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Abstract

A molecule’s entry into a cell is impeded primarily at the surface of Gram-positive
bacteria. This interface serves as the boundary separating cellular contents from the
external environment and is composed of a thick layer of peptidoglycan and a lipid bilayer
equipped with protein and lipid species with various roles including that of small-molecule
transport. As such, understanding these molecule-membrane interactions is imperative
to examine in order to design novel drugs or adjuvants to combat the global antibiotic
resistance predicament. Knowledge regarding passive diffusion and overall organization of
small molecules in the lipid bilayer of living Gram-positive cells is limited as the complexity
of this system is not as commonly studied as Gram-negative and eukaryotic species. This
dissertation broadly aims to quantify interactions of small amphiphilic molecules with
the membrane of living Staphylococcus aureus and Bacillus subtilis cells by using second
harmonic scattering (SHS) techniques. SHS is uniquely qualified to study these phenomena
due to being inherently sensitive to surface-bound molecule orientations. First, SHS is
employed in a systematic study of how the structure of both the molecule-of-interest and
the membrane influence the initial adsorption to and time-resolved dynamics of amphiphilic
probe molecules within living bacterial membranes. To better understand the origin of SHS
signals from this study, angular distribution of these molecules are extracted by leveraging
polarization resolved SHS. Lastly, these techniques are employed to study a small molecule

drug system in order to understand its perturbation of membrane properties and transport.
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Chapter 1

Introduction



1.1 Motivation

The first physical barrier a drug must overcome to reach its target in a living Gram-positive
bacterial cell is the wall encasing the lipid bilayer separating the cell’s contents from the
environment. The fate of the molecule is then mediated by this structure. In fact, the
membrane is often the intended objective for drug design. [77, 93] Further, the membranes
of living bacteria are dynamic and can alter their organization and composition at short
time and length scales, owing to the emergence of some antimicrobial resistance mechanisms
[114, 149, 170]. Therefore, understanding how the membrane dictates the penetration of these
molecules is of paramount interest in countering antibiotic resistance mechanisms imparted
by bacteria. In the United States alone, over 2.8 million cases of antibiotic-resistance are
expected to occur annually [36]. Globally, antibiotic resistance is expected to contribute
to approximately 5 million deaths [160]. The overall goal of this research is to investigate
small-molecule transport dynamics within Gram-positive bacterial membranes and monitor
how these dynamics are impacted by parameters such as 1) the molecule’s structure, 2) the
identity of the cell species, and 3) perturbations to the membrane through the introduction

of other small molecule species.

1.2 Gram-Positive Bacterial Membrane Landscape

1.2.1 Membrane Architecture

Membranes - structures composed of a lipid bilayer with a hydrophilic interior and
hydrophobic exterior teemed with proteins throughout - are defining characteristics of living
biological matter. For instance, prokaryotic systems, such as bacteria, are distinct from
eukaryotic systems in that they do not possess any membrane-bound sub-cellular structures.
Bacteria can be further classified based on the membrane that protects their internal
components from their environment. For instance, bacteria that possess two lipid bilayers
separated by a thin peptidoglycan layer is referred to as Gram-negative while bacteria that
possess only a single lipid bilayer surrounded by a thick peptidoglycan layer are Gram-

positive, as illustrated in Figure 1.1.
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Figure 1.1: Cartoon schematic of Gram-positive (left) versus Gram-negative (right)
bacterial membranes.



While the same general macro-structure of the membrane exists for all Gram-positive
bacteria, the individual components, and how they are arranged, vary between species and
even between strains of the same species. Some basic principles are preserved, however. For
instance, many bacteria are known to have the same lipid species, although the distribution
differs, which is known to induce local and large-scale changes in membrane shape, curvature,
and fluidity. These biophysical properties then result in disparate functions along the
membrane such as signal transduction and small molecule transport. [200, 217] The latter
objective can broadly be accomplished in either an “active” or “passive” manner. Whereas
active passport relies on the use of energy sources to power transport through proteins,
passive transport is largely reliant on how the small molecules interact with the lipids that
make up the membrane.[220] As such, the focus of this dissertation aims to understand the

mechanisms at play for the passive diffusion of small molecules.

1.2.2 Passive Diffusion of Small Molecules

As stated above, the predominant mechanism mediating passive diffusion is based on small-
molecule interactions with the phospholipids that comprise the bilayer. A phospholipid is
composed of a hydrophilic phosphate head group bound to hydrophobic fatty acid chains
(i.e. tails) through a glycerol backbone, as depicted in Figure 1.2(A). As such, the interplay
between headgroup and tail pairings elicit different biophysical properties of the membrane,
such as fluidity and permeability, depending on their identifies and arrangement.

The headgroup of phospholipids plays a large role in the local curvature and packing, and
therefore the overall cell shape and fluidity of the cell membrane.[196] The general shape of a
single phospholipid is dependent on the ratio of the size of the headgroup to the width of the
fatty acid tails. For instance, headgroups harboring fatty acid tails that exceed the lateral
space of the headgroup itself, or vice versa, are expected to portray conical shapes. Lipids
can also possess headgroups and tails that inhabit similar lateral space leading to cylindrical
shapes. Examples can be seen in Figure 1.2(B) where the most common lipids found in the
species studied here, Staphylococcus aureus and Bacillus subtilis, are shown. Specifically,

lipids with cardiolipin (CL), phosphatidylethanolamine (PE), and lysylphosphatidylglycerol



(LPG) headgroups take on cone-like shapes while phosphatidylglycerol (PG) is cylindrically
shaped.

In addition to the comparison between the size of the headgroup to the tails influencing
shape, the charges of the headgroups, listed for CL, PE, LPG, and PG in Figure 1.2(B),
also play a significant role in the organization of the membrane.|[119] Bacteria generally have
highly negatively charged membranes due to the high concentration of anionic lipids present.
As a consequence of these variances in shapes and charges, lipids are recruited to specific
regions of the cell membrane - both laterally and across the bilayer. For instance, CL for
rod-shaped bacteria, such as B. subtilis, is known to localize on the poles of the cells rather
than on the sides with minimal curvature [103] but has a more homogeneous distribution for
spherical cells such as S. aureus. [144] It has also been shown that certain conditions, such
as growth stage and shape, result in differences in inner and outer cytoplasmic membrane
distributions of PE and CL lipids in rod-shaped Gram-negative Escherichia coli[23, 71,
169] and Gram-positive Bacillus megaterium[167, 195]. Tt should be noted that the charge
and shape of these headgroups have been found to play a large role in membrane protein
recruitment as well. [145, 167, 193, 194, 217, 219] However, as the primary focus of this
dissertation is that of passive transport, the discussion here will solely focus on the lipid-
lipid interactions.

Aside from the headgroups comprising the polar regions of the lipid bilayer, the non-
polar tails attached to these headgroups significantly influence the fluidity of the membrane.
Three main classifications exist for phospholipid tails: straight-chain fatty acids (SCFAs),
unsaturated fatty acids (USFAs), and branched-chain fatty acids (BCFAs). Most phosphate
headgroups present in bacteria harbor two fatty acids, with the exception of CL which
carries four fatty acids, illustrated in Figure 1.2(B). Membrane fluidity is largely mediated
by the percentage of SCFAs, USFAs, and BCFAs composition in the membrane. [61] SCFAs
are saturated acyl chains in which the carbon-carbon single bonds are able to tightly pack
through van der Waals interactions. As a result, regions with an increased SCFA composition
are generally rigid, as shown in Figure 1.2(C). In contrast, BCFAs, although also comprised
of only carbon-carbon single bonds, have branched portions along the tail that result in a

fatty acid that requires more lateral space, and therefore is unable to tightly pack. This
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is similar to the packing ability of USFAs which have one or more carbon-carbon double
bonds along the tail resulting in “kinks.” Due to the branching and kinks of BCFAs and
USFAs, respectively, these are known to be the primary components of fluid regions of the
membrane, shown schematically in Figure 1.2(C).

The modulation of membrane fluidity via lipids of bacterial membranes, as surveyed
above, has lead to an emergence of studies attempting to understand the organization of
these membrane components. For S. aureus and B. subtilis, this has resulted in the ideas
of functional membrane microdomains (FMMs) and regions of increased fluidity (RIFs),
respectively. [98, 124, 129, 200, 216] These domains have been implicated in functions
ranging from cell division to signal transduction. Further, it has been shown that when
these regions are perturbed, some species become more susceptible to antibiotics.[162] These
results indicate that these properties of the membrane may play larger roles in small-molecule

transport via passive diffusion.

1.2.3 Species Under Investigation

The two Gram-positive bacterial species studied here are S aureus and B. subtilis. However,
most of the work presented here will focus primarily on S. aureus. S. aureus was chosen
for these experiments for several reasons. First, it is a common pathogen that has grown
resistance over time to numerous antibiotics. As such, understanding how small molecules
interact with the S. aureus membrane has direct clinical importance. Second, the spherical
shape and single membrane of S. aureus is reminiscent of model systems. This is important
because many studies attempting to understand molecule-membrane interactions rely on
model systems; therefore, direct comparisons can be made to extract how these systems may
differ. In alignment with this second reason, B. subtilis was also subjected to experiments in
this dissertation. B. subtilis was chosen as another system to investigate due to also having a
single membrane but with differences in membrane composition and expected heterogeneity
due to its rod shape compared to S. aureus. By implementing both systems, importance of
the membrane identity can be inferred in respect to how small molecules interact with living

cells.



1.3 Probing Small Molecule-Membrane Interactions

Experimentally probing passive diffusion through bacterial bilayers is a nontrivial endeavor
but a necessary one to understand how drugs and drug-like molecules permeate this space.
Some of the most widely applied concepts to predict how well a molecule can accomplish
this task rely on simple theoretical diffusion models such as Overton’s rule [106, 150] and
the “rule of 5” [120, 121]. As such, computational studies[15, 16, 75, 76, 109, 232] and work
with model lipid systems[17, 178, 202, 221, 259] have expanded our knowledge in this arena.
Experimentally, there has been an emergence of techniques to attempt to understand these
phenomena in living cells. [204] For instance, fluorescence-based techniques have been able to
monitor the permeation kinetics of drug-like molecules either by inducing fluorescence under
specific environmental conditions or tagging the molecules of interest. [63, 97, 104, 110,
118, 211, 226, 250] Surface plasmon resonance is a label free alternative that has successfully
quantified passive membrane transport largely in model systems. [11, 28, 29, 46] Additionally,
techniques reliant on radio labelling [53, 159, 176] and nuclear magnetic resonance [3, 39,
40, 250] have also been shown to be capable of probing molecule permeation across lipid
bilayers. While each of these experimental techniques has their own share of advantages, the
challenges of specificity, resolution, and non-native conditions persist.

As a way to navigate around these obstacles, approaches based on second-ordered
nonlinear optical events, such as second harmonic generation (SHG)/second harmonic
scattering (SHS), have been developed for studying translocation of small molecules in many
systems, including bacteria. SHG and SHS are often used interchangeably throughout this
work but the important distinction between the two is explained in Chapter 2 along with
the theoretical basis of the technique. Briefly, SHG is the simultaneous conversion of two
photons of equal energy to a single photon of twice the energy. This phenomenon is uniquely
sensitive to interfaces as a prerequisite to producing the second harmonic signal is a lack of
centrosymmetry. This allows SHG to be a measure of molecule orientation along a surface,
such as that of living bacteria, with high specificity. Therefore, this dissertation work will
illustrate how SHG/SHS is employed to extract information regarding the individual steps

of membrane penetration. Chapter 3 will describe how the structure of the molecule and



the identity of the membrane facilitates initial adsorption and translocation properties.
These results are pertinent to rational drug design for living bacterial systems. Then,
the orientational arrangement after initial adsorption is explored with an extension of this
technique, polarization-resolved SHS, in Chapter 4. Lastly, the membrane organization is
explored by monitoring how small molecules interact with S. aureus after disrupting FMMs
with the drug, miltefosine in Chapter 5. Chapter 6 of this work will conclude with final

remarks and an outlook on possible future directions.



Chapter 2

Experimental Techniques
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2.1 Light-Matter Interactions

2.1.1 Linear versus Nonlinear Optical Phenomena

To understand how small molecules interact with the membranes of living bacteria, a plethora
of optical techniques are employed in this work necessitating an overview of the principles
governing them all: light-matter interactions. Light, once incident upon a source of matter
(e.g. a molecule), can elicit responses from said matter in many ways - in either the linear

or nonlinear optical regimes. [26] This can be depicted by the equation:

P=¢xVE, +x?E,E,, +x®FE, E,,E.,.] (2.1)

where P is the polarization, or induced dipole per unit volume, after interacting with the
incident electric field, E, e is the electric permittivity of the molecule, and Y™ is the
susceptibility for first-, second-, third-, etc. ordered events. The susceptibility terms can be
thought of as the property of the molecules that dictates how the light induces a response.
The first term in Equation 2.1, YW E, represents all linear, or first-ordered, optical events.
As can be seen from this term, these processes scale linearly with the incident light as
opposed to the subsequent terms in the nonlinear regime which scale nonlinearly with the
incident light due to the number of electric fields interacting with the material. For example,
linear processes rely on the interactions from a single electric field while nonlinear processes
depend on two or more electric fields, shown by the Jablonski diagram comparing one-photon
fluorescence (OPF), two-photon fluorescence (TPF), and second harmonic generation (SHG)
in Figure 2.1. [206]

Examples of linear optical phenomena include one-photon absorption and fluorescence.
In this work, the latter is implemented in several ways, specifically in Chapter 5, and will
be further explored in Section 2.3, however the basic principles of OPF will be discussed
here to compare to the two-photon processes of TPF and SHG. As seen in Figure 2.1,
OPF is produced when light of frequency wy promotes an electron from a ground state to
a vibrational state in an excited electronic state. Thereafter, the photon relaxes to a lower

vibrational state and then back to the electronic ground state. The return of the electron to

11



A-L\_\‘ A_\\\ SLTY CLRLTEEEF ELTRY,
E
001 CD]
@, @, \ALED) CEEY CDZ'"K"' CJO2=2C‘01
OO] OO]
G v
OPF TPF SHG

Figure 2.1: Jablonski diagrams for one-photon fluorescence (OPF'), two-photon fluorescence
(TPF), and second harmonic generation (SHG). OPF results from a single photon (wp)
promoting a molecule from the ground state (G) to the electronic excited state (E). After
vibrational relaxation, a photon of lower energy (ws) is produced. TPF arises after two
photons of equal energy (wy) excite a molecule from the G state to the E state through
the use of an intermediate virtual (V) state. After vibrational relaxation, a photon (ws)
is emitted. SHG occurs after two photons (w;) are promoted to two V states. A photon
(wg = 2wy) of twice the energy is simultaneously produced.
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the ground state results in the emission of light at frequency w,. The two-photon equivalence
of this transition can be seen in the second panel of Figure 2.1 where instead of a single
light field, two photons, each of frequency wy, simultaneously promote the electrons from
the ground state to the excited state. This transition is mediated by a virtual state. A
virtual state is not a real excited state of the molecule but a temporary intermediate state
with no lifetime. Once excited, the electrons’ path back to the ground state is similar to
that of OPF to produce wy. It is worth noting, however, that the wavelengths required for
TPF are longer for the same transition that could be facilitated with OPF owing to deeper
penetration depth and reduced photodamage. [30, 37, 49] The narrower focal volume incited
by nonlinear processes additionally results in better resolution and less background signal
from outside of the focal volume. [30, 22] The last case shown in Figure 2.1 is that of SHG.
SHG differs from the previous two techniques in that the final state before emission relies on
the transition to a virtual excited state rather than a real electronic excited state. Another
difference between OPF/TPF and SHG is the timescale in which the phenomenon occurs.
Where OPF and TPF transpire on a measurable timescale, SHG is a simultaneous event
with no relaxation period. Therefore, once the two photons of frequency w; interact with
the molecule, a new photon that is twice the frequency (wy = 2wy) of the incident electric field
is generated. Perhaps the largest dissimilarity between these three techniques is their reliance
on the susceptibility terms in Equation 2.1 owing to differences in their physical origins and
dependence on the system under investigation. This is most stark when comparing TPF to
SHG as TPF originates from x® and SHG from x® causing the latter to be highly sensitive
to the overall symmetry of the system as SHG is forbidden in centrosymmetric systems,
which will be expanded on in the following sections. As all three mechanisms shown in
Figure 2.1 are implemented in this work, the discussion will begin with SHG as this is the
predominate technique employed, and then will be followed by TPF and complementary
OPF techniques.

13



HRS

g

SHS

No SHS

SR I

Figure 2.2: Cartoon schematic illustrating how molecule orientation impacts generation of
SHS. (Top) When two asymmetric molecules are randomly oriented (i.e. media, cytoplasm,
etc) the individual second harmonic signals are incoherent, resulting in HRS. (Middle)
Once the molecules are confined to a surface in a parallel arrangement to one another, the
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2.2 Second Harmonic Generation (Scattering)

SHG was first theorized in 1931 by Maria Goppert-Mayer in her doctoral dissertation [83]
but was not experimentally demonstrated until 1961 by Franken et al. with SHG originating
from a quartz crystal. [70] This 30 year delay is due to the conditions necessary to produce
two-photon processes - high intensities only afforded by high-peak-powered lasers which
were not invented until 1960. [132] Since then, SHG has been used as an invaluable
tool for characterizing crystal and material systems [67, 47, 212], studying phenomena at
surfaces and interfaces [209, 210, 44, 60], and imaging endogenous biological structures.
[153, 32, 2] While these works rely on the bulk noncentrosymmetry of the systems studied, a
prerequisite to produce SHG, the pioneering work of Eisenthal et al. extended this technique
to centrosymmetric particles in bulk solutions in 1996 [235], paving the way for studies on
the surface of model and living membranous systems in solution.

As mentioned in Section 2.1.1, SHG is a nonlinear optical phenomena in which two
photons of frequency w; interact with a noncentrosymmetric system to produce a single
photon twice the frequency (ws = 2w;) of the incident photons (Fig. 2.1). SHG is a coherent
process and is therefore reliant on the second harmonic signal produced from a group of
molecules lacking a center of inversion symmetry. When the second harmonic signal is
generated from a single molecule or a group of randomly oriented molecules, this phenomenon
is referred to as hyper-Rayleigh scattering (HRS) which is an incoherent process, as seen in
Figure 2.2 (top). However, once these individual noncentrosymmetric molecules align in
a parallel fashion along a surface, as shown in the middle panel of Figure 2.2, the HRS
contributions from each molecule constructively interfere to produce an SHG signal that
scales quadratically with the number of molecules confined to the surface. In contrast,
when molecules are aligned in an anti-parallel geometry, the individual HRS contributions

destructively interfere to produce no appreciable SHG, illustrated in Figure 2.2 (bottom).
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Figure 2.3: Second harmonic scattering direction depends on the diameter size of the
scatterers. (A) Particles with diameters less than ~ 1pm will produce SHS at a 90°angle.
(B) Particles with diameters greater than ~ 1um will produce SHS in the transmitted

geometry.
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2.2.1 Second Harmonic Generation versus Second Harmonic

Scattering

SHG is sensitive to not only to the alignment of the molecules along the interface of a colloidal
system but also the size of the particles themselves. Particles with diameters averaging
greater than or equal to 1 um generate SHG in the transmitted geometry with an angular
distribution of ~ 30°. However, particles less than 1 um radiate the second harmonic in
increasingly larger angles with particles on the size range of 50 nm radiating SHG at 90°,
as illustrated in Figure 2.3. [96] Due to this directional sensitivity of SHG, the term second
harmonic scattering (SHS) has been implemented when discussing the second harmonic
signals that are produced from colloidal systems.[80, 189] Since scattering experiments collect
SHG from a wide range of angles, it is nearly impossible to successfully tease apart HRS and
strictly SHG signals - therefore SHS is commonly used though it is not uncommon to find
SHS and SHG used interchangeably. In fact, Chapter 3 uses purely “SHG” terminology while
Chapters 4 and 5 use the “SHS” nomenclature although all three are referring to generally
the same sources of second harmonic signals.

There are many ways one could leverage the SHG signals generated from the surface
of suspended particles, such as that of living bacteria. In this work, there are specifically
three ways in which SHG signals are generated to extract useful information pertaining
to how small molecules interact with living membranes of S. aureus and B. subtilis: time
resolved SHS (trSHS), adsorption isotherms, and polarization-resolved SHS (prSHS). All
three consider the generation of SHS signal as a function of different independent variables
to extract distinct information. The base home-built instrument used in these experiments

is illustrated in Figure 2.4.

2.2.2 Instrumentation

Following the 80 MHz output of the fundamental 800 nm light from a Ti:Sapphire oscillator
compressed to ~ 100 fs, the power and polarization of the light is controlled with a half-
waveplate (A/2) and polarizing beam splitting cube (PBSC) combination. Then, any SHG

from previous optics is filtered out with a 450 longpass filter and focused onto the sample

17



0O
—
M
-

A2 PBSC FL

M

—
M
N

i=
|
J

DCM | PMT

-
o

0"
8

Ti:Sapphire F4

800 nm
PMT

12.5ns

Figure 2.4: Schematic of the second harmonic scattering instrument used for trSHS and
adsorption isotherm experiments. PL = prism line, A\ /2 = half-waveplate, PBSC = polarizing
beam splitting cube, F = filter, FL. = focusing lens, CL = collecting lenses, DCM = dichroic

mirror, PMT = photomultiplier tube.
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housed in a quartz flow cell. The SHG/SHS generated from the sample is then sent to a series
of lenses that collects, collimates, and then focuses the 400 nm light, filtered with a 725 nm
shortpass filter to omit the fundamental 800 nm light, onto a fiber that directs the signal to
a 450 longpass dichroic mirror that separates TPF and SHS signals and directs them to their
respective final filters and photomultiplier tubes (PMTs) for detection, controlled through
in-house LabVIEW codes. A 400/10 bandpass filter was used for all SHS experiments while
a 625/50 and 695/55 bandpass filters were used for TPF of the fluorescent probes used in
these experiments. Prior to using this instrument for data collection, it should be noted
that optimization and calibration are performed by monitoring SHS intensity of malachite
green (MG) on polystyrene beads (PSBs) as a function of incident power, as shown in Figure
2.5. As explained above, if a proficient laser source is being implemented, the SHS produced
should scale quadratically with the incident electric fields. Therefore, experiments are only
performed if the MG /PSB power-studies produce an exponent of 2+ 0.10. Additionally, the
intensity of these power studies are optimized by making alterations to collection alignment

to ensure maximum signal collection.

Time-Resolved Second Harmonic Scattering

The primary aim of this dissertation work is to deduce how structure - of the membrane itself
or the molecule of interest - facilitates a molecule’s ability to translocate from one leaflet to
the other of living bacterial membranes. In order to accomplish this goal, we utilize SHS in
a time-dependent manner through trSHS by monitoring how the SHS intensity evolves over
time. As mentioned above, the overall SHS intensity will depend on how the molecules are

arranged along a surface and is represented by the second term in Equation 2.1:

By, < X B, E., (2.2)

Equation 2.2 shows the SHS signal, Ej,,, is proportional to the electric field intensity of
the fundamental light, where w; = ws, and the effective second order susceptibility. The

susceptibility term can be further defined by:
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Figure 2.5: Malachite green/Polystyrene bead power law studies. (Left) Cartoon showing
positively charged malachite green (MG, green triangles) adsorbed to sulfonated polystyrene
beads (PSBs, orange). The alignment of the molecules onto the surface makes MG/PSBs a
model SHS system. (Right) An example power study experiment showing that as the power
of the incident light increases, the SHS instensity scales quadratically. Red points are data
points, the black line is the fit to the data.
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Xy oc Ny(B) (2.3)

where Nj is the population of molecules confined to the surface and (/) is the orientational
average of the first hyperpolarizability which describes the overall arrangement of the
individual dipoles of the membrane-bound molecules. Therefore, any change in SHS intensity
can be correlated to the orientation of the molecule in the membrane space, which is described
in more detail in Chapter 3. Figure 2.6 shows how the trSHS signals are interpreted in
relation to the alignment of molecules along the bacterial membranes. Briefly, the first SHS
peak arises from the molecules initial interaction with the membrane space. Afterward, the
intensity can either increase or decrease in correlation with one of two hypothesized events.
A subsequent decay in SHS intensity is indicative of the molecules translocating from the
outer leaflet to the inner leaflet, a process referred to in Chapter 3 as “flip-flop” although this
term is most commonly in reference to phospholipids flipping between the inner and outer
leaflets of cell membranes. Conversely, a second rise following the initial increase in signal is
indicative of further organizational forces at play, such as 1) the molecules are witnessing a
change in solvation, 2) molecules are aggregating along the surface, and/or 3) molecules are
becoming more aligned with one another through organization of the membrane.

TrSHS experiments are performed with the instrument shown in Figure 2.4, however in
addition, a peristaltic pump and gravity flow system is used to move the samples through
the focal length of the flow cell. Briefly, a liquid culture of cells are housed in a 10 mL media
bottle, referred to here as the bulk reservoir, equipped with a 3-port screw cap. Autoclave-
sterilized C-flex tubing is used throughout the setup to flow cells from the bulk reservoir to
a smaller reservoir that is located at a greater height above the quartz flow cell. Cells then
flow from the smaller reservoir from one side of the quartz flow to the other end and then is
funneled back into the bulk reservoir. The flow rate is calculated to be ~7 mL/min at the
point directly before entering the flow chamber. For comparison to the SHS implementations
listed below, the power used for trSHS experiments is 35 mW to limit photodamage to the
cells since they are continuously subjected to the focal volume over the duration of the

experiment.
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Figure 2.6: Cartoon schematic showing how the orientation of molecules in a membrane
alter the trSHS and TPF signals. The SHS signal for panel (I) shows a decrease in signal
(magenta) due to the introduction of symmetry across the bilayer. Alternatively, as the
molecules become more aligned with one another (II), the SHS signal (teal) increases over
time. For either panel (I) or (II), the TPF signal (orange) is expected to remain stagnant
over time.
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Adsorption Isotherms

Another important parameter to consider when assessing how molecules interact with living
cells is the molecule’s affinity for the membrane. This can be experimentally determined
with SHS by performing adsorption isotherm measurements.[234] Essentially, this is done by
recording the SHS intensities as a function of molecule concentration rather than time. The
following equations can be used to extract the dissociation constant from this measurement
where # is the number of surface sites being occupied and further defined by the Langmuir
adsorption model.

[¢]

ISHS x 0= Kd[c] (24)
1+ 4

In Equation 2.4, [c] is the total concentration of molecules, both bound and in solution,

and K represents the dissociation constant which can also be expressed as:

ko
Ky = k—“ (2.5)

where k,ss is the rate molecules are dissipating from the membrane and k,, is the rate
molecules are binding to available surface sites, as shown by the “chemical equation” in
Figure 2.7. Therefore, the K, value can be thought of as the concentration required to fill half
of the available binding sites and provides the affinity the molecules have for the membrane
space. As such, a low K, value indicates strong binding. While K is the terminology used
in this work as it is most common in biological studies, it is frequently written in terms of
the association constant, K, = Kid, for the Langmuir model. A physical representation of
this equilibrium is shown in Figure 2.7.

The workflow of this implementation is as follows. Briefly, a bulk cell sample is prepared
and then aliquoted for a fresh cell sample per data point. The dye molecules at increasing
concentrations are then introduced to these aliquots and immediately transferred to the
quartz flow cell for data collection via C-flex tubing connected with an elbow fitting. Since
this data is only collected over the course of one second, a power of 350 mW of incident light

is used. The samples are then discarded before continuing to the next concentration.
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Figure 2.7: A schematic representation of the “chemical equation” for adsorption of small
amphiphilic dyes to a membrane. The population of molecules in solution ([Mp,.]) interact
with the available binding sites along the membrane ([Sgmpry]) to produce a population of
membrane sites occupied by the small molecules ([SMpouna|). The rates of equilibria between
the binding and unbinding of the molecules to and from the membrane are quantified by k,,

and ks, respectively.
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Polarization-Resolved Second Harmonic Scattering

While trSHS is a valuable measure of translocation and hints towards organization of
molecules in the membrane, as shown in Chapter 3, it fails to determine more precise
orientational information beyond whether molecules are broadly parallel or anti-parallel to
one another. PrSHS is an extension of SHS that is capable of determining the angular
distribution of molecules confined to a surface. This could provide valuable insight into
changes induced by membrane organization, such as molecules encountering rigid and
fluid regions along the membrane. As such, the work shown in Chapter 4 is the first
implementation of this technique to living bacteria. In order to do so, slight modifications
are made to the instrument shown above in Figure 2.4. The differences include the addition
of a motorized half-waveplate to manipulate the angle of incident polarization and a polarizer
after the second collection lens to analyze the vertical (V) and horizontal (H) contributions
of the total SHS signal. Another modification made to the instrument is the addition of right
angle detection. In order to collect signals at 90°, a different 3 mm path length flow cell with
three polished sides is used. Calibration of this instrument was performed with molecules
aligned along 50 nm PSBs, which radiates the second harmonic frequency at a 90°angle as
discussed previously. These instrument alterations are illustrated in Figure 2.8 along with
the definitions used in respect to the laboratory macroscopic frame.

In order to determine the angular distribution, prSHS responses are gathered as a function
of incident polarization angle () while collecting the SHS intensities produced at the V and
H polarization states where V,,; is defined when II = 0°. Conversely, H,,; is defined as
IT = 90°. The theoretical framework is based on the work by Boudjema et al. which
made this endeavor accessible by providing an open source software, PySHS, to simulate
the prSHS responses based on molecular orientations along the surface of spherical and
spheroid colloidal systems.[24] Briefly, the prSHS signal produced from molecules adsorbed

to spherical colloidal particles can be explained by the equation:

Isus(v,11) = Kgpe(1 + I2F,ISHSCOS(2V) + IESHSCOS(47)> (2.6)
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Figure 2.8: Laboratory frame notation and prSHS instrumentation. A) defines the angles
used in the laboratory frame for use in prSHS experiments. B) Instrument used to perform
prSHS experiments. P = polarizer, WP = waveplate.
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where Ky is a constant and I}'gyg and Ij'gyg are coefficients that describe the local
uncorrelated and correlated structures of the adsorbates. For instance, 12‘/; gpg 1s related to
the first hyperpolarizability (see Section 2.2.2) of the molecules whereas Igy¢ and I} gy g
describe the long-range order of the molecules along the surface. In cases where molecules
are uncorrelated, or not confined to a surface with any organization, the Il' terms approach
0 leaving only I3' contributions.[138, 24] This equation is used to simulate how molecules
will orient along colloidal samples, and as such, will be compared to the experimental data

shown in Chapter 4.

2.3 Fluorescence Techniques

Although the primary techniques used to understand how small molecules are interacting
with the membranes of living S. aureus and B. subtilis in this work are based on SHS,
many fluorescence techniques are implemented here to provide complementary information
about these systems. For instance, TPF is used as a probe of photobleaching and general
molecule population in Chapter 3 and steady-state techniques, such as laurdan Generalized
Polarization and 1,6-diphenyl-1,3,5-hexatriene (DPH) anisotropy, are used as a measure of

overall membrane fluidity in Chapter 5.

2.3.1 Two-Photon Fluorescence

TPF is a third-order nonlinear optical technique in which two photons promote an electron
from the ground state to an electronically excited state to produce a photon at a higher
energy than the incident light source, in contrast with OPF where the generated fluorescence
is typically of lower energy than the original photon, as shown in the Jablonski diagram in
Section 2.1.1 (Fig. 2.1). TPF differs from SHS in that it is not reliant on the symmetry of
the system because it is an incoherent technique that relies on the x® term in Equation
2.1 as a third-ordered technique. For instance, while SHS requires noncentrosymmetry, TPF
can be produced similarly in all instances of Figure 2.2 in Section 2.2.2. The fluorescent
probes used in this dissertation are fluorophores that only fluoresce when they are in a lipid

environment. Therefore, the TPF signal produced is a direct reflection of the probe molecule
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population in the membrane of the living cells and can consequently be used to measure a
change in this population due to photodamage.

To implement TPF, like SHS, high-peak powered lasers are required. However, because
TPF can be produced from the fluorophores presented in Chapter 3 with the same
wavelengths used to produce SHS, but emits at a wavelength sufficiently longer than that of
SHS, both TPF and SHS can be collected simultaneously from the same sample. Therefore,
the same instrument proposed in Section 2.2.2 can be used for this purpose by implementing
a second PMT. Consequently, the TPF signal over time can be interpreted as the probe
population over time. The cartoon schematic in Figure 2.6 shows a static TPF response
after the initial rise meaning that any change in the SHS signal can be assumed to result

from () and not N, which becomes a significant observation for Chapters 3 and 5.

2.3.2 Steady State Techniques

Due to the high probabilistic nature of one-photon fluorescence techniques, no specialized
equipment is generally needed. Therefore, the linear, steady state methods discussed here are
performed with commercial fluorometer instruments. Steady state fluorescence techniques
are valuable tools to gain information pertaining to bulk properties of the systems under
investigation such as overall fluidity of the membranes of living species studied here. Two

techniques employed the generalized polarization of laurdan and anisotropy of DPH.

Generalized Polarization

Laurdan Generalized polarization (GP) has been extensively used to characterize lipid
phase transitions of model and living membrane systems both in “bulk” geometries with
fluorometry and microscopically. First synthesized and characterized in 1979 by Weber et
al., laurdan is a fluorescent probe with a lauric acid fatty acid tail that is known to align with
the lipid tails comprising biological bilayers while the fluorophore, a naphthalene derivative,
associates with the glycerol backbone. [236] Additionally, depending on the fluidity of the
bilayer, laurdan exhibits differential emission properties due to the solvent environment

of the fluorophore. Specifically, laurdan is sensitive to polarity with variances in water
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content. As such, it is thought that with rigid membrane regions, the laurdan molecules
are less likely to be exposed to a high water content whereas when laurdan occupies fluid
regions, the fluorophore is surrounded by more water molecules. This difference in hydration
between rigid and fluid phases of the membrane results in a blue shift and red shift in the
emission spectrum, respectively.[172, 173] Consequently, a GP value can be calculated from
the fluorescence intensity at a “blue” (Ip) and “red” (Ir) wavelength, as shown by Equation

2.7.

Ip —Ig
GP = —— 2.7
T, I, (2.7)

By calculating the GP value, the relative fluidity of the membrane can be quantitatively
assessed. As such, the higher the GP value, the greater contribution of the blue shift, and
therefore the membrane is expected to be more rigid. Conversely, a lower GP value signifies
a more fluid membrane. [172, 173] This experiment is performed in Chapter 5 through the
use of a commercial fluorometer. An excitation of 350 nm is used to observe the intensity
at 440 nm and 490 nm as the blue and red wavelengths to calculate the GP values, as these

are the most common in the literature.

Anisotropy

Like laurdan, DPH is a fluorophore that preferentially resides in lipid environments. However,
DPH has been hypothesized to reside deeper in the hydrophobic region between the
phospholipid tails, which is thought to provide a more accurate measure of membrane fluidity.
To report on the lipid order, steady state anisotropy measurements of DPH are obtained.
This measurement is fundamentally different from laurdan GP experiments although they
provide complementary information to inform on membrane fluidity. While laurdan infers
fluidity based on solvent polarity, DPH anisotropy probes the depolarization due to rotational
diffusion of DPH to surmise fluidity based on changes in DPH orientation. [115]
Anisotropy of fluorophores is a measure of variances in the emission intensities at different
excitation and emission polarization schemes. [1] For instance, the DPH molecule has one

primary dipole moment along the long axis of the molecule that produces fluorescence when
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the incident light is polarized parallel to this dipole arrangement. This photo-selection causes
molecules that are oriented perpendicular to the incident light polarization to not be excited.
Subsequent depolarization of the photo-selected molecules gives rise to information about
the molecule’s ability to rotate which is proportional to the fluidity of the membrane. The
overall emitted fluorescence is then measured and analyzed based on the output polarization
in respect to the excitation polarization state. This ratio of parallel and perpendicular

polarized emissions is used to calculate the anisotropy using Equation 2.8:

S e 28)

where Iyy and Iy are fluorescence intensities with excitation/emission polarizer
combinations set to vertical/vertical and vertical/horizontal, respectively, and G is a
correction factor to account for detection sensitivity and is calculated by Equation 5.3.

For the G factor, excitation/emission polarizers are set to horizontal/vertical (Igy) and

horizontal /horizontal (I ).

G = 1w (2.9)
Iy

The possible anisotropy values are limited by the photo-selection probability being
proportional to cos?f where @ is the angle between the vertical axis of the incident polarized
light and the transition moment. [1] Because of this, the theoretical limits of fluorescence

anisotropy values can be derived to show:

r = 0.6(cos* — 1/3) (2.10)

where [ is the angle between the absorption and emission transition moments. As
a consequence, the theoretical anisotropy values can range from a minimum of -0.2 to a
maximum of 0.4. [1] The calculated anisotropy is telling of the membrane environment that
DPH is sensing. [115] As such, a high anisotropy is indicative of a more rigid membrane

whereas a low anisotropy value is representative of a more fluid membrane.
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Chapter 3

Facilitating Flip-Flop: Structural
Tuning of Molecule-Membrane

Interactions in Living Bacteria
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A version of this chapter was originally published as listed below and is reproduced with

permission from Biophysical Journal.

Blake, M.J., Castillo, H.B., Curtis, A.E., Calhoun, T.R. ”Facilitating flip-flop: Structural
tuning of molecule-membrane interactions in living bacteria” Biophysical Journal 2023,

122,10, 1735-1747.

This chapter describes experiments designed by myself and Tessa R. Calhoun. Data
analysis and preparation of the manuscript was performed by myself and Tessa R. Calhoun.

Experiments were performed by myself, Hannah B. Castillo and Anna E. Curtis.

3.1 Abstract

The first barrier a small molecule must overcome before trespassing into a living cell is the
lipid bilayer surrounding the intracellular content. It is imperative, therefore, to understand
how the structure of a small molecule influences its fate in this region. Through the use of
second harmonic generation (SHG), we show how the differing degrees of ionic headgroups,
conjugated system, and branched hydrocarbon tail disparities of a series of four styryl dye
molecules influence the propensity to ‘flip-flop’ or to be further organized in the outer leaflet
by the membrane. We show here that initial adsorption experiments match previous studies
on model systems, however, more complex dynamics are observed over time. Aside from
probe molecule structure, these dynamics also vary between cell species and can deviate
from trends reported based on model membranes. Specifically, we show here that the
membrane composition is an important factor to consider for headgroup-mediated small
molecule dynamics. Overall, the findings presented here on how structural variability of
small molecules impacts their initial adsorption and eventual destinations within membranes
in the context of living cells could have practical applications in antibiotic and drug adjuvant

design.
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3.2 Statement of Significance

Remediation of bacterial infections is a global predicament that is challenged by the
prevalence of antibiotic resistant species and the limited progress in novel drug design and
discovery. It is well known that the success of antibiotics relies on an initial interaction
with the plasma membrane of the target bacteria regardless of the drug’s mode of action.
However, few robust empirical methods currently exist for tracking and quantifying the
progression of the individual steps of permeation in living bacterial membranes. These steps
are, broadly, 1) initial adsorption, 2) flipping of the molecule into the inner bilayer leaflet
and 3) subsequent desorption tactics. Each event leading to plasma membrane penetration
is imperative to isolate in order to understand their individual contribution to the overall
infiltration process. More specifically, how the structure of the exogenous small molecules,
and the membrane composition they are exposed to, impact these processes is a necessary
direction to explore as slight modifications of chemical structure can pose differences in
membrane interactions and further pharmacokinetic properties. To address this, the interface
specificity of second harmonic generation, a nonlinear optical technique, is employed to reveal
how structural variances among small molecules influence their affinity to and dynamics

within living bacterial lipid bilayers.

3.3 Introduction

One of the most important natural interfaces is the cellular plasma membrane. This bound-
ary between the cytoplasm and extracellular space is responsible for maintaining structural
integrity, protecting the cell from environmental stressors, and mediating small molecule
transport and signaling. [217, 246] This last role is especially important for efforts to combat
antibiotic resistance as penetration into the cell has limited rational drug design. [116]
The typical biological membrane is often portrayed as a heterogeneous, multidimensional
unit composed primarily of a phospholipid bilayer - equipped with a hydrophobic core and
hydrophilic exterior - with proteins and cytoskeletal components interspersed throughout.

Moreover, lipid membrane architecture is one of the characteristics that defines a living
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system. For instance, the presence of membrane-bound organelles differentiates a eukaryotic
cell from a bacterium, and having a single or double membrane present discerns between
Gram-positive and Gram-negative bacteria classifications. Although cell types can be
generally classified by their membrane design, the membranes between individual species, and
even among strains of the same species, differ drastically in composition and organization.
For instance, although Staphylococcus aureus and Bacillus subtilis are both Gram-positive
bacteria, their carotenoid content and phospholipid headgroup/tail compositions vary
drastically, imposing significant differences in membrane organization.[10, 217, 73, 237] This
compositional difference between bacterial species can consequently result in contrasting
interactions with small molecules, including antibiotics.[89, 225, 147]

Further, the lipid bilayer is an ever-changing landscape in which the components can
alter their arrangement and composition in response to environmental cues such as changes
in pH, temperature, and the presence of ions, fatty acids, and small molecules in the cells’
surroundings [217, 48, 13, 258]. In some cases, this characteristic imparts drug-resistant
capabilities[163, 114, 149], further necessitating the ability to examine interactions between
small molecules (i.e. drug molecules) and living cells. As such, how small molecules adsorb
and subsequently traverse this complex boundary is a facet of the scientific community
that offers insight into drug development and understanding antibiotic mechanisms of
actions.[213, 203, 227, 82, 186, 66, 31, 84]

Thus far, a majority of experiments capturing these phenomena are conducted on model
systems although the compositions of the most commonly studied mimetic membranes
differ drastically from that of infectious Gram-positive bacteria. For instance, fluidity
in model systems is mostly mediated by various degrees of saturation in the fatty acid
tails and cholesterol content, while for bacteria, fluidity is primarily determined by the
abundance of branched-chain fatty acids instead.[5, 102] The highly negatively charged
bacterial membrane is an additional factor that makes mimicking this environment a difficult
task. Although there has been progress in addressing these discrepancies, model systems are
still overall limited, particularly for Gram-positive bacteria. [166, 41, 52, 253, 34, 125] Due
to the prevalence of Gram-positive bacteria in life-threatening infections[142, 247], it is of

paramount importance to understand how small molecules navigate the living cell membrane
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terrain. LogP values, a measure of a molecule’s partitioning ability between hydrophobic
and hydrophilic environments, is one of the primary considerations for predicting membrane
permeation in current methods of drug design and alteration. Specifically, molecules with
more positive computed LogP (cLogP) values are more lipophilic and thus more prone to
membrane penetration up to the threshold of 5 after which reduced penetration is expected.
[121] However, this approach is not always reliable as there are numerous ways to calculate
this value for a molecule with a wide range of successes and failures[135], and new rules
governing this behavior are needed. [116] Here, we examine how tunable parameters of small
molecules, such as charge and lipophilicity, alter their adsorption and movement within the
living membranes of Gram-positive bacteria, S. aureus and B. subtilis by leveraging the
surface specificity of second harmonic generation (SHG).

The membrane space of living bacteria is historically difficult to probe due to, for example,
a typical S. aureus cell spanning ~1 pm in diameter and the lipid bilayer averaging ~5 nm in
thickness [81, 140]. Exploring intrinsic dynamics in real-time at this spatial scale is difficult
due to traditional techniques being either destructive to the living specimens or lacking
resolution and specificity. While electron microscopies have capabilities to resolve structures
on these spatial length scales, sample preparation requires cells suspended in time [231, 50,
45, 87, 238, 255]. Additionally, separation and subsequent mass spectrometry techniques
are also limited by their destructive nature [8, 79, 25, 62, 108, 113]. While not generally
detrimental to biological samples, traditional light-based microscopies, such as one-photon
fluorescence modalities, are limited by the diffraction limit of light. [10, 78, 143, 182, 22].

Aside from the technical limitations experimental techniques pose, living cells are
impressively complex, and thus, oftentimes computational methods and, as mentioned above,
mimetic membranes, such as planar or vesicular lipid bilayers, are employed to explore
fundamental properties such as transport through the membrane.[34] Model membranes
serve as a simplistic view of an otherwise complicated space and have offered an abundance of
fundamental insight into small molecule passive diffusion. Of special interest is a membrane’s
ability to migrate cargo from one leaflet of the lipid bilayer to the other (i.e., flip-flop) as this
movement is responsible for the diffusion of small molecules, incorporating newly synthesized

phospholipids from the intracellular environment to the outer leaflet, and maintaining lipid
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asymmetry.[4] This is also often seen as the rate-limiting step in permeation making it a
crucial parameter in assessing antibiotic penetration.[190] As such, much attention has been
devoted to understanding which small molecule structural parameters impact the molecule’s
ability to flip-flop. There is a large body of literature proposing that contributions from the
polar/charged headgroup and the hydrophobic tail regions of the penetrating molecules have
significant impacts on the rate at which flip-flop occurs. For instance, many have shown that
the charged nature of fatty acids and phospholipid headgroups predominantly impact the rate
of flip-flop [141, 90], while others have shown that their hydrophobic tail portion may play a
larger role than initially thought.[105, 157] Others have shown that both should be regarded
as having considerable impacts on their translocation capabilities.[122, 7] Among this debate,
other differences between classes of molecules have also been linked to dictating translocation
rate. For instance, Regev, et al. have shown with a series of drug molecules that there is no
correlation between their lipophilicity and their flip-flop kinetics;[185] Rog, et al. and Parisio,
et al. attributed changes in sterol polarities to their flip-flop discrepancies;[198, 174] and
lastly, Rokiskaya, et al. describe conflicting results owing to a small ions ability to flip-flop
in correlation with their size and hydrophobicity.[192, 191] However, this large range of
results suggests that the impact of these molecular parameters are highly influenced by the
composition of the membrane under investigation.[100, 9, 157]

While there has been tremendous progress toward understanding how small-molecule
structure influences permeation and flip-flop, there remains a necessity to employ techniques
that are able to directly monitor the impacts of these parameters on living cells as their
membranes are expected to be far more complex in structure and function than that of
model systems. Gram-positive bacteria, such as S. aureus, serve as ideal bridges between
studies on living and model systems. As living cells, they have a complex membrane
composition as well as direct relevance for human health, but they also contain only a
single plasma membrane with a size and uniform curvature reminiscent of model vesicles.
The composition of Gram-positive bacterial membranes, however, varies significantly from
many of the model systems typically employed. Specifically, model membrane systems
often incorporate phosphatidylcholine lipid headgroups and cholesterol which are significant

components of mammalian cell membranes but not membranes of Gram-positive bacteria. In
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contrast, Gram-positive bacterial membranes often contain a significant amount of branched
fatty acid lipid tails which aren’t included in model membrane systems.[131] Therefore, here,
we use SHG, a surface-specific nonlinear optical technique, to examine differences between
structural variants of small molecules and their interactions with living cells.

SHG relies on the interaction of two photons of the same energy with a noncentrosymmet-
ric medium to generate a single photon of twice the incident photon energy. [80, 210] Because
of the symmetry requirement for this process, interfaces and surfaces make ideal candidates
to study with SHG as symmetry is inherently broken. SHG has previously been employed
in many experiments to quantify the adsorption and transport kinetics of small molecules
across the membranes of model systems[155, 164, 111, 51, 85, 254, 214, 86, 197, 38, 91],
living eukaryotic cells [117, 33, 208, 256, 152], and live bacteria [146, 147, 257, 248, 243,
240, 242, 206, 205, 241, 245, 244]. As such, we have previously illustrated the membrane
adsorption characteristics and subsequent behavior of the styryl dye molecules FM 2-10
and FM 4-64, within Enterococcus faecalis and S. aureus membranes with SHG and two-
photon fluorescence [147]. In regards to S. aureus, Miller et al. determined that the smaller,
less lipophilic FM 2-10 molecule had a significantly weaker affinity for the membrane
environment,[147] thus following predictions posed by Overton’s Rule.[106, 150] However,
the more surprising result was how the conjugation length altered their dynamics within the
membrane over time. It was observed that the more highly conjugated FM 4-64 molecule
had a greater propensity to experience flip-flop while FM 2-10 had a more complex behavior
associated with either aggregation or movement into more rigidly organized membrane
domains. [147] This study further demonstrated the feasibility of using SHG to evaluate
molecule dynamics in living Gram-positive membranes. As drug molecules exhibit drastically
different effects on their target cells from minuscule alterations in their structure[42, 180],
it is imperative to understand how the individual moieties, aside from conjugation length,
impact the independent steps of permeation, including flip-flop. There exists multiple styryl
dye molecules, beyond these two, that differ in their charged headgroups, conjugation length,
and branching in their tail region. By expanding our studies to include a wider range of
these molecules and other cell types, we can begin to tease apart the factors with the most

significant influence on the interplay between the molecules and membranes.
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Here we utilize styryl dye molecules in order to examine the individual contributions
to overall structure that may impact a molecule’s translocation abilities without imposing
detrimental effects on living cells.[147] Styryl dyes are popular membrane probes as they
exhibit distinctive fluorescence signatures when bound in lipophilic environments as opposed
to free molecules in solution[252, 72]. Additionally, their non-symmetric induced dipoles
make them ‘SHG-active’ in that they can produce prominent second harmonic signals
dependent on how their individual dipoles are arranged along the membrane surface. Unlike
more commonly studied SHG probes, styryl dyes also remain within the membrane instead
of just transporting through. This offers two unique advantages: 1) it allows a longer
viewing time of the membrane environment and 2) it provides insight for more amphiphilic
antibiotics including those specifically targeted to the membrane, which continues to receive
attention as an attractive drug target.[93, 77, 148] The second harmonic signal produced is
sensitive to how the molecules are arranged relative to one another and in response to their
immediate environment, as explained schematically and mathematically below in Figure 3.1
and Equations 3.1 and 3.2, respectively.

The SHG signal (Isgg) resulting from the alignment of molecules at an interface is
directly proportional to the product of the two incoming electric fields (E,,) and the effective

second-order nonlinear susceptibility term (ch)f) as depicted in Equation (3.1).

Ispc =| Esnc |*=| ch)waEw ? (3.1)
ng)f is a tensor element that describes the symmetry dependence of the resulting signal.
Assuming the electric field of the incoming light being applied to a sample stays constant

for the duration of an experiment, it can also provide insight into the source of change in

the intensity of an SHG signal over time by considering its two constituent terms:

X7y o< No(8) (3.2)

As seen in Equation (3.2), the value of XSc)f, and therefore the resulting SHG intensity,
can be described by 1) the relative population of the probe molecules in the membrane (V;)

and 2) the orientational average of the hyperpolarizability ((5)). N is simply determined
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Figure 3.1: Cartoon schematic of styryl dye molecules interacting with a lipid bilayer and
the resulting SHG signals (Esyq). After adsorption to the membrane, (I) dye molecules
produce an initial SHG signal. The molecules can then either (II) flip-flop to produce
destructive SHG signals, or (III) migrate to a more rigid environment that enhances

the overall orientationally averaged hyperpolarizability, producing a greater intensity SHG
response.
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by how many molecules are being illuminated in the noncentrosymmetric space of the
bacterial surface and can vary depending on the number of surface sites available and
the probe molecule concentration. In the second term, the hyperpolarizability alone (3)
refers to the oscillatory strength of the light-induced dipole in response to the molecule’s
chemical environment (i.e. presence of ions and/or solvent identity), whereas () describes
the orientational average of the overall arrangement of these dipoles. Figure 3.1 illustrates
how the latter term can alter the ensuing signal. In each case displayed, the number of
probe molecules stays constant, but the orientation of them varies. In panel I, two molecules
are inserted into the outer leaflet of the example lipid bilayer. Assuming the location of
these probe molecules is in a fluid-like region of the membrane, the probes will insert with a
large degree of variability in their angular orientation with respect to each other, and thus
a less-than-perfect constructive interference of their second harmonic signals. After initial
adsorption into the outer leaflet, possible fates of the molecules are shown in the successive
panels. In panel II, it is illustrated how when one of the molecules present in the outer
leaflet flip-flops into the inner leaflet, the orientation of each molecule arranges in an anti-
parallel fashion producing opposite phases, and thus, destructive interference lowering the
SHG intensity. Lastly, as illustrated in panel I1I, the probe molecules could instead migrate
to a more rigid environment in the membrane space. The rigidified lipids surrounding the
membrane probe reduce the variability in the molecules’ angular orientation promoting a
higher degree of alignment with one another. This phenomenon significantly increases the
(B) term and the resulting SHG intensity. This contribution to () is what we propose
herein, however other possible factors resulting in a change to g itself could also be at play.
These factors include the probe molecules aggregating or experiencing a change in solvent
identity. [218, 199, 215]

Herein, we perform a series of experiments to answer the following posed questions: 1)
How do the size and shape of the hydrophobic moieties impact the molecules’ behavior in
the membrane of a living cell? 2) Does the headgroup identity of the styryl probes have
a significant role in these dynamics? and, 3) does the cell membrane composition between
cell types impose differences in small molecule translocation? Answers to these questions

will identify those structural properties that control membrane permeation and discrepancies
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Figure 3.2: Structures of membrane probes FM 2-10, FM 1-43, 4-Di-2-ASP, and FM 4-
64. Chemical structures of the probe molecules with colored shaded background regions
indicating the charged headgroup (blue), conjugated region (purple) and the branched tail
(orange).
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between behavior on living cells relative to those published for model systems. As such, we
examine the structural parameters of headgroup identity, length of the conjugated region,
and the length of the branched tails on molecules FM 2-10, FM 4-64, FM 1-43 and 4-Di-2-
ASP (Figure 3.2). The latter two parameters allow us to differentiate between the impacts of
overall hydrophobicity versus the shape of the hydrophobic region. Additionally, we examine
the impact of the membrane composition by showing differences in molecule dynamics in the
membranes of S. aureus and B. subtilis.

We employ SHG in two ways: first to quantify the adsorption of the aforementioned
molecules onto living bacterial cell membranes with adsorption isotherm experiments, and
second, to monitor the movement of the molecules with time-resolved SHG measurements. In
the first set of experiments, SHG is measured as a function of probe molecule concentration
ranging from 0 to 800 M in order to extract adsorption affinities to the membrane surface.
In the second set of experiments, SHG is measured as a function of time to reveal time-
dependent dynamics of the styryl dye molecules within the membrane space. For all
time-resolved SHG experiments, the probe dye concentrations were fixed at 16 pM. We
determine that branching in the tail of the probe molecules has minimal impact on the initial
interactions but drastically impacts flip-flop once inserted into the membrane compared
to a molecule with its hydrophobic tendencies localized in a straight conjugated chain.
Conversely, we show that the probe’s headgroup identity plays a small role in membrane
affinity and, for S. aureus, little difference in dynamics over time, in direct opposition to
model systems. However, by performing similar experiments with B. subtilis, we determine
that the membrane composition is a crucial determinant in the dynamics imparted by the

headgroup identity of styryl molecules.

3.4 Materials and Methods

3.4.1 Bacterial Strains and Dye Solutions

S. aureus (ATCC 27217) and B. subtilis 168 were the bacteria used in the experiments

outlined above. Cells were prepared similarly to what we have done previously.[147] S. aureus
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and B. subtilis cells were incubated overnight on brain-heart infusion (BHI)(Sigma-Aldrich,
St. Louis, MO) and Luria-Bertani Broth (LB)(Sigma-Aldrich, St. Louis, MO) agar plates ,
respectively. Single colonies were then inoculated into liquid BHI or LB with a 1:5 media-to-
head space ratio. Flasks of S. aureus and B. subtilis were grown anaerobically and aerobically
at 250 RPM, respectively, overnight at 37°C until cells reached stationary phase and then
transferred to fresh media to an optical density at 600 nm (ODggo) of ~0.01 and grown until
the ODggo reached ~0.2. OD’s were measured using an ultraviolet-visible spectrophotometer
(SHIMADZU UV-2600; Shimadzu, Columbia, MD). Once the appropriate OD was reached,
the cells were filtered using a 0.22-micron cellulose nitrate vacuum filter with phosphate
buffered saline solution and subsequently resuspended into BHI or LB supplemented with
2% EC-OxyRase to an ODggg of ~0.2. All cell samples were prepared immediately before
beginning each trial.

For each dye, 0.4, 0.8 and 1.6 mM stock solutions were prepared in 0.2 micron filter-
sterilized 80:20 MilliQQ water (Sigma-Aldrich, Burlington, MA; 18.2 M - cm) to dimethyl
sulfoxide (DMSO) (Thermo Fisher Scientific, Suwanee, GA). FM 2-10 (SynaptoGreen C2),
FM 1-43 (SynaptoGreen C4), and FM 4-64 (SynaptoRed C2) were purchased from Biotium
(Fremont, CA). 4-Di-2-ASP (4-di-2-asp) was purchased from Sigma-Aldrich. All probe

molecules were used as received.

3.4.2 SHG Instrument and Flow Cell Passivation

A home-built SHG spectroscopy instrument was used in the adsorption isotherms and time-
dependent experiments, details of which have been previously described elsewhere [147, 146].
Briefly, laser pulses from an 80 MHz MaiTai Ti:Sapphire oscillator (Spectra Physics, Santa
Clara, CA) compressed to approximately 95 fs were directed through a power attenuator
comprised of a half-wave plate and polarizing beam splitting cube and then sent towards the
sample housed in a 2 mm path length quartz flow cell (Starna Cells, Atascadero, CA). After
traversing through the sample, the forward propagating signal was collected through a series
of lenses followed by a fiber and sent to a photomultiplier tube (Hamamatsu, Bridgewater,
NJ) and filters to collect SHG responses. A 450 nm long pass filter (Edmund Optics,

Barrington, NJ) was placed before the sample to ensure the second harmonic frequency
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being detected was produced from the sample itself and not any previous optics. A 725 nm
short pass filter (Edmund Optics) was placed directly before the optical fiber to omit the
fundamental wavelength. For all cases, a 400/10 nm bandpass filter (Edmund Optics) was
used directly before the respective PMT to obtain the SHG response. Additionally, malachite
green/polystyrene beads power studies were carried out both before and after data collection
to ensure instrument stability.[235] All data was collected using LabView and analyzed with
MATLAB using in-house codes.

To ensure no cell or protein adsorption onto the sample housing, the quartz flow cell
was passivated 30 minutes before each individual isotherm and time-dependent trial using a
bovine serum albumin (BSA)(Sigma-Aldrich)/1% glutaraldehyde (Thermo Fisher Scientific)
cross-linking procedure [175]. Briefly, 1 M hydrochloric acid was introduced to the flow cell
for ~30 minutes and then flushed with 50 mL of sterile MilliQ deionized water. Cold (~
4°C) 10 mM Tris buffer (pH adjusted to ~7.4) (Sigma-Aldrich) was then rinsed through to
prepare for the BSA solution. BSA was prepared immediately before introduction to the flow
cell with Tris buffer to a final concentration of 50 mM and then filter sterilized with a 0.22
micron PES filter. BSA was incubated in the flow cell for 10 minutes and then followed with
a 10 minute incubation period of a 1% glutaraldehyde solution prepared with Tris. Lastly,
Tris was flushed through once more. Air was pushed through the flow cell followed by a 1
mL aliquot of prepared cells that was then discarded.

3.4.3 Adsorption Isotherms

For the SHG adsorption isotherm experiments, 990 pL of cells suspended in BHI and 2%
OxyRase were aliquoted into sterile micro-centrifuge tubes. Stock solutions of each dye were
made in a filter-sterilized solution of 80:20 MilliQQ water:DMSO. A serial dilution of the dye
solutions were prepared into separate sterile micro-centrifuge tubes. To prepare the sample,
the dye was introduced into the aliquot of cells for a final DMSO concentration of 0.2% and
then transferred to the quartz flow chamber. Data were acquired immediately after sample
preparation. Cells were exposed to 350 mW of light for a total of 1 s with the signals being
recorded every 25 ms. A Langmuir adsorption isotherm model was then fitted to the average

of 3 trials to obtain the dissociation constant (/) of each dye:

44



[d]

E—_ (3.3)

1+ 4

where 6 is the number of available surface adsorption sites and [c] is the concentration of

available probe molecules.[147, 146, 55, 165]

3.4.4 Time-dependent Experiments

A home-built gravity flow apparatus with autoclave-sterilized tubing was used in the time-
dependent experiments. In a sterile media bottle, 7 mL of cells in BHI/OxyRase were flowed
cyclically through the apparatus at a rate of ~7 mL/min. Signal was recorded every 25 ms
for a total of 8000 s with 70 uL of dye solution being introduced to the initial reservoir of
cells at 600 s for a final DMSO concentration of 0.2%. Power was reduced to 35 mW for

these experiments due to the extended period of data collection.

3.5 Results and Discussion

3.5.1 Impacts of Molecule Structure
Tail Branching and Conjugation Length

We start our analyses by considering the hydrophobic moieties of the probe molecules, namely
the conjugated regions and branched tails highlighted by the purple and orange regions
in Figure 3.2. First, we will examine how this region influences the affinity of the probe
molecules to the membrane environment. This is quantified by fitting the SHG responses
to increasing probe molecule concentration to a Langmuir adsorption model as the SHG
intensity is directly proportional to the dye coverage along the cell surface (i.e., 6 in Equation
3.3 in Materials and Methods). In doing so, the dissociation constant (Kj), equivalent to the
inverse of the association constant (K,), for each molecule can be extracted. The K, values
are indicative of the fraction of the rate molecules are dissipating (k,sf) from to the rate they

are adsorbing to the lipid bilayer (k,,), which are metrics that have been used previously to
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Table 3.1: Dissociation constants (K,) and cLogP values® for each membrane probe for
S. aureus and B. subtilis extracted from SHG adsorption isotherms fit to the Langmuir

adsorption model.”

Membrane Probe | S. aureus | B. subtilis | cLogP
Kq(pM) | Ka(pM)
FM 4-64 14.5 + 5¢ - —-1.6
FM 1-43 9.0 £ 1.6 - —0.29
FM 2-10 280 + 33°¢ 72.1 £ 21 —24
4-Di-2-ASP 152 4+ 40 56.7 + 13 —0.28

@ Values were obtained from ChemDraw software.
bError is displayed as standard error to the fit of the model, n = 3 for each probe.

¢ K4 values reported in [10]
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describe adsorption of FM probe molecules to model systems.[252] This ratio is representative
of the concentration of molecules required to inhabit 50% of the available surface adsorption
sites on the membrane.[60] As such, the lower the K, value is, the higher affinity the probe
molecule has for the membrane. We have previously assessed the adsorption behavior of
the probes FM 4-64 and FM 2-10 (K values shown in Table 3.1). [147] As such, we have
shown that the increased lipophilic nature of FM 4-64 resulted in an increased affinity for
the membrane environment. Here, we extend our studies to consider how the shape of the
branched portion may impact initial adsorption. Specifically, between FM 4-64 and FM 1-43
(Fig. 3.3b), there is no significant difference between their affinities to the membrane, despite
a relatively large difference in their cLogP values, -1.6 vs. -0.29, as determined by ChemDraw
software and listed in Table 3.1. These two molecules are expected to reside in the same depth
as their hydrophobic moieties are similar in length. However, their hydrophobic moieties are
distributed differently where FM 4-64 has a longer straight conjugated chain and FM 1-
43 has longer saturated carbon chains extended from the tail. We expect this structural
difference between FM 4-64 and FM 1-43 will allow for differing lateral occupation, or the
area of space in which a molecule resides when incorporated into a membrane leaflet. It can
be noted, however, that this difference in lateral occupation does not lead to any difference in
anchoring within the membrane as the k,¢; values between these molecules are presumably
comparable given the similarities in their K, values. As such, the width of the molecule
seems to have minimal effects on the overall adsorption to the membrane space of S. aureus.
Therefore, the more notable feature giving rise to a strong affinity to the membrane is the
overall hydrophobic moiety lengths of the exogenous molecule regardless of whether this
property lies in the branched tail or the conjugated chain.

While increasing both the length of the branched tail and the conjugated region resulted
in similarly increased affinities for the membranes, the individual contributions to the
molecule’s architecture show significant time dynamic discrepancies. First, we will discuss
the impact of increasing the length of the conjugated region, while the rest of the molecule
remains the same. To do so, we will directly compare the behavior observed in the time-
dependent trials of FM 2-10 and FM 4-64, as shown in Figure 3.4A. We have previously

reported how increasing only the conjugation length changes the dynamics of the small

47



25,000

20,000 |

15,000 |

10,000 -

SHG Intensity (a.u.)

5,000 |

0 200 400 600 800
Concentration (M)

)

200,000 |
150,000 |
100,000 |

50,000 |

SHG Intensity (a.u

0 20 40 60 80
Concentration (xM)

Figure 3.3: SHG adsorption isotherms of 4-Di-2-ASP (top) and FM 1-43 (bottom) with
S. aureus living cells. For each probe, n = 3. Circles (o) represent the averages of the
individual trials while the solid lines (—) are the fits from the Langmuir model. Error bars
are representative of standard deviations. Ky values are shown in Table 3.1
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molecules within the membrane over time [147]. Briefly, both dyes initially adsorb to the
membranes seen as the first rise in SHG signal (Figure 3.1(I)). Thereafter, the less lipophilic
molecule, FM 2-10 (see cLogP values in Table 3.1), shows an increase in SHG signal as is also
shown in this report. In contrast, the FM 4-64 probe experiences a decrease in SHG signal
over time indicative of flip-flop (Figure 3.1(II)). We consequently concluded that increased
conjugation, and thus increased lipophilicity, results in flip-flop.

While comparing FM 2-10 and FM 4-64 above considers the impact of the length of
the small molecule’s hydrophobic portion, we can also assess the impact of the shape of
the hydrophobic region by comparing FM 4-64 and FM 1-43 (Figure 3.2). Here there is
a divergence between the increased dye molecules’ hydrophobicity arising from either the
length of the conjugation (FM 4-64) vs. the branched tail (FM 1-43) leading to overall similar
molecular lengths but different widths in the hydrophobic region. This structural difference
results in disparate behaviors between these probe molecules in the membrane space over
time despite them experiencing comparable adsorption affinities for the S. aureus membrane.
Both molecules experience flip-flop indicated by a relative decrease in SHG signal over time
but, as seen in Figure 3.4B, while FM 4-64 slowly decreases until it reaches approximately
50% of its maximum intensity after the two-hour duration, the FM 1-43 molecules flip-flop
more rapidly, reaching it’s lowest intensity within 30 minutes but then slowly rises in signal
for the remainder of the experiment which may indicate aggregates forming in one or both
bilayer leaflets or the eventual migration of molecules to more rigid environments, as depicted
in Figure 3.1. These discrepancies can be explained by the increased length of the branched
region in the tail of the FM 1-43 probe in comparison to the two-carbon chains of FM 4-64.
As alluded to above, FM 1-43 occupies a larger lateral site than would be expected for the
straighter FM 4-64 molecules when adsorbed to the membrane due to the increased width in
the tail region of the FM 1-43 molecules. By requiring more lateral space in the membrane,
the FM 1-43 molecules can be expected to create an immediate area of increased fluidity
which may provide the space to facilitate flip-flop. Alternatively, this difference in lateral
occupation may vary the probe molecule’s affinity for certain portions of the membrane
in which FM 1-43 is attracted to more fluid-like regions that were already present in the

membrane. While the studies monitoring impacts from the hydrophobic tails mentioned
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Figure 3.4: 16 pM membrane probe time-dependent SHG trials with S. aureus cells.
(A) compares FM 2-10 and FM 4-64 to show differences arising from conjugation length,
(B) portrays similar lipophilic lengths of FM 4-64 and FM 1-43 having comparable SHG
responses, and (C) shows how headgroup identity impacts membrane dynamics (4-Di-2-ASP
versus FM 2-10). For each membrane probe, n = 3 and shaded regions represent the standard
deviation between the individual trials.

50



above increase the length, here, we are examining a modification to the lateral structure in
addition to the length of the exogenous molecules.

It is interesting to acknowledge that while FM 1-43 molecules primarily flip-flop in
the membrane space of S. aureus, alternate mechanisms begin to arise soon thereafter - a
transpiration not previously considered a possibility as it is not commonly reported in model
systems. This implies that the dynamic landscape of the bacterial membrane is mediating
additional organizational forces. Further, it seems that this phenomenon is highly dependent
on the probe molecule’s structure as a rise is not seen during the same time period for FM
4-64. The results from this experiment further demonstrate the necessity to monitor flip-flop

and potential events occurring afterward in living cell membranes.

Impact of Probe Headgroup Charge/Size

The headgroup of membrane-residing small molecules has been hypothesized to be a crucial
ingredient when attempting to promote flip-flop dynamics.[141, 90, 198, 174] By comparing
molecules FM 2-10 and 4-Di-2-ASP (Fig. 3.2), we can directly assess how the contributions
arising from the headgroup region impacts initial adsorption and subsequent membrane
dynamics. The K, values observed for probes FM 2-10 and 4-Di-2-ASP are both significantly
greater than those witnessed for molecules FM 4-64 and FM 1-43, discussed above. Moreover,
it can be seen that the reduced headgroup charge from +2 on FM 2-10 to that of +1 on
4-Di-2-ASP results in a smaller K, value signifying the singly-charged molecule has a greater
affinity for the membrane. Aside from differences in charge, FM 2-10 has a bulkier substituent
in the headgroup so sterics may also be involved in the differences seen between FM 2-10
and 4-Di-2-ASP adsorption. Further, the adsorption discrepancies between FM 2-10 and FM
1-43 /FM 4-64 are expected as FM 2-10 is significantly less lipophilic than both FM 1-43 and
FM 4-64. However, 4-Di-2-ASP is the most lipophilic molecule of the four examined here,
as determined by their cLogP values (Table 3.1). These results show that the cLogP values
are not always reliable indicators of membrane adsorption.

The time-dependent experiments performed with FM 2-10 and 4-Di-2-ASP interacting
with S. aureus show that these two molecules exhibit the same overall dynamics, although

to different extents. As can be seen in Figure 3.4C, both show a relatively static initial
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signal with an overall increase in SHG over the two-hour time period. We have previously
considered both cell growth and increased probe population (i.e. components responsible
for changes in N, Eq. 3.2) in the membrane space as contributing factors to this rise in
signal.[147] However, we have shown that the cells are restricted in their growth by the
temperature at which these experiments are conducted and the two-photon fluorescence
signal remained fairly static throughout the course of the experiments (Figure 3.5).[147] As
such, as seen by Equation 3.2, this leaves the only contribution to an increase in SHG to
be due to a change in the (f) term. As discussed above, we propose that the increase
in this term could arise from the probe molecules associating with a change in solvent
identity or neighboring lipids, aggregating in the membrane space, or moving to more rigid
environments.

While both rise in signal, 4-Di-2-ASP appears to have a more significant rise in
comparison to FM 2-10. In fact, while the overall SHG intensity increases by the two-
hour mark for both membrane probes, the final SHG intensities rise more than a factor of
7 and 2 for 4-Di-2-ASP and FM 2-10, respectively. As discussed above, the charge, steric
characteristics, or a combination of both, may be the cause of this behavior. We hypothesize
that the quicker rate and larger signal may be due to the reduced charge and size of 4-Di-
2-ASP causing less repulsive forces between one another while embedded in the membrane
resulting in more favorable lateral migration throughout the membrane. The decrease in
size may enable a tighter packing of probe molecules in the membrane which could cause a
large rise in SHG signal, as observed here. [199, 215] More importantly, while others have
seen that decreasing the sterics and altering the charge of the headgroup may lead to an
increased rate of flip-flop[190, 191], this phenomenon is not observed here. In fact, it appears
that 4-Di-2-ASP has a greater aversion to flip-flop than FM 2-10 which is in opposition to
what is commonly reported for model systems. Additionally, as for 4-Di-2-ASP, in the
presence of one particular type of model vesicles, it was shown that the molecules readily flip
from one leaflet into the other, with no indications of aggregation or organization. [38] The
disparities described here between our experiments and those performed on model systems
further illustrate the necessity for future experiments to supplement the repertoire of small

molecules with varying headgroup charge and/or size in the context of living cells.
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Figure 3.5: Two-photon fluorescence time-dependent trials of (A) FM 1-43 interacting with
S. aureus cells, (B) FM 2-10 interacting with B. subtilis cells, and 4-Di-2-ASP interacting
with (C) S. aureus and (D) and B. subtilis.
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3.5.2 Impacts of Membrane Composition

It is ubiquitously agreed upon that the bilayer lipid composition influences molecule-
membrane dynamics among the mimetic membrane community.[100, 9, 157] However, the
extent of this factor has yet to be fully explored in living bacterial cells. We have shown
here that the membrane identity plays a crucial role in the dynamics displayed by a small
molecule. As alluded to above, B. subtilis is another Gram-positive bacterium that differs
from S. aureus by its shape, protein population and lipid headgroup and tail identities. Our
purpose for studying this cell species was to address the generality of the claims gathered from
our experiments with the FM dyes presented here and S. aureus. To do so, we focused on
revisiting the apparent minimal role of the probe molecule’s headgroup identity on adsorption
and dynamics over time.

As can be seen in Figure 3.6 and Table 3.1, FM 2-10 and 4-Di-2-ASP have considerable
differences in their affinity to B. subtilis compared to S. aureus. Although the trend remains
the same - the smaller, less bulky headgroup substituent results in a greater affinity to the cell
species - the magnitude of the molecules’ affinity is greater for B. subtilis. Specifically, FM
2-10 has an affinity for the B. subtilis membrane ~4 times greater than that for S. aureus.
Similarly, the K, of 4-Di-2-ASP is ~3 times larger for S. aureus than B. subtilis. However, the
results from the time-dependent trials, shown in Figure 3.7, reveal the two probe molecules
demonstrate starkly different dynamics in B. subtilis. Whereas FM 2-10 had an immediate
rise due to adsorption and a subsequent slow increase over the duration of the experiment in
S. aureus, for B. subtilis, the second rise for the probe molecule, associated with membrane
organization, is ~6 times faster. Soon thereafter, the signal in B. subtilis decays slightly and
remains fairly constant for the duration of the experiment. However, 4-Di-2-ASP did not
share this trend at longer times. Despite 4-Di-2-ASP displaying a large propensity to remain
in the outer leaflet of S. aureus, the exact opposite occurs when this molecule interacts with
B. subtilis. After the initial interaction, a slight rise is detected similarly to FM 2-10 with
B. subtilis. Following this increase in signal, instead of a drastic rise over time as seen with
S. aureus, 4-Di-2-ASP in the B. subtilis membrane environment exhibits flip-flop at a rate

congruent to FM 1-43 with S. aureus.
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This discrepancy in membrane dynamics most likely arises due to differences in membrane
composition and organization between these two bacteria. A recent study on model systems
has proposed that membrane thickness is one of the leading parameters controlling small
molecule permeation.[68] Based on electron microscopy experiments, the membrane thickness
of S. aureus is 5.4£0.4 nm|[140] while the B. subtilis plasma membrane was found to
be thicker at 6.64+0.8 nm.[139] Given that more flip-flop is observed in our B. subtilis
experiment, membrane thickness is not expected to be the dominant contributor. Both
B. subtilis and S. aureus have been shown to possess membrane structural heterogeneity,
most commonly referred to as regions of increased fluidity (RIFs) or functional membrane
microdomains (FMMs), respectively, which are thought to play roles in passive diffusion of
small molecules.[216, 124, 68] These domains are primarily described as localized, distinct
ares of increased or decreased fluidity. Overall, fluidity in the membranes of both species
is governed by the ratio of branched-chain fatty acids (BCFAs) of the lipids. Domains
differing in rigidity /fluidity in the bacterial membrane then arise from spatial heterogeneity
in the concentrations of these BCFAs which has been proposed to be mediated by multiple
molecular species including carotenoids and specific proteins.[73, 233, 200] The percentage
of BCFAs in the membranes of these bacteria is starkly different: ~50% of the lipids
in the S. aureus plasma membrane contain BCFAs[201] while in B. subtilis this is over
90%.[101, 166] In addition, S. aureus membranes contain the carotenoid, staphyloxanthin,
which is absent in B. subtilis.[64] This disparity in membrane composition between these
bacterial species results in differing overall membrane fluidity and organizational forces. The
more fluid membrane corroborates what is commonly seen in the literature where a probe
molecule with a smaller headgroup results in a quicker flip-flop rate, and thus a greater
propensity to do so.[191] However, these results show that this generalized statement cannot

be applied to all systems, especially complex and dynamic living bacterial membrane systems.
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3.6 Conclusions

In summary, we have shown through the interface specificity of second harmonic generation
that the fate of small molecules interacting with the membrane of living S. aureus can be
tuned through specific structural changes. Moreover, we have shown that the dynamics of
these small molecules cannot be generalized for all membrane systems, or even the seemingly
similar Gram-positive bacterial membranes, by illustrating that dynamics of small molecules
are also dependent on the membrane composition. Through adsorption kinetic studies,
we have found that the major factor contributing to initial interactions is reliant on the
length of the hydrophobic region of the molecule, no matter whether that length resides
in the conjugated chained region or the branched tail of the styryl dyes presented here.
However, these results do not always trend along with apparent LogP values. To a smaller
degree, we have also shown that a smaller charge and size in the headgroup region of
the small molecule interacting with the phospholipid headgroups of the lipid bilayer are
associated with stronger adsorption to the outer leaflet for both species investigated. These
initial adsorption experiments support what has been shown in the literature regarding
how the structure of a small molecule impacts binding to the membrane space of model
systems despite models, eukaryotic cells, and bacteria displaying differences in phospholipid
headgroup distributions.[131]

The time-dependent experiments presented here provide new insight as to what
parameters on small molecules result in flip-flop versus the molecules undergoing predominate
organization in the outer leaflet. For S. aureus, smaller molecules, FM 2-10 and 4-Di-2-ASP,
show a propensity toward the latter while larger, more lipophilic molecules exhibit flip-flop.
More specifically, increasing the length of the branched tail, and more so the width of the
tail, promotes the most rapid flip-flop observed for the molecules examined. However, as
exhibited by FM 1-43, the small molecules may be subjected to additional organization by
living cell membranes after flip-flop has occurred. This finding is significant in that we
explicitly show lateral contributions should be considered when assessing flip-flop dynamics
as well as the events taking place afterward. As for B. subtilis, there was a greater impact

from the headgroup identity with the singly charged 4-Di-2-ASP molecule exhibiting a large
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degree of flip-flop, demonstrating how the membrane composition can alter these dynamics.
These results are not only important considerations for designing drugs that will successfully

penetrate into bacterial cells but can also be exploited to target specific cell species.
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Chapter 4

Probing Bacterial Membranes with
Polarization-Resolved Second

Harmonic Scattering
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A version of this chapter is in preparation to be submitted as a proceeding for an SPIE Optical
Engineering + Applications conference on Ultrafast Nonlinear Imaging and Spectroscopy XII

from August 18-22, 2024 in San Diego, California.

This chapter describes experiments designed by Marea J. Blake and Tessa R. Calhoun. Data
analysis and preparation of the manuscript was performed by Marea J. Blake and Tessa R.

Calhoun. All experiments were performed by Marea J. Blake.

4.1 Abstract

For antibiotics that target Gram-positive bacterial cell structures, optimizing their inter-
action with the cytoplasmic membrane is of paramount importance. Recent time-resolved
second harmonic scattering (trSHS) experiments with living bacterial cells have shown that
some amphiphilic small molecules display signals consistent with organization within the
membrane environment. Such organization could arise, for example, from aggregation,
solvent interactions and/or environmental rigidity. To expand our study of this system,
we turn to polarization-resolved SHS (prSHS). prSHS has previously been used with
model membranes to extract information about the angular distribution of integrated small
molecules. Here we apply prSHS, for the first time, to cells, specifically living Staphylococcus

aureus.

4.2 Introduction

A sample of living cells in solution is, in its essence, a complex colloidal system. Specifically,
Staphyloccocus aureus is a Gram-positive bacterial species spanning approximately 1pm in
diameter. The boundary protecting its genetic machinery is composed of a cell envelope
consisting of a thick cell wall on the scale of ~ 30-100 nm which encases the cytoplasmic
lipid bilayer.[177] The membrane is responsible for mediating the passive transport of
small molecules from the environment to the molecule’s target within the cell. Ideas and

methodologies investigating model systems with similar qualities to those of lipid bilayers,
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in the form of liposomes or surfaces baring a high degree of negative charges such as
polystyrene beads (PSBs), are essential in addressing questions arising from how a small
molecule interacts with biological membranes. The question then is can these ideas and
methodologies be extended to living systems to extract information directly as to how small
molecules are interacting with bacterial cells?

Second harmonic scattering (SHS) is a technique with promising transferability from
understanding small molecule dynamics at interfaces in solution for models to living cells.
SHS is a technique based on the principles of second harmonic generation (SHG) in which two
photons of frequency w interact with a noncentrosymmetric medium, in this case molecules
confined to a membrane, to produce a single photon of twice the energy, 2w. This symmetry
requirement makes SHG an inherently surface specific technique. However, because of the
geometry and therefore, wide scattering angle of generated second harmonic signal, when
referring to SHG produced from colloids, the technique is termed as SHS. [80, 189] The
generation of SHS can summarized by I, = |x? E,E,,|*> where x?) is the hyperpolarizability
further represented as a product of the number of molecules confined to the surface (Ny) and

the orientational average of the hyperpolarizability ((8)) in Equation 4.1.

X(2) - Ns<6> (41)

SHS was first demonstrated from colloids with the model system cationic malachite green
(MG) and anionic PSBs by Eisenthal et al. [235] Soon thereafter, the technique was extended
to liposomes.[155, 164, 111, 51, 85, 254, 214, 86, 197, 38, 91] Subsequently, the Dai group
applied this technique to Gram-negative Fscherichia coli cells and thereafter, SHS has been
shown to be capable of quantifying initial adsorption to and transport rates within bacterial
cell membranes of multiple species under varying conditions.[146, 147, 257, 248, 243, 240,
242, 206, 205, 241, 245, 244] We have previously extended this technique to the Gram-
positive bacterial regime to determine how variances in the structure of styryl probes and
the membrane itself impact dynamic properties of their association.[147, 21] An interesting
result of these studies was witnessing a rise in the SHS signal of small molecules, FM 2-

10 and 4-Di-2-ASP, as this transpiration has not been previously documented for cells.
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Subsequently, we determined this rise is due to a change in () due to potential contributions
including aggregation of the molecules, a change in the molecules’ chemical environment, or
a difference in dipole alignment. Recent reports suggests this last source can be extracted
using an extension of SHS: polarization-resolved SHS (prSHS).[24]

Specifically, Boudjema et al. have provided an open source software, PySHS, which
simulates the polarization dependent SHS intensities for molecules organized on spherical
particles as well as particles that deviate from a perfect sphere (e.g. living cells). [24] The

SHS intensity (Isgs) polarization dependence can be computed using Equation 4.2,

Tsms(7,1L,6) = 55 (1 + 18" cos(2) + 10" cos(47)) (4.2)

where angles v, II, and 6 are defined in Figure 4.1. Figure 4.1 shows the laboratory
frame where 7 is the polarization angle of the incident fundamental light; II is the second
harmonic output polarization angle defined as either V when II = 0° or H when IT = 90°;
and 6 is the direction of scattered SHS which is equal to 90° for right angle SHS detection for
signals arising from particles with a diameter < 1pym and 180° for a transmitted geometry
arising from particles > 1pym. Terms ig’n, 15’7“, and Iff’n are constants that represent the
individual § contributions and therefore, relates the general order and angular distribution
of the molecules on the particle surfaces. The complete derivations and relation from the
macroscopic laboratory frame to the microscopic molecule orientations can be found in
multiple previously published studies.[56, 57, 24]

In this report, we apply prSHS and the PySHS simulation software in order to begin to
understand the molecular organization within living bacterial cell membranes for the first
time to the best of our knowledge. We begin with measurements of the probe molecule, FM 2-
10, as it interacts with S. aureus cells. We then illustrate this technique with model system
MG with PSBs. Overall, we find that these preliminary experimental results agree with

some previously published experimental work but conflict with others and the simulation.

Additional studies to better understand the source of these differences are still ongoing.
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Figure 4.1: Laboratory frame defining angle notation used in this study for ~, II, and 6.
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4.3 Experimental

4.3.1 Instrumentation

The output power of a Ti:sapphire oscillator (800 nm, 80 MHz), compressed to ~ 200 fs, was
controlled using a half-waveplate and polarizer combination. The polarization angle of the
fundamental 800 nm light was then controlled using a rotating half-waveplate. For prSHS
experiments, incident polarization angles were defined based on 0° being the V polarization
state. The beam was then filtered to reject any 400 nm light before being focused into a 2-3
mm quartz flow cell chamber. The signals generated either at 90° or 180° were collected and
collimated with a series of lenses and then passed through an additional rotating polarizer.
The SHS signals were selected using a combination of a 725 nm shortpass filter and a 400/10

bandpass filter before being focused onto a photomultiplier tube for detection.

4.3.2 Sample Preparation

Dye molecules FM 2-10 and 4-Di-2-ASP were prepared in 80:20 Mili-Q water:DMSO solutions
while malachite green was prepared in Mili-QQ water corrected to a pH of ~4. Sulfonated
polystyrene (latex) bead (PSB) suspensions were prepared in pH ~4 Mili-Q water. Final
PSBs solutions were made to be ~ 0.01% suspensions.

Staphylococcus aureus (ATCC 27217) cells were grown on brain heart infusion (BHI)
agar plates. Single colonies were then inoculated into liquid BHI media and allowed to grow
overnight to stationary phase. An aliquot was then taken from the stationary phase cell
solution to prepare an optical density at 600 nm (ODgy) of ~ 0.01 and then grown until
cells reached an O Dggg of 0.2. Cells were then filtered by centrifugation and rinsed with and
resuspended in phosphate buffered saline (PBS) to a final ODggo of 0.2.

For both PSBs and cells, the probe molecules were added directly before data collection.
Each set of experiments (collecting all data points for both V,,; and H,,; took less than 30

minutes.
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4.4 Results and Discussion

As mentioned above, when employing time-resolved SHS (trSHS), the probe molecule FM 2-
10 generates a rise in SHS intensity when interacting with S. aureus membranes.[21, 147] To
determine the impact of the molecule’s orientation in the membrane, we employed prSHS for
the first time to living cells. Figure 4.2 shows the prSHS plot produced when monitoring the
SHS intensity at either the V or H polarization states as a function of incident polarization
angle. The results shown in Figure 4.2, however, do not match what simulation suggests for
a system with parameters consistent with dipoles equally distributed along the surface of
1um particles, as can be seen in Figure 4.3. Specifically, simulation predicts the V,,; signals
should have four peaks at 45°, 135°, 225°, and 315°, however, results with S. aureus show
maximums at 90° and 270°. Overall, while the H,,; data matches theory, the V,,; data does
not.

In order to investigate whether the computations are able to capture the complexities
of cell surfaces, we extended this technique to a model system that has been extensively
characterized with SHG techniques: malachite green (MG) adsorbed to the surface of
polystyrene beads (PSBs). We do this in two ways. First, we used a polarization dependent
experiment that has been previously applied to MG/PSBs by the Dai group where the
SHS intensity is monitored while changing the polarization angle of detected SHS with a
constant incident polarization angle set to the H position, referred to here as H;,. [58] As
such, 0° on the x-axis of Figure 4.4 A is referring to the SHS detected at H,,. As can
be seen in Figure 4.4 A, the SHS intensity has two maximums at 90° and 270° which are
representative of V,,; (or s-polarization) SHS polarization. This result was also seen by
Dai and coworkers.[58] Further, Dai et al. performed similar experiments with additional
functionalized PSB surfaces and was successful in determining the relative tilt angle of MG on
each surface based on similar polarization dependent trends but differences in their relative

amplitudes.[58]

66



300 . .

250

N
o
o

150

100

SHS Intensity (a.u.)

)]
o

0 %) 180 270 360
Polarization Angle (°)

Figure 4.2: PrSHS for 16 pyM FM 2-10 with S. aureus. The squares and circles are
experimental data points, the black dotted lines are for ease of visuals.
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SHS polarizer angle with constant P-polarized incident light. (B) prSHS for the same sample
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data points, the black dotted lines are for ease of visuals.
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Following a successful replication of this result, we then turned back to prSHS in which
we monitored the SHS intensity while rotating the polarization of the incident light. As seen
in Figure 4.4 B, the prSHS data is reminiscent of the data observed with living cells in Figure
4.2 where the H,,; seems to replicate the simulated results but V,,; deviates. It should be
noted that the Figures 4.4 A and B are consistent with one another as well. The minimum
points of H,,; at 0°, 180°, and 360° (at H;,) in Panel A also are seen as data points in Panel
B for H,, at incident polarization angles of 90° and 270°. Likewise, the maximum features
in panel A representing H;,/V,.; at 90° and 270° can be seen in the V,,; data in Panel B at
incident polarization angles of 90° and 270°. Overall, the data shown in Figure 4.4 A and B

are consistent with one another but inconsistent with the computed simulations.

4.5 Conclusions

prSHS has been shown to be capable of extracting angular distribution of molecules aligned
along a colloidal surface. In particular, Boudjema et al. have provided a new framework
to analyze data of this nature that takes into consideration particles that are not perfectly
spherical, such as that of living cells.[24] Here, we show the first application of this technique
to living cells, though the results obtained are not consistent with what has been simulated
for spherical particles similar in size to that of S. aureus cells. We do, however, observe that
these results are similar to what is seen with MG and PSBs. Ongoing work seeks to evaluate
changes to the prSHS signal as a function of probe incubation time with work to either
identify the source of the simulation discrepancies with PySHS [24] or alter our experimental

plans to better match the previous work of Eckenrode et al. [58]
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Chapter 5

Miltefosine Impacts Small Molecule

Transport in Gram-Positive Bacteria
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A version of this chapter is in preparation to be submitted.

This chapter describes experiments designed by Marea J. Blake, Eleanor F. Page, and Tessa
R. Calhoun. Data analysis and preparation of the manuscript was performed by Marea J.
Blake, Eleanor F. Page, and Tessa R. Calhoun. Eleanor F. Page performed FM 1-43 and
Malachite Green time-resolved second harmonic scattering experiments; Madeline E. Smith
assisted with generalized polarization of laurdan experiments; and Marea J. Blake performed

the rest of the experiments.

5.1 Abstract

Miltefosine (MLT) is an alkylphosphocholine with clinical success as an anticancer and
antiparasitic drug. Although the mechanism of action of MLT is highly debated, the
interaction of MLT with the membrane, specifically lipid rafts of eukaryotes, is well-
documented. Recent reports suggest MLT impacts the functional membrane microdomains
(FMMs) in bacteria - regions of the membrane structurally and functionally similar to lipid
rafts. There have been conflicting reports, however, as to whether MLT impacts the overall
fluidity of cellular plasma membranes. Here, we apply steady-state fluorescence techniques,
generalized polarization of laurdan and anisotropy of diphenylhexatriene, to discern how
MLT impacts the global fluidity of Staphylococcus aureus membranes. Additionally, we
investigate how the transport of a range of small molecules is impacted by MLT for S. aureus
and Bacillus subtilis by employing time-resolved second harmonic scattering. Overall, we
observe MLT does not have an influence on the overall fluidity of S. aureus membranes.
Additionally, we show that the transport of small molecules across the membrane can be
significantly altered by MLT - although this is not the case for all molecules studied. The
results presented here illustrate the potential use of MLT as an adjuvant to assist in the

delivery of drug molecules in bacteria.

72



5.2 Introduction

Hexadecylphosphocholine, or Miltefosine (MLT), is a synthetic alkylphospholipid (APL)
that was originally developed as an anticancer agent [59] and is currently in clinical use as
an antiparastic drug. [54] More recently, the antibacterial and antifungal activity of MLT
has received attention.[168, 251, 136, 107, 123] While only modest antibacterial activity
has been observed, it has been suggested that MLT, and APLs more generally, could serve
as a new framework for developing novel antibiotics or adjuvants.[168] For the latter, it is
imperative to investigate how the presence of MLT impacts small molecule transport through
the membrane.

Despite decades of research, the mechanism of action of MLT remains a point of debate
and discussion. While there is agreement that the plasma membrane is compromised with
MLT treatment, it is not clear if this is achieved via lipid or protein targets. It has been shown
that MLT specifically targets membranes composed of lipid raft constituents of eukaryotic
and fungal species, such as cholesterol and ergosterol, respectively.[126, 251, 260, 134, 35,
88] As such, some have reported that this lipid raft association results in MLT impacting
the cell membrane fluidity[6, 65, 181, 156], while others report this is not the case. [35,
134] For instances when membrane fluidity was altered, there is evidence that supports
the presence of proteins is required. Specifically, Alonso et al. demonstrated that stratum
corneum membranes had a significant increase in membrane fluidity due to MLT but vesicles
formed from the lipid extract of stratum corneum membranes had no change in fluidity.[6]
Additional mechanisms that have been proposed include miltefosine affecting the enzyme,
cytochrome c¢ oxidase,[261, 127] in eukaryotes and halting the cell’s ability to synthesize
phosphatidylcholine,[126, 228, 184] both cases leading to cell death. Most MLT research,
however, has focused on eukaryotic systems or model membranes containing lipid species
that are less common or nonexistent in bacteria.

In bacteria, MLT has been shown to interrupt aggregation of flotillin in Staphylococcus
aureus cell membranes.[107] Flotillin are scaffold proteins that have been proposed as crucial
components for the formation of functional membrane microdomains[129, 107] although

inconsistent results remain.[217] It is not clear, however, if such a change in protein
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behavior would arise from direct MLT-protein interactions or, if instead, MLT alters the lipid
environment preferred by the protein. In a recent paper, molecular dynamics simulations
suggest that the lipids themselves are a major determinant in MLT passive transport into
the membrane and may play a large role in its mechanism of action.[134] When extending
such questions to the potential use of MLT as an adjuvant species, it is necessary to consider
how MLT’s impact on the membrane alters small molecule transport through this important
lipid boundary. In order to monitor transport dynamics, here, we implement time-resolved
second harmonic scattering (trSHS).

SHS is a surface-specific spectroscopic technique based on second harmonic generation
(SHG) originating from molecules adsorbed to surfaces in colloidal environments, such as
that of living cell membranes.[80] SHG occurs when two photons of equal energy interact
with a group of asymmetric molecules to produce light at the second harmonic, or at
twice the energy of the incident photons. The emitted photons originating from an
isotropic distribution of molecules, such as those in an aqueous solution, are incoherent
leading to a weak, often insignificant signal. In contrast, once these molecules adsorb
to a surface, the individual second harmonic signals originating from these molecules
constructively interfere, producing appreciable SHS. The evolution of this signal over time
can provide information on transport events of molecules within the membrane space.
For instance, a decrease in SHS results from molecules becoming aligned in an anti-
parallel fashion which is indicative of translocation from one leaflet into the other.[171, 240]
Conversely, a rise in signal can be attributed to an overall greater alignment of the
molecules to one another in the membrane,[171, 92] aggregation [215, 137], or a change
in the local chemical environment. [218, 12] Previous studies have demonstrated SHS
and SHG can be used to quantify molecule-membrane interactions within model systems
[155, 164, 111, 51, 86, 85, 254, 214, 197, 38|, eukaryotic species [117, 33, 208, 256, 156], and
bacterial cells.[146, 147, 21, 171, 257, 248, 241, 243, 245, 242, 240, 244, 206, 205] Specifically,
we have implemented this technique to elucidate how structural moieties of small molecules
facilitate its transport through the Gram-positive membranes of living S. aureus and Bacillus

subtilis.[21]
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After employing the steady-state fluorescent assays, generalized polarization (GP) of
laurdan and anisotropy of diphenylhexatriene (DPH), to determine the impact of MLT on
global fluidity of S. aureus membranes, we monitor the trSHS of small molecules (malachite
green,[257, 240, 207, 248, 112, 74] FM 2-10,[147, 21] FM 1-43,[21] and 4-Di-2-ASP[21]) with
previously documented transport behavior to assess the impact of MLT. We also consider
the role of membrane composition by extending trSHS studies to another Gram-positive
bacterial species, B. subtilis. Although we do not observe a change in the overall fluidity
of S. aureus membrane, we do observe significant alterations in the interactions of multiple
small molecule species with the lipid bilayer. These results are not universal, however,
leading to a discussion of the localized impact of MLT on the membrane and the potential

relationship to the small molecule structures that are affected.

5.3 Materials and Methods

5.3.1 Chemicals and Cell Treatment

Stock solutions of dye molecules FM 2-10 (Biotium), 4-Di-2-ASP (Sigma-Aldrich) and
FM 1-43 (Biotium) were prepared in filter sterilized 80:20 Milli-QQ water to DMSO to
maintain a final DMSO concentration of 0.02% when introduced to cell solutions. Malachite
green oxalate (Sigma-Aldrich) was prepared in sterile Milli-Q water. Stock solutions
of laurdan (ThermoFisher Scientific), 1,6-Diphenyl-1,3,5-hexatriene (diphenylhexatriene,
Sigma-Aldrich), and miltefosine (Sigma-Aldrich) were prepared in DMSO.

Single colonies of Staphylococcus aureus (ATCC27217) and Bacillus subtilis 168 grown on
brain heart infusion (BHI) and Luria Bertani (LB) broth agar, respectively, were inoculated
into liquid BHI and LB media, respectively. Cultures were grown anaerobically for S. aureus
and aerobically at 250 RPM for B. subtilis overnight at 37°C. Aliquots were then resuspended
in fresh liquid media to an optical density at 600 nm (ODggo) of 0.01 and allowed to grow
to an ODygg of 0.2 at the same conditions. Cell samples were then filtered by centrifugation

or vacuum filtration and washed twice with phosphate buffered saline (PBS). For trSHS
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experiments, cells were resuspended in their respective media supplemented with 0.2% EC-
OxyRase. For steady state fluorescence experiments, cells were resuspended in PBS. Final
cell suspensions were measured to be at an ODggg of 0.2. MLT was incubated with cells at

room temperature for a minimum of 10 minutes before experimentally probed.

5.3.2 Time-Resolved Second Harmonic Scattering

TrSHS experiments were performed using home-built instruments previously described in
detail elsewhere.[147] Briefly, the output of a Ti:sapphire oscillator (80 MHz) was compressed
to <100 fs and focused into a 2 mm quartz flow cell (Starna) that housed the cell samples.
The resulting signals were then collected with a series of lenses and directed towards a
photomultiplier tube (PMT) for detection. Filters were implemented to block any second
harmonic (400 nm) produced by optics before the sample housing and fundamental light
(800 nm) after the sample. The second harmonic responses were selected using a 400/10
bandpass filter before the PMT. The power sent to the sample was controlled using a half-
waveplate and polarizer. For FM 2-10 and 4-Di-2-ASP, the power was set to 35 mW and for
experiments with MG and FM 1-43, the power was set to 100 mW. These experiments were
accomplished using a gravity flow peristaltic pump at a rate of <7 mL per minute.
Immediately prior to trSHS experiments, the quartz flow cell was passivated to ensure
there was no cell adsorption to the surface during the course of the trials. First, the
sample chamber was sterilized with 1 M hydrochloric acid, then rinsed with a copious
amount of sterilized Milli-QQ water. Then, we used an established bovine serum albumin
(BSA)/glutaraldehyde cross-linking procedure, previously described. [94] In short, 50
mM BSA (Sigma-Aldrich) was incubated for 10 minutes, rinsed with 10 mM TRIS
buffer(corrected to pH 7.4)(Sigma-Aldrich), and then replaced with another 10 minute
incubation of a 1% glutaraldehyde (Thermo-Fisher Scientific) solution. Finally, the flow
cell was rinsed with the TRIS buffer. All solutions were sterilized before performing the

cross-linking procedure.
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5.3.3 Generalized Polarization Measurements

Membrane fluidity was assessed using generalized polarization (GP) measurements of
laurdan. Laurdan is a fluorescent molecule that shifts its emission spectra due to the polarity
of the surrounding environments. For instance, for environments with low polarity such as
that of rigid regions of the membrane, the emission maximum of laurdan is 440 nm. When
laurdan is an environment of high polarity (e.g. a fluid membrane), laurdan has an emission
maximum shifted to 490 nm. The ratio of the emission intensities at 440 nm and 490 nm, or

GP, can be calculated to quantify changes in membrane fluidity according to Equation 5.1,

Lya0 — Lyo0
GP=—"——"" 5.1
Ly40 + I90 (5.1)

where I449 and I49o are the fluorescence intensities at 440 nm and 490 nm, respectively. For
GP measurements, after cells were treated with MLT as outlined above, samples were washed
by centrifugation, resuspended in PBS, and then incubated with 0.5 pM laurdan at 37°C
for ~30 minutes in the dark. Measurements were then taken with a Perkin Elmer LS 55

fluorometer with 350 nm excitation at room temperature.

5.3.4 Steady State Fluorescence Anisotropy

Another measure of fluidity used here is the steady state fluorescence anisotropy of
diphenylhexatriene (DPH). DPH preferentially localizes in the hydrophobic region of the
membrane. As such, the orientation and rotational freedom of the DPH molecules in this
region directly reflects the fluidity of the environment it is residing in. This can be quantified

by calculating the anisotropy, (r), of DPH:

” Iyyv — IyuG
Iyv + 21y G

G = v (5.3)
I'nw
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where I is the fluorescence intensity at different excitation and emission polarizer combina-
tions, denoted by the subscripts,respectively, where V is vertical and H is horizontal, and G
is a correction factor to account for detector sensitivity.

Anisotropy measurements were recorded with an Agilent Cary Eclipse fluorometer. After
cells were treated with MLT, cells were resuspended in PBS and incubated with 10 xM DPH
for ~45 minutes at 37°C. Samples were excited at 350 nm and emission was collected at 430

nm. Measurements were taken at room temperature.

5.4 Results and Discussion

5.4.1 MLT Impact on Global Membrane Fluidity

While there has been debate in the literature regarding the impact MLT has on the fluidity
of the membranes it interacts with,[6, 65, 181, 156, 35, 134] no such studies have been
performed with bacteria. Therefore, we first sought to investigate whether the presence of
MLT results in a more fluid membrane environment in S. aureus. In order to do so, we
employ two steady state fluorescence techniques: GP of laurdan and steady-state anisotropy
of DPH. Both laurdan and DPH are fluorescent molecules commonly used as probes to assess
membrane fluidity.[95, 161] As the laurdan chromophore is polar, it reports on the presence
of water near the junction between the lipid headgroup and tail with a higher GP value
associated with a decrease in the membrane fluidity.[95, 230] The nonpolar DPH molecule
is expected to embed more deeply within the hydrophobic portion of the membrane and
a lower DPH anisotropy value indicates higher membrane fluidity.[128, 230] While many
studies find similar trends between these different probe assays,[161] occasional differences
are noted.[128]

Figure 5.1A shows the GP values for laurdan in S. aureus membranes either with or
without a MLT incubation prior to the measurement. For the cells not exposed to MLT,
the GP value obtained is 0.381 + 0.07 which is consistent with values others have reported
for exponential phase S. aureus at room temperature.[179, 19] In comparison to the cells

exposed to MLT, there is no significant difference. This suggests that there is no overall
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Figure 5.1: Steady state fluorescence measurements of fluidity with (A) laurdan and (B)
DPH. (A) Average GP values of laurdan for S. aureus with 0 uM MLT (blue) and 10 pM
MLT (purple). (B) Average anisotropy ((r)) of DPH with S. aureus is shown as a function
of MLT concentration. For each concentration of MLT, n = 3.
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increase in the fluidity of the S. aureus membrane due to the presence of MLT. The anisotropy
of DPH adds further support to this conclusion. As can be see in Fig. 5.1B, the DPH
anisotropy values are found to be 0.115 £ 0.003 which is also consistent with previous

literature values [20] and remains unchanged over multiple MLT concentrations.

5.4.2 Small Molecule Organization and Transport

For consideration of MLT as an adjuvant to treat bacterial infections, understanding how
MLT affects the interaction of small molecules with the membrane, and moreover their
transport through it, is crucial. Four dye molecules with different established membrane
interactions are studied here: MG, FM 2-10, 4-Di-2-ASP, and FM 1-43. MG is a
small, positively charged molecule that has been extensively characterized with model
liposomes|[214, 254, 111, 249] as well as Escherichia coli[257, 74, 240, 112, 207] and eukaryotic
cells[208]. In all previous work, MG has exhibited an SHS response consistent with a
relatively rapid passive diffusion through lipid bilayers. Further, we have previously reported
on the bacterial membrane interactions of the three styryl molecules listed where slight
variances in their structures result in differences in their affinity for and translocation within
the membranes of S. aureus.[147, 21] For instance, we have proposed that for molecules with
short hydrophobic tails and small headgroups (FM 2-10 and 4-Di-2-ASP, respectively), the
molecules have a greater propensity to remain in the outer leaflet of the membrane. After ~1
hour, however, the molecules produce a rise in SHS signal indicative of further organization
within the membrane.[147, 21] Further, we demonstrated that the introduction of molecules
with larger branched tails (FM 1-43) result in a rapid decrease in SHS. This response is due
to the molecules moving from the outer leaflet to the inner leaflet of the membrane.|[21]
Immediate alterations to small molecule transport induced by MLT can be seen by
examining the behavior of MG. Figure 5.2 shows that at 0 uM MLT, the molecules
rapidly diffuse through the hydrophobic portion of the membrane in agreement with
MG SHS studies with both liposomal membranes[214, 254, 111, 249] as well as E. coli
cells.[257, 74, 240, 112, 207] After S. aureus cells are treated with 12 uM MLT (Fig. 5.2),
the trSHS decreases more rapidly compared to untreated cells. These results indicate that

MG may be experiencing a more fluid membrane environment to mediate quicker passive
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Figure 5.2: Normalized trSHS trials of S. aureus with 25 uM MG with 0 uM MLT (green)
and 12 uM MLT (purple). The structure of MG is shown in the plot. For each condition,

n = 3. Averaged data is shown as circles and the shaded error bars represent the standard
deviation between the individual normalized trials.
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diffusion across the lipid bilayer.[249]

More complex dynamics are observed when moving to the styryl dye molecules which have
a stronger association with the membrane environment. Past studies with FM 2-10 and 4-Di-
2-ASP hypothesized that the molecule undergoes organization in the membrane of S. aureus.
This hypothesis arises from the fact that the SHS signal in these samples rises over time and
can be understood by examining the factors that contribute to the intensity of the SHS signal
(Isus). Specifically, Isys = | ch)waEwP where E,, is the incoming electric field and ch)f is
the second order effective susceptibility which can be further decomposed to ijc)f x Ng(B).
Here, Ny is the population of probe molecules in the membrane while (/) is the orientational
average of the hyperpolarizability. As we have previously determined, the population of cells
throughout the duration of our measurements is static and subsequently there is no increase
in membrane probe population [147], therefore the SHS rise is attributed to (5). This term
can increase through a change in the probe molecule’s environment either due to differences
in solvation or an overall increase in molecular alignment due to environmental rigidity.

Since MLT has been shown to disrupt membrane regions of increased rigidity,[126] the
membrane interactions of FM 2-10 and 4-Di-2-ASP were studied here. As can be seen in
Figure 5.3, when no MLT is present, the SHS signal is relatively static over the first 40
minutes but then nearly doubles after two hours. This behavior, and especially the rise, are
clearly altered by MLT. As the concentration of MLT increases from 0 to 20 uM, the SHS
rise is diminished and eventally lost. A reduced SHS rise is also observed for 4-Di-2-ASP
after cells are treated with 10 uM MLT (Figure 5.4).

Another change induced by MLT is also observed within the first 20 minutes. Whereas
the SHS signal of FM 2-10 with no MLT present displays a static signal, cells treated with
MLT exhibit an SHS decay after the initial adsorption of FM 2-10. Such a decrease is most
often interpreted as a movement of some population of the probe molecule to the inner
leaflet.[257, 240, 171] Alternatively, the same way a more rigid environment would induce a
rising SHS signal, a more fluid environment can cause a reduction as the alignment of the
molecules is decreased. More support for this argument can be seen by examining the trends
in SHS intensity values. While Fig. 5.3 shows the time-resolved SHS signals normalized to

the initial absorption peak to better differentiate the dynamic changes, Fig. 5.5 compares
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Figure 5.3: Normalized trSHS trials of 16 uM FM 2-10 with S. aureus with increasing
concentrations of MLT. The structure of FM 2-10 is shown in the plot. For each concentration
of MLT, n = 3. Averaged data is shown as circles and the shaded error bars represent the
standard deviation between the individual normalized trials.
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Figure 5.4: Normalized trSHS trials of S. aureus with 16 pM 4-Di-2-ASP with 0 pM MLT
(orange) and 10 uM MLT (purple). The structure of 4-Di-2-ASP is shown in the plot. For
0 uM MLT, n = 3 and the shaded error bars represent the standard deviation between the
individual normalized trials; for 10 pM MLT, n=1.
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Figure 5.5: Initial intensities of trSHS (circles, left axis) and TPF (squares, right axis)
signals of S. aureus with 16 uM FM 2-10.
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the initial SHS intensity after adsorption to that of the two-photon fluorescence signal taken
at the same time. As FM 2-10 only exhibits significant fluorescence when embedded in the
membrane environment, monitoring the fluorescence signal allows us to separately monitor
the population contribution to the SHS signal. As can be seen in Fig. 5.5, the fluorescence
intensity for different MLT concentrations remains unchanged, suggesting that the same
number of probe molecules are adsorbed onto the membrane. In contrast, the SHS intensity
shows an overall decreasing trend with increasing MLT concentration suggesting that (3) is
decreasing over these conditions. Taken together, these data suggest that FM 2-10 does not
experience a more rigid environment over time and that, in fact, it’s initial lipid environment
may be more fluid, potentially promoting translocation to the inner leaflet.

We have previously shown that the membrane composition itself plays a large role in how
small molecules trespass the bacterial surface.[21] Specifically, we observed that for FM 2-10
and 4-Di-2-ASP, where a rise over the two hour time period is seen with S. aureus, a slight
rise is followed with a decrease in SHS intensity over time for B. subtilis. This discrepancy
was proposed to be attributed to the generally more fluid membrane of B. subtilis, which
in turn facilitated translocation events, whereas S. aurcus mediated molecule organization
in the outer leaflet over the same time period.[21] The fact these membranes facilitate
starkly different transport properties of FM 2-10 allows an opportunity to determine how
translatable MLT’s impact is for different species. Figure 5.6 shows that when MLT is
introduced to B. subtilis, FM 2-10 produces an immediate decrease in SHS intensity after
initial adsorption, similar, albeit more rapid, to what was witnessed with S. aureus (Fig.
5.3). Following this first translocation event, the SHS intensity displays a slight increase over
time and then remains relatively stagnant for the duration of the experiment.

Although the two cell species have different FM 2-10 transport in the absence of MLT, the
final result after MLT incubation is very similar. This could be due to MLT having the same
mechanism of action for both cell types. While S. aureus and B. subtilis have differences in
their overall phospholipid membrane composition, [133] they do have similarities that could
explain the analogous MLT results. For instance, both membranes have been shown to be
equipped with flotillin scaffold proteins[129, 107, 124] - proteins that are largely conserved

across different domains of life and hypothesized to play a role in MLT’s mechanism of action
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Figure 5.6: Normalized trSHS trials of B. subtilis with 16 pM FM 2-10 with 0 pM MLT
(blue) and 20 uM MLT (purple). The structure of FM 2-10 is shown in the plot. For each
condition, n = 3. Averaged data is shown as circles and the shaded error bars represent the
standard deviation between the individual normalized trials.
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for bacteria. [107, 158] Additionally, both membrane species are known to moderate
their membrane fluidity via isoprenoid-derived minor lipid species. [246, 27, 151] For
instance, S. aureus produces carotenoids, such as staphyloxanthin, and B. subtilis synthesizes
hopanoids.[130, 229] Hopanoids in particular are structurally and functionally similar to
that of ergosterol and cholesterol in eukaryotes. [188, 224, 223] Subsequently, both
of these sterols in eukaryotes have been shown to be important constituents for MLT
activity.[126, 251, 260, 134, 35, 88] Therefore, flotillin proteins and/or isoprenoid-derived
molecules could be potential targets for MLT in the bacterial species studied here.

When attempting to understand how MLT does not affect laurdan and DPH behavior
but does affect the behavior of MG, FM 2-10 and 4-Di-2-ASP, one may be quick to note
the neutral forms of the former group of molecules vs. the ionic forms of the latter. This
justification, however, is refuted by examining FM 1-43. Unlike the other three dyes
measured with trSHS, FM 1-43 transport is unaffected by the presence of MLT. As can
be seen in Fig. 5.7, after initial adsorption, the SHS signal from FM 1-43 decreases over
30 minutes before stabilizing. The signal from the MLT-affected cells exhibits the same
behavior within the error of the measurement.

We propose two possible explanations for the differences in MLT’s impact for these
five different probe molecules. First, MLT may induce a more local effect to specific
regions, 4. e. domains, within the membrane that is limiting in its impact to only those
molecules that are strongly associated with the same domains. This local impact is what
has been proposed before for its behavior.[126, 107] The novelty of our measurements is
then the suggestion that MG, FM 2-10 and 4-Di-2-ASP have a preferential association with
such domains. Previous work has shown that both laurdan[230, 239] and DPH[128] can
partition into multiple different lipid phases promoting a more homogeneous distribution
within the membrane. In contrast, styryl dyes have been seen to heterogeneously localize
within bacterial membranes|[14] although this is not always the case.[99] The heterogeneous
distribution has been attributed to the cationic charge on the styryl dyes interacting with the
negatively charged phosphatidylglycerol (PG) lipid headgroup.[14] It is important to note,
however, that such heterogeneous behavior was seen explicitly for FM 1-43 which we find to

be unaffected by MLT.
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Figure 5.7: Normalized trSHS trials of S. aureus with 16 uM FM 1-43 with 0 pM MLT
(yellow) and 12 uM MLT (purple). The structure of FM 1-43 is shown in the plot. For each
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standard deviation between the individual normalized trials.
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As a second, not necessarily unrelated, explanation for the differing behavior, we consider
the hydrophobic character of the probe molecules. As noted previously, both laurdan and
DPH are neutral molecules predominantly interacting with lipids below the headgroup.
Beyond those two molecules, the only other one not impacted by MLT was FM 1-43. In
comparison to MG, FM 2-10 and 4-Di-2-ASP, FM 1-43 contains the largest hydrophilic
moiety. As such it may be that those molecules with stronger interactions with the lipid

tails and hydrophobic core of the membrane are less susceptible to MLT alterations.

5.5 Conclusions

The results of our trSHS experiments show that MLT does hold promise as an adjuvant
species for small molecule antibiotics targeting Gram-positive bacteria. Our steady-state
fluorescence measurements with laurdan and DPH show no evidence of a large-scale increase
in the membranes of S. aureus cells induced by MLT. This result supports previous work
by others[35, 134] but extends this finding to bacteria. In contrast, multiple small molecules
exhibit altered interactions with the membranes after exposure to MLT. These alterations
led to an overall higher propensity for the molecules to more efficiently traverse the lipid
bilayer. While the lack of impact on FM 1-43 dynamics may seem limiting for MLT’s use,
it could alternatively be viewed as promising for future selectivity. Work remains, however,
to better understand MLT’s relationship with different small molecules and the mechanism

by which MLT impacts bacterial membranes overall.
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Chapter 6

Conclusions and Future Directions
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6.1 Conclusions

Overall, my doctoral research sought to investigate how small molecules interact with living
membranes of Gram-positive bacteria by employing the surface-specific technique: second
harmonic scattering (SHS). Specifically, Chapter 3 focused on the structural parameters of
both the molecules and the membranes that influenced the molecules’ adsorption affinities to
and transport behaviors within the membrane space. The results of which indicate that small
hydrophobic molecules exhibit lower affinity to the membrane but more complex transport
behaviors. Conversely, larger, more hydrophobic molecules have an increased affinity to
bacterial membranes and a greater propensity to traverse to the inner leaflet of the lipid
bilayer. The work presented in Chapter 3 also demonstrates the importance of the membrane
identity as Staphylococcus aureus and Bacillus subtilis had disparate interactions with the
same molecules. The results in this chapter establish the importance of monitoring small
molecule transport in real-time with living bacteria.

The rise in SHS of small molecule FM 2-10 with S. aureus was further investigated by
using polarization-resolved SHS (prSHS) in Chapter 4. This was the first application of
this technique to living cells to the best of our knowledge. While a polarization-dependent
response was observed, the experimental data did not match what was simulated from theory.
In order to quantify the angular distribution, this discrepancy will need to be investigated
further by either revisiting the model or implementing different experimental configurations.

Finally, SHS was used to examine how perturbing membrane organization through the
use of miltefosine impacted molecule-membrane interactions in Chapter 5. By doing so, it
was shown that although miltefosine has no apparent impact on the overall fluidity of the
membrane, molecule transport through the cells’ surface is significantly impacted - though
not to the same degree for all molecules studied. In particular, molecules that were shown
to remain in the outer leaflet of S. aureus in Chapter 3, were able to migrate to the inner
leaflet in the presence of miltefosine in Chapter 5. However, for one molecule, the transport
properties remained unaltered suggesting that miltefosine could be targeting the membrane

heterogeneously. We further demonstrated that this drug alters membrane transport in both
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S. aureus and B. subtilis. These results demonstrate the potential use of miltefosine as an

adjuvant to assist in the delivery of drugs to their bacterial targets.

6.2 Future Directions

The results presented herein provide a basis for a number of avenues to explore to obtain a
more complete picture as to how small molecules are interacting with bacterial membranes.
Potential directions for future experiments that strike the most intrigue consist of evaluating
the sources contributing to the rise in SHS seen in bacteria, considering other modes of
transport, investigating the role of the cell wall, diving deeper into studies focused on domain

disruption, and expanding the “toolbox” of membrane probes/systems.

6.2.1 Exploring the Rise

Although trSHS responses can be interpreted as the orientation of the molecules in the
membrane space, the rise in SHS in bacteria is a more complicated result to disentangle, as
we are the first to witness this transpiration.[147] As explained in Chapter 3, the SHS signals

(Esps) seen can be explained by Equation 6.1,

Esus < Ny(3) (6.1)

where N is the population of molecules in the membrane and () is the orientational average
of the hyperpolarizability. The latter term broadly describes how the individual dipoles are
oriented in the membrane. However, the term f itself can be altered depending on the
chemical environment of the molecules. [218, 12] An increase in either term, however, could
result in an increase in SHS signal. For N, this is represented in Figure 6.1 (A) as either (i)
an increase in the number of membrane bound probes in a constant cell population or (ii) an
increase in the total number of binding sites through an increase in the cell population. Both
of these hypotheses have been addressed previously [21, 147], however, and are shown to not
be significant sources owing to the rise in SHS signal over time. Figure 6.1 (B) illustrates

how a change in () could result in an increase in Fgyg. In panel B(i), the molecules are
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Figure 6.1: Cartoon schematic showing hypotheses for the sources of rising SHS signal.
Panel A shows the potential origin of an increase in SHS based on N, (Eq. 6.1) where (i)
there could be an increase in binding sites in the cells present or (ii) an increase in the number
of cells, and therefore, possible binding sites. Panel B illustrates three different hypotheses
for an increase originating from (5) (Eq. 6.1) where (i) results from a change in orientation
(()) and (ii) and (iii) results from a change in f itself.
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moving to regions of the membrane where they are able to become better aligned with one
another resulting in an increase in the overall orientation, and thus, (3). Another hypothesis,
shown in Panel B(ii), is that the molecules could be moving to a different region of the
membrane, and thus the molecules could be experiencing a different chemical environment
leading to a potential increase in (3. Lastly, panel B(iii) shows that an increase in § could arise
from aggregation of the probe molecules. Monomers that have aggregated along a surface
have been shown to increase this term by up to a factor of 6. [215, 137] Hereafter, the
hypotheses presented in panels B(i) - B(iii) will be referred to as Hypothesis 1 - Hypothesis
3, respectively. Overall, a potential direction to continue this research is to probe these
individual contributions to determine the source of the rise in SHS seen for small molecules
FM 2-10 and 4-Di-2-ASP in Chapters 3 and 5.

Potential experiments to probe the first of these Hypotheses include improving experi-
mental conditions of the pSHS experiments presented in Chapter 4. As mentioned above, the
pSHS experiments with §. aureus in Chapter 4 resulted in inconclusive findings, however,
we proposed possible directions to improve upon the technique. Nevertheless, quantifying
angular orientations of small molecules adsorbed to living cells could be an invaluable tool
in probing Hypothesis 1.

For Hypothesis 2, an exploration of the chemical environment over time would need to
be carried out. One way to accomplish this is to employ time-resolved techniques with time-
correlated single photon counting capabilities such as fluorescence lifetimes and ultrafast
fluorescence anisotropy. By collecting the fluorescence lifetimes of the molecules while in the
membrane space, changes in the immediate chemical environment, such as neighboring lipid
species, can be deduced due to the inherent sensitivity of the lifetimes of fluorophores to their
surroundings. [18] This technique could then easily be extended to time-resolved fluorescence
anisotropy by integrating polarization optics. In doing so, anisotropy measurements could
report on the orientation and rotational diffusion of the probe molecules, both of which could
also be useful for considering Hypothesis 1 in addition to pSHS.

Finally, Hypothesis 3, or aggregation, could potentially be probed by evaluating changes
in SHS signal due to changes in bulk concentration. If aggregation was a predominate

mechanism at play, reducing the bulk concentration would reduce the amount of aggregates
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Figure 6.2: Concentration-dependent trSHS experiments of FM 2-10 and 4-Di-2-ASP with
S. aureus. A) Normalized trSHS experiments of FM 2-10 at 16 (purple) and 8 (blue) uM. B)
Normalized trSHS experiments of 4-Di-2-ASP at 16 (purple) and 8 (blue) uM concentrations.
Circles represent the average normalized SHS intensity and shaded error bar regions represent
the standard deviation between individual experiments.
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capable of forming. As such, I have already carried out experiments in this area. Figure 6.2
shows that when the concentration of probe molecules FM 2-10 and 4-Di-2-ASP decreases
from 16 to 8 uM with the same density of S. aureus cells, the rise diminishes, though not
entirely. This suggests that aggregation may be a contributing factor to the total SHS signal
seen. It should be noted, however, that by decreasing the concentration, other possibilities
could arise. This observation illustrates that it may be difficult to isolate contributions to
any one Hypothesis. Therefore, future works with a focus on additional complementary
techniques would need to be employed to obtain a more complete picture of the behavior of

these small molecules in the membrane.

6.2.2 Transport Mechanisms

The central hypothesis guiding the research here is that the probe molecules under
investigation transport through the Gram-positive bacterial surfaces primarily by passive
diffusion mediated by the lipid environment of the cytoplasmic membrane. Bacteria,
however, are capable of transporting small molecules by many routes. For instance, aside
from lipoidal passive diffusion, molecules can enter the cell through facilitated and active
transport mechanisms.[220, 183, 222] Examples of the former consist of ion channels and
carrier-mediated proteins that do not directly need an energy source to operate. Instead,
these pathways are largely driven by ion and concentration gradients. [220] Active transport
on the other hand requires an energy source in the form of sugars or adenosine triphosphate
(ATP) in order to employ proteins spanning the membrane to transport molecular cargo
into and out of the cell. [183, 222] Similar to how multiple hypotheses listed in Section 6.2.1
could be occurring simultaneously, it is possible that cells are utilizing multiple transport
mechanisms mentioned here to mediate the transport of the molecules investigated in this
dissertation. For instance, preliminary results in which ATP is depleted from the system
via sodium arsenate dibasic heptahydrate (SADH) [43, 154] show that FM 2-10 might rely
on the presence of energy in S. aureus, as seen in Figure 6.3. The extent at which each
mechanism plays a role in this transport has yet to be investigated and remains a future

direction.
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Figure 6.3: Impact of SADH on trSHS dynamics of 16 uM FM 2-10 with S. aureus.
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6.2.3 More Mesh, More Problems

As depicted in Chapter 1, the Gram-positive bacterial surface is not solely composed of a
cytoplasmic membrane, but instead is a lipid bilayer surrounded by a thick peptidoglycan
mesh (PM), or cell wall, that acts as a physical barrier of protection. This PM layer is
30-100 nm thick and is equipped with intercalated sugar molecules, lipoteichoic acids and
teichoic acids that carry negative charges. [187, 177] Without removing this structure, it
is difficult to determine precisely which membrane structure the molecules studied here
are interacting with. It is hypothesized that these anionic charges are more random than
structured and that the dispersal of charges would result in a random orientation of probe
molecules, thus rendering no significant SHS responses. Additionally, the PM for S. aureus
and B. subtilis, specifically, has been shown to exhibit large pores [177] that potentially
facilitate the movement of these molecules to the cytoplasmic membrane. Therefore, the
cell wall is not expected to be the predominant membrane structure facilitating the SHS
responses witnessed in this dissertation. Additionally, absence of the PM has been shown
to disrupt the osmotic regulation and decrease the cell wall stiffness of S. aureus. [69] By
removing the PM, its overall impact on these small molecule dynamics could assessed and

mechanical impact on molecule transport can be elucidated.

6.2.4 Disrupting Domains

While the sole focus of Chapter 5 dealt with investigating the impact MLT has on the
small molecule transport in the membranes of S. aureus and B. subtilis, MLT is only
one potential disruptor of membrane domains. Additionally, while the structure of the
molecule, as an alkylphosphocholine, dictates its primary mechanism of action begins by
perturbing the membrane structural integrity directly, there are other disruptors that have
been hypothesized to act by targeting cell machinery in the cytoplasm. One such disruptor
is zaragozic acid (ZA). ZA is a squalene synthase inhibitor that has been shown to reduce
the production of carotenoids in S. aureus and perturb flotillin protein localization in B.
subtilis, with both carotenoids and flotillin proteins being potential membrane domain

constituents.[129] Therefore, it would be interesting to explore other membrane disruptors
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such as ZA and their potential impact on molecule transport to elucidate the roles domains

play in small molecule-membrane dynamics.

6.2.5 Expanding the Toolbox

Lastly, the results presented in Chapter 3 were the start of a “molecular toolbox” to
investigate how molecule and membrane structure influences a molecule’s journey through
the bacterial surface. Future works should expand the range of molecules to uncover how
other tunable parameters, such as charge, aromaticity, and geometry, impact these dynamics.
Further, this work focused on the membranes of S. aureus and B. subtilis illustrating that
not all dynamics of these small molecules can be generalized for all membranes. Therefore,
it is necessary to expand to other cell types to unveil the role of the membrane structure

itself in small molecule-membrane interactions.
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