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Abstract

Metal binding is a known characteristic of the bacterial cell wall. Yet, the
binding mechanisms and affinity constants are not fully understood. The cell
wall of Gram-positive bacteria is characterized by a thick layer of peptidoglycan
and anionic teichoic acids anchored in the cytoplasmic membrane (lipoteichoic
acid) or covalently bound to the cell wall (wall teichoic acid). The polyphosphate
groups contribute to metal binding, while previous studies have suggested that
the carboxyl units of peptidoglycan are primarily responsible for the metal
binding behavior of the cell wall. As a result, there are many contradictory
theories that describe binding affinity and the binding mode of divalent metal
cations.

Equilibrium association constants and total metal binding capacities for
the interaction of calcium and magnesium ions with the bacterial cell wall will be
reported in this dissertation. Cell wall fragments of a chloramphenicol resistant
strain of B. subtilis 1A578 were able to bind approximately twice as much Ca®*
and Mg** than a mutant deficient of wall teichoic acid. However, association
constants were similar for each sample with both metal ions. Curvature of
Scatchard plots from the binding data and the resulting two regions of binding
affinity suggest the presence of negative cooperative binding, meaning that the
binding affinity decreases as more ions become bound to the sample. This
contradicts the current paradigm of there being a single metal affinity value that

is constant over a range of concentrations.
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One of the many functions of teichoic acid involves obtaining and
sequestering metal ions required for biochemical processes. These ions must
traverse the thick layer of peptidoglycan and reach the cytoplasmic membrane
where transmembrane proteins control transport into the cell. Delivery of metals
is aided by anionic binding sites within the peptidoglycan and the along the
phosphodiester polymer of teichoic acid. The interaction with metals is a
delicate balance between the need for Coulombic attraction and ion diffusion to
the membrane. Through the use of Flame AA and equilibrium dialysis, we are
able to measure the metal binding capacity and metal binding affinity of wall
teichoic acid and Mg®*. The data show that Mg®* binds to WTA with a 1:2 Mg?*
to phosphate ratio with a binding capacity of 1.27 pmol/mg. The affinity of Mg?*
to WTA was also found to be 41 x 10° M™ at low salt concentrations and 1.3 x
10° M* at higher Mg?* concentrations due to weakening electrostatic effects.
These values are much lower than the values describing Mg®* interactions with
either peptidoglycan or peptidoglycan plus covalently bound WTA. Thus, we
propose a model of facilitated ion transport to the inner cell wall surface by
teichoic acids that permits increased structural integrity from metals binding to

peptidoglycan.

Experiments to disrupt the metal binding behavior of the cell wall
involved low molecular weight branched polyethyleneimine (BPEI). BPEI is
reported to have an antimicrobial effect on bacteria. The killing mechanism of
BPEI centers on its polycationic properties. Against Gram-negative bacteria,

penetration into the cytoplasmic membrane leads to cell depolarization. The

XX



mechanism of action against Gram-positive bacteria is less understood but
work suggests that membrane depolarization also occurs. In this dissertation, a
different explanation of cell death is reported. BPEI hinders the binding of
essential metals to the cell wall by occupying anionic sites of peptidoglycan and
teichoic acid. Through equilibrium dialysis experiments and spectrophotometric
guantification methods for BPEI, our data indicate that BPEI becomes
electrostatically bound to the cell. This interaction leads to a decrease in the
cells wall’s affinity and capacity towards Mg?* cations. Additionally, BPEI also
causes the release of Mg®" ions from intact whole cells of Bacillus subtilis. The
decrease in available metal binding sites also explains the ability of BPEI to a
cause bacteriostatic effect on bacterial growth.

The in vitro synergistic effects of combinations of BPEI and antibiotics
were examined between two resistant strains of B. subtilis. The emergence of
multi-antibiotic resistant Gram-positive bacteria is becoming an increasing
concern. Recent reports have shown PEI to have a synergetic effect with
antibiotics on a clinical resistant strain of Gram-negative bacteria. Here we
report that similar effects are observed with B. subtilis, a Gram-positive
bacterium. Furthermore, morphological changes in response to BPEI exposure
are reported through the use of both phase contrast microscopy and scanning
electron microscopy. Thicker and random coiled bacterial cells that have a
perturbed ability to form septa and separate are observed with these
microscopy images. Lag phase was increased by up to two days when B.

subtilis was exposed to sub-lethal concentrations. These cells eventually

XXi



reached exponential phase where they began to divide and exhibit traditional

morphologies and cell widths.
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Chapter 1: Background Information of Gram-Positive Cell Wall

The cell wall of Gram-positive bacteria is an elastic, amphoteric structure
with anionic polymers containing charged groups. Metal binding is a known
characteristic of the cell wall, although the binding mechanisms and affinity
constants are not fully understood. The cell wall of Gram-positive bacteria is
characterized by a thick layer of peptidoglycan that has carbohydrate based
anionic polymers that, among other things, play a role in metal binding. In
addition, there are teichoic acids that are either anchored in the cytoplasmic
membrane (LTA) or covalently bound to the cell wall (WTA) that contain
polyphosphate groups that additionally aid in metal binding. Previous studies
have suggested that the carboxyl units of peptidoglycan are primarily
responsible for the metal binding behavior of the cell. Although there have been
studies of the metal binding behavior in the past, there are many contradictory
results in response to binding affinity and binding modes of divalent metal ions.

The importance of calcium and magnesium ions for a cell’s viability has
been well documented. Calcium ions have shown to synergistically interact with
enzymes that are responsible for anchoring surface proteins to the cell wall
which then affect the bacterium’s adhesion ability (1). Some pathogens also rely
on Ca?* for toxin activity (2). Magnesium ions have been shown to play a role in
peptidoglycan synthesis, cell wall strength , and the prevention of cell lysis
(3,4). Moreover, calcium and magnesium plays a role in various enzymatic
processes. Calcium and magnesium ions are both important biologically active

metal ions that are some of the most abundant divalent metal ions in nature.



Equilibrium association constants and total metal binding capacity of
calcium and magnesium ions with purified cell walls were determined with
Bacillus subtilis and a B. subtilis mutant deficient of wall teichoic acid. Wall
teichoic acid, lipotechoic acid, and peptidoglycan are all major bacterial
components for sequestering metal ions in solution. Titration experiments have
shown that most Gram-positive cell walls of diverse strains of bacteria have
similar functional groups that contribute to metal binding (5-8). This study
focuses on the purified portions of peptidoglycan and covalently bound wall
teichoic acid. A method of equilibrium dialysis with a concentration gradient of
metal ions of a single sample were used experimentally determine binding
stability constants and binding capacity using flame atomic absorption
spectroscopy.

In the search of broad spectrum antibiotics to combat antibiotic
resistance, the characteristics of a bacterium’s need to sequester metal ions
can be exploited. By inhibiting the uptake of metals we can inhibit cell growth.
Polyethyleneimine, a cationic polymer, has been shown to exhibit antibacterial
properties. These polymeric cationic antimicrobials supposedly interact with the
negatively charged cell wall and do so without permeation through the cell’s
membrane. Branched polyethyleneimine’s antibiotics properties will be reported
in this dissertation along with results describing how sub-lethal concentrations
of BPEI appear to inhibit metal binding of cell wall fragments. The effects of
BPEI on a WTA deficient mutant (EB1451) of B. subtilis will be compared with

that of B. subtilis 1A578.



Cell Wall of Gram-Positive Bacteria

_ Wall Teichoic Acid

LipoteichoicAcid ‘
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Figure 1.1: The cell wall of Gram-positive bacteria is composed of thick 3-
dimension mesh consisting of cross-linked peptidoglycan, teichoic acids, and
various transmembrane and membrane associated proteins (represented by
green ovals). Adapted from Josset et al. (9)
Peptidoglycan

Peptidoglycan is a polymer consisting of a glycan (polysaccharide)
backbone consisting of N-acetyl muramic acid and N-acety glucosamine with
peptide side chains (amino acids and diaminopimelic acid) that are cross-linked
through peptide bonds forming a three dimensional structure. The carboxyl
groups on the peptide side chains are the anionic sites for metal binding.
Peptidoglycan can have varying types of cross-links between different amino

acid units (10,11). The degree of crosslinking can vary from bacterial strain.

Cross-linking generally occurs between the amino group of the diaminopimelic



acid and the carboxyl group at position 4 on different peptide strands (11). This
cross-linking is either direct or through a peptide bridge. For Gram-positive
bacteria this crosslinking mostly occurs through an interpeptide bridge which
can vary in length from one to seven amino acid residues. However,
peptidoglycan has been reported to have a regular order and a three
dimensional structure with 3-fold symmetry (12). The layer of peptidoglycan in
Gram-positive bacteria is much thicker than in Gram-negative bacteria with a
typical thickness of around 50 nm (13). This thick, 3D-mesh of peptidoglycan is

able to withstand a turgor pressure of around 20 atm (13).
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Figure 1.2: The structure of a monomer of peptidoglycan which have various
crosslinking with neighboring amino acids and diaminopimielic acid components
of other monomers forming a three dimensional mesh consisting of various
layers.
Teichoic Acids

Teichoic acid is described based on its location on the cell. Lipoteichoic
acid is anchored into the cytoplasmic membrane via a lipid tail, while wall
teichoic acid is covalently bound via a linkage unit containing a disaccharide
and one to three glycerol phosphate monomers (14). The tar and tag genes are
respectively responsible for the production of these two forms of wall teichoic

acid. Depending on the strain of bacteria, wall teichoic acid consists of either a

poyl(glycerol phosphate) or a poly(ribitol phosphate) backbone. B. subtilis strain



W23 produces a poly(ribitol phosphate) while B. subtilis strain 168 produces a
poly(glycerol phosphate). The phosphodiester linkages are the primary metal

binding sites for teichoic acids.

Lipid-anchored Teichoic Acid (LTA)
Cell-EnveIope for Gram-Positive Bacteria Wall-anchored Teichoic Acid (WTA)
cellwally,.

cytoplasm

cytoplasm

Peptidoglycan (PG)

cell

<«—membrane—» ¢—————cell wall > 2
exterior

Figure 1.3: Teichoic acids are named based on their location and how they are
connected to the cell wall. Liptoteichioc has a lipid tail anchored into the
cytoplasmic membrane and wall teichoic acid is covalently bound to the cell wall
peptidoglycan.

The D-alanylation of teichoic acids have been found to be affected by the
pH of growth media, temperature of growth conditions, and NaCl content in the
growth medium. As the pH of the growth media increased from 6.07 to 8.10 the
D-alanine ester content of both WTA and LTA decreased. At 6.07, 7.05, and
8.10 the WTA D-alanine ester content in terms of moles of D-alanine per mole
of phosphorus reported by MacArthur and Archibald were 0.65, 0.40, and 0.02
respectively (15). For LTA at the same pH values the D-alanine ester content

was 0.75, 0.54, and 0.07. In addition, an increase in temperature has a negative

effect on the amount of D-alanylation.
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Figure 1.4: The structure of all teichoic acids are based on a polyphosphate
backbone. Wall teichoic acids are strain dependent and either exist as a
poly(glycerol phosphate) with 3 carbon atoms between each phosphorus or a
poly(ribitol phosphate) with 5 carbon atoms between each phosphorus.

The D-alanine group is predicted to have a pK, of 8.42, meaning that it is
protonated around circumneutral pH and possesses a positive charge (16).
Bacterial strains that don’t possess D-alanylation because of a mutation on the
dit gene (which is responsible for synthesizing or attaching D-Ala ester to
teichoic acids) have been shown to lose their ability to form biofilms on
polystyrene or glass (17). The cause of their inability form biofilms on
polystyrene or glass is reported to be because of its stronger negative charge.

The significance of the D-alanylation of teichoic lies in its ability to repel
cationic antimicrobial peptides. A proposed property of the D-alanine to form a

contact ion pair with near phosphate groups was originally thought to be the

cause of the ability of D-alanine to repel CAMPs (Cationic Antimicrobial



Peptides), since the resulting net charge between the alanine and phosphate
group would be zero. This proposed model would inhibit metal binding (18).
Recent research with solid state NMR has shown that the nitrogen —
phosphorus distance measurements are not in agreement with that model and
that Mg®* preferentially binds to the phosphate groups regardless of D-alanine
present on teichoic acids (19).
Wall Teichoic Acid Deficient Bacterial Mutants

Teichoic acids are indispensable for cell viability. Deletion strains of
bacteria either lacking LTA or WTA have been shown to be viable. These
strains exhibit differences in morphology as shown in the WTA deficient mutant

in Figure 1.5.

Figure 1.5: Phase contrast images of two strains of B. subtilis. Wall teichoic acid
deficient B. subtilis mutants have drastically different morphologies at the
cellular level. The B. subtilis WTA deficient mutant, EB1451 (right) exhibits
swelling and clumping that uncharacteristic of the typical morphology of B.
subtilis, 1A578 (left).

Additionally, mutant strains lacking either WTA or LTA have been shown to

grow considerably slower than their parent strains. However, deletion of both



LTA and WTA stop cell growth completely. This evidence leads to the possibility
that WTA and LTA have similar functions that can compensate for each other.
Studies with bacterial mutants with altered teichoic acids have shown that they
play a function in the following areas listed below in Table 1.1 (17,20-40). Most
notably is the requirement of WTA for cell adhesion and biofilm production

which are two aspects associated the bacteria’s ability to infect hosts.

Function TA References

Protection against cell damage

Resistance to antimicrobial peptides D-ala of TA | (24,27,28,41)
Resistance to cationic antibiotics (e.g. D-ala of TA | (42)
vancomycin)

Resistance to lysozyme WTA (29)
Resistance to antimicrobial fatty acids WTA (22)
Resistance to heat stress WTA, LTA | (23,25,30)
Resistance to low osmolarity LTA (23)

Controlling protein machines in the cell

envelope

Cell division site placement LTA (20,23)
Autolysin activity WTA, LTA |(25,31,32)
Mediating interaction with receptors and

biomaterials

Adherence to epithelial and endothelial cells | WTA (26,27,43)
Serving as a phage receptor WTA (39,40)
Mediation attachment to biomaterials and LTA, WTA | (17,25,32)

biofilm formation

Table 1.1 Functions of teichoic acids. (adapted from Xia et al. (44))
Role of Teichoic Acid in Pathogenesis

Cell wall teichoic acids are essential for the virulence of Gram-positive
pathogens. The tagO mutant of S. aureus has been investigated in the past and
such research has demonstrated that WTA is plays a major role in cell

adhesion, biofilm production, host infection, and the binding of metal ions



(17,25,45). Studies with the tagO mutant of S. aureus have shown that WTA is
needed to cause intranasal infections in experiments utilizing a rat model.
Furthermore, WTA has been shown to be important for bacterial skin
colonization and protects S. aureus against antimicrobial fatty acids present on
skin as presented by Kohler et al. (22).

The use of genetic mutation studies using the tagO mutant of
Staphylococcus aureus has found that WTA is essential for nasal colonization
and infection. Utilizing a cotton rate model which have nares with histological
properties similar to humans, Weidenmaier et al. infected the animals with
equal numbers of either wild-type bacteria or WTA deficient bacteria with the
tagO mutation (26). The results of this study showed that colonization of the
tagO mutant group was present one and two days after instillation of rats at
amounts of 90.7 + 1.4% and 98.3 + 0.3 when compared to the wild-type group.
At 7 days, the tagO mutant group exhibited no colonization, while the wild-type
group showed CFU (colony forming unit) values with a mean and media of 6011
and 6207 respectively. However, another mutant, the dItA mutant that lacks the
DNA modification in teichoic acids showed colonization in 4 out the 10 rates in
the group with very low CFU mean and median values of 30 and 33. D-
alanylation of teichoic acids have been shown to be a mechanism in which
Gram- positive bacteria defend themselves from cationic antimicrobial peptides.
It has also been indicated that D-alanylation produces conformational changes

of LTA which in return increase the cell wall density (46).
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Due to the nature of WTA's role in causing infections, it has been
proposed as a target for future antibiotics. A potential antibiotic is being
investigated by others that inhibits a late step in wall teichoic acid biosynthesis
(47). This antibiotic targets a transmembrane component that leads to the
transports WTA to the cell’s surface.

Role of Metals in Cell Viability and Pathogenesis

The importance of calcium and magnesium ions for a cell’s viability has
been well documented in the past. Calcium ions have been shown to
synergistically interact with enzymes that are responsible for anchoring surface
proteins to the cell wall which then affect the bacterium’s adhesion ability.
Magnesium ions have been shown to play a role in peptidoglycan synthesis,
cell wall strength, and the prevention of cell lysis.

Calcium ions play a role in biofilm production. Dental plaque has been
found to have a high calcium ion content and data from experiments performed
by Rose et al. have found that in streptococci, calcium binding mostly occurs
within the teichoic acid phosphate groups (48). This study found a wide array of
calcium binding capacities for streptococcus ranging from 0.129-1.52 pumol/mg
using a labeled calcium chloride with radioactive assays. In addition, the
amount each functional group contributes to metal ion binding is dependent on
the strain of bacteria being analyzed.

In addition, calcium ions have been said to synergistically interact with
enzymes that are responsible for anchoring proteins that aid in the adhesion of

bacteria. Sortase, a protein responsible for bacterial adhesion, is a proposed
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target for anti-infective therapy. Calcium ions have been found to increase the
activity of Staphylococcus aureus by 8-fold (49).
Metal lon Homeostasis in Bacteria

Mg?* and Ca?" are the two most abundant divalent metal ions in bacterial
cells. Cellular concentrations of Mg and Ca** are 5 to 30 mM (50) and around
100 nM (51) respectively. The majority of Mg®* in the cell is bound to ligands,
leaving only 0.4-0.6 mM in the free, unbound form (50). It has been thought that
the negatively charged polymers (teichoic acid for Gram-positive bacteria and
LPS for Gram-negative bacteria) provide a reservoir of metal ions in the cell to
then interact with the cell’'s membrane (52,53). Transport of metals into the
cytoplasmic membrane is then performed through active transport by
transmembrane proteins (52,54). These transmembrane proteins have been
reported to rely on the electrochemical gradient across the cytoplasmic
membrane to transport Mg?* (55). The reliance on the membrane potential
means that changes in pH and/or changes in the concentration of other ions will

influence transport (52).
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Chapter 2: Experimental Procedures
Preparation of LB media

Lysogeny broth was used as the growth media for B. subtilis. LB growth
media was made by dissolving 10 g of tryptone, 5 g of yeast extract, and 5g of
sodium chloride into a 1 L graduated cylinder filled with ~800mL of Milli-Q
water. This mixture was allowed to stir around 5 minutes or until fully dissolved,
the cylinder was filled to the 1L mark, and then allowed to stir briefly to obtain a
homogenous solution. The growth media was then transferred to the flask used
to grow cultures and then immediately sterilized by autoclave for 30 minutes to
obtain sterility.
Cell Growth Protocol

B. subtilis 1A578 was obtained from the Bacillus Genetic Stock Center
(BGSC). B. subtilis strain 1A578 is chloramphenicol resistant strain (up to 20
ng/mL) of parent strain B. subtilis 168 that is susceptible to chloramphenicol at
2 ug/mL (1). B. subtilis EB1451 was obtained from Eric Brown (McMaster
University). EB1451 (a mutant of parent strain EB6) is deficient of WTA and has
resistance to erythromycin. The growth protocol for B. subtilis 1A578 involved
transferring 20 mL of LB through an autoclaved serological pipette to an
autoclaved 125 mL Erlenmeyer flask. 20 pL of 10 mg/mL chloramphenicol
solution was then added to media. A small amount of bacteria from a frozen
stock was then added to the flask and allowed to sit in an incubator / shaker at
37°C overnight. These overnight cultures were then used to inoculate larger

cultures (usually of 500 mL) by transferring a volume of the overnight culture
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equal to 1% of the new culture and adding an amount of chloramphenicol stock
solution to create a final concentration of 10 ug/mL. A similar growth protocol
was used for B. subitlis EB1451 with the exception of erythromycin being used
in place of chloramphenicol.
Cell Wall Purification

Cell walls were purified from exponential phase cultures of B. subtilis
1A578 and B. subtilis EB1451 (WTA deficient mutant). Cells were grown in
Lysogeny broth and then collected by centrifugation at 150009 for 25 minutes
once the culture reached an ODgyo of approximately 1.0. The cells were then
disrupted using a Thermo® French press or an Avestin® Emulsiflex C3 high
pressure homogenizer. The disrupted cells in solution were then centrifuged for
30 minutes at 20000g and the pellet containing the insoluble cell wall was
retained and re-suspended in 10 mL distilled deionized water. This suspension
of cell fragments were then added drop wise with stirring to 60 mL of boiling
SDS in order to inactivate autolysins as well as remove the cytoplasmic
membrane. The cells were then rinsed with 200 mL of distilled deionized water
by centrifugation at 150009 for 20 minutes three times. The cells were then re-
suspended in TRIS buffer (pH 8.2) and treated with ~1 mg trypsin and ~0.5 mg
RNAse/DNAse at 37°C in and incubator/shaker for 16-18 hours. The cells were
then spun down again, washed with fresh distilled deionized water, and then re-
suspended in Ammonium Acetate buffer (pH 4.7) and treated with 5 mg of
pepsin at 37°C for 2 hours. Finally, the cells were centrifuged, washed with 50

mL of 50 mM EDTA in order to remove any residual metal ion contamination,
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and then washed 3 times with 200 mL of Milli-Q. The cells were then
suspended in a minimal volume of Milli-Q, lyophilized, and stored in the -20°C
freezer.
Hydrolysis to Separate WTA from Peptidoglycan

Portions of the freeze dried cell wall also underwent a 10% TCA
(trichloroacetic acid) treatment at 4°C for 48 hours in order to remove the WTA
(2) in order to study the peptidoglycan component of B. subtilis 1A578. The cell
wall sample was composed of peptidoglycan and covalently attached WTA as
depicted in Figure 2.1. After 48 hours, the suspension of 10 mL was centrifuged
at 15000 g and the supernatant was transferred to two 14 cm 500 MWCO
dialysis membranes and placed in 1.5 L Milli-Q H,O to remove the
trichloroacetic acid. The water was changed every 12 hours for a total of 4
times. Swelling of bags did occur due to osmotic pressure change from the
exchange of TCA in solution. The contents of the dialysis bag were then
lyophilized for 1 day and then re-suspended in 1 mL of Milli-Q H,O and placed
in a 500 MWCO dialysis membrane which was then placed in jar containing 50
mL of 0.05 M EDTA to remove any metal ion contamination. This jar was placed
in an incubator / shaker (200 rpm, 4°C) overnight. The dialysis membrane was
transferred to a large beaker containing 1000 mL of Milli-Q H»O in a cold room
and the water was changed at 5 times at an approximate 6 hour time interval.
The solution in the membrane was then transferred to a 1000 MWCO dialysis
membrane and placed in 100 mL of Milli-Q H,O and the water was removed 3

times at a 4 hour time interval. The change in dialysis membrane molecular
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weight cutoff size was performed as part of a precautionary step to avoid

permeation through the membrane.

Wall Teichoic Acid

Wall Teichoic Acid l l

._m
Peptidoglycan Peptidoglycan

Figure 2.1: Results of the cell wall purification process and the WTA hydrolysis.
The peptidoglycan component is insoluble and is separated via centrifugation,
while the insoluble wall teichoic acid goes through additional membrane dialysis
purifications steps to remove the TCA.
Preparation of Metal lon Standard Solutions

The normal protocol for making metal ion standard solutions for calcium
involve weighing a known amount of oven dried CaCQOg, dissolving itin 1 N HCI,
and then diluting with distilled deionized water to the desired volume. This
creates the problem of having acidic aliquots being added to the samples
absorbing Ca®" ions as the concentration gradient is formed, thus causing a pH
gradient as well. Binding constants and metal binding capacity to teichoic acids

and peptidoglycan is dependent on pH (3,4). CaCl, could not be used because

of difficulties quantitatively weighing a known mass due to its hydroscopic
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nature. In order to overcome these obstacles, a known mass of oven dried
CaCOg3 was weighed and then reacted with a minimal amount of HCI to form an
aqueous acidic mixture of CaCOs. This solution was lyophilized to remove the
H,O and HCI. The sample was then dissolved in Milli-Q H,O and then diluted to
the desired volume.
Fundamentals of Dialysis

Dialysis is based on the selective retention of molecules based on size.
A dialysis membrane is able to retain molecules of above a certain size based
the average pore size of membrane and the diameter of a molecule. The
dialysis membrane can structurally vary. The membrane used in this study was
regenerated cellulose. The structure of a subunit of a cellulose polymer is
depicted in Figure 2.2. This polymer exhibits structural symmetry and the
permeability / pore size can be controlled (5). Spectrum Labs, the manufacturer
of the dialysis membranes used, defines the MWCO (molecular weight cutoff)
as an indirect measurement of a solute size that is retained by at least 90%
during a 17 hour period. For this reason a much smaller molecular weight cutoff
needs to be selected. The cell wall fragments with either peptidoglycan or
peptidoglycan with covalently attached WTA are much higher than 1000 amu.
Likewise, WTA has been reported to have a molecular weight in the range of

24800, which is much larger than 1000.
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Figure 2.2: Structure of Cellulose. Cellulose is a polymer that consists of
several thousands of f B(1—4) linked D-glucose units. These long strands have
a tendency to aggregate and form ordered structural entities due to hydrogen
bonding.
Membrane Dialysis Procedure

A known mass of around 15-40 mg of the purified cell wall material
(peptidoglycan + WTA) was suspended in 1-2 ml of Milli-Q H,0, transferred to a
6.5 cm length, 1.8 cm width, 27000 MWCO Spectra/Por® 7 dialysis membrane
and placed in a closed jar with a final volume of 50 mL of Milli-Q H,O (including
the volume of H,O in the dialysis bag). Metal ions much smaller than a
molecular weight of 1000 amu could flow freely through the dialysis membrane,
while cell wall fragments, much larger than 1000 amu, remained inside the
dialysis membrane. This simple setup is represented by Figure 2.3. The jars
with dialysis membranes were placed in a cold room (4°C) and shaken on New
Brunswick G24 incubator/shaker. Equilibrium dialysis experiments indicated
that full equilibration between metal ions in and out of the dialysis bag without

cell wall was achieved after 12 hours. Every 12 hours a 5 mL aliquot was

removed from the jar and 5 mL of a known metal ion concentration (20 ppm)
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was added in order to obtain a concentration gradient. Utilizing a Varian
SpectrAA 55b Flame Atomic Absorption Spectrometer, the concentration of the
aliquots were determined, and that data was placed into an Excel spreadsheet
in order to in order to calculate the Ca** or Mg bound on the cell wall in
dialysis membrane, the binding capacity of Ca** or Mg?*, and ultimately create a

Scatchard plot to extrapolate binding constants.

k Metal Cation

& cellwall
- Dialysis Bag

Figure 2.3: Membrane dialysis of cell wall material involved having a known
quantity of cell wall material on the inside of a closed dialysis bag with a pore
size that lets metal ions flow freely in and out, while keeping the cell wall
material trapped inside.
General Principles of Flame AA

The fundamental principles behind atomic absorption spectroscopy have
been around since the late 1800s and the first atomic absorption spectrometers
have been around since the late 1950s. It has been the most widely method to
guantify single element concentrations in which ultralow limits of detection are
not needed. Flame atomic absorption spectroscopy has been used extensively

in this dissertation to explain the metal binding characteristics of several cell

components and as a result the general principles will be explained in depth.
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Each atom on the periodic table has a characteristic line spectrum. Each
line in the spectrum tells us about the energy levels present in the atom.
Electrons gain energy and have a transition from a ground state and into an
excited state. Quantum theory defines the electronic energy levels of an atom
and these values are available through reference tables (6). This energy
transition generates the emission spectrum. The light source of an atomic
absorption instrument must produce a line spectrum with a narrow band that is
as narrow as the emission spectrum. A monochromater does not have the
capability to produce these narrow bands with an adequate intensity so a hollow
cathode lamp with the element of interest must be utilized. These hollow
cathode lamps are composed of the metal of interest at the cathode and filled
with an inert gas at low pressure which ionizes when a potential is formed
between the electrodes in the lamp. Gaseous metal vapor then fills the tube
from ions of the inert gas colliding with metal cathode. The collisional energy
causes the electrons of the metal of interest to enter into an excited state
creating the aforementioned emission spectrum.

As a metal ion solution is aspirated through the system via a nebulizer
that converts the analyte liquid into a fine spray. The nebulized liquid then goes
into a mixing chamber to mix with the oxidant (air) and fuel (acetylene) that
flows into a laminar flow burner. The laminar flow burner has a relatively long
path length and a stable flame which together enhance the sensitivity and
reproducibility of the instrument. The optimum flame height to observe depends

on the element being analyzed and the properties of each element in terms of

20



how easy it is oxidized. In the flame, liquid droplets of the solvent evaporate,
either thermal dissociation of molecules into atoms or reduction of ions occurs,
and ground state atoms are formed. These ground state atoms then absorb the
exact energy required for excitation from a hollow cathode lamp of the element
being analyzed. This process is denoted on the flowchart in Figure 2.4. The
incomplete dissociation of molecules or the ionization of metal ions can pose a
problem in determining concentrations of a sample. However, in our simple
system consisting of only H,O and low (0-10) ppm alkaline earth metal ions with

the use of an air-acetylene flame, these two factors are not of concern.

Sample Solution

J Nebulization

Wet Aerosol

| Desolvation

Dry Aerosol

_Evaporation

Vapor

lons « Atoms o Molecules

Absorption

Figure 2.4: Flowchart of nebulization process leading to absorption of light
energy emitted from the hollow cathode lamp.

A monochromator placed after the flame is used to disperse the light to
obtain a wavelength of interest from this spectrum. A blank is aspirated through

the instrument and the intensity of that wavelength selected by the
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monochromator is recorded and the difference when the analyte is aspirated is
calculated as a percent of transmission, which is further calculated to an
absorbance value which is linear in a certain range, defined by the linear
dynamic range inherent in the instrument. The concentration of analyte is
directly proportional to the absorbance value. This relationship is given by
Beer’s law which is given by the simple equation of A = abc. This equation
includes “A” the absorption value, “a” the absorptivity constant, “b” the path
length, which in this case in the length through the laminar flame at its longest
distance, and “c” which is the concentration. Since “a” and “b” are constant, “A”
is the only value that is directly proportional to the concentration. A basic

representation of the components of a flame atomic absorption

spectrophotometer can be viewed in Figure 2.5.
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Figure 2.5: The basic representation of a flame atomic absorption
spectrophotomer includes a hollow cathode lamp that produces line width
wavelengths associated with the element of interest, a nebulizer, a laminar flow
burner, various mirrors and gratings, as well as a photomultiplier tube to convert
photons to a quantifiable signal related to absorbance. Adapted from
http://www.analyticalspectroscopy.net/ap5-7.htm
Dialysis Equilibration Optimization

The optimal time between metal ion solution extractions and additions to
the system was determined by monitoring the increase in Ca?* outside of a
dialysis bag. Spectra/Por® 7 Standard Regenerated Cellulose tubing with a
molecular weight cutoff of 1000 Daltons was obtained from Spectra Labs. A 2
mL volume of 211.759 ppm Ca®" was placed in a 1000 MWCO dialysis
membrane which was then placed in 50 mL of Milli-Q H,O. A 2 mL aliquot was

taking from solution outside of the dialysis membrane at different time intervals

and saved for Flame AA analysis. From this graph (Figure 2.6) we can

23


http://www.spectrumlabs.com/generic/tms.html?LiFrom=%2Fdialysis%2FSpectraPorSeven.html;FrName=Pretreated+Spectra%2FPor+Tubing;rtm=Spectra%2FPor;#SPECTRAPOR

determine that a 12 hour interval between metal ion additions / extractions gives
enough time for the system to equilibrate. Divalent calcium ions have been
reported to have a radius 114 picometers and divalent magnesium ions have
been reported to have a radius of 86 picometers. Due to the smaller radius of
Mg?*, it is safe to accept a 12 hour equilibration time since smaller ions have a

higher rate of diffusion through a porous membrane.
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Figure 2.6: Length of time for Ca®* ions to equilibrate inside and outside of the
dialysis membrane.

Scatchard Plot Analysis

In order to extrapolate binding constants and metal binding capacities a
Scatchard plot is utilized (3,7). Previous works in directly determining binding
characteristics of metal with cell wall functional groups have utilized Scatchard
plots (3,8). Scatchard plots are used to analyze both the binding constant and
binding capacity from data obtained for reversible ligand and substrate binding
characteristics. The purpose of the Scatchard plot is to create a linear

transformation of the binding curve in a way to easily calculate the binding
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slope, which is represented by the absolute value of the slope of the line and in

order to calculate the binding capacity which is represented by the x-intercept of

the line as seen in Figure 2.7. A non- linear optimization and regression to
extract adsorption parameters could have been used but this technique would
not account for changes in affinity caused by a change in the electrostatic

properties of the cell wall sample due to binding events.

Scatchard Plot

Slope=-Ka

Bound/Unbound ions

max

Bound ions

Figure 2.7: Characteristic Scatchard Plot. In a non-cooperative system, the
Scatchard Plot consists of a linear regression of a straight line. The negative
value of the slope is equal to the equilibrium constant K, and the value of x-
intercept is the binding capacity.
Hill Plot Analysis

Negative cooperative binding has been shown to have Scatchard plots
that are shaped with a concave up curve (9). In addition, Scatchard plots that
exhibit this concave up feature which deviates from linearity can also be the
result of multiple classes of binding sites. We know that the cell wall has

peptidoglycan with carboxyl sites as well as wall teichoic acid with phosphate

metal binding sites. The combination of a low affinity binding site and high
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affinity binding site could cause this deviation from linearity in the Scatchard
plot. Data from individual components of the cell wall must be examined in
order to determine whether cooperativity in binding exists. Due to the three
dimensional polyanionic nature of the cell wall and the crosslinking present in
peptidoglycan, the configuration of binding sites in the matrix might lead to

binding sites with varying affinities for metal ions.
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Figure 2.8: Scatchard plot shapes and associated Hill plot in cooperative and

non-cooperative systems. The shape of the Scatchard Plots on the top gives an

indication whether cooperative binding exists in the sample. In order to test
cooperative binding a Hill Plot is created and the slope of the resulting line is
examined.

In order to test for binding cooperatively a Hill plot is generally used.

Specifics regarding the use and creation of a Hill plot were taken from a paper
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published by Sabouri and Moosavi-Movahedi (11) concerning the use of the Hill
coefficient from Scatchard and Klotz plots. A Hill plot is formed by plotting the
fraction of substrate bound to ligands to the free substrate concentration. The
only information obtained from a Hill plot is the presence of cooperativity when
its slope is not equal to 1. In the event the slope is less than one there exists
negative cooperativity in the binding system in which Kassoc coOntinually
decreases as the concentration of substrate increases which in this case is a
metal ion.
Characterization of BPEI by Mass Spectrometry

An ESI(+) mass spectrum was taken to find the mass distribution of the
polymer used in our experiments. From the mass spectrum (Figure 2.9), we can
see that when this polymer is added to aqueous solution, it is not as charged as
previously thought. The protonation of the amine groups is dependent on the
pH and not all amine groups will be protonated at circumneutral pH. BPEI is
weakly basic and a 0.1 g/L concentration yields a pH of around 9.8 in Milli-Q

H,0.
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Figure 2.9: ESI(+) spectrum of the low molecular weight branched

polyethyleneimine used in our experiments showing the molecular mass range
of the polymer.

An example structure of BPEI corresponding to the (M+H)+ = 362.4 amu
in the mass spectrum is shown in Figure 2.10. Depending on pH, the amine

groups will become protonated and impart cationic properties on the polymer.
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Figure 2.10: An example of one structur(—[:\”:)?‘ low molecular weight branched
polyethyleneimine. The pK, protonation constant values for branched PEI are
around 4,5 for primary, 6.7 for secondary, and 11.6 for tertiary amine groups
(12).
Spectrophotometric Quantification of BPEI

Spectrometric quantification of branched polyethyleneimine was
performing by adding a copper sulfate reagent to obtain a spectrophotometric
complex. The spectrum of this complex is shown below in Figure 2.11. There
are two wavelengths that have an absorbance that directly correlates with BPEI
concentration. At 285 nm a BPEI range of 1-100 ug/mL can be quantified and at
630nm a BPEI range of 40-2000 can be quantified. The protocol of BPEI
quantification includes making a calibration curve by adding between 0.1 mL to
1.9 mL of BPEI stock solution with 0.1 mL of 1M CuSO4 and diluting to 2 mL in
a quartz cuvette. The BPEI concentration of the stock solution and subsequent
dilutions must be within the range of analyte being investigated. A different

standard stock solution concentration was selected if absorbance value did not

lie within the calibration curve. These measurements were taken on a Jenway
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Genova UV-Vis Spectrophotometer. Calibration curves for BPEI are

represented in Figures 2.12.
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Figure 2.11: The UV-Vis Spectrum for the BPEI and Cu2+ complex displaying
two peaks at 285 nm and 630 nm. The peak at 285 nm is used for low
concentrations and the peak at 630 nm is used for higher concentrations of
BPEI. Concentrations above 100 pg/mL of the
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Figure 2.12: A linear relationship is obtained for concentrations of BPEI at 285
nm and 630 nm.

The absorbance values for the BPEI quantification method described
above were not perturbed in the presence of 100 ppm Mg®* or 100 ppm Ca?".

Transition metals, such as Cu®*, with incomplete sets of valence electrons have
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been reported to interact with un-protonated amine groups on BPEI to produce
a metal complex.
Examination of Matrix Effects Due to PEIl on Flame AA Response

Up until now, all samples analyzed for metal ion content were in the
simplest of matrixes containing the metal ion being analyzed in Milli-Q H,O or
with dilute HEPES buffer (0.001 M) at a pH of 7.25. Due to these simple
matrixes we were able to use matrix matched standard solutions for
constructing a calibration curve. In solutions containing BPEI, matrix matched
standard solutions were used. However, due to lack of a static concentration of
BPEI from binding events to the cell wall samples, the effect of 0.1 g/L BPEI on
absorbance measurements was examined. Two sets of standard solutions were
prepared: one in Milli-Q H2O and one that contained 0.1 g/L BPEI. The results
of this comparison are shown in Table 2.1. There does not appear to be an
effect of BPEI on the detector response in the flame AA Mg®* quantification

procedure performed.

ppm Mg®* Abs Without BPEI Abs With 0.1 g/L BPEI

0.078125 0.004 0.004

0.15625 0.007 0.008

0.3125 0.015 0.015
0.625 0.03 0.03
1.25 0.062 0.06

2.5 0.122 0.124

5 0.233 0.237

Table 2.1. Flame AA absorbance values of Mg®* standard solutions with and
without 0.1 g/L BPEI to examine matrix effects. The values appear to be similar
and give evidence that 0.1 g/L BPEI does not affect absorbance values and that
there is no reaction between BPEI and Mg** ions.
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Determination of Mg®* in LB Growth Media

Matrix interferences become an issue due to the high salt content in
undiluted LB growth media. LB contains 5 g/L of NaCl along with high content of
dissolved solids from the 10 g/L tryptone and 5 g/L yeast extract added. A high
salt concentration tends to result in a decrease in signal (13). Viscosity and
surface tension are directly related to salinity. As salt concentration increases,
viscosity increases. This change in viscosity affects the sample uptake rate,
which then leads to a decreased amount of sample reaching the system relative
to the standard solutions. Larger droplets formed from high salt concentration
solutions are less effectively de-solvated and can also contribute to a
decreased signal. We must use the standard addition method when determining
the concentration of Mg?* in the LB growth media to overcome these matrix
effects.

The standard addition method involves the addition of a distribution of
known volumes of a known concentration of analyte to flasks containing a
constant volume of the unknown sample. This process is denoted in Table 2.2
below. The absorbance values are graphed with respect to the concentration of
the standard additions after dilution. The absolute value of abscissa of the
graph when y is equal to zero is equal to the concentration of the unknown after
dilution. To obtain the original concentration of Mg®* in the sample a simple
calculation using M;V;=M,V, is performed. In Figure 2.13 below, the x-intercept
is calculated to be 1.412 ppm Mg?*, which signifies that the original

concentration before the 5x dilution was 7.06 ppm Mg?*. This differs from the
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concentration obtained from using only a calibration curve with standard
solutions in H,0 (5.86 ppm Mg?*). Using the same standard addition method
with LB that was sterile filtered with a 0.2 um filter after growth of LB to an

ODggo value of 1.0, an Mg?* ion concentration of 6.85 ppm was obtained.

Volume of Fresh LB Volume of 1.25 ppm Volume of
Media Mg?* H,O
1mL 0 mL 4 mL
1mL 1mL 3 mL
1mL 2mL 2 mL
1mL 3mL 1mL
1mL 4 mL 0mL

Table 2.2. Standard addition volumes and concentrations used to determine the
Mg?* content in fresh Lysogeny broth growth media shown in Figure 2.13.

Standard Addition Method Fresh LB Media
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Figure 2.13. Standard addition graph of Lysogeny broth growth media Mg?*
content using the parameters listed in Table 2.2.
Quantity of Phosphate in WTA Sample

Our WTA sample underwent liquid state **P NMR analysis to determine
the amount of phosphate on a per milligram basis. This quantity was then used

to correlate Mg?* binding capacity to binding stoichiometry with the phosphate

groups. The NMR probe was externally calibrated with 0.0485 M triphenyl-
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phosphate and one transient scan was taken with a 90° pulse and a 60 second
delay time. The gain was set constant for the reference calibration standard and
the sample. A 5.9 mg quantity of WTA was dissolved in 750 pL of D,O and
underwent NMR analysis for phosphate concentration. Quantitative analysis of
the phosphate content in the WTA sample was performed using the gNMR tools
in VnmrJ 3.1 where the integrated peak area for the reference was compared to
the sample. A concentration of 21.5 mM of phosphorus was obtained in this
analysis. This is equivalent to 2.7 umol P per mg of WTA and 8.4% phosphorus
on a mass percentage.
WTA Equilibrium dialysis

Due to the smaller structure of WTA when compared to the much larger
cell wall fragments a 500 MWCO dialysis was used for equilibrium dialysis
experiments to minimize chances of WTA diffusing through the membrane
within the extended time frame they occupy the bag. The molecular weight
cutoff value attributed to a dialysis membrane is an indirectly measured
parameter that defines the mass at which the material is retained by at least
90%. These mass ranges are generally used as a basis for estimating the
retention of globular proteins. WTA on the other hand is a long polymer which
can potentially exist in linear or “folded” orientation. Nonetheless, Mg®* ions
have a molecular weight much smaller than 500 amu and are able to travel in
and out of the dialysis membrane. In order to validate the completion of dialysis
and to check if there was metal binding occurring on the membrane, a control

was performed and went through the same procedures as the samples. A
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known mass of 15-30 mg was suspended in 1 mL of Milli-Q H2O and then
placed in 49 mL of Milli-Q H,O. A 5 mL volume of the solution was extracted
and 5ppm Mg?* solution was added every 48 hours. After 10 additions /
extractions, the samples underwent flame AA analysis. Conformational
rearrangement of the WTA polymer may be slower than the rate of diffusion of
metal ions. Finding a conformation with the lowest potential energy would
require breaking the phosphate-metal-phosphate bridges. The rate of
interconversion is unknown, but is expected to be slower at 4°C, the sample
temperature during dialysis process. Thus, we decided to extend the period of
time between collecting flame AA samples. The metal solution addition and
extraction process resumed after 21 days.
Growth Curves with Antibiotics and BPEI

In experiments examining the combination of antibiotics and BPEI, 50
mL of freshly made, un-autoclaved LB media was transferred to 125 mL
Erlenmeyer flasks, covered with aluminum foil, and then immediately
autoclaved for 30 minutes. Any metal supplementation occurred before
autoclaving. A 1 mL volume of LB in a plastic disposable cuvette was used to
blank the spectrophotometer (Jenway Genova UV-Vis Spectrophotometer) at
600 nm and 1 mL of each flask was transferred to a cuvette using sterile

technique and then the sample was disposed after a measurement was taken.

36



Chapter 3: Mg?* and Ca?* Binding Characteristics of Gram-Positive
Bacterial Cell Walls
Introduction

The importance of calcium and magnesium ions with regards to cell
viability has been well documented (1,2). Calcium ions participate in synergistic
interactions with enzymes responsible for anchoring surface proteins to the cell
wall, thereby affecting the bacterium’s adhesion ability (3,4). Pathogens rely on
Ca?* for toxin activity (5). Magnesium ions play a role in peptidoglycan
synthesis, cell wall strength, and the prevention of cell lysis (6). The surfaces of
Gram-positive bacteria contain carboxyl, phosphoryl, hydroxyl, and amino
functional groups (7,8). At physiological pH values, these groups are
deprotonated and contribute to metal binding (7,8).

For Gram-positive bacteria, WTA, LTA, and peptidoglycan are major
bacterial components for sequestering metal ions from the environment.
Peptidoglycan is a glycan (polysaccharide) backbone consisting of N-acetyl
muramic acid and N-acetylglucosamine with peptide side chains (amino acids
and diaminopimelic acid) that are cross-linked through peptide bonds to form a
three dimensional structure. Teichoic acids are polysaccharides of either
polyglycerol phosphate or polyribitol phosphate (depending on the bacterial
strain) and are either anchored in the cytoplasmic membrane (LTA) or
covalently bound to the cell wall (WTA) (9). The carboxyl groups on
peptidoglycan are the anionic sites for metal binding, while phosphodiester

groups are the primary metal binding sites for teichoic acids.
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Previous studies on the metal binding behavior of B. subtilis have focused on
the metal binding capacity and affinity. It was suggested through Hill plot
analysis that negative cooperativity might exist (10). However, Scatchard plots
reportedly do not exhibit the characteristic shape and curvature associated with
negative cooperative binding (10). Nevertheless, Ka values of 4 x 10* + 0.8 x
10* M™tand 5.4 x 10* + 3.3 x 10* M for calcium and magnesium ions indicate a
weak interaction (10). Binding capacities (0.75 + 0.15 pmol/mg and 0.91 + 0.54
pmol/mg) previously reported for calcium and magnesium have substantial error
(10). These studies relied on either radioactive assays or atomic absorption
spectroscopy. In contrast, an electrostatic model for metal sorption on the cell
wall calculated binding constants 3 orders of magnitude stronger (6.31 x 10’ M™*
for Ca®" ions in low ionic strength solution with 0.001 M K* ions) (11). These
experiments utilized a modeling approach to extrapolate a binding constant
rather than a typical linear regression Scatchard plot analysis.

Titration experiments for most non-mutant strains of bacteria have shown
that most Gram-positive and Gram-negative cell walls have similar functional
groups that contribute to metal binding (7,8,10,11). Recent research with solid
state NMR shows that Mg®* preferentially binds to the phosphate groups,
pushing the D-alanine away from the phosphate (12). Solid state NMR
experiments have also been performed to estimate the binding constant of wall
teichoic acid using the *'P chemical shift based on the magnesium
concentration used in the experiments (13). Kern et al. (13) published a

dissociation constant of 600 + 300 pM (Ka = 1.67 x 10* M) for WTA and Mg?®*
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by using purified cell wall that contained peptidoglycan and covalently attached
WTA through the use of 1D NMR. Nonetheless, the great disparity in Ka values
suggests a complicated system that warrants further study.

Importance of WTA

Cell wall teichoic acids are essential for the virulence of Gram-positive
pathogens. A tagO deletion mutant contradicted the belief that wall teichoic acid
was necessary for the viability of Gram-positive bacteria (14). This strain grows
at a considerably slower rate and has an uncharacteristic thickening of the cell
wall with abnormal coccoidal cell morphology (14). The tagO gene is necessary
for encoding the enzyme responsible for forming the wall teichoic acid linkage
unit (15). The tagO mutant of various strains of bacteria has been investigated
and this research demonstrates that WTA plays a major role in cell adhesion
(16), biofilm production (16-18), and host infection (19,20).

The creation of a viable WTA deficient mutant of B. subtilis enables an
additional method to examine the role that peptidoglycan and WTA play in
bacterial uptake of the essential divalent metals such as Ca®* and Mg**.
Calcium and magnesium ions are both important biologically active metal ions
that are some of the most abundant divalent cations in nature. We find that
electrostatic effects are responsible for a strong binding between metal ions.
This strength of binding decreases as the negatively charged functional groups
of the cell become neutralized by divalent metal ions. Fragments of 1A578
(containing peptidoglycan and WTA) give two binding regions. For Ca?*, Region

| has a Ka= (1.0 + 0.2) x 10° M and Region Il has a Kx = (0.075 + 0.058) x 10°
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M. This two region trend also applies to the WTA deficient mutant, EB1451.
For Ca**, fragments of EB1451 give Ka; = (1.2 + 0.1) x 10° and Ka> = (0.19 +
0.24) x 10°. Mg** ions give similar results in metal binding behavior. For Mg?",
fragments of 1A578 yield a Ka1= (1.5 + 0.1) x 10%and Ka, = (0.17 + 0.10) x 10°.
For Mg?*, fragments of EB1451 yield a Ka1 = (1.2 + 0.2) x 10°and Ka, = (0.12 +
0.11) x 10°. The differences in metal binding capacity of each strain are due to
the contribution of WTA. EB1451 (lacking WTA) was able to bind about half as
much metal as 1A578. No statistically significant difference was found with the
binding capacity of either metal with each specific strain. A binding capacity (n)
is reported for both regions. However, since binding is still occurring in Region
I, the total binding capacity is denoted by n,. Nonetheless, fragments of 1A578
gave binding capacities of 0.70 £ 0.04 pmol/mg and 0.67 + 0.03 pmol/mg for
Ca?* and Mg?* respectively. Fragments of EB1451 gave binding capacities 0.29
+ 0.03 umol/mg and 0.25 + 0.01 pmol/mg for Ca** and Mg?* respectively.
Experimental Procedures
Cell Growth Protocol

Two strains of B. subtilis were used in these experiments. A
chloramphenicol resistant strain of B. subtilis 1A578 (21), was obtained from
Bacillus Genetic Stock Center (BGSC, Department of Chemistry at the Ohio
State University). An erythromycin resistant, wall teichoic acid deficient mutant,
B. Subtilis EB1451 (14), was obtained from Eric Brown (McMaster University).
An overnight culture of B. Subtilis 1A578 was inoculated with frozen stock and

grown in 20mL of LB with 10 pg/mL of chloramphenicol added. The following
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day a 1L culture was inoculated from the overnight culture by transferring a
volume of the overnight culture equal to 1% of the new culture and adding an
amount of antibiotic stock solution (10 mg/mL) to a final concentration of 10
pHg/mL. The culture was allowed to grow (200 rpm, 37°C) to an ODgo of 1.0 and
then centrifuged at 150009 for 25 minutes. After centrifugation, the supernatant
was decanted and the pellet was re-suspended in 10 mL of Milli-Q H2O in
preparation for cell purification. EB1451 was grown using the same method,
using erythromycin in place of chloramphenicol.
Cell Wall Purification

A modified procedure by Umeda et al. (22) was used to purify
peptidoglycan with covalently bound WTA. Only peptidoglycan was purified
from EB1451 in this method due to the absence of WTA in the sample. The
cells were disrupted using a French press and the resulting fragments were re-
suspended in 10 mL distilled deionized water and added drop wise with stirring
to 100 mL of boiling 6% (w/v) sodium dodecyl sulfate. This step inactivates
autolysins (23,24) and removes the cytoplasmic membrane. In addition, the
sample was kept cold (4°C) during the initial disruption procedure in order to
prevent the degradation of peptidoglycan by autolytic enzymes. The sample
was rinsed 3 times with 200 mL of distilled deionized water and centrifuged at
150009 for 20 minutes at least three times. In order to remove any remaining
cell wall associated proteins, RNA or DNA, the fragments were then re-
suspended in TRIS buffer (pH 8.2) and treated with trypsin (200 pg/mL) and

RNAse/DNAse (100 pg/mL) at 37°C in an incubator/shaker for 16-18 hours. The
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cell wall fragments were then spun down again, washed with fresh distilled
deionized water, and then re-suspended in ammonium acetate buffer (pH 4.7)
and treated with pepsin (100 pg/mL) at 37°C for 2 hours. Finally, the cell wall
fragments were centrifuged and washed with 50 mL of 50 mM EDTA overnight
(4 °C) to remove any residual metal ion contamination, and then washed 3
times with 200 mL of ddH,O. The cell wall fragments were then suspended in a
approximately 5 mL of Milli-Q H,O and then lyophilized, forming a white,
charged, fluffy solid.
WTA Hydrolysis

Portions of the freeze dried cell wall also underwent a 10% TCA
(trichloroacetic acid) treatment at 4°C for 48 hours in order to remove the WTA
(25). After treatment with TCA, the suspension was centrifuged at 15000 g and
the insoluble portion containing peptidoglycan was washed 3 times with 200 mL
of Milli-Q H,O and then lyophilized for 2 days or until the sample was dry.
Membrane Dialysis Procedure

A known mass of 10-60 mg of the purified cell wall material was
suspended in 1-2 ml of Milli-Q H,O, transferred to a 6.5 cm length, 1.8 cm
width, 1000 MWCO Spectra/Por® 7 dialysis membrane and placed in a closed
jar with a final total volume of 50 mL of Milli-Q H,O. The jars with dialysis
membranes were placed in a cold room and shaken on a New Brunswick G24
incubator/shaker at 4°C. Equilibrium dialysis experiments with 1.5 mL of 100
ppm Ca*" ions placed inside the dialysis membrane with extractions taken at

specified intervals indicated that full equilibration took place between metal ions

42



inside and outside of the dialysis bag after 12 hours. The time at which
equilibration was achieved was determined to be at 10 hours. Every 12 hours a
5 mL aliquot was removed from the jar and 5 mL of a known metal ion
concentration in the range of 5-20 ppm were added in order to obtain a
concentration gradient. This range was chosen by method of trial and error. The
concentration gradient had to be small enough to observe changes in the
Scatchard analysis, but not so small as to have data points crowded in one
region. Utilizing a Varian SpectrAA 55b Flame Atomic Absorption Spectrometer,
the concentration of the aliquots was determined, and that data was used to
calculate the amount of Ca** or Mg?* bound to the cell wall inside the dialysis
membrane. Binding constants from this data were determined with a Scatchard
plot.
Results

Divalent metal cations are attracted to the negative charge of the cell

wall. Initially, metal ions are strongly bound and only a small portion of metal
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ions remain in solution. This is demonstrated in the binding curve (Figure 3.1).
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Figure 3.1. Characteristic binding curve of metal binding to purified cell wall and
the points corresponding to the two regions of binding affinity shown in Figure
3.2 The cell wall binds most Ca?" ions during an initial metal uptake phase, after
which metal binding slows. These two regions of the binding curve were used to
obtain binding constants. The equilibrium concentration was determined from
the concentration of Ca®* ions outside of the dialysis membrane. In this
particular sample, the first four points on the binding curve correspond to the
same measured concentration of 5.89 x 107 M™, which also correlate to an
absorbance value of 0.001. These points were taken at a value near the limit of
guantification and were not used in the analysis. Due to an apparent curvature
in the Scatchard plot, indicative of negative cooperative binding, two bind
regions are examined as presented by the dotted and solid selections. The
dotted selection indicates a higher affinity region. As more metal ions become
bound to the cell wall, a lower binding stability constant can be extracted with
the data points in the solid circle.

Each standard addition increases the number of bound metal ions but also

increases the concentration of excess ions in solution. Not only do additional
cations occupy more binding sites, but the negative charge of the cell wall is
partially neutralized. Attraction of free ions to the cell wall is diminished and the
metal ion concentration gradient weakens. As the standard addition process

continues, the unbound metal ion concentration increases and causes a
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decrease in the bound/unbound ratio. This behavior is commonly referred to as
negative cooperative binding and associated with a sharp upward trend to the
binding curve and a concave shape to the Scatchard Plot (26). Negative
cooperativity for cell-wall based metal binding has been suggested based on
Hill plot analysis, but the expected curvature in the Scatchard plots was not
observed in a previous report (10). Our data, obtained at lower metal ion
concentrations, clearly demonstrate a concave curvature of the Scatchard plot.
In this representation, the ordinate is a ratio of bound metal (micromoles per
mg) over unbound metal concentration (micromoles per liter). Therefore the
equilibrium concentrations determine the range of ordinate values required to
find the association constant (Ka) and binding capacity (n). As described below,
Scatchard plot analysis shows that metal chelation by the cell wall can be
described with two distinct regions of equilibrium binding behavior. The
designation of Region | and Region Il are made from a Scatchard plot (Figure
3.2) which shows linear behavior and distinct slopes for each region. The first
five data points of Figure 3.1 are not included in the Scatchard plot because the
concentration of free ions in solution is negligible and thus the flame AA
response is below the limit of quantification. Values for K, and n are determined
from the slope and x-intercept respectively. The correlation coefficient is
improved if we exclude the data point in the transition between Regions | and II

as shown in Figure 3.1 and Figure 3.2.
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Scatchard Plot for the Binding of Ca?* to 1A578 Cell Walls
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Figure 3.2. Scatchard plot associated with the binding curve in Figure 3.1
showing two regions of binding affinity. A linear transformation of the binding
data provides the binding affinity (denoted by the negative value of the slope)
and the binding capacity (denoted by the x-intercept). From this Scatchard plot
analysis, a binding constant of 1135 x 10°> M is obtained from the points
selected with a dotted line and a lower affinity constant of 43 x 10° M™ is
obtained from the points selected with solid line. The binding constant changes
as more metal ions become bound to the sample, a property of negative
cooperativity resulting from electrostatic effects in the cell wall samples. Hill
plots of samples (not shown) have also pointed towards negative cooperative
binding effects of the cell wall.

Table 3.1 is a compilation of Ka and n for Ca®* and Mg?* binding data.
Equilibrium dialysis experiments were performed to evaluate the binding of Ca**
to cell wall fragments of B. subtilis 1A578 containing both peptidoglycan and
WTA. The K and n values were obtained from 6 trials, as presented in
supplemental information Table 3.2. The average binding capacity is 0.58 +
0.07 pmol/mg and 0.070 £ 0.04 umol/mg for Regions | and I, respectively. The
average association constant is 1.0 x 10° + 0.2 x 10° M™* and 0.075 x 10° +

0.058 x 10° M for Regions | and II, respectively. The results of each trial show

that Ka and n are sample independent in Region |, whereas values for the
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second stage of binding (Region II) are directly correlated with the bound /
unbound range. Region | is characterized by higher ranges of the
bound/unbound ratio and binding in Region | is stronger than binding observed
in Region Il. Experiments using cell wall purified from strain 1A578 were
repeated to evaluate Mg®* binding. The binding affinity was 1.5 x 10° + 0.2 x
10° M* for Region | and 0.17 x 10° £0.10 x 10° M* for Region Il while a total
binding capacity (represented by n.) of 0.67 + 0.03 umol Mg?* per mg of sample

was measured.

Metal Binding Properties of B. subtilis purified cell wall components at T=4°C

Region 1 Region Il
Metal n n
T f Sampl H B X
ype of Sample lon PH  umol/mg)  Mesoe M) ol/mg)  Kassoe (M)
1A578 (Peptidoglycan + WTA) ca* 5.65  0.58+0.07 (1.0+0.2)x10° 0.70£0.04 (0.075+0.058) x 10°
EB1451 (Peptidoglycan) ca®* 5.65 0.25+0.04 (1.2+0.1)x10° 0.29+0.03 (0.19+0.24) x 10°
1A578 (Purified Peptidoglycan) ca* 5.65 0.27+0.05 (1.0+0.3)x10° 0.33+0.04 (0.080+0.084) x 10°
1A578 (Peptidoglycan + WTA) mg* 565 0.50+0.10 (1.5+0.1)x10° 0.67+0.03 (0.17+0.10) x 10°
EB1451 (Peptidoglycan) mg** 565 0.17+0.04 (1.2+0.2)x10° 0.25+0.01 (0.12+0.11)x 10°
1A578 (Purified Peptidoglycan) mg®* 5.65 0.194+0.05 (0.7+0.5)x10° 0.23+0.04 (0.098+0.024) x 10°
1A578 (Peptidoglycan + WTA) Mg 7.25 0.63+0.08 (1.0+0.2)x10° 0.77+0.07 (0.26+0.12) x 10°
EB1451 (Peptidoglycan) Mg 7.25 038+0.11 (1.0+0.2)x10° 0.54:+0.06 (0.28+0.20) x 10°

Table 3.1. Composite data table showing the metal binding properties for each
cell wall sample

A two tailed t-test was used to evaluate the statistical significance
between the mean binding capacity and binding affinity of each metal ion. At a
95% confidence interval, the values of binding capacity (n) for both metals
produced a t-value of 1.36 which was smaller than the critical t-value of 2.31.
The smaller t-value suggests that a statistical difference in the binding

capacities (n2) cannot be accepted at a 95% confidence interval. However, for
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the binding affinities, there is a statistical difference between Ka(Ca?*) and
Ka(Mg?") for Region | only. We attribute the apparent higher affinity of Mg* to
the higher sensitivity of atomic absorption measurements towards magnesium.
Magnesium produces two usable wavelengths; one at 285.2 nm, for low
concentrations, with a sensitivity of 0.007 ppm and one at 202.6 nm, for higher
concentration samples, with sensitivity down to 0.2 ppm. A wavelength of 422.7
nm is generally used for calcium. This wavelength produces a sensitivity in the
0.04 ppm range which is higher than that of the 285.2 nm wavelength for
magnesium. As a result, we are able to observe lower Mg®* concentration
measurements in the limit of quantification. These lower concentrations
correlate to higher bound/unbound values and an increase in the apparent
binding affinity is observed. At an infinitesimal concentration, K, would be
significantly larger but unmeasurable.

Values for metal binding to peptidoglycan (isolated from B. Subtilis
EB1451) also showed similar binding capacity and affinity for Ca** and Mg?"*
cations. Ca** ions were found to have a total binding capacity (n.) of 0.29 + 0.03
pmol/mg, a binding affinity of (1.2 + 0.1) x 10° M™ for Region I, and a binding
affinity of (0.19 + 0.24) x 10° M™ for Region Il. Mg?* ions were found to have a
similar binding capacity (n2) of 0.25 + 0.01 pmol/mg. A binding affinity of (1.2 £
0.2) x 10° M for Region I, and a binding affinity of (0.12 + 0.11) x 10° M™ for
Region Il were obtained. When testing for a statistical difference of K, and n for
each metal ion in both regions, we cannot demonstrate that both ions have

different metal binding behaviors.
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Using TCA hydrolysis, we can separate WTA from peptidoglycan.
Peptidoglycan purified from strain 1A578 produced similar results as the WTA
deficient mutant, EB1451, as shown in Table 3.1. Results for the binding
capacities of each cation showed that there was a not a statistical difference
between the mutant and purified peptidoglycan at a pH of 5.65. This shows that
most of the WTA from 1A578 was removed with the TCA hydrolysis method.
These values are not unexpected as both should consist of peptidoglycan only.
At a buffered pH of 7.25, the metal binding capacity of the peptidoglycan
increased and the metal binding capacity of the peptidoglycan with covalently
bound WTA increased as well (Table 3.1). The affinity of metal to cell wall
interactions in Region | remained similar at this higher pH. Individual trial results
are listed in Table 3.8 and Table 3.9. The increase in binding capacity is most
likely a result of the diaminopimelic acid carboxyl functional groups becoming
deprotonated above their pK, value of 6.31 (27). At a pH of 7.25, the capacity of
Mg?* ions to peptidoglycan from the WTA deficient mutant, EB1451, increased
by 110% (from 0.25 £ 0.01 pmol/mg to 0.54 + 0.06 pmol/mg, Table 3.1). The
attraction of Mg?* ions to 1A578 cell wall fragments, containing peptidoglycan
and WTA, increased by 14% (from 0.67 £ 0.03 umol/mg to 0.77 + 0.07
pmol/mg) when the pH was increased from 5.65 to 7.25. This increase can be
attributed to peptidoglycan and not WTA. We believe that the diaminopimelic
acid carboxyl functional groups are becoming more deprotonated at a higher pH
due to a pK, value of 6.31 + 0.01 (27) rather than phosphoryl groups becoming

more deprotonated at a pK, value of 6.9 £ 0.6 (8). A phosphoryl group
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becoming deprotonated at this pH increase would result in additional binding
sites only with samples containing WTA. The fragments of EB1451 only contain
peptidoglycan, yet a change from 0.25 + 0.01 pmol/mg to 0.54 + 0.07 pmol/mg
is observed with this pH increase. The difference in the amount gained for
peptidoglycan + WTA from sample 1A578 (0.10 umol/mg) and the amount
gained from peptidoglycan alone from EB1451 (0.29 pmol/mg) can be attributed
to cross-link density of diaminopimelic acid on a per milligram basis.
Discussion
Two Regions of Binding Behavior

The observance of two distinct binding regions has not been
demonstrated in previous studies of metal to the cell wall. Metal binding
affinities have always been represented by a single value (8,10) utilizing an
experimental protocol where different samples were mixed with a single
concentration of metal ions. Compared to literature reports (10), the binding
affinity for Ca®* in Region | (1.0 x 10° + 0.2 x 10° M) is 25 times larger than
previously reported (0.040 x 10° + 0.008 x 10° M™) for cell wall fragments
containing both peptidoglycan and WTA. Additionally, Region Il binding is 1.8
times larger than the previous report. The observation of Region | is important,
as a misconception of weaker binding might arise if binding data is limited to
only Region II. A similar trend is observed for Mg?* binding to cell wall
fragments. A binding affinity for Mg?* in Region | is 28 times larger than

previously reported (0.054 x 10° + 0.033 x 10° M™) (10) for fragments of cell
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wall samples containing both peptidoglycan and WTA, whereas Region II
binding is 3.1 times larger than the previous report.

As the cell wall gets close to saturation with metal ions, there is a gradual
decrease in the slope of the Scatchard plot and thus a decrease in the apparent
binding affinity. This decrease in Ky becomes more apparent as the equilibrium
concentration increases (Figure 3.1). An increase in the equilibrium
concentration causes a corresponding decrease in the bound/unbound ratio.
Data taken from lower bound/unbound ratios will produce a line and slope that
shows a weaker binding affinity. Data points were chosen for Region | based on
limits of quantification and the point at which the curvature starts. Data points
for Region Il were chosen furthest away from the transition point at which the
curvature begins in order to give the highest correlation coefficient.

The data in supplementary Tables 3.2 — 3.9 show a variation in the
bound/unbound ratio range for both Regions | and Il for each trial. During the
standard addition process, metal ions are added and become bound to the cell
wall. After the initial group of ions is added, the unbound metal ion
concentration is very low and the flame AA response is below the limit of
quantification of our instrument. However, the equilibrium concentration
required to produce a response equal to or greater than the limit of
guantification depends on cell wall mass and varies between each trial. The
difference between the bound/unbound ratios after each standard addition is
observed in the two highest values in Figure 3.2. For Region I, the variation in

the range of bound/unbound is less dramatic and a result of variation in the
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equilibrium concentration at the end of each experiment. A higher proportion of
unbound metal ions in solution will cause the bound/unbound range to decrease
when the cell wall sample reaches the saturation point for metal binding. Ideally,
Scatchard plot analysis will provide a precise view of this equilibrium behavior
independent of the bound/unbound range. The numerical values that describe
the relationship between the bound and unbound metal ions should be very
accurate. However, we cannot define a traditional equilibrium constant since it
depends on the particulate size and electrostatic properties of each particulate.
Measurements with B. subtilis sacculus (whole cell walls) produced a similar
binding capacity of 0.62 umol/mg but a larger binding affinity is observed. In this
sample a binding affinity of 4.5 x 10° M was obtained for Region | and a
binding affinity of 1.04 x 10° M was obtained for Region Il. The bound/unbound
range was much higher than with the fragment samples. Nonetheless,
equilibrium remains frustrated by hindered diffusion.

The large standard deviations in binding affinity can be attributed to a
combination of diffusion effects and the dependence of the affinity constant, Ka,
on concentration. The process of disrupting cells with a French Press creates a
distribution of particle sizes and thus each trial is expected to have a different
distribution of particle sizes. Peptidoglycan forms a three dimensional mesh
where diffusion of metal ions through large fragments may be significantly
different than small fragments. Within the distribution of fragments, each
particulate will have a unique metal ion equilibrium between the interior and

exterior of the cell wall fragment. Negative cooperativity of metal binding to the
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cell wall creates a situation where calculated values of Ky depend on the
equilibrium concentration range. This is illustrated by the values for Kaz in each
trial (Tables 3.2 — 3.9). The higher the bound/unbound region examined, a
higher association constant is measured for Region Il. The values of Ka for
Region | are independent of the bound/unbound ratio.

The dependence of the Region Il Ka on the bound/unbound range may
lie with electrostatic interactions between the cell wall, metal cations, and
counter ions. The cell wall is a polyelectrolyte in terms of the peptidoglycan and
teichoic acid components, which both exhibit a strong negative charge based
on deprotonated carboxyl and phosphoryl functional groups near pH = 7. The
metal binding behavior of other polyelectrolytes has been investigated (28,29).
However, no studies have been directed towards the cell wall. Studies with two
polyelectrolytes, RNA and humic acid, have exhibited similar binding behavior
when compared with our cell wall samples. Humic acid is a natural organic
polyelectrolyte containing multiple carboxyl and phenolate groups. Using
voltammetry, it has been shown that the stability constant of the metal ion
complex decreases with increasing metal ion concentrations and decreases
with increasing ionic strength values (29). Increasing Zn** concentration from
107 M to 3 x 10° M caused the stability constant to decrease from 5.01 x 10° M°
1 t0 1.26 x 10°> M (29). A gradual increase in the ionic strength of the solution
from 0.001 M KNOs to 0.1 M KNO3 with a constant Zn?* concentration of 10° M
caused a decrease in the observed stability constant from 3.16 x 10°> M™ to 7.94

x 10*M™* (29). Additionally, just as there was little difference in the metal
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binding characteristics of Mg®* and Ca** in our cell wall metal binding data,
there was little difference in the metal binding characteristics of Zn** and Cd?*
(29). RNA has a poly(ribose phosphate) backbone similar to the poly(glycerol
phosphate) backbone of teichoic acid. Mg?* ions binding to RNA were also
found to exhibit curvature on the Scatchard plot (30). This behavior was
explained as either the result of changing electrostatics, which would lead to
negative cooperativity, or two classes of binding sites (30). Class 1 is a group of
strongly bound ions whereas class 2 is a group of more weakly bound ions that
are responsible for the trailing region of the Scatchard plot (30). As a result, a
traditional equilibrium constant cannot be defined because diffuse ion binding is
based on long range electrostatic interactions and does not follow the laws of
mass action (31). Other studies into RNA have demonstrated that the ionic
strength plays a huge role in the determination of binding affinity with RNA and
metal ions, thereby providing evidence against the classification of two classes
of binding sites (28). Application of this electrostatic model at low sodium
concentrations has shown to be a good fit to experimental data (28).
Electrostatic effects have been shown to cause a decrease in the degree of
curvature of Scatchard plots, and subsequently a decrease in affinity, as the
concentration of competing monovalent cations increases (28). As a result,
reported stability constants for metal binding to polyelectrolytes is directly
dependent on a number of variables including ionic strength, temperature, and
divalent metal ion concentration (28,29). The dependence on ionic strength

appears to have a greater influence on Region | in the Scatchard plot
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(commonly referenced as class 1 binding sites in other publications) (28).
Individual experiments at varying ionic strengths were not performed, although
it is expected that the affinity within Region | would decrease as ionic strength
increases, based on observations with other polyelectrolytes (28). Electrostatic
effects are less prominent when the electrostatic potential of the cell wall has
already been neutralized through the binding of cationic metal ions.

It has been reported that peptidoglycan contributes half of the cell’'s
metal binding capacity by comparing the binding of both cell wall fragments
(containing peptidoglycan with covalently bound WTA) and peptidoglycan alone
(32). These results show that calcium has a binding constant of 25 x 10° M™
and a binding capacity of 0.78 pmol/mg for cell walls containing both
peptidoglycan and WTA (32). Peptidoglycan alone was determined to have a
binding constant of 18 x 10° M™ and a binding capacity of 0.45 pmol/mg (32).
Although our binding constants are much larger for region 1, the binding
capacity data are similar to the Matthews et al. (32) report. For 1A578,
peptidoglycan accounts for 47% of Ca** binding whereas it is 34% of Mg**
binding. This is in contrast to previous reports that teichoic acids were solely
responsible for Ca?* binding to the cell wall (7).

Based on a statistical t-test analysis, we do not observe an obvious
difference between the affinities or binding capacities of specific metal ions to
the cell wall. In a subsequent study by Doyle et al. (10), Ca®", Mn®*, Ni?*, Sr**,
Zn?*, and Mg?* were reported to have binding constants of 40 + 8, 52 + 11, 33 +

11, 36 + 11, 39 + 7, and 54 + 33 respectively (which are x 10°* M™). Likewise the
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binding capacities of all divalent metal ions appeared to be highly similar with
values of 0.75 £ 0.15, 0.74 + 0.16, 0.64 = 0.20, 0.86 + 0.26, 0.97 £ 0.16, and
0.91 + 0.54 (in units of pmol/mg) for Ca**, Mn%*, Ni**, Sr**, zn**, and Mg**
respectively (10). Without knowing how many samples were taken to obtain the
standard deviations reported, it is impossible to perform any statistical tests on
the sets of data. Nonetheless, similarity of values for divalent metal ions,
coupled with large standard deviations, show that there is little preference in
binding affinity or capacity between divalent cations.
Deprotonation of Binding Sites

Initially, experiments were performed at a measured pH of 5.65, which
was the pH of the distilled deionized Milli-Q water due to dissolved carbon
dioxide (33). Additional experiments were performed with a low concentration of
HEPES buffer, 0.001 M, at an adjusted pH of 7.25 in order to examine effects of
pH on the binding constant and binding capacity of Mg®*. The binding capacity
increases because there are more binding sites. This makes sense for both
Regions | and Il because of binding to the diaminopimelic acid carboxyl group.
Addition of NaOH creates competition for the binding site between Na* and
Mg?* and lowers the observed Ka. However, Mg®* will overwhelm Na* binding
and preferentially replaces the Na* due to its higher charge density, leading to a
higher binding capacity. There appears to be a change in the Ka value for
Region | and Il when the pH is increased from 5.65 to a buffered pH of 7.25. We
attribute the decrease in affinity constant for Region | to the minute addition of

NaOH to adjust the pH to 7.25. The slightly higher ionic strength is expected to
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cause a decrease in the electrostatic potential of the cell wall (27). However, we
observe an increase in Ka for Region Il though this increase is not statistically
different between pH 5.65 and 7.25. When the pH was increased from 5.65 to
7.25, a more than two fold increase was seen in metal binding capacity of
peptidoglycan, as shown in Table 3.1.

The two regions of binding affinity in the Scatchard plot are sometimes
described as two classes of binding sites. The purified cell wall does contain
two types of binding sites (carboxyl and phosphoryl groups). However, two
regions of binding affinity are also seen for peptidoglycan obtained from the
WTA deficient mutant and purified from 1A578 after TCA hydrolysis. A two site
model predicts similar capacities for Region | between the three samples, which
is not observed. Rather, the binding capacities of Region | and Il are best
interpreted by electrostatic effects but we cannot attribute these two regions to
specific functional group.

The increase in Mg?* binding at pH 7.25 is a result of the diaminopimelic
acid carboxyl groups becoming deprotonated and offering additional charge
density for binding metal ions. Barkleit et al. (27) determine three regions of
pKa values (4.55 + 0.002, 6.31 £ 0.01, and 9.56 £ 0.03) when performing
potentiometric titrations of purified peptidoglycan from Bacillus subtilis. These
values were attributed to the carboxyl group on the glutamic acid, the carboxyl
group on the diaminopimelic acid, and the amine/hydroxyl groups on the
peptidoglycan sample, respectively. Site densities reported were 0.65 + 0.17,

0.76 £ 0.02, and 1.45 £ 0.23 mmol/g of sample for the three sites. If site
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densities of glutamic acid and diaminopimelic acid are similar, the pH change
should double the binding capacity. This behavior is observed in our data
(Table 3.1).
Binding Stoichiometry

There have been conflicting papers published on whether metal ion
chelation by the cell wall occurs via a monodentate or bidentate complexation
mechanism. Multidentate binding will produce binding constants with a higher
affinity than monodentate binding based on the chelate effect. Bridging between
two functional groups will produce a 1:2 metal to site stoichiometry where a
metal ion can be bound to a single functional group and between delocalized
oxygens of carboxyl or phosphoryl groups. If the binding constant is calculated
indirectly with a model and equation, the calculated equilibrium constant will
depend on the binding stoichiometry. Metal to cell wall binding constants have
been reported using experimental methods (10,32) and model based
calculations (8,11). However, models of metal binding require knowledge of
binding stoichiometry, a constraint not essential for experimental determination
of binding constants. Nonetheless, based on the relative amounts of carboxyl
functional groups and their associated pKj, values, our data corresponds with a
bridging binding mode for metal ions with peptidoglycan.

A metal binding capacity of 0.54 pmol/mg for Mg®* with peptidoglycan
from EB1451 is smaller than the reported binding site concentrations. The
glutamic acid has a carboxyl site density of 0.65 + 0.17 mmol/g and

diaminopimelic acid had a carboxyl site density of 0.76 £ 0.02 mmol/g (27). The

58



contribution from terminal D-alanine carboxyl groups was not reported. The
prediction of more binding sites than quantities of bound divalent metal ions is
also seen in work by Borrok et al. (34). This supports the possibility of a binding
pocket created with multiple functional groups or the possibility that every site
may not become occupied. Using modeling studies, Mishra et al.(35) show that
that 1:2 metal binding stoichiometry fits well at low concentrations (such as
those used in our experiments) but there is a significantly better fit with a 1:1
binding stoichiometry when going to much higher concentrations than 200 ppm.
This suggests that a different chemical environment might exist for large
concentrations of metal ions and counter ions.

Peptidoglycan serves to maintain integrity in response to cellular turgor
pressure. WTA contributes to cell wall stability and helps maintain cell wall
shape. Wall teichoic acid deficient B. subtilis mutants have drastically different
morphologies at the cellular level. The B. subtilis WTA deficient mutant EB1451
exhibits swelling and clumping that is uncharacteristic of the B. subtilis 1A578
(Figure 3.3). TEM images show that the absence of WTA also causes cell wall
thickening (14). The spherical shape and thick cell walls are induced by internal

turgor pressure.
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B. subtilis 1A578 B. subtilis EB1451

A B

Figure 3.3. Phase contrast microscopy images of (A) B. subtilis 1A578 (B) and
EB1451 cells grown in LB media (1000x magnification). The WTA deficient
mutant EB1451 causes the cell shape to change from a narrow rod to a
spherical shape. Dust particles on the microscope lens are seen in the lower
right and upper left portions of the images.

The B. subtilis architecture relies on an amide bond between the terminal
carboxyl group of D-alanine and the terminal amine of diaminopimelic acid.
However, the terminus of diaminopimelic acid also contains a carboxyl group
that is unaffected by cross-linking. Prior to amide bond formation, this terminus
would exist as a charge neutral zwitterion and likely would have a minimal
contribution to metal binding. Upon cross-linking, the terminus of diaminopimelic
acid becomes negatively charged and available for metal binding. At pH 5.65
these groups are protonated and do not bind metals. Thus, the pH effects
observed in our experiments can be used to indirectly evaluate the amount of
diaminopimelic acid cross-linking. The binding capacity of Mg®* with EB1451
cell walls increases by 0.29 pmol/mg at pH 7.25 whereas an increase of 0.10
pmol/mg is seen with 1A578 fragments. Thus, the WTA deficient mutant
contains a greater fraction of diaminopimelic acid cross-links. The degree of
cross-linking on peptidoglycan has been investigated with respect to a tagO

mutant of Staphylococcus aureus. One report implied greater cross-linking in

the tagO mutant through increased binding to a cell wall-targeting domain of
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lysostaphin that preferentially binds to cross-linked peptidoglycan (36).
Alternatively, tagO mutants have been reported to have a decreased degree of
cross-linking (37). Further investigation into the role of cross-linked
diaminopimelic acid with regards to metal binding is underway.

In these experiments, we measured the binding constants and binding
capacities of metal ions (Ca** and Mg?*) with purified cell wall fragments of B.
subtilis containing either peptidoglycan or peptidoglycan with covalently
attached WTA. We found much higher metal ion stability constants than
previously reported. The binding of metal ions to the cell wall appears to be a
largely electrostatic phenomenon at low ionic strengths. This behavior is similar
to other polyelectrolytes. Even though our experiments were performed at low
ionic strength conditions, bacteria can grow in a variety of extreme conditions.
Many factors such as the ionic strength, amount of divalent metal ions present,
and temperature must be taken into consideration when examining the cell
wall’s affinity toward divalent metal ions. At low ionic strength it has been
demonstrated that the cell wall has a strong affinity for metal ions in solution.
This property can be hypothesized as part of a survival mechanism of the cell to
capture important bioactive divalent metal ions.

The data in Region | reveal the maximum amount of metal ions that are
bound to this particular region. However, we are reluctant to attribute a precise
chemical interpretation because binding is still occurring at Region Il and there
is no strong correlation between samples with and without WTA. It is possible

that the initial binding events cause a reorganization of the cell wall and teichoic
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acid architecture to expose additional binding sites. It is also possible that
heterogeneous cell fragments with an array of metal binding groups from the
carboxyl groups associated with D-alanine, D-glutamate, diaminopimelic acid,
and phosphoryl groups associated with teichoic acid provide distinct binding
sites that lead to different changes in the binding affinity. In the low ionic
strengths of our experiments, these distinct changes would be difficult to
distinguish due to the large electrostatic contribution towards binding.

There have been conflicting results published for attributing pK, values of
cell wall function groups, metal binding capacities, and metal binding affinity.
We have shown that the pK, value near 6.31 can be attributed to the
diaminopimelic acid carboxyl groups associated with peptidoglycan and not
phosphoryl groups. We have shown metal binding capacities similar to those
reported by Doyle et al (10) and no significant difference between the two ions
tested (Ca®" and Mg®"). This is in contrast to results of binding capacity
published by Beveridge et al. (7) that showed binding capacities of 0.399
pmol/mg for Ca** and 8.226 pmol for Mg?*, while also showing that teichoic
acids were solely responsible for Ca?* binding to the cell wall. Metal binding
affinity values were found to depend on the amount of metal bound to the
sample based on electrostatic effects. For the conditions used in these
experiments, a binding constant much higher than previously reported was

obtained.
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Chapter 4: Mg?* Binding Characteristics with Wall Teichoic Acid
Introduction

Teichoic acid is a flexible biopolymer found in the cell wall of Gram-
positive bacteria. Teichoic acid participates in biofilm production, cell adhesion,
cell wall development, cell to cell signaling, host infection, and metal binding(1-
6). Teichoic acid also contains phosphate groups that bind external metal ions
and help to keep these ions within the cell wall region (7). In this fashion,
teichoic acid helps to create a reservoir of metals available for homeostatic
delivery to the cytoplasm. The phosphate groups of teichoic acid have been
reported to have a pK, of 2.1 (8,9), which means that nearly all of the
phosphate groups are deprotonated at physiological pH and possess anionic
character.

Wall teichoic acid (WTA) is chemically bound to the peptidoglycan, as
opposed to lipoteichoic acid (LTA) that is anchored to the cytoplasmic
membrane. The backbone of WTA is composed of glycerol phosphate linkages
having branches of D-alanine, N-acetylglucosamine, or a hydroxyl group
(Figure 4.1)(10). These groups exist in random order and differing amounts
dependent upon the strain and growth conditions (10,11). The D-alanine
modifications have a pK, value of 8.42 (12) and thus impart a positive charge
to WTA at pH = 7. lon pairing between D-Alanine and the phosphate is
possible, leading to a charge neutral site that should not attract metals (13).
However, this paradigm has been challenged and the zwitterion is a solvent

separated ion pair that does not hinder metal binding (14). Solid state NMR
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studies have shown that Mg?* binding moves the D-alanine farther away from
the phosphate and places the D-alanine group in a position(14) that allows for

the repulsion of cationic antimicrobial peptides(15).

Phosphate o-P-o HgN

} ‘Z/CHS,

Phosphate | 0= I!'- HN

0 OH OH
© 0 OH

Figure 4.1: Polyglycerol backbone of wall teichoic acid. Each polyglycerol
phosphate linkage can have different substituents. D-alanation of WTA is

D-Alanine
branch

N-acetylglucosamine branch

Phosphate [ ©

determined by growth conditions such as pH, temperature, and available metal

content.

The importance of teichoic acid in cellular function is demonstrated
through genetic mutation studies that remove the ability to synthesis LTA or
WTA. The lack of WTA creates a B. subtilis cell morphology that has a loss of
its rod shape, exhibits swelling, and has increased cell aggregation (16). The
lack of LTA creates a cell morphology that has an increased cell or cell chain
length and an increase in cell bending (17). The morphology reported on LTA
deficient mutants is similar to that of Mg®* deprived cells (18). Attempts to

create double mutants that eliminate both WTA and LTA have shown that the

lack of teichoic acids is lethal to cells (17). The lethality of this combination has
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been hypothesized to be caused by a lack of divalent cation homeostasis
provided by teichoic acid (17).

Here, we report data that characterizes metal binding to WTA as having
a Mg?*/P ratio of 1:2 and a binding affinity of 41 x 10° M™ that slowly turns into
1.3 x 10° M* as the result of reduced electrostatic effects as more Mg?*
becomes bound to the sample. The 1:2 Mg?* to phosphate ratio suggest a
bridging mode between phosphates. The much lower binding affinity in
comparison to that of peptidoglycan (7) also suggests that WTA facilitates
movement of metal ions from outside the cell, across the peptidoglycan, and to
the cell membrane.
Materials and Methods
Wall Teichoic Acid Purification

Cell wall samples from B. subtilis were grown, harvested, and purified as
previously reported (7). These cell wall samples, containing only peptidoglycan
and covalently bound WTA, underwent an additional treatment with 10 % TCA
(trichloroacetic acid) at 4°C to remove the WTA. After treatment with TCA, the
suspension was centrifuged at 15,000g and the supernatant was transferred
into 1000 MWCO regenerated cellulose dialysis membrane tubing. The dialysis
tubing was placed in 2 L of Milli-Q H,O, which was changed twice at 12 hour
intervals. An osmotic pressure increase inside the tubing resulted from the
exchange of a large amount of TCA molecules. This required the sample to be
lyophilized, re-suspended in a minimal volume of Milli-Q H,O, and then placed

into 1000 MWCO dialysis membrane tubing. The dialysis membranes were
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placed in a 250 mL bath of 0.01 M EDTA at 4°C overnight to remove residual
metal ion concentration. The dialysis membranes were then placed into 2L of
Milli-Q H,O at 4°C and the water bath was changed an additional 6 times during
12 hour intervals. The liquid inside the dialysis membrane was transferred to a
glass vial and water removed with vacuum lyophilization to produce a white,
translucent solid.
Membrane Dialysis Procedure

A known quantity (29.4 mg) of WTA was dissolved in 1 mL of Milli-Q
H,0, placed in a 500 MWCO dialysis membrane containing 74 mL of Milli-Q
H,O. A 5mL aliquot was extracted every 48 hours and a 5 mL addition of 5 ppm
Mg®* was performed after each extraction for the first set of data points.
Additions of 25 ppm Mg?* were performed with the second set of data points to
create a larger concentration gradient. The Mg?* concentrations of the aliquots
from each extraction were analyzed with a Varian SpectraAA 55b Flame Atomic
Absorption Spectrophotometer. The difference between the expected increase
in unbound Mg®* concentration and the observed concentration increase is
attributed to Mg®* binding to WTA. Binding constants of this data were
determined with a Scatchard plot. A control containing a dialysis membrane
filled with 1 mL of Milli-Q H,O was subjected through the same process as the
WTA sample. Flame AA analysis of the control signified that incomplete
equilibrium of metal ions through the membrane and binding of Mg** to the

dialysis membrane did not occur.
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Phosphorus Concentration

The purified WTA underwent liquid state *P NMR analysis to quantify
the phosphorus content. The probe was externally calibrated with 0.0485 M
triphenyl-phosphate and one transient scan was taken with a 90° pulse and a
60 second delay time. The gain was set constant for the reference calibration
standard and the sample. A 5.9 mg quantity of WTA was dissolved in 750 pL of
D,0 and underwent NMR analysis for phosphate concentration. Quantitative
analysis of the phosphate content in the WTA sample was performed using the
gNMR tools in VnmrJ 3.1 where the integrated peak area for the reference was
compared to the sample. A concentration of 21.5 mM of phosphorus was
obtained in this analysis. This is equivalent to 2.7 umol P per mg of WTA and
8.4% phosphorus on a mass percentage. This differs slightly from previous
reports of wall teichoic acid from Staphylococcus aureus being composed of
6.4% phosphorus (19). This difference can be attributed to the wall teichoic acid
being a polyribtol phosphate polymer while the B. subtilis used in our studies
was a polyglycerol phosphate polymer.
Mg?* Binding Capacity to WTA

The binding capacity of Mg?* towards WTA can be extrapolated from the
Scatchard plot by calculating the amount bound at sufficiently high
concentrations (bound vs. unbound = 0). However, slight errors in the affinity
constant and its associated slope on the Scatchard plot can produce substantial
differences in the estimation of binding capacity. To mitigate this error, the

metal binding capacity of WTA was also determined through a simple, one step
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method of exposing WTA to a sufficiently high concentration of Mg?*. A known
quantity (14.8 mg) of WTA was dissolved in 1 mL of 50 ppm Mg?* solution and
placed in a dialysis membrane. The dialysis membrane was then placed in 49
mL of 50 ppm Mg?* solution and allowed to mix in a shaker (4°C, 200 rpm).
After 48 hours, the Mg?* concentration outside of the dialysis membrane was
examined via Flame AA analysis and it was discovered that 1.27 pmol of Mg?*
was bound per mg of WTA.
Results

The data presented here can be used to elucidate potential binding
modes and interactions between metal ions and the cell wall. This information
is essential to understand fundamental biochemical processes that precede
metal ion transport through the cell membrane. By comparing the relative Mg?*
binding affinity and capacity with WTA, we observe that the sample initially
undergoes allosteric changes caused by the addition of metal ions. This is
expected since teichoic acid is reported to have a stretched rod conformation in
the absence of metal ions and random coil conformation develops as the ions in
solution increase (20). During this process, the fraction of metal ions remaining
in solution is larger than that observed in the presence of peptidoglycan or
peptidoglycan with covalently bound WTA (7). As the concentration gradient
across the dialysis membrane increases, more metal becomes bound. This

allows measurement of binding affinities and capacities from flame AA data.
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Positive Cooperativity of Mg?* Binding to WTA
Mg2* Binding Data to WTA

0.06

0.05 *

0.04 2

0.03 ¢

0.02 L

0.01

O T T T T T T 1
0 10 20 30 40 50 60 70

Equilibrium Concentration (uM)

Amount of Bound Metal (umol / mg)

Figure 4.2: The binding curve for WTA and Mg?* during the early stages of
metal binding. The increase in binding at higher Mg?* concentrations suggests
allosteric effects to create stronger binding, perhaps caused by phosphate
groups on coming closer together after prior metal binding events.

The binding of Mg®* ions to WTA was measured with atomic absorption
spectroscopy which provides a quantitative measurement of metal ion
concentration. During equilibrium dialysis, metal ions are bound to WTA within
the dialysis bag and samples for flame AA analysis are taken from the solution
outside of the dialysis membrane. Differences between the equilibrium
concentration in solution and the known quantity of metal ions added to the
sample are used to determine the fraction of metal ions bound to WTA. The
data in Figure 4.2 show that the serial addition of Mg®* ions leads to increasing
amounts of metal bound to WTA. However, the trend is not linear; instead
metal binding appears to increase exponentially. This is in marked contrast to

the metal binding behavior within the bacterial cell wall where teichoic acid

works in concert with peptidoglycan to chelate metals in a logarithmic fashion

(7).
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The equilibrium constant for Mg* binding to WTA can be found with a
Scatchard plot (7). In this representation (Figure 4.3), the positive slope
indicates that metal binding has positive cooperativity. This explains why the
data in Figure 4.2 show that initial binding events make it easier for subsequent
metals to bind with WTA. Equilibrium constant (Ka) values are taken from the
slope in the Scatchard plot. Unfortunately, the positive slope in Figure 4.3
generates a Ka with a negative value and therefore cannot be used to formulate
chemical models or comparisons. The positive slope behavior in Scatchard
plots has been observed in RNA samples with Mn?* in low ionic strength
solutions (21,22). We believe the initial upward exponential curvature and
positive Scatchard plot slope is represented by allosteric effects where the
binding of a previous metal ion induce an effect that creates a higher affinity for
next binding ions. Such allosteric effects and associated structure changes
have been reported for Mn?* binding with tRNA (21). Teichoic acid has been
reported to change structure with the addition of salt (20). Teichoic acid in dilute
buffer or distilled water was reported to have a rigid rod conformation, while
salts induced a random coil conformation based on viscosity measurements
(20).

Conformational changes within WTA can affect the metal binding affinity
by creating new binding sites or bringing the phosphate backbone together. In
this scenario, the metal may be chelated in a bridging motif using two
phosphate groups. Without metal, the two phosphate groups may be far apart

but move together as initial metal binding occurs. This is analogous to the
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operation of a common zipper. The electrostatic attraction between Mg®* and
phosphate groups can be strengthened if two phosphate groups are involved.
Similarly to our zipper model, an intermolecular bidentate binding model with
Ca?* binding to adjacent phosphate groups on three teichoic acid strands has
been proposed (23,24). It is predicted that divalent metal cations interact and
form bridges between peptidoglycan, WTA, LTA, and cell wall proteins (23).
There have been reports on the interaction between metal ions of wall teichoic
acid and carboxyl groups on peptidoglycan which signify additional binding

mechanisms when attached to the cell wall (25).

Scatchard Plot for the Binding of Mg2* to WTA

0.9
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Amount of Bound Metal (umol / mg)

Figure 4.3: The Scatchard plot formed from the initial data points of WTA and
Mg®* binding shown previously in Figure 4.2. Neither binding capacity nor
binding affinity parameters can be extracted from these points.

Positive cooperativity for metal binding to WTA also suggests that the
system may not be at equilibrium. Equilibrium between the inside and outside
of the dialysis membrane is reached quickly based on the results of control

measurements of water only samples. However, conformational rearrangement

of the WTA polymer may be slower. Finding a conformation with the lowest
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potential energy would require breaking the phosphate-metal-phosphate
bridges. The rate of interconversion is unknown, but is expected to be slower at
4°C, the sample temperature during dialysis process. Thus, we decided to
extend the period of time between collecting flame AA samples. After collecting
sample number 7 and adding more metal ions, we waited 21 days to collect
sample number 8. To our surprise, the solution equilibrium concentration of
Mg®* decreased while the amount of Mg?* bound to WTA increased. The
additional 9 pmol/mg of bound Mg** corresponds directly to the 25 pM drop in
solution concentration. These data are informative with regards to the need for
additional time for WTA to reach equilibrium, which is remarkable as WTA is a
single strand phosphodiester polymer. Likewise, the role of metals in causing
rearrangement provides a new chemical perspective on how metals interact
with Gram-positive bacteria.

After allowing 21 days for the sample to reach equilibrium, the time
period between subsequent data points was reduced to 48 hours and 25 ppm
was added in 5 mL quantities to cause a larger concentration gradient. Here,
exponential binding behavior disappears and the data points exhibit linear
behavior (Figure 4.4). Transformation into a Scatchard plot formulation gives a
pattern indicative of negative cooperativity. Electrostatic effects have also been
shown to be responsible for an apparent negative cooperativity in binding
studies (22). The electrostatic effects are responsible for the curvature seen in
Figure 4.5. As a result, an initial positive cooperativity is observed with a

possible re-organization of WTA upon metal binding, leading to subsequent
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negative cooperativity thereafter. Using these later sets of data, it is possible to
obtain the binding affinity and metal association equilibrium constants.
Binding Affinity of Mg®* to WTA

The binding affinity of Mg®* to peptidoglycan has been measured (7), Ka
= 1.0 x 10° M. After the initial positive cooperativity observed with Mg®* binding
with WTA, electrostatic effects become more apparent and a concave slope is
observed in the Scatchard plot with the last 7 points taken in the experiment
(Figure 4.5). This behavior is also observed with Mg?* binding to RNA (22,26).
WTA attracts Mg®* ions with a metal binding affinity of 4.07 x 10° M™* which

decreases to 1.06 x 10° M™ as seen in Figure 4.5.

Mg2* Binding Data to WTA
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Figure 4.4: The binding curve formed from the second set of data points of WTA
and Mg?* that were taken 21 days later than the previous set shown previously
(Figure 4.2). It appears to have a linear relationship.
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Scatchard Plot for the Binding of Mg2* to WTA
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Figure 4.5: The Scatchard plot of the metal binding data from Figure 4.4
showing the gradually decreasing affinity constant as more metal is added to
the system.

Both sets of binding data are represented by Figure 4.6. A distinct
deviation on the curve is observed near the bound region of 0.138 pmol/mg.
This data point (#8) was a result from waiting approximately 3 weeks after the
final 5 ppm Mg?* addition with first set of data (point #7). The shift in equilibrium
concentration and bound Mg®* quantity can be attributed to a potential WTA
reorganization to create more binding sites. Incomplete diffusion into the

dialysis membrane can be ruled out based a control that went through the same

experimental procedure as the sample.
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Mg2* Binding Data to WTA
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Figure 4.6: WTA Binding Curve for all data points.

The difference between data points 7 and 8 correlates well with changes
in the expected equilibrium concentration and observed equilibrium
concentration. The difference in amount bound between points 6 and 7 is
0.0103 pmol/mg and 0.0100 pumol/mg for points 5 and 6. Following the binding
trend we can expect about an additional 0.0103 pumol/mg to be bound, leading
to a total approximate bound quantity of 0.059 umol/mg. However, with point 8,
we observe 0.138 pumol/mg being bound to the sample, an increase of 0.079
pmol/mg. Likewise, we also observe a deviation from the trend in equilibrium
concentration, changing from 6.22 x 10° M™ in point 7 to 3.68 x 10™° M in point
8. A5 ppm quantity of Mg?* was added after point 7, as in the previous
extraction and addition procedure. Taking this into account, we can predict an
expected equilibrium concentration around 6.72 x 10° M™. This is a difference
of 3.04 x 10° M or 2.28 pmol Mg?* in 75 mL of H,O. With a known sample

weight of 29.4 mg, the decrease in equilibrium solution concentration
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corresponds to a loss of 0.078 umol Mg?* per mg WTA. This correlates strongly
with the observed increase in the fraction of bound metal, 0.079 pmol Mg** per
mg WTA.

Electrostatic Effects and Binding Capacity

The primary bonding force between metal ions and the phosphate
groups of WTA is electrostatic, much like with purified cell wall with
peptidoglycan. These electrostatic effects begin to become apparent after the
initial positive cooperativity takes place where the WTA may undergo structural
changes upon initial metal ion binding events. The negative cooperativity
develops as more metal ions become bound to the biopolymer of WTA and
charge neutralization occurs. Equilibrium dialysis measurements with 14.8 mg
of WTA in 50 mL of 50 ppm Mg?* solution gave a binding capacity of 1.27 pmol
Mg®* per mg WTA. This is equivalent to a Mg** to P ratio of 0.49 to 1 based on
the phosphorus content per mg of WTA determine by NMR measurements.
This supports a bridging chelation mode described earlier with LTA and Cd**
(27).

Teichoic acids account for the majority of the cell’'s metal binding
capacity due to its relative abundance in the cell and binding capacity per
milligram. Previous work in our laboratory has shown the effect WTA has on
metal binding to the bacterial cell wall. Composed of peptidoglycan and WTA,
hydrolysis with trichloroacetic acid separates these two components. After this
step, 46% of the cell wall mass remained as an insoluble peptidoglycan

component. This supports previous reports that WTA accounts for 20 to 60% of
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the total cell wall mass (28). Cell wall fragments of B. subtilis 1A578 containing
peptidoglycan and WTA have a Mg®* binding capacity of 0.67 pmol/mg and
purified peptidoglycan has a binding capacity of 0.23 umol/mg at a pH of 5.65.
When the binding capacities of peptidoglycan (7) and WTA (this work) are
combined with their relative mass percentages, we obtain a theoretical value of
0.73 pumol/mg (0.46 x 0.23 pmol/mg + 0.54 x 1.16 pumol/mg). This value
compares favorably with the experimental value (0.67 pmol/mg). Thus, WTA
has a higher capacity for binding metals than peptidoglycan. These data also
reinforce the importance of WTA in metal binding and particularly the ability of
WTA to extend past the cell wall boundary and chelate metals in extracellular
space. This property would also explain why the absence of WTA leads to
reduced metal uptake and distorted cell shapes from metal starvation.
Comparison of Metal Binding with RNA

WTA is a phosphodiester polymer. RNA is also a phosphodiester
polymer and both molecules share metal binding properties. Comparison with
previous studies of RNA metal binding can help us understand the initial
positive cooperativity mode that changes to negative cooperativity. Both WTA
and RNA are polymeric biomacromolecules that bind metal ions. Metal binding
behavior in the Scatchard plot of RNA binding Mg?®* ions describe two classes of
binding sites: a group of strongly site bound ions (class | sites) and more weakly
bound ions (class Il sites) (29). It has been proposed that each of these modes
has a strong coulombic contribution responsible for binding (29). In addition, ion

solvation and other nonelectrostatic contributions are said to be significant (29).
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However, this designation of strong and weak sites begins to break down
depending on the concentration of monovalent ions and ionic strength. This
proposed model that designates specific sites as being responsible for the high
and low affinity regions is not supported by evidence of “strong” sites
decreasing at higher ionic strength values (22). Nonetheless, the affinity of
class | sites for Mg?* binding to tRNA have been reported to be 1 x 10° M™ (30),
9 x 10* M1 (31), 2.9 x 10* M* (32), and 7.5 x 10* M* (26). Class Il sites for
Mg?* binding to tRNA were reported to be 1.1 x 10* M™ (30), 6 x 10® M (31),
4.2 x 10° M (32), 8.3 x 10° M (26). The K, values obtained in this work (4.1 x
10* M™* and 1.3 x 10° M respectively) correlate well with these values.

Proposed Model of Facilitated lon Movement to Membrane

Inner Cell Wall ‘ Outer Cell Wall

Peptidoglycan }\J:?/\Lv

Wall Teichoic Acid

Wall Teichoic Acid

Figure 4.7. Potential binding modes between Mg?* with WTA extending past the
peptidoglycan layer and WTA inside the peptidoglycan layer. A fragment of the
peptidoglycan repeating unit and segment of the wall teichoic acid polymer is
shown above. A 1:2 Mg?* to phosphate binding ratio is observed when
examining the binding capacity of WTA which gives evidence towards a
bridging binding mode between the phosphate groups of WTA. Interactions
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among the phosphate groups and un-protonated carboxyl groups of
peptidoglycan might also exist.

WTA extends past the cell wall peptidoglycan and metal ions can interact
with WTA individually or they can interact with the phosphate groups of WTA
and carboxyl groups of peptidoglycan simultaneously as seen in Figure 4.7.
Homeostasis allows metal ions to flow from low affinity binding sites to higher
affinity binding sites. In light of the binding association constants for WTA(this
work), peptidoglycan (7), and cell wall fragments containing peptidoglycan and
WTA (7), we suggest that the transport of metal ions from the outer cell wall to
the inner cell wall can be viewed in the following manner. Metals originate
outside the cell wall in the extracellular fluids, including monovalent and divalent
ions. In the case of Mg?* ions, the first interactions with the bacterial cell occur
with WTA that extends past the cell wall. Binding to WTA is a bidentate process
with an affinity constant that is “weak” compared to metalloenzymes yet
necessary to allow the metal ions to traverse the phosphodiester backbone.
Once the metal ions reach the cell wall, they encounter binding sites formed by
peptidoglycan that have a higher affinity constant. Here, Mg®" ions favor binding
to the peptidoglycan component of the cell wall and are desorbed from the
external WTA molecules. Nevertheless, WTA is also present within the cell wall
and works in concert with peptidoglycan to form the cell wall binding sites. The
peptidoglycan has a smaller binding capacity but a stronger association
constant. However, WTA has a higher binding capacity but a weaker

association constant. The result is two types of metal binding interactions within
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the cell wall. First, strong metal binding by peptidoglycan chelates metal ions
required for structural stability and rigidity of the cell wall framework. Because
WTA has intimate contact with the peptidoglycan (14), WTA can also contribute
to the formation of the strong metal binding site. However, WTA can form a cell
wall binding site without the need for peptidoglycan. This weaker metal binding
environment with a higher metal binding capacity has the potential to be the
predominate environment for metal ions within the cell wall. In this way, WTA
alone can create a reservoir of metal ions that are needed for various
intracellular processes. Because the association constant is small, the ions can
easily reach the cytoplasmic membrane. There, they can interact with
lipoteichoic acid and transmembrane proteins for delivery to the cell interior.
Consequently, this metal binding model presents the opportunity to interrupt
cellular processes by preventing metal chelation to the phosphodiester
backbone of WTA. Agents that have a stronger binding affinity constant than
metals would displace the metals from the WTA polymer and perhaps lead to
cell death. Effective antibiotics that function in this manner may be difficult to
discover as the large fraction of WTA in the cell wall presents the need for large
therapeutic doses. However, the innate immune response does include cationic
antimicrobial peptides that could function by interacting with WTA to occupy
metal binding sites. Antimicrobial peptides have been shown to potentially
invoke WTA binding (33). Current paradigms that describe the function of

cationic antimicrobial compounds do not involve the inhibition of metal chelation
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(34-38). Work to re-examine the interactions of WTA, metal ions, and cationic
antimicrobial peptides is currently underway.
Conclusion

In this work we determined the binding affinity and binding capacity of
Mg** to WTA. WTA has a much lower binding affinity for Mg?* compared to the
binding affinity of Mg?* to peptidoglycan. At low salt concentrations, Mg**
exhibited an initial binding affinity of 41 x 10® M™ that decreased to 1.3 x 10°> M™
as more Mg?* became bound due to electrostatic effects. The binding capacity
coupled with the phosphate concentration suggests a 1:2 Mg?* ion to phosphate
binding ratio. A binding capacity of 1.27 umol Mg®* per mg of WTA was
determined. WTA and teichoic acids in general are responsible for the majority
of the Mg?* binding capacity of the cell wall when compared to the relative
percentage of peptidoglycan in the cell wall sample. We envisage that WTA
facilitates the transport of metal ions outside of the cell to regions of higher
affinity near the cell wall surface. Divalent metal ions can potentially bind in a
variety of modes. Metal ions might form any of the following binding modes with
the phosphate groups of teichoic acid: monodentate, bidentate, mono-dentate
bridging, bidentate bridging as well as bridging between adjacent strands of
WTA. Metal ions can also potentially interact with interaction with both the
phosphate groups of WTA and deprotonated carboxyl group of peptidoglycan.
In addition, these modes can either be inner-sphere or outer-sphere depending
on the hydration state when bound. Due to the chemical similarities of both

WTA and LTA being polyglycerol phosphates, it is expected that they would
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have similar affinity constants. Since WTA can also exist as a polyribitol
phosphate polymer, we would expect that the polyribitol version would have a
different binding affinity as was reported by previous studies. WTA with a
polyribitol phosphate backbone and its associated binding constant have been
studied by others previously. These studies utilized an equilibrium dialysis
method and a binding constant of 0.61 x 10 M™ as well as a Mg**/P ratio 1:1
was reported (39). This is in contrast with results of WTA with a polyglycerol
phosphate backbone that was reported to have an affinity constant of 2.7 x 10°

M and Mg?'/P ratio of 1:2 (9).
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Chapter 5: Antimicrobial Branched Polyethyleneimine Functions by
Blocking Chelation of Essential Mg®* lons
Introduction

Bacterial infections are a biochemical battle between the host and
bacterial defense mechanisms. Gram-negative cells possess an outer lipid
membrane with lipopolysaccharides, a periplasmic space with peptidoglycan,
and an inner cytoplasmic membrane. This is in contrast to Gram-positive
bacteria that possess a much thicker layer of peptidoglycan with anionic wall
teichoic acid and a single cytoplasmic membrane with lipoteichoic acid. Certain
antibiotics are more effective against Gram-positive bacteria due to the absence
of the second lipid membrane that may prevent permeation. This trend depends
on the class of a particular antibiotic and is primarily associated with
hydrophobic antibiotics. To the contrary, it has been proposed that some
cationic agents act as a permeabilizer of the cell by binding to the cell’'s
membrane (1). At higher concentrations, these agents also have a bactericidal
effect at a certain concentration threshold that causes the release of
cytoplasmic components (1). Many clinical antibiotic treatments employ drugs
that block cell wall synthesis, inhibit DNA gyrase, or prevent cell division (2).
Unfortunately, these approaches allow the bacteria to develop resistance
because the cell remains intact. However, it is more difficult for bacteria to
counteract the effects of cationic polymers.

One bactericidal mechanism of soluble cationic compounds suggests

that penetration through the thick cell wall can disrupt the cytoplasmic
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membrane (3,4). Cytoplasmic permeabilization can also lead to depolarization
of the cytoplasmic membrane. However, incomplete depolarization was
observed when more than 90% of the bacteria have been killed in one study
(5). Disruption of the cytoplasmic membrane might be primary effect in Gram-
negative bacteria whereas it could be a secondary effect to the mechanism of
death in Gram-positive bacteria. A live/dead two color fluorescence assay that
detects damage to bacterial membranes has been reported to show
immobilized N-alkylated polyethleneimine killing both Gram-positive and Gram-
negative cells through membrane damage (4).

Other reports have postulated that charged molecules in solution may be
able to kill through an ion exchange based killing mechanism (6). It is well
known that the net negative charge of the cell-wall attracts metal cations (7-10).
The negative charge comes from deprotonated phosphate groups of teichoic
acids and anionic carboxyl groups in the peptidoglycan. This net negative
charge allows the cell wall to form electrostatic bonds with dissolved metal ions.
There is a strong likelihood that the cell wall will also attract BPEI due to its
positive charge. In this situation, BPEI and metal ions must compete for cell
wall binding sites. Here we are able to show that BPEI binding will displace
Mg?* metal ions and inhibit them from binding in competition based equilibrium.
As a result of metal starvation, the bacteria experience a significant increase in
lag phase growth dependent on the concentration of BPEI.

BPEI shares some electrochemical properties with natural cationic

antimicrobial peptides (CAMPSs) that are part of the human innate immune
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response. Many antimicrobial peptides with cationic lysine and arginine
residues kill bacteria by disrupting membrane integrity. Nonetheless, Gram-
positive bacteria are believed to repel CAMP attack through a chemistry-based
mechanism rather than genetic adaptation(11). This view originates with
teichoic acid (TA), whose D-alanine groups are attached via the carboxyl group,
presenting the amine group as an NHs" moiety. The D-alanine of teichoic acid
have a predicted pK, value of 8.42, and are protonated at circumneutral pH
(12). Bacteria without D-alanine in TA are more susceptible to killing by
CAMPs.(11) However, TA contains numerous anionic phosphates that may
bind cationic molecules. This contrast between repulsive and attractive forces
leads to the conflicting models of structural biology and the ability of TA to
attract, or repel, metal cations. With NMR spectroscopy, we have been able to
resolve the structural biology questions. We showed that D-Ala does not
prevent metal binding (13). This discovery also suggests that TA may not repel
BPEI and presents the opportunity to employ BPEI as a chemical means of
neutralizing TA molecules, thus neutralizing the ability of TA to control
biochemical processes in the cell wall. Antimicrobial therapies involving BPEI
may increase the effectiveness of CAMPs and reduce the MIC of antibiotics
targeting the cell wall, thereby alleviating the growing risk of antibiotic-resistant
strains of Gram-positive bacteria. Such therapies are possible because BPEI is
chemically stable with a low cytotoxicity towards eukaryotic cells (14). An
important step towards this goal is understanding the mode of action of BPEI as

a antibacterial agent. Efforts to provide this information are provided below.
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Experimental Procedures
Preparation and Characterization of Branched Polyethyleneimine

Low molecular weight branched polyethyleneimine was obtained from
Sigma Aldrich. Serial dilutions were made using the appropriate quantitative
precautions. An ESI+ mass spectrum (Figure 5.1) showed that our sample of
BPEI has a maximum molecular weight of around 792 with a median weight of
around 405. An example of a BPEI structure in the polymer distribution that
results from the (M+H)+ peak at 362.4 is depicted in Figure 5.2. The molecule
has polycationic character from the protonation of its amine functional groups
based on its protonation constant (pKj,). Protonation constants for branched PEI
molecules have been reported to be around 4.5 for primary amines, 6.7 for

secondary amines, and 11.6 for tertiary amines (15).
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Figure 5.1. ESI(+) mass spectrum of the mass distribution of the low molecular
weight branched PEI that was used in experiments.
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Figure 5.2: An example of one structure of low molecular weight branched
polyethyleneimine. The pK, protonation constant values for branched PEI are
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around 4.5 for primary, 6.7 for secondary, and 11.6 for tertiary amine groups
(15).

Spectrophotometric Quantification of BPEI

It has been reported that polyethyleneimine can be detected
spectrophotometrically with the addition of Cu®* ions (16,17). A calibration curve
was created by adding 0.1 mL to 1.9 mL of BPEI stock solution with 0.1 mL of
1M CuSO, and diluting to 2 mL in a quartz cuvette. From the resulting BPEI-
Cu?* complex we obtained two regions of absorbance. A high intensity region
was observed at 285 nm which can be used to quantify samples in a
concentration range of 0.5-100 pg/mL. A lower intensity region of absorbance
was observed at 630 nm which can be used to quantify higher concentration
PEI samples in the range of 40-2000 pg/mL.
Effect on Growth Rate of B. subtilis by BPEI and Metal lon
Supplementation

Flasks containing 50 mL of LB growth media were inoculated from an
overnight culture by transferring a volume equal to 1% of the new culture. BPEI
was then immediately added to each flask. The cultures were then allowed to
grow (200 rpm, 37°C) and visual turbidity measurements were taken every hour
for 8 hours and then again at 23 hours. B. subtilis was also inoculated in flasks
containing combinations of 0.125 g/L BPEI. In some cases, additional MgCl,

and CaCl, was added and allowed to grow under identical conditions.
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Investigation of BPEI on Metal Binding

An investigation of Ca*" or Mg?* binding with BPEI was performed to
determine if the presence of alkaline earth metal ions affected our quantification
method. An estimation of the binding constants with metals other than Cu?* of
linear and branched PEI molecules has been investigated (18). Branched PEI
molecules tend to bind metal ions more strongly than linear PEI molecules (18).
A scanning UV-Vis spectrum of identical BPEI samples with and without 100
ppm Ca?* or Mg** solutions and CuSQO, does not show a shift in the absorbance
region and the absorbance intensity did not decrease. Metal ion calibration
curves performed by flame AA analysis with and without 0.1 g/L BPEI showed
no difference as well. Nonetheless, calibration curves were made with identical
amounts of PEI concentrations used in the experiments in Flame AA
measurements.
Cell Wall Purification

Cell wall samples were produced using a modified procedure by Umeda
et al (19). Cell wall samples purified from B. subtilis strain 1A578 contain
peptidoglycan and WTA. Cells were grown to an OD600 of ~1.0 in mid-log
phase, centrifuged at 150009 for 25 minutes, re-suspended in 10 mL of distilled
deionized water, and disrupted with a French press. The resulting fragments
were centrifuged (15000g, 25 minutes), re-suspended in a minimal volume of
distilled deionized water and then added drop-wise with stirring to 100 mL of
boiling 6% (w/v) sodium dodecyl sulfate to inactivate autolysins (20,21) and

remove the cytoplasmic membrane. The sample was rinsed a minimum of 3
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times with 200 mL of distilled deionized water. The sample was then re-
suspended in TRIS buffer (pH 8.2) and treated with trypsin (200 pg/mL), RNAse
(100 pg/mL), and DNAse (100 pg/mL) at 37°C in an incubator/shaker for 16-18
hours. The cell wall fragments were washed with distilled deionized water and
then re-suspended with 25 mL of ammonium acetate buffer (pH 4.7) and
treated with pepsin (100 pg/mL) at 37°C for 2 hours. The cells were then
washed with H,O and soaked in 50 mL of 50 mM EDTA overnight (4°C) to
remove any residual metal ion contamination. The cell wall samples were
washed with 200 mL of distilled deionized water and then lyophilized forming a
white and fluffy solid.
TCA hydrolysis

Portions of the freeze dried cell wall sample was mixed with 10%
trichloroacetic acid at 4°C for 48 hours (12). The sample was then centrifuged
at 15000 g for 30 minutes and the insoluble portion of peptidoglycan was then
washed once with Milli-Q H,O and then allowed to sit overnight in 0.05 M EDTA
at 4°C. The peptidoglycan sample was separated with centrifugation and
washed 3 times before being dried with lyophilization.
Binding of BPEI to Cell Wall

Cell wall samples (~20 mg) were placed in a 1000 MWCO dialysis
membrane and were left to soak in 50 mL of 0.1 g/L and 0.015 g/L BPEI for two
days in a shaker (4°C). An equilibrium dialysis procedure for metal binding to
the cell wall was performed. Every 24 hours a 5 mL aliquot was removed from

the jar and 5 mL of a 5 ppm Mg?* ion solution was added to create a
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concentration gradient. The first aliquot extraction before the addition of metal
ions was then analyzed for BPEI content using the spectrophotometric
quantification method mentioned previously. All extractions were tested for Mg**
content via flame AA analysis to determine the amount of metal bound to the
cell wall sample.
Displacement of Metal lons on the Cell Wall by BPEI

It is necessary to determine the amount of metal bound to a sample and
the types of metals bound to determine the effect of BPEI. A purified cell wall
sample was loaded with Mg?* to quantify the displacement of metal ions. A
known mass (18.4 mg) of purified cell wall was suspended in 1.5 mL of 10 ppm
Mg?* solution and then placed in 48.5 mL 10 ppm Mg?*. After soaking in 50 mL
of 10 ppm Mg?* for 48 hours, a 5 mL aliquot was removed for flame AA analysis
of the Mg?* concentration. The dialysis membrane, with 18.4 mg of cell wall,
was suspended in 1.5 mL of H,O and transferred to a jar containing 50 mL of
H,0. The sample was mixed for 48 hours at 4°C, allowing the bound : free
metal ions to reach equilibrium. A 5 mL aliquot was removed for flame AA
analysis. BPEI was then placed in the solution to analyze the effect of BPEI on
the bound : free metal ion equilibrium. One-half mL of a 10.044 g/L BPEI
solution was added to the jar, allowed to equilibrate for 48 hours, and a 5 mL
aliquot was removed for Mg®* ion analysis.
Displacement of Metal lons on Whole Cells by BPEI

A known mass (158.4 mg) of wet cells were suspended in 1.5 mL of 20

ppm Mg?* solution (adjusted to pH 7.25 NaOH) and placed in a 1000 MWCO
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dialysis membrane, which was then placed in a jar of 23.5 mL of H,O (0.001 M
HEPES buffer, pH 7.25) and allowed to equilibrate for 48 hours. After 48 hours,
a 5mL aliquot of solution was removed for the Mg?* concentration was analyzed
with flame AA. Five mL of 0.8 g/L BPEI was then added to the solution to create
a final concentration of 160 pg/mL BPEI. The solution of whole cells and 160
pg/mL BPEI was allowed to equilibrate for 48 hours and an aliquot of 5 mL was
removed for flame AA analysis.
Results
Effect on Growth Rate of B. subtilis by BPEI

Displacement of metals should affect cell growth. The concentration
dependence of BPEI on the growth of B. subtlis 1A578 is listed in Table 5.1. At
a concentration of 25 pg/mL or above, there is a delay in the onset of observed
growth. A more pronounced increase in the delay of visible growth is observed
with increasing amounts of BPEI. A lack of metal ions in the cell wall may be
responsible for this effect. Mg?* ions play a role in the virulence (22), cell
division(23), and cell adhesion properties (24). Ca®* has been reported to

catalyze sortase enzymes that anchor virulence factors to the cell wall (25).
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Table 1. Growth of B. subtilis 1A578 with Branched Polyethyleneimine
[BPEI] 1 2 3 4 5 6 7 8 23
ug/ml | hours | hours | hours | hours | hours | hours | hours | hours | hours

0 - + + + + + + + +

5 - +
10 - +
25 - -
50 - -
75 - -
100 - - -
125 - - - - -
150 - - - - - - - -
175 - - - - - - - -
200 - - - - - - - - -

Table 5.1. The growth of B. subtilis is delayed in the presence of =25 ug/mL
BPEI. This effect is enhanced as the concentrations increased. A “+” signifies
the appearance of growth based on the turbidity of the culture. This positive
sign of growth is approximately equal to an ODggo 0f 0.15 or greater.

+ |+ |+ |+ +

+ |+ |+ |+ |+ ]|+
+ |+ |+ |+ |+ ]|+

+ |+ |+ |+ |+ + ]|+
|+ |+ |+ |+ + |+
+ |+ |+ |+ |+ + ]|+

++ |+ |+ |+ |+ +]+|+

When B. subtilis is grown in the presence BPEI (125 pg/mL, 0.282 mM),
the observed growth is restored when additional Mg or Ca®" ions are present.
This effect is shown in Table 5.2. The delay in growth nearly disappears when
10 mM Mg?* ions or 5 mM Mg?* + 5 mM Ca?" are supplemented in the growth
media. The ability of BPEI to delay cell growth may occur by blocking sites for
metal binding. Yet, cell growth is dependent on the quantity of metal ions in the
system and metal binding is governed by equilibrium. An increased
concentration of metal ions will shift the equilibrium to a higher amount of metal
ions bound to the cell wall. Thus, cell growth can be restored by shifting
equilibrium towards the remaining binding sites. The additional bound metal
ions are then available for delivery into the cytoplasm where they participate in

metabolic processes needed for growth.
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Table 2. Growth of B. subtilis 1A578 with Branched Polyethyeneimine and Metal lon
Supplementation

[BPEI] [Mg®] [Ca®] 1 2 25 3 3.5 4.5 5
hours hours hours hours hours hours hours

0 0 0 - + + + + + +

0.282 mM 0 0 - - - - - - +

0.2mM 0 - - - - - + +

0.282mM | 1.0mM 0 - - - - - + +

10 mM 0 - - + + + + +

0.282 mM 0 0.2 mM - - - - - + +

0 1.1 mM - - - - + + +

0.282mM | 0.46 mM | 0.54 mM - - - - - + +

4.9 mM 5.2mM - - + + + + +

Table 5.2. Metal ion supplementation causes lag phase to appear sooner
depending on its concentration. The molarity of BPEI was estimated based on
125 pg/mL. The appearance of growth is denoted by “+” and is equivalent to an
ODggo of 0.15 or greater.
BPEI Displaces Metal lons on Whole Cells

If the mode of action is inhibition of metal binding, then BPEI should be
able to occupy the metal binding sites and displace the metal ions. To
demonstrate this mechanism, we used the data in Table 1 to select a
concentration of BPEI (160 pug/mL) expected to displace a significant amount of
metal ions. Samples for analysis are taken from the solution outside of the
dialysis bag, but this larger volume also causes a dilution in the metal ion
concentration. B. subtilis cells bind various metal ions, predominately Ca®* and
Mg?*. To increase our ability to measure Mg?* ions, the whole cells were
isolated and transferred to a 20 ppm Mg?* solution (pH = 7.25) to displace Ca**

and maximize Mg** content. We are also aware that sample drying can alter

the fraction of metals bound to the bacterial cells. Water molecules participate
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in Mg®* coordination and complete drying would give erroneous results by
shifting the equilibrium towards binding. The whole cells were pelleted, extra
water decanted, and the wet cell mass measured. After transfer to a dialysis
membrane, but before BPEI addition, Mg** was mixed with the whole cells and
10.1 pmol were bound to 158.4 mg of wet cells. This equates to 0.0638 pumol
Mg®* per milligram of wet whole cells. Subsequent addition of BPEI (final
concentration of 160 pg/mL) to the same sample caused a partial release of
sorbed Mg®* ions. After 48 hours, the amount of Mg?* ions in solution increased
by 4.3 umol of Mg** with 5.81 pmol of Mg?* remaining bound to the cells.
Likewise, 4.87 umol of BPEI was bound to the sample and 4.17 umol of BPEI
remained in solution. Thus, approximately 45% (0.0271 pmol Mg?* per milligram
of wet cells) of the Mg®* originally sorbed metal ions were released into the
solution. Surprisingly, there was not a complete displacement of Mg** by BPEI
binding and there was BPEI that remained in solution. Equilibrium between the
binding of BPEI and Mg** to whole cells is achieved after 48 hours. The
competition between the binding of BPEI and Mg?* to the whole cells affects cell
growth as shown in Table 1. The competition also presents the opportunity to
improve antimicrobial effectiveness with chemical modification of BPEI to
promote polymer binding and increase Mg** release.
BPEI Binds to the Cell Wall

Using membrane dialysis, we show that BPEI causes metal ion
displacement by binding to the cell wall. The large anionic charge of the cell

wall attracts cationic compounds such as BPEI. This Coulombic interaction is
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non-specific and there exists a competition between metal ions and cationic
polyethyleneimine molecules. Table 5.3a show the amount of BPEI bound to
each cell wall sample when 15 pg/mL are added to the system. At a
concentration of 15 pg/mL (0.001M HEPES, pH 7.25), approximately 78% of
the BPEI binds to peptidoglycan when compared to peptidoglycan and WTA
within the cell wall fragments of B. subtilis 1A578. This suggests that BPEI
interacts with both peptidoglycan and teichoic acid.
BPEI Inhibits Metal Binding

After cell walls were soaked in 50mL of 100 pg/mL BPEI solution, a
complete inhibition of Mg®* binding was observed within a metal ion
concentration range of 0 to 0.125 mM. The concentration of BPEI in the sample
solution was 0.23 mM when using the approximate mass average molecular
mass (442.5 g/mol) from the mass spectrum. Flame AA data indicated no metal
binding to BPEI treated samples. This is likely caused by BPEI binding to the
cell wall sample to neutralize the anionic sites, and having a higher affinity for
the cell wall than Mg?* ions. Subsequently, the concentration of BPEI was
decreased (15 pg/mL) to allow for some metal absorption and competition with
BPEI. When the above procedure was repeated with 50 mL of 15 pg/mL BPEI
at pH 7.25, we observe that a partial number of binding sites are occupied by
BPEI (Table 5.3a). The binding affinity of Mg?* drops by a factor of 4 whereas
the binding capacity of Mg®* is approximately 52% of that observed without

BPEI addition (Table 5.3b).
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Table 3a. BPEI Binding to B. subtilis Cell Wall (15 pg/mL BPEI, 4°C, pH 7.25)

mg cell ug/mL BPEI mg BPEI pmol BPEI / mg cell
Sample wall in solution absorbed wall
1A578 15.5 7.206 0.39 0.057
1A578 18 4.762 0.512 0.064
Peptidoglycan 15.3 8.775 0.311 0.045
EB1451 19.4 6.674 0.416 0.048

Table 5.3a. BPEI binding to the cell wall after soaking in 50 mL of 15 pg/mL

BPEI for two days in Milli-Q H,O at a buffered pH of 7.25 with 0.001 M HEPES

(T=4°C). The pH increased to 9.05 upon addition of the weakly basic BPEI.

1A578 consists of cell wall samples containing peptidoglycan and WTA.

Table 3b. Mg** Binding Properties (15 ug/mL BPEI, 4°C, pH 7.25)

Sample mg cell wall Kassoc (M) umol Mg** /mg | BPEI conc.
1A578 14.0+3.5 (1000 + 200) x 10° 0.77 £0.07 0
1A578 15.5 282 x 10° 0.39 15 pug/mL
1A578 18 212 x 10° 0.42 15 pg/mL
Peptidoglycan 15.3 198 x 10° 0.18 15 pg/mL
EB1451 20.2+£5.2 (1000 + 200) x 103 0.54 +0.06 0
EB1451 194 62 x 103 0.22 15 pug/mL

Table 5.3b. Both the binding affinity and binding capacity of Mg®* ions decrease

when measurements are taken after addition of 15 pug/mL BPEI (Table 3a).
Metal binding data for purified peptidoglycan at pH 7.25 was not performed.

BPEI Displaces Metal lons on the Cell Wall

After equilibrating in 50 mL of 10 ppm Mg?** solution for 48 hours at a pH

of 7.25, 0.75 pmol Mg?* per mg of cell wall was sorbed to the B. subtilis 1A578

fragments. This was determined based on a decrease in the Mg®* solution

concentration to 3.35 ppm. Transfer of the dialysis membrane to 50 mL of Milli-

Q H,0 causes equilibrium to shift. The 1.5 mL of 3.35 ppm Mg?* solution inside

the dialysis membrane diffuses into the total 51.5 mL of Milli-Q H,O creating a

free ion concentration of 0.098 ppm Mg?*. However, a free Mg?* concentration
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of 0.57 ppm is observed after 5 mL is removed and undergoes flame AA
analysis. This increased concentration is due to 0.05 pmol Mg?* per mg of cell
wall sample desorbing into solution. The sample now has 0.70 pmol Mg®* per
mg of cell wall in 46.5 mL of liquid and we used this sample to evaluate the
effect of BPEI on metal binding. To ensure that a significant fraction of metal
ions would be displaced at the cell wall, a concentration of BPEI was chosen
that had a large effect on growth. Addition of 0.5 mL of BPEI (10044 pg/mL)
resulted in a final system concentration of 107 pg/mL of BPEI in 47 mL. After
equilibrium between the inside and outside of the dialysis membrane is
established, it was determined that 0.69 pmol Mg?* per mg of cell wall was
desorbed as a result of BPEI binding to the cell wall. Displacing 98.6% of the
Mg®" ions is higher than that seen with whole cells. This results from a reduced
competition for metal ion binding sites because the solution lacks additional
unbound metal ions. As described above, BPEI was added to whole cells with a
higher concentration of Mg®* remaining in solution. In this case, the dialysis bag
was placed in Milli-Q H,0 in which a minimal amount (0.098 ppm) of Mg®* was
able to diffuse into the solution. Additional analysis of the solution also revealed
that 0.26 mg BPEI per mg of cell wall was bound to the fragments. Thus, BPEI
preferentially binds to the cell wall displacing essentially metal ions such as
Mg®*, in a ratio of 1:1.17 BPEI:Mg**.
Discussion

This data shows that the inhibition of metal binding is one mechanism

that leads to the antimicrobial properties of BPEI. This mechanism is dependent
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on the concentration of metal ions in solution that compete for binding sites in
equilibrium. The relatively high levels of BPEI needed to stop bacterial growth
make it unfeasible to use as a standalone antibiotic. However, synergetic
effects have been reported with high molecular weight linear PEI and antibiotics
(26). The observation of growth when additional metal ions are added leads us
to believe that disruption of the cytoplasmic membrane is not occurring. The
slower growth in the presence of BPEI might also be due to a decreased
apparent binding affinity of Mg?* and other metals with the cell wall due to
partial charge neutralization. From previous measurements without BPEI, cell
wall fragments of B. subtilis 1A578 had a binding affinity of (1.0 + 0.2) x 10° M
and a binding capacity of 0.77 + 0.07 pmol/mg for Mg®* at pH 7.25 (27). The
binding affinity is decreased to 0.282 x 10° M™ and the binding capacity is
decreased to 0.39 umol/mg in the presence of 15 ug/mL BPEI,
Electrostatic interactions are responsible for BPEI binding to the cell wall. The
electrostatic potential of the cell wall is generated by anionic groups formed
after the de-protonation of functional groups in both the peptidoglycan and
teichoic acid components. The charge density of BPEI at physiological
conditions also enables interactions with phosphates of the lipid membrane,
perhaps contributing to the molecule’s antimicrobial characteristic. The
relationship between cell charge polarity and cell death using a cationic
antimicrobial compound have been reported(28).

Charge density is used also to predict the effectiveness of cationic

antimicrobials (29,30). Polycationic polymers have been reported to have a
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significantly higher antimicrobial activity than their monomeric and single
charged counterparts (29). It is possible to optimize cationic antimicrobial
compounds by adjusting the charge properties and hydrophobicity of specific
molecules to enhance its bactericidal effect while minimizing their hemolytic
activity (30). LB media has been measured to have pH around 6.97. The pH
changes to a value of around 8.56 after an overnight growth of B. subtilis. This
increase in pH can be due to the production of alkaline proteases (31). An
increase in pH would decrease the fraction of protonated amine groups with
BPEI. The resulting decrease in charge density should cause a decrease in the
antimicrobial characteristics of BPEI. However, due to the polycationic nature of
BPEI, the electrostatic properties are not governed by a single pK, value. One
study has reported that 60% of amine groups are protonated at pH 5.65 (32)and
30% are protonated at pH 7.25 (32). Another study reported a pH of 5.65
enables 40% of the amine groups to be protonated (33) while approximately 15-
20% are protonated at pH 7.25 (33). In contrast, another study denoted that pK,
values decrease with increasing molecular weight and that low molecular
weight PEI has pK, values around 9.94 (34,35). Regardless, only a fraction of
the amine groups are protonated at physiological pH. An increase in the pH
increases the negative charge character of the cell wall, but decreases the
positive charge character of BPEI. This is consistent with results from
Campanha et al(28). that described the change of the cell wall from negative to
positive as correlating with cell death. A charge density threshold with respect

to preventing biofilm deposition and optimizing the efficacy of cationic
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antimicrobials grafted on surfaces was reported (6). Inflammatory response to
pathogenic microorganisms has been reported to be associated with a
decrease in extracellular pH (36). This decrease in extracellular pH should have
a twofold advantage in both decreasing the anionic character of the infectious
bacteria and increasing the charge character of BPEI in that region.

The antimicrobial efficacy of BPEI decreases with an increasing
concentration of metal ions in the system. In a clinical setting, the ability to
change the free metal ion concentration is limited. Blood plasma magnesium
and calcium levels have been reported to be around 0.95 + 0.17 mM and 2.51 *
0.28 mM (37). The LB growth media was found to have a Mg?* concentration of
0.29 mM using flame AA and a standard addition method. The addition of metal
ions, especially Ca?* and Mg®* ions has also been shown to decrease the
efficacy of two cationic antimicrobial peptides investigated against both B.
subtilis and E. coli (38). This decrease in efficacy was reported to be more
pronounced as the metal ion concentration increased (38). Similarly, a salt
sensitive effect was shown on the BPEI to remove metal ions from the cell wall
through binding events. In our data, the ability of BPEI to displace metal ions
decreased in the presence of a higher metal ion concentration.

Conversely, magnesium deprivation creates a bacteriostatic effect,
facilitating easier bacterial killing by immune response and/or antibiotics. Even
though bactericidal antibiotics perform better in a laboratory setting, there is
little clinical relevance between bacteriostatic and bactericidal antibiotics (37).

Clinical tests have shown that bactericidal antimicrobials are not superior over

109



bacteriostatic antimicrobials when treated the majority of Gram-positive
infections involving in individuals with uncompromised immune systems (37).
Gram-positive bacteria subjected to magnesium deprived growth media remain
viable but growth does not take place until the addition of Mg®* (39). Likewise,
magnesium ion concentration in growth media has been reported to influence
the growth rate of bacilli bacteria (23). An increase in magnesium ion
concentration within magnesium depleted growth media caused an increase in
growth (23). The connection between magnesium ion concentration and growth
rate is also observed in our experimental results. Instead of limiting cellular
access to metal by lowering the total magnesium concentration, cellular access
to magnesium ions and other essential metal ions to the cell wall is limited by
the presence of BPEI. This mechanism causes a decreased binding affinity and
capacity that result from partial charge neutralization and binding sites occupied
by BPEI.
Conclusion

In these experiments, we measured the effect of low molecular weight
branched polyethyleneimine on metal binding to cell wall. We found that BPEI
can displace metals bound to cells and inhibit metal binding to whole cell
bacteria and the bacterial cell wall. The addition of BPEI decreases the binding
affinity and capacity of Mg®" to the cell wall, thus decreasing the available metal
ions to be transported into the cell. The deprivation of essential metal ions such
as Mg®* can be a factor in weakening the cell and causing a slower growth rate.

A bactericidal mechanism was not observed and the addition of metal ions
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restored growth. As a result, the effect of bacteriostatic effect caused by BPEI is
dependent on the concentration of metal ions in solution.

BPEI has been shown to have a low cytotoxicity (40,41). Branched and
linear PEI's cytotoxicity is dependent on dose, time, molecular weight of
polymer, and cell line (14). HelLa cells and Vero cells have been utilized to
examine cytotoxicity (14). BPEI was shown to have an ICsg toxicity level above
2.4 g/L. In order to be safe in a clinical setting there must be a significant
difference between concentrations required to kill bacterial cells and
concentrations that are cytotoxic towards mammalian cells. Our experiments
were performed at lower concentrations of 0.16 g/L BPEI. A study has shown
synergy between clinically resistant Gram-negative bacteria and different
classes of antibiotics (26). A potential opportunity to decrease the concentration
of BPEI further exists if a similar synergy with antibiotics can be observed with

Gram-positive organisms.
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Chapter 6: Antimicrobial Synergy of BPEI with Antibiotics and
Morphological Changes Associated with BPEI Exposure
Introduction and Background

Branched polyethyleneimine has been reported to possess an
antimicrobial effect. In order to be effective at killing bacteria and safe in a
clinical setting, the cytotoxicity towards mammalian cells must be significantly
lower than the range at which it is effective at killing bacterial cells. When used
alone, concentrations of 180 pug/mL or greater were needed to inhibit cell growth
after an overnight inoculation. However, the possibility exists to lower
concentrations of PEI (branched or linear) when used in conjunction with
traditional antibiotics to produce a synergetic inhibition of growth effect.

LMW (low molecular weight) BPEI has been shown to have a low
cytotoxicity (1,2). Insight into the cytotoxicity of BPEI towards mammalian cells
were provided by one study that utilized HeLa cells and Vero cells (3). These
two cell lines were chosen to determine if cytotoxicity was dependent on the
type of mammalian cells and a colorimetric MTT toxicity assay was used to
determine cytotoxicity. LMW-BPEI was shown to have an ICsq toxicity level
above 2400 pg/mL (3). However, in addition to concentration, it was also
reported that the cytotoxicity of PEI is dependent on whether it is linear or
branched, as well as the exposure time, molecular weight of PEI polymer, and

cell line (3).
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Synergetic Effect of PEl on Gram-Negative Bacteria

It has been reported that high molecular weight (10kDa) PEI increases
the efficacy of some antibiotics to a clinical resistant strain of P. aeruginosa (4).
Synergy between antiobiotics and PEI refers to the ability to reduce minimum
inhibitory concentration (MIC) values of antibiotics in the presence of PEI. P.
aeruginosa infections are difficult to overcome due to its resistance to antibiotics
which can be caused by reduced permeability of the outer membrane (5,6).
Chloramphenicol, ampicillin, novobiocin, ceftazidime, ticarcillin, carbenicillin,
piperacillin, cefotaxime, rifampin, or norflaxacin were reported to have reduced
MICs by 1.5 to 56 fold when combined with 250 nM PEI, which by itself was
neither bacteriostatic or bactericidal (4). The efficacy of other antibiotics such as
erythromycin, ciprofloxacin, and ofloxacin were not affected by PEI, while the
efficacy of aminoglycosides, polymyxins, and vancomycins decreased (4).
Antibiotics have a variety of killing mechanisms as seen in Figure 6.1. The
synergetic effects appear to differ even within the same family of antibiotics. For
example, ofloxacin, ciprofloxacin, and norflaxacin are all fluoroquinolones, yet
only norflaxacin was reported to have a synergetic effect with PEI. However, the
lack of synergetic behavior by some of the antibiotics examined is not
explained. It is possible that cationic antibiotics such as aminoglycosides and
polymyxins compete for binding sites with PEI(7). The binding of Mg®* to the
bacterial cell reduces vancomycin adsorption (8). Increased cell wall
permeability is believed to be the cause of the synergetic effect with some

antibiotics due to PEI binding.
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Mechanisms of action Antibiotic families

Penicillins; cephalosporins; carbapenems;

Inhibition of cell wall synthesis . .
nhibition of cell wall sy ! daptomycin; monobactams; glycopeptides

Tetracyclines; aminoglycosides; oxazolidonones;
streptogramins; ketolides; macrolides;
lincosamides; amphenicols

Inhibition of protein synthesis

Inhibition of DNA synthesis Fluoroquinolones
Competitive inhibition of folic acid

synthesis Sulfonamides; trimethroprim
Inhibition of RNA synthesis Rifampin

Other Metronidazole

Table 6.1. Mechanism of action of different antibiotic families. Adapted from
Levy et al. (9)

Polyethyleneimine has been reported to be an effective permeabilizer of
Gram-negative bacteria (10). EDTA is also an effective permeabilizer of Gram-
negative bacteria. The permeabilizing effect of EDTA is based on the chelation
of divalent metal ions from the outer membrane of Gram-negative bacteria.
Metal ions such as Mg®* and Ca®* provide structural integrity of the outer
membrane (11). The basis of the structural integrity that metal ions provide lies
in the lipopolysaccharides that are linked electrostatically by divalent metal ions.
The cell wall of Gram-negative bacteria is less permeable than the cell wall of
Gram-positive bacteria (12). The ability to increase permeabilization of Gram-
positive bacteria is more difficult due to its single cytoplasmic membrane and
thick layer of peptidoglycan when compared to Gram-negative bacteria.
Peptidoglycan provides minimal effect towards permeability. However, it does

provide the cell additional protection against osmotic stress.
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BPEI's Mode of Action toward Gram-Positive Bacteria

The specific mode of action that polycationic antimicrobials exert on
Gram-positive bacteria is not fully known. The biocidal mechanism of cationic
polymers may involve a disturbance of the cell membrane which also leads to
an increased permeability towards foreign molecules (13). Similarly, a
mechanism of polycationic antimicrobials involving penetration through the cell
wall to disrupt the cytoplasmic membrane has been proposed (14,15).
However, it has also been reported that cytoplasmic membrane permeation did
not appear to be a mechanism of action that is based on an incomplete
depolarization of the membrane (16). An ion exchange based killing mechanism
based on electrostatic charge density has also been proposed (17). In earlier
experiments (Chapter 5), it was demonstrated that the inhibition of metal ion
binding contributes to its antimicrobial effect. Our data supports a model that
involves an ion exchange based killing mechanism with BPEI.

The reversal of antibiotic resistance has also been reported with
combinations of permeabilizers such as EDTA and antibiotics (18,19). Cationic
guaternary ammonium compounds were found to be more effect against Gram-
negative bacteria in the presence of 100 pg/mL EDTA (20). Additionally,
antibiotic MIC values have been examined for B-lactam resistant Gram-positive
bacteria with variable concentrations of EDTA (21). Decreased MIC values
were obtained with B-lactam antibiotics when in the presence of EDTA at a
concentration 100 times less than its MIC. However, no antibiotic resistance

reversal studies have been performed with Gram-positive bacteria with
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combinations of antibiotics and branched polyethyleneimine. Here, we will
present data regarding the synergetic effect of low molecular weight BPEI and
resistant strains of the Gram-positive bacteria, B. subtilis. This chapter will
primarily focus on the effect of varying concentrations of BPEI with a constant
concentration of antibiotic has with B. subtilis. The motive in choosing resistant
strains was to observe if antibiotic resistance could be overcome with sub-lethal
concentrations of BPEI. As multi-drug resistance continues to increase while
the discovery new antibiotics decrease, it becomes important to investigate
methods that enable the use of current antibiotics without regards to a
bacteria’s particular resistance.
Experimental
Investigation of BPEI and Antibiotics on Growth Rate

Concentrations of low molecular weight branched polyethyleneimine
were placed in LB growth media and bacterial growth was measured by
examining the absorbance value at 600nm. The absorbance value represents
an arbitrary number that corresponds to the density of cells in the sample.
Although specific cell densities cannot be extracted without correlating known
cells densities to ODggp values, this measurement gives information of the rate
of growth and the point at which cell replication begins. The absorbance value
enables the creation of growth curves where the value is graphed against time
and the growth phases can be determined. The growth behavior was compared
with a control, with different concentrations of BPEI, and with varying

concentration of BPEI combined with antibiotics. B. subtilis 1A578 is resistant to
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chloramphenicol at a higher concentration than the parent strain. B. subtilis
1A578 has a MIC of approximately 20 ug/mL, while the parent strain B. subtilis
168 has a chloramphenicol MIC of 2 ug/mL (22). The existence of synergy
between BPEI and resistant antibiotics was examined by combining a sub-MIC
concentration of chloramphenicol (10 pg/mL) with gradually increasing
concentrations of BPEI (0.12-0.18 g/L). The results of this combination was
compared with growth measurement of B. subtilis grown in media with the
addition of BPEI alone. A teichoic acid deficient strain of B. subtilis (EB1451)
with an increased level of erythromycin resistance was also investigated.
Unfortunately, because the MIC of B. subtilis EB1451 was not reported, an
erythromycin concentration of 10 pg/ml was used in our experiments.
Morphology Examination with Phase Contrast Microscopy

Phase contrast microscopy was employed to observe any morphological
changes in the bacterium in the presence of BPEI. Growth took place in the
same conditions that were used in the formation of growth curves. LB growth
media was used and cultures were placed in an incubator/shaker at 200 rpm
and 37°C. Microscopy images were taken under a 1000x magnification after 6
uL of growth media was taken from a flask in the incubator/shaker and placed
on a glass slide with a cover slip.
Morphology Examination with Scanning Electron Microscopy

A 1 mL aliquot B. subtilis cells were harvested at an ODgpo = 0.216 after
2 hours and 20 minutes. These cells were centrifuged at 50009 for 3 minutes

and then rinsed with 1 mL of sterile Milli-Q H,O. The water was then decanted
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and the cells were re-suspended in 350 pL of Milli-Q H,O. A volume of 40 pL of
this suspension was then placed on an autoclaved sterile glass cover slip and
was allowed to dry for approximately 5 hours in a dish that was placed near a
Bunsen burner and loosely covered with aluminum foil to allow for airflow to
mitigate the chances of contamination. The B. subtilis sample grown with 150
pg/mL of BPEI was harvested at an ODgpo =0.212 after 7 hours and 30 minutes
and was prepared under identical conditions.

Results
In this work we tested for synergetic effects with the use of

spectrophotometric optical density measurements to measure the onset of
cellular growth and the subsequent rate of growth. Cell morphologies were
examined with phase contrast microscopy. Once a distinct change in
morphology was observed, a higher magnification was needed to investigate
the presence of septa formation and a scale was needed to measure the size.
Scanning electronic microscopy was employed to satisfy these requirements.
Synergy with Resistant Bacteria and Antibiotics

Results with and without 10 pg/mL of chloramphenicol are shown in
Figures 6.1 and 6.2. There is a noticeable difference between the growth rate
with and without chloramphenicol at sub-lethal doses of BPEI. Taking an
absorbance value of 0.5 at 600 nm as an arbitrary reference point associated
with bacterial density, there is an approximate 70 minute difference (a 47%
increase) between B. subtilis 1A578 with and without chloramphenicol. A

noticeable difference is observed when the same concentration of
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chloramphenicol is combined with near MIC levels of BPEI. When
concentrations of BPEI near its MIC range are added this effect is intensified.
For BPEI at a concentration of 0.12 g/L there is a 100% increase in the time to
grow to a reference density corresponding to 0.5 absorbance units for samples
with chloramphenicol at the same BPEI concentration. For 0.14 g/L BPEI, there
is a 150% time increase for the growth containing chloramphenicol. A complete
inhibition of growth is seen at a concentration of 0.16 g/L BPEI and 10 pg/mL of
chloramphenicol. Growth is still observed with 10 pg/mL of chloramphenicol and
0.18 g/L separately. The combination of these two antimicrobials proves

effective in inhibiting growth.
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1A578 Growth Curves with PEl and Chloramphenicol
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Figure 6.1: Growth curves for B. subtilis 1A578 with combinations of 10 pg/mL
chloramphenicol with 0.12 and 0.14 g/L BPEI. Note: the signal becomes
saturated at an absorbance value of 2.
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2.5

1A578 Growth Curves with PEl and Chloramphenicol
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Figure 6.2: Growth curves for B. subtilis 1A578 with combinations of 10 ug/mL
chloramphenicol with 0.16 and 0.18 g/L BPEI. Note: the signal becomes

saturated at an absorbance value of 2.

A synergetic effect is also observed for a WTA deficient mutant that has
resistance to erythromycin. The difference in the increased lag time for B.
subtilis EB1451 with and without 10 pg/mL of erythromycin is small compared to
the cumulative effect with different concentrations of BPEI. The individual time
increases in lag phase added together is much less than the increase in time in
lag phase of experiments containing the same components together as

observed in Figure 6.3
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EB1451 Growth Curves with PEl and Erythromycin
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Figure 6.3: Growth curves showing a synergetic effect with combinations of 10
pHg/mL erythromycin and varying concentrations of BPEI against an
erythromycin resistant strain, WTA deficient mutant of B. subtilis (EB1451)
When observing growth for an extending time we see that bacterial death
is not occurring. This leads us to believe that BPEI is causing a bacteriostatic
affect and that growth can begin 2.5 days later as is seen with 0.21 g/L BPEI
and 10 pg/mL of chloramphenicol as seen in Figure 6.4. This is significantly
longer than the approximately 3 hours it takes to observe growth entering
exponential phase for cultures with only 10 ug/mL of chloramphenicol.
Traditionally, MIC (minimum inhibitory concentration) values are defined as the
concentration required to inhibit cell growth with a 1% inoculation of an
overnight culture (23). MIC values should not be confused to MBC (minimum
bactericidal concentration) values that describe cell death and not a

bacteriostatic effect that slows or completely stops growth.
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1A578 Growth Curves with PElI Near MIC (Extended Range)
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Figure 6.4: Growth of B. subtilis 1A578 with BPEI and chloramphenicol
(extended time range).

Morphology Changes in the Presence of BPEI

Cell morphologies were examined to investigate if the cells were
undergoing any changes during the period of increased lag phase. BPEI has
been found to inhibit binding of Mg?* to the cell wall (Chapter 5). Deprivation of
essential metal ions has been reported to cause filamentous bacterial
morphologies (24). A control set of images were taken with B. subtilis 1A578
without exposure to BPEI to observe any morphological changes (Figures 6.5 —
6.10). Growth is still taking place during the extended lag phase in cultures with
BPEI, although division is not occurring (Figures 6.11 — 6.16). Increased cell
length is also observed with the control culture not containing BPEI (Figures 6.6
- 6.10). This is phenomenon has been reported as the result of a delay between
growth and cell division that is common with B. subtilis (25). However this

becomes increasingly uncommon as growth continues. Eventually, these large
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interlinked cells for both samples, the BPEI exposed sample and the control,
divide to produce a normal morphology. Changes present in both samples are
solely the result of BPEI and chloramphenicol was excluded.

Phase contrast images at 2 hours for the control sample (with no BPEI
added) displayed the characteristic rod shape associated with Bacillus bacteria
as seen in Figure 6.5 below. Distributions of images were taken to be
representative of the entire sample and not just an uncommon occurrence. The
following images show the morphological changes as a result of elapsed time
and growth for both a control set of B. subtilis cells and B. subtlis cells growth in

the presence of 150 pg/mL BPEI. Each phase contrast image is taken under

1000x magnification.

.
Je=

* N

-

Figure 6.5: Phase contrast images of B. subtilis 1A578 (No BPEI,
ODGOO = 0174)

At 2 hours and 20 minutes and an ODgg absorbance value of 0.216 (early
exponential phase) the bacteria begin to display long chains of bacteria (Figure
6.6). These chains of cells have been reported to be associated with a delay
between growth and cell division is common with B. subtilis (25). However, the

observance of these long chains of cells is not common and mostly the cells
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such as that in the top left of Figure 6.6 are seen in the majority of microscope
slides. A similar morphology is observed at 2 hours 30 minutes and an OD of
0.270 (Figure 6.7) where there are elongated cells, but the majority of them are
shorter, individual cells. At mid-exponential phase, there are even less
elongated cells and there is an even greater majority separated individual cells.

This trend continues as the cells continue to reproduce and increase in density.

A

Figure 6.6: Phase contrast images of B. subtilis 1A578 (No BPEI,
OD600 = 0216)
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Figure 6.7: Phase contrast images of B. subtilis 1A578 (No BPEI,
ODeoo = 0270)

| :
Figure 6.8: Phase contrast images of B. subtilis 1A578 (No BPEI,
ODeoo = 0.488)
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Figure 6.9: Phase contrast images of B. subtilis 1A578 (No BPEI,
ODeoo = 0822)

Figure 6.10: Phase contrast images of B. subtilis 1A578 (No BPEI,
ODeoo = 1153)
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The addition of BPEI at 150 ug/mL creates cells that have an extended
lag phase and exhibit a twisted, random coil morphology. Unlike the control with
no BPEI, this twisted and elongated cell morphology predominates. Although at

an ODego of 0.091 (Figure 6.11), these cells are difficult to locate due to the

shear lack of density.

Figure 6.11: Phase contrast images of B. subtilis 1A578 (150 pg/mL BPEI,
ODsoo = 0091)

Figure 6.12: Phase contrast images of B. subtilis 1A578 (150 pg/mL BPEI,
ODeoo = 0113)
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Figure 6.13: Phase contrast images of B. subtilis 1A578 (150 ug/mL BPEI,
ODeoo = 0164)

Figure 6.14: Phase contrast images of B. subtilis 1A578 (150 ug/mL BPEI,
ODeoo = 0.181)
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As cell growth increases, the morphology of the majority of cells begins
to diminish. Although septa formation is not clearly visible, the cells do

eventually divide. This is supported by phase contrast images taken the

following morning (Figure 6.16).

Figure 6.15: Phase contrast images of B. subtilis 1A578 (150 pg/mL BPEI,
ODsoo = 0243)

N\
Figure 6.16: Phase contrast images of B. subtilis 1A578 (150 pg/mL BPEI,
ODeoo = 1246)

Scanning Electron Microscopy of Cells

SEM offers higher magnifications, a better three dimension view of cells,
and a scale to gauge the size of cells. Similarly to what we observed with phase
contrast, we observed long chains of bacteria (not exposed to BPEI) that were

in the process of cell division during early exponential phase as seen in Figure
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6.18 below. We can observe septa formations in certain regions from the SEM
images of cells grown in LB containing 150 pg/mL BPEI (Figures 6.18 - 6.20).
However, it is more difficult to observe with the random spiral morphologies and
aggregation of cells. This random coil and bending morphology might arise from
electrostatic interactions between the flexible strands of teichoic acid on nearby
cells. Other possibilities for these abnormal shapes can be related to gene
expression associated with peptidoglycan synthesis. In a very few instances an
more extreme thickening of the cell wall was observed that gave rise to
somewhat spherical shapes such as those in Figure 6.21. Since this was the
only occurrence of this morphology that was observed, it was excluded from the
following cell width calculations.

Width of the cells can be calculated by correlating the pixel length of 1
um provided in the image to the pixel length of the cells using Adobe
Photoshop. Various cell thicknesses were calculated from different cells at
different sections of the cover slip on two separate samples taken at similar
ODeoo absorbance values. The calculated cell widths are listed in Table 6.2

below.

Cell Thickness with and without BPEI (um)

0.694 0.729 0.700 0.754 0.667 | Average | 0.657
No BPEI 0.631 0.684 0.667 0.554 0.616 | StdDev | 0.055
0.649 0.685 0.602 0.578 0.638
1.029 0.824 1.038 1.013 0.973 | Average | 0.925
150 pg/ml BPEI 0.902 0.849 0.887 0.813 0.751 | StdDev | 0.105
0.845 1.056 1.042

Table 6.2 Cell Thickness with and without BPEI. All values above are in units of
micrometers.
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A two tailed t-test was used to evaluate the statistical significance
between the cell wall thickness of both cells grown with 150 pg/mL BPEI and a
control group of cells at a similar ODgoo Value. At a 99% confidence interval, the
cell width values of both group produced a t-value of 8.65 which is larger than
the critical t-value of 2.78. The larger t-value suggests that a statistical
difference in the thickness values can be accepted at a 99% confidence

interval.

Signal A = InLens EHT = 5.00kV Mag= 1.15KX 10 um Date :22 Oct 2014
WD=40mm  StageatT= 00° F——] Time :10:57:39

Figure 6.17 SEM image, B. subtilis 1A578, No BPEI, ODgpp=0.174, 1150x
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(D) . :
EHT= 500kV Mag= 115KX  ‘0um Date :9 Oct 2014
WD=62mm  StageatT= 00° F——] Time :9:56:46

1150x

Signal A = InLens Mag= 470KX  2um Date :9 Oct 2014
Stage at 00° Time :9:59:39

Figure 6.19 SEM image, B. subtilis 1A578, 150 pg/mL BPEI, ODg=0.212,
4700x
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Signal A = InLens EHT=5.00kv Mag= 470KX fHm Date :22 Oct 2014
WD=29mm  StageatT= 00° ] Time :9:58:15

Figure 6.20 SEM image, B. subtilis 1A578, 150 ug/mL BPEI, ODgoo=0.187,
4700x

Signal A = InLens EHT= 5.00kV  Mag= 4.70KX Iam Date :22 Oct 2014
StageatT= 00° Time :9:50:53

Figure 6.21 SEM image, B. subtilis 1A578, 150 pg/mL BPEI, ODg=0.187,
4700x
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Morphology Changes in Presence of EDTA and Supplemented Mg?*

Different morphological changes occur when the LB bacterial growth
media is supplemented with sub-lethal concentrations of EDTA, a metal
chelator, or 0.01 M MgCl, combined with 150 pg/mL of BPEI. The addition of
0.0002 M EDTA causes an increase in cell length and a perturbation of cell
division (Figure 6.22). This morphology is only partly similar to that of cell
exposed to BPEI and lacks tight helical twisting. Attempts to rescue the cells to
a normal morphology with the addition of 0.01 M Mg?* ions proved
unsuccessful. However, a distinct uneven thickening and thinning were
observed in cells that were exposed to 150 pg/mL BPEI and supplemented with
0.01 M Mg?* ions (Figure 6.23 and Figure 6.24). This combination of non-

uniform thickening of the cells wall was not observed with BPEI exposed

samples.

Figure 6.22: Phase contrast images of B. subtilis 1A578 (0.0002 M EDTA,
ODeoo = 0.183)
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Figure 6.23: Phase Contrast images of B. subtilis 1A578 (150 pg/mL BPEI and
0.01 M MgC|2, ODggo = 0066)

Figure 6.24: Phase Contrast images of B. subtilis 1A578 (150 pg/mL BPEI and
0.01 M MgC'Z, ODggo = 0133)

2.5
1A578 Growth Curves with EDTA, Mg?*
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g 1 5 s 1A578 + 0.00022 M EDTA
g— .
()]
(%]
5 e 1A578 + 0.0005 M EDTA
o)
§ 1
-2 @ 1A578 +0.001 M EDTA
05 @ 1A578 + 0.001 M EDTA +
! ; F 0.005 M Mg2+
0 1 T T T T T T T 1

0 200 400 600 800 1000 1200 1400 1600
Minutes

Figure 6.25: The inhibition of growth by EDTA and rescue of growth by Mg**
supplementation
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Discussion

Antibiotic resistant bacteria can be killed by a sufficiently high
concentration of antibiotic (26). However, these sufficiently high concentrations
of antibiotics cannot be achieved safely in the human body (26). Weakening
antibiotic resistant cells with BPEI has been shown to decrease the MIC to
some antibiotics. Although a direct mechanism for this increased susceptibility
is not fully known, it is known that BPEI inhibits metal binding to the bacterial
cell walls and that cell growth is limited in the presence of the metal ion
chelator, EDTA as seen with the growth curve on Figure 6.25.

Chloramphenicol must permeate through the membrane to complete its
mechanism of action. It binds to residues in the 23S rRNA to inhibit protein
synthesis by preventing peptide bond formation (27). Similarly, erythromycin
also binds to the 23S rRNA nucleotide where peptidyl transferase activity
resides (27). Resistance to chloramphenicol can be a result of one or a
combination of four mechanisms: the production of the enzyme
chloramphenicol acetyletransferase (28), target site modification/mutant of the
nucleotide sequence of 23S rRNA (29), multidrug efflux systems which use the
proton motive force to transport antibiotics out of the cell (30), and decreased
outer membrane permeability (31). The chloramphenicol resistant strain used in
our experiments, B. subtilis 1A578, was reported to have no difference in
ribosomal proteins when compared to the wild type strain (22). In addition, a
lack of chloramphenicol acetyltransferase was observed with B. subtilis 1A578

(22). Most likely an altered uptake mechanism that is normally exploited by
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chloramphenicol is responsible for the increased resistance. B. subtilis 1A578 is
resistant to up to 20 pg/mL chloramphenicol whereas the parent strain had an
MIC of 3 pg/mL (22). A constant concentration of 10 pg/mL of chloramphenicol
was used in these studies. It has been reported that dissipation of the proton
motive force (PMF) is a common mechanism for cationic antimicrobial proteins
(32). The PMF is based on an electrostatic gradient and the binding of cationic
antimicrobial compounds would cause this force to dissipate. A potential
dissipation of the PMF would make it more difficult for antibiotics to be removed
from the cell through efflux systems.

BPEI binding to the cell wall have previously been shown to remove
metal ions as well as inhibit further metal binding to the cell wall (Chapter 5). As
a result of BPEI binding to whole cells, the reservoir of metal ions decreases
and the bacteria grow more slowly. This bacteriostatic effect has the potential to
make the bacteria easier to kill by immune response and/or antibiotics. There is
little clinical relevance between bacteriostatic and bactericidal antibiotics in
patients without compromised immune systems (33). Gram-positive bacteria
subjected to magnesium deprived growth media remain viable but growth does
not take place until the addition of Mg?* (34). This depletion of magnesium from
the growth media can thus be considered to have a bacteriostatic effect on the
bacteria. Magnesium ion concentration in growth media has also been reported
to influence the growth rate of bacilli bacteria (24). The addition of magnesium
to magnesium depleted growth media causes a restoration in growth (24). The

connection of magnesium ions to growth rate is also observed in our
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experiments. Instead of total magnesium concentration being limited, the
access to magnesium ions and other essential metal ions are limited due to
BPEI binding. As a result, the cell morphology changes from rods, to chains,
and then to filamentous shapes. These effects are also observed as the Mg**
content in the growth media was decreased (24). This data suggest a
biochemical connection between BPEI, metal deprivation, and cell morphology.

Lag phase growth prepares bacteria for exponential growth by the
accumulation of metals and other nutrients (35). It has been reported that
bacteria are metabolically active in lag-phase (36). As seen in Figure 6.11, the
bacteria continue to grow in the presence of 150 pg/mL BPEI during lag phase,
but division does not occur. Septum formation is somewhat visible in some
locations. Magnesium deprivation has caused the formation of long filamentous
cells with bacilli bacteria that have yet to complete cellular division (24). It has
been reported that a long chain polyphosphate also causes a change in the
morphology of Bacilli cells when added at sub-lethal concentrations (37). Bacilli
bacteria also exhibit inhibited septum formation when exposed to long chained
polyphosphate (37). This morphological change is reversed and septum
formation resumes on the addition of divalent cations (37).

In these experiments, we believe that metal ion binding is strongly
inhibited, but not entirely inhibited in the presence of 150 pg/mL BPEI. Since
metal binding and BPEI binding is an equilibrium mediated process, there will
be a continuous binding, unbinding, and selective uptake of different

components. A slower uptake of nutrients leads to a slower growth rate. This
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behavior is also observed in the WTA deficient mutant of B. subtilis (EB1451).
WTA is a significant metal binding component of the cell (Chapter 4) and loss of
it would presumably decrease the bacterium’s ability to gather metal ions
needed for metabolic activity. Up-regulation or down-regulation of proteins
responsible for cell division may be linked to metal ion deprivation. Additional
work in this area is underway.
Conclusion

In our experiments we found that BPEI can decrease the MIC of an
antibiotic resistant strain of B. subtilis. Both BPEI and sub-lethal concentrations
of antibiotics increased the lag phase of B. subtilis. When used in conjunction,
this increase in lag phase is more than an additive effect. During lag phase the
cell is still growing, but septa formation is slow and cellular division is inhibited.
This change in morphology and increased duration in lag phase and can
originate from a decreased uptake of metal ion nutrients from BPEI occupying
binding sites that are responsible for metal ion homeostasis. Further
experiments are needed to elucidate the mechanisms of antibiotic synergy and

morphological changes produced by BPEI exposure.
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