, continue glucose uptake, increase in
diameter and initiate protein synthesis after immobilization is also presented. Based on
this data, it is concluded that metabolic processes continue in immobilized spheroplasts.
As a result of this finding, spheroplasts are proposed to be a platform for various
imaging-based investigations.

Elasticity and indentation measurements on intact bacteria and spheroplasts revealed
significant differences between the two forms. They also provided the justification for
using glutaraldehyde fixed spheroplasts for molecular recognition experiments designed
to locate the glucose transporter on the surface of spheroplasts. An avidin-biotin system
was used in which biotin was tethered to the AFM tip using a polyethylene glycol linker,
When this functionalized tip probed spheroplast surfaces previously immunolabeled with
a biotinylated antibody and avidin, molecular recognition was demonstrated. The fact
that the biotin functionalized tips can be used in multiple applications is an attractive
feature of this strategy. That results from AFM experiments can be validated with optical
microscopy techniques is also an advantage.
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Chapter 1

Background

“The STM's “Years of Apprenticeship” have come to an end, the foundations
have been laid, and the “Years of Travel” begin. We should not like to speculate
where it will finally lead, but we sincerely trust that the beauty of atomic
structures might be an inducement to apply the technique to those problems
where it will be of greatest service solely to the benefit of mankind.” (Binnig, G.,
and Rohrer, H. (1987) Reviews of Modern Physics 59(3), 615-625)

1.0 Introduction

The scanning probe microscopes use various detection schemes to sense the surface of
a sample as it raster scans it with a sharp probe. The first of these microscopes, the
scanning tunneling microscope (STM) was designed by Gerd Binnig and Heinrich
Rohrer in 1982 to study the electrical properties of thin insulating layers (2). In the STM
a small bias voltage is applied between the tip and the sample. When separation
between the tip and sample is reduced to about 1nm, a tunneling current is generated
and flows between them. This current is only a few nanoamps but is easily detected
using a low noise amplifier. The tunneling current decays exponentially with increasing
distance between the tip and sample. Consequently, only the atom at the apex of the tip
significantly participates in the tunneling, a condition that is ideal for detecting small
features on a surface. Because the STM is so sensitive, it can easily resolve atomic
lattices. The STM requires a conducting surface and material scientists were also
interested in developing an instrument with similar capabilities for non-conducting
surfaces. This effort resulted in the atomic force microscope (AFM) by Binnig et al in
1986 (3).

The AFM tip traversing the surface of a sample is much like blind people using their
sense of touch to probe surfaces to compensate for the loss of sight. The topography of
the surface is determined as their fingers encounter areas of relative height or depth. As
a result of this interaction, a mental picture of the object can be created. Using their
fingers, they can also determine whether a surface is springy or hard; smooth or rough.

These distinctions are made subconsciously based on how responsive the surface is to



pressure. Detecting temperature differences allows one to determine whether the
surface is hot or cold. Through the use of special materials and sophisticated
electronics, the AFM is capable of going through these same processes on the micro-

and nanoscales.

As with other scanning probe microscopes, piezo electric devices are used in the AFM to
precisely move the tip relative to the sample in the x, y (i.e. raster scan) and z directions.
In the AFM, the probe is a sharp tip supported by a cantilever. The most common
detection system employs a laser that is reflected on the back of the cantilever. As the
tip moves across and encounters forces associated with the surface, the cantilever is
deflected which in turn causes the reflection of the laser beam to change positions on
the photodiode. These changes are relayed to a computer processor which converts
this information into an image. The forces sufficient to cause detectable movement of
the tip are in the pN range. This ability to detect such small forces accounts for the

resolution of the instrument.

The proximity of the tip to the surface of the sample and the imaging conditions (air or
liquid, pH etc.) determine which particular forces are measured. The fact that these
forces are distinguishable by sample-tip separation distances is the basis of the various
imaging modes in AFM. Contact mode imaging is based on the cantilever having
intimate contact with the surface where short range repulsive forces are maximal. The
feedback loop in contact mode is set such that a constant deflection is maintained. In
contrast, intermolecular van der Waals forces predominate within tens of angstroms of
the surface up to hundreds of nanometers (4-7). Electrostatic and magnetic forces
dominate farther above the surface as van der Waals interactions decay exponentially
with distance. Capillary, adhesive, electrostatic, hydrodynamic and other forces may
also exist between the tip and sample unless measures are taken to minimize them. For
example, the thin water layer typically present on surfaces in ambient air is often the
source of capillary forces and can be eliminated by imaging in liquid. Varying the pH of
the imaging buffer can address problems with electrostatic interactions (8,9). Each of
these forces can be sufficient to cause the cantilever to deflect. Long range forces,
although not used directly for imaging, can also affect cantilever behavior. In doing so,

they provide the basis for the non-contact imaging modes like MacMode® where the



cantilever is oscillated with a nearby solenoid at its resonant frequency(10). The
amplitude of the oscillation decreases with proximity to the sample and the feedback
loop in MacMode® maintains an amplitude setpoint by adjusting the distance between
the tip and the sample(11). (Figure 1) Note that figures and tables are included in

Appendix A.

1.1 Applications of AFM

The capabilities of the AFM have been shrewdly extended beyond imaging by changing
the way the tip is used. Published reports have demonstrated that the tip can be used
as a micro pH probe, a micro thermometer, and a microanalyzer (12-14). Tips modified
with biomolecules have been used to probe immobilized proteins or cells for their
complementary molecules (15). As indicated in the following short review, AFM is
especially compatible with biological investigations for several reasons. First, fixatives
that might impair biological activity are not required. In fact, samples can be examined
in biologically relevant conditions such as buffers and media, making live cell imaging of
microbes a realistic objective. Secondly, AFM is capable of detecting forces in the pN
range and precise control of the force applied to the cantilever can be maintained. This
combination facilitates the evaluation of physical parameters of biological samples.
Thirdly, rather than yielding the composite, statistical average of sample data, as is the
case with many biochemical assays, the behavior of one unit (cell, subcellular structure,
or molecule) can be monitored. This feature can be very important in determining
mechanisms at the molecular level. As a way of illustrating the versatility of AFM,
presented here are examples of how the technique has been used to address questions

in biology on three levels — the molecular, subcellular and cellular.

As an imaging technique, AFM can provide structural information not accessible by other
techniques as demonstrated by a report published by Lushnikov and colleagues. They
used AFM to distinguish between two possible orientations of DNA within the Sfil
restriction enzyme-DNA complex(16). Sfil is a type Il restriction endonuclease which
simultaneously binds and cuts two recognition sites. These sites can be located on the
same DNA molecule (cis) or on two separate molecules (trans). It was known prior to

their study that looped DNA structures are formed when the recognition sites are



presented on the same DNA molecule. It was also known that if Ca* is included in the
reaction buffer instead of Mg?*, the enzyme binds the DNA but does not cleave it. The
authors designed DNA fragments of various lengths and cleverly located the restriction
sites such that binding to the enzyme would result in a short arm and long arm of DNA
that could be used to distinguish the conformations in high resolution AFM images. In
particular, they wanted to know whether the DNA was crossed within the enzyme-DNA
complex or merely bent. Ultimately, they concluded that there was no preferential

orientation of the DNA within the complex.

In another example, a structure in the plasma membrane of live cells was revealed for
the first time by AFM and suggested to participate in exocytosis, the process by which
neurotransmitters, enzymes and hormones are released (17). These pit-like structures
called fusion pores, contained smaller structures. Docking and fusion of membrane-
bound secretory vesicles was known to occur in the final stages of exocytosis although
the mechanism for this activity and the specific role of the plasma membrane were
unclear. Because the authors were able to image live cells, they were able to visualize
the dynamic changes of the fusion pores during exocytosis. Later experiments
confirmed the presence of fusion pores and demonstrated the release of vesicular
contents at the site of the pores (18). The fixation step required of electron microscopy
(EM) is believed to have altered the structure of the pore so significantly that they were
not identifiable in previous EM images. That the AFM can probe unaltered cells in

dynamic environments was essential to the findings in this study.

The previous examples used “bare” tips. Alternatively, the tip can be functionalized by
tethering reactive molecules, thus making it a chemical probe. Puntheeranurak et al
employed this technique to investigate the Na*-D-glucose co-transporter (SGLT1), a
protein which couples translocation of glucose and sodium ions in mammalian epithelial
cells (19). In their experiments, tips modified with an epitope-specific antibody or 1-thio-
glucose were used to probe the topology and ligand-induced conformational changes of
the protein. Their experiments were conducted in living Chinese hamster ovary cells
transfected with a functional SGLT1 from rabbit (rbSGLT1). The tip was repeatedly

4

cycled toward the cell surface followed by retraction away from the surface after contact.

During the approach, the tethered molecule has an opportunity to bind its complement



on the cell surface. Upon retraction, if binding has occurred, the unbinding force is
recorded as a sudden change in force just as the tethered molecule disengages and the
cantilever returns to its baseline position. This unbinding force can be distinguished
from nonspecific binding (20,21). By using cells with or without roSGLT1 and by varying
the buffer conditions (with or without antibody, Na*, inhibitors, competitor etc.) the
authors were able to compare the probability of having a binding event and the
distribution of the unbinding force. Ultimately, they concluded that specific recognition
events were occurring between the modified tips and SGLT1. These events decreased
in the presence of a specific inhibitor, an observation which they attributed to

conformational changes of the protein.

Biochemical activity inside cells is often initiated by physical dynamics at the cell surface.
From mammalian biology comes the following example of how the AFM tip can provide
the physical stimulus and the cell’'s response can be monitored using optical techniques
(e.g. confocal, epifluorescence, etc). Osteoblasts are known to quickly increase
intracellular calcium levels as a result of mechanical stimulation (22,23). Strain can be
applied to the cells experimentally using a variety of methods including: poking with a
micropipette, movement of magnetic microbeads in a magnetic field, optical tweezers,
stretching of the substrate, fluid flow or hydrostatic pressure. However, none of these
techniques enable both a precise control of the force applied and measurement of the
mechanical properties at the point of application. Charras et al demonstrated that AFM
techniques could meet both requirements when they used the cantilever to apply a strain

on the surface of osteoblasts (24).

Their strategy was to glue a glass bead to the cantilever. (They had previously
demonstrated that this arrangement yielded a more suitable interaction with the cell than
did the sharpened tip of a standard cantilever.) The cells were treated in a medium
containing a cell permeant, calcium-sensitive dye so that calcium levels could be
assessed throughout the experiment. The cantilever was positioned above a cell and
pushed into the surface. After a period of time, force data was recorded and the
cantilever was retracted. Subsequent investigations based on this technique led the
authors to estimate cellular strain thresholds; describe two pathways for detecting the

stimuli in osteoblasts; and propose a mechanically coherent model for detection of whole



bone strain at the cellular level and its transduction to generate whole bone level
changes. This report demonstrates the benefit of having physical access to cell

surfaces.

Another example is based on the cochlea of the mammalian inner ear. It transduces
sound into an electrical signal, a process required for hearing. Hair cells, an essential
part of the cochlea’s organ of Corti, have bundled, receptive organelles called stereocilia
which move as a result of sound waves. Located on top of the hair cells, stereocilia are
particularly important for sound transduction (25,26). These organelles differ in length
but have a characteristic and geometric organization. Adjacent stereocilia are
connected to each other with fine flaments called links. Mechanosensory transduction
channels in the hair cells are directly opened or closed (to allow flow of cations)
depending on mechanical stimulation of these links by sound waves. Therefore,
understanding the behavior of stereocilia and links has great implications for
understanding the process and problems of hearing. Langer and colleagues used the
AFM tip to displace stereocilia in a way that simulates sound. They used AFM to
determine the micromechanical properties of individual stereocilia of living hair cells
(27,28). These reports laid the foundation for subsequent experiments which combined
AFM probe techniques with patch clamp to simultaneously examine the electrical

response of the cells (29).

A recent example from virology illustrates the benefit of using AFM for simulating the
dynamic environment encountered by biological systems in vivo. Kienberger et al used
MacMode® to watch the release of RNA from a type of human rhinovirus (HRV2)(30).
High resolution images of the immobilized viruses yielded height measurements around
30nm which correlated well with those previously reported in literature. It was known
before their study, that RNA is released from the HRV2 capsid in low pH conditions in
vivo. The authors were able to simulate this condition by reducing the pH of the imaging
buffer. After a period of time in the low pH buffer, RNA molecules could be seen as they
were being extruded from the viruses. The presence of RNA was confirmed by
comparing these images to those taken in buffer supplemented with RNase A. In the
latter case, the fibers believed to be RNA were not present. Based on the presence of

forklike structures at the end of fully released RNA, the authors were able to speculate



about the initial orientation of the RNA during extrusion. The ability to alter buffer
conditions during imaging permits visualization of dynamic processes and is an

important advantage of AFM.

Few areas of biological research have gained more from AFM than microbiology. The
dimensional scale of microbes restricts the application of light microscopy techniques
and the requirement for fixation in traditional electron microscopy techniques prevents
live cell imaging. AFM is uniquely positioned to overcome these limitations. For
example, high resolution AFM images have been essential in understanding the
organization of the light harvesting complex in native membranes of photosynthetic
bacteria (31). The importance of the technique for probing the physical properties and
interaction forces of microbial surfaces has also been demonstrated as well as the
advantage of integrating AFM with other techniques (32,33). In an effort to illustrate the

applicability of AFM to questions in microbiology, the following examples are given.

As the “worker molecules” in the cellular environment, proteins interact with other cellular
constituents (e.g. DNA, cofactors, proteins, lipids etc.) to perform all the activities
required to sustain the cell. Understanding their structure and localization lends insight
into their function. Soluble proteins are amenable to crystallographic structural
techniques whereas membrane-bound proteins are less so because of their tendency to
aggregate and to form a number of transmembrane helices. Therefore structural
techniques which allow for the examination of these proteins in the membrane are
important. In addition to relying on membrane lipids for structure, membrane proteins
have transmembrane helices that interact specifically with each other to maintain their
stability in the membrane. Understanding the forces required to disrupt this stability

provides important structural information and is a very active area of research today.

Bacteriorhodopsin (BR) is a light-driven proton pumping protein from Halobacterium
salinarum having 248 amino acids and 7 transmembrane helices. It is organized into
trimers which are packed into 2-dimensional hexagonal lattices. In the membrane of the
organism, these lattices form purple patches which can be isolated for study. BR
orients predictably with the same, charged end facing up when membranes are

adsorbed to freshly cleaved mica. Oesterhelt et al exploited this tendency in their AFM
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study of BR(34). After imaging the membrane, they reduced the scan size and selected
a monomer of interest. The tip was pushed into the protein to allow the protein to adsorb
to the tip. As the tip was retracted at a fixed speed, the forces between the tip and
sample were monitored. Their interpretation of the resulting force data allowed them to
conclude that the first six helices were extracted in pairs due to specific interactions
between the helices. Emphasized in this example of an AFM investigation on the
molecular scale is the ability of the technique to provide single molecule data. At this

resolution, AFM can be instrumental in understanding molecular mechanisms.

Subcellular structures of microbes can also be investigated by AFM as demonstrated by
Touhami and colleagues. They generated high resolution AFM images to characterize
the pili of a laboratory strain of Pseudomonas aeruginosa (PA01) (35). In addition, the
authors immobilized PAO1 to the cantilever and approached the mica substrate, giving
pili on the bacteria the opportunity to adhere to the mica. This setup permitted the
authors to calculate the forces required to either dissociate the pili from the mica or to
break the pili. Although the two scenarios could not be distinguished in their
experiments, the sensitivity of the AFM for force measurements is nevertheless
highlighted.

The applicability of AFM in microbiology is also demonstrated in a report on Bdellovibrio
bacteriovorus(36). This organism is a gram negative predator of other gram-negative
bacteria. The authors contend that predation behavior at interfaces (air-solid or liquid-
solid) may differ from those in solution. They simulated the air-solid interface by
growing the bacteria on sterilized, small-pore filters placed on agar plates. In some
experiments, Bdellovibrio were mixed with prey before placement onto the filters.

Using this approach, the life cycle of Bdellovibrio was imaged by AFM periodically for
several days. Key to this study was the ability of AFM to provide high resolution images
without fixation. It was previously demonstrated that Bdellovibrio invaded following a
violent collision with their prey; resides between the membranes of the prey; and utilizes
the prey’s macromolecules for growth. During this period the combined organism is
called a bdelloplast. Following nutrient consumption, the Bdellovibrio divides into

progeny cells and lyse the remains of the prey to swim away and repeat the process.



From EM studies, unaffected prey could be distinguished from bdelloplasts based on
changes in their 2-dimensional shape, but this study provided evidence that there were
also 3 dimensional changes. Specifically, bdelloplasts were shown to be “rounded up”
and smoother than uninvaded cells. The enlargement at the site of attachment had
been previously seen in EM images but researchers were unable to eliminate the
possibility that this feature was an artifact of preparation. Again, the ability to image
these cells without modification was important to the findings in this study. The authors
subsequently demonstrate that predation occurs in biofilms of E. coli (37). This finding
may have application in the treatment of ilinesses associated with biofilms given that
Bdellovibrio are harmless to eukaryotic cells. A broader discussion of the role of AFM in

biofilm research has been given (38).

Despite being a versatile technique with broad applicability in the life sciences, AFM
does have noteworthy limitations. As a surface technique, AFM cannot provide
information about intracellular constituents and their activity. Also, the maximum scan
range of the piezo scanner in the AFM is around 100um making larger cells difficult or
impossible to study with the technique. AFM imaging of rough surfaces requires slow
scan speeds (< 1 line per second) to maintain the stability of the tip and to minimize
image artifacts. Optical techniques, based on immunofluorescence labeling and
fluorescent protein expression, are well-established and complement these shortfalls
(39,40). The fact that the two imaging modes can be combined is particularly relevant

to whole cell studies.

1.2 Thesis Overview

In the 17™ century using simple microscopes, Robert Hooke and Antoni van
Leeuwenhoek were the first to see living microorganisms(41). To this date, microscopy,
albeit more sophisticated, remains essential for understanding the little creatures and
their role in human life. Genome sequencing efforts have helped tremendously in
understanding the genetic components of microbes but assigning function to gene
products is dependent on localization, trafficking, and structural studies. Modern day
microscopy techniques are compatible with these kinds of studies because spatial and

temporal changes can be monitored in living cells. Of course, biochemical techniques
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have also contributed, but they generally produce composite data which may not reflect
the physiological state of every cell. Because they are essentially a “snapshot in time”
cellular dynamics are not fully represented. Moreover, experimental conditions of these
techniques may alter the behavior of the biological component under study. For
example, proteins in vivo have a much different environment than proteins in vitro.

(proteins, cofactors, different concentrations).

The intent of this review is to convey the utility of AFM for a variety of research
applications in biology, particularly microbiology. Until the emergence of AFM,
techniques for investigating processes in single microbes were limited as were
techniques for imaging subcellular and molecular structures in microbes. While the
imaging capabilities are impressive, the ability to simultaneously generate
physicochemical data is unrivaled by other techniques. The fact that AFM can be used
in buffers or media cannot be over emphasized. It is arguably, the most appealing
feature of AFM because this provides a favorable environment for live cell imaging. The
benefit of optical microscopy in biology is also highlighted. The available options for
specifically labeling proteins of interest have been important in understanding cellular
dynamics. Because samples for optical microscopy can also be maintained in liquid, it is

suitable for complementing and validating AFM results.

This thesis work was undertaken in an effort to extend the utility of AFM for monitoring
molecular changes in bacteria. The model organism is a modified form of the bacteria:
the spheroplast. Spheroplasts are formed when the outer wall of bacteria is
enzymatically removed. Several groups have employed AFM to investigate the outer
surfaces of various bacteria but none have extensively studied the spheroplast (42-46).
Because active transport in bacteria occurs primarily in the cytoplasmic membrane,
spheroplasts are an appropriate model organism for localizing membrane proteins and
studying their mechanisms in vivo. The fact that the constituents of the outer and
cytoplasmic membranes differ significantly requires consideration in AFM studies. With
the exception of the brief discussion regarding immobilizing intact bacteria, the focus of
this study is the spheroplast, beginning with the problem of their immobilization.
Because spheroplast preparation requires the bacteria to be without nutrients for a

period of time, the issue of whether the cells remain metabolically active is confronted.
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Also, properties of the spheroplasts which impact their use in AFM-based investigations
are discovered. Finally, protein recognition on the surface of spheroplasts is
demonstrated. Together, these experiments establish a role for AFM in single cell

studies of spheroplasts of bacteria.

1.3 Intact bacteria immobilized using gelatin-coated mica

In order to image biological samples using AFM, cells and proteins must be anchored to
the substrate to prevent displacement by the scanning tip. Because the surfaces of
these samples can differ dramatically, so must the strategies for immobilization.
Immobilization procedures are established for intact bacteria and have facilitated
investigations on elasticity, adhesion, surface structure and swarming behavior (42,47-
49). Drying the bacteria to the substrate is one way of immobilizing them although cells
are apparently dehydrated during the process as indicated by their flattened or collapsed
appearance in AFM images (50). Moreover, cells immobilized this way are often not
stable when imaged in liquid. A simple and effective immobilization strategy for both
gram-negative and gram-positive bacteria is to briefly incubate a bacterial suspension on
a gelatin-coated mica surface (51,52). This technique results in isolated bacteria
distributed throughout the sample which reduces the amount of time required to find a
region of interest. The cells can be stably imaged in air or liquid, using contact or

noncontact imaging modes.

Bacterial adhesion to substrates is believed to occur in two stages: the initial, reversible
attachment and the more durable, irreversible attachment which follows (53,54). Rinsing
has been shown to displace bacteria in the earlier stages of adhesion and irreversible
attachment occurs within minutes (55). Considering that bacteria immobilized on
gelatin-coated mica can be rinsed under a stream of water without removing the bacteria
and that the bacteria are permitted to contact the surface for several minutes before
rinsing, it is speculated that bacteria in the sample prepared for AFM imaging are
irreversibly attached. Intact bacteria mounted by this method were imaged in water
using AFM or confocal fluorescence microscopy. (Figure 2) No apparent morphological
abnormalities are observed in these cells except that some E. coli cells constitutively

expressing cytoplasmic GFP (CC-GFP) are slightly elongated, compared to cells without
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the plasmid. (Note that bacterial strains used in this report and their relevant
characteristics are listed in Table 1.) In these images, bacterial cells appear to be
hydrated and measure within the expected height and length ranges. Over 350 bacteria
are seen in the 75 pm x 75 ym scan area of the AFM image. Several bacterial species,
including E. coli, bind collagen and gelatin (denatured collagen) via specific binding sites
on the intact bacterial surface (56,57). Itis likely that these binding sites, along with
electrostatic and hydrophobic interactions, contribute to retaining bacteria on gelatin-
coated substrates. Given its effectiveness, gelatin-coated mica is the substrate used for

immobilizing the intact bacteria in this thesis.
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Chapter 2

Mounting E. coli Spheroplasts for AFM imaging

This chapter is a combination of two papers published in the journal Ultramicroscopy
which address the issue of immobilizing bacteria for imaging by AFM. The first paper
entitled “Mounting E. coli Spheroplasts for AFM imaging” was authored by Claretta
Sullivan, Jennifer Morrell, David Allison and Mitchel Doktycz (58). The second paper
entitled “Comparison of the Indentation and Elasticity of E. coli and its Spheroplasts by
AFM” was authored by Claretta Sullivan, Sankar -, Scott Retterer, David Allison, and
Mitchel Doktycz (59).

Data, images, and text relevant to immobilizing bacteria have been included from both
papers. Images are presented in color where they were published in black and white.
Text has been edited in such a way to prevent redundancy and to provide continuity. In
both papers, co-authors graciously provided direction, reviewed the data and
manuscripts, responded with feedback and offered editorial comments. Under their
guidance, | selected the topic, performed the experiments, analyzed the data, conducted
the necessary literature review and drafted the manuscripts.

2.0 Introduction and Significance

Ongoing genomics and post-genomics-based studies are providing complete inventories
of the molecular components that constitute biological systems. Deducing function,
however, is more complex and requires complementary techniques that identify and
characterize these systems at the molecular and cellular level. One significant challenge
is characterizing the large fraction of the proteome (on the order of 25-30%) that is at or
near the cell membrane. Biochemical techniques and prediction programs are used
routinely for predicting the topology of transmembrane proteins. For 3-dimensional (3-
D) structural analysis, crystallography remains the premier, high resolution technique.
Unfortunately, hydrophobic stretches of amino acids, typically found in membrane
proteins, impair their ability to form 3D crystals. Furthermore, the relatively large
quantities of protein required for crystallography can be difficult to generate with
membrane proteins. The problem lies in the fact that lipids provide a necessary
framework for the structure and function of membrane proteins but they must be
removed for crystal formation. Other techniques in membrane protein dynamics allow
lipids to be present but require isolation of the proteins from cellular membranes and
subsequent reconstitution into model lipid bilayers. After this potentially long and tedious

process, the structure and function of the reconstituted protein can differ from that of the
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native one. Alternative techniques which can improve the efficiency with which
membrane proteins can be studied are of great interest to membrane biologists.
Published work has already shown the potential of AFM to be a valuable tool in this
regard (60). In addition, the technique has been used for investigating adherent
eukaryotic cells (14,61-63) and immobilized microbes (43,64-67).

The small size of bacterial cells presents unique problems in imaging when compared to
eukaryotic cells. AFM overcomes limitations in spatial resolution associated with optical
microscopy and is therefore emerging as an important research tool in microbiology (68).
Although high-resolution imaging of bacteria is possible with electron microscopy (EM),
cells traditionally must be fixed with cross-linking agents and imaged under vacuum,
conditions that prevent imaging of live cells. In contrast, live cells can be imaged under
physiological conditions with nanometer resolution using AFM. In addition to recording
cell morphologies, surfaces can be probed by the AFM stylus to reveal structural and
physicochemical properties not accessible via other microscopy techniques. Such data
have yielded important insights concerning turgor pressure in magnetotactic bacteria

and surface proteins in lactic acid bacteria. (66,67).

Another impediment in working with gram-negative bacteria is that they contain a cell
wall that restricts access to the cytoplasmic membrane (69). As the selective barrier for
the cell, the cytoplasmic membrane is the location of transporters, channels and other
proteins whose function is to judiciously exchange materials between the cell and its
environment (70). Understanding the structure, function, and organization of these
proteins has implications for rational drug design, bioengineering and biotechnology (71-
74). Given the difficulty of working with membrane proteins, and the capabilities of
AFM, experiments to examine the cytoplasmic membrane of gram negative bacteria
were targeted. Before such experiments could be conducted however, consideration

was given to the surfaces of the bacteria involved.

Like other gram negative bacteria, the cell wall of E. coli includes an outer membrane
(with appendages such as fimbriae, pili, and flagella), peptidoglycan and periplasmic
space. (Figure 3) Lipids of the outer membrane are asymmetrically arranged in such a

way that lipopolysaccharides (LPS) are primarily in the outer leaflet and phospholipids
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make up the inner leaflet (75-77). Each LPS molecule is made of lipid A, a core
polysaccharide, and an O-antigen. The lipid A region of each molecule contributes six or
seven saturated fatty acid chains to the hydrophobic core of the bilayer. This saturation
significantly reduces the fluidity of outer leaflet. The core polysaccharide region has
been shown to be anionic and requires divalent cations to remain in the bilayer.
Molecular dynamics simulations demonstrate that the integrity of the outer membrane is
dependent on these cations mediating the significant repulsive forces between
neighboring LPS molecules (78). The terminating and hydrophilic O-antigen is the most
variable portion of the LPS. Its polysaccharide repeats vary in composition, order and
structure. Itis also characteristic for a given strain of bacteria. This complexity in the
outer membrane maximizes its ability to serve as a protective barrier for the bacteria
against hydrophobic antibiotics, bile salts, detergents and other detrimental substances.
(Figure 4)

The periplasmic space is the gel-like portion of the cell wall which is between the outer
leaflet of the cytoplasmic membrane and the inner leaflet of the outer membrane (79). It
contains the peptidoglycan, the rigid structure which confers the shape of the bacteria.
The peptidoglycan also mediates osmotic stress as the bacteria navigate environs with
differing osmolarities. The repeating unit of the peptidoglycan is generally made of a
disaccharide of N-acetylglucosamine and N-acetylmuramic acid and a peptide
containing L-alanine, D-glutamic acid, meso-diaminopimelic acid and D-alanine (80,81).
The sugars alternate to form the backbone of the polymer and are connected via a 1—4
glycosidic bonds. The peptide is attached to the muramic acid and extends away from
the glycan chain. (Figure 5) Although considerable debate surrounds the orientation of

the glycan chains in the bacteria, the molecular constituents are not disputed (1,82,83).

Gram-negative bacterial cell walls can be removed enzymatically by treatment with
lysozyme and ethylenediaminetetraacetate (EDTA) to allow access to the cytoplasmic
membrane (84). Lysozyme cleaves glycan polymers at the glycosidic bond of N-
acetylmuramic acid residues and quantitatively produces disaccharides (85). On the
other hand, EDTA chelates the divalent ions between LPS molecules in the outer cell
membrane (86-88). The combination of lysozyme and EDTA therefore leads to the

degradation of the cell wall structure. The resulting spheroplasts are osmotically
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sensitive but believed to be viable (84,89-91). They can be maintained in sucrose
containing buffers which maintain osmotic balance and can be grown in broth where
they retain a uniformly spherical shape. This uniformity is lost when the spheroplasts
are grown on soft agar, a characteristic attributed to differences in local stresses
provided by the agar (92,93). Nevertheless, specialized growth conditions have been
formulated for their long term propagation in vitro (94-96). Spheroplasts of various
bacteria have proven to be useful research models to study mechanosensitive ion
channels, lipopolysaccharide translocation, solute uptake, and the effects of

antimicrobial agents (97-101).

From a biomedical perspective, clinical and histological studies revealed that bacteria
without cell walls, known as cell wall deficient (CWD) forms, are present in human
diseases including Lyme disease, Crohn’s disease, endocarditis, acute coronary
syndromes, sarcoidosis, osteomyelitis, arthritis, inflammatory bowel syndrome, and
meningitis (102-104). Complications in bone marrow transplants and disease treatment
as a result of antibiotic resistance have also been associated with CWD bacteria (103).
In plant biology, cell wall deficient bacteria have been used as plant biocontrol agents as
they can form symbiotic relationships with plants (94). Conventional genetic techniques
can not distinguish between CWD or spheroplasts and their intact counterparts because
they are genetically identical. In this case, alternative imaging techniques may provide
the best opportunity for characterizing the organisms. Electron microscopy has played
a significant role in characterizing these organisms as spherical with a single,
cytoplasmic membrane (84,96,103-106). Although high resolution imaging is possible
with EM, the requirements for fixation and staining of samples for image contrast
severely limits the study of living organisms. AFM would be an attractive technique for
studying these organisms because they could be maintained and imaged in
biocompatible conditions. Moreover, AFM is capable of simultaneously achieving
nanometer spatial resolution and piconewton force detection allowing for detailed studies
of cell surface morphology and monitoring of cell-tip interactions. This capability has
been used to measure cell elastic and structural properties, identify specific molecules in
the membrane of living cells, and to measure binding affinities at the single molecule

level (107-114). It is expected that the approaches described in this thesis for imaging
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spheroplasts by AFM would also be relevant to investigations of other cell types

including CWD forms.

Immobilization of spheroplasts is a prerequisite for AFM-based imaging studies intended
to characterize membrane transporters and other cytoplasmic membrane constituents
(e.g. phospholipids, lipid rafts, membrane-associated proteins). Otherwise, forces
generated by the tip during scanning could displace the cells. Further, physical access
to the cytoplasmic membrane of immobilized spheroplasts facilitates experiments that
can determine protein location, charge contributions and interactions with proteins or
other molecules tethered to the AFM probe (12,110,111,115-117). Adhesion molecules,
present on the exposed surfaces of intact bacteria, likely account for their immobilization
on the gelatin-treated substrate (118,119). The absence of these molecules
necessitates alternative strategies for immobilizing the spheroplasts for AFM imaging.
Despite their relevance as model organisms in biomedical research, spheroplasts and
CWD forms have yet to become the subject of extensive AFM investigations. While
procedures for making spheroplasts have been established for decades, immobilizing
them for microscopy studies has only recently become a requirement. Described in
this chapter, are immobilization techniques for spheroplasts in appropriate buffer
conditions which allow stable AFM imaging of the cells. A comparable effectiveness for

immobilizing CWD is also generally proposed.

2.1 Spheroplast Immobilization using warm gelatin

The major transport proteins in bacteria localize to the cytoplasmic membrane, a surface
normally not exposed due to the presence of the outer cell wall. Therefore,
characterization of proteins in this membrane by AFM requires removal of the outer wall
using a spheroplasting procedure that renders the cells osmotically sensitive (84). When
these spheroplasts were immobilized using the protocol designed for intact bacteria,
stable imaging was not possible (Figure 6). Instead, the spheroplasts appeared to move
from their original position and change morphology after multiple scans due to force
interactions with the cantilever tip. These findings are similar to behavior described for
Deinococcus geothermalis in which a firm but slippery attachment was found to exist

when these microbes were attached to stainless steel and imaged in water (120). The



18

observation that spheroplasts are not securely immobilized using this method is likely
due to different, less stable interactions between gelatin-coated mica and the
cytoplasmic membrane which lacks the surface proteins, lipopolysaccharides and pili
thought to contribute to immobilization of intact bacteria. For this reason, it was

necessary to find an alternative method for immobilizing spheroplasts for AFM studies.

Techniques for immobilizing spherical yeast cells have been published which involve
stabilizing the cells in agarose or trapping them in the pores of a filter membrane before
imaging (121,122). (Notably, the filters are effective for spherical cells but not for rod-
shaped cells(32).) Although yeast cells and bacterial spheroplasts are both round, yeast
cells are significantly larger, have a rigid cell wall, and are less fragile than spheroplasts.
Attempts to trap the spheroplasts in the pores of membranes were unsuccessful,
possibly because the flexible cell membrane allows many spheroplasts to compress and
pass through the filter. This idea is supported by the finding that CWD forms are able to
penetrate filters having only 220nm pores (104). Confocal microscopy images show that
some spheroplasts are retained in membrane (Figure 7a,b). However, these cells could
not be seen in AFM experiments (Figure 7c,d). This is probably because the height of
the filter (7-22um according to the manufacturer) causes many of the spheroplasts to be
buried within the membrane. There were areas on the surface of the membrane
suggested, by the contrast in the image, to be different (arrows). These may be
spheroplasts but the rough topography of the filter surface prevents a clear

determination. This approach was not pursued further in this study.

Instead, a method was developed in which a small volume of warm gelatin is applied to
a freshly cleaved mica surface followed immediately by addition of the spheroplast
suspension. After a brief period of incubation, the spheroplast sample can be stably
imaged for several hours in a 0.25M sucrose solution which prevents rupture of the
osmotically sensitive spheroplasts. Unlike the rod-shaped intact E. coli cells, the more
than 125 spheroplasts in the 75 pym_75 um scan area are clearly round and measure 1—
3 um in diameter (Figure 8a), consistent with published measurements (84,90). To
address whether this method resulted in stable immobilized cells, multiple sample
preparations were scanned repeatedly without any apparent movement of spheroplasts.

The outcome of such an experiment is given in Figure 8b —e. Repeated scans of two
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spheroplasts, made over a period of 3 hours, result in no detectable changes in
spheroplast morphology or height measurement, indicating the usefulness of this
technique for stabilizing spheroplasts for AFM imaging. Height measurements varied
considerably between individual spheroplasts, ranging from 10 to 250nm (Figure 8d, e
and data not shown). These differences could be explained by either dehydration or by
entrapment of spheroplasts at different depths in the gelatin layer. To confirm that the
spheroplasts are not lysed in the gelatin, z-series optical sections were collected from
cells expressing GFP using confocal fluorescence microscopy (Figure 9a). This
experiment confirms that the spheroplasts are indeed spherical and are arranged at
varying heights within the gelatin layer (Figure 9b). Thus, apparently only a portion of
the spheroplast surface is accessible for characterization using AFM (Figure 10). A
model describing the process by which gelatin associates from individual single stranded
coils into a fibrous network and its dependence on concentration and thermal history has
been published (123). Further, AFM-based investigations produced images of
intermediate steps throughout this gelation process (124). Although the time scale in
which these experiments were performed precludes visualization of a fibrous gelatin
network, it is likely that an underdeveloped network is involved in the immobilization of

spheroplasts via an entrapment mechanism.

Although spheroplasts having the expected morphology could be seen in samples
prepared as described, occasionally spheroplasts with irregular boundaries and “lumpy”
surfaces could also be seen. (Figure 11) This observation raises questions about the
affect the gelatin temperature might have on the cell. It is possible that some cells were
damaged in spite of appearing to be normal in the AFM images. Did membrane lipids
undergo a change due to the temperature of the gelatin? Might folding of the membrane
proteins and their function also be affected by the elevated temperature? Additionally,
the possibility that a thin layer of gelatin remains on the surface of the spheroplasts
cannot be eliminated. In view of these observations, alternate strategies which do not

involve the use of warm gelatin were developed for immobilizing spheroplasts.
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2.2 Immobilization using mica pretreated with APTES/glut

It was demonstrated through confocal microscopy that using warm gelatin to immobilize
spheroplasts results in some of the spheroplasts becoming embedded in the gelatin to
various depths. It is possible that gelatin masks the surface of the spheroplasts
preventing direct contact between the tip and the cell. Furthermore, the temperature of
the gelatin may affect the characteristics and integrity of the membrane and its proteins.
Therefore an alternative immobilization technique that allows for rapid, facile mounting of

cells and increased accessibility to the cantilever was pursued.

Glutaraldehyde is one of several cross-linking agents used in light, electron and atomic
force microscopy. It is a small molecule able to crosslink the free nitrogens of the amino
acids of proteins with the aldehyde groups on both ends of the glutaraldehyde molecule
(125). Wang et al reported that mica pretreated with aminopropyltriethoxysilane and
glutaraldehyde (APTES/GIut) was an effective substrate for immobilizing and imaging
chromatin using AFM (126). The immobilization of chromatin was believed to result from
interactions between proteins on the chromatin and the treated substrate. Adapting this
procedure, an aliquot of a spheroplast suspension was applied to APTES/Glut treated
mica. Figure 12 is a schematic of what is believed to occur. Amino groups on the
surface of the substrate (resulting from APTES deposition) are crosslinked by
glutaraldehyde to the amino groups of various proteins on the bottom of the
spheroplasts. Conceivably, only the surface of the spheroplast in contact with the mica
surface is affected by the crosslinking, leaving the exposed surface both in its native

state and accessible to the tip.

The images shown in Figure 13 indeed show that spheroplasts can be immobilized on
APTES/glut substrate and imaged in buffer. As with the previous method, the cells are
distributed throughout the surface. Although the cells are clearly anchored to the
substrate, the topograph image shows that their shape tends to follow the direction of
the scan. (Figure 13a arrows). Distinct features of the cell surface cannot be resolved
even after reducing the scan size to approximately 1um. (Figure 13b,c). This suggests
that the surface complies substantially during imaging due to the absence of the

mechanical support provided by either the gelatin matrix or the peptidoglycan. The
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condition of the cell gradually declines over time, perhaps because membrane
constituents are accumulating on the tip. Altogether, these observations indicate that
more tip-sample interactions occur during scanning when spheroplasts are mounted on
APTES/glut substrates, further substantiating the argument that access of the tip to the
sample is umimpeded. The irregularly shaped cells with the lumpy surfaces (seen with
the warm gelatin immobilization) do not occur with the APTES/glut substrate. This is
attributed to the fact that the temperature of the sample was never elevated beyond
ambient air temperature. Finally, CC-GFP E. coli were mounted on APTES/glut surfaces
and imaged by confocal microscopy to demonstrate that this mounting procedure is
compatible with light microscopy techniques. (Figure 14a). With this finding, validation
experiments can be conducted across microscopy techniques using the same sample

preparation.

That the interaction between the glutaraldehyde and the surface proteins is nonspecific
suggests that the APTES/glut surface could also be used to secure spheroplasts of other
bacteria. To test this possibility, spheroplasts were generated using Pseudomonas
aeruginosa. Note, the spheroplasting procedure was the same as the one used for E.
coli except that a higher concentration of lysozyme was required. As can be seen in
Figure 14b, the spheroplasts of P. aeruginosa are immobilized as well as those of E.

coli. Repeated attempts to apply the strategy to intact E. coli were unsuccessful. It may
be that the motility of the bacteria interferes with the ability of glutaraldehyde to crosslink

the cells.

In summary, adhesion proteins associated with the outer surface and pili of E. coli are
likely contributors to the immobilization of the intact bacteria on gelatin-coated mica. In
order to study bacterial cytoplasmic membrane proteins by AFM, access to the
cytoplasmic membrane can be achieved by removing the outer cell wall from the
bacteria. However, simple adhesion of spheroplasts to a gelatin surface does not occur
as it does for intact bacteria. Entrapment of spheroplasts by applying a warm layer of
gelatin is shown to be one immobilization strategy. Upon cooling, gelatin molecules
reassociate in an effort to reform collagen fibers, and these gelation intermediates are
believed to entrap the spheroplasts, stabilizing them for AFM imaging. The degree of

entrapment varies for the spheroplasts, and some are buried below the gelatin matrix.
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Local probe techniques such as AFM rely on the tip having access to the surfaces being
examined. For cellular imaging, this requires that sample preparation include a way to
secure the cells to the substrate and simultaneously retains the tip’s access to the
surface. While the warm gelatin immobilization meets the first condition, the strategy
could not satisfy the second. A preferred approach is to modify the substrate with amino
groups then crosslink the cells to the surface using glutaraldehyde. In this way the cells
are securely fastened to the substrate. Additionally, the cytoplasmic membrane surface
closest to the tip is unaffected by the fixation that influences the membrane contacting
the substrate. This is a robust method of immobilization as the cells are not displaced
during repeated scanning. The inability to discern membrane features however, implies
that the cytoplasmic surface is very pliable and may present challenges for generating

high resolution images.
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Chapter 3

Assessing Metabolic Activity in Immobilized
Spheroplasts

"By the means of Telescopes, there is nothing so far distant but may be
represented to our view; and by the help of Microscopes, there is nothing so
small as to escape our inquiry; hence there is a new visible World discovered to
the understanding." Robert Hooke, 1665. Quoted by Gest, H. (2004) Notes and
Records of the Royal Society 58(2), 187-210.

3.0 Introduction

Cells are sustained by a variety of metabolic pathways which transport nutrient
molecules into the cell and waste products out of the cell. In bacteria, these processes
are controlled by feedback mechanisms which convey the environment’s suitability for
providing the nutrients needed by the bacteria for survival (127,128). The cell responds
to this input in ways that optimize transport of substrates in or out of the cell as
appropriate. Responses may include chemotaxis, increased synthesis of transport
molecules, allosteric changes in binding proteins and repression of proteins that inhibit
transport. The ability to routinely follow these responses in living cells, in real time, on
the molecular scale would be a significant advancement in microbiology. Optical and
atomic force microscopies have been important techniques for protein localization and
investigating the surface properties of bacteria (109,129-131). Combining the
techniques has the potential to facilitate molecular systems level questions. These
techniques are particularly attractive because they allow cells to be imaged in buffers
and media (i.e. without harsh fixatives which eliminate the possibility of viewing live

cells).

Whether metabolic processes continue to function during imaging-based investigations
is fundamentally important yet many AFM-based studies of bacteria do not address this
question directly. Reasonably, viability can be assumed when logarithmic phase cells
are imaged shortly after being taken out of growth media. The generation of the
spheroplasts and the mounting procedure are executed in buffers (not media) and can

take several hours. This lengthy sample preparation protocol raises questions about the
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condition of the organism during imaging. The goal of this chapter is to demonstrate that
metabolic pathways are active in the immobilized spheroplasts, making them suitable
organisms for live cell imaging-based investigations of dynamic processes. To begin,
the condition of the spheroplasts after immobilization is determined by evaluating
membrane integrity, metabolic activity, the potential for increasing cell mass and protein
synthesis. These measures aid in assessing cell condition and molecular system

function after mounting.

3.1 Cell Condition

Live cell imaging makes it possible to monitor dynamic processes in real time. While
mounting intact bacteria for imaging can be accomplished in a short time, several hours
are required to complete the sample preparation protocol for spheroplasts. This can be
significantly longer than the generation time of the cells. The lengthy sample preparation
and the fact that stationary phase bacteria were used, raises questions about the
condition of the spheroplasts during imaging. Itis believed that attachment to surfaces
in biofilms benefits intact bacteria because nutrients are concentrated at the membrane
(132,133). Constituents of the E. coli cytoplasmic membrane are primarily phospholipids
and proteins, making the surface of the spheroplasts markedly different from the intact
bacteria surface which presents lipolysaccharides in addition to proteins and
macromolecular structures specifically used for adhesion (134-136). Do these
differences in membrane components affect how nutrients are concentrated on the
spheroplasts surface? Does direct contact of the cytoplasmic membrane with the
substrate have an unexpected affect on the metabolism of the organism? In the
absence of shaking in the incubator, is the diffusion of carbon sources to the bacteria
and waste products away from the bacteria sufficient to sustain growth? While these
questions are not answered directly in the current study, they do justify questioning the

metabolic condition of the immobilized spheroplasts.

Unlike higher order mammals where heart rate and brain activity might be used to
determine whether animals are living, viability in microorganisms is less clear and
sometimes controversial (137,138). Viability studies of intact bacteria have been

reviewed and are based on a variety of strategies (137,139,140) Researchers
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commonly use the ability of laboratory strains of bacteria to form colonies on agar plates
as criteria for viability (141,142). This test however can lead to false negatives due to
the limited number of culture conditions typically used. That is to say, some cells require
special conditions (e.g. nutrients, temperature, longer time etc.) to grow colonies.
Varying these conditions can be time and labor intensive. Furthermore, depending on
the application, it may be important to distinguish between colonies originating from
damaged cells and healthy cells (138). Some researchers have used membrane
integrity as criteria for viability (143-147). A limitation of this approach is the false
positives which occur when membrane integrity persists in the absence of metabolic
activity. In addition to viability studies for intact bacteria, there are studies that correlate
the viability of spheroplasts suspended in media containing penicillin with an increased
cell mass, RNA, DNA and B-galactosidase synthesis (91,93,148,149). The current
paper presents evidence of spheroplast metabolic activity after the mounting procedure

described above.

Live/Dead® BacLight™ is a commercially available viability assay which is based on two
nucleic acid stains, SYTO9 and propidium iodide. SYTQO9 is able to freely cross the cell
membrane and has a moderate binding affinity for DNA. The quantum yield of SYTO9
increases dramatically upon binding to DNA (147,150). On the other hand, propidium
iodide (PI), which can only cross porous membranes, has a higher affinity for DNA.
Whether Pl displaces SYTQO9 upon binding or an energy transfer occurs between the
two fluorophores is controversial but researchers agree that red fluorescence indicates
that membrane integrity has been compromised resulting in Pl having access to
intracellular DNA (150) . On the other hand, green fluorescence indicates that Pl has

been excluded by a functioning, intact membrane.

The Live/Dead® BacLight™ assay was applied to 1108 and EH strains of E. coli. These
strains were selected in anticipation of later experiments to study the glucose
transporter. In E. coli, the uptake of glucose is mediated specifically by enzymes EII°°
and EII™" of the phosphotransferase system (151,152). The 1108 strain expresses
endogenous ptsG, the gene that codes for EII®° as well as a second copy of ptsG from
a plasmid. The EH strain only expresses the endogenous ptsG gene. Both intact and

spheroplasts forms of the bacteria were immobilized and tested. Additionally, a mutant
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strain, ZSC112AG (AGluc), defective in glucose uptake has been previously described
and was also tested (151). The results are shown in Figure 15 where both SYTO9
(green) and PI (red) labeled cells are present in the samples. The maijority of the cells
are only stained with SYTO9, suggesting that most of the cells have retained membrane
integrity. The intact cells were harvested from logarithmic phase cells, and as expected,
dividing cells can be seen within the sample. (Figure 15a,c,e) When this same assay
was applied to spheroplasts of E. coli, again the majority of the cells were only labeled
with the SYTO9. (Figure 15b,d,f) The varying shades of green supports the conclusion

that both dyes can be present within a single cell.

3.2 Determination of Metabolic Activity

To determine whether the cells were metabolically active, additional experiments that
examined metabolic uptake were conducted. A commercially available, fluorescently
labeled glucose molecule, 2NBDG, has been used to demonstrate metabolic activity
based on specific uptake in viable E. coli and the lack of uptake in ethanol killed cells
(153). The approach for the current study was to test for 2NBDG uptake in 1108, EH and
AGluc strains of E. coli. As before, both intact and spheroplasts forms of the bacteria
were tested. The results are shown in Figure 16 and Figure 17. Both the intact E. coli
and the spheroplasts of the 1108 and EH strains are able to take up the fluorescent
analog. As predicted, neither the intact bacteria nor the spheroplasts of the AGluc show
the fluorescent staining that would indicate glucose uptake. Although the transmission
image shows that the cells are present, the absence of fluorescence confirms the cells’

inability to take up the labeled glucose. (Figure 16e,f and Figure 17e,f)

A concern with this assay is the possibility of glucose entering a compromised cell
nonspecifically, resulting in false positives. This is a particular concern for spheroplasts
because the only barrier to the glucose is the cytoplasmic membrane. In order to
address this issue a combination of fluorescently labeled glucose and propidium iodide
was used. In principle, the cells which retain specific glucose transport capability will be
green as a result of 2NBDG uptake. As before, those cells with compromised
membranes will be red because of propidium iodide binding intracellular DNA. As seen

in Figure 18a-d, the expected results were observed. In both the intact cells, there are
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clearly two populations of cells — green and red. The green indicates that the glucose
was able to enter the cells through the glucose uptake pathway and the red represents

those cells which have sustained membrane damage.

As a general rule, microbes carrying genetic mutations are not distinguishable in the
commercial Live/Dead® BacLight™ assay. As a result, researchers have resorted to
using cells either killed thermally, chemically or with UV radiation as controls
(145,147,154). Ethanol killed E. coli have also been used as the control in 2NBDG
assays (155). Such controls introduce another variable into the experiment which may
adversely affect the outcome. In contrast, the combination of using propidium iodide,
2NBDG, and AGluc cells avoids this problem because all cells are treated identically.
The inability of the AGluc cells to take up 2NBDG means that they only become
fluorescent when the propidium iodide breaches the cell membrane. (Figure 18e,f) This
is especially valuable for the spheroplasts studies for which lysis, the primary method
used for disruption of function, is undesirable. One disadvantage of using 2NBDG with
Pl is that the fluorescence of the 2NBDG does not persist as long as the SYTQO9 stain.
This observation may be due to bleaching effects or because the glucose is metabolized

in such a way that it loses fluorescence (156).

Images from Live/Dead® BacLight™ and the glucose propidium iodide assays were
further compared. Cells from 7 distinct fields were counted and scored as either green
orred. The results are shown in Table 2. Additionally, AFM images were generated on
fixed samples of the spheroplasts imaged in air and in contact mode. (Figure 19)
Presumably cells with stable membranes would retain their spherical shape (i.e.
increased height) upon fixation whereas lysed cells would appear significantly flattened
in the AFM image. Indeed the images support this idea because two populations of cells
are found in the image. The pyramidal appearance of some cells is an imaging artifact
that occurs due to cell height and tip geometry (157). Eleven fields from AFM images of
fixed spheroplasts were evaluated for spherical and flat cells. (Table 2) Strikingly, the

three assays yield very similar proportions of live and dead cells.

A spheroplasted cell’s ability to increase its overall mass is another indication of

continued metabolic activity. To test whether the spheroplasts retained this capacity
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after mounting, spheroplasts were incubated overnight in media doped with penicillin G.
Previous reports demonstrated that the bacteriocidal effect of penicillin stems from its
ability to make the cells vulnerable to lysis due to impaired cell wall synthesis
(149,158,159). Literature reports further demonstrate that cells survive as long as an
osmoprotectant environment is provided (160). Using a strain of E. coli which
constitutively expresses cytoplasmic GFP (CC-GFP), it was noted that the diameters of
the spheroplasts at time 0 and time = 3.5hr did not differ from the normal range of 1-2um
(Figure 20a,b). In contrast, diameters of 6 of 23 CC-GFP cells in the field examined
after overnight incubation in LB/penicillin media were increased to as much as 5um,
supporting the hypothesis that spheroplasts are metabolically active after mounting
(Figure 20c). The fraction of cells with the larger diameter was consistently less than
the fraction of cells indicated to be metabolically active in Table 2. Cells immobilized at
various stages of cell division may account for this discrepancy. The media from the
overnight sample is always turbid and intact bacteria can be isolated from the media.
This indicates that a population of cells undergoes normal division. Whether the rare
intact cells within the spheroplasts suspension are dividing or whether spheroplasts less
susceptible to the effects of penicillin have produced reverted progeny was not
determined. In some cases, the smaller spherical cells appear to be associated with the
larger ones. (Figure 21) This association may result from the cell’s incomplete
separation from the parental cell. Gram negative bacteria are known to produce outer
membrane vesicles (75,161). It is possible that the larger diameters are associated with
CC-GFP cells whereas the smaller diameters belong to membrane vesicles that have
been immobilized on the surface. Further experiments are required to determine
definitively the nature of these two populations. The overnight samples were fixed in
0.5% glutaraldehyde and imaged with AFM to confirm the changes in diameter (Figure
22).

Another demonstration of metabolic activity is protein synthesis. Additional experiments
were conducted on a strain of E. coli expressing cytoplasmic GFP under arabinose
inducible conditions (AI-GFP). A plasmid containing the gene was transformed into E.
coli. Spheroplasts of the cells were generated which were subsequently mounted on
the APTES/glut surface as previously described. The cells were then incubated for two

hours in a recovery broth (0.25M sucrose, 0.01M MgSO,, 500units/ml penicillin G in LB,
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selective antibiotic). Components of the broth prevent lysis, provide nutrients and inhibit
the renewal of the peptidoglycan. Attime = 0, these Al-GFP spheroplasts were only
detectable on the transmission channel. (Figure 23 a,b) The broth was subsequently
replaced with fresh recovery broth supplemented with 0.2% arabinose and incubated for
an additional 2 hours. The addition of arabinose in the media prompted synthesis of
cytoplasmic GFP as seen in Figure 23c,d. Similarly treated cells which were incubated

in only fresh recovery broth did not fluoresce (data not shown).

Optical and atomic force microscopies allow imaging of microbes in buffers and media
preserving the dynamic state of the organisms. The sample preparation required for
imaging varies in severity and length depending on the technique to be used and
whether intact or spheroplasts of the bacteria are to be investigated. While sample
preparation for intact bacteria can be completed in less than an hour, preparing a
sample of spheroplasts requires several hours. In the case of intact bacteria, when cells
are clearly dividing (as indicated by septum formation), viability is generally assumed.
On the other hand, spheroplasts of bacteria do not have the telling septum and viability
after the extensive sample preparation procedure is a legitimate concern. The aim of
the experiments in the current chapter was to determine whether spheroplasts of E. coli
retain indicators of viability after the mounting procedure for AFM. A variety of
complementary imaging-based assays provide evidence of metabolic activity, membrane
integrity, increasing cell mass and protein synthesis. Together these results make a
compelling case for the cell’s ability to maintain metabolic systems under stress and give
confidence and significance to findings based on the sample preparation described
herein. Further, the data also demonstrates the importance of robust sample

preparation techniques in facilitating single live cell imaging studies.
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Chapter 4

Comparing the Elasticity of Intact E. coli and its
Spheroplasts

Hooke's description of blue Mould: "The whole substance of these pretty bodies
was of a very tender constitution, much like the substance of the softer kind of
common white Mushroms, for by touching them with a Pin, | found them to be
brused and torn" Robert Hooke, 1665. Quoted by Gest, H. (2004) Notes and
Records of the Royal Society 58(2), 187-210.

This chapter is a portion of a manuscript published in the journal Ultramicroscopy which
compared the elasticity of bacteria with the elasticity of its spheroplasts. The paper
entitled “Comparison of the Indentation and Elasticity of E. coli and its Spheroplasts by
AFM” was authored by Claretta Sullivan, Sankar Venkataraman, Scott Retterer, David
Allison, and Mitchel Doktycz (59).

Data, images and relevant text have been included. Images are presented in color
where they were published in black and white. Introductory statements have been
added and text has been edited in such a way to prevent redundancy and to provide
continuity. My co-authors graciously provided direction, reviewed the data, responded
with feedback and offered editorial comments. Under their guidance, | selected the
topic, performed the experiments, analyzed the data, conducted the necessary literature
review and drafted the manuscript.

4.0 Introduction

Previously, sample preparation protocols were established which allowed routine
mounting of spheroplasts of bacteria for AFM imaging. An important next step is to
begin to understand the surface of spheroplasts as researchers report that mechanical
properties of biological samples influence the resolution of the technique (162-169).
Indeed, the images produced are a convolution of the mechanical properties of the
sample, tip geometry, and interactions between the sample and tip. Spheroplasts have
neither the mechanical support provided by the LPS and peptidoglycan of intact bacteria
nor the cholesterols and actin networks which contribute to cellular tone in eukaryotic
cells. Constituents of the E. coli cytoplasmic membrane are primarily phospholipids and
proteins, making the surface of the spheroplasts markedly different from the intact

bacterial cell (134-136). The peptidoglycan together with the tightly associated LPS
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molecules (which limit the fluidity of the outer membrane) are predicted to result in the

outer cell surface having a different response from those that have been spheroplasted.

In addition to being a high resolution imaging technique, AFM can be used to assess the
nanomechanical property of biological samples (170-172) . This is accomplished
through the use of force distance curves which record vertical cantilever deflection as
the vertical piezo moves the AFM tip toward the surface, makes contact with the surface,
and is retracted from the surface. (Figure 24) These curves can be used to measure
surface indentation and elasticity. As the AFM tip is moved into and out of proximity of a
surface, the cantilever deflects in proportion to the forces that result from interactions
with the surface. The deflection of the cantilever is recorded as output voltage by
measuring the change in the position of a reflected laser spot on a photodiode. After
contact on a relatively hard surface such as mica, cantilever deflection (voltage) is equal
to piezo movement (distance). Consequently, this voltage to distance relationship can be
used to convert voltage to tip displacement in nanometers. To make the conversion, the
slope of the force distance curve in the region after contact is determined; voltage values
along the curve are multiplied by the inverse of this slope; and the curve is plotted again
using the original x values and the converted y values. In the resulting curves, vertical
movement of the tip approaching, contacting and retracting from the surface is recorded
on the X axis in nanometers while deflection of the cantilever is plotted in nanometers on

the Y axis.

AFM force-distance curves have been used to determine the elasticity of mammalian
cells in the context of understanding associated physiological changes and motility
(62,169,173,174). Other researchers investigated cellular elasticity as it relates to
microbial adhesion and physiology (67,108,175). Posed here, however, is the question
of how the spheroplasts respond mechanically to AFM imaging compared to intact
bacteria as this can have important consequences on imaging resolution. To address
this question, indentation and elasticity were measured on intact E. coli, glutaraldehyde

fixed spheroplasts and untreated spheroplasts of E. coli.
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4.1 Considerations for Successful Imaging of Spheroplasts

Given the effective immobilization techniques for spheroplasts described previously, this
section addresses aspects of imaging that are impacted by the cantilever. Although “tip”
and “cantilever” are often used interchangeably, their distinction is useful in the context
of this discussion. The sharp tip, which contacts the sample during imaging, is mounted
on a flexible cantilever. The laser beam, used to monitor deflection, is reflected from the
back of the cantilever to the photodiode. The choice of cantilever is an important one
and requires consideration because they vary in material, size and shape. Tip geometry
is also a variable. These features together determine the mechanical forces imposed on
the sample during imaging. Commercially available silicon cantilevers are stiffer than
their silicon nitride counterparts. High aspect ratio tips which have a smaller radius of
curvature are better for imaging rigid samples with tall features but they are costlier and
more fragile than low aspect ratio tips. On the other hand, the blunter silicon nitride tips
may avoid puncturing fragile, tall samples such as cells. To illustrate the importance of
cantilever selection, intact E. coli were imaged using a type Ic silicon Maclever.
According to the manufacturer, this cantilever has an estimated spring constant of 0.6
nN/nm but the spring constant is known to vary from 0.15nN/nm to 1.5nN/nm. The
cantilever tip radius of curvature is said to be less than 10nm. As shown in Figure 25a
and b, MacMode imaging with the type Ic Maclever provides acceptable images of intact
E. coli. However, when the cantilever was moved to a location on the bacteria and
repeatedly brought into contact and retracted from that location (movement in the z
plane only), and subsequently imaged, damage apparently occurred. (Figure 25c).
When a second location on the bacteria was similarly treated, the same kind of damage
was detected. (Figure 25d). This is only one example of how cantilever selection may
impact experimental results. The other possibility is selecting cantilevers too soft for the
condition of the experiment. For example, imaging intact bacteria with the softer silicon
nitride cantilever is progressively more difficult with the smaller spring constants. This is
probably because these softer cantilevers are more vulnerable to forces of adhesion
(capillary forces) always present when imaging in air. Careful attention should be given

to the selection of cantilevers.
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Anticipating that the spheroplasts would be more delicate than the intact bacteria, a
softer, silicon nitride cantilever having a nominal spring constant of 0.1 nN/nm was used
in MacMode for their imaging. (Figure 26a) Although somewhat user dependent, as a
general rule, successful imaging of spheroplasts required lower servo gains and
scanning speeds than those used for imaging intact bacteria. Measurements taken from
individual spheroplasts under these conditions reveal that the lateral diameters of the
cells are approximately 1um, similar to measurements determined from EM images of
thin sections (84). Height measurements of approximately 100nm, however, are
considerably less than the diameter. (Figure 26b,c) Despite using MAC Mode®, an
intermittent contact mode designed to minimize the vertical force applied during imaging,
it is likely that the apparent compression of the spheroplast is caused by forces exerted
by the tip.

Earlier reports concluded that fixation of mammalian cells with glutaraldehyde increased
the cellular elastic modulus significantly (176,177). Since the exposed cytoplasmic
membrane of spheroplasts primarily contains phospholipids and proteins, we conducted
experiments to determine whether increased rigidity (resulting from fixation of
spheroplasts), would affect the cell height. Spheroplasts were treated with 0.5%
glutaraldehyde after they had been immobilized on APTES/glut treated mica. When
these fixed spheroplasts were imaged by AFM in MAC Mode® with a silicon nitride
cantilever having a spring constant of 0.1 nN/nm, the diameters of the fixed spheroplasts
were similar to the untreated spheroplasts. (Figure 27) However, the height
measurements were increased from 100nm to around 250nm. Nevertheless, the
increased height measurements of these fixed spheroplasts were also considerably less
than the diameters. This finding raised the possibility that even the glutaraldehyde-fixed
spheroplasts were being compressed by the AFM tip, albeit to a lesser degree than

unfixed spheroplasts.

To determine whether the reduced height was a consequence of the tip used for imaging
or inherent to the spheroplasts, the experiment was repeated on untreated spheroplasts
with the softer silicon nitride cantilever having a nominal spring constant of 0.01nN/nm.
(Figure 28a). The resonant frequency of the first harmonic of this cantilever was very

low and found to be unstable in liquid therefore the 2™ harmonic was used instead.
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Following this change to the softer cantilever (0.01nN/nm), the height increased to 300-
400 nm, as opposed to the 100nm height found when imaging with the stiffer cantilever.
(Figure 28b) These results further supported the notion that compression of the
spheroplast occurred during imaging and was caused by excessive cantilever force.
Untreated spheroplasts were also imaged in contact mode using the softer (0.01nN/nm)
cantilever. (Figure 28c) As seen in the image, the spheroplasts conformed to the shape
of the tip and resulted in an image of the tip. It is important to note that intermittent
contact imaging, which applies a lower force, was required to prevent these tip artifacts.
The ATPES/glut substrate stably immobilized the cells as repeated contact mode
imaging did not remove the cells. However, the spheroplasts were severely deformed
and often punctured by the tip. Contact mode imaging of normal intact bacteria does not
result in similar distortions nor were differences in height measurements noted between

those taken with either of the cantilevers.

4.2 Spring Constant Determination

Quantitation of the physical properties of a sample requires knowledge of the physical
properties of the cantilever. While the manufacturer can provide estimates of this
information, the experimentalist needs to appreciate the variance in cantilever
dimensions due to manufacturing tolerance(162). One way to minimize miscalculations
in spectroscopy data due to differences in cantilever dimensions is to determine the
cantilever spring constant directly. To do so, force distance curves are generated on a
hard surface. In addition to calculating the spring constant of the cantilever, these
curves can be used to measure surface indentation and elasticity. As the AFM tip is
moved into and out of proximity of a surface, the cantilever deflects in proportion to the
forces that result from interactions with the surface. The deflection of the cantilever tip is
recorded by measuring the change in the position of a reflected laser spot on a
photodiode. The output voltage of the photodiode is recorded as a function of the vertical
position of the piezo during approach and retraction of the cantilever. After contact
between the tip and a relatively hard surface such as mica, deflection is equal to piezo
movement. Consequently, the voltage to distance relationship extracted from a force
distance curve recorded on a hard surface can be used to determine the calibration

coefficient used to convert voltage to tip displacement in nanometers. The spring
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constant of the cantilever can be determined by the thermal method if this calibration
coefficient is supplied (178-180). Additionally, the calibration coefficient allows plotting
of force distance curves where vertical movement of the cantilever approaching,
contacting and retracting from the surface is recorded on the X axis in nanometers while
deflection of the cantilever when contact is made can be plotted in nanometers on the Y

axis.

Determining the best way to generate control force distance curves

Three methods of determining the spring constants of type IVc MacLevers were
evaluated. The goal of these experiments was to determine the source of variation
when the spring constant of the same cantilever is measured. In each case, force
distance curves were generated in an environmental chamber filled with dry nitrogen in
order to minimize the capillary adhesion typically present in ambient air. The recorded
force distance curves were preceded by several curves to stabilize the piezo. Each
method can be considered as having three parts: (1) the approach of the tip to the
surface; (2) the generation of the force distance curve, and (3) the calculation of the
spring constant by the Thermal K software. All approaches began 50 um away from the
surface. Generally, force distance curves were generated, the slope in the contact
region of the curve recorded, the cantilever was retracted from the surface and the
conversion coefficient was used as input into the Thermal K program. The methods
differed principally in where repetition occurred within the experiment. In the first case,
(FDC Method 1) for each force distance curve (i.e. conversion coefficient), Thermal K
was prompted to calculate the spring constant ten times. In the second case (FDC
Method 2), upon contact with the surface, twenty force distance curves were generated
and the conversion coefficient recorded. After retracting the tip each of these conversion
coefficients was entered into the Thermal K program and a spring constant calculated.
Finally, in the third case (FDC Method 3), for every approach, the conversion coefficient
was determined and the spring constant was calculated. (Table 3. Spring Constant

Determination - Type IVc)

Ultimately, FDC Method 3 was preferred for collecting force distance curves on the
following basis. The small standard deviations in the conversion coefficients of FDC

Method 1 and 2 suggest that once the tip is in contact with the surface, little variation
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occurs. Similarly, the Thermal K calculations are stable. In contrast, when a new
approach is initiated for each spring constant measurement as is the case when using
FDC Method 3), the standard deviation increases. ( Table 4) Considering that approach
and retraction may occur multiple times during an experiment, it was determined that
FDC Method 3 more realistically reflects experimental conditions. Limitations in
controlling the thickness of cantilevers during the manufacturing process causes
significant deviations from their estimated spring constants, providing the impetus to

determining the spring constant of the cantilever directly (162).

Calculating the spring constant of the bacteria

When measuring the spring constant of a bacterium, two springs are present in series
(the bacterium and the cantilever). In this case, the cantilever deflection occurs over a
greater distance as soft samples generally exhibit an initially gradual change in
deflection. The spring constant of the bacterium (kb) can be calculated using the
equation k, = kcs/(1-s) where k. is the spring constant of the cantilever and s is the slope
from a force distance curve taken on the bacterium (66). The nominal spring constant,
given by the manufacturer, of the softer cantilever is 0.01nN/nm. However, in order to
improve the accuracy of the spring constant calculations for bacteria and spheroplasts,
FDC method 3 (described above) was used to generate the force distance curves

needed in order calculate the spring constants (k.) of the cantilevers used.

The spring constants of the cantilevers used on the intact bacteria, fixed spheroplasts
and untreated spheroplasts were determined to be 0.0343 nN/nm, 0.0349nN/nm and
0.0519 nN/nm respectively. The magnetic coating, which is added after the cantilever is
manufactured, likely contributes to the difference in the spring constants over the
nominal value reported by the manufacturer. Approach force distance curves were
collected and averaged from selected locations on the surface of intact bacteria, fixed
spheroplasts and untreated spheroplasts. Approach force distance curves were also
collected and averaged from nearby regions of the substrate surface for comparison. A
subsequent image was generated to assess the condition and location of the measured
cell. (Figure 29) For each data set, approximately 20 force distance curves were
generated within the perimeter of the cell of interest. At least 6 force distance curves

were generated at a location outside the cell on the substrate. The control force
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distance curves on the gelatin-treated mica were comparable to controls on APTES/Glut
treated mica suggesting that any difference between the substrates is negligible for this

analysis.

4.3 Indentation

To extract information about indentation from the force distance curves, a computer
algorithm was developed to automatically divide the curves into regions. Similar
analyses have been described by Li and Logan (175). Relevant to this chapter are the
regions before sample contact and during constant compliance. (Figure 30) Upon
approach, the tip is too far away from the sample to be deflected, therefore the slope of
the force distance curve before contact is zero. This region provides a base line and is
set to zero cantilever deflection. Upon hard sample contact, the tip deflects. However
with soft samples, such as the cells measured here, the tip begins to indent the sample
upon contact. This indentation causes the slope of the force distance curve to change

continuously until the slope becomes constant in the constant compliance region.

In order to estimate indentation, control (hard surface) and experimental (cell surface)
curves were plotted together. Indentation is defined as the difference between the two
curves at the start of the constant compliance region. (Figure 31 and Table 5) The
indentation for the intact bacterium is 50nm, similar to values reported previously
(66,175). The least amount of indentation, 20nm, occurred on the fixed spheroplast due
to the stiffening of the membrane caused by the glutaraldehyde cross-linking. The
160nm indentation of the untreated spheroplast is noteworthy because it represents a
significant fraction of the total height of the spheroplast. Curvilinear regions exist in the
force distance curves as a result of interactions between the tip and the bacterial
surface. The curve is protracted in the case of the untreated spheroplasts because of its
tendency to deform. Reaching the quasiequlibrium represented by the linear region of
the curve is thus delayed. While qualitative observations can be made, quantitative
assertions about this region are complicated by the uncertain point of contact. Therefore
the degree of indentation is difficult to determine precisely. Moreover, it is impossible to
know whether deflection occurs at the instant of contact or after significant indentation

has occurred. If the latter is true, then the indentation for the untreated spheroplast is
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underestimated. This possibility is less of a concern in the intact bacteria because

indentation is limited by the rigid peptidoglycan.

From the force distance curves generated with the softer cantilevers, slopes for intact E.
coli, fixed and untreated spheroplasts were recorded. ( Table 5) These slopes were
substituted in the formula given above for calculating k, It was determined that the
spring constants of the intact bacteria and the fixed spheroplast were 0.194 nN/nm and
0.571 nN/nm respectively. Previously reported spring constants of untreated, intact
bacteria range from 0.020 N/m to 0.26 N/m (66,181,182). The measurements provided
in this report are within this range, albeit near the higher end. Variations may be
attributed to differences in turgor pressure, protocols for force distance curve acquisition
and physiology of the bacteria. In the case of the fixed spheroplast, the relative rigidity
suggested by the spring constant may be due to the effects of the glutaraldehyde as it
has been shown to dramatically increase the elastic moduli of mammalian cells
(176,177). On the other hand, when considering the margin of error, the slope
measurements on the fixed spheroplasts are only slightly different from the control slope
measurements. For the measurement system used here, namely two springs in series,
sensible measurements will be obtained when the two springs have similar spring
constants. The similarity of the slopes of the fixed spheroplast to that of the control
curve indicates that the surface may be much softer than the value obtained. Therefore
further experiments are required to interpret the data related to the fixed spheroplast.
For the untreated spheroplast, the slope is essentially identical to the slope on the
control curve. In this case, the spheroplast is much softer than the cantilever and the

cantilever does not deflect until after the spheroplast has been indented.

We have chosen to compare the spring constants of the bacteria rather than employ
Hertzian models to calculate Young’s moduli for comparison as assumptions regarding
homogeneous contact surfaces, defined indenter shape, small deformations, infinite
sample thickness and the axisymmetric contact can not be confirmed in AFM
measurements on cells. (172,183,184). The spring constant is a direct measurement
and provides a quantitative basis for comparison within the experimental system and the

parameters described in this chapter.
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Experiments to determine the relative indentation and elasticity of intact bacteria,
glutaraldehyde fixed spheroplasts and untreated spheroplasts revealed that indentation
was a significant fraction of the height of the cell. Considering the indentation and the
spring constant measurements together, it appears that even the softer silicon nitride
cantilevers (0.01nN/nm) are too stiff to accurately measure the elasticity of the untreated
spheroplasts. Due to their morphological similarities, these findings are expected to be

applicable to cell wall deficient forms of bacteria.

4.4 Conclusion

The strategy of chemically cross-linking the spheroplasts to an APTES/glut substrate
was confirmed to be an effective immobilization strategy as it permits reliable imaging of
spheroplasts in liquid. Imaging spheroplasts with stiffer silicon nitride cantilevers
(0.1nN/nm) is possible, however the softer silicon nitride cantilevers (0.01nN/nm)
resulted in improved height measurements during imaging. The apparent dependence
of the height of the spheroplasts on the spring constant of the cantilevers used for
imaging raises concerns about the effect that cellular elasticity might have on
subsequent AFM-based experiments. At issue is whether compression of the
spheroplasts during imaging can be circumvented for AFM-based localization
experiments (e.g. immunogold labeling and molecular recognition). While conceivably
the unaltered cell surface is the most desirable platform for such experiments, the data
presented here demonstrate that mechanical properties of biological samples cannot be

ignored.
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Chapter 5

Localizing the Glucose Transporter in Spheroplasts of
Bacteria Using Microscopy Techniques

“...future improvements of glasses may yet further enlighten our understanding,
and ocular inspection may demonstrate that which as yet we may think too
extravagant either to feign or suppose.” Robert Hooke, 1665. Quoted by Gest, H.
(2004) Notes and Records of the Royal Society 58(2), 187-210.

5.0 Introduction

The development of new molecular labeling strategies in optical microscopy, particularly
the family of GFP proteins, has been the basis of important insights into bacterial
physiology and morphology (185-187). Despite these advances, direct imaging of
molecular scale objects is not possible with optical microscopy which remains limited in
resolution by the wavelength of visible light. In contrast, the high resolution of AFM,
made possible by its ability to detect forces in the piconewton range, is an attractive
complement to optical microscopy techniques (65,68,131). The usefulness of AFM in
capturing physicochemical and morphological data has been demonstrated in several
microbiological applications including: studies on the light harvesting complexes of
photosynthetic bacteria, microbial adhesion, motility, biofilms, ultrastructure,
morphological development and membrane protein structure (31-33,37,38,188). Other
reports clarify the conditions required for high resolution imaging of bacteria and thus
enable molecular system investigations in single cells (50,51,59,67,121). The
advantage of being able to conduct imaging experiments in buffers and media cannot be
overstated. Even when fixed cells are being investigated, to be able to maintain
biological reagents (e.g. antibodies, proteins, peptide-conjugated ligands etc.) in buffers
is advantageous. In this setting, complex interactions between substrates, transporters
and genetic elements could be observed. As an incremental step toward reaching this
goal, experiments to identify molecular system components on fixed spheroplasts were
undertaken.

The potential of AFM to image membrane proteins in whole cells was recognized very

early in the development of the technique. Striking images of native membranes and



41

proteins reconstituted in lipid bilayers reinforced the expectation that AFM would play an
important role in the identification of individual proteins on the surface of cells (31). In
spite of the progress made in the field, this prospect has been slow to materialize
because the compliant surface of the cell reduces the resolution of AFM images
(162,165-169,189). Researchers have circumvented this problem by tethering
molecules to the probe, such as antibodies and ligands, which interact specifically with
membrane proteins (21,110,116,190). As the tethered molecule on modified tip
encounters its complement, a binding event occurs which is detected by deflection of the
tip. Indeed this strategy has been used to identify membrane proteins in living
eukaryotic cells (113,191,192). This progress is important in membrane biology, given
the limited techniques for studying membrane proteins in whole cells. Functional studies
of membrane proteins often require purification of the protein and subsequent
reconstitution into artificial membrane systems or the use of isolated membranes or
membrane patches(193). Although necessary because membrane proteins depend on
the presence of lipids for structure and function, many of the cellular dynamics are lost
with these approaches. Evaluating membrane proteins in whole cells would provide the

best understanding of their in vivo function and integration into molecular systems.

Like eukaryotic cells, transport proteins in bacteria are located in the cytoplasmic
membrane. Bacteria differ in that a cell wall covers this membrane. In gram negative
bacteria, this composite structure includes pili, fimbriae, flagella, the outer membrane, a
periplasmic space and the peptidoglycan. AFM-based localization studies of transport
proteins in bacteria therefore require direct access to the cytoplasmic membrane where
those proteins are located. Having established protocols for immobilizing spheroplasts
of bacteria, the benefits of microscopy for their study, and the utility of imaging
techniques in studying membrane proteins, the focus turns to the molecular scale
characterization of spheroplasts of bacteria. For this purpose, the glucose transporter of
E. coli was chosen because it is well-characterized and reagents necessary for its
investigation are generally available. The glucose transporter is part of the
phosphotransferase system in bacteria which catalyzes the phosphorylation of various
sugars as well as the translocation of those sugars from the periplasm across the
cytoplasmic membrane(194-196) This modular system is comprised of general proteins,

Enzyme | and Histidine Protein, which sequentially pass phosphoryl groups from
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cytoplasmic phosphoenolpyruvate to sugar-specific Enzyme |l (Ell) protein complexes
which ultimately pass the phosphoryl group to the sugar. To varying degrees, Ell
complexes differ in amino acid sequence, structure and substrate selectivity (196). The
three functional parts of Ell complexes (IIA%9%, 1IB®*9%", 11C%9*") may be a single
polypeptide with multiple functional domains (e.g. IBCAPY (B-9veosides)y or 5 combination of
multiple subunits (e.g. 1A% ©@u<>s®) 4 [|CBC") depending on the organism and the
transporter (194). Cytoplasmic IIA and IIB sequentially transfer the phosphoryl group to
the membrane-bound IIC domain which contains the sugar recognition site and

translocation activity(196).

The glucose transporter of E. coli, encoded by the crr and ptsG genes, has two subunits,
IIA®* and [ICB®", respectively (197,198). The topology of the membrane-bound subunit,
IICB®"°, has been determined and predicts eight transmembrane helices (199). (Figure
32) The 1IC®*° domain (residues 1-386) is located at the NH.,-terminal whereas the
hydrophilic 11B®° (residues 391-476) is located at the COOH terminal. Both termini face
the cytoplasm and a linker separates the two domains (151,199). The topology of
IICB®* was determined by fusing a hydrophilic segment of a membrane protein with a
reporter enzyme, such as bacterial alkaline phosphatase (PhoA) or B-galactosidase,
whose activity is determined by its subcellular location (200,201). From the topology
study, E. coli strains without endogenous PhoA but expressing glucose transporter/PhoA
fusion proteins from a plasmid were described(199). A particular mutant (1108) in which
the fusion site is isoleucine 108, was shown to have PhoA activity, suggesting proper
folding of the enzyme in the periplasm. Although the PhoA in the topology study served
as a reporter enzyme, the experiments described in this chapter use the PhoA as a

chemical tag for localizing the glucose protein in the membrane of spheroplasts.

5.1 Immunolabeling Intact E. coli and Spheroplasts for
Confocal Microscopy

In order to visually confirm that the tagged glucose transporter localizes to the
cytoplasmic membrane and to demonstrate specificity of antibodies for PhoA,
fluorescence immunolabeling experiments were conducted using the 1108 strain of E.

coli. Although 1108 cells express both the endogenous and PhoA-tagged glucose
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transporters, the latter is expressed from a plasmid and is immunolabeled with
antibodies against PhoA. For the control, the EH strain of E. coli was used. These cells
express neither the glucose/PhoA fusion protein nor the endogenous PhoA however,
they do express the endogenous glucose transporter (i.e. without the PhoA tag).
Consequently, no immunolabeling is expected using PhoA antibodies. Itis also
important to note that both 1108 and EH bacteria were assayed using the fluorescent
glucose uptake assay in Chapter 3. Both strains were found to take up the glucose but

the assay does not determine which version of the transporter is responsible for uptake.

In the first immunolabeling experiments, intact 1108 and EH were labeled with a rabbit
purified, polyclonal antibody against bacterial alkaline phosphatase (YNNE124PAb,
Accurate Chemical Corporation, Westbury, NY). A goat anti-rabbit antibody conjugated
to Alexa 488 (A-11008, Invitrogen, Carlsbad, California) was used for fluorescent
secondary labeling. With the cell wall preventing access of the antibody to the fused
protein, only when cells appeared to be damaged, did labeling occur with the mutant
strain [108. (Figure 33a,b) Neither were the intact cells of the control strain (EH)
labeled. (Figure 33c,d)

Spheroplasts of 1108 and EH were separately immunolabeled with two different primary
antibodies and three different secondary labels as appropriate. The results are shown in
Figure 34. Spheroplasts of 1108 are clearly fluorescent when treated with the
YNNE124PAb antibody followed by the Alexa 488- or Alexa 568-conjugated secondary.
(Figure 34a,b,c). A similar labeling pattern was observed when a biotinylated rabbit
primary antibody to alkaline phosphatase (200-4634, Rockland Chemicals, Gilbertsville,
PA) was used in combination with streptavidin-conjugated quantum dots (Qdot® 525
streptavidin conjugate, Invitrogen, Carlsbad, California). (Figure 34d). Whenever 1108
cells were labeled with antibodies to PhoA, the fluorescence was localized to the
membrane. In contrast, immunolabeling the control EH spheroplasts did not result in
fluorescence. (Figure 34e, f, data not shown) Together, these results indicate that the
alkaline phosphatase part of the fusion protein is indeed anchored on the periplasmic
side of the cytoplasmic membrane in cells where it is expressed. Furthermore, the

specificity of the antibodies for the alkaline phosphatase is also demonstrated.
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5.2 Molecular Recognition Using AFM

Molecular recognition is the basis of antibody/antigen, receptor/ligand and
transporter/substrate interactions in biological systems. AFM can provide unique
information about these systems because of its ability to detect forces on the order of
those generated in bimolecular interactions (110). The foundation for AFM-based
molecular recognition was established in experiments where the tip was transformed into
a chemical probe by direct attachment of ligands and proteins (202-206). The altered
tips were then used in approach/retraction cycles (i.e. tip movement restricted to the z
direction) on soluble proteins which had been immobilized on a hard substrate.
Researchers attributed large adhesion peaks on the retraction curves, near the original
point of contact, to specific interactions between the opposing molecules. Since those
initial reports, experience has shown that nonspecific interactions contribute to these
large adhesion peaks. Measures taken to distinguish between specific and nonspecific
interactions in more recent studies have demonstrated the benefit of having the tip
associated molecule attached via a flexible linker because stretching of the linker
generates a distinct feature in the retraction curve and it separates tip adhesion from the
interaction (116,207). (Figure 35) Molecular recognition is often based on a set of
noncovalent interactions whose orientation and spatial arrangement confer specificity.
Importantly, a favorable encounter between the tethered molecule and its complement
on the probed surface is encouraged by the free orientation facilitated by the linker
(208,209). Furthermore, having only covalent bonds between the tethered molecule
and the tip ensures that the energy to break the bond under study will be less than the
energy required to break the bonds used for tethering. In addition to investigating
isolated, immobilized proteins, researchers recently used tips modified with antibodies

and ligands to probe cell surfaces (19,113,210).

The high affinity and specificity with which the avidin tetramer binds biotin has been
exploited in molecular recognition assays where one binding partner is used as a
molecular tag and the other is conjugated to a reporter molecule (211). The persistence
of the reporter is dependant on the presence of the tagged molecule. In the context of
localizing the glucose transporter in AFM molecular recognition experiments, an

avidin/biotin system was applied. Notably, previous reports demonstrated the ability of
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AFM to identify specific interactions between tethered biotin and immobilized avidin (21).
This approach has several advantages over the strategy of tethering antibodies.
Importantly, PEG linkers with biotin attached on one end are commercially available.
This means that tip functionalization only involves attachment of the linker to the
activated tip. Because antibodies are not typically available as PEG conjugates, in
addition to attaching the linker to the activated tip, a subsequent step would be required
to attach the antibody to the linker. Also, using the well characterized avidin/biotin
system means that the biotin tips are somewhat generic in that they are compatible with
any sample displaying (strept)avidin molecules (e.g. avidin-conjugated, biotin-DNA
treated with avidin, streptavidin-gold colloid, (strept)avidin quantum dots etc.). Relative
to an avidin-biotin system, tips functionalized with an antibody are restricted in their
application. Colloid gold is routinely used to generate contrast in electron microscopy
images of cells. Itis used much less in AFM because the size of the colloid is on the
order of proteins and the two cannot be distinguished unequivocally in AFM images, a

problem that is avoided in the tethered biotin/avidin system.

In the current study, a biotinylated antibody against PhoA was applied to fixed 1108
spheroplasts. Fixed cells were used because results from elasticity and indentation
measurements indicated that their surfaces were more mechanically stable (Chapter 4).
The 1108 strain of E. coli expresses a PhoA-tagged glucose transporter as demonstrated
in the confocal experiments above. The EH strain of E. coli, similarly treated, was used
as the control because neither the tagged glucose transporter nor PhoA is expressed.
The treatment of the labeled spheroplasts with avidin was expected to provide a
complementary surface for the tip-tethered biotin. A schematic of the labeling strategy is

given in Figure 36.

A complete description of the tethering procedure is given in Chapter 6, Materials and
Methods. Briefly, cleaned silicon nitride tips were treated with aminopropyltriethoxysilane
and N,N-diisopropylethylamine in the gas phase to generate activated amino groups on
the tip surface. The tips were soaked in a solution of chloroform and NHS-dPEG™,-
biotin (Quanta Biodesign, Powell, OH) so that amide bond formation occurred between

the NH, groups on the tips and the NHS-ester of the heterobifunctional PEG linker. At
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the conclusion of this treatment, the biotin molecules were attached to the tip via the

polyethylene glycol linker which is estimated by the manufacturer to be 5.8 nm long.

The sample was imaged and a single cell was centered within a small (< 3um) scan
area. A location was chosen in the center of the spheroplasts where force-distance
curves were generated using the biotin-tethered tip. (Figure 37a) For each bacteria, a
set of 550 force distance curves were generated after which the cell was imaged again
to ensure that it was not damaged and remained in the same location. (Figure 37b)
Retraction curves in each set were analyzed according to guidelines given previously for
distinguishing nonspecific adhesion from specific (20,21). Namely, retraction curves
displaying a continuous slope beyond the point of contact were considered to represent
nonspecific interactions. In contrast, curves with evidence of nonlinear stretching of the
linker were counted as representing binding events between the tethered biotin and
surface bound avidin. Actual retraction curves representing no interaction, nonspecific
interactions, and a binding event are given in Figure 38. The data in Table 6 and Table
7 and in the corresponding Figure 39 were generated using three sample preparations
and three cantilevers, each of which is represented at least once for each strain. The
maximum number of binding events (21.82%) occurred on one of the 1108 cells. The
minimal number of binding events (2.18%) is associated with one of the control cells.
Two 1108 cells (Table 6, cells 2 and 4) as well as two EH cells (Table 7, cells 2 and 5)
have binding activity near 10%. These data are outliers given that the overall binding
activity in the 1108 cells (15.39%) was statistically higher (p<0.0080) than in EH cells
(5.96%). Because binding events clearly occurred more often on the 1108 cells than on
the EH cells, molecular recognition is asserted. The findings in these AFM experiments
are consistent with the notion that surface avidin is available to the tethered biotin on the
1108 cells because of the presence of the glucose transporter labeled with the
biotinylated primary antibody. Furthermore, these AFM data are substantiated because
results from confocal experiments confirm the presence of the transporter and the

specificity of the antibody for it.
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5.3 Conclusion

Fluorescence immunolabeling was used to demonstrate that the PhoA-tagged glucose
transporter in the 1108 strain of E. coli localizes to the cytoplasmic membrane. Confocal
images only show labeling when 1108 cells are converted into spheroplasts suggesting
that the antibody is unable to penetrate the cell wall in order to access the PhoA tag
which is in the periplasm of the intact bacteria. Several combinations of primary and
secondary labeling of the tagged transporter were used to confirm the presence of the
transporter in the cytoplasmic membrane of spheroplasts. Control cells (EH) failed to
show this specific labeling. AFM experiments were conducted on fixed samples of the
same types of cells. Immunolabeling was achieved using a biotinylated antibody and
avidin treatment. Cells were subsequently probed with a tip to which biotin had been
tethered. Results from these AFM experiments support the findings from the
fluorescence immunolabeling experiments in that more binding events occurred when

the functionalized tip was used on the labeled cells displaying the tagged transporter.
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Chapter 6

Materials and Methods

This chapter is a compilation of the methods sections from all the papers published
during and submitted for publication during this thesis project. In some cases, methods
evolved to improve efficiency and effectiveness resulting in slight differences from those
published previously. Text has been edited in such a way to prevent redundancy and to
provide continuity. In the writing of each paper, co-authors graciously provided
direction, reviewed the data and manuscripts, responded with feedback and offered
editorial comments. Under their guidance, | selected the topic, performed the
experiments, analyzed the data, conducted the necessary literature review and drafted
the manuscripts.

6.0 Bacterial Strains

E. coli Expressing Arabinose Inducible GFP (AlI-GFP)

The sequence encoding Green Fluorescent Protein (GFP) was amplified from pFAG-
GFP (212) using primers that introduced 5’ Pstl and 3’ Hindlll restriction sites. The
resulting PCR product was digested with Pstl and Hindlll and cloned into pBAD24 (213)
that was also digested with Pstl and Hindlll. The ligation mix was transformed into E. coli
strain BL21 (DE3) (Invitrogen) and grown overnight at 37°C on LB agar plates
supplemented with 50ug/ml ampicillin. Cells containing the desired construct were
identified by screening for GFP expression after 2 hours growth in LB medium containing
0.2% arabinose using a Leica TCS SP2 scanning confocal microscope. The GFP
expression vector was subsequently purified from E. coli cells using standard methods.
Clone 3mC was used in the current experiments. For selection 50ug/ml ampicillin is

required.

E. coli Expressing Constitutive Cytoplasmic GFP (CC-GFP)

CC-GFP was a generous gift from Dr. Dale Pelletier, U.S.A., Oak Ridge National
Laboratory, Oak Ridge, TN. This BL21-Al E. coli (Invitrogen, Carlsbad, CA) carries a
pBBR1MCS-5 plasmid (214) which was modified for Gateway insertional cloning
(Invitrogen, Carlsbad, CA) and contains the gene sequence for constitutively expressed

GFP. For selection, 5 mg/ml gentamicin was added to the media.



49

The remaining mutants of E. coli (1108, EH and AGluc) were generous gifts from Dr.
Bernhard Erni, Department of Chemistry & Biochemistry, University of Berne, Berne
Switzerland. CC118 is a mutant of E. coli in which the alkaline phosphatase gene was
deleted(215). Buhr et al transformed this mutant with vectors which code for glucose
transporter (E1l°°) fused with alkaline phosphatase (PhoA) (199). A particular one of
these transformants, 1108, was used in this thesis work in experiments requiring a
tagged glucose transporter. CC118 cells carrying an “empty” plasmid (EH) were used
as a control. Selection was accomplished by adding 100ug/ml ampicillin to cultures of
EH and [108. Finally, the mutant strain, ZSC112AG (AGluc) is defective in glucose
uptake and was previously described (151). Chloramphenicol was added to a final

concentration of 15ug/ml for selection of AGluc.

The Pseudomonas aeruginosa strain PAO1 was obtained from Dr. Soeren Molin of The

Technical University of Denmark.

6.1 Cell Cultures

Unless otherwise noted, cultures were grown overnight at 37°C in a shaking incubator in
Luria Broth (LB) supplemented with the appropriate antibiotic for selection. When
logarithmic phase cells were required, a fresh culture was inoculated from the overnight
culture on the morning of experimentation and returned to the incubator shaker for 5

hours to insure that the cultures were in logarithmic phase when harvested.

6.2 Spheroplasting

The spheroplasting procedure used is an adaptation of the one published by Birdsell and
Cota-Robles (84). Briefly, 1ml of stationary phase E. coli bacteria from an overnight
culture was collected by centrifugation at 4.5 rcf (relative centrifugal force) and washed
in 1ml 0.01M Tris-HCL buffer, pH 8.0 (TB). The cells were pelleted by centrifugation and
resuspended in 500ul of 0.5M sucrose / 0.01M Tris-HCL buffer (TBS1) to induce
plasmolysis. After 20 minutes in a 37°C incubator shaker, lysozyme (Sigma, St. Louis,
MO) was added to the cell suspension at a final concentration of 50ug/ml. Note that a

500ug/ml concentration of lysozyme was required to make spheroplasts of
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Pseudomonas aeruginosa (PA01). The suspension was returned to the incubator
shaker for an additional 20 minutes before it was diluted 1:1 with TB.
Ethylenediaminetetraacetic acid (EDTA) was added to a final concentration of 10 mM
and the sample returned to the incubator shaker for 20-30 minutes. Light microscopy

was used to confirm that >90% of the rod shaped bacteria were spherical.

Cells were pelleted at 0.5 rcf for 25 minutes. (The pellet was often a loose pellet or a
thin layer of cells lining the bottom of the tube.) The supernatant was carefully removed
with a pipet and quickly replaced with 1ml of 0.25M sucrose / 0.01M Tris-HCL / 10mM
MgSO, buffer (TBS2) using a large bore pipet (to prevent excessive lysis). Again the
cells were pelleted at 0.5 rcf for 20 minutes and resuspended in 200-300ul TBS2.

6.3 Mica Preparation

Gelatin-coated mica

Mica was cut with scissors to the size necessary to fit the microscope (approx. 22 x 30
mm rectangle). It was cleaved on both sides until both the desired thickness was
achieved and only unbroken layers remained. A gelatin solution was prepared by
dissolving 0.5¢g gelatin (Sigma #G6144) in 100 ml of nanopure distilled water at 60°C.
The temperature of the solution was maintained for 10 minutes by heating in a
microwave for short periods as necessary. The mica was quickly submerged and
removed from the solution and supported on edge on a paper towel to dry in ambient air
overnight. (47,51). In some cases rhodamine 6G (Aldrich Chemical, Milwaukee, WI)
was added to the gelatin solution at a final concentration of 3 ng/ml. This was done to

aid in localizing the spheroplasts within the gelatin layer using confocal microscopy.

APTES/Glut mica

The APTES/GIlut mica was prepared according to a published procedure (126). Briefly,
the tops of two 1.5ml tubes were cut and placed (open end up) in the bottom of a
dessicator. The dessicator was purged with argon for 2 minutes. Freshly cleaved
rectangles (22 x 30mm) of cut mica were placed into the dessicator. To one top, 30ul of
APTES (99% Sigma-Aldrich, St. Louis, MO) was added and 10ul N,N-

diisopropylethylamine (Sigma Aldrich) was added to the other top. The dessicator was



51

purged for 2 minutes then sealed for at least 2.5 hours. After this time, the two tops
were removed and the dessicator purged for 2 minutes. The mica was removed and
stored for later use in a sealed dessicator. Prior to use, 200ul of 2.5% glutaraldehyde
was added for 20 minutes, rinsed vigorously in a stream of nanopure deionized water,

dried under a stream of dry nitrogen and placed in a covered dish until used.

6.4 Immobilization

Intact bacteria

For imaging stationary phase E. coli bacteria, 1ml of an overnight culture was pelleted at
4.5 rcf and washed in the same volume of nanopure deionized water. The cells were
collected again by centrifugation and promptly resuspended in 500ul of nanopure
deionized water. This cell suspension (100ul) was applied to the gelatin-coated mica
and allowed to rest for 10 minutes before it was rinsed with a stream of water.
Throughout the procedure, care was taken to ensure that the sample was never allowed

to dry.

Spheroplasts — (Using Membrane Filters)

This immobilization strategy is an adaptation of one reported previously by Kasas et al
(121). Polycarbonate Isopore™ membrane filters (pore sizes 0.8um, 0.6um, and 0.4um,
Millipore Corporation, Billerica, MA) were cut using a single paper hole punch. It was
then placed atop the filter in a 1000yl filtered pipet tip. This pipet tip was placed in a
1.5ml tube after the bottom of the pipet tip was trimmed to prevent contact with the
bottom of the tube. An O-ring matching the inner diameter of the pipet tip was placed on
the membrane before 400ul of the spheroplasts suspension was added. The
spheroplasts were centrifuged at 0.5 rcf in 30 second increments until most of the
suspension passed through the filter. Using forceps, the filter was removed, rinsed and
placed in the AFM liquid chamber for imaging. Throughout the procedure, care was

taken to ensure that the sample was never allowed to dry.

Spheroplasts — (Using Warm Gelatin)
The gelatin solution (~500ul) was warmed in a water bath or heating block set to

between 50 and 55°C. A 4yl aliquot of this warm gelatin was applied onto the freshly
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cleaved mica and spread with the pipette tip. Approximately 20 ul of the spheroplast

suspension was then immediately added using a large bore pipette tip (i.e. 1ml pipette
tip) to avoid lysing the fragile spheroplasts. After allowing the sample to stand for 30
minutes in a humidity chamber, the sample was rinsed copiously with TBS2 to remove

loosely bound cells. The sample was never allowed to dry.

Spheroplasts — (Using APTES/glut Mica)

The spheroplast suspension (200ul) was added to the APTES/Glut prepared mica
surface. After 1 hour in a humidity chamber, the sample was thoroughly rinsed in a
stream of TBS2, placed in the AFM and imaged in the same buffer. Care was taken to
ensure that the sample was never allowed to dry. Fixed spheroplasts were prepared
likewise except after the immobilization on APTES/Glut mica, 200ul of 0.5% or 2.5%
glutaraldehyde was added to the immobilized spheroplasts for 20 minutes. The sample
was then rinsed in TBS2 prior to imaging in liquid. A rinse with water was used for

samples to be imaged in air.

6.5 Activity Assays

Commercial Live/Dead® BacLight™ Assay

Bacteria were immobilized as described above. Samples were treated using the
concentration recommended by the manufacturer of the Live/Dead® Baclight™ Viability
kit (# L7012, Molecular Probes, Eugene, OR). To stain the cells, 0.75ul of SYTO9 and
0.75ul of propidium iodide were added to 500ul of water or TBS2 (for intact bacteria or
spheroplasts, respectively) and vortexed. To the appropriate sample, 100ul of the
Live/Dead® Baclight™ solution was added for 15 minutes. The sample was covered to
minimize exposure to light. After this treatment, the majority of the liquid was removed,

a coverslip was placed on the sample which was imaged using confocal microscopy.

Fluorescent Glucose Assay

Bacteria were immobilized as described above. Fluorescent glucose (2-NBDG,
#N13195 Molecular Probes, Eugene, OR) was diluted with water or TBS2 to a 100uM
final concentration. After vortexing the solution, intact bacteria were treated with the

water-based dilution and spheroplasts were treated with the TBS2-based solution of the
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glucose analog. In either case, 100ul of the appropriate solution was applied to the
sample. The sample was kept for 5 minutes under a light blocking cover to minimize
exposure to light. After this treatment, the sample was rinsed (intact bacteria in water,
spheroplasts in TBS2) and the excess liquid removed. A coverslip was placed on the

sample which was imaged using confocal microscopy.

Propidium lodide and Fluorescent glucose Assay

Bacteria were immobilized as described above. Fluorescent glucose (2-NBDG,
#N13195 Molecular Probes, Eugene, OR) was diluted with 500ul of water or TBS2 to
make a 100uM solution. To this solution 0.75ul of the propidium iodide from the
Live/Dead® Baclight™ Viability kit (# L7012, Molecular Probes, Eugene, OR) was
added. After vortexing, intact bacteria were treated with the water-based dilution and
spheroplasts were treated with the TBS2-based solution. In either case, 100ul of the
appropriate solution was applied to the sample. The sample was kept for 10 minutes
under a light blocking cover to minimize exposure to light. After this treatment, the
sample was rinsed (intact bacteria in water, spheroplasts in TBS2) and the excess liquid
removed. A coverslip was placed on the sample which was imaged using confocal

Microscopy.

Spheroplast Overnight Growth Assay

CC-GFP cells were immobilized on APTES/glut as described above. Following
immobilization, the mica was placed between a slide and coverslip and the cells were
imaged immediately. Alternatively, some cells were incubated at 37°C in a recovery
broth (0.25M sucrose / LB / 500 units per ml penicillin G and selective antibiotic) for 2
hours, rinsed in TBS2 and imaged periodically thereafter. Cells to be kept overnight
were treated with fresh recovery broth after the initial 2 hour treatment and returned to

37°C. The following morning, these cells were rinsed in TBS2 and imaged.

Inducible Expression Assay
Al-GFP cells were used to generate spheroplasts which were immobilized on
APTES/glut mica as described. Cells were imaged before induction. To induce

expression, samples were placed in recovery broth at 37°C for 2 hours and imaged.
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Cells were subsequently incubated at 37°C in fresh recovery broth which included 0.2%

arabinose for an additional 2 hours and imaged.

6.6 Fluorescence Microscopy

A Leica TCS SP2 confocal laser scanning microscope system (Leica Microsystems Inc.,
Exton, PA) was used for fluorescence imaging. A 63x oil immersion objective was used
for viewing the cells. E. coli and spheroplasts of E. coli were immobilized on mica as
described above. An aliquot of the appropriate buffer was added before the mica was
sandwiched between a slide and coverslip. Cells treated with streptavidin quantum dots,
Alexa 488, SytQ9, or glucose analog 2-NBDG were observed using Ar/Ar-Kr laser for
488nm excitation and emission was detected between 520nm and 550nm. In samples
containing propidium iodide or Alexa 568, the He-Ne laser was used for excitation at
543nm whereas emission was detected between 560nm and 605nm. In samples where
multiple fluorophores were used, fluorescence was detected sequentially rather than

simultaneously. Images were processed using Leica confocal software version 2.5.

6.7 Atomic Force Microscopy

Fixed spheroplasts

Samples of fixed spheroplasted cells were loaded into a Pico Plus atomic force
microscope (Agilent Technologies (formerly Molecular Imaging Inc., Tempe, AZ)) and
imaged using a 100pum scanning head. The instrument was operated in air or liquid and
in MacMode or contact mode at 256 or 512 pixels per line scan at speeds ranging from
0.6 to 2 Hz. Type IVe Silicon nitride cantilevers (Maclevers, Agilent Technnologies) with
a nominal spring constant of 0.1 N/m and a resonant frequency in air of 38 kHz were

used. All of the images presented are first-order flattened.

Live spheroplasts

Samples of spheroplasted cells were loaded in the liquid cell of the AFM and imaged
using a 100 ym scanning head. The instrument was operated in MAC Mode® or contact
mode at 256 or 512 pixels per line scan at speeds ranging from 0.6 to 2 Hz.

Spheroplasts were imaged in TBS2 using Type Ve or Type IVc silicon nitride cantilevers
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(Maclevers, Agilent Technnologies) having nominal spring constants 0.1 N/m and
0.01N/M respectively. The approximate resonant frequency in air of the former is 38kHz
and 7kHz for the latter. Because the first harmonic of the type IVc cantilever in liquid
was unreliable, the second harmonic, having a resonant frequency of approximately 6.5

kHz in liquid, was used. All of the images presented are first-order flattened.

Live intact bacteria

Samples of intact bacteria were loaded in the liquid cell of the AFM and imaged using a
100 um scanning head. The instrument was operated in MACMode at 256 or 512 pixels
per line scan at speeds ranging from 0.6 to 2 Hz. Bacteria were imaged in water using
Type Ic silicon cantilever or Type IVc silicon nitride cantilevers (Maclevers, Agilent
Technnologies) having nominal spring constants 0.6 N/m and 0.01N/M respectively.

The approximate resonant frequency in air of the former is 35kHz and 7kHz for the latter.
Because the first harmonic of the type IVc cantilever in liquid was unreliable, the second
harmonic, having a resonant frequency of approximately 6.5 kHz in liquid, was used. All

of the images presented are first-order flattened.

6.8 Cantilever Spring Constant Determination

Before force distance curves were collected on the bacteria, six control force distance
curves were collected on a mica surface using the procedure described in section 6.9.
For each approach, the inverse of the slope was entered as the conversion coefficient
into ‘Thermal K, a program that interfaces with the imaging software to calculate the
spring constant of a cantilever by the thermal method (178-180). The mean of these six
spring constants was called S1. After imaging a sample, six additional approaches to
the surface in air were made. Force distance curves were generated for each approach
and spring constants were again determined as described above. The mean of these
spring constants was called S2. The average of S1 and S2 was used in the calculations

as the spring constant of the cantilever.
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6.9 Force Distance Curve Acquisition

Approach Curve Data Acquisition on Substrate (used in cantilever spring constant
calculation, based on FDC Method 3)

Freshly cleaved mica was loaded into the AFM and allowed to equilibrate in dry nitrogen
for 30 minutes to minimize humidity in the chamber. After this time, the nitrogen stream
was reduced to a minimal flow and the surface was scanned in contact mode to ensure
that a clean surface was being used. Force distance curves were generated in contact
mode from six 50 pm approaches to mica in air. The sweep duration of the force
distance curves was 0.5 seconds. After each approach, the slope in the contact region
from the 5" curve was recorded and used in determining the spring constant of the

cantilever.

Approach Curve Data Acquisition on Bacteria (used in bacteria spring constant
calculation, based on FDC Method 3)

From a low-resolution MAC Mode® scan of a surface containing either intact bacteria or
spheroplasts, an area of interest containing isolated cells was identified. This area was
scanned at higher resolution and a single isolated bacterium of interest was identified
within the scanned area. After recording this scan, the cursor was placed in the center of
the identified bacteria and force distance curves were generated using a sweep duration
of 0.2 seconds. After placing the cursor over the sample and allowing 5 force distance
curves to be taken to stabilize the instrument, approximately 20 measurements were
recorded. The cursor was then relocated to a region outside the perimeter of the cell on
the substrate where at least 6 control force distance curves were similarly obtained. A
subsequent image was generated to confirm that the condition and location of the cell of

interest had not been changed by the force distance curve measurements.

Retraction Curve Data Acquisition on Bacteria

From a low-resolution MAC Mode® scan of a surface containing immobilized and
immunolabeled spheroplasts, an area of interest containing isolated cells was identified.
This area was scanned at higher resolution and an isolated spheroplast of interest was
identified within the scanned area. After recording this scan, the cursor was placed in the

center of the identified bacteria. The z-range of the vertical piezo was limited to
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approximately 1000nm and the sweep duration was set to one second. A total of 550
force distance curves were collected per bacteria containing 2000 datapoints each. A
subsequent image was generated to confirm that the condition and location of the cell of

interest had not been changed by the force distance curves.

6.10 Force Distance Curve Analysis

Approach Curve Analysis

A Matlab-based automatic algorithm was developed to analyze force distance curves in
order to: identify the approach region, obtain the slope in the region of constant
compliance; identify the boundaries between regions; and to calculate the indentation
values. An average of 20 force distance curves collected from each sample was plotted
and the instantaneous slopes at each data point were calculated. The mean value of the
last 20 points in the approach curve was calculated to be the slope over the constant
compliance region. A line was drawn by using this slope and the median point over the
sample space was used for determining the slope. Another line to mark the base of the
curve was drawn by using a slope of zero and the first data point in the approach curve.
In order to identify the end of the nonindentation region and the beginning of the
constant compliance region, the data points from the shifted curve were fit to the two
lines (base and slope respectively) and a threshold (0.05) was set on the values
obtained. Ideally, when the points fit the line, the value should be equal to zero and
when it is greater than 0.05, we identified the point to be on the boundary. This threshold
was user-defined and could be changed to suit the requirements. These two regions
were then defined as well as the value of slope in the constant compliance region. In
order to find the indentation, a reference control curve was obtained on the sample

substrate. This curve was plotted with the force distance curves from the specimen.

Retraction Force Distance Curve Analysis

Retraction force distance curves were evaluated offline to determine if a binding event
occurred. The retraction curve retraces the approach curve unless a characteristic
adhesion peak develops after the point of contact (170). (Figure 35) To distinguish
between nonspecific adhesion and a binding event, the beginning of the adhesive peak

is examined more closely. If the slope of the adhesion peak is constant until liftoff, then
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nonspecific adhesion is indicated. On the other hand, if the adhesion peak develops
away from the surface (i.e. after the point corresponding to contact on the approach
curve) then a binding event may be indicated. Additional considerations include the
length (along the x-axis) of the nonlinear region. The tether used in these experiments is
5.8 nm. Retraction curves suggesting that the linker was stretched beyond 12 nm were
not considered binding events. Also, datasets dominated by large nonspecific adhesion
peaks were discarded. A binary scoring system was used and curves were scored as
representing a binding event or not. In order to calculate the percentage of binding
event for each location, the number of binding events was divided by the total number of
retraction curves collected at that site. The percentage of retraction curves without
binding events was similarly determined. The percentages were compared using the
Student’s t-Test.

6.11 Tip Functionalization

Preparing the tips for functionalization

Using a glass, serological pipette, chloroform (enough to cover the cantilevers) was
transferred into three glass Petri dishes. Five to seven tips were soaked together in the
chloroform. After five minutes, the cantilevers transferred to the second dish for five
minutes. They were transferred again to the third dish of chloroform for five minutes.
The tips were removed and the chloroform was given time to evaporate (approximately 1
minute). The cleaning process was continued by placing the cantilevers in a UV
cleaner. The cleaner was sealed and the UV lamp was turned on for fifteen minutes.

After that time, the UV lamp was turned off and the cantilevers removed.

Adding NH, groups to the tips

The tops of two 1.5ml tubes were cut and placed (open end up) in the bottom of a
dessicator. The dessicator was purged with argon for 2 minutes. The cantilevers were
placed into the dessicator. To one top, 30ul of APTES (99% Sigma-Aldrich, St. Louis,
MO) was added and 10ul N,N-diisopropylethylamine (Sigma Aldrich) was added to the
other top. The dessicator was purged for 2 minutes then sealed for at least 2.5 hours.

After this time, the two tops were removed and the dessicator purged for 2 minutes. The
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cantilevers were removed and treated further or stored for later use in a sealed

dessicator.

Adding the poly(ethylene glycol) (PEG) linker to the NH,-modified tips

The containers and forceps which contact the cantilevers from this point on were
cleaned with ethanol followed by chloroform. The cantilevers were soaked in chloroform
for five minutes. To a 1ml microbeaker (Electron Microscopy Sciences, Hatfield, PA)
was added 1ml of a 1mg/ml solution of the NHS-dPEG ™ 4,-biotin (Quanta Biodesign,
Powell, OH) in chloroform. To this solution, 10yl of triethylamine was added using a
glass capillary pipet. The NH,-modified cantilevers were immersed in this solution and
covered for 2-3 hours. Following this treatment, tips were washed in chloroform and

allowed to dry for 1 minute before use or storage in a dessicator.

6.12 Immunolabeling

Spheroplasts were treated with 5mg/ml BSA in TBS2 for 1 hour. The sample was rinsed
in TBS2 and incubated 1 hour in the primary antibody diluted 1:100 in TBS2 containing
5mg/ml BSA. Either purified anti-alkaline phosphatase (E. coli) from Accurate Chemical
Corporation, Westbury, NY (YNNE124PAb —Rabbit) or biotinylated anti-alkaline
phosphatase (E. coli) from Rockland Chemicals, Gilbertsville, PA, (200-4634 - Rabbit)
was the primary antibody. The sample was then rinsed copiously in TBS2. Alexa Fluor
488 goat anti-rabbit IgG from Invitrogen, Carlsbad, California (A-11008) was diluted
1:1000 in TBS2 or a 0.5mg/ml solution of avidin from Sigma-Aldrich, St. Louis, MO
(A9275) was used for secondary labeling. The sample was incubated for 30 minutes.
All of the preceding incubations were conducted in a humidity chamber. The sample
was thoroughly washed in TBS2, placed between a slide and coverslip and imaged
using confocal microscopy. Regardless of whether immobilized spheroplasts or a
spheroplasts suspension was used, the reaction volume was 200ul. Washing the
spheroplast suspension was accomplished by pelleting the cells at 0.5 rcf for 20 minutes
between each incubation. Similarly, intact cells were labeled as suspensions in TB and

pelleted for washing at 4.5 rcf.
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Chapter 7

Conclusion

“...we have not yet overcome one World when there are so many others to be
discovered, every considerable improvement of Telescopes or Microscopes
producing new Worlds and Terra-Incognita to our view." Robert Hooke, 1665.
Quoted by Gest, H. (2004) Notes and Records of the Royal Society 58(2), 187-
210.

7.0 Summary

This work establishes a platform, based on spheroplasts of bacteria, to which molecular
systems level inquiries can be made. Sample preparation techniques are developed
which prepare the spheroplasts for imaging and a strategy for AFM-based single
molecule recognition on bacteria is presented. A prerequisite for this study is
immobilization of the cells. Because spheroplasts lack the surface molecules that are
exploited to immobilize intact bacteria for imaging studies, alternative immobilization
strategies are developed. For this purpose, crosslinking the spheroplasts to the
substrate is proven to be effective. Immobilization results in cells being captured in one
location on the substrate and therefore available for continuous observation.

Importantly, these immobilization techniques are also compatible with optical microscopy
techniques. This feature facilitates tracking intracellular molecular components using
optical techniques with fluorescent labels and probing surface molecules using AFM
techniques. In both imaging modalities, the buffer can be augmented to provide
whatever environment is necessary for the experiment (enhancers, substrates, ions,
etc.). Furthermore, in characterizing immobilized spheroplasts, this study provides
compelling evidence that metabolic activity is preserved through the sample preparation.
Assays for glucose uptake, protein synthesis and increased cell mass helped to make
this determination. The belief that this platform is suitable for evaluating molecular

systems in the “live” cell is therefore confirmed.

Because the outer membrane and cell wall of the bacteria are removed, the cytoplasmic

membrane, a surface not previously studied using AFM, can be examined. ltis



61

determined that the cell enclosed by only the cytoplasmic membrane is too soft for
measuring elasticity using the cantilevers currently available. This finding is supported
by indentation measurements and implies that significant deformation of the cell surface

occurs when live spheroplasts are imaged.

Intermolecular forces are very small and only a few techniques, such as AFM,
micropipette aspiration and surface force apparatus have the sensitivity to measure
them (202). Of these techniques, only AFM has the ability to detect forces within a
single pair of interacting partners. A general procedure for sensing the presence of
membrane proteins in spheroplasts of bacteria is reported. This molecular recognition
capability of AFM is demonstrated by using tips functionalized with biotin to probe fixed
cells labeled with a biotinylated antibody and avidin. Given the availability of biotin and
avidin reagents, this strategy is applicable to many systems and as demonstrated, can

be validated using confocal fluorescence imaging.

7.1 Future Directions

What kinds of questions can be answered using the experimental platform provided by
this work? Further investigations of the molecular events involved in glucose transport
can be readily envisioned. The Hinterdorfer group, which investigates glucose transport
in mammalian cells, has demonstrated molecular recognition on live cells using tips
functionalized either with an epitope-specific antibody or thio-glucose (112). Testing
substrate recognition of the glucose transporter in live spheroplasts would be an
important next step. This group also developed PicoTrec, a promising technique for
generating AFM imaging and recognition data simultaneously (216). Specific
interactions between the tip and immobilized protein are identified in the image as dark
spots. To date, application of this technique has been limited to immobilized protein on
hard surfaces as the technique is very sensitive to the deformation that occurs during
imaging of live cells. Experiments to apply PicoTrec to spheroplasts should be pursued

to evaluate the distribution of individual proteins across the cell surface.

Immunofluorescence and GFP fusion proteins were the basis of optical microscopy

studies which localized proteins in bacteria that are similar to eukaryotic cytoskeleton
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proteins. These proteins assemble into various macromolecular structures (filaments,
rings and spirals) and influence the shape of the bacteria. Although researchers have
shown that these structures are required for maintaining the shape of the bacteria, their
exact roles remain undetermined. In addition, the proteins are required for cell division
and participate in DNA segregation (129,217-219). How do these proteins perform their
intracellular function and also contribute to the periplasmic peptidoglycan? Are their
macromolecular structures located in the cytoplasm as generally assumed or are they
assembled on the periplasmic side of the cytoplasmic membrane? Mammalian
cytoskeleton proteins were previously imaged through the cell membrane (173,220).
Given the softness of the spheroplasts, one might expect to see evidence of the
bacterial cytoskeleton proteins during AFM imaging. Could their intracellular functions
be performed by individual proteins in the cytoplasm and the structural role of the
macromolecular assembly performed in the periplasm? Conceivably, using a
microscope system with combined optical and atomic force capability, the proteins could
be fluorescently labeled and tracked as they appeared on the surface of the
spheroplasts. Optical techniques do not have the resolution to determine whether the
ringed or spiral structures appear inside or outside of the cytoplasmic membrane. To
answer this question, under growth conditions, spheroplasts could be examined for

evidence of these structures.

As mentioned earlier in this thesis, the ability to study CWD forms of bacteria using AFM
has implications for biomedical research. These bacteria are hearty and able to evade
immune systems. Understanding the molecular properties unique to CWD bacteria
could be very useful in combating the diseases caused by them. The applicability of this
platform to CWD bacteria is generally assumed. Simple application of the strategies
proposed here would determine whether this assumption is valid. If they are shown to
be valid, experiments to understand their survival mechanisms can be pursued in
earnest. These cells are known to hide in macrophages to evade the immune system.
The AFM would allow simulation of this environment and conditions which lead to killing

of the bacteria can be evaluated.

To facilitate these experiments however, techniques for simultaneously observing

multiple properties of single cells must be assembled. Progress has already been made
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in this regard as the potential for combining AFM with other techniques has been
established (24,29,221-223). With the technical challenges of combining imaging
modalities overcome, the focus turns to developing a versatile experimental platform for
following molecular events as they occur in single bacterial cells. Such a platform
includes sample preparation procedures that are portable between these complementary
microscopy techniques. Portability allows researchers to have the option of tracking
individual or multiple components of the system using either or both techniques without
introducing sample preparation artifacts. This system is a unique platform on which

entire molecular systems can be studied in the single cell.
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Figure 1. Schematic of an AFM. In the top-scanning AFM, the tip is mounted on
the piezo scanner. A laser is reflected from the back of the cantilever to a
photodiode. Changes in the position of the cantilever are monitored by
corresponding changes in the position of the laser spot on the photodiode.
Figure from Alessandrini, A and Facci, P. (2005) Measurement Science and
Technology 16, R65-R92
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Figure 2. Intact E. coli on gelatin-coated
mica imaged in water. Shown are (a) large
area AFM scan, 512 pixels per line,
topographic, MACmode® image taken at 0.6
Hz (b) a small area AFM scan, 512 pixels per
line, topographic, MACmode® image taken at
1.1 Hz, bar ¥4 2 ym and (c) a confocal
fluorescence image, bar 4 8 ym. Bacteria
appear hydrated and are within expected
height and width ranges with the exception of
a few elongated cells.
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Strain Relevant Characteristics
EH expresses only the endogenous copy of PtsG
1108 expresses the ptsG/PhoA fusion from a vector in addition to endogenous PtsG
AGluc does not take up glucose
CC-GFP constitutively expresses cytoplasmic GFP
Al-GFP arabinose inducible cytoplasmic GFP expression
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Figure 3. The cellular structure of E. coli. Removal of the cell wall results in
osmotically sensitive spheroplasts.
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Disaccharide
repeating unit

glycan chain peptide
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Figure 5. The peptidoglycan strand. The repeating unit of the peptidoglycan is generally
made of a disaccharide of N-acetylglucosamine and N-acetylmuramic acid and a peptide
containing L-alanine, D-glutamic acid, meso-diaminopimelic acid and D-alanine. The sugars
alternate to form the backbone of the polymer and are connected via a 1—4 glycosidic
bonds. The peptide is attached to the muramic acid and extends away from the glycan
chain.(1) Figure adapted from Dmitriev, B., Toukach, F., and Ehlers, S. (2005) Trends In
Microbiology 13(12), 569-574
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Figure 6. Spheroplasts immobilized on gelatin-coated mica. Cells were scanned at 1.5Hz
and with 256 pixels per line. (a) Amplitude image after one scan, bar = 2 ym; (b) amplitude
image of the same area after four scans taken within 20 min of 2a, bar = 2 um. Note that

spheroplasts are present but appear to be repositioned (1) and distorted (2) by the tip as a

result of scanning.
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Figure 7. GFP expressing spheroplasts immobilized in isoporous filters. (a,b) Confocal
images show that spheroplasts are retained in the filter membrane. (a) fluorescence image.
(b) overlay of fluorescence and transmission images. (c,d) AFM images of a filter in which
fluorescent spheroplasts were detected. The spheroplasts are approximately 1um in
diameter and are probably buried in the 7-22um thick filter. (c) topograph. (d) amplitude.
Note the areas with different contrast (arrows). These may be spheroplasts but the rough
topography of the filter surface prevents a clear determination.
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Figure 8. Spheroplasts immobilized with warm gelatin. Amplitude images are shown. (a)
Representative 75 uym scan taken at 512 pixels per line and at a speed of 2 Hz, bar = 10 ym.
(b) To demonstrate the stability of the preparation technique, two spheroplasts were imaged
after four scans at 1.3Hz and compared with the image of the same spheroplasts, bar = 2
pMm. (c) Imaged after 20 scans at 1.3Hz over a 3 h period, bar = 2 ym. (d) and (e) are cross
sections from the topograph images of (b) and (c) respectively, bars = 2 um. Note the
similarity in the profiles, indicating that the spheroplasts were stably imaged without the
changes noted in Figure 6.
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Figure 9. Spheroplasts immobilized using warm gelatin doped with
rhodamine 6G. Appropriate filters for GFP and rhodamine 6G were
used in each case to generate a series of confocal fluorescence
images compressed into a single image. (a) GFP channel only xyz
scan, bar = 8 ym. (b) Emission detected on the GFP and rhodamine
6G channels are merged to show that the spheroplasts are spherical
and are in proximity of the gelatin surface. The horizontal band
results from light reflection and indicates the surface of the gelatin,
bar =4 um.
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Figure 10. Cartoon of immobilization using warm gelatin mixed with spheroplasts. Cells
are captured to varying degrees in the gelatin.
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Figure 11. Spheroplasts with irregular boundaries and “lumpy” surfaces. These aberrations
could be seen in samples prepared with warm gelatin. This observation raises questions
about the effect the gelatin temperature might have on the cells, even those that appear to be
normal. (a) topograph. (b) amplitude
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Figure 12. Schematic of APTES/glut immobilization. The drawing illustrates how
glutaraldehyde crosslinks the spheroplasts to the aminopropyltriethoxysilane-treated mica
via amino groups of both surfaces.
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Figure 13. Images of spheroplasts immobilized on APTES/glut mica. (a,b), 45um scan.
Although the cells are clearly anchored to the substrate, the topograph image shows
distortions which indicate that the spheroplasts follow the direction of the scan. (heavy
arrows) The scan direction is indicated in the lower right corner of each image (thin arrows).
(c,d) 1um scan of a single cell. (a,c) topograph images. (b,d) amplitude images.
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Figure 14. CC-GFP Spheroplasts immobilized on APTES/glut mica. (a) confocal image of

E. coli spheroplasts expressing cytoplasmic GFP. (b) Topograph image of Pseudomonas
aeruginosa spheroplasts.



8.06 um

Figure 15. Live/Dead® BacLight™ assay. Immobilized cells were incubated in the
manufacturer’s recommended concentration of SYTO9 (component A) and propidium
iodide (component B) for 10 minutes; each channel scanned sequentially. (a,b) EH, (c,d)
1108, (e,f) AGluc
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Figure 16. Fluorescent glucose assay using intact bacteria. Confocal images of intact E.
coli mounted on a gelatin-treated substrate and treated with fluorescent glucose.
Fluorescence (a,c,e) and associated transmission (b,d,f) images shown. (a,b) EH (c,d)
1108 (e,f) AGluc (which does not take up glucose).
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Figure 17. Fluorescent glucose assay using spheroplasts. Confocal images of
spheroplasts mounted on a APTES/glut substrate and treated with fluorescent glucose.
Fluorescence (a,c,e) and associated transmission (b,d,f) images shown. (a,b) EH (c,d)
1108 (e,f) AGluc (which does not take up glucose) .
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Figure 18. Glucose/Propidium lodide assay on intact bacteria and spheroplasts.
Immobilized cells were incubated with 100uM 2NBDG and the recommended
concentration of Propidium lodide from the Live/Dead® BacLight™ assay for 10 minutes;
each channel scanned sequentially. (a,b) EH, (c,d) [108, (e,f) AGluc, overlay of
transmission light and fluorescence channels
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Table 2. Condition Summary Data

Glucose
Baclight
(2NBDG
Regular and
Baclight (Live propidium
Dead Assay) % iodide) % AFM %
number of fields 7 7 11
cells counted 291 591 2248
green or
spherical cells 220 75.60% 438 74.11% 1621 72.11%
red or flat cells 71 24.40% 153 25.89% 627 27.89%
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Figure 19. Contact mode AFM images of fixed spheroplasts. Images were taken in air
after 0.5% glutaraldehyde fixation of the sample after immobilization. (a) topograph
and (b) deflection. (1) spherical and (2) flattened cells.

96



667 pm

|
10.24 ym | 10.24 um

Figure 20. E. coli spheroplasts expressing GFP in the cytoplasm. Cells were immobilized on
APTES/Glut treated mica and incubated in a recovering broth (0.25M sucrose/LB doped with
500units/ml penicillin G and selective antibiotic). (a,b) Fluorescence and transmission
images of cells after 3hr incubation. (c,d) Fluorescence and transmission images of cells after
overnight incubation.
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286 ym

Figure 21. Zoom of E. coli spheroplasts expressing GFP in the cytoplasm. Magnification of
regions from the samples in Figure 20. (a,b) Fluorescence and transmission images of cells
after 3hr incubation. (c,d) Fluorescence and transmission images of cells after overnight
incubation.
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Figure 22. Contact mode AFM images of fixed overnight spheroplasts. Images of
spheroplasts immobilized and incubated in recovery media overnight were taken in air
after 0.5% glutaraldehyde fixation. (a, b) 95 um topograph and deflection; (c,d)
topograph and deflection image of the region in the square shown in (b). (e) cross

section of the cells in (c).
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Figure 23. Spheroplasts expressing an arabinose inducible cytoplasmic GFP.
Spheroplasts were generated and the cells were mounted on APTES/glut substrates. (a,b)
Fluorescent and transmission images of spheroplasts before induction.

The samples were retained at 37° in recovering broth for 2 hours. Cells were subsequently
incubated in fresh recovering broth which included 0.2% arabinose for 2 additional hours.
(c,d) Fluorescent and transmission images of spheroplasts after induction.
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Figure 24. Stylized force-distance curves. The piezo scanner is limited to movement
along the z plane. While the tip is far from the surface (1) and is not deflected, the curve is
horizontal (slope = 0). In air, as the piezo moves the tip closer to the surface on the
approach, attractive forces increase causing a negative deflection (3, circle). Once firm
contact is made with the surface, deflection and distance increase linearly (4,5). Upon
retraction, the reverse of these events occur. Larger adhesion peaks are generally seen
on the retraction curve before the tip abruptly disengages from the surface (green arrow).
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Figure 25. The importance of cantilever selection. (a, b) Bacteria were successfully
imaged in MACMode using a type Ic silicon Mac Lever. (c) Force distance curves were
generated on the bacteria and subsequently imaged. (d) A different location was chosen to
generate force distance curves. Disruption of the bacterial surface by the stiff cantilever

apparently occurred during generation of the force distance curves.



Figure 26. Spheroplasts imaged in MAC
Mode® with a silicon nitride cantilever having
a nominal spring constant of 0.1nN/nm. (a) 70
pMm scan. (b) Individual spheroplast. (c) Cross
section measurement of topograph image
showing height.
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o Figure 27. MAC Mode® Images of a 0.5%
— glutaraldehyde fixed spheroplasts. Images
e were acquired using a silicon nitride
o cantilever having a nominal spring constant
m : of 0.1 nN/nm. (a) Topograph image. (b)
£ _ Phase image. (c) Cross section
TR T d T é W W m measurement of topograph image.
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Figure 28. Untreated spheroplasts. (a)Cells
imaged in MAC Mode® with a cantilever having
a nominal spring constant of 0.01nN/nm. (b) A
cross section of the selected cells indicate that
height increased to 300-400 nm, as opposed to
the 100nm height found when imaging with the
stiffer cantilever. These results further
supported the notion that compression of the
spheroplast occurred during imaging and was
caused by excessive cantilever force.

2 10

(c) Untreated spheroplasts were also imaged in contact mode using the softer (0.01nN/nm)
cantilever. Contact mode imaging of the untreated spheroplasts results in a tip artifact due to
the deformability of the spheroplasts during imaging.



Table 3. Spring Constant Determination - Type IVc

FDC Method 1

FDC Method 2

FDC Method 3

Std. Std. Std.
Average Dev | Average Dev | Average Dev
Conversion
Coefficient
Cantilever | 12.9583 | 1.1390 | 14.9723 | 0.1814 | 16.6233 | 1.0172
1 Spring
Constant
0.0593 | 0.0124 | 0.0659 | 0.0021 | 0.0974 | 0.0100 | (nN/nm)
Conversion
Coefficient
Cantilever | 13.9458 | 0.3921 | 16.9219 | 0.1515 | 16.9651 | 1.1085
2 Spring
Constant
0.0374 | 0.0025 | 0.0539 | 0.0014 | 0.0464 | 0.0400 | (PN/nm)
Cantilever Conversion
3 Coefficient
0.6254 | 0.2129 | 13.2245 | 1.0940
) Spring
Cantélllever Constant
0.0807 | 0.0045 | 0.0933 | 0.0145 | (nN/nm)

* Silicon nitride with nominal spring constant of 0.01nN/nm
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Table 4. Spring Constant Determination (Averages) — Type IVc

FDC Method 1 FDC Method 2 FDC Method 3
Average | Std. Dev | Average | Std. Dev | Average | Std. Dev

Conversion

- 13.4521 0.7655 | 13.8398 0.1819 | 15.6043 1.0732
Coefficient

Spring
Constant 0.0484 0.0074 0.0668 0.0027 0.0790 0.0215
(nN/nm)

* Silicon nitride with nominal spring constant of 0.01nN/nm
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Figure 29. Force distance curves generated on intact bacteria and spheroplasts. (a-d)
Topograph images taken in MAC Mode®. (a, b) Intact bacteria. (c, d) Fixed spheroplasts. (a, c)
Locations where force distance curves were generated within the perimeter of the bacteria and
on the substrate are represented by s and z, respectively. (b, d) Subsequent images were
generated after force distance curve to verify the condition and location of the measured
bacteria.
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Figure 30. Regions of force distance approach curves relevant for approach curve
analysis.
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Figure 31. Graph of composite force distance curves for an intact cell, a spheroplast and a
fixed spheroplast. The dotted vertical lines indicate the start of the constant compliance
regions for the three cell types. The indentation values for the three cell types are indicated.



Table 5. Spring Constants and Indentation

spheroplasts

(+/- 0.016)

160nm (+/- 21)

Sample Cantilever Slope Indentation |Spring constant of
spring constant bacteria (kp)
(ke)
Intact 0.0343 nN/nm | 0.85 (+/- 0.02) |50nm (+/- 11.5) 0.194nN/nm
(+/- 0.002)
Fixed 0.036425 nN/nm| 0.94 (+/-0.06) | 20nm (+/- 5) 0.571nN/nm
spheroplasts (+/- 0.003)
Untreated 0.0519 nN/nm 0.97 (+/- 0.05)
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Figure 32. Topology of IICB®®. The protein has eight transmembrane helices and four
periplasmic loops. Beginning at the N-terminal, the third loop between transmembrane
helices 6 and 7 is the largest of the three cytoplasmic loops. Both the termini face the

cytoplasm. A linker separated the 1IC domain from the IIB domain. Residues important to
the function of the transporter have been identified.
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Figure 33. Confocal images of immunolabeled intact E. coli. Cells were labeled with a
purified rabbit 1° antibody to bacterial alkaline phosphatase (PhoA) and an anti-rabbit 2°
conjugated to Alexa 488. (a,b) 1108 cells expressing the glucose transporter fused with
PhoA in the cytoplasmic membrane; (c,d) EH cells which expresses neither the fused
protein nor the endogenous glucose transporter or PhoA. (a,c) fluorescence images. (b,d)
transmitted light images. Fluorescence labeling does not occur in the intact bacteria
because the 1° antibody does not have access to the fused protein in the cytoplasmic
membrane.
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Figure 34. Confocal images of immunolabeled spheroplasts. (a,b,c,d) 1108 spheroplasts
labeled with antibodies to the alkaline phosphatase-tagged glucose transporter. (a,b)
purified 1°antibody, Alexa 488 2°. (c) purified 1°antibody, Alexa 568 2°. (d) biotinylated
1°antibody, streptavidin Qdots 2° . (e,f) EH control spheroplasts labeled with purified
1°antibody, Alexa 488 2° . (a,c,d,e) fluorescence images. (b,f) transmission images.
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Figure 35. Identifying specific interactions using force distance curves. ldealized approach
(dotted line) and retraction (solid line) force-distance curves indicating specific interaction
between a cell surface molecule and a tethered ligand. (1) Far from the surface, cantilever
deflection is constant and the tethered ligand is not in contact with the surface. (2) Upon
contact with the surface, the cantilever bends and the ligand is in contact with the surface.
As the tip is pulled away from the surface, the cantilever and cell surface relax until the
original point of contact. If there is no interaction between neither the tethered molecule and
the sample nor the tip and the sample, the horizontal portion of the approach curve will be
retraced. (3) Interaction between the tethered molecule and the surface bound complement,
however, will cause a nonlinear region to develop in the force-distance curve as the lax linker
becomes stretched. Linearity returns (albeit in a region farther from the surface) when the
linker is taut. (4) Further separation causes the interaction between the tethered molecule
and its complement to be disrupted and the cantilever returns to its baseline position. (Ebner,
A., et al (2007) Current Nanoscience 3(1), 49-56)
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Figure 36. Schematic of AFM molecular recognition experiments.
Spheroplasts expressing the PhoA-tagged glucose transporter are

immunolabeled with a biotinylated antibody and treated with avidin.

A cantilever functionalized with tethered biotin is used to probe this
surface.
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Figure 37. Immunolabeled spheroplasts used for molecular recognition by
AFM. Amplitude images of a spheroplast treated with a biotinylated antibody
to the PhoA-tagged glucose transporter and avidin. (a) Single spheroplasts
were imaged using a small scan area. The green pointer is the location in
the center of the cell where force distance curves were generated with a tip
to which biotin was tethered. (b.) Animage of the same cell after the force
distance curves to ensure that damage did not occur and the cell remained in
the same location.
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Figure 38. Actual force distance curves. The red trace is the approach curve
and the blue trace is the retraction curve. (a) no adhesive interaction between
the tip and sample (b) nonspecific adhesive interaction (c) a binding event.
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Table 6. 1108 AFM Molecular Recognition Data
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Cell 1 Cell 2 Cell3 Cell4 Cell5 Cell 6 Totals
Binding Events 120 58 84 51 114 81 508
Remaining
Curves 430 492 466 499 436 469 2792
1108 | Number of
Curves 550 550 550 550 550 550 3300
Binding
Probability 21.82% | 10.55% | 15.27% | 9.27% | 20.73% | 14.73% | 15.39%




Table 7. EH AFM Molecular Recognition Data

Cell 1 Cell 2 Cell3 | Cell4 | Cell5 | Totals
Binding Events 18 56 23 12 55 164
Remaining
Curves 532 494 527 538 495 2586
EH | Number of
Curves 550 550 550 550 550 2750
Binding
Probability 3.27% | 10.18% | 4.18% | 2.18% | 10.00% | 5.96%
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Figure 39. Graphical representation of the data in Table 6 and Table 7.
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Appendix B — Abstracts
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Abstracts of Manuscripts Associated with this
Thesis Work

Doktycz, M. J., C. J. Sullivan, et al. (2003). "AFM imaging of bacteria in liquid media

immobilized on gelatin coated mica surfaces." Ultramicroscopy 97(1-4): 209-216.
Immobilization of particulates, especially biomolecules and cells, onto surfaces is
critical for imaging with the atomic force microscope (AFM). In this paper, gelatin
coated mica surfaces are shown to be suitable for immobilizing and imaging both
gram positive, Staphylococcus aureus, and gram negative, Escherichia coli,
bacteria in both air and liquid environments. Gelatin coated surfaces are shown
to be superior to poly-L-lysine coated surfaces that are commonly used for the
immobilization of cells. This cell immobilization technique is being developed
primarily for live cell imaging of Rhodopseudomonas palustris. The genome of R.
palustris has been sequenced and the organism is the target of intensive studies
aimed at understanding genome function. Images of R. palustris grown both
aerobically and anaerobically in liquid media are presented. Images in liquid
media show the bacteria is rod shaped and smooth while images in air show
marked irregularity and folding of the surface. Significant differences in the
vertical dimension are also apparent with the height of the bacteria in liquid being
substantially greater than images taken in air. In air immobilized bacterial flagella
are clearly seen while in liquid this structure is not visible. Additionally, significant
morphological differences are observed that depend on the method of bacterial
growth. (C) 2003 Elsevier Science B.V. All rights reserved.

Sullivan, C. J., J. L. Morrell, et al. (2005). "Mounting of Escherichia coli spheroplasts for

AFM imaging." Ultramicroscopy 105(1-4): 96-102.
The cytoplasmic membrane of Escherichia coli (E coli) is the location of
numerous, chemically specific transporters and recognition elements.
Investigation of this membrane in vivo by atomic force microscopy (AFM)
requires removal of the cell wall and stable immobilization of the spheroplast.
AFM images demonstrate that spheroplasts can be secured with warm gelatin
applied to the mica substrate just before the addition of a spheroplast
suspension. The resulting preparation can be repeatedly imaged by AFM over
the course of several hours. Confocal fluorescence imaging confirms the
association of the spheroplasts with the gelatin layer. Gelatin molecules are
known to reorder into a network after heating. Entrapment within this gelatin
network is believed to be responsible for the immobilization of spheroplasts on
mica. (c) 2005 Elsevier B.V. All rights reserved.

Beckmann, M. A., S. Venkataraman, et al. (2006). "Measuring cell surface elasticity on
enteroaggregative Escherichia coli wild type and dispersin mutant by AFM."
Ultramicroscopy 106(8-9): 695-702.
Enteroaggregative Escherichia coli (EAEC) is pathogenic and produces severe
diarrhea in humans. A mutant of EAEC 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
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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. This was carried out in both wild type EAEC, 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
represents an initial step in efforts to understand the pathogenic role of the
dispersin protein in the wild-type bacteria.

Sullivan, C. J., S. Venkataraman, et al. (2007). "Comparison of the indentation and

elasticity of E. coli and its spheroplasts by AFM." Ultramicroscopy 107(10-11): 934-942.
Atomic force microscopy (AFM) provides a unique opportunity to study live
individual bacteria at the nanometer scale. In addition to providing accurate
morphological information, AFM can be exploited to investigate membrane
protein localization and molecular interactions on the surface of living cells. A
prerequisite for these studies is the development of robust procedures for sample
preparation. While such procedures are established for intact bacteria, they are
only beginning to emerge for bacterial spheroplasts. Spheroplasts are useful
research models for studying mechanosensitive ion channels, membrane
transport, lipopolysaccharide translocation, solute uptake, and the effects of
antimicrobial agents on membranes. Furthermore, given the similarities between
spheroplasts and cell wall-deficient (CWD) forms of pathogenic bacteria,
spheroplast research could be relevant in biomedical research. In this paper, a
new technique for immobilizing spheroplasts on mica pretreated with
aminopropyltriethoxysilane (APTES) and glutaraldehyde is described. Using this
mounting technique, the indentation and cell elasticity of glutaraldehyde-fixed
and untreated spheroplasts of E. coli in liquid were measured. These values are
compared to those of intact E. coli. Untreated spheroplasts were found to be
much softer than the intact cells and the silicon nitride cantilevers used in this
study.
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