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Abstract
Probing Bacterial Cell Envelope Structure and Dynamics with Metabolic Reporters
By
Frances Paola Rodriguez-Rivera
Doctor of Philosophy in Chemistry
University of California, Berkeley

Professor Carolyn R. Bertozzi, Chair

The complexity of the bacterial cell envelope along with the clinical implications arising
from biological discoveries have produced steady research over the last century. Orchestration of
cell envelope biosynthesis requires the coordination of proteins, carbohydrates, glycolipids and
lipids alike. The majority of these biomolecules are not encoded genetically and their dynamics
can be challenging to interpret from standard genetic and biochemical approaches. Throughout
my doctoral studies, I have endeavored into developing chemical reporters to visualize individual
components of the bacterial cell envelope in live cells. This chemical biology strategy allowed
the discovery of front-line tuberculosis drug effects on cell envelope dynamics, mapping of the
cell envelope assembly during cell growth and division, as well as tracking individual glycolipids
during in vivo mycobacterial infection. These investigations are the subject matter of this
dissertation.

In the first chapter, I discuss a suite of chemical approaches to label the non-protein
components of the bacterial surface. In particular, covalent and non-covalent modifications are
described based on specificity towards labeling individual components from the cell envelope as
well as examples of species-specific strategies. This overview of the literature sets the stage for
improving metabolic reporters that can reveal underlying molecular processes concerning
bacterial cell envelope structure and dynamics. The lessons learned from this survey are utilized
to provide the framework for rational design of metabolic reporters outlined in the following
chapters.

Chapter 2 describes the visualization of mycomembrane dynamics in real time in live
bacteria. Metabolic labeling of trehalose mycolates associated with the cell envelope directly
reports on mycomembrane fluidity. This strategy revealed that mycomembrane fluidity
correlates with mycolic acid structure in Actinobacteria, and the glycolipids in Mycobacteria are
nearly immobile. Our platform sets the stage for interrogation of mycomembrane fluidity as a
proxy for increased susceptibility in mycobacteria during drug treatment.

The work presented in Chapter 3 relates to the study of cell envelope dynamics during
cell growth in live mycobacteria visualized by metabolic labeling. Development of molecular
tools revealed the subcellular organization trehalose monomycolates with super resolution
microscopy. Pulse-chase experiments revealed that mycobacteria significantly remodel their cell
envelope during front-line tuberculosis drug treatment. This work reveals the underlying
dynamics in cell wall biogenesis of pathogenic Mycobacterium marinum and provides insight



into immediate stress responses. These findings also enhance our understanding of mycobacterial
cell envelope structure and dynamics and have implications for development of new drug
cocktails.

In Chapter 4, the investigation of cell envelope assembly during actinobacterial growth
and division is described. Actinobacteria divide by a process called "V-snapping”, where
daughter cells remained joined until rapid snapping to form the characteristic V-shape. However,
the exact cell envelope layer that undergoes rupture during V-snapping and the temporal
landscape for this process remains unclear. Unnatural cell wall reporters amenable to ligation of
fluorophores by bioorthogonal chemistry were used to visualize how cell envelope organization
is coordinated in actinobacteria. Dynamics of the cell envelope revealed that new peptidoglycan
and arabinogalactan are actively biosynthesized during septation, but non-covalently membrane-
bound glycolipids are only mobilized to the septum right before V-snapping occurs. We propose
that peptidoglycan undergoes mechanical rupture to facilitate millisecond V-snapping.

Finally, Chapter 5 describes the investigation of trehalose glycolipids during infection in
the M. marinum-zebrafish model. In efforts to characterize in vitro dynamics of these
glycolipids, fast turnover was observed and this phenomenon was correlated to the release of
outer membrane vesicles. Super resolution microscopy shed light on the ultrastucture of
glycolipids within the cell envelope. Metabolic labeling of trehalose mycolates revealed dynamic
trafficking of such species during infection in cellulo and in vivo, where outer membrane vesicles
could play an important role during early host-pathogen interactions.



This dissertation is dedicated to my sister Claudia.
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Chapter 1. Chemical Approaches to Label the Non-Protein Components of the Bacterial
Cell Envelope

INTRODUCTION

The bacterial cell surface is the first line of defense against extracelluar stresses within
the biological milieu and supports the basic processes of growth, division, and secretion. A
significant proportion of cellular resources are dedicated to maintaining and remodeling the
bacterial cell envelope. In turn, this barrier preserves cellular fitness by selective permeation of
solutes over potential damaging agents as well as cell lysis. The essentiality and accessibility of
the cell envelope have rendered it highly druggable as evidenced by the number of antibiotics
that target it."” However, components of the cell envelope also play important roles in
pathogenesis as they can mediate the very first interactions with a host during infection. To
understand the underlying mechanisms of biosynthesis and host-pathogen interactions from a
cell envelope perspective, it is imperative to understand the dynamics of individual components
in their native environment.

Most bacteria can be classified in three categories in respect to the structure of the cell
envelope: Gram-negative, Gram-positive and mycobacteria® (Figure 1.1). Architecture of the cell
wall includes an inner membrane followed by a layer of peptidoglycan (PG), which is thicker in
Gram-positive bacteria and mycobacteria. Gram-negatives display a characteristic outer
membrane that is elaborated with lipopolysaccharides (LPS), capsular polysaccharides (CPS)
and glycoproteins (Figure 1.1A). In comparison, Gram-positive organisms construct a thick PG
layer modified with teichoic acids, as well as CPS and glycoproteins (Figure 1.1B). Similar to
Gram-positives, mycobacteria biosynthesize a thick PG layer, but it is modified with unique
glycan structures such as arabinogalactan and mycolic acids (Figure 1.1C). The mycobactecterial
outer membrane, or mycomembrane, accommodates mycolylated arabinogalactan as well as non-
covalently associated glycolipids, such as those derived from trehalose, which are hallmarks of
the mycobacterial cell envelope.”” In sum, the bacterial cell surface is primarily composed of
non-genetically encoded products.

The complexity of the bacterial cell envelope along with the clinical implications arising
from biological discoveries have produced steady research over the last century. Orchestration of
cell envelope biosynthesis requires the coordination of proteins, carbohydrates, glycolipids and
lipids alike. The majority of these biomolecules are not encoded genetically and their dynamics
can be challenging to interpret from genetic and biochemical approaches. Thus, significant
efforts have been devoted to chemically modifying the bacterial cell envelope. In this chapter, I
discuss chemical approaches to label the non-protein components of the bacterial surface in
different species. In particular, covalent and non-covalent modifications are described based on
specificity towards labeling individual components from the cell envelope as well as species-
specific examples. These approaches have become powerful tools to interrogate cell envelope
structure, biosynthesis as well as interactions with the host during pathogenesis.
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Figure 1.1 Bacterial cell envelopes for Gram-negative, Gram-positive and mycobacterial
species. This figure highlights the differences in composition and structure between Gram-
negative (a), Gram-positive (b) and mycobacterial species (c). Inner membrane (IM), outer
membrane (OM), lipopolysaccharides (LPS), capsular polysaccharides (CPS). Reproduced with
permission from reference.’® Copyright 2014, The Royal Society of Chemistry.

CHEMICAL METHODS TO LABEL THE BACTERIAL CELL ENVELOPE
Agnostic small molecule probes for non-covalent and covalent modification

Small hydrophobic molecules have been useful to reveal structural information of the
bacterial cell surface. For example, membrane intercalators should be agnostic to the surrounding
cell wall components, but physical properties of these molecular probes can bias non-specific
interactions according to size, charge, and hydrophobicity features. Early work using lipophilic
fluorophore conjugates that nonspecifically intercalate into the mycomembrane of mycobacteria
suggested a heterogeneous cell surface landscape.”® Structural features of both selected
fluorophore and lipid tail were found to influence localization of lipophilic conjugates to
different subcellular regions.” The observed phenomena are further complicated by strong
interactions between probe and glycolipids such as cardiolipin,® which could alter the structural
organization of lipid domains. Among this class of compounds, FM-4-64 dye has been utilized to
elucidate lipid spiral architecture and role in cell division of Bacillus subtilis, which has forced
the revision of the fluid mosaic model for bacterial membranes.” Due to non-specific
interactions, these compounds are mostly used as markers for cell membranes in fluorescence
colocalization studies.

Commercially available amine-reactive dyes can tag any biomolecule within the cell wall
that has a good appended nucleophile. In comparison to membrane intercalators, covalent
attachment of fluorophore can illuminate long-term dynamics with spatiotemporal resolution of
the modified biomolecule. For this reason, many groups have selected this strategy for tracking
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proteins in the bacterial cell envelope, but these reagents cannot discriminate between exposed
amines in proteins, lipids, or glycans.'®" Virtually all amine functional groups can be modified
during labeling, where accessibility might determine preference towards more exposed
functionalities. This labeling strategy requires removal of all proteins from the growth media,
slightly basic pH, and excess reagent to account for competing hydrolysis of labeling reagent in
order to increase the labeling efficiency. Such stringent conditions might affect the physiology of
the cell and therefore the outcome of the visualization method. From using this strategy, we have
learned about the nature of polar inert murein'® and helical orientation of cell surface proteins in
Escherichia coli,'' as well as differential susceptibilities to antibiotics in Mycobacterium
smegmatis by measuring asymmetry and cell elongation rate."

Other efforts for covalent modification have focused on oxidation of cell surface glycans
followed by installation of a visualizable handle, commonly used for tagging mammalian
glycans.'*"> Periodate oxidation of carbohydrates introduces aldehydes than can be ligated with
amine or hydrazide reagents that are installed on glycoproteins, glycolipids or higher order
glycopolymers (arabinogalactan, lipoarabinomannan, etc.). Russell and coworkers discovered the
trafficking of mycobacterial cell envelope components within infected macrophages utilizing this
method.'®"” However, non-specific oxidation of bacterial cell surface glycans could negatively
impact interactions with host receptors that are crucial for pathogenesis. Taken together, agnostic
small molecule probes are useful tools to illuminate the bacterial cell surface, but lack the
specificity to modify individual component of the cell envelope.

Drug-inspired molecular probes

The bacterial cell envelope is the target of several successful antibiotics, but these have
also expanded our understanding of underlying molecular processes of cell wall biosynthesis.
Most prominent is the PG layer, almost ubiquitous among bacterial organisms, which determines
the cell’s shape and protects it from turgor pressure.'® > For these reasons, PG structure and
biosynthesis has been an area of extensive study for many years.”'** The peptidoglycan polymer
consists of a repeating disaccharide unit (N-acetylglucosamine and N-acetylmuramic acid,
GlcNAc and MurNAc, respectively) that harbors short peptides. The peptide chains, composed
of mostly D-amino acids (up to pentamers), are crosslinked and can vary among bacterial
species. This meshwork affords the intrinsic rigidity to the cell wall and can sustain impressive
turgor pressures.

Many enzymes are involved in the biosynthesis of PG, which are located both in the
cytosol and the periplasm (Gram-negative) or extracytoplasm (Gram-positive) (Figure 1.2). D-
alanine is processed by D-alanyl-D-alanine ligase to form the first committed D-ala-Dala
dipeptide towards de novo PG synthesis.***® Several enzymes are involved in producing the
UDP-MurNAc-tripeptide, which is a precursor that is ligated to D-ala-D-ala to the afford UDP-
MurNAc-pepntapeptide. This monomer is in turn modified with undecaprenol phosphate within
the cytoplasmic face of the inner membrane to form Lipid I (Figure 1.2).***° Lipid II is the
product of adding UDP-GIcNAc to the Lipid I intermediate. The disaccharide lipid subunits
(Lipid II) are flipped to the periplasm for assembly into PG strands. Enzymes involved in
transglycosylation and transpeptidation (including penicillin-binding proteins, PBPs) modify
new PG and crosslink incorporated subunits into the existing meshwork (Figure 1.2).2°2°
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Figure 1.2 Peptidoglycan biosynthesis takes place in both cytosolic and perisplasmic
compartments of the cell

In efforts to find new antibacterials, several antibiotics that target peptidoglycan have
been identified to date. For example, vancomycin, a cyclic glycosylated antibiotic, inhibits
nascent PG biosynthesis by binding D-alanine-D-alanine motif within the stem peptide from
uncrosslinked strands. Installation of fluorophores on this antibiotic has found widespread use to
visualize PG biosynthesis in live cells. A vancomycin-fluorescein (Van-Fl, Figure 1.3) conjugate
revealed strong septal labeling and a helical pattern of the sidewall when incubated with live B.
subtilis.”” Walker and coworkers expanded upon this work and surveyed fluorescent derivatives
of vancomycin and ramoplanin to visualize nascent PG in B subtilis, revealing the characteristic
helical labeling pattern of the sidewall.”® Ramoplanin binds lipid II extracellularly, therefore
preventing incorporation of disaccharide-pentapeptide precursors into growing PG strands by
transglycosylases.”” >> Both vancomycin and ramoplanin derivatives (Ramo-Fl, Figure 1.3)
induced perturbations in PG synthesis as denoted by dose-dependence studies, but ramoplanin
conjugates provided a more robust signal at lower concentrations than MIC.*® These studies
highlighted how fluorescent antibiotics could inform on nascent PG synthesis and correlated with
cytoskeletal elements, such as MbI-dependent colocalization.” Fluorescent antibiotics have also
yielded high resolution imaging of PG labeling by super resolution techniques.”* For extended
imaging applications, a nitrone-modified version of vancomycin was reported to label Gram-
positive Lactococcus lactis after ligation of a cyclooctyne-fluorophore conjugate.”

These powerful molecular tools are visualizable inhibitors that suffer from limited
accessibility to their targets due to the permeability barriers in the cell wall, as exemplified by
their widespread in Gram-positive organisms. Mycobacteria, which are highly impermeable to
hydrophilic and hydrophobic small molecules,’®**” necessitate at least 2 h incubation period to
afford a robust signal from Van-F1.>*>*” A long incubation requirement could obscure dynamics
occurring in the order of minutes during cell envelope biosynthesis. In addition, their intrinsic
toxicity limits fluorescence imaging to end-point experiments, which are only static snapshots of
bacterial surface dynamics. Along a similar vein of fluorescent antibiotics, the design of new



molecular probes could include introduction of targocil*”*' conjugates as the first visualizable
inhibitor of wall teichoic acid biosynthesis,” which are covalently anchored to PG (Figure 1.1).
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Figure 1.3 Drug-inspired fluorophore conjugates to image the bacterial cell envelope.
Chemical structures for vancomycin, ramoplanin and bedaquiline molecular probes are
illustrated.



Another example of drug-inspired probes involved the modification of bedaquiline with
BODIPY fluorophore (Figure 1.3).* Bedaquiline emerged as a clinically approved drug to treat
multi-drug resistant tuberculosis.”** Its mechanism of action relies on the strong interaction with
membrane-exposed ion-binding sites of the c-ring of F;F,-ATP synthase, therefore stopping ATP
synthesis in mycobacteria.” Careful inspection of the linker length between bedaquiline and
fluorophore afforded synthetic conjugates with 70-fold higher MIC than the parent drug.** These
compounds could find broad applications in understanding diarylquinoline interactions with
target protein and efflux pumps for biochemical or fluorescence imaging experiments. Additional
examples of enzyme-targeted labeling with antibiotic conjugates have been reported for PBPs*
and were recently reviewed elsewhere."’

Sortase-mediated ligation to label peptidoglycan

Bacterial sortases are endowed with the capacity to covalently link proteins to the PG
layer in Gram-positive organisms (Figure 1.4)."** Sortase A (SrtA) from Staphylococcus aureus
requires recognition of the conserved LPXTG pentapeptide motif at the C-terminus of secreted
proteins.”’””! Several groups have exploited the selectivity of this motif to anchor pentapeptides
modified with different payloads to PG.>>>* Spiegel and coworkers demonstrated covalent
modification of S. aureus cell wall with synthetic peptides carrying diverse functional handles,
including bulkier substrates fluorescein and biotin.’* More recent work has focused on improving
sortase-tagging efficiency by optimizing the conserved recognition motif.>* However, these
efforts to modify PG layer within the cell envelope have been limited to Gram-positive
organisms so far. Peptide substrates could be inaccessible to sortase-like enzymes by the higher
impermeability presented by Gram-negative and mycobacterial species.
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Figure 1.4 Sortase-mediated ligation of small molecules to the bacterial cell envelope

Taking inspiration from bacteria, the sortase-mediated ligation has found useful
applications for bioconjugation strategies including new engineered variants.”>>® In addition to
sortases, other bacterial proteases that recognize VLK-peptide substrates have recently emerged
as new candidates for PG-specific modification of Gram-positive bacteria.”

Biomolecule-specific covalent modification with synthetic metabolic reporters

Biochemical characterization of cell wall biosynthetic pathways has paved the way for
understanding substrates, enzymes and products involved in such processes. Such knowledge has
also highlighted diversification of enzymes among bacterial species. Notably, the first example
of metabolic labeling falls within radiolabeling experiments, where radioactive metabolic



precursors are introduced to track cell metabolites. These experiments require dedicated
equipment and generate toxic waste that can easily become cost-prohibitive. Nonetheless, it is
widely accepted that the endogenous biosynthetic machinery of the cell can metabolize small
synthetic reporters.®’ This approach has been demonstrated in both bacterial®®' and mammalian®
systems. A metabolic reporter can hijack the biosynthetic pathways, where the promiscuity of
such enzymes is exploited for installation of a visualizable handle onto the biomolecule of
interest. Furthermore, metabolic labeling can take advantage of either cytosolic or extracellular
incorporation of unnatural precursors (Figure 1.5).
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Figure 1.5 Metabolic labeling of the bacterial cell envelope via cytosolic and extracellular
incorporation routes

Installation of a visualizable handle on the biomolecule of interest can be achieved in
different ways. For example, introduction of a small functional group such as azides or alkynes
on the reporter, which are agnostic to functionalities found in the biological milieu, can be
covalently ligated with fluorophores by bioorthogonal chemistry.®*** If biosynthetic enzymes
are promiscuous, larger functional groups directly installed on the reporter (i.e. fluorophores) can
be visualized with a one-step labeling strategy. Metabolic labeling of the bacterial surface has
been reviewed comprehensively by several groups.®*-¢016>-¢

D-amino acid-derived molecular probes to label peptidoglycan

Bacteria accommodate several unnatural D-amino acids into the PG architecture, which
are integral components for stem peptide crosslinking (Figure 1.2). de Pedro et al. first
recognized this phenomenon by characterization of D-cysteine incorporation by E. coli. "° Upon
covalent ligation with thiol-reactive labels for fluorescence and electron microscopy, polar
murein caps were found to be essentially inert in this organism. Although a powerful tool that
revealed new PG biology, thiol reactions are not suited for two-step labeling methods during
non-disruptive live cell imaging. Future work in this area spanned the installation of visualizable
handles that had desirable properties for incorporation by live cells under physiological
conditions. The first wave of such efforts involved appending small molecule fluorophores on D-
alanine or D-lysine analogs such as coumarin, fluorescein, and tetramethylrhodamine.”""?
Fluorescent D-amino acids (FDAA) have unveiled structural information with super resolution
microscopy as well as in vitro growth and cell division dynamics in bacterial species.””””"" In



addition, FDA As have successfully identified a PG layer within the Chlamydiae cell envelope in
vitro and in infected amoeba cells.”® Collectively, these reports have highlighted important
insights into PG synthesis, but fail to capture de novo PG biosynthesis occurring in the cytosol.

Smaller bioorthogonal reporters installed on D-amino acids are better suited to gain
access into the cytosolic compartment of bacteria. A two-step labeling strategy to visualize PG
dynamics in vitro and during infection was developed in our group by exploiting the minimal
perturbation of azide and alkyne-D-alanine derivatives.” Additional, these click-chemistry
armed derivatives have facilitated the impressive visualization PG dynamics of Listeria
monocytogenes within infected macrophages™ and sporulation of Clostridium difficile.®' Even
though small D-amino acids are efficiently metabolized by bacteria, delivery of secondary
labeling reagents can suffer from poor accessibility and increased background arising from non-
specific interactions. Due to these limitations, two-step labeling experiments might only capture
end-point phenomena and afford a limited temporal resolution. To address this, several groups
have focused on developing fluorogenic alternatives, where fluorophores have been rationally
designed to only turn-on after reacting.”*** Our group has demonstrated PG labeling in bacteria
with cyclooctyne D-amino acids that can be selectively visualized with azide-fluorogenic probes
in live cells without any washing steps.® The Pires group has also developed reporters harboring
alkenes that can be detected with tetrazine probes,*® which are good candidates for a fluorogenic
strategy.87

D-amino acids have also been envisioned as a means to target bacterial infections by
installing motifs that could be recognized by the immune system.®”® Fura er al. elegantly
demonstrated that the surface of Gram-positive bacteria could be labeled with dinitrophenyl-D-
amino acid (DNP) derivatives that are recognized by anti-DNP antibodies.*” This approach
facilitated accelerated phagocytosis after chemically-inducing opsonization of B. subtilis by
murine macrophages.”” In particular, this approach could find clinical applications to treat
bacterial infections as recently demonstrated for intracellular S. aureus during in vivo infection.”
With the discovery that PG biosynthetic machinery is rather promiscuous and the advancement
of bioorthogonal chemistry, diverse functionalities have been installed on D-amino acid analogs
that are metabolically incorporated by bacteria (Figure 1.6). The current repertoire includes
bioorthogonal handles from azides to cyclooctynes, fluorophores, biotin,”' and dinitrophenol
groups for antibody recognition.
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Figure 1.6 Functionalities installed on D-amino acid probes to metabolically label the
bacterial cell envelope. Promiscuous PG biosynthetic machinery tolerates a range of functional
groups including a variety of fluorophores, bioorthogonal handles, and affinity handles. The
chemical structure of PG monomer is also depicted (left).

Bacteria can incorporate exogenous D-amino acids into peptidoglycan through both
intracellular and extracellular pathways that can operate in different species. The former depends
on the cytoplasmic addition of a new D-amino acid at the fifth position of the stem peptide by the
action of D-alanine-D-alanine ligase (Ddl). The second pathway requires transpeptidases that
install the new residue at either the fourth or the fifth position on the stem peptide. The
preference over these incorporation routes has remained unclear since there is biochemical
evidence that supports both alternatives.”>” Our two-step metabolic labeling strategy coupled
with correlative light and electron microscopy’ ™ provided the resolution to discriminate
between labeled surface PG strands and cytosolic PG intermediates bound to the inner
membrane.”® This work provided the first direct evidence of alkyne-D-alanine being primarily
incorporated by a cytosolic route in L. monocytogenes.
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More recent efforts have successfully modified the C-terminus of D-amino acid reporters.
D-amino carboxamide probes have emerged as next generation reporters that dramatically
increase incorporation efficiency into B. subtilis PG.”” However, these reagents were not
processed by L,D-transpeptidases or PBPs from E. coli, highlighting species-specific selectivity
for processing unnatural reporters.”” Pires and coworkers expanded upon this work by
diversifying the modification at the C-terminus as means to profile bacterial species.”® Notably
they found that cell stiffness was substantially reduced after labeling, which indicates more
prominent perturbations to PG acrchitecure.”® D-amino carboxamide probes have also been used
for antibody recruitment to the bacterial cell surface.”

A different variant of PG-inspired reporters takes advantage of endogenous recycling of
PG fragments. Dipeptides harboring azides or alkynes are incorporated by the cell’s biosynthetic
machinery and can be visualized after delivery of a fluorescent handle'™ or attachment of
haptens for antibody recruitment.'”’ This dipeptide labeling strategy was used to prove the
existence of PG in Chlamydia trachomatis and effectively dismiss the “chlamydial anomaly” by
Liechti e al.'™ Fluorophore-tripeptide conjugates are also hypothesized to follow a cytosolic
incorporation route.'”” In comparison, fluorescent stem peptide mimics have been developed to
serve as donors during transpeptidation reactions by transferring a fluorophore to monitor
activity of PBPs.'” Finally, earlier work by Liu ef al. and Sadamoto et al. showed that UDP-
MurNAc-pentapeptide derivatives can metabolically label PG as well.'**""” Collectively, PG
reporters are incorporated by highly promiscuous biosynthetic machinery among bacteria and
have provided significant insights into cell growth and division.

Carbohydrate-derived molecular probes to label polysaccharides and glycolipids

Metabolic oligosaccharide engineering was first described in mammalian systems, but
has been widely adopted for bacterial systems in the last decade.'” Similar to PG labeling
strategies, the promiscuity of cell envelope biosynthetic enzymes can be exploited to introduce
unnatural monosaccharides. Incorporation can vary from cytosolic to extracellular routes
depending on the biosynthetic pathway of interest. Bertozzi and coworkers demonstrated for the
first time the incorporation of metabolic reporters into lipooligosaccharides (LOS) of
Haemophilus ducreyi.'” "'’ Unnatural sialic acids with varying alkyl chain lengths on the N-acyl
position were metabolized by an extracellular scavenging pathway (Figure 1.7A)."'"" This
strategy required arduous validation and quantification of incorporation efficiency by radioactive
experiments and mass spectrometry. With the advent of the bioorthogonal chemistry toolbox,
polysaccharides from E. coli have been visualized with two-step metabolic labeling strategy.'''
Utilizing fucose-derived analogs, Yi et al. performed metabolic engineering of a promiscuous
sugar nucleotide biosynthetic pathway to afford chemically-defined bacterial lipopolysaccharides
(LPS) (Figure 1.7B). Using a similar strategy, Dukan, Vauzeilles and coworkers identified 3-
deoxy-D-manno-octulosonic acid (KDO) within the inner core of LPS as a potential candidate
for metabolic labeling.''* Installation of an azide on KDO (KDO-N3) allowed visualization of
LPS in live Gram-negative bacteria by fluorescence imaging''* (Figure 1.7C). Future work from
these groups encompassed developing reporters to label the O-antigen portion of LPS with
legioaminic acid (Leg) precursors (highlighted in green, Figure 1.7C). Mas Pons et al. utilized
these metabolic reporters for easy and specific detection of living Legionella pneumophila.'”
These approaches take advantage of species-specific building blocks, which are crucial for
organism detection.
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In addition to glycan metabolic labeling of Gram-negative bacteria, important
contributions have been made towards elucidating roles of unique glycolipids in mycobacteria.
The mycomembrane supports a wide variety of non-covalently associated glycolipids, of which
trehalose monomycolate (TMM) and dimycolate (TDM) are the most abundant species (Figure
1.8A).>'"* Both of these glycolipids have been the subject of metabolic labeling efforts as
interrogation of dynamics by biochemical or genetic approaches have not been successful. Barry,
Davis and coworkers discovered that bulky modifications on the trehalose scaffold were
tolerated for labeling live mycobacteria.'” Impressively, a fluorescein-trehalose conjugate
(FITC-Tre) in Figure 1.8B was metabolized to form trehalose mycolates by the antigen 85
complex (Ag85), a family of mycolyltransferases that convert 2 TMM units to TDM and free
trehalose. This work highlighted for the first time how synthetic trehalose reporters could be
utilized to visualize trehalose mycolate dynamics in mycobacteria by fluorescence imaging.
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Figure 1.8 Trehalose reporters to metabolically label trehalose glycolipids. A) Chemical
structures for trehalose and trehalose mycolates. B) Chemical structures of unnatural trehalose
reporters to visualize trehalose mycolates by fluorescence imaging.

Late-stage incorporation by an extracellular route limited the ability to observe de novo
biosynthesis of trehalose mycolates. Thus, Swarts et al. developed azide-trehalose (TreAz,
Figure 1.8B) reporters that were taken up by live by mycobacteria and were visualized with
cyclooctyne-fluorophore conjugates.''® The site of modification determined whether these probes
gained access to the cytosol through the trehalose transporter SugABC-Lpqy.'"” TreAz probes
can also by accessed chemo-enzymatically''® to perform mycobacterial labeling. Swarts and
coworkers elegantly described the application of trehalose reporters that serve as TMM donors to
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modify both trehalose mycolates and arabinogalactan (alkTMM, Figure 1.8B).'" Besides

fluorescence imaging, trehalose reporters have been proposed to serve as radiotracers'®’ to
follow tuberculosis human infection, as trehalose is completely absent in mammalian organisms.
Collectively, trehalose reporters have been adopted for fluorescent labeling of the mycobacterial
cell envelope with potential applications for clinical imaging as well as early diagnosis of
tuberculosis disease.

SUMMARY AND OUTLOOK

The bacterial cell surface harbors many non-genetically encoded products that are
integral components for cell envelope structure and dynamics. Recognizing orthogonal
metabolites to the host or species-specific building blocks are both successful strategies to
selectively visualize bacterial cell envelope components. D-amino acids and bacterial-derived
glycan reporters serve this purpose, but fewer alternatives can label the bacterial cell envelope in
a species-specific manner. With the development of super resolution techniques and application
to bacterial imaging,'*"'** the visualization of metabolically labeled components should be
around the corner. The molecular view of individual components could reveal important
structural insights on cell envelope architecture as well as subcellular resolution of biomolecule
dynamics. New technological advances such as imaging by stimulated Raman-scattering,'>
could harness an unperturbed view of biomolecule dynamics as heavy isotopes of metabolic
reporters can be traced without interference from biological signatures.

Besides technological advances, the rational design of new visualizable handles to be
installed on metabolic probes could immediately report on biophysical properties of the local
environment. For example, solvatochromic probes are good candidates for reporting on local
hydrophobicity'** or pH changes.'” Environment-sensitive probes'**'*’ in combination with
metabolic reporters could yield powerful point-of-care diagnostics that are bacterial species
specific. In addition, chemical approaches to label the bacterial cell envelope are well-suited to
deliver cargoes for photodynamic therapy (PDT).'*® ! Installation of small molecule PDT
tracers ~>'> could be explored as a new avenue for treatment of bacterial infections.

Chemical approaches to engineer the bacterial cell surface can provide fine-tuned control
required to understand molecular processes in biology. Rational design of antibiotic or cell
envelope fragment reporters will continue to be powerful tools in microbiology.
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Chapter 2

Visualization of Mycobacterial Membrane Dynamics in Live Cells

This work was adapted in part from Rodriguez-Rivera, F. P.; Zhou, X.; Theriot, J. A.; Bertozzi, C. R.
Visualization of mycombrane dynamics in live cells.
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Chapter 2. Visualization of Mycobacterial Membrane Dynamics in Live Cells

INTRODUCTION

Tuberculosis (TB), the leading cause of death worldwide from a single infectious agent,
Mpycobacterium tuberculosis (Mtb), took 1.5 million lives in 2014 and remains a global public
health emergency.! Mtb infects host macrophages and its survival within that hostile
environment depends on an impermeable cell envelope that protects bacilli from biological
stresses.”” Furthermore, the cell envelope has proven to be a formidable physical barrier against
many antibiotics that might otherwise be efficacious against Mtb.** For this reason, TB must be
treated with drug combinations that include at least one compound that compromises cell
envelope integrity.’

The mycobacterial cell envelope comprises inner membrane and peptidoglycan layers
that are similar to those of common Gram-negative and —positive organisms, but then diverges
considerably in the molecular composition of its outer layers (Figure 1A). Most prominent are
mycolic acids that are covalently anchored to arabinogalactan chains.” Up to an impressive 90
carbons in length,® these lipids constitute the inner leaflet of the mycomembrane and form an
interface with an outer leaflet composed of non-covalently associated glycolipids, the most
abundant being trehalose monomycolate (TMM) and dimycolate (TDM) (Figure 1B). The result
is a functional outer membrane that is unique to Mtb and other members of the suborder
Corynebacterineae.

Given its importance in protecting Mtb from drug action, the cell envelope has been the
focus of considerable structural work centered on isolating and identifying its various
components and visualizing individual layers by electron microscopy (EM).” CryoEM studies
have added information about the highly organized vertical architecture of the cell envelope at
high resolution in a native state.”'’ Far less is known, however, about the dynamics of the cell
envelope components and very few studies have focused on the mycomembrane, the major
contributor to the barrier function of the cell envelope. This deficit likely reflects a lack of tools
for probing cell envelope metabolites in live cells with subcellular resolution, a problem that
chemists have tackled in recent years with the development of new imaging methods.'' For
example, early work using lipophilic fluorophore conjugates that nonspecifically intercalate into
the mycomembrane suggested a heterogeneous cell surface landscape.''" Progress toward
defining the dynamic properties of Mtb’s cell envelope, however, requires more refined methods
for imaging its specific components.

Recently, metabolic labeling has proven to be an effective strategy to image trehalose
glycolipids in the mycomembrane of live mycobacteria.'*'” The approach exploits the
promiscuity of the antigen 85 complex (Ag85), a family of mycolyltransferases that converts two
molecules of TMM to TDM and free trehalose (Figure 1A). In a screen of dozens of trehalose
analogs, Backus et al. found that the backward reaction can be used to deliver unnatural
trehalose derivatives into Mtb’s mycomembrane, including a fluorescein conjugate (FITC-Tre,
Figure 2A)."* This observation suggests a means by which mycomembrane dynamics could be
directly interrogated by molecular imaging.
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Figure 2.1 Mycobacterial cell envelope and structures of trehalose mycolates. A)
Mycobacterial cell envelope components include inner membrane, peptidoglycan,
arabinogalactan, mycomembrane, and capsule. Antigen 85 mediates mycolylation of
arabinogalactan from TMM donor. Two molecules of TMM are used to generate TDM, thereby
releasing one molecule of trehalose. Antigen 85 is predicted to be active in the mycomembrane.
Red dashed line depicts metabolic incorporation route for unnatural trehalose reporters. B)
Chemical structures for trehalose, trehalose monomycolate and trehalose dimycolate. Number of
carbons (n;, ny) strictly in linear chains of mycolates are shown for M. smegmatis and M.
tuberculosis. Trehalose monomycolate (TMM), trehalose dimycolate (TDM), trehalose (Tre),
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In this chapter, a one-step metabolic labeling strategy was used to track the dynamics of
non-covalently associated glycolipids within the mycomembrane. We identified fluorescein-
trehalose analogs that are recognized by mycolyltransferases of diverse actinobacterial species,
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including members of the Mycobacteria, Corynebacteria, Nocardia and Rhodococcus genera.
The new probes were utilized to determine the subcellular distribution and dynamics of trehalose
mycolates within the mycomembrane of live cells. Using fluorescence recovery after
photobleaching (FRAP) experiments, we found a striking disparity in mycomembrane mobilities
across species, which partially correlated with mycolic acid structure. Finally, this strategy
allowed us to probe the effects of the front-line TB drug ethambutol on mycomembrane
dynamics in live M. smegmatis cells. Our results highlight that drugs targeting the Mtb cell
envelope influence mycomembrane fluidity and this parameter might therefore be considered
when evaluating new drug combinations.
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Figure 2.2 Metabolic labeling of trehalose glycolipids with unnatural trehalose reporters.
A) Previously reported unnatural trehalose reporters including FITC-Tre, TreAz analogs and
alkTMM analogs. B) Library of fluorescein-trehalose analogs (this work). Fluorescein
isothiocyanate (FITC), azido-trehalose (TreAz), fluorescein-trehalose (F1Tre).

RESULTS AND DISCUSSION
Design and synthesis of new fluorescein-trehalose conjugates

Our first goal was to develop a fluorescent trehalose reagent that efficiently labels
trehalose mycolates across many actinobacterial species. A survey of previously reported
trehalose analogs revealed them to be unsuitable for various reasons. We found that FITC-Tre
(Figure 2A) labeled Mycobacteria and Nocardia species with poor efficiency, and did not label
glycolipids of Corynebacteria at a detectable level (vide infra). We speculated that the anomeric
methyl group (highlighted in red, Figure 2A), a directing group used by Backus ef al. to form the
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a,0-1,1-glycosidic linkage, may compromise the processing of FITC-Tre by the Ag85 complex.

Alternatively, we considered our own previously reported azido-trehalose derivatives
(TreAz, Figure 2A), which are metabolically incorporated into trehalose glycolipids by several
mycobacterial species and through both cytosolic and extracellular pathways.'> However, these
analogs get transformed to additional classes of trehalose metabolites beyond TMM and TDM,
which complicates data interpretation. Moreover, the secondary reagents used to attach
fluorescent probes (e.g. cyclooctyne-fluorophore conjugates) have limited access to the
mycomembrane and engage in non-specific interactions. Recently, Swarts and coworkers
elegantly introduced alkyne-functionalized trehalose analogs (alkTMM, Figure 2A) into the
mycomembrane.'’ This approach also requires the use of secondary labeling reagents as well as
Cu catalysis that may be cytotoxic.

In light of these issues, we returned to the notion of one-step labeling with a trehalose-
fluorophore conjugate and focused on developing reagents with improved metabolic efficiency
compared to FITC-Tre. Accordingly, we synthesized the panel of regioisomeric fluorescein-
trehalose conjugates (FlTre, shown in Figure 2B), which all possess a native trehalose core
structure. The compounds were prepared from the corresponding TreAz analogs by reduction to
the amines followed by reaction with fluorescein isothiocyanate (FITC) (Scheme 2.1). Notably,
2-, 3- and 4-FITre could, if recognized by Ag85, label both TMM and TDM, whereas 6-FITre
can only be metabolized to TMM.
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Scheme 2.1. Synthesis of FlTre library from corresponding TreAz analogs.

Fluorescein-trehalose analogs selectively label trehalose mycolates

We tested the labeling activity of the FlTre analogs as well as FITC-Tre using live
cultures of Mycobacterium smegmatis and Corynebacterium glutamicum, organisms whose cell
envelope composition and structure are similar to Mtb’s.'"® All FITre analogs outperformed
FITC-Tre in both species as evaluated by flow cytometry (Figure 3A and B). Surprisingly, FITC-
Tre was not metabolized at a detectable level by C. glutamicum, while 2-FITre, which only
differs from FITC-Tre by lacking an anomeric methyl group, labeled strongly (Figure 3B). This
observation illustrates that small perturbations to probe structure can alter, or in this case,
completely ablate labeling. The brightest labeling was observed with 6-F1Tre, while 2-, 3- and 4-

FITre showed lower labeling in both species.
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Figure 2.3 Metabolic labeling of actinobacteria with FlTre analogs. Labeling profile of FITre
analogs compared to FITC-Tre with M. smegmatis (A) and C. glutamicum (B). Bacteria were
labeled with 100 uM trehalose analogs or vehicle for several doubling times. Error bars depict
standard deviation of three replicate experiments. Results are representative of at least two
independent experiments. Mean fluorescence intensity (MFI). Fluorescence microscopy images
of M. smegmatis (C) and C. glutamicum (D) labeled with vehicle or 6-FITre. Scale bar, 2 um

In addition, we evaluated the spatial distribution of the fluorescence labeling by
microscopy. Gratifyingly, cell envelope labeling was observed for both M. smegmatis and C.
glutamicum after incubation with 100 uM 6-F1Tre for several doubling times (Figure 3, C and D,
respectively). No defects in cell growth or morphology were observed under these conditions.
In particular, M. smegmatis showed polar labeling when treated for shorter incubations
suggesting incorporation into newly synthesized cell envelope, where biosynthetic enzymes
reside (Figure 4A)."?° Treatment of bacteria that lack trehalose mycolates, such as canonical
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Gram-negative Escherichia coli and Gram-positive Bacillus subtilis, with 6-FITre afforded no
detectable labeling (Figure 4B and C).
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Figure 2.4 6-FlTre labels M. smegmatis selectively. A) 5h incubation of 6-FITre with M.
smegmatis cells reveals polar labeling. No labeling was observed for B. subtilis (B) or E. coli.
(C) when treated with 6-FITre for 2 h. Scale bar, 2 um

To confirm that the FlTre isomers are biosynthetically converted to trehalose mycolates,
we assessed whether exogenous trehalose, a native substrate for mycolyltransferases, could
compete with reporter labeling. Bacterial cells that were coincubated with 2-, 3-, 4- or 6-FITre
(100 uM) and trehalose (0, 0.5, 5 mM) showed a dose-dependent decrease in metabolic labeling
(Figure 5). In addition, we found that ebselen, an inhibitor of Ag85 activity in mycobacteria,*'**
decreased 2-, 3-, 4- and 6-FITre labeling in both M. smegmatis and C. glutamicum (Figure 5).
Furthermore, partially purified trehalose glycolipids from 2- or 6-FlTre-labeled C. glutamicum
were analyzed by mass spectrometry. For both analogs, we observed ions corresponding to the
expected fluorescein-conjugated TMM analogs (Figure 6). Finally, total lipids extracted from 6-
FlTre labeled M. smegmatis cells showed a single fluorescent band by thin layer chromatography
(TLC) (Figure 6). Collectively, these data demonstrate that FlTre analogs are biosynthetically
converted to trehalose mycolates in live bacterial cells.
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Figure 2.5 FlTre analogs are incorporated via a trehalose and Ag85-mediated pathway.
Increasing concentrations of trehalose (0, 0.5, 5.0 mM) outcompetes FlTre labeling in M.
smegmatis (A) and C. glutamicum (B) during bacterial growth. Ebselen (Ag85 inhibitor)
treatment prior to FlTre labeling decreases incorporation in M. smegmatis (C) and C. glutamicum
(D). Error bars depict standard deviation of three replicate experiments. Results are
representative of at least two independent experiments. Mean fluorescence intensity (MFI).
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Figure 2.6. Validation of trehalose mycolate labeling in C. glutamicum and M. smegmatis
with FlTre analogs by mass spectrometry and HPTLC. (A) Nano-ESI Q-TOF mass spectra
depicting native and FlTre-labeled trehalose monomycolate species in C. glutamicum, plotting
relative abundance (%) and m/z in y and x-axis, respectively. (B) Expansion of inset from spectra
in A. Black circles and blue diamonds denote native TMM and FI-TMM, respectively. C)
HPTLC analysis of 6-FITre-labled glycolipids in M. smegmatis. Total lipids were extracted from
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cultures incubated with DMSO, FI1, and 6-FITre. Dashed box indicates labeled glycolipid species.
Labeled trehalose mycolates in M. smegmatis were not detected by mass spectrometry due to low
abundance and poor ionization of these neutral lipids. Electrospray ionization (ESI), quadrupole
time-of-flight (Q-TOF), high performance thin layer chromatography (HPTLC)

Fluorescein-trehalose analogs report on mycomembrane dynamics in live bacteria

We next sought to investigate the mobility of trehalose glycolipids in the mycomembrane
during the course of cell growth. To that end, we performed two-color imaging experiments
wherein cells were first labeled with 6-FI1Tre to visualize trehalose glycolipids, then later marked
for newly formed cell wall with a peptidoglycan (PG) reporter, tetramethylrhodamine D-lysine
(TDL), which replaces D-alanine residues in the stem peptides.”> M. smegmatis was labeled with
6-FITre for several generations, washed to remove excess reporter, and chased with TDL for 5 or
20 min (Figure 7A). Fluorescence microscopy revealed that labeled trehalose mycolates were
excluded from newly biosynthesized cell wall at the poles during growth, as denoted by minimal
overlap with polar labeling of PG. These results suggest that trehalose glycolipids in the
mycomembrane remain rather immobile during growth in M. smegmatis. Conversely, C.
glutamicum showed complete redistribution of labeled glycolipids after 6-FITre had been
removed from the growth media for the same time periods (Figure 7B). We were intrigued by the
lack of fluidity in the mycomembrane of M. smegmatis that did not allow diffusion of labeled
trehalose glycolipids to new cell wall regions. Indeed, low fluidity has been predicted based on
extremely low permeability of the mycomembrane to lipophilic molecules® as well as
differential scanning calorimetry (DSC) studies that revealed high temperature phase transitions
in Mycobacteria.”>*" Our results provide direct experimental confirmation of this prediction in
live cells.
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Figure 2.7 FlTre-labeled trehalose glycolipids show species-dependent mobility. A) Pre-
labeled M. smegmatis glycolipids (6-FITre, green) are excluded from the poles as depicted by
peptidoglycan labeling (TDL, red). B) Pre-labeled C. glutamicum glycolipids are highly mobile
and redistribute to the entire cell after 6-FITre has been removed from the growth media. Scale
bar, 2 um
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Mycolic acid-producing Actinobacteria have a wide range of mycomembrane fluidities that
correlate with mycolic acid chain structure

Fluorescence recovery after photobleaching (FRAP)*® experiments have been previously
used to quantify diffusion dynamics and subcellular organization of membrane components in
live bacteria with high temporal and spatial resolution.”” We therefore applied the FRAP
technique to directly elucidate the intrinsic mobility of labeled trehalose glycolipids in
mycobacteria. Photobleaching of polar and mid-cellular regions of M. smegmatis pre-labeled
with 6-FITre revealed that trehalose glycolipids failed to move after irradiation (Figure 8A), even
when monitored up to 10 min. However, under the same experimental conditions, C. glutamicum
glycolipids diffused through the photobleached area in a few seconds (Figure 8B). The relatively
high fluidity observed for the corynebacterial mycomembrane is consistent with previously
reported lower temperature phase transitions as measured by DSC.” Quantification of
fluorescence recovery traces and half-time measurements revealed similar recovery dynamics
regardless of the photobleached area of the cell (pole or center) as shown in Figure 8C. Similar
glycolipid mobility phenomena were also observed when cells were labeled with 2-FITre (Figure
9) or trehalose reporters modified with different fluorophores at the same position (Figure 10,
characterization of probes is shown in Figure 11), suggesting that the glycolipid dynamics we
observed are not significantly altered by probe structure. In addition, for a control experiment,
we performed FRAP analysis on cells that were metabolically labeled with D-amino acid
reporters bearing the same fluorophores. As expected, the fluorophores integrated into PG were
essentially immobile (Figure 12). It is noteworthy to mention that fluorescence recovery of D-
ala-F1 labeled cells was similar to FITre labeled cells. This suggests that the observed recovery
might be a result of intrinsic green autofluorescence found in the cytosol of cells.
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Figure 2.8 Mycobacterial trehalose glycolipids are relatively immobile. A) FRAP experiment
of 6-FITre labeled M. smegmatis (A) and C. glutamicum (B) after irradiation at the pole (left
panel) and center (right panel). Scale bar, 2 um. C) Fluorescence recovery curves after
photobleaching for center and pole regions in 6-FITre labeled cells across different bacterial
species with the corresponding number of carbon atoms in mycolic acid chains. Lines represent
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the averaged signal of n > 6 cells, where solid and dotted lines correspond to pole and center
regions, respectively. Comparison of fraction mobile (D) and apparent diffusion coefficient (E)
extracted from fitting FRAP curves for different actinobacterial species. Filled and open circles
correspond to pole and center regions, respectively. Number of cells evaluated and standard
deviation are shown for every species. p-values between samples were calculated with a rank
sum test. Fluorescence recovery after photobleaching (FRAP), M. smegmatis (Ms), C.
glutamicum (Cg), R. equi (Re), N. brasiliensis (Nb), apparent diffusion coefficient (D,p,), not
determined (n.d.)
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Figure 2.9 Trehalose glycolipids labeled with 2-FITre show similar mobilities to 6-FITre
analog. Snapshots of FRAP experiments for C. glutamicum (A) and M. smegmatis (B) labeled
with 2-FITre. (C) Apparent diffusion coefficient of 6-FITre labeled trehalose glycolipids (0.06 +
0.02 pum?/s, n = 20 cells) and 2-FITre labeled trehalose glycolipids (0.10 + 0.02 um?*/s, n = 10
cells) in C. glutamicum. p-values between samples were calculated with a rank sum test. (D)
Fluorescence recovery traces of the photobleached regions for 6-FITre (blue, average of the
traces in Fig. 5) and 2-FITre (orange) labeled M. smegmatis cells. Thick lines represent the
averaged signal. Scale bar, 2 pm
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Figure 2.10 Comparison of trehalose mycolate mobility when labeled with different
fluorophores. Snapshots of FRAP experiments on C. glutamicum (A) and M. smegmatis (B)
labeled with different trehalose probes. 2 s photobleaching with a 405 nm laser was used in all
cases. The intensity was normalized in each frame to illustrate the fluorescence distribution
pattern within the cell. Scale bars represent 2 um. (C) Apparent diffusion coefficient of the
trehalose glycolipids labeled with different probes in C. glutamicum cells. (D) Fluorescence
recovery traces of the photobleaching regions for 6-FITre (blue, average of the traces in Figure 5)
and 6-TMR-Tre (orange) labeled M. smegmatis cells. Thick lines represent the averaged signal.
(E) Time-lapse fluorescence microscopy of dual labeled M. smegmatis with NADA, a PG
metabolic reporter, and 6-TMR-Tre monitoring growth over 4 h.
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Figure 2.11 647-Tre analogs are incorporated through a mycolyltransferase mediated
pathway. Increasing concentrations of trehalose (0, 0.5, 5.0 mM) can outcompete 647-Tre
labeling in M. smegmatis (A) and C. glutamicum (B) during bacterial growth. Ebselen treatment
prior to 647-Tre labeling decreases incorporation in M. smegmatis (C) and C. glutamicum (D).
Ebselen compromises membrane integrity, thus allowing free 647 dye to result in higher
background. Error bars depict standard deviation of three replicate experiments. Results are
representative of at least two independent experiments. Mean fluorescence intensity (MFI)
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Figure 2.12 FRAP analysis of M. smegmatis labeled with fluorescent D-amino acids. (A)
Snapshots of FRAP experiments on D-Ala-FI (left) and TDL (right) labeled M. smegmatis cells.
(B) Fluorescence recovery traces of the photobleached regions after the normalization. Thick
lines represent the averaged signal. The recovery of D-Ala-Fl probe is likely a normalization
artifact due to green cell autofluorescence as illustrated in C. (C) Total intensity of the
photobleached cells over time highlights poor photostability of fluorescein.

In order to get a more quantitative understanding of observed diffusion phenomena, we
modeled recovery data to calculate the apparent diffusion coefficients for labeled trehalose
mycolates (Figure 13). A diffusion coefficient of 0.06 + 0.02 um*s™ (n = 20 cells) was obtained
for 6-FITre labeled glycolipids in C. glutamicum, while the lack of observable diffusion in M.
smegmatis limited our ability to model fluorescence recovery. For comparison,
lipopolysaccharide (LPS), an abundant glycolipid in the outer membrane of Gram-negative E.
coli, diffuses slightly slower (0.020 + 0.009 pm?s™) as determined by an exogenous rhodamine-
LPS conjugate.’® However, antibody binding of LPS to visualize glycolipid dynamics resulted in
much slower diffusion dynamics (2.0 x 10° pm’s™),”' suggesting potential perturbation by
antibody detection and underscoring the benefits of directly visualizable glycolipids.
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Figure 2.13 Analysis of FRAP experiments to estimate apparent diffusion coefficient. (A)
Snapshots of a 6-FITre labeled C. glutamicum cell before and after 50 ms of photobleaching. (B)
Normalized fluorescence intensity profiles along the same cell at different times after
photobleaching, as indicated by the red dotted line. Arrow indicates increase in time progression.
(C) Temporal decay of the first Fourier amplitude with time. Circles correspond to data points
while the red line is a fit to the exponential decay function for extraction of the apparent
diffusion coefficient (see Methods).

Our results, consistent with DSC studies, suggest a potential correlation between
trehalose mycolate structure and the empirically determined fluidity of the mycomembrane.
Myecolic acid chain lengths vary significantly between C. glutamicum (22-38 carbon atoms)>
and M. smegmatis (60-81 carbon atoms).” Fascinated by the dramatic differences in trehalose
glycolipid mobility observed for M. smegmatis and C. glutamicum, we sought to test the
correlation of mycomembrane fluidity and mycolic acid length by extending our analysis to other
bacterial species. Rhodococcus and Nocardia species synthesize trehalose glycolipids with
intermediate length mycolic acids, ranging from 30-54 and 46-60 carbon atoms, respectively.”*’
We thus hypothesized that Rhodococcus equi and Nocardia brasiliensis would show
intermediate glycolipid mobilities relative to C. glutamicum and M. smegmatis. FlTre analogs
labeled both species as confirmed by flow cytometry and fluorescence microscopy (Figure 14).
FRAP mobility studies revealed similar fluorescence recovery profiles for R. equi, and C.
glutamicum, while N. brasiliensis displayed an intermediate recovery profile (Figure 8C and 15).
These results were corroborated by evaluation of the relative fraction of mobile trehalose
glycolipids, which showed significant differences between bacterial species (Figure 8D).
Calculated apparent diffusion coefficients revealed small differences among species that were
not statistically significant, suggesting subtle effects on diffusion from minor variations in
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mycolic acid chain length. The diffusion coefficient for M. smegmatis was not calculated since
recovery was not observed after 10 min (Figure 8A). These observations highlighted that
mycolic acid chain length is not the only factor that determines mycomembrane fluidity. Indeed,
functional groups such as ketones, methoxy, and cyclopropyl groups found in mycobacterial
mycolic acids significantly influence membrane fluidity as determined by DSC studies.”>’
Taken together, our results correlate real-time mycomembrane fluidity to mycolic acid structure
across several actinobacteria.
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Figure 2.14 Characterization of FITre-labeling in additional actinobacterial species. FlTre-
labeling profile in R. equi (A) and N. brasiliensis (C) when labeled for several generations. N.
brasiliensis grows in bacterial aggregates, which might affect labeling efficiency. Error bars
depict standard deviation of three replicate experiments. Results are representative of at least two
independent experiments. Mean fluorescence intensity (MFI). Spatial distribution for 6-FITre in
R. equi (B) and N. brasiliensis (D) was determined by fluorescence microscopy. Scale bar, 5 um
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Figure 2.15 FRAP mobility analysis of actinobacterial species in this study. (A) FRAP
experiment of 6-FITre labeled R. equi (A) and N. brasiliensis (B) when irradiated at the pole (left
panel) and center (right panel). Scale bar, 2 um. C) Fluorescence recovery curves after
photobleaching for center and pole regions in 6-FITre labeled cells across different bacterial
species. Thick lines represent the averaged signal of n > 6 cells, where solid colored and gray
dotted lines correspond to pole and center regions, respectively. Fluorescence recovery after
photobleaching (FRAP), M. smegmatis (Ms), C. glutamicum (Cg), R. equi (Re), N. brasiliensis
(ND).
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Ethambutol treatment alters mycomembrane dynamics

Impermeable membranes within the cell envelope can serve as static barriers against
antibiotics and biological stresses. Genes involved in the biosynthesis of the bacterial cell
envelope components are essential for growth and division and thus are important antibiotic
targets.””° Our imaging strategy could find broad applications in characterizing mycomembrane
changes in live cells upon treatment with current front-line TB drugs. For example, ethambutol
inhibits the arabinosyl transferase EmbB that installs arabinose residues to growing
arabinogalactan chains,’®” which results in reduced sites for mycolylation of the inner leaflet of
the mycomembrane. We hypothesized that the fluidity of the mycomembrane could be altered by
treatment with ethambutol as a result of changing the membrane’s physical properties.

We evaluated trehalose mycolate’s mobility in 6-FITre pre-labeled mycobacteria after
ethambutol treatment. TDL labeling of peptidoglycan marked new cell wall biosynthesis and
also reported on relative growth rates, an indicator of drug toxicity. M. smegmatis cells were pre-
labeled with 6-FITre over several generations and treated with different doses of ethambutol for
3 h in the presence of 6-FITre. Cells were then chased with TDL for 20 min, washed, fixed and
examined by fluorescence microscopy. As shown in Figure 16B, untreated cells showed
exclusion of pre-labeled glycolipids from new cell wall regions. However, ethambutol treatment
at doses as low as 0.5 pg/mL led to redistribution of labeled trehalose mycolates across the entire
cell surface, with accumulation of signal at the poles (Figure 16B). M. smegmatis has been
reported to upregulate trehalose mycolate biosynthesis after exposure to ethambutol,*®** which is
consistent with higher metabolic labeling observed at the poles during drug treatment. Overall,
these results indicate that ethambutol treatment could enhance mycomembrane fluidity. Notably,
we observed increased diffusion for sub-minimal inhibitory concentration (MIC) doses
(ethambutol’s MIC = 1.0 ug/mL for M. smegmatis®). To confirm ethambutol’s effects on
mycomembrane dynamics, we examined ethambutol treated cells by FRAP analysis, which
revealed increased fraction of mobile glycolipids in a drug dose-dependent manner (Figure 16 C
and D, Figure 17). Our results demonstrate that mycomembrane fluidity can be altered with sub-
lethal antibiotic concentrations, which could improve permeability and drug accessibility in the
context of co-therapy. Modulation of mycomembrane integrity with sublethal concentrations of
ethambutol has been previously shown to reverse Mtb resistance to clarithromycin,*' suggesting
reduction of the barrier effectiveness of the mycomembrane. Moreover, increased susceptibility
to the beta-lactam cefepime has been observed during cotreatment with ethambutol.** Together,
these reports provide precedent for potentiating approved therapeutics and repurposing high MIC
drugs by co-treatment with low concentrations of ethambutol.® Understanding how the
permeability of the mycomembrane can be modulated could facilitate the design or access of
new therapeutic agents.
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Figure 2.16 FlTre metabolic labeling reports on cell wall dynamics during ethambutol
(EMB) treatment. A) Scheme depicting experimental workflow and labeling pattern expected
for differential mycomembrane fluidity. M. smegmatis was pre-labeled with 6-FITre, then treated
with EMB at different concentrations for 3 h. Cells were washed to remove excess 6-FITre and
chased with TDL in the absence of drug for 20 min. Spatial distribution of labeled glycolipids
was evaluated by fluorescence microscopy after fixation (B). Representative cells are shown in
each panel. 6-FITre and TDL signals are shown in green and red channels, respectively, for
merged images (left panel). FRAP recovery traces (C) and fraction mobile (D) for cells treated
with different concentrations of EMB. Recovery trace lines represent the averaged signal of n > 5

cells. Scale bar, 2 pm
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Figure 2.17 FRAP mobility studies of ethambutol treatment in M. smegmatis. (A) FRAP
experiment of 6-FITre labeled M. smegmatis after ethambutol treatment (0.5, 2, 10 pg/mL) when
irradiated at the poles. B) Fluorescence recovery curves after photobleaching for pole regions in
6-FITre labeled cells at different ethambutol concentrations. Thick lines represent the averaged
signal of n > 5 cells.
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CONCLUSION

The complex and unusual cell envelope of mycobacteria has captured the attention of
biologists, chemists, and biophysicists alike for almost a century. Tightly packed mycolic acids
in the mycomembrane were first predicted by Minnikin to explain the observed impermeability
to lipophilic molecules.**** Nikaido and coworkers validated the prediction of a quasi-crystalline
arrangement of mycolic acids extending perpendicularly from the cell wall plane by X-ray
absorption studies.”* As well, they elegantly studied the mobility of spin-labeled fatty acids
inserted into mycomembranes from M. chelonae cell walls.* Additionally, DSC studies provided
an empirical foundation for our understanding of membrane fluidity in terms of phase transition
temperatures across bacterial cell walls.>> This pioneering series of studies provided insights into
mycomembrane dynamics in the context of isolated cell walls preparations, but could not be
extended to studies in live cells.

The targeted metabolic labeling strategy used herein enabled direct interrogation of
trehalose glycolipids in live cells, in their native context, with minimal perturbation. With this
approach, we quantitated trehalose glycolipid mobilities in the mycomembrane and found a
relationship between diffusion kinetics and mycolic acid chain length. Notably, the trehalose
glycolipids in Mycobacteria, which produces the most extravagant mycolic acids, are extremely
immobile. We also discovered that ethambutol, a front-line TB drug, enhances mycomembrane
fluidity of M. smegmatis at sub-lethal doses, an effect that may underlie its synergism with other
TB drugs. Consistent with this postulate is a recent report that mycobacteriophage SWU1 gp39
affects M. smegmatis’ cell envelope permeability and thereby potentiates the efficacy of multiple
antibiotics.*® These observations argue that more high-throughput screens against Mtb should be
performed in the presence of a mycomembrane-compromising agent such as ethambutol.*>*"*
Consequent insights could provide avenues for development of new drug combinations for the
treatment of TB.
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MATERIALS AND METHODS

General methods for synthesis

Materials and reagents were obtained from commercial sources without further purification
unless otherwise noted. Anhydrous solvents were obtained either commercially or from an
alumina column solvent purification system. All reactions were carried out in oven-dried
glassware under nitrogen unless otherwise noted. Analytical TLC was performed on SiliCycle
glass-backed silica gel 60 A plates (thickness 250 um) and detected by UV lamp or charring with
5% H>S04 in MeOH. Column chromatography was performed using SiliCycle SiliaFlash P60
silica gel (40-63 um). '"H NMR spectra were recorded at 400, 500 or 600 MHz with chemical
shifts in ppm referenced to solvent peaks. °C NMR spectra were recorded at 100 or 150 MHz
with chemical shifts referenced to solvent peaks. NMR spectra were obtained on Bruker
AVQ400, AVB-400, AV-500, or AV-600 instruments. Coupling constants (J) are reported in
hertz (Hz). High-resolution electrospray ionization mass spectrometry (HR ESI MS) was
performed at the UC Berkeley Mass Spectrometry Facility.

Reversed-phase HPLC was performed on a Varian Pro Star system with a Varian UV-Vis
detector model 345 (210, 254 nm) on a Dynamax Microsorb C-18 preparative column (21.4 x
250 mm) at a flow rate of 20 mL/min or on an Agilent Eclipse XDB-C18 5um semi-preparative
column (9.4 x 250 mm) at a flow rate of 3 mL/min.

TreAz,’ BTTAA,” TDL,” and NADA’* were synthesized as previously reported.

General procedure for the synthesis of fluorescein-trehalose analogs

OH OH
o
o HO
H|_(I)O i.H,, PdIC HO

OH MeOH OH

o > (o]
N3 ii. FITC
o/~ 2:1 Buffer:MeCN &;&

HO OH HO

OH

Fl-Tre
Yield (55-73%)

To a stirring solution of TreAz in anhydrous MeOH (at a final concentration of 20 mM) under
argon atmosphere, 10% Pd/C was added to reaction mixture. A hydrogen-filled balloon was
connected to the reaction flask to replace the argon atmosphere and stirred overnight at room
temperature. The reaction mixture was filtered through celite and concentrated by rotary
evaporation to afford the amine-trehalose product. Without further purification, amine-trehalose
(1 equiv) was subjected to a reaction with fluorescein isothiocyanate (FITC) (1.1 equiv) after
dissolving in a ratio of 2:1 75 mM NaHCO; (pH = 9):MeCN. Reaction mixture was heated to 65
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°C and stirred for 3 hours, followed by cooling to room temperature. Reverse-phase HPLC
purification using a 5-100% MeCN/H,O + 0.1%TFA gradient afforded desired product.

2-FITre

OH

N-(fluorescein-5-yl)-thioureido-2-amino-2-deoxy-a,a-D-trehalose (2-F1Tre, 2.1) (16.5 mg,
61%) was obtained as a yellow-orange solid. R¢=0.74 (1:2:2 H,O:EtOAc:IPA, 5% H,SO4 in
MeOH) 'HNMR (500 MHz, ds-DMSO): 6 10.16 (s, 1H), 8.09 (s, 1H), 7.65 (s, 1H), 7.00 (d, J =
8.3 Hz, 1H), 6.69 (d, 1H), 6.17 (d, /= 9.0 Hz, 1H), 6.08 (s, 1H), 4.96 (d, J = 3.4 Hz, 1H), 4.92 (s,
2H), 4.94 — 4.84 (m, 1H), 4.44 (s, 1H), 4.19 (s, 1H), 3.88 (s, 1H), 3.83 (s, 1H), 3.68 (d, J=9.6
Hz, 1H), 3.57 (d, J= 12.7 Hz, 1H), 3.24 (s, 1H), 3.15 (t, J= 9.4 Hz, 1H). °C NMR (125 MHz,
ds-DMSO0): 6 201.12, 181.47, 180.39, 169.82, 158.55, 157.56, 130.86, 110.38, 103.17, 93.78,
93.71, 73.78, 73.23, 72.75, 70.47, 61.35, 57.62. HRMS (ESI): Calculated for C33H35N,0;sS [M-
H]" 731.1753, found 731.1737.

OH
HO 0
HO
OH
o)
OH
HO 0 OH
H
HoOC N\“/NH

o O 3-FITre

OH

N-(fluorescein-5-yl)-thioureido-3-amino-3-deoxy-a,a-D-trehalose (3-F1Tre,2.2) (11.7 mg,
55%) was obtained as a yellow-orange solid. R¢= 0.71 (1:2:2 H,O:EtOAc:IPA, 5% H,SO4 in
MeOH) 'H NMR (500 MHz, d-DMSO): & 10.03 (s, 1H), 8.25 (d, J= 8.2 Hz, 1H), 7.74 (d, J =
8.0 Hz, 1H), 7.19 (d, J= 8.3 Hz, 1H), 6.68 (d, /= 2.3 Hz, 2H), 6.62 (d, J = 8.7 Hz, 2H), 6.57 (dd,
J=28.7,2.3 Hz, 2H), 4.96 (d, J= 3.5 Hz, 1H), 4.94 (d, J= 3.7 Hz, 1H), 3.70 — 3.45 (m, 10H),
3.27 (s, 1H), 3.15 (t, J= 9.6 Hz, 1H). °C NMR (125 MHz, ds-DMSO): & 193.83, 169.21,

160.19, 152.55, 129.76, 113.29, 110.37, 102.93, 81.64, 73.42, 70.81, 70.47, 61.42, 60.91. HRMS
(ESI)Z Calculated for C33H35N2015S [NI-H]+ 7311753, found 731.1754.
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N-(fluorescein-5-yl)-thioureido-4-amino-4-deoxy-a,a-D-trehalose (4-F1Tre, 2.3) (3.5 mg, 73%)
was obtained as a yellow-orange solid. R¢=0.71 (1:2:2 HO:EtOAc:IPA, 5% H,SO4 in MeOH)
'H NMR (500 MHz, d5-DMSO): & 3.14 — 3.20 (m, 1H), 3.27 (dt, J= 13.5, 6.4 Hz, 1H), 3.36 —
3.44 (m, 1H), 3.54 (m, 5H), 3.64 —3.76 (m, 1H), 3.78 — 3.93 (m, 2H), 3.97 — 4.00 (m, 1H), 4.27
(q,/=9.8 Hz, 1H), 4.89 — 5.00 (m, 2H), 6.56 — 6.67 (m, 5H), 6.70 (d, J= 2.1 Hz, 2H), 7.20 (dd,
J=14.2,8.3 Hz, 1H), 7.80 (d, /= 8.4 Hz, 1H), 7.88 (d, /= 8.5 Hz, 1H), 8.00 (d, /= 8.7 Hz, 1H),
8.14 (d, J=9.0 Hz, 1H), 8.23 (s, 1H), 9.76 (s, 1H), 10.04 (s, 1H). >C NMR (125 MHz, d-
DMSO): 6 57.49, 57.63, 61.34, 61.99, 70.84, 71.04, 72.25, 72.42, 72.68, 72.87, 73.25, 73.79,
93.39, 93.59, 93.78, 94.21, 102.86, 103.04, 110.53, 112.37, 113.50, 113.83, 114.66, 116.96,
117.17, 119.26, 125.13, 126.98, 127.34, 129.88, 131.26, 142.06, 142.61, 147.52, 152.72, 158.70,
159.01, 159.31, 159.61, 160.49, 169.18, 180.95, 181.73. HRMS (ESI): Calculated for
C33H3sN,015S [M-H]" 731.1753, found 731.1769.
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N-(fluorescein-5-yl)-thioureido-6-amino-6-deoxy-a,a-D-trehalose (6-F1Tre, 2.4) (11.7 mg,
70%) was obtained as a yellow-orange solid. R¢= 0.71 (1:2:2 H,O:EtOAc:IPA, 5% H,SO4 in
MeOH) 'H NMR (500 MHz, ds-DMSO): & 10.20 (s, 1H), 8.42 (s, 1H), 7.84 — 7.70 (m, 2H),
7.18 (d, J=8.3 Hz, 1H), 6.67 (t,J= 1.7 Hz, 2H), 6.62 — 6.54 (m, 4H), 4.97 (d, /= 3.5 Hz, 1H),
4.95 (d, J= 3.5 Hz, 1H), 3.96 — 3.89 (m, 2H), 3.70 — 3.66 (m, 1H), 3.57 (p, /= 8.9, 8.2 Hz, 4H),
3.51 —3.46 (m, 2H), 3.33 (dd, J=9.5, 3.7 Hz, 1H), 3.26 (dd, J = 9.6, 3.6 Hz, 1H), 3.14 (t,/=9.4
Hz, 1H), 3.09 (t, J=9.2 Hz, 1H). >C NMR (125 MHz, ds;-DMSO): 5 181.21, 169.26, 160.19,
152.56, 129.77,127.12, 113.32, 110.41, 102.91, 94.27, 94.18, 73.50, 73.32, 73.20, 72.27, 72.17,
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70.74, 70.47, 61.46. HRMS (ESI): Calculated for C33H35N,0,5S [M-H]" 731.1753, found
731.1745.

Bacterial strains, media, and reagents

Bacterial strains used in this work include Corynebacterium glutamicum 534 (ATCC 13032) and
Mycobacterium smegmatis m¢*155 (ATCC 700084). C. glutamicum was cultured in brain heart
infusion (BHI) media at 30 °C. M. smegmatis was cultured in Middlebrook 7H9 media
supplemented with 10% ADC (albumin, dextrose, catalase), 0.5% glycerol, and 0.05% tween 80
at 37 °C. Escherichia coli K12 MG1655 and Bacillus subtilis 168 were cultured in Luria broth
(LB) at 37 °C. Rhodococcus equi (ATCC 6939) was cultured at 37 °C in BHI. Nocardia
brasiliensis (ATCC 19296) was cultured at 37 °C in 1% glucose, 0.5% yeast extract, 0.5%
peptone, and 0.05% tween 80 to minimize bacterial aggregates. All strains were obtained from
the American Type Culture Collection (ATCC).

Stock solutions of FITre analogs were prepared at 10 mM in DMSO and stored at -20 °C. Cu-
click trehalose-fluorophore analogs at 1.28 mM (see general synthetic procedures) were stored at
-20 °C. Other reagent stocks include ethambutol (Sigma Aldrich, 4 mg/mL in H,O, stored at 4
°C), ebselen (Cayman Chemical, 2 mg/mL in EtOH, stored at -20 °C), FITC-Tre (Kerafast, 10
mM in DMSO, stored at -20 °C), Fluorescein-N3 (Lumiprobe, 10 mM in DMSO, stored at -20
°C), D-propargyl glycine or alkDala (Acros, 1 M in H,O, stored at -20 °C). Stock solution of
TDL was prepared at 25 mM in DMSO and stored at -20 °C.

General procedure for the preparation of AF647-trehalose and TAMRA-trehalose analogs
Cu-click reactions were performed as previously described.”® TreAz analogs were dissolved at
25 mM in doubly distilled water and filtered through 0.2 um membrane. Stock solutions of
BTTAA and CuSO,4 at 50 mM, in DMSO and water, respectively, and 10 mM alkyne-AF647 or
alkyne-TAMRA (Invitrogen) in DMSO were prepared and stored at -20 °C. A 100 mM sodium
abscorbate was freshly prepared prior to CuCAAC reaction. Cu-click cocktail was prepared by
mixing 0.5 pL 50 mM BTTAA, 3 uL 50 mM CuSOs, 1 pL 25 mM TreAz analog, 12.5 pL 100
mM sodium abscorbate, and 2.5 uL. 10 mM alkyne-AF647 or alkyne-TAMRA. Reaction was
allowed to proceed at room temperature with rapid mixing for 30 min. Cu-clicked products at a
final concentration of 1.28 mM were used immediately for cell labeling experiments or stored at
-20 °C.
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General procedure for the preparation of D-ala-Fl analog

Cu click reactions were performed as for fluorophore-trehalose analogs with the following
modifications 2.5 uL. 10 mM Fluorescein-N3 and 0.5 pL alkDala, for the azide and alkyne
reactive partners, respectively.

D-ala-FI
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Bacterial metabolic labeling conditions

Single colonies were used to start stationary phase cultures, which were used to innoculate
experimental cultures for all bacterial strains. Cells were grown in aerated culture tubes or 96-
well plates with shaking until the desired optical density was achieved. Bacterial cultures in
exponential growth phase were incubated with trehalose probes until designated end-point of the
experiment. Bacterial cells were fixed prior to flow cytometry or fluorescence microscopy unless
otherwise noted.

For FlTre labeling profile, C. glutamicum, M. smegmatis, R. equi and N. brasiliensis were
incubated with 100 uM FlTre for time periods encompassing several doubling times: 3 h, 18 h,
14 h, and 24 h, respectively. B. subtilis and E. coli were exposed to FITre analogs for 2 h during
exponential growth phase.

For in vitro pulse-chase experiments, bacteria were labeled with 100 uM FITre or 50 pM 647-
Tre reporters. Trehalose competition experiments included co-incubation of native trehalose at 0,
0.5 or 5.0 mM with designated trehalose reporter for C. glutamicum and M. smegmatis, for 2 and
3 hours respectively. Bacterial cells were co-treated with 20 or 50 pg/mL ebselen, for C.
glutamicum (2 h) and M. smegmatis (3 h), respectively, as well as with trehalose reporters.

For mycomembrane mobility experiments, C. glutamicum and M. smegmatis were labeled with
100 uM 6-FITre for several generations, washed to remove excess reporter and chased with TDL
for different time periods from 5 to 30 min. TDL was used at a final concentration of 250 pM for
pulse-chase labeling experiments.

For FRAP experiments, bacterial species were labeled with 20 uM D-ala-Fl, 100 uM TDL, or
100 uM FlTre for several generations overnight (~16 hours)

Antibiotic or drug treatment experiments involving M. smegmatis were conducted as follows: 1)
inoculated cultures were labeled with 100 uM 6-FITre for several generations; 2) treated with
different concentrations of ethambutol during log phase; 3) washed excess reporter and drug with
growth media; 4) incubated with 250 uM TDL for 20 min; 5) washed with growth media, fixed,
and prepared samples for microscopy. This experiment was carried out in a 96-well plate to
simultaneously evaluate ethambutol (0.5, 2, 10 pg/mL) and untreated cells.

Flow cytometry

Fluorescently labeled cells were analyzed in 96-well plate format in a BD Biosciences Accuri C6
flow cytometer equipped with a BD C-Sampler. Data was collected for 100,000 events at a rate
of > 5,000 events/s for each sample. All flow cytometry experiments were performed in triplicate
where results are representative of at least two independent experiments.

Fluorescence microscopy

Bacterial cultures (1-3 pL) were spotted on 1% agarose pads mounted on glass slides, installed
coverslip, and sealed with nail polish. Fluorescence imaging was performed with a Nikon A1R
resonant scanning confocal microscope using a CFI Plan Apo Lambda 60x oil objective. Images
were captured with a Cool Snap HQ” (Photometrics) and processed with NIS Elements software.
Acquisition and processing of images was performed identically for control and test samples.
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Isolation and purification of free glycolipids

Bacterial cultures incubated with trehalose probes were washed two times with corresponding
growth media to remove excess reporter. Wet cell pellets were subjected to organic extraction by
adding 1 mL 2:1 CHCIl;:MeOH and stirring vigorously in conical glass tubes overnight.
Resulting heterogeneous mixture was centrifuged for 10 min at 3700 x g, clarified organic layer
supernatant was saved and cell pellet was re-extracted twice with the same protocol. Combined
organic layers recovered after centrifugation were concentrated and analyzed by HPTLC
(Uniplate HPTLC-GHL, 5 x 5 cm, 150 pm thickness) developed with 65:25:4
CHCIl3:MeOH:H,0. Fluorescently labeled glycolipids developed in HPTLC plates were imaged
with typhoon scanner (Amersham Biosciences, Typhoon 9410). Free lipids were partially
purified by preparative TLC (Analtech, 20 x 20 cm, 1 mm thickness).

Mass spectrometry validation of FlTre-labeled glycolipids

C. glutamicum bacterial cultures (100 mL) were grown 5 uM trehalose, 2-FITre, or 6-FITre until
early stationary phase. Trehalose glycolipis were isolated as described above. Partially purified
glycolipids were dissolved in 100 pL. 2:1 CHCI;:MeOH (HPLC grade) and filtered through a
0.45 um PVDF membrane. Mass spectra were acquired on a Waters Q-tof Premier quadrupole
time-of-flight mass spectrometer equipped with a nanoelectrospray ionization (nanoESI)
source. lons were formed in the positive ion mode from pulled borosilicate glass nanoESI
tips. Mass spectra were recorded over the range, mass-to-charge ratio (m/z) = 100 to 4000. Data
acquisition was controlled using MassLynx software (version 4.1, Waters). This instrumentation
is located in the QB3/Chemistry Mass Spectrometry Facility at the University of California,
Berkeley. Detected ions were verified with previously reported mycolic acid characterization in
C. glutamicum strain used.”*

Fluorescence recovery after photobleaching (FRAP) experiments

FRAP experiments was performed on a Nikon Eclipse Ti inverted fluorescence microscope with
a 100x (NA 1.49) oil-immersion Apo TIRF objective (Nikon Instruments), Andor iXon3 885
EMCCD camera and a Mosaic II patterned illumination system system (Andor) under the control
of NIS-Elements. Photobleaching was performed with a 450 mW 405 nm laser for 50 ms to 2 s
using a circular spot with a diameter of 1-2 um and followed by a series of acquisitions with a
492 nm (for F1Tre) / 561 nm (for 6-TMR-Tre) / 642 nm (for 6-AF647-Tre) laser at shallow angle
TIRF and 50 ms exposure. Two segments with different acquisition interval (1 s and 5 s,
respectively) were used to acquire the FRAP data for C. glutamicum and 10 s and 30 s intervals
were used for M. smegmatis. Labeled cells were mounted on 1% agarose pad with either growth
media or PBS.

A custom Matlab script was used to analyze the FRAP data to extract the fluorescence recovery
kinetics. Briefly, the first image before photobleaching was used to generate a binary mask for
the entire cell and a second mask was generated during experiment to mark the area of
photobleaching. Total fluorescence intensities in both the whole cell area and the bleached area
(overlap between the cell mask and photobleaching area mask) were extracted and normalized to
correct for photobleaching of the dyes due to acquisition. The normalized fluorescence intensity
of the bleached area (see Figures 2.8 and 2.13 for example traces) were then fitted to the
equation below to extract the half-time and fraction of recovery:
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where Ymax 1s the plateau of the recovery curve (fraction recovered) and ¢, is the half-time for
the recovery.

The apparent diffusion coefficients were calculated from the FRAP measurements as reported
before by solving a one-dimensional continuous diffusion equation.”” Briefly, a long axis was
first identified in the cell based on the pre-photobleaching cell mask and the fluorescence
intensity profile along this long axis was calculated by averaging the intensity of the stripe of
pixels perpendicular to the long axis with the ends truncated for each frame. To correct for the
intrinsic heterogeneity of the fluorescence intensity along the long axis as well as intensity loss
due to acquisition, the fluorescence intensity profiles were first normalized to the pre-
photobleaching image and then to the mean intensity in each frame. Only the first mode of
Fourier series solution was considered and is calculated as

AJQz%L&m{%x]dxiﬁk

where L is the length of the cell and /(x,?) is the fluorescence intensity at given position x and
time ¢. The apparent diffusion coefficient D is then extracted by fitting 4, to equation

T

A(ngaﬁf”+c

1

Statistics
p-values between samples were calculated with a rank sum test.
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Chapter 3

Front-line Tuberculosis Drugs Modulate Cell Wall Biogenesis in Mycobacteria

This work was adapted in part from Rodriguez-Rivera, F. P.; Zhou, X.; Theriot, J. A.; Bertozzi, C. R.
Front-line tuberculosis drugs modulate cell wall biogenesis in mycobacteria.
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Chapter 3. Front-line Tuberculosis Drugs Modulate Cell Wall Biogenesis in Mycobacteria

INTRODUCTION

Over a third of the population is thought to be infected with TB, which is caused by the
single infectious agent Mycobacterium tuberculosis (Mtb).' Clinical treatment requires a cocktail
of 4 drugs prescribed for at least a 6-month regimen. However, very recent reports highlight high
degree of inflammation with potentially viable Mtb in the lungs of patients after this ineffective
regimen.> Furthermore, failure to complete extensive drug treatments has led to increased drug
resistance.*” Some currently employed chemotherapies include ethambutol and isoniazid,* which
target the biosynthesis of the cell wall, a formidable barrier to many host stresses and
therapeutics.®” Despite the identification of enzymatic drug targets, our current understanding of
how existing drugs alter live cell physiology remains inadequate due to a lack of tools to monitor
cell wall dynamics in real-time. In addition, increasing cellular phenotypic heterogeneity under
drug treatment further complicates analysis of cell-to-cell variation.'”!" Therefore, new
molecular methods to address changes in cell wall physiology during the aforementioned stresses
are sorely needed.

Mycobacterial peptidoglycan is covalently modified with arabinogalactan polymers,
which in turn are elaborated with long lipid chains called mycolic acids.'> These mycolic acids
form the inner leaflet of the mycomembrane, which also includes an outer leaflet comprised of a
variety of non-covalently associated lipids (Figure 3.1A). The most abundant glycolipids are
trehalose monomycolate (TMM) and trehalose dimycolate (TDM) which comprise 40% of the
dry weight of cell envelope lipids."> Decades of research have characterized the cell wall by
means of bulk isolation and purification of individual components, a method that necessarily
obscures important information about the native architecture and real-time dynamics of the
mycobacterial cell wall.'> Strategies enabling the imaging of these components would be highly
advantageous since biochemical and genetic approaches are insufficient to study these non-
genetically encoded products in live cells.
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Figure 3.1 Metabolic labeling of the mycobacterial cell wall and structures of peptidoglycan
and trehalose monomycolate. A) Mycobacterial cell wall components include inner membrane,
peptidolycan, arabinogalactan, mycomembrane, and capsule. Individual layers can be
metabolically labeled with unnatural reporters as depicted by blue squares (peptidoglycan, also
in blue) and purple hexagons (trehalose mycolates, also in purple). B) Chemical structures for
mycobacterial peptidoglycan and trehalose monomycolate with metabolic reporters NADA and
6-TMR-Tre. Nitrobenzofurazan (NADA)

In order to visualize unique mycobacterial cell wall components and to monitor them in
live bacteria, the development of metabolic probes with unique functionalities is essential.'®
Metabolic labeling approaches have been used to label single components, peptidoglycan'>'®
and trehalose glycolipids'® >, by exploiting enzyme promiscuities in biosynthetic pathways.
However, these powerful tools have not yet been used in combination to provide a molecular
view of how dynamics of both cell wall components are orchestrated during cell growth and
biological stresses. Covalent tagging of the cell wall would allow visualization of single cells
with high resolution to interrogate cell physiology, metabolic state and population dynamics.
This strategy could capture cell heterogeneity with subcellular resolution, induced by pressures
from front-line drug treatment and host defenses (or stresses).
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Here, we developed a new trehalose-fluorophore conjugate to image trehalose
monomycolate by super resolution microscopy in live mycobacteria. We utilized a dual
metabolic labeling strategy to monitor cell wall dynamics of peptidoglycan and trehalose
monomycolate in Mycobacterium marinum, a pathogenic species that is one of the closest
genetic relatives to Mtb** (Figure 3.1B). With this dual metabolic labeling approach, we found
that mycobacteria undergo a drastic shift in their cell wall biosynthesis program when cells are
treated with mycomembrane-targeting front-line TB drugs ethambutol and isoniazid. Our work
provides insight into the underlying molecular consequences in cell physiology during TB drug
treatment.

RESULTS AND DISCUSSION
TAMRA-trehalose selectively labels trehalose mycolates

Seminal work from Barry, Davis and coworkers demonstrated that unnatural trehalose
reporters are processed permissively by the antigen 85 complex (Ag85), a family of
mycolyltransferases that resides in the cell wall and converts 2 molecules of TMM to form TDM
and free trehalose.'”* Our work and others have shown that installation of a fluorescein dye at
different positions in the trehalose scaffold is recognized by mycolyltrasnferases in live cells
from mycolic-acid producing actinobacteria genera (see Chapter 2). However, the poor
photostability of the fluorescein dye limited our ability to perform long-term fluorescence
imaging and super resolution microscopy.

We envisioned that installing a tetramethylrhodamine (TAMRA) fluorophore on the
trehalose core would afford the desired imaging properties. TAMRA is a common fluorophore
choice for a wide range of super resolution methods in both bacteria and mammalian cells.”* >
Our previous studies showed that the modification of the 6-position of trehalose with fluorescein
(6-FITre) yielded the highest incorporation efficiency by the biosynthetic machinery in
Mycobacterium smegmatis (see Chapter 2), an established organism with a cell wall very similar
to Mtb’s. We installed TAMRA at this position to afford TAMRA-trehalose conjugate, 6-TMR-
Tre in high yields from the parent 6-TreAz compound (see methods section). In liquid culture,
short pulses of this probe revealed polar localization of fluorescence in live mycobacteria (Figure
3.2) in agreement with the known polar localization of cell wall biosynthetic enzymes during log
phase growth.”®! Gratifyingly, 6-TMR-Tre was not metabolized by bacteria devoid of trehalose
mycolates such as Gram-positive Bacillus subtilis or Gram-negative Eschericia coli, (Figure
3.3).
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A Mycobacterium smegmatis
30 min 60 min 90 min 120 min

B Mycobacterium marinum
30 min 60 min 90 min 120 min

Figure 3.2 Short pulses of 6-TMR-Tre shows localization to the poles. Cells were incubated
with 100 uM 6-TMRTre for the indicated times in M. smegmatis (A) and M. marinum (B). Scale

bar, 2 um

A Bacillus subtilis B Escherichia coli

Brightfield TAMRA Brightfield TAMRA

Figure 3.3 6-TMR-Tre does not label common Gram-positive and negative bacteria. Cells
were incubated with 100 uM 6-TMRTre for 2 h for B. subtilis (A) and E. coli (B). Scale bar, 2
um

Vehicle

6-TMR-Tre

Next, we sought to validate that 6-TMR-Tre was being processed by Ag85 to access
trehalose monomycolates selectively. We asked whether exogenous trehalose could outcompete
6-TMR-Tre labeling in mycobacteria as trehalose is a native substrate for Ag85 activity.
Increasing concentrations of trehalose produced a dose-dependence decrease in labeling for M.
smegmatis and M. marinum during short incubation periods of 3 h and 4 h, respectively (Figure
3.4A). In addition we tested the effect of ebselen, a covalent Ag85 inhibitor,”** on labeling
efficiency. For the same incubation periods used in trehalose competition experiments, ebselen
treatment significantly reduced metabolic incorporation of 6-TMR-Tre in both species (Figure
3.4B). Finally, we isolated the apolar total lipid fraction of prelabeled mycobacteria and analyzed
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them by thin layer chromatography (TLC). Fluorescence scanning of TLC plates revealed a
single fluorescent band corresponding to TMM labeled with 6-TMR-Tre in both M. smegmatis
and M. marinum (Figure 3.5). These experiments were also carried out in parallel for
Corynebacterium  glutamicum cells to demonstrate selective labeling of trehalose
monocorynemycolate by 6-TMR-Tre (Figure 3.6). Collectively, these results show that 6-TMR-
Tre selectively labels TMM in trehalose mycolate producing species.

A Trehalose competition

M. smegmatis M. marinum
3000 = 1500 _— —
S B 05mM
2000+ B 5mM
— B 05mM _ 12004
L [T
= [ Y ——
1000~ -
. 600 _ns
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‘50 :‘(G S ;(‘e
oW 6;03?“ o 6:‘“@

B Ebselen inhibition

M. smegmatis M. marinum
3000+ - e
1800~
20004 B o drug B nodrug
T I 50 pg/mL = 1200+ B 100 pg/mL
= =
1000~ 600-
0- 0-
<0 <@ 0 <¢@
0\“ . :‘“\@ o\“ o :‘“\?»

Figure 3.4 6-TMR-Tre is incorporated through an Ag85-mediated pathway. M. smegmatis
and M. marinum were labeled with 100 pM 6-TMR-Tre for 3 and 4 h, respectively. A)
Increasing concentrations of trehalose (0, 0.5, 5.0 mM) can outcompete 6-TMR-Tre labeling in
both species during bacterial growth. B) Ebselen treatment during 6-TMR-Tre labeling decreases
incorporation in both species. Error bars depict standard deviation of three replicate experiments.
Results are representative of at least two independent experiments. Statistical significance is
given by *P < 0.05, **P <0.01, ***P < 0.001. Mean fluorescence intensity (MFI)
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Figure 3.5 6-TMR-Tre selectively labels mycobacterial trehalose monomycolate. Cells were
incubated with 100 uM 6-TMR-Tre or TAMRA for several doubling times in a 5 mL culture and
then glycolipids were isolated by organic extraction. HPTLC analysis of labeled glycolipids is
shown for M. smegmatis (A) and M. marinum (B). Glycolipids were visualized with 5 % H,SO4
and fluorescence scanning. High performance thin layer chromatography (HPTLC)
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Corynebacterium glutamicum
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Figure 3.6 6-TMR-Tre is incorporated through a mycolyltransferase mediated pathway in
C. glutamicum. Cells were labeled with 100 uM 6-TMR-Tre for 2 h in trehalose competition and
ebselen experiments. A) Increasing concentrations of trehalose (0, 0.5, 5.0 mM) can outcompete
6-TMR-Tre labeling during bacterial growth. B) Ebselen treatment during to 6-TMR-Tre
labeling decreases reporter incorporation. Error bars depict standard deviation of three replicate
experiments. Results are representative of at least two independent experiments. Statistical
significance is given by *P < 0.05, **P < (0.01, ***P < 0.001. Mean fluorescence intensity (MFI)
C) HPTLC analysis of labeled glycolipids is shown for 5 % H,SO,4 and fluorescence scanning
visualization. High performance thin layer chromatography (HPTLC)
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Installation of TMR in the trehalose scaffold allowed us to visualize the subcellular
organization of TMM by structure illumination microscopy (SIM). We pulsed M. smegmatis
cells with short incubations of 6-TMR-Tre for 5, 15 or 30 min, washed, fixed and prepared for
SIM. Longer incubation times afforded stronger labeling in the polar regions of the cells (Figure
3.7A). 6-TMR-Tre is localized to the very tip of the cell pole, in contrast to the subpolar addition
of PG by M. smegmatis with alkyne-functionalized D-amino acids (alkDala),’' which suggests
different processing of trehalose-fluorophore conjugates by the cell’s biosynthetic machinery.
This might be a consequence of alkDala potentially being incorporated by a cytosolic route as
observed in other bacteria.”* We observed significant labeling along the cell length, which was
more heterogeneous in nature, affording an uneven coat of the cell surface when M. marinum
was incubated with 6-TMR-Tre for 45 min (Figure 3.7B). To our knowledge, this is the first
example of super resolution microscopy of trehalose mycolates in mycobacteria.

A Mycobacterium smegmatis

5 min

2 um

Figure 3.7 Structured illumination microscopy reveals polar addition 6-TMR-Tre in
mycobacteria. Representative images are shown as maximum intensity z-projections. (A) M.
smegmatis cells were incubated for 5, 15 or 30 min with 6-TMR-Tre prior to SIM visualization.
(B) Short pulse of 45 min in M. marinmum reveals ultrastructural information on TMM
mycomembrane organization. Scale bar, 2 um
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Dual metabolic labeling reveals cell wall dynamics during growth

We then sought to monitor real-time dynamics of TMM with our metabolic labeling
strategy by imaging live mycobacteria. In order to confirm glycolipid immobility in the
mycomembrane of M. marinum, cells were prelabeled with 6-TMR-Tre for several generations,
washed, and marked with NADA, a fluorescent D-amino acid conjugate," for different time
periods prior to fluorescence imaging. 6-TMR-Tre labeled TMM was excluded from the poles in
M. smegmatis after a 20 min NADA chase demonstrating a similar immobility to FlTre-labeled
species (Figure 3.8A) (as shown in Chapter 2). M. marinum also showed negligible 6-TMR-Tre
labeling at the poles after a similar chase (Figure 3.8B), suggesting that labeled TMM does not
diffuse away from the original site of incorporation. Dual cell wall labeling with NADA and 6-
TMR-Tre was an attractive strategy to simultaneously visualize cell wall biosynthesis of PG and
TMM with a single labeling step. Thus, we proceeded to treat M. marinum with short pulses of
both reporters to capture dynamics during cell growth in liquid culture. We found high
colocalization of NADA and 6-TMR-Tre signal at the poles, where enzymes involved in new PG
and TMM biosynthesis are primarily localized (Figure 3.9).°°"' Interestingly, we observed
increasing labeling of the side-wall of mycobacteria at longer incubations with both reporters,
suggesting remodeling or maturation processes for the existing cell wall. These observations
were also made for M. smegmatis cells that were labeled for 5, 15 or 30 min (Figure 3.9A).
Taken together, our results demonstrate that dual cell wall labeling of live mycobacteria reveals
real-time dynamics with subcellular resolution during cell growth.
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A Mycobacterium smegmatis B Mycobacterium marinum

Merge 6TMRTre NADA Merge 6TMRTre NADA

Figure 3.8. Mycomembrane mobility assay in mycobacteria. Cells were incubated with 100
uM 6-TMRTre for several doubling times, washed and chased with 1 mM NADA for the
indicated time periods. Representative images are shown for M. smegmatis (A) and M. marinum

(B). Scale bar, 2 ym
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A Mycobacterium smegmatis

5 min 15 min 30 min
Merge 6TMRTre NADA Merge 6TMRTre NADA Merge 6TMRTre NADA

2 um
B Mpycobacterium marinum
15 min 30 min 45 min
Merge 6TMRTre NADA Merge 6TMRTre NADA Merge 6TMRTre NADA

2 um

Figure 3.9 Short pulse dual cell wall labeling in mycobacteria reveals subcellular
distribution of PG and TMM biosynthesis in mycobacteria. M. smegmatis (A) and M.
marinum (B) cells were incubated with 100 uM 6-TMR-Tre and 1 mM NADA for the indicated
times. Representative images are shown for widefield fluorescence microscopy. Scale bar, 2 um



Mycomembrane-compromising drugs redirect cell wall biosynthesis

Current understanding of stress responses to cell wall-targeting drugs is limited to genetic
readouts® >’ or endpoint electron micrographs.”® These methods are not amenable to real-time
live cell imaging of targeted cell wall components. Our metabolic labeling platform would
facilitate the investigation of the cell wall molecular consequences upon front-line TB drug
treatment in live mycobacteria. In particular, we focused our efforts on visualizing the
underlying changes that cells incur when treated with mycomembrane-compromising agents
such as ethambutol (EB) and isoniazid (INH). EB inhibits EmbB, an arabinosyl transferase that
installs arbaninose residues to arabinogalactan chains,*"** which results in reduced sites for
mycolylation of the inner leaflet. INH is a prodrug that targets mycolic acid synthesis by
generating an NADH adduct that inhibits the fatty acid synthase InhA when activated by the
catalase-peroxidase enzyme KatG.* In addition to EB and INH treatments, we included SQ109
in this study to examine alterations produced by inhibition of MmpL3, a TMM-specific
transporter.*’ Furthermore, we included rifampicin (RIF) in our studies, a front-line TB drug that
targets RNA polymerase to inhibit transcription, which would serve as a negative control.* The
chemical structures of these antibiotics are shown in Figure 3.10. Cell wall labeling of PG and
TMM would report on cell physiology, including metabolic state and toxicity induced by these
drugs. We also utilized a fluorescent vancomycin conjugate (Vanco-Fl) to label PG as an
indicator for probe accessibility in the context of membrane integrity.

H
HO N~ N /\Vk/\)\
H
\)\ N N @/ H
N \(\ $Q109
OH
Ethambutol (EMB)
O N
*NH,
A
| Z
N

Isoniazid (INH)

Rifampicin (RIF)

Figure 3.10 Chemical structures of front-line TB drugs used in the clinic and phase 2
clinical trial candidate SQ109

To this end, M. marinum cells were treated with a range of concentrations (below and
above MIC) of EB, INH, SQ109, and RIF for 2 h, while NADA, 6-TMR-Tre, or Vanco-FI
reporters were also present in the growth media. Cells were washed, fixed and analyzed by flow
cytometry to evaluate all conditions tested (Figure 3.11). Overall, NADA and 6-TMR-Tre
labeling decreased with increasing concentrations of drugs, which suggests toxicity. Notably, EB
treatment showed a significant dose-dependent increase in 6-TMR-Tre labeling after a 2 h
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treatment. This is in agreement with previously reported upregulation of mycolic acids and
trehalose mycolate biosynthesis after EB treatment.”** Vanco-Fl staining showed a drastic
increase in signal upon cell exposure to high SQ109 concentration, suggesting a compromised
mycomembrane since NADA labeling did not increase. On the other hand, RIF inhibition of
transcription resulted in minor changes in NADA, 6-TMR-Tre and Vanco-F1 labeling profiles as
expected. Similar results were obtained when M. smegmatis was treated under the same
experimental conditions (Figure 3.12). Together, these results pointed at different cell wall
biosynthesis responses during the course of individual drug treatment for the averaged cell
population.
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Figure 3.11 Effects of short drug treatment at different concentrations in M. marinum.
Bacteria were treated for 2 h with EB (A), INH (B), SQ109 (C), RIF (D) and labeled with
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NADA, 6-TMR-Tre or Vanco-FI followed by flow cytometry analysis. Error bars depict standard
deviation of three replicate experiments. Results are representative of at least two independent
experiments. Statistical significance is given by *P < 0.05, **P < 0.01, ***P < 0.001. Mean
fluorescence intensity (MFI)
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Figure 3.12 Effects of short drug treatment at different concentrations in M. smegmatis.
Bacteria were treated for 2 h with EB (A), INH (B), SQ109 (C), RIF (D) and labeled with
NADA, 6-TMR-Tre or Vanco-F1 followed by flow cytometry analysis. Error bars depict standard
deviation of three replicate experiments. Results are representative of at least two independent
experiments. Statistical significance is given by *P < 0.05, **P < 0.01, ***P < 0.001. Mean
fluorescence intensity (MFI)

However, the strength of our method relies on the visualization of the subcellular changes
in cell wall labeling of single cells. Upon closer examination, fluorescence microscopy revealed
drug-specific dual cell wall labeling patterns in live mycobacteria (Figures 3.13 and 3.14, for M.
marinum and M. smegmatis, respectively). NADA showed polar incorporation for all drug
treatments, where lower labeling correlated with higher drug doses. Similarly, 6-TMR-Tre
labeling decreased with increasing drug concentration. Surprisingly, EB exposure showed a
stronger side-wall labeling profile at all concentrations. Next, we pursued characterization and
quantification of this phenomenon on a single cell basis. Fluorescence intensity for both NADA
and 6-TMR-Tre labeling were plotted against the cell length to illustrate subcellular staining,
where the brightest pole was oriented as position 0 pm in x-axis (Figure 3.15). We also
calculated the polarity index to account for cell wall remodeling differences during treatment,
defined as the intensity of the dimmest region divided by the intensity of the brightest pole.
These measurements indicate that M. marinum redirects cell wall biosynthesis to different
extents specific to drug treatment (Figure 3.16). EB is the strongest inducer of side-wall labeling
of all conditions tested for both PG and TMM. Similar observations were made for M. smegmatis
cells treated with the same drugs (Figure 3.17). Our results are consistent with the upregulation
of cell wall remodeling enzymes after drug treatment as revealed by gene profiling.>>*"* Cell
wall targeting drugs directly affect the iniBAC operon, which is involved in alleviating cell wall
stress.”®” Notably, we did not observe iniBAC upregulation under our experimental conditions
with a M. marinum reporter strain (Figure 3.18). Collectively, we have demonstrated that front-
line TB drug pressures can alter cell wall remodeling before significant activation of the iniBAC
operon, suggesting a faster response than genetic regulation of cell stress.
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Figure 3.13 Effects of mycomembrane-compromising agents in M. marinum. Cells were
incubated with 100 uM 6-TMRTre and 1 mM NADA in the presence of the following drugs: EB,
INH, SQ109, and RIF at different concentrations for a 2 h period. Representative images are
shown for M. marinum cells. Scale bar, 2 um
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Mycobacterium smegmatis
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Figure 3.14 Effects of mycomembrane-compromising agents in M. smegmatis. Cells were
incubated with 100 uM 6-TMRTre and 1 mM NADA in the presence of the following drugs: EB,
INH, SQ109, and RIF at different concentrations for a 2 h period. Representative images are
shown for M. smegmatis cells. Scale bar, 2 pm
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Figure 3.15 Cell length fluorescence traces for M. marinum cells labeled with metabolic
reporters during EB treatment. Cells were aligned with brightest pole at the origin of the
graph and normalized fluorescence intensity was plotted on the y-axis. Empty circles represent
highest fluorescent intensity residing at the pole, while crosses lowest fluorescence intensity used
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to calculated polarity index. These measurements were applied to both NADA (A) and 6-TMR-

Tre (B) labeling profiles.
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Figure 3.16 Front-line TB drugs alter cell wall metabolic labeling profile in M. marinum.
Cells were incubated with NADA and 6-TMR-Tre reporters during short 2h drug treatment with
EB, INH, SQI109, and rifampicin. Cell length fluorescence traces were obtained to measure
spatial distribution of labeling intensity. Polarity index was calculated by dividing lowest
intensity along the cell length by the highest intensity localized to the pole for NADA (A) and 6-

TMR-Tre (B) channels.
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Figure 3.17 Front-line TB drugs alter cell wall metabolic labeling profile in M. smegmatis.
Cells were incubated with NADA and 6-TMR-Tre reporters during short 2h drug treatment with
EB, INH, SQI109, and rifampicin. Cell length fluorescence traces were obtained to measure
spatial distribution of labeling intensity. Polarity index was calculated by dividing lowest
intensity along the cell length by the highest intensity localized to the pole for NADA (A) and 6-
TMR-Tre (B) channels.
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Figure 3.18 iniBAC regulon is not activated during short drug treatment in M. marinum
reporter strain. Error bars depict standard deviation of three replicate experiments. Results are
representative of at least two independent experiments. Statistical significance is given by *P <
0.05, **P <0.01, ***P <0.001. Mean fluorescence intensity (MFI)

CONCLUSION

The TB field has been frustrated with the lack of new therapeutic alternatives to treat
patients. Ever-increasing drug resistance threatens our ability to control disease dissemination. It
has become more clear that understanding the mechanism of drug action is essential to tease
apart the underlying changes occurring at the metabolic*®*” and epigenetic levels.*® However, far
less is known about the native state of the cell wall, which constitutes the first barrier to develop
therapeutics and is primarily composed of non-genetically encoded products. Current knowledge
encompasses morphological changes observed by electron microscopy,* cell wall signatures by
surface-enhanced Raman scattering detection,” and genetic reprograming™ >’ after drug
exposure, forming an incomplete and static view of cell wall physiology.

In this chapter, we developed metabolic reporters to study mycobacterial cell wall
architecture by super resolution microscopy, including pathogenic M. marinum. Our results
suggests that mycobacteria undergo cell wall maturation or remodeling during growth in rich
media as observed by incorporation of 6-TMR-Tre in the side-wall of cells. Combination of this
metabolic reporter with NADA allowed the real-time dual visualization of PG and TMM
dynamics, highlighting analysis of single cell heterogeneity in the population. We extended our
studies to front-line TB drug treatment and discovered drug-specific metabolic labeling profiles.
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Notably, ethambutol treatment, regardless of the concentration tested, resulted in a redirection of
the cell wall remodeling program from a polar to a side-wall phenotype. Even though the polar
region of mycobacteria was proposed to be the Achilles heel of mycobacteria,*® our work argues
that cell wall biosynthesis or remodeling enzymes can be localized to the side-wall during drug
treatment. In addition, we were able to capture cell wall dynamics as early as 2 h during drug
treatment, which can be challenging to identify by genetic approaches.

Our approach is well suited for direct translation into in vivo model of tuberculosis
pathogenesis in zebrafish.’*> Interrogation of cell wall dynamics during in vivo infection by
fluorescence microscopy could shed light into highly relevant host-pathogen interactions.
Importantly, addressing how drug tolerance is achieved as a result of host pressures™ in the
context of the mycobacterial cell wall is key to eliminating the discordance in drug efficacy from
in vitro studies to clinical therapy of patients.
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MATERIALS AND METHODS

General methods for synthesis

Materials and reagents were obtained from commercial sources without further purification
unless otherwise noted. Anhydrous solvents were obtained either commercially or from an
alumina column solvent purification system. All reactions were carried out in oven-dried
glassware under nitrogen unless otherwise noted. Analytical TLC was performed on SiliCycle
glass-backed silica gel 60 A plates (thickness 250 um) and detected by UV lamp or charring with
5% H>S04 in MeOH. Column chromatography was performed using SiliCycle SiliaFlash P60
silica gel (40-63 um). '"H NMR spectra were recorded at 500 MHz with chemical shifts in ppm
referenced to solvent peaks. °C NMR spectra were recorded at 125 MHz with chemical shifts
referenced to solvent peaks. NMR spectra were obtained on Varian AV-500 instrument.
Coupling constants (J) are reported in hertz (Hz). High-resolution electrospray ionization mass
spectrometry (HR ESI MS) was performed at the Stanford University Mass Spectrometry
Facility.

Reversed-phase HPLC was performed on a Varian Pro Star system with a Varian UV-Vis
detector model 345 (210, 254 nm) on a Dynamax Microsorb C-18 preparative column (21.4 x
250 mm) at a flow rate of 20 mL/min or on an Agilent Eclipse XDB-C18 5um semi-preparative
column (9.4 x 250 mm) at a flow rate of 3 mL/min.

6-TreAz,”’ NADA ", and 6-FITre were synthesized as previously reported.

Synthesis of 6-TMR-Tre

OH
o .
HO i. Hy, Pd/C OH
H% MeOH 0
» HO x
0 ii. TAMRA-NHS HO—=—h o
m"s DIEA, DMF o
HO OH NH
6-TreAz OH
6-TMR-Tre

(TAMRA-5-yl)-6-amido-6-deoxy-a,a-D-trehalose (6-TMR-Tre, 3.1)

To a stirring solution of 6-TreAz in anhydrous MeOH (at a final concentration of 20 mM) under
argon atmosphere, 10% Pd/C was added to the reaction mixture. A hydrogen-filled balloon was
connected to the reaction flask to replace the argon atmosphere and stirred overnight at room
temperature. The reaction mixture was filtered through celite and concentrated by rotary
evaporation to afford the amine-trehalose product. Without further purification, 6-amino-
trehalose (5.1 mg, 0.015 mmol, 1.0 eq) was subjected to a reaction with TAMRA-NHS (7.7 mg,
0.015 mmol, 1.0 eq) after dissolving in anhydrous DMF and treated with DIPEA (6 pL, 0.034
mmol, 2.2 eq). Reaction mixture was stirred for 5 h at room temperature and concentrated.
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Desired product was purified by reverse-phase HPLC using a 5-100% MeCN/H,O + 0.1%TFA
gradient.

6-TMR-Tre (9.0 mg, 80% vyield) was obtained as a purple solid. Ry = 0.08 (1:2:2
H,O:EtOAc:IPA, visualized with 5% H,SO4 in MeOH) 'H NMR (500 MHz, ds-DMSO): § 3.07
(t, J=9.3 Hz, 1H), 3.12 (t, J = 9.3 Hz, 1H), 3.30 (dd, /= 9.5, 3.7 Hz, 1H), 3.45 — 3.55 (m, 5H),
3.56 —3.61 (m, 3H), 3.64 — 3.69 (m, 4H), 3.93 (td, /= 6.9, 3.3 Hz, 2H), 4.92 (d, J = 3.6 Hz, 2H),
6.96 (s, 2H), 7.06 (q, J = 9.9, 9.4 Hz, 4H), 7.58 (d, J = 7.9 Hz, 1H), 8.28 (dd, /= 7.9, 1.7 Hz,
1H), 8.67 (d, J= 1.7 Hz, 1H), 8.75 (t,J = 5.8 Hz, 1H). °’C NMR (125 MHz, d;-DMSO): § 41.24,
41.52, 61.35, 70.68, 71.26, 72.30, 72.34, 72.52, 73.18, 73.27, 73.53, 94.09, 94.20, 96.96, 131.31,
136.72, 157.28, 157.38, 157.46, 157.53, 157.53, 158.52, 158.78, 166.15, 166.63. HRMS (ESI):
Calculated for C33H35N20158 [M-Na]+ 7772637, found 777.2645.

Bacterial strains, media, and reagents

Bacterial strains used in this work include Corynebacterium glutamicum 534, Mycobacterium
smegmatis mc*155 and Mycobacterium marinum M. C. glutamicum was cultured in brain heart
infusion (BHI) media at 30 °C. M. smegmatis was cultured in Middlebrook 7H9 media
supplemented with 10% ADC (albumin, dextrose, catalase), 0.5% glycerol, and 0.05% tween 80
at 37 °C. M. marinum was cultured in Middlebrook 7H9 media supplemented with 10% OADC
(oleic acid, albumin, dextrose, catalase), 0.5% glycerol, and 0.05% tween 80 at 33 °C.
Escherichia coli K12 MG1655 and Bacillus subtilis 168 were cultured in Luria broth (LB) at 37
°C. All strains were obtained from the American Type Culture Collection (ATCC).

Stock solutions of 6-TMR-Tre and NADA were prepared at 10 mM and 100 mM in DMSO,
respectively, and stored at -20 °C. Other reagent stocks include ethambutol (Sigma Aldrich, 4
mg/mL in H,O, stored at 4 °C), ebselen (Cayman Chemical, 2 mg/mL in EtOH, stored at -20 °C),
isoniazid (Sigma Aldrich, 2 mg/mL in H,O, stored at 4 °C), SQ109 (Sigma Aldrich, 10 mM in
DMSO, stored at -20 °C), and rifampicin (Sigma Aldrich, 3 mg/mL in DMSO, stored at -20 °C).
Stock solutions of TDL and 6-FITre were prepared at 25 mM and 10 mM, respectively, in
DMSO and stored at -20 °C.

Bacterial metabolic labeling conditions

Single colonies were used to start stationary phase cultures, which were used to innoculate
experimental cultures for all bacterial strains. Cells were grown in aerated culture tubes or 96-
well plates with shaking until the desired optical density was achieved. Bacterial cultures in
exponential growth phase were incubated with trehalose probes until designated end-point of the
experiment. Bacterial cells were fixed prior to flow cytometry or fluorescence microscopy unless
otherwise noted.

For 6-TMR-Tre labeling, C. glutamicum, M. smegmatis, and M. marinum were incubated with
100 uM trehalose reporter for time periods encompassing several doubling times unless
otherwise noted. B. subtilis and E. coli were exposed to 6-TMR-Tre analogs for 2 h during
exponential growth phase.

For in vitro pulse-chase experiments, bacteria were labeled with 100 pM 6-TMR-Tre reporter.
Trehalose competition experiments included co-incubation of native trehalose at 0, 0.5 or 5.0
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mM and trehalose reporter in C. glutamicum, M. smegmatis, and M. marinum cultures, for 2, 3,
and 4 hours respectively. Bacterial cells were incubated with 100 uM 6-TMR-Tre and treated
with 20, 50, or 100 pg/mL ebselen, in C. glutamicum (2 h), M. smegmatis (3 h), and M. marinum
(4 h) respectively.

For mycomembrane mobility experiments, C. glutamicum and M. smegmatis were labeled with
100 uM 6-FITre for several generations, washed to remove excess reporter and chased with TDL
for different 5 — 30 min. TDL was used at a final concentration of 250 uM for pulse-chase
labeling experiments.

Antibiotic or drug treatment experiments involving M. smegmatis and M. marinum were
conducted as follows: 1) inoculated cultures were labeled with 100 uM 6-TMR-Tre for several
generations; 2) treated with different concentrations of drugs during log phase; 3) washed excess
reporter and drug with growth media; 4) incubated with I mM NADA for 20 min; 5) washed
with growth media, fixed, and prepared samples for microscopy. This experiment was carried
out in a 96-well plate to simultaneously evaluate ebselen, ethambutol, isoniazid and SQ109. The
same experiments were carried out with 100 uM 6-FITre and 25 pM TDL reporter pair.

Drug treatment M. smegmatis (ug/mL) M. marinum (ng/mL)
2 5
Ebselen 10 20
50 100
0.5 0.5
Ethambutol 2 2
10 10
1 1
Isoniazid 5
10 20
0.5 1
SQ109 2 5
10 20
5 0.05
Rifampicin 20 0.25
100 1

In a similar fashion, new cell wall biosynthesis was evaluated in M. smegmatis and M. marinum
with 100 pM 6-TMR-Tre and 1 mM NADA during a 2 h antibiotic treatment (see table above).

Evaluation of elongation rate and growth during antibiotic treatment (see table above) are
described below. Cells were washed with PBS + 0.05% tween 80 (PBST) and labeled with 0.05
mg/mL AF488 NHS for 30 min at room temperature. Cell were then washed with PBST and
resuspended in growth media. Treatment with antibiotics (2 h) was carried out at the
concentrations listed above for ebselen, ethambutol, isoniazid and SQ109. Cells were fixed
immediately and prepared for fluorescence microscopy.
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Flow cytometry

Fluorescently labeled cells were analyzed in 96-well plate format in a BD Biosciences Accuri C6
flow cytometer equipped with a BD C-Sampler. Data was collected for 100,000 events at a rate
of > 5,000 events/s for each sample. All flow cytometry experiments were performed in triplicate
where results are representative of at least two independent experiments.

Widefield fluorescence microscopy

Bacterial cultures (1-3 pL) were spotted on 1% agarose pads mounted on glass slides, installed
coverslip, and sealed with nail polish. Fluorescence imaging was performed with a Nikon A1R
resonant scanning confocal microscope using a CFI Plan Apo Lambda 60x oil objective. Images
were captured and processed with NIS Elements software. Acquisition and processing of images
was performed identically for control and test samples.

Structured illumination microscopy (SIM)

Samples were mounted on agarose pads with Vectashield using high performance coverslips
#1.5 (18 mm x 18 mm, Zeiss) and sealed with nail polish. Fluorescence images were acquired
with OMX Blaze 3-D structure illumination microscope (Applied Precision, Inc.) fitted with a U-
PLANAPO 100X SIM objective (NA = 1.4). Acquisition parameters included 15 images per z-
section, where each plane was separated by 125 nm, with DeltaVision OMX software. Raw data
was processed with softWoRx software to generate SI image reconstruction.

Single-cell fluorescence microscopy analysis
Raw images were analyzed with in-house Matlab algorithm.

Isolation and purification of free glycolipids

Bacterial cultures incubated with trehalose probes were washed two times with corresponding
growth media to remove excess reporter. Wet cell pellets were subjected to organic extraction by
adding 1 mL 2:1 CHCIl;:MeOH and stirring vigorously in conical glass tubes overnight.
Resulting heterogeneous mixture was centrifuged for 10 min at 3700 x g, clarified organic layer
supernatant was saved and cell pellet was re-extracted twice with the same protocol. Combined
organic layers recovered after centrifugation were concentrated and analyzed by HPTLC
(Uniplate HPTLC-GHL, 5 x 5 cm, 150 pm thickness) developed with 65:25:4
CHCIl3:MeOH:H,0. Fluorescently labeled glycolipids developed in HPTLC plates were imaged
with typhoon scanner (Amersham Biosciences, Typhoon 9410). Free lipids were partially
purified by preparative TLC (Analtech, 20 x 20 cm, 1 mm thickness).

In addition, partially purified fluorescent glycolipids were dissolved in 1 mL 2:1 CHCl;:MeOH.
Labeling efficiency of free glycolipids was assessed by fluorimetry. Fluorescence spectra were
recorded on a Photon Technology International Quanta Master 4 L-format scanning
spectrofluorometer equipped with an LPS-220B 75-W xenon lamp and power supply, A-1010B
lamp housing with an integrated igniter, switchable 814 photon counting/analog photomultiplier
detection unit, and MD5020 motor driver. Measurements were made in 1 cm x 0.4 cm quartz
cuvettes with a total sample volume of 1 mL.

Statistics
p-values between samples were calculated with student paired t-tests.
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Chapter 4

Mapping Cell Wall Biosynthesis During Cell Growth and Division in Actinobacteria

This work was adapted in part from Rodriguez-Rivera, F. P.*; Zhou, X.*; Theriot, J. A.;
Bertozzi, C. R. Mapping cell wall biosynthesis during cell growth and division in
Actinobacteria. Rodriguez-Rivera, F. P. and Zhou, X. contributed equally to this work.
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Chapter 4. Mapping Cell Wall Biosynthesis During Cell Growth and Division in
Actinobacteria

INTRODUCTION

Actinomycetes include species from Corynebacteria, Mycobacteria, Nocardia, and
Rhodoccocus families. Beyond highly studied mycobacterial pathogens, well-characterized
members among corynebacteria include C. glutamicum' and human pathogen C. diphtheriae.” In
addition, both N. asteroides and N. brasiliensis have also been identified as human pathogens
involved in lung infections.* The aforementioned actinobacterial species share high similarities
in the composition and structure of the bacterial cell wall.”° In particular, many efforts have been
devoted to the structural characterization of cell wall components in both corynebacterial and
mycobacterial species,”” as well as visualization by electron microscopy methods.'®!" The
complexity in their cell wall arises from elaboration of the mycolyl-arabinogalactan-
peptidoglycan (mAGP) covalent polymer, whose inner leaflet of the mycomembrane also
supports non-covalently associated glycolipids.” Significant deviation between species arises
from the core structure of mycolic acids, as mycobacteria can generate mycolic acids up to 90
carbon atoms in length,” while corynebacteria harbor shorter versions (22-34 carbon atoms)."?

Many successful antibiotics target bacterial cell wall biosynthesis to disrupt essential
processes during growth and division. Rod-shaped bacteria have been subjected to intensive
study to discover key steps as well as enzymes involved during cell division, but efforts have not
been focused on actinobacterial species. For example, Gram-negative Escherichia coli and
Gram-positive Bacillus subtilis undergo gradual (in the order of minutes) symmetric daughter
cell separation driven by enzymatic remodeling.”'* A millisecond daughter cell separation by a
mechanical crack propagation in the peripheral ring has been recently described for Gram-
positive Staphylococcus aureus.”” In comparison, only a set of positive and negative regulators
of cytokinesis are known for corynebacteria'® while more efforts have focused on
mycobacteria.'” Actinobacteria divide by a process called "V-snapping", where daughter cells
remained joined until rapid snapping to form the characteristic V-shape (Figure 4.1).'%?!
However, the exact cell wall layer that undergoes rupture during V-snapping and the temporal
landscape for this process remains unclear.

Growth Septation V-snapping

- IO OO

Figure 4.1 Cell growth and division in actinobacteria

> Time

Assembly of cell wall components in daughter cells is tightly regulated, but the
orchestration of these events is poorly understood for actinobacterial species. Molecular
chemical tools have emerged as a useful strategy to visualize cell wall dynamics in live cells.”
For instance, peptidoglycan biosynthesis occurs at the subpolar region in M. smegmatis cells as
revealed with unnatural D-amino acid reporters and super resolution microscopy.” Additionally,
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several groups have directed efforts towards visualizing dynamics of trehalose glycolipids with
metabolic trehalose reporters.”*>® Nonetheless, these methods have not been used in
combination to directly interrogate cell wall assembly in actinobacteria during cell growth and
division.

In this chapter, we describe a metabolic labeling strategy to simultaneously probe three
independent components of the cell wall during bacterial cell division, mainly, peptidoglycan,
arabinogalactan, and trehalose mycolates. We utilized unnatural cell wall reporters, amenable to
ligation of fluorophores by bioorthogonal chemistry, to visualize how cell wall organization is
coordinated in Corynebacteria and Mycobacteria. This strategy allowed us to map cell wall
assembly at the septum, which is built vertically outward. Dynamics of the cell wall reveal that
new peptidoglycan and arabinogalactan are actively biosynthesized during septation, but non-
covalently membrane-bound glycolipids are only mobilized to the septum right before V-
snapping occurs in corynebacteria. We correlated the delayed mobilization of the labeled
glycolipids before V-snapping with septal perforations in the peripheral ring. In addition,
daughter cell separation was independent of mycolic acids or S-layer, but is driven by turgor
pressure. Our data suggests that peptidoglycan is the layer that undergoes mechanical rupture
prior to V-snapping and daughter cell separation.

RESULTS AND DISCUSSION
Vertical nature of cell wall assembly at the septum in corynebacteria and mycobacteria

Structurally diverse non-genetically encoded biomolecules make up the majority of the
actinobacterial cell wall. Our knowledge base has been focused on understanding enzymatic
pathways as well as visualizing dynamics of biosynthetic enzymes during bacterial division, but
less so in understanding the very dynamic nature of independent cell wall layers. Gratifyingly,
biosynthetic enzymes are permissive to a wide range of site perturbations and can incorporate
modified substrates into cell wall components. For example, unnatural D-amino acids are well
tolerated by the peptidoglycan biosynthesis machinery and are inserted into the stem peptide,
where a D-alanine residue would normally reside.”” > At high resolution by electron
microscopy, alkyne-D-alanine has allowed visualization of peptidoglycan intermediates residing
in the cytoplasmic side of the inner cell membrane.” However, secondary labeling reagents can
suffer from poor penetrance and non-specific interactions for live-cell imaging purposes. For this
reason, we chose to pursue our studies with tetramethylrhodamine-D-lysine (TDL)*"* to
visualize peptidoglycan dynamics with one-step labeling (Figure 4.2).

Similar to peptidoglycan, trehalose mycolate biosynthesis can be hijacked by unnatural
trehalose reporters. Barry, Davis and coworkers probed the promiscuity of Antigen 85 (Ag85)
complex with trehalose reporters bearing different functional groups.”* This enzyme takes two
molecules of trehalose monomycolate (TMM) and converts them into trehalose dimycolate
(TDM) and free trehalose. The reverse reaction is also possible and is currently hypothesized to
mediate unnatural trehalose reporter incorporation. Recently, Swarts and coworkers showed that
a short unnatural trehalose ester can serve as a TMM donor, where the short acyl chain can be
transesterified onto arabinogalactan.”” We chose to modify the alkyne version of this reporter (O-
alkTMM) with a fluorophore to take advantage of the operational simplicity of one-step labeling.
Cu-click reaction of O-alkTMM with azide-AlexaFluor647 afforded O-TMM-647 conjugate(see
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Methods section), which could report on arabinogalactan dynamics (Figure 4.2). Finally, 6-F1Tre
(see synthesis and characterization in Chapter 2), also metabolized by Ag85 activity, was
selected to label TMM, an integral component of the mycomembrane (Figure 4.2). O-TMM-647
and 6-FITre would report on both inner and outer leaflet of the mycomembrane, respectively.

Cell wall model N I
N I o l N

Capsule N
COOH

Mycomembrane O

Arabinogalactan

Peptidoglycan 5

Inner membrane z

" H.N">coo-

0SSO
y TDL

OH OH

HO 0 HO 0

HO HO

OH OH
0 0

_<NH
AF647
o

O-TMM-647 6-FITre OH

Figure 4.2 Cell wall metabolic labeling strategy in actinobacteria to simultaneously
visualize peptidoglycan, arabinogalactan and trehalose mycolate biosynthesis. Reporters
TDL, O-TMM-647 and 6-FITre were used to selectively label peptidoglycan, arabinogalactan
and TMM, respectively. Colors of outlined boxes represent cell wall layer as assigned in the cell
wall model (upper left corner).
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To obtain a better understanding of cell wall dynamics, we selected well-studied C.
glutamicum and M. smegmatis species to perform live cell imaging of metabolically labeled
cells. Both of these species share similar structure and composition of individual cell wall
components.” We proceeded to label cells with 100 pM TDL, 40 uM O-TMM-647 and 100 uM
6-FITre for several doubling times. Cells at various stages of the cell cycle were selected and
arranged from left (early) to right (late) according to their fluorescence labeling profile (Figure
4.3). Full coverage of the cell by metabolic staining was expected for this incubation period, but
clear differences were observed at the septum. C. glutamicum cells showed peptidoglycan
staining as the first step toward cell wall biosynthesis at the septum (Figure 4.3A).
Arabinogalactan shortly followed as observed by O-TMM-647 labeling. Finally, we observed 6-
FITre labeling corresponding to TMM to be localized to the septum before the cells would
undergo V-snapping, after which we still observed fluorescence signal at the septum (far right).
Visualization of cell wall biosynthesis at the septum with these metabolic reporters suggested a
vertical direction towards building this region of the cell, where the peptidoglycan layer was
synthesized first, followed by arabinogalactan, and then trehalose mycolates. Furthermore,
labeling of M. smegmatis cells demonstrated a very similar metabolic labeling pattern with the
observed vertical nature as for C. glutamicum (Figure 4.3B). However, short-pulse (5 min)
labeling experiments with 6-TMR-Tre (TAMRA installed at the 6-position, see Chapter 3)
revealed strong septal signal exclusively for M. smegmatis, which suggested de novo TMM
biosynthesis at the septum (see results in Chapter 3). This strategy allowed us to define the order
of cell wall biosynthesis at the septum of growing C. glutamicum and M. smegmatis cells. Our
results support the high conservation of cell wall architecture among bacteria, but also reveal
subtle differences that warrant further investigation.
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Figure 4.3 Cell wall metabolic labeling in live C. glutamicum and M. smegmatis.
Representative images for triple metabolic labeling of cells grown with TDL (100 pM), O-
TMM-647 (40 uM) and 6-FITre (100 uM) for several doubling times are shown forn C.
glutamicum (A) and M. smegmatis (B). Scale, 2 um
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Trehalose mycolates are mobilized to the septum before V-snapping

Next, we wanted to discriminate between active TMM biosynthesis at the septum versus
diffusion of labeled glycolipids into this region during growth. The latter hypothesis is supported
by mycomembrane fluidity studies in live cells described in Chapter 2 that correlate this
phenomenon to mycolic acid structure. We found that C. glutamicum FlTre-labeled glycolipids
are highly mobile within the native mycomembrane of live cells. To differentiate between these
two hypotheses, we examined dynamics of 6-FITre labeling in live cells within a microfluidic
device that would provide temporal control of reporter exposure. To this end, C. glutamicum
cells were subjected to 5 min labeling periods followed by 1 min washing periods and image
capture. We included a non-specific fluorescent membrane dye FM-4-64 (FM) to delineate the
cell wall in this experiment. With this platform, FlTre-labeled glycolipids were evenly
distributed within the cell surface for the majority of the growth cycle, but only minutes before
V-snapping, they were mobilized to the septum (Figure 4.4, indicated by white arrowheads). The
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migration of FlTre-labeled trehalose mycolates occurred in the order of minutes, even though
FM staining reveal early signal at the septum (second frame from the left). Therefore, the
hypothesis of TMM biosynthesis at the septum was ruled out as no labeling was observed in the
first ~35 min of the cell cycle.

Time (min) 0 6 12 18 24 30 36 42 48 54 60
Brightfield
FM
6-FITre

Merge

2 um

Figure 4.4 FlTre-labeled glycolipids mobilize to the septum right before V-snapping.
C. glutamicum were subjected to short labeling periods of 6-FITre and FM dye for 5 min prior to
washes and image capture. White arrowheads depict the mobilization of FITre-labeled
glycolipids to the septum prior to V-snapping. Scale 2 um

To better understand the local environment of the septum, we envisioned installing the
solvatochromic fluorophore N,N-dimethylaminonaphthalimide (DMN)** on cell wall reporters.
This tool could provide information on the delayed mobilization of 6-FITre labeled glycolipids
prior to V-snapping. We hypothesized that mycolylation of arabinogalactan was a prerequisite
for FlTre-labeled species to diffuse into the septum. To probe septum hydrophobicity, we
installed DMN on the O-TMM reporter by click chemistry to afford O-TMM-DMN (see
Methods section). Dual labeling with O-TMM-DMN and -647 reported on both septation
progress as well as degree of mycolylation by fluorescence signal stemming from DMN
fluorophore (Figure 4.5). We observed good correlation for both reporters at the septum,
indicative of mycolyltransferases being present at the septum and engaging in arabinogalactan
biosynthesis, while the environment was hydrophobic enough for DMN to fluoresce (Figure 4.5).
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Figure 4.5 Arabinogalactan biosynthesis and mycolylation occurs at the septum as revealed
by O-TMM reporter incorporation. Chemical structures of O-TMM-probes with DMN and
AF647 fluorophores (top) and representative images of dual labeling of C. glutamicum to probe
septum hydrophobicity during cell growth are shown. Scale, 2 um

In order to validate the septal dynamics of O-TMM labeling, we next characterized the
incorporation site of these reporters in C. glutamicum. We set out to prelabel cells for several
generations with different reporters and the appropriate negative and positive controls followed
by isolation of mAGPG polymer and extractable lipids. If O-TMM reporters were donating the
acyl chain to arabinogalactan, we would hypothesize that most of the fluorescent signal would
remain covalently associated with mAGPG polymer. Fluorescence of isolated cell wall
components was measured with a fluorimeter after samples were resuspended in toluene for cells
labeled with O-TMM-DMN or O-TMM-647 (Figure 4.6). Negative controls such as untreated
cells or trehalose and azide-AF647 showed negligible fluorescence under these conditions.
Surprisingly, free DMN was found to be tightly associated with mAGPG (Figure 4.6A),
presumably due to strong hydrophobic interactions with the corynemycolic acids attached to
arabinogalactan. Evaluation of D-ala-DMN indicated exclusive incorporation into mAGPG
(fluorescence measurement of this sample in water showed negligible fluorescence, data not
shown), which supported selective labeling of peptidoglycan. In turn, O-TMM-DMN was found
in both mAGPG core and extractable lipids suggesting that mycolyltransferase activity partially
tranesterifies this analog onto arabinogalactan (Figure 4.6A). On the other hand, O-TMM-647
showed a similar profile with incorporation into both isolated fractions (Figure 4.6B). In
addition, 6-TreAz modified with AlexaFluor647 by Cu-click was found to exclusively reside in
the extractable lipid fraction. Collectively, these results show that O-TMM analogs are partially
transferred onto mAGPG, which correlates with observed mobilization of O-TMM species into
the septum before V-snapping (highlighted by yellow arrows in Figure 4.7).
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Figure 4.6 O-TMM-fluorophore probes reports on both leaflets of the mycomembrane.
Probe destination was characterized in C. glutamicum cells when treated with (A) O-TMM-
DMN and (B) O-TMM-AF647 in isolated mAGPG and exractable lipids by fluorimetry
measurements. Fluorescence signal was normalized to untreated cells in both (A) and (B).
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Figure 4.7 O-TMM-647 probe stains arabinogalactan in septum and diffusing species move
to the septum prior to V-snapping. Representative images of C. glutamicum cells during triple
metabolic labeling of cells grown with TDL (100 uM), O-TMM-647 (40 uM) and 6-FITre (100
uM) in microfluidic chamber. Arrows indicate septal incorporation of O-TMM-647 during
septation and prior to the increase in septal 6-FITre signal, and arrowheads denote the first
appearance of septal labeling with 6-FITre, at which point O-TMM-647 signal also increases at
the septum. Scale bar, 2 pm
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At this point, our data suggested FlTre-labeling glycolipids are prevented from diffusing
into the septum right before V-snapping. However, characterization of O-TMM reporter labeling
indicated that the local environment of the septum is hydrophobic enough to fluoresce, which
supported that mycolylation of arabinogalactan precedes glycolipid mobilization. We
hypothesized that inhibiting arabinogalactan synthesis would negatively impact septum
mobilization and daughter cell separation. Thus, we chose to treat cells with ethambutol, which
directly inhibits installation of the distal arabinose residue on arabinogalactan, therefore
decreasing the number of mycolylated sites.>*° Cells were labeled with 6-FITre and FM dye in
the presence of 50 pg/mL ethambutol for 2 h prior to fluorescence imaging (Figure 4.8). 6-FITre
labeled glycolipids failed to migrate to the septum and the new poles after cells had undergone
V-snapping (Figure 4.8A). Furthermore, this high ethambutol concentration delayed daughter
separation as most cells presented several septa (Figure 4.8B). Taken together, these results
support a more mechanistic understanding of mobilization of FlTre-labeled species during cell
division, which is crucial for daughter cell separation.

A
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Figure 4.8 Ethambutol treatment prevents mobilization of FlTre-labeled glycolipids and
delays daughter cell separation. Cells were grown with 50 pg/ml ethambutol for two hours am
incubated with 1 pg/ml FM 4-64 and 100 uM 6-FITre. (A) Representative cells with the septum
and new poles devoid of 6-FITre label are shown. (B) Delayed daughter cell separation was also
observed, as evaluated by the presence of multiple septa in a single cell. Scale, 2 um

Septal 6-FlTre-labeling correlates with perforations in the peripheral ring

With the current information in hand, we propose that FlTre-labeled glycolipids reside
mostly in the peripheral wall with negligible presence at the septum during septation. These
glycolipids can then populate the septal region prior to V-snapping, but only after a physical
diffusion barrier has been dissolved, therefore facilitating this process. We hypothesized that the
delayed mobilization of FlTre-labeled species was a consequence of septal perforations in the
peripheral ring of C. glutamicum. To test this hypothesis, we performed correlative light and
scanning electron microscopy of cells that had been labeled with 6-FITre and FM dye (Figure
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4.9). Cells (n = 154 cells) were binned according to their labeling profile where septal FM was
assigned as the earliest stage detected during septation (Figure 4.9B) to the last stage where cells
had undergone V-snapping (Figure 4.9D). Only 46 of the examined cells showed septal 6-FITre
labeling, where 70% (n = 32 cells) showed clear and evenly-spaced septal perforations in the
peripheral ring (Figure 4.9C). We propose that the remaining 30% of FlTre-labeled septums have
perforations large enough to allow diffusion, but small enough to not be detected by scanning
electron microscopy. These results suggest a good correlation between delayed FlTre-labeling
and septal perforations, both required for V-snapping to occur.

A BF F

BF FM 6-FITre

Figure 4.9 FITre-labeled TMM migration correlates with septal perforations. Cells were
labeled with 6-FITre and FM dye for several generations, placed on imaging grid, fixed and
visualized by correlative microscopy. Cells were classified on stages of the cell cycle based on
the fluorescence dual labeling pattern of the septum (A-D). Scale, 1 pm
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Millisecond V-snapping in Corynebacteria is independent of mycolic acids and driven by turgor
pressure

We previously demonstrated that daughter cell separation (V-snapping) in C. glutamicum
occurs within 10 ms.”' Improved temporal resolution allowed us to determine that V-snapping of
C. glutamicum can be completed within 1 ms (Figure 4.10A). To test whether V-snapping is
driven by turgor pressure, cells were grown in medium with oscillatory changes in osmolarity.
V-snapping events were recorded as a function of the phase of the changes in osmolarity (Figure
4.10B). Indeed, the frequency of snapping highly depends on the phase of the osmotic shock
similar to S. aureus."”> However, the specific response profile is different: the frequencies of
snapping in low osmolarity medium, rather than just the interval when the medium osmolarity is
being lowered, are generally higher than in high osmolarity medium. It appears that C.
glutamicum responds to the absolute osmolarity of the medium and S. aureus responds to the rate
of changing in medium osmolarity. One possibility is that S. aureus actively regulates its turgor
pressure at a higher rate and extent than C. glutamicum. Nonetheless, the millisecond daughter
cell separation (V-snapping) of C. glutamicum is driven by turgor pressure and cell wall stress.

Given the complex cell wall composition of Corynebacterium, we next wondered which
layer(s) can undergo mechanical rupture during the V-snapping and still links both daughter
cells. It has been suggested in the literature that the mycolic acid or the S-layer might act as the
linking material to join the two daughter cells after snapping and gives rise to the V-shaped
arrangement.’”>* Interestingly, the C. glutamicum strain we used (ATCC 13032) happens to be
deficient in S-layer production due to the absence of the S-layer promoter PS2,” yet still
undergoes V-snapping, which ruled out the S-layer requirement. To evaluate the contribution of
mycolic acids to the ultrafast V-snapping, we utilized a natural isolate of C. amycolatum that is
devoid of mycolic acids.”” We found that C. amycolatum snaps just like C. glutamicum and
occurs within 10 ms (Figure 4.10C). Therefore, we conclude that V-snapping in
Corynebacterium is independent of mycolic acids or S-layer.

We propose that peptidoglycan provides the mechanical strength to hold the daughter
cells together against the turgor pressure prior to V-snapping and undergoes the mechanical
rupture. Transmission electron microscopy (TEM) on thin sections of Corynebacterium showed
a similar organization of the septal wall as in S. aureus where the septal peptidoglycan appeared
as two separate plates that are connected by a peripheral ring of peptidoglycan.”"** V-snapping
likely results from the resolution of this peripheral ring through a turgor pressure-driven
mechanical crack propagation, initiated at one location in the ring (perhaps from one of the
perforations shown in Figure 4.10D). Disruption of NIlpC/P60 like cell wall hydrolase, which
digests peptidoglycan in Corynebacterium, has been shown to delay daughter cell separation and
leads to elongated cells with multiple septa, supporting the hypothesis that peptidoglycan holds
the two daughters together. We also suggest that a similar mechanism applies to Mycobacterium,
since a mutant devoid of mycolic acid production displayed V-shaped arrangement of daughter
cells.” In addition, TEM thin section of Mycobacterium revealed similar septal wall geometry as
Corynebacterium.** Finally, several reports support the activity of RipA, a peptidoglycan
hydrolase, to be essential for daughter cell separation in mycobacteria.* ™’
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Figure 4.10. V-snapping in Corynebacterium occurs within milliseconds and is driven by
turgor pressure. (A) Daughter cell separation (V-snapping) of C. glutamicum was captured with
phase contrast microscopy at 1 ms per frame. Scale, 2 um (B) Occurrence of V-snapping at
different phases of the oscillatory osmotic shock period is shown. Red line denotes the
concentration of sorbitol in the medium (n = 81 events). (C) Daughter cell separation (V-
snapping) of C. amycolatum was captured with phase contrast microscopy at 10 ms per frame.
Scale, 2 um (D) Scanning electron micrographs of both C. glutamicum (top) and C. amycolatum
(bottm) show septal perforations in the peripheral ring. Scale, 1 pm

Model for cell wall assembly in C. glutamicum

Based on our studies, C. glutamicum spends a significant period of time during the cell
cycle building a functional septum that efficiently separates two daughter cells. Metabolic
reporters allowed us to map cell wall assembly at the septum during cell growth and division.
We propose a new model for cell wall biosynthesis during septation and V-snapping of C.
glutamicum (Figure 4.11), where the green outline represents our results afforded by 6-FITre
metabolic labeling. First, cells elongate from the poles during growth, at which point an evenly
coated surface of FlTre-labeled glycolipids is observed. Next, the septation process involves a
bottom-up cell wall layer biosynthesis, where peptidoglycan labeling was observed before
arabinogalactan incorporation. This observation is supported by O-TMM probe incorporation as
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well as environment-sensitive fluorophores that report on the local hydrophobicity of the septum.
Even though the cell has completed its septum and we observe robust peptidoglycan and
arabinogalactan labeling, the cell is still not ready to undergo bacterial cytokinesis. At this stage,
FlTre-labeled glycolipids are rapidly mobilized (in the order of minutes) to the septum before V-
snapping occurs. Our results support the hypothesis of a diffusion barrier being removed to allow
FlTre-glycolipid migration into the septum, which is facilitated by septal perforations of the
peripheral ring as observed by SEM. Once the future new poles have a robust mycomembrane
with low permeability, the cells undergo ultrafast V-snapping to afford two daughter cells that
remain joined by the hinge region. We also propose that peptidoglycan is the cell wall layer that
undergoes mechanical rupture after hydrolase activity has created weak points along the
peripheral ring, presumably originating from the septal perforations observed by SEM. Finally,
our turgor pressure data reveals that mechanical rupture is independent from both mycolic acids
and S-layer, which further supports our hypothesis that peptidoglycan sustains the described cell
wall stress during V-snapping.
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Figure 4.11 Actinobacterial cell wall assembly model during cell growth and division. At the
growing pole, new mycolic acids are exported and transferred to both the arabinogalactan layer
and free TMM to build both leaflets of the mycomembrane; the free trehalose mycolates diffuse
rapidly to the entire cell surface (F1Tre, depicted in green), but not to the new septum due to the
peripheral peptdigoglycan ring (barrier); at the growing septum, there is no considerable amount
of trehalose mycolates during septation, likely due to limited mycolic acids exported that are
preferentially transferred to the arabinogalactan layer; prior to V-snapping, septal perforations
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are formed at the peripheral ring which resolve the diffusion barrier for trehalose mycolates to
migrate from the cell periphery into the septum to form the “outer leaflet” layer of the
mycomembrane and prepare the new poles for exposure to the environment; when one
perforation reaches the critical length, it will mechanically rupture the peripheral ring driven by
turgor pressure and separates the two daughter cells into the established V-shaped arrangement.

CONCLUSION

Dynamics of individual cell wall components are notoriously challenging to study by
both biochemical and genetic methods. We utilized unnatural cell wall reporters, amenable to
ligation of fluorophores by bioorthogonal chemistry, to visualize how cell wall organization is
orchestrated in C. glutamicum and M. smegmatis. We harnessed the spatiotemporal resolution of
a triple metabolic labeling strategy to molecularly map cell wall assembly during cell growth and
division in both species. Visualization of the cell wall revealed that new peptidoglycan and
arabinogalactan are actively biosynthesized during septation, but non-covalently membrane-
bound glycolipids are only mobilized to the septum before V-snapping occurs in C. glutamicum.
Utilization of additional chemical tools such as environment-sensitive reporters allowed local
hydrophobicity probing of the septum. We propose that mobilization of trehalose mycolates to
the septum is facilitated by septal perforations of the peripheral ring, which is a crucial step for
V-snapping and subsequent daughter cell separation. Our results also support that V-snapping is
independent of mycolic acids and is driven by turgor pressure. Identification of peptidoglycan
hydrolase mutants that lack FlTre-glycolipid mobilization to the septum might be an interesting
avenue to identify putative enzymes involved in the mechanical rupture preceding V-snapping.
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MATERIALS AND METHODS

General methods for synthesis

Materials and reagents were obtained from commercial sources without further purification
unless otherwise noted. Anhydrous solvents were obtained either commercially or from an
alumina column solvent purification system. All reactions were carried out in oven-dried
glassware under nitrogen unless otherwise noted. Analytical TLC was performed on SiliCycle
glass-backed silica gel 60 A plates (thickness 250 um) and detected by UV lamp or charring with
5% H>S04 in MeOH. Column chromatography was performed using SiliCycle SiliaFlash P60
silica gel (40-63 um). '"H NMR spectra were recorded at 400, 500 or 600 MHz with chemical
shifts in ppm referenced to solvent peaks. °C NMR spectra were recorded at 100 or 150 MHz
with chemical shifts referenced to solvent peaks. NMR spectra were obtained on Bruker
AVQ400, AVB-400, AV-500, or AV-600 instruments. Coupling constants (J) are reported in
hertz (Hz). High-resolution electrospray ionization mass spectrometry (HR ESI MS) was
performed at the UC Berkeley Mass Spectrometry Facility.

Reversed-phase HPLC was performed on a Varian Pro Star system with a Varian UV-Vis
detector model 345 (210, 254 nm) on a Dynamax Microsorb C-18 preparative column (21.4 x
250 mm) at a flow rate of 20 mL/min or on an Agilent Eclipse XDB-C18 5um semi-preparative
column (9.4 x 250 mm) at a flow rate of 3 mL/min.

TreAz,*” 0-alkTMM,”” TDL,” BTTAA,*® azide-DMN,** and FITre (Chapter 2) were synthesized
as previously reported.

General procedure for the preparation of trehalose-AF647 analogs

OH
HO 0
HO
OH
(0]
R4
(o]
R, R3
R;
Tre/
AF647-Tre

2-AF647-Tre R, = AF647, R,=R3=R, = OH
3-AF647-Tre R, = AF647, Ry = R3=R,= OH
4-AF647-Tre Rs= AF647,R; =R,=R, = OH
6-AF647-Tre R, = AF647, Ry =R, =R3= OH

TreAz analogs were dissolved at 25 mM in doubly distilled water and filtered through 0.2 um
membrane. Stock solutions of BTTAA and CuSO4 at 50 mM, in DMSO and water, respectively,
and 10 mM alkyne-AF647 (Invitrogen) in DMSO were prepared and stored at -20 °C. A 100 mM
sodium ascorbate was freshly prepared prior to CuCAAC reaction. Cu-click cocktail was
prepared by mixing 0.5 pL 50 mM BTTAA, 3 pL 50 mM CuSOy, 1 pL 25 mM TreAz analog,
12.5 uL 100 mM sodium ascorbate, and 10 mM alkyne-AF647. Reaction was allowed to proceed
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at room temperature with rapid mixing for 30 min. Cu-clicked products at a final concentration
of 1.28 mM were used immediately for cell labeling experiments or stored at
-20 °C.

Synthesis of D-ala-DMN

D-ala-DMN

alkDala was dissolved at 1 M in doubly distilled water and filtered through 0.2 pm membrane.
Stock solutions were prepared as described above. Cu-click cocktail was prepared by mixing 0.5
uL 50 mM BTTAA, 3 pL 50 mM CuSO4, 10 mM azide-DMN, 12.5 pL 100 mM sodium
abscorbate, and 0.5 uL. 1 M alkDala. Reaction was allowed to proceed at room temperature with
rapid mixing for 30 min. Cu-clicked products at a final concentration of 1.28 mM were used
immediately for cell labeling experiments or stored at -20 °C.

General procedure for the preparation of O-alkTMM-fluorophore analogs

OH
o)
HO
HO N\\\\
SO,
E/g éf”“
NMez
O-TMM-DMN N:_~_50;

08  O.TMM-AF647

O-alkTMM was dissolved at 25 mM in doubly distilled water and filtered through 0.2 pum
membrane. Stock solutions were prepared as described above. Cu-click cocktail was prepared by
mixing 0.5 pL 50 mM BTTAA, 3 pL 50 mM CuSOs, 10 mM azide-fluorophore, 12.5 uL 100
mM sodium abscorbate, and 1 pL 25 mM O-alkTMM. Reaction was allowed to proceed at room
temperature with rapid mixing for 30 min. Cu-clicked products at a final concentration of 1.28
mM were used immediately for cell labeling experiments or stored at -20 °C.
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Bacterial strains, media, and reagents

Bacterial strains used in this work include Corynebacterium glutamicum 534 and Mycobacterium
smegmatis mc>155. C. glutamicum was cultured in brain heart infusion (BHI) media at 30 °C. M.
smegmatis was cultured in 7H9 media supplemented with 10% ADC (albumin, dextrose,
catalase), 0.5% glycerol, and 0.05% tween 80 at 37 °C.

Stock solutions of FITre analogs were prepared at 10 mM in DMSO and stored at -20 °C. Cu-
click trehalose-fluorophore analogs at 1.28 mM (see general synthetic procedures) were stored at
-20 °C. Other reagent stocks include nile red (Sigma Aldrich, 100 pg/mL in MeOH, stored at -20
°C), ethambutol (Sigma Aldrich, 50 mg/mL in H,O, stored at 4 °C), ebselen (Cayman Chemical,
2 mg/mL in EtOH, stored at -20 °C).

Bacterial metabolic labeling conditions

Single colonies were used to start stationary phase cultures, which were used to innoculate
experimental cultures for both C. glutamicum and M. smegmatis. Cells were grown in aerated
culture tubes or 96-well plates with shaking until the desired optical density was achieved, unless
otherwise noted. Bacterial cultures were incubated with trehalose probes until designated end-
point of the experiment. Bacterial cells were fixed prior to flow cytometry or fluorescence
microscopy unless otherwise noted

Flow cytometry

Fluorescently labeled cells were analyzed in 96-well plate format in a BD Biosciences Accuri C6
flow cytometer equipped with a BD C-Sampler. Data was collected for 100,000 events at a rate
of > 5,000 events/s for each sample. All flow cytometry experiments were performed in triplicate
where results are representative of at least two independent experiments.

Confocal microscopy

Bacterial cultures (1-3 pL) were spotted on 1% agarose pads mounted on glass slides, installed
coverslip, and sealed with nail polish. Fluorescence imaging was performed with a Nikon A1R
resonant scanning confocal microscope using a CFI Plan Apo Lambda 60x oil objective. Images
were captured and processed with NIS Elements software. Acquisition and processing of images
was performed identically for control and test samples.

Microfluidic platform

For the in situ labeling, log phase cultures were loaded into the ONIX microfluidic perfusion
platform (CellASIC) with CellASIC B04A plate (EMD Millipore, Inc.) and fresh medium with
different combinations of fluorescent probes was pressurized to the chamber. 30s before the
image acquisition, fresh medium without fluorescent probes was switched in to wash away the
excess reporters.

Light microscopy of live cells

2D time-lapse imaging was performed on a Nikon Eclipse Ti inverted fluorescence microscope
with a 100x (NA 1.40) oil-immersion objective (Nikon Instruments) and MicroManager v1.4.
Cells grown on agarose pad were maintained at targeted temperature during imaging with an
active-control environmental chamber (HaisonTech). An iXon3 888 EMCCD camera (Andor)
was used for fluorescent time-lapse microscopy experiments and a Zyla 5.5 sCMOS camera
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(Andor) was used for millisecond phase imaging of cell separation.

Oscillatory osmotic shock

A microfluidic flow cell (CellASIC, EMD Millipore) was used to exchange media with different
osmolarities.'> Mid-exponential phase cells were diluted 200-fold into fresh medium and loaded
into a CellASIC BO4A plate and incubated at 30 °C in the microscope environmental chamber.
The osmolarity of the medium in the chamber was switched between growth medium (medium
A) and growth medium plus 0 to 200 mM sorbitol (medium B) with the ONIX microfluidic
perfusion platform (CellASIC) every minute. To monitor medium osmolarity during the osmotic
shock, 0.5 pg/mL deactivated AlexaFluor-647 carboxylic acid succinimidyl ester dye (Life
Technologies) was included with medium B as a tracer dye. Cell were imaged every 10 s with
phase contrast to record division events and Cy5 excitation to monitor the dye intensity (medium
osmolarity).

Correlative light and scanning electron microscopy

p-Dish 35 mm, high Glass Bottom Grid-50 (ibidi) imaging dishes were used to localize cells for
the correlative SEM. 6-Tre labeled and FM 4-64FX (Life Technologies) stained cells were
pelleted and resuspended in cold PBS, and settled onto poly-L-lysine (Sigma- Aldrich) treated
correlative imaging dishes for 2 min on ice. After three washes with cold PBS, the absorbed cells
were fixed with 2% glutaraldehyde and 4% paraformaldehyde in 0.1 M sodium cacodylate buffer
(pH 7.3) on the coverslip at 4 °C overnight. The fixed cells on the imaging dish were washed
with PBS and were imaged with light microscopy first where epifluorescence and phase contrast
images were collected and the locations of cells on the grids were recorded for later correlation.
Imaged cells were post-fixed with 1% OsO4 at 4 °C for 1 h (after this step the coverslips with the
immobilized cells were cut out from the dish with a diamond knife), dehydrated in a series of
increasing concentrations of ethanol (50%, 70%, 95%, and 100%), and inserted into an
Autosamdri®-815 Series A Critical Point Dryer (Tousimis) to remove residual ethanol with
carbon dioxide. The dehydrated samples were then sputter-coated with gold-palladium to ~65 A-
thickness and visualized with a Sigma series field emission scanning electron microscope
(Zeiss).

Isolation and purification of free glycolipids

Bacterial cultures incubated with trehalose probes were washed two times with corresponding
growth media to remove excess reporter. Wet cell pellets were subjected to organic extraction by
adding 1 mL 2:1 CHCIl;:MeOH and stirring vigorously in conical glass tubes overnight.
Resulting heterogeneous mixture was centrifuged for 10 min at 3,700xg, organic layer
supernatant was saved and cell pellet was re-extracted twice. Combined organic layers were
concentrated and analyzed by HPTLC (Uniplate HPTLC-GHL, 5 x 5 cm, 150 pum thickness)
developed with 65:25:4 CHCl3;:MeOH:H,O. Fluorescently labeled glycolipids developed in
HPTLC plates were imaged with typhoon scanner (Amersham Biosciences, Typhoon 9410). Free
lipids were partially purified by preparative TLC (Analtech, 20 x 20 cm, 1 mm thickness).
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Analysis of O-alkTMM labeling distribution in cell wall components

After extracting free lipids, residual cell pellet containing mycolyl-arabinogalactan
peptidoglycan (mAGPG) polymer was sonicated in 1 mL 2:1 CHCl;:MeOH. Partially purified
fluorescent glycolipids were dissolved in 1 mL 2:1 CHCI;:MeOH. Labeling efficiency of free
glycolipids and mAGPG was assessed by fluorimetry. Fluorescence spectra were recorded on a
Photon Technology International Quanta Master 4 L-format scanning spectrofluorometer
equipped with an LPS-220B 75-W xenon lamp and power supply, A-1010B lamp housing with
an integrated igniter, switchable 814 photon counting/analog photomultiplier detection unit, and
MD5020 motor driver. Measurements were made in 1 cm x 0.4 cm quartz cuvettes with a total
sample volume of 1 mL in toluene.

FM-4-64 staining
To a bacterial culture (100 pL), 1 pL of 100 pg/mL FM-4-64 solution were added and incubated
for 15 min at room temperature. Excess dye was removed with 3 PBS washes.
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Chapter 5

Investigating the Role of Trehalose Mycolates during in vivo Infection in the
Mpycobacterium marinum-Zebrafish Model

Joshua Yoon and Prof. William E. Moerner provided instruments and technical assistance for
this work.
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Chapter 5. Investigating the Role of Trehalose Mycolates during in vivo Infection in the
Mpycobacterium marinum-Zebrafish Model

INTRODUCTION

Clinical management of tuberculosis (TB) necessitates patients to endure a 6-month
regimen of a four drug cocktail. Extensive treatment is efficacious for patients with drug-
susceptible TB, but deviations can give rise to drug resistance. Survival of Mycobacterium
tuberculosis (Mtb) within the hostile environment of the host macrophage largely depends on an
impermeable cell wall that protects bacilli from biological stresses.”” Furthermore, its cell wall
serves as an intrinsic static barrier to many antibiotics and therapeutics, resulting in challenging
and ineffective treatment alternatives.” Mycobacteria elaborate their peptidoglycan with
arabinogalactan chains, from which mycolic acids are covalently installed at the distal arabinose
residues in the cell wall.” Mycobacterial mycolic acids, up to 90 carbons in length,® serve as the
inner leaflet of the mycomembrane that supports non-covalently associated glycolipids (Figure
5.1). Different classes of free glycolipids in the outer leaflet have attracted significant attention in
the host-pathogen community and are proposed to have important immunogenic roles.”’ '
Earlier work by Russell and coworkers has provided insights into how mycobacterial cell wall
components are trafficked during infection of macrophages by non-specific oxidation of surface
components followed by labeling with hydrazide-functionalized fluorophores. This approach is
unable to discriminate between different classes of labeled species.'' Strategies enabling the
selective imaging of these glycolipids would be highly advantageous since biochemical and
genetic approaches are insufficient to study these non-genetically encoded products.

Capsule

Mycomembrane § o o L)
Outer leaflet
Inner leaflet

Arabinogalactan

(AG)

Peptidoglycan m

Inner membrane

Cytosol

Figure 5.1 Mycobacterial cell wall
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More than 40 % of the dry weight of the cell envelope is comprised of lipids,’® where
trehalose monomycolate and dimycolate, TMM and TDM, respectively, are the most abundant
glycolipids in the Mtb cell wall (Figure 5.2)."* Decades of research have led to characterization
from bulk isolation and purification of several trehalose glycolipids including the trehalose
mycolates (Figure 5.2), but these methods fail to recapitulate the native architecture of the
mycobacterial cell wall.” Selective visualization of defined classes of mycobacterial glycolipids
in live cells without altering cell wall composition through genetic approaches remains an unmet
need, impeding advances towards unraveling their structural roles and virulence properties. In
order to visualize trehalose glycolipids, the development of unnatural trehalose analogs with
unique functionalities that will report on their dynamics in live bacteria is essential.'
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Figure 5.2 Chemical structures trehalose glycolipids in mycobacteria. Trehalose dissacharide
is highlighted in red.

Significant progress has been achieved by metabolically labeling trehalose glycolipids in
mycobacteria. Chemical biology approaches take advantage of the cell’s biosynthetic machinery
and harness enzyme promiscuities during cell wall biosynthesis to metabolize unnatural trehalose
reporters.' " '® Larger functional groups on trehalose reporters can be accommodated by the
antigen 85 complex (Ag85), a family of mycolyltransferases that convert two molecules of TMM
to TDM and free trehalose, as first shown in Mtb by Davis, Barry and coworkers.'* We were
particularly attracted to the operational simplicity afforded by the metabolic labeling of
trehalose-fluorophore conjugates from our work and others.'"* We envisioned using a metabolic
labeling strategy to monitor trehalose mycolates dynamics during infection, which still remain
largely undefined.

Trehalose mycolates are essential for mycobacterial cell viability.>" In addition, full
virulence of pathogenic mycobacteria in model organisms requires production of TMM and
TDM." 2! Even though their precise roles in pathogenesis remain poorly understood, it has been
proposed to include functions such as modulating phagocytosis and bacilli survival in
macrophages,** as well as resistance to environmental stresses.””*"*>** However, the diversity of
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host-pathogen interactions choreographed during TB disease cannot be recapitulated with
infection studies in tissue-cultured cells. For this reason, TB pathogenesis research relies heavily
on animal infection models, most prominent the murine model, which can diverge considerably
from human disease.” In the last decade, significant insight has been provided by the macaque
tuberculosis model with particular focus on latency and wide spectrum of heterogeneous TB
lesions.”” > Due to their opacity, both of these models are not amenable to non-invasive
fluorescence imaging during infection.

An attractive alternative is the zebrafish animal model,’* > which is naturally infected by
pathogenic Mycobacterium marinum (Mm). Mm is the closest genetic relative of Mtb and shares
a significant number of major virulence factors.” Pathogenesis of Mm infection in zebrafish is
remarkably similar to TB disease in humans,’**” even more so than Mtb infection in mice.
Notably, Mm macrophage infection results in halting phago-lysosome fusion’®” and granuloma
formation,”>” as well as achievement of latency.’’”' Mtb and Mm utilize similar exploitation
schemes to subvert the host immune response,'™* including innate and adaptive immunity
mechanisms.>* The cell wall of Mm includes trehalose glycolipids TMM and TDM,*"** which
share similar structure to those of Mtb. Furthermore, the zebrafish-Mm model provides several
practical advantages such as genetic tractability and optical translucency, which facilitate the
molecular view of host-pathogen interactions with in vivo fluorescence imaging.***%**

Previous methods interrogating roles of mycobacterial cell wall components during
pathogenesis have been unable to deconvolute contributions from individual glycolipid species
without genetic manipulation. This is consistent with the dearth of tools to monitor species such
as trehalose mycolates in real-time, specifically in dynamics involving host-pathogen
interactions. Here, the application of a metabolic labeling strategy with unnatural trehalose
reporters to visualize trehalose mycolates in the context of infection is described. We developed
a new class of trehalose-conjugates that includes a bicyclononyne functionality, which are
amenable to in vivo imaging. Incorporation of unnatural trehalose reporters into trehalose
mycolates was validated for Mm. We show that trehalose mycolates can be selectively visualized
in infected murine macrophages as well as live zebrafish. Importantly, vertebrates neither
biosynthesize trehalose nor use this disaccharide as a building block. Thus, exogenous trehalose
should selectively label Mm glycolipids within the infected host. Our studies reveal active
trafficking of labeled trehalose mycolates and incorporation into mycobacterial outer membrane
vesicles. This metabolic labeling strategy allowed visualization of unprecedented glycolipid
dynamics that point at the importance of microvesicle composition during tuberculosis
pathogenesis.

40

RESULTS AND DISCUSSION
Validation of FlTre labeling in M. marinum

In order to spatio-temporally resolve glycolipid dynamics, we envisioned that the
installation of a fluorophore (i.e., fluorescein) on the trehalose scaffold would allow
comprehensive probing of mycolyltransferase promiscuity in live cells, while bypassing the
additional labeling step of secondary reagents. Our designed library would comprise of analogs
that share the native stereochemistry and unaltered core of trehalose, where we can evaluate a
panel of regioisomers for optimal labeling (Figure 5.3). Fluorescein-trehalose analogs (FlTre)
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can be easily accessed with a two-step procedure by reduction of the azide group and subsequent
reaction with fluorescein isothiocyanate (FITC) as described in Chapter 2. This strategy allowed
synthesis of four analogs 2-, 3-, 4-, and 6-FITre in good yields. We hypothesized that selective
installation of fluorescein at different positions would inform on the enzyme tolerance for site
perturbations along the modified glucose ring.

Rhe®od

2-FITre 3-FITre 4-FITre 6-FITre R = FI

Figure 5.3 FlTre reporter library used in this study

With FITre analogs in hand, we set out to probe incorporation efficiency by live bacterial
cells in liquid culture. In order to benchmark our metabolic reporters, we compared our library to
previously reported FITC-Tre'* in M. marinum (Figure 5.4A), which shares high similarity in
composition and structure to the Mtb cell wall.** All FITre analogs outperformed FITC-Tre as
evaluated by flow cytometry, except 6-FITre. Highest incorporation efficiency was observed for

2-F1Tre, while 3-, 4-, and 6-FITre showed similar labeling.

A B
M. marinum Brightfield FITC
25,000 - = DMSO é
20,000 7 2-FITCTre o
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5,000 1 " 4-FITre 'L.E_ :
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Figure 5.4 Metabolic labeling of M. marinum with FITre reporters. Labeling profile of FITre
analogs compared to FITC-Tre in Mm (A). Bacteria were labeled with 100 uM trehalose analogs
or vehicle for several doubling times. Error bars depict standard deviation of three replicate
experiments. Results are representative of at least two independent experiments. Mean
fluorescence intensity (MFI). (B) Fluorescence microscopy images of Mm cells labeled with
vehicle or 2-FITre. Scale bar, 5 um
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In addition, we evaluated spatial distribution of labeled trehalose glycolipids by
fluorescence microscopy. Gratifyingly, cell wall labeling was observed for Mm after incubation
of FITre reporters at 100 uM for several doubling times, which did not show any cell growth or
morphology defects (Figure 5.4B). To further investigate the specificity for FITre incorporation,
we assessed if increasing concentrations of trehalose, as native substrate for mycolyltransferases,
could outcompete reporter labeling. Bacterial cells that were coincubated with 100 uM of FlTre
reporters and trehalose (0, 0.5, 5 mM) showed a decrease in metabolic labeling as trehalose
concentration was increased for Mm (Figure 5.5A). Trehalose concentrations as high as 5 mM
were required, as this disaccharide is actively scavenged by SugABC-LpqY, a specific trehalose
transporter in mycobacteria.*® In parallel, ebselen, a selenium-based inhibitor that selectively
inhibits Ag85 activity in mycobacteria,*”** can decrease FlTre labeling in both species (Figure
5.5B). For the final corroboration step, partially purified fluorescent trehalose glycolipids were
analyzed by TLC and mass spectrometry to confirm selective modification of trehalose
mycolates with FlTre analogs in M. marinum (Figure S1 and S2). Species corresponding to
FlTre-labeled TMM were identified for all analogs, while F1-Tre-TDM was only identified for 2-
, 3-, and 4-FITre. This result was expected as 6-FITre effectively blocks the second acylation at
the 6-position of trehalose by Ag85 activity. Collectively, validation by trehalose competition
experiments, ebselen inhibition studies and mass spectrometry of glycolipids demonstrates
FITre’s exquisite selectivity towards labeling trehalose mycolates in live bacterial cells. This
chemical biology strategy bypasses arduous synthetic challenges to obtain chemically-defined
trehalose mycolates™ or exogenously added fluorophore-glycolipid probes that might not report
on native membrane organization.

A
12,000 B0 mM Q0.5 mM 5 mM 16,000 1 Hno drug ®100 ug/mL
12,000 A
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= =
4,000 A 4,000 -
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Figure 5.5 Validation of FlTre metabolic labeling of trehalose mycolates in M. marinum.
Cells were labeled with 100 uM FITre for 4 h in trehalose competition and ebselen experiments.
A) Increasing concentrations of trehalose (0, 0.5, 5.0 mM) can outcompete FlTre labeling during
bacterial growth. B) Ebselen treatment during FlTre labeling decreases reporter incorporation.
Error bars depict standard deviation of three replicate experiments. Results are representative of
at least two independent experiments. Mean fluorescence intensity (MFI).
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Development of BCN-Tre analogs for in vivo imaging

We were attracted to the possibility of expanding the current trehalose reporter library to
include bicyclononynes (BCN) that would be desirable for in vivo imaging. Incorporation of
these analogs could be assessed with turn-on probes, which only become fluorescent after the
bioorthogonal reaction has occurred, and have been used previously for visualizing systemic
glycans in zebrafish.* This approach would take advantage of tetrazine’® and azide fluorogen-
conjugates,”’ and would provide another dimension of temporal control during imaging of in
cellulo and in vivo infection models.

We chose to synthesize our analogs from TreAz probes as the essential a,0-1,1-glycosidic
linkage is preserved. Bicyclononyne-trehalose analogs (BCN-Tre) can be easily accessed with a
two-step procedure by reduction of the azide group to an amine and subsequent reaction with
BCN-p-nitrophenol. This strategy allowed synthesis of four analogs 2-, 3-, 4-, and 6-
endoBCNTre in good yields. We hypothesized that selective installation of BCN at different
positions would report on enzyme promiscuity towards perturbations along the modified glucose
ring.

OH OH H o
HO ° HO 0 me” ¥
HO HO o
OH OH :
o 1. H, Pd/C, MeOH o H H
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TreAz BCNTre (Yield 72-92%)
2-TreAz R1 = N3, R2 = R3 = R4 =OH 2-BCNTre R1 =BCN, R2 = R3 = R4 =OH
3-TreAz R2 = N3, R1 = R3 = R4 = OH 3-BCNTre R2 = BCN, R1 = R3 = R4 =OH
4-TreAz R3=N3 Ry =R,=R,=0H 4-BCNTre R3=BCN,R;=R;=R4=0H
6-TreAz R4 = N3, R1 = R2 = R3 = QOH 6-BCNTre R4 = BCN, R1 = R2 = R3 = OH

Scheme 5.1 Synthesis of BCNTre library from corresponding TreAz analogs

Next, we screened the library of BCN-Tre analogs to evaluate incorporation efficiency by
M. marinum in liquid culture. To assess metabolic labeling, cells were incubated with 100 uM
trehalose analogs or vehicle for several doubling times. Cells were then washed, fixed and
labeled with tetrazine-Cy5 prior to analysis. All analogs demonstrated significant signal over
background when compared to the vehicle control by flow cytometry (Figure 5.6A). We
hypothesize that the secondary labeling reagent might contribute to determining the extent of
labeling under these conditions since differences in labeling between analogs was less
pronounced than for the FlTre library. Fluorescence microscopy revealed cell wall localization of
BCN-Tre analogs with polar patterns in some cells (Figure 5.6B). Small amounts of these
analogs limited our ability to conduct validation of trehalose mycolate incorporation by TLC and
mass spectrometry methods.
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Figure 5.6 Metabolic labeling of M. marinum with BCNTre reporters. Labeling profile of
BCNTre analogs for Mm is shown (A). Bacteria were incubated with 100 uM trehalose analogs
or vehicle for several doubling times. Cells were washed, fixed and labeled with tetrazine-Cy5
prior to analysis. Error bars depict standard deviation of three replicate experiments. Results are
representative of at least two independent experiments. Mean fluorescence intensity (MFI). (B)
Fluorescence microscopy images of Mm cells labeled with vehicle or 3-endoBCNTre.
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In vitro trehalose mycolate dynamics

After validating metabolic incorporation of trehalose reporters into trehalose mycolates,
we proceeded to interrogate dynamics of prelabeled glycolipids. Our work from pulse-chase
labeling experiments shows that trehalose mycolates are rather immobile in mycobacteria, where
pre-labeled glycolipids are unable to diffuse into new areas of growth. These results were further
validated by quantification of diffusion dynamics with a fluorescence recovery after
phobleaching, or FRAP, strategy (Chapter 2). We also wanted to address whether turnover of
trehalose mycolates is actively occurring in the mycobacterial cell wall. To this end, Mm cells
were prelabeled with FlTre analogs for several generations, washed and chased with vehicle for
different time periods (see experimental scheme in Figure 5.7A). We found that prelabeled cells
labeling intensity decreased with time for all analogs in live cells (Figure 5.7B). Conversely,
heat-killed cells did not change labeling intensity over the course of 3 h. These results suggested
that shedding of labeled glycolipids is an active process, where living cells are required. Release
of labeled trehalose mycolates was more pronounced at the 5 h timepoint, noting that Mm
divides every 6 hours. At this timepoint, 6-FITre-labeled glycolipids were released into the
extracellular milieu faster than the 2-FITre counterparts (Figure 5.7C). We have observed that
this decrease in metabolic labeling intensity was a result of an accumulation of fluorescence in
the growth media (a priori). Taken together, our results point at active dynamics of trehalose
mycolates in liquid culture, where the extent of glycolipid shedding is dependent on the FITre
analog used and incubation time after labeling.
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Figure 5.7 Dynamics of trehalose mycolates in M. marinum in vitro. A) Experimental set up
to evaluate prelabeled glycolipid turn over in mycobacterial cells. Cells were labeled with FlTre
reporters for several generations, washed and incubated for desired vehicle chase times, and later
evaluated for remaining label by flow cytometry. B) Labeled trehalose mycolates are actively
release by live Mm cells in liquid culture, but not by heat-killed (HK) cells. C) 6-FITre
glycolipids are released faster into the growth media than 2-FITre at the 5 h timepoint.

In parallel, visualization of prelabeled Mm cells with FITre analogs revealed labeling
intensities or puncta, when cells were imaged with 0.2 um z-slices in a confocal microscope
(Figure 5.8). The photostability of the fluorophore conjugate limited our ability to perform long-
term as well as super resolution microscopy.

Brightfield 4-FITre Merge

Figure 5.8 Widefield confocal microscopy of FlTre labeled M. marinum. Cells were labeled
with FITre for several doubling times and imaged by confocal microscopy with z-sectioning of
0.2 um slices, only one z-slice is shown. Scale bar, 2 pm
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To address these limitations, we next sought to modify the trehalose scaffold with a
fluorophore amenable to super resolution microscopy, which would afford a more defined
picture of trehalose mycolate ultrastructure within the cell wall. Thus, we installed an AlexaFluor
647 on the 6-position of trehalose (6-AF647-Tre), a photostable fluorophore commonly used in
super resolution microscopy.”>>* This trehalose analog was obtained in good yield after HPLC
purification by reacting 6-amino trehalose with AF647-NHS. This analog was well tolerated by
the Mm cell wall biosynthetic machinery (data not shown).

‘0,8
OH OH N/\/\303
o o
HOS AF467-NHS HOo
OH PBS (pH=9) OH
>
o) - o SO5
0,
NH, 95% yield “ )
HO ° OH HO o OH
OH OH

6-AF647-Tre

Scheme 5.2 Synthesis of 6-AF647-Tre analog for super resolution microscopy

We envisioned using advanced imaging techniques to further characterize the nature of
the heterogeneous coat of labeled glycolipids, in particular the areas of concentrated reporter.
The question remained whether these concentrations of signal were a result of cell wall
biosynthesis centers or accumulations of prelabeled species due to the native architecture of the
cell wall that would also support our glycolipid shedding hypothesis (Figure 5.9A). Single-
particle tracking and super resolution imaging have shed light on previously unobservable
biological processes in bacterial cell biology.”” For example, single-molecule imaging of the
transmembrane Smoothened protein that resides in the ever-fluctuating plasma membrane of
primary cilia revealed molecular interactions with binding partners.” To this end, Mm cells were
labeled with 100 pm 6-AF647-Tre for several generations, washed, fixed and mounted on agar
pads for single-particle tracking data acquisition. Single-molecule tracks revealed some
fluorophores were diffusing along the cell wall freely (orange line), while more molecules
seemed to be restricted to a particular radius (Figure 5.9B). These results indicated different
behaviors for the fluorophores observed by single-molecule tracking methods. We next pursued
the visualization of prelabeled Mm cells by a three-dimensional super resolution microscopy
approach with a resolution of 20 and 30 nm in x-y and z planes, respectively. Visualization of
labeled trehalose mycolates in Mm revealed an uneven coat in the cell wall (Figure 5.9C), as
previously observed by widefield microscopy with FlTre reporters. However, the concentration
of labeling spots were distributed along the entire cell and varied in size, suggesting a structure
of higher order within the mycomembrane, similar to microvesicles.
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Cell wall

Figure 5.9 Super-resolution and single-molecule tracking of trehalose glycolipids in M.
marinum. A) Metabolic engineering approach to study production of outer membrane vesicles.
B) Single-molecule tracking in live Mm shows heterogeneous mobility of trehalose glycolipids
(each track of a single molecule is represented in a different color). C) Super-resolution
micrograph of an intact Mm cell demonstrates uneven distribution of trehalose glycolipids in the
cell wall. Scale bar, 1 pm

Direct observation of punctate staining during of Mm cells grown in culture warranted
further investigation. In 2011, Prados-Rosales et al. provided evidence of the immunostimulatory
properties of pathogenic mycobacterial outer membrane vesicles (OMVs) released during
infection and mediated by TLR2-dependent signaling.”® More recent reports have contributed to
the significance of OMVs by demonstrating genetic regulation of vesicle formation, potential
iron acquisition properties,” as well as promising vaccine developments.”®” The proteome of
Mtb OMVs released in liquid culture was also published recently.” Importantly, vesiculogenesis
and immune response regulator (virR) in Mtb, encoded by Rv0431, genetically controls OMV
generation and protein composition, which is conserved in Mm (Mmar_0746, 83% homology to
Mtb counterpart). Furthermore, the vesiculogenesis process is not restricted to mycobacteria as
Gram-negative and -positive bacteria utilize it during pathogenesis.”> We hypothesized that
FlTre-labeled trehalose mycolates were accessing OMVs in the cell wall of M. marinum prior to
release into the growth media, which would be in agreement with our glycolipid shedding
hypothesis (Figure 5.10A).

Next, we examined more closely the composition of OMVs generated by pathogenic Mm
in order to determine the abundance of trehalose mycolates by metabolic labeling in liquid
culture. Bacterial cultures were grown to log-phase in the presence of FlTre reporters and
vesicles were isolated as previously described.”® Briefly, growth media supernatants were
subjected to ultracentrifugation and dialysis procedures (Figure 5.10B). Vesicular fractions from
Mm labeled with trehalose reporters exhibited fluorescent signal, which was completely absent
from cells that were grown in the presence of vehicle (Figure 5.10C). Notably, this rigorous
vesicle purification procedure excludes molecules smaller than 3 kDa, which reports on
fluorophores tightly associated to these structures. These results provide evidence for the first
time of trehalose mycolates being present in mycobacterial OMVs, which could go undetected
by TLC and MS methods.
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Figure 5.10 Membrane vesicles from M. marinum contain FlTre-labeled trehalose
mycolates. (A) Proposed model for FlTre incorporation into mycobacterial membrane vesicles.
(B) Experimental scheme for membrane vesicles isolated from liquid cultures of M. marinum
after FITre labeling. This protocol requires ultracentrifugation purification as well as dialysis of
molecules smaller than 3 kDa. (C) Fluorimetry measurements of isolated fractions after
purification steps show that only the second fraction contains labeled microvesicles.

Release of vesicles from bacteria has been hypothesized to occur by increased cytosolic
turgor pressure or by disorder regions in the outer membrane that seed such structures. An
alternative regulation of vesicle production could be achieved by modulating PG crosslinking, as
diminished peptidoglycan (PG) density has been proposed to lead to increased release of
OMVs.®! We hypothesized that increasing concentrations of glycine could decrease PG
crosslinking, as this step is commonly performed prior to challenging transformations by
electroporation,” and increase glycolipid shedding. To this end, bacterial cells were labeled with
FITre analogs for several generations, washed and incubated under different conditions to
promote vesiculogenesis. However, efforts towards modulating vesicle production with PG
engineering tools such as glycine metabolic labeling proved unsuccessful in liquid culture for
both M. marinum and M. smegmatis (Figure 5.11). We also endeavored to emulating host insults
such as high osmotic stress found within the phagosomal compartment. For example,
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concentrations on the order of 140 mM NaCl have been shown to modulate PG thickness in Mtb
in vitro.”> Addition of NaCl osmotic stress to live mycobacterial cultures did not significantly
change glycolipid shedding (Figure 5.11). Collectively, efforts towards modulation of
vesiculogenesis with small molecules did not increase glycolipid shedding under conditions
tested.

A € 1.00 1 B OF(Tre
= B 6FITre
@ 0.80 -

'S
s
E 0.60 -
]
(o]
£ 040 1
Q
e}
s
% 020
c
o
8 N @
i A& A& @) e O
w QG\(\\O QQ\(\\O ,\((\ ,\0((\ @)‘ﬁ‘a d e‘(\\o ;\‘(\ '\Qd\ *$’&
5® 5

t= O0h 5h 1 h

1.00 1 B 2F|Tre
2 = 6FITre
2 0.80 1
=
‘s
£ 0.60 -
(]
(o]
£ 040 -
[}
Ko}
]
% 0.20
c
o
©
o
L.

Q8 Qe N N O Qe ) O o
W @ AT 0T G @ AT 0 (A
3 %<

t= O0h 3h 6h

Figure 5.11 Non-genetic methods to potentially modulate OMYV production in mycobacteria
during growth in vitro. Cells were prelabeled with FlTre analogs for several generations,
washed and treated with different conditions to promote vesicle formation, such as increasing
concentrations of glycine and 140 mM NacCl. Results are shown for both M. marinum (A) and M.
smegmatis (B), where the ratio of remaining label was determined by flow cytometry respective
tot = 0 h for 3 technical replicates. Results are representative of at least two independent
experiments.
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We next considered additional host stresses that bacilli must endure to mount a successful
macrophage infection. Both host and pathogen constantly experience a tug-of-war for essential
nutrients and metabolites,” such as carbon sources and heavy metals. Pathogenic mycobacteria
have also been show to modulate vesiculogenesis in iron-depleted environments, where
siderophores have been identified in purified OMVs with potential roles in iron acquisition.”” We
labeled Mm cells with 6-TMR-Tre (see synthesis, characterization, and validation in Chapter 3)
in rich media (7H9), and minimal media (only glycerol and glucose as carbon sources) in the
presence and absence of iron (III). Metabolic labeling was evaluated at the 24 h timepoint by
flow cytometry, after washing and fixing the cells. Surprisingly, carbon starvation resulted in
increased 6-TMR-Tre labeling when compared to 7H9 rich media, while absence of iron had a
more profound increase in labeling efficiency. These results suggest active remodeling of the cell
wall under carbon starvation and iron depletion conditions in vitro.
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Figure 5.12 Metabolic labeling of M. marinum increases with carbon starvation and iron
depletion in liquid culture. Cells were labeled with vehicle or 6-TMR-Tre for 24 h in 7H9
media or minimal medial in the presence or absence of iron (III). Metabolic labeling was
assessed by flow cytometry after washing and fixation steps. Error bars depict standard deviation
of three replicate experiments. Results are representative of at least two independent
experiments. Mean fluorescence intensity (MFI)

Visualizing trehalose mycolates during infection in cellulo and in vivo

Selective visualization of defined classes of mycobacterial glycolipids in the context of
infection remains unexplored, impeding advances toward unraveling their contributions as
virulence factors without altering cell wall composition by genetic approaches. Earlier work by
Russell and coworkers has provided insights into how mycobacterial cell wall components can
be trafficked during infection in macrophages. Oxidation of mycobacterial surface components
followed by labeling with hydrazide-functionalized fluorophores before infection facilitated their
detection in endocytic compartments of macrophages.'' A second example of glycolipid
trafficking using this approach revealed that mycobacterial constituents can also be found in the
extracellular vesicular fraction, implying involvement of a lysosomal exocytic pathway.®
Notably, glycolipids released during infection of macrophages were characterized by metabolic
labeling with '“C-acetate, including TMM and TDM as components released into the
extracellular matrix.®” However, exclusive visualization of trehalose glycolipids during infection
remains challenging.
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Barry, Davis and coworkers utilized FITC-Tre to label cocultures of Mtb-infected murine
macrophages and observed a relationship between extent of labeling and maturation of the
phagolysosome.'* Fluorescence colocalization studies indicated Mtb H37Rv cells were labeled
more strongly when markers of phagosome maturation were absent in infected J774
macrophages after fixation.'* These results highlighted a high degree of heterogeneity of Mtb
cells inside of a single infected macrophage as well as cell-to-cell variability. We were interested
in exploring in cellulo dynamics of trehalose mycolates in Mm within infected macrophages
prior to investigating in vivo dynamics in the zebrafish model. Thus, we infected J774
macrophages with Mm-RFP at an MOI = 5, (multiplicity of infection) and treated the coculture
with FITre analogs to selectively label Mm cells (Figure 5.13A). Excess reporter was removed
after washing and we visualized average population dynamics by confocal microscopy. Our
results indicated that FlTre signal was associated with phagosomal compartments that did not
contain Mm cells, which consistent with previous findings (data not shown).'"*® Surprisingly, we
found trehalose mycolates to be highly dynamic as significant changes in fluorescence intensity
and total volume occurred for FITre signal in the course of 4 h (Figure 5.13 B and C).
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Figure 5.13 Trehalose mycolates are highly dynamic during infection of murine
macrophages. A) Experimental scheme describing infection of J774 macrophages with Mm and
treatment of co-culture with 100 uM 2-FITre or vehicle for 32 h. Infected macrophages were
visualized by live-cell imaging confocal microsocopy for 4 h. Four different fields were analyzed
for vehicle (p1-p4) and FITre (p5-p8) to quantify global fluorescence intensity (B) and volume
(C) given by the green channel.
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We hypothesize that this decrease in fluorescence is not due to fluorescein stability, as low pH
should not significantly affect the quantum yield of the fluorophore.®® In addition, we utilized
acquisition settings that would minimize photobleaching of fluorescein. Our results suggested
that trehalose mycolates are rather dynamic during in cellulo infection of live macrophages.

Next, we proceeded to implement a BCN-Tre reporter labeling strategy to visualize
trehalose mycolates during infection. This approach would lend itself to an additional handle on
temporal control with the delivery of a fluorogenic secondary labeling reagent. To this end,
infected murine macrophages were treated with BCN-Tre analogs for 43 h, washed and treated
with fluorogenic azido-coumarin® for 4h (Figure 5.14A). Similar to labeling with FITre analogs,
BCN-Tre showed differential metabolic incorporation by Mm cells within a single infected
macrophage. Bacteria showed polar and side-wall labeling, but interestingly also showed
punctate staining. This phenomenon was only observed for a small number of cells, as the size of
these structures (50-250 nm) resides along the resolution limit for widefiled fluorescence
microscopy. However, these labeled structures were clearly associated with the bacteria (Figure
5.14B), suggesting that they are Mm-derived. Interestingly, a recent report demonstrated that
OMVs generated by Mtb are distinguishable from exosomes released from infected macrophages
with gradient ultracentrifugation procedures.”” These vesicle subtypes can be differentiated by
the markers exposed on the surface as evidenced by immunostaining and western blotting. Taken
together, metabolic labeling allowed us to visualize trehalose mycolate dynamics in real-time
and reports on trafficking events as well as identification of OMV-like structures for the first
time.
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Figure 5.14 BCN-Tre metabolically labels Mm within infected macrophages. A)
Experimental scheme depicting infection and labeling procedures. Infected co-cultures were
labeled with 100 pM BCN-Tre analogs or vehicle for 43 h, washed and incubated with 10 uM
azido-coumarin for 4 h prior to fluorescence imaging. B) Fluorescence microscopy images show
heterogeneous labeling of phagocytosed bacteria (only one z-slice is shown). White arrowheads
point at BCN-Tre labeled structures with a diameter that correlates with OMVs. Outer membrane
vesicle (OMV)
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Tissue-cultured phagocytic cells alone do not recapitulate host-pathogen interactions
orchestrated during infection. The zebrafish has served as an important pathogenesis animal
model that mirrors many aspects of human tuberculosis.’*** Notably, zebrafish larvae, up to 2
weeks post fertilization, have only developed innate immunity, which facilitates the dissection of
innate versus adaptive immunity contributions during disease progression. In this regard,
zebrafish embryos can be injected with a single-cell suspension of Mm cells into the hindbrain
ventricle or caudal vein (Figure 5.15). In the former, delivery of bacteria to this cavity is
desirable to visualize host-pathogen interactions during macrophage recruitment.*’ In the latter,
bacteria in circulation can result in multiple granulomatous lesions more similar to chronic
infection.

Hindbrain

Caudal Vein

30 hpf 30 - 48 hpf

Figure 5.15. Larvae zebrafish tuberculosis pathogenesis model. Adapted with permission
from Nature Publishing Group: Nature Protocols, reference 32, Copyright 2013.

We hypothesized that increased phenotypic heterogeneity in metabolic states’' or growth
states’> in mycobacteria during infection could be captured by visualizing cell wall dynamics
within infected zebrafish. Delivery of FlTre analogs by microcapillary injection would allow
labeling of actively growing bacteria or cell wall remodeling dynamics, as trehalose is not
metabolized by zebrafish. To this end, we co-injected 150-200 Mm cells and FITre analogs (10
mM stock solution) into the caudal vein of zebrafish embryos at 30 h post fertilization (hpf) as
shown in Figure 5.16A. Prior to injection, Mm cells were in contact with FlTre analogs for no
more than 5 min, at which point we have not observed any metabolic incorporation by flow
cytometry (data not shown). Infected embryos were analyzed at 48 hpf and showed selective Mm
labeling. At this timepoint, heterogeneity in metabolic labeling of Mm could be a result of
different growth states or accessibility of the probe itself (Figure 5.16). Importantly, injection of
FITre analogs into the caudal vein is cleared by the early kidney system and excess reporter
accumulates in the pronephric ducts in a period of 12 h. Unfortunately, this time window might
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contain interesting dynamics that we were unable to visualize with fluorescein-trehalose
conjugates.

A D

CV injection (.
Mm ‘ FlTre

Zebrafish

Figure 5.16 FITre analogs metabolically label Mm during in vive infection. A) Single-cell
Mm suspension was co-injected with 2-FITre reporter into the caudal vein (CV) at 30 hpf and
embryos were visualized at 48 hpf by confocal microscopy. Fluorescence microscopy images
reveal selective incorporation by Mm cells (constitutively expressing RFP) in the merge (B) and
green (C) channels. Labeled Mm cells are highlighted in numbered white squares with expanded
views in (D).

We also applied a BCN-Tre metabolic labeling strategy to visualize trehalose mycolates
in vivo. Delivery of BCN-reactive fluorogenic probes ”"* would allow minimization of
background fluorescent signal stemming from excess probe that had not been incorporated. We
screened fluorogenic probes and found that azido-coumarin presented increased autofluorescence
at the required wavelengths. However, we were also discouraged by the limited cell permeability
of CalFluors.”’ For this reason, we focused our efforts on utilizing a tetrazine-oregon green
probe™ that has been previously used for imaging glycans systemically in zebrafish.* We
designed infection experiments to accommodate enough time for Mm cells to metabolize BCN-
Tre prior to delivering the fluorogenic tetrazine probe. Along a similar vein to FlTre labeling of
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Mm after caudal vein injection, Mm cells were coinjected with a stock BCN-Tre solution. After
2 days, embryos received a tertazine-oregon green injection and were imaged 18 h later (Figure
5.17A). Gratifyingly, injection of vehicle (trehalose) resulted in negligible fluorescence
stemming from intrinsic background of fluorogenic probe. On the other hand, we were able to
capture metabolic labeling of Mm for extracellular bacterial aggregates as shown in Figure
5.17B. We propose that a two-step labeling approach has limited accessibility for incorporation
into intracellular bacteria. After comparing FITre and BCN-Tre in vivo labeling, we obtained
better temporal resolution with FlTre analogs by the one-step labeling strategy.
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Figure 5.17 Visualization of trehalose mycolates with BCN-Tre and tetrazine-Oregon
Green bioorthogonal pair in vive. A) Zebrafish embryos were CV injected at 30 hpf with Mm
and BCN-Tre. At 74 hpf, larvae were CV-injected with tetrazine-oregon green conjugate and
visualized by confocal microscopy at 92 hpf. B) Fluorescence image showing BCN-Tre signal
after reaction with fluorogenic probe for extracellular bacterial aggregates. Caudal vein (CV),
hours post fertilization (hpf)
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We were curious whether the release of microvesicles in real-time during in vivo
infection could be captured by fluorescence imaging. We selected the hindbrain cavity to capture
early interactions with recruited macrophages as well as visualization of a contained infection
(approximately 15 nL volume). Specifically, we asked the question of whether macrophages
played a role in responding to secreted OMVs, which can be achieved by monocyte depletion by
anti-sense treatment (pul morphant)*®”. We hypothesized that Mm could decrease
vesiculogenesis within an infected host, as markers from OMVs have been shown to produce a
TLR2-mediated inflammation in mice.’” To achieve this, we proceeded by prelabeling Mm cells
prior to preparation of single-cell suspensions to obtain a homogenously labeled population for
infection studies. Bacteria were injected into the hindbrain at 48 hpf and visualized by confocal
microscopy for 12 h. In a similar fashion to caudal vein infections, trehalose mycolates were
highly dynamic in the first 3 h (Figure 5.18A), for both wildtype and pul morphant embryos. We
analyzed video-lapse microscopy images (every 8 min) in this 3 h time window to further
characterize behavior of fluorescence signal that matched in size to those of OMVs. Extracted
number of vesicles were normalized to bacterial burden by dividing it by bacterial volume as
given by constitutively expressing Mm-RFP. Secreted OMVs significantly varied in the presence
or absence of macrophages (Figure 5.18B), where wildtype embryos showed a fast decrease in
vesicle release within the first 2 h. Bacteria injected into pul morphants maintained a rather
constant rate of vesiculogenesis for the first 3 h, produced for 1 h longer than in wildtype
embryos. This work suggests that microvesicles are released prior to macrophage recruitment
and it is a bacteria-driven process. We propose that vesiculogenesis could be a potential
signaling mechanism for bacteria to reside in the intracellular niche after macrophage
phagcogytosis.
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Figure 5.18 In vivo dynamics of trehalose mycolates during macrophage recruitment after
hindbrain injection. A) Four infected embryos were analyzed for wildtype (pl-p4) and pul
morphant (p5-p8) groups to quantify global maximum fluorescence intensity given by FlTre
signal. B) Fluorescence intensities corresponding to vesicles (volume < 3 um™) were normalized
to bacterial burden for dynamics captured every 8 min. Error bars represent mean + SEM. Two-
way ANOVA p <0.004
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CONCLUSION

Trehalose mycolates have remained elusive glycolipids in the context of infection due to
the lack of biochemical tools to study them. Preparations of vesicles, emulsions or monolayers
have shown that orientation and assembly of these amphiphiles can exert different responses by
the immune system.”*’*’° In contrast, we have shown that metabolic labeling of trehalose
mycolates can be achieved selectively within the infected host counterparts with a panel of
unnatural trehalose reporters. Our studies reveal interesting dynamics during infection in cellulo
and in vivo that could only be visualized by harnessing the selectivity of mycobacterial trehalose
metabolism. Notably, we have identified for the first time that trehalose mycolates are present in
mycobacterial microvesicles. In combination with super resolution microscopy, we obtained a
molecular view of these glycolipids residing in the cell wall. Additionally, our works points at
OMVs playing an early role during pathogenesis in the Mm-zebrafish model that warrants
further investigation.

With additional experiments, we anticipate determining whether the production of vesicle
subtypes is host-protective or pathogen-driven by directly examining host-pathogen interactions.
Thorough characterization of vesicles in combination with super resolution imaging would
provide an accurate depiction of the observed trafficking during infection. Consequent insights
could provide avenues for development of new therapeutics for the treatment of tuberculosis.
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MATERIALS AND METHODS

General methods for synthesis

Materials and reagents were obtained from commercial sources without further purification
unless otherwise noted. Anhydrous solvents were obtained either commercially or from an
alumina column solvent purification system. All reactions were carried out in oven-dried
glassware under nitrogen unless otherwise noted. Analytical TLC was performed on SiliCycle
glass-backed silica gel 60 A plates (thickness 250 um) and detected by UV lamp or charring with
5% H>S04 in MeOH. Column chromatography was performed using SiliCycle SiliaFlash P60
silica gel (40-63 um). '"H NMR spectra were recorded at 400, 500 or 600 MHz with chemical
shifts in ppm referenced to solvent peaks. °C NMR spectra were recorded at 100 or 150 MHz
with chemical shifts referenced to solvent peaks. NMR spectra were obtained on Bruker
AVQ400, AVB-400, AV-500, or AV-600 instruments. Coupling constants (J) are reported in
hertz (Hz). High-resolution electrospray ionization mass spectrometry (HR ESI MS) was
performed at the UC Berkeley Mass Spectrometry Facility.

Reversed-phase HPLC was performed on a Varian Pro Star system with a Varian UV-Vis
detector model 345 (210, 254 nm) on a Dynamax Microsorb C-18 preparative column (21.4 x
250 mm) at a flow rate of 20 mL/min or on an Agilent Eclipse XDB-C18 5um semi-preparative
column (9.4 x 250 mm) at a flow rate of 3 mL/min.

TreAz,"” azido-coumarin,”’ tetrazine-oregon green conjugate™ and endoBCN-p-nitrophenol”’
were synthesized as previously reported.

General procedure for the synthesis of BCN-trehalose analogs

OH OH
HO 0 HO 0

o i. Hy (1 atm), Pd/C HO o
OH CH;OH OH .
o] N > o] HN® O ™

3 ii. endoBCNpNP
0—/~~"°" " NEt;, CH;0H or DMSO o’/ OH H 4
HO OH HO OH
OH OH

To a stirring solution of TreAz in anhydrous DMSO (at a final concentration of 20 mM) under
argon atmosphere, 10% Pd/C was added to reaction mixture. A hydrogen-filled balloon was
connected to the reaction flask to replace the argon atmosphere and stirred overnight at room
temperature. The reaction mixture was filtered through celite and concentrated by rotary
evaporation to afford the amine-trehalose product. Without further purification, amine-trehalose
(1 equiv) was subjected to a reaction with BCN-p-nitrophenol (1.1 equiv) after dissolving in a
DMSO and treating with NEt; (3.5 equiv). Reaction mixture was stirred overnight, followed by
lyophilization of DMSO. White solids were purified by column chromatography.
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OH

N
"':/o\n/ OH

2-endoBCNTre

N-(((1R,88,9s)-bicyclo[6.1.0]non-4-yn-9-yl) methylcarbamate)-2-amino-2-deoxy-a,a-D-
trehalose (2-endoBCNTre, 5.1) (3.2 mg, 92%) was obtained as a white solid. R¢=0.51 (2:1
CHCl3:MeOH, 5% H,SO, in MeOH) 'H NMR (500 MHz, D,0): & 0.82 (t, J= 10.0 Hz, 2H),
1.25 (q, 1H), 1.43 (d, J=12.3 Hz, 2H), 2.00 — 2.17 (m, 5H), 2.55 (s, 2H), 3.22 — 3.34 (m, 2H),
3.44 —3.61 (m, 6H), 3.61 — 3.78 (m, 6H), 4.04 (d, J = 8.2 Hz, 2H), 5.05 (t, 2H), 8.27 (s, OH). "°C
NMR (125 MHz, D,0): 6 17.26, 19.83, 20.83, 28.66, 38.80, 55.43, 60.58, 64.03, 68.23, 69.42,
69.69, 69.79, 71.24, 72.27, 72.61, 92.87, 93.30, 100.46, 159.33. HRMS (ESI): Calculated for
C3H3sNO;Na [M-Na]" 540.2051, found 540.2062.

HO 0
HO
OH
(0]
OH
HO o OH

3-endoBCNTre

N-(((1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-yl) methylcarbamate)-3-amino-3-deoxy-a,a-D-
trehalose (3-endoBCNTre, 5.2) (5.2 mg, 77%) was obtained as a white solid. R¢=0.60 (2:1
CHCl3:MeOH, 5% H,SO, in MeOH) 'H NMR (500 MHz, D,0): 8 & 0.82 (t, J = 10.0 Hz, 2H),
1.25 (q, 1H), 1.43 (d, J=12.3 Hz, 2H), 2.00 — 2.17 (m, 5H), 2.55 (s, 2H), 3.22 — 3.34 (m, 2H),
3.44 —3.61 (m, 6H), 3.61 — 3.78 (m, 6H), 4.04 (d, J = 8.2 Hz, 2H), 5.05 (t, 2H), 8.27 (s, OH). "°C
NMR (125 MHz, D,0): 6 17.26, 19.83, 20.83, 28.66, 38.80, 55.43, 60.58, 64.03, 68.23, 69.42,
69.69, 69.79, 71.24, 72.27, 72.61, 92.87, 93.30, 100.46, 159.33.. HRMS (ESI): Calculated for
C3H3sNO;Na [M-Na]" 540.2051, found 540.2060.
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H
4-endoBCNTre H®

——

N-(((1R,88,9s)-bicyclo[6.1.0]non-4-yn-9-yl) methylcarbamate)-4-amino-4-deoxy-a,a-D-
trehalose (4-endoBCNTre, 5.3) (5.6 mg, 72%) was obtained as a white solid. R¢=0.52 (2:1
CHCl3:MeOH, 5% H,SO4 in MeOH) 'H NMR (500 MHz, D,0): § 0.96 (t, J = 10.0 Hz, 2H),
1.35-1.43 (m, 1H), 1.52 — 1.63 (m, 2H), 2.09 — 2.33 (m, 6H), 2.69 (s, 6H), 3.42 (t, J=9.5 Hz,
1H), 3.51 (t,J=10.3 Hz, 1H), 3.58 — 3.65 (m, 2H), 3.65 — 3.76 (m, 3H), 3.77 — 3.90 (m, 5H),
4.12 —4.29 (m, 2H), 5.16 (d, J = 3.8 Hz, 1H), 5.20 (d, J = 3.8 Hz, 1H), 8.42 (s, OH). °C NMR
(125 MHz, D,0): 6 17.10, 19.72, 20.69, 28.52, 28.55, 38.71, 53.14, 60.50, 60.80, 64.11, 69.65,
70.42,70.97, 71.40, 72.14, 72.49, 93.22, 100.34, 158.59. HRMS (ESI): Calculated for
Cy3H35NO;Na [M-Na]" 540.2051, found 540.2050

HO 0
HO
OH
? H
N\(o
HO 0 OH

H

O -
H
6-endoBCNTre
=

N-(((1R,8S,9s)-bicyclo[6. 1.0]non-4-yn-9-yl) methylcarbamate)-6-amino-6-deoxy-a,a-D-
trehalose (6-endoBCNTre, 5.4) (4.1 mg, 72%) was obtained as a white solid. R¢=0.58 (2:1
CHCl3:MeOH, 5% H,SO, in MeOH) 'H NMR (500 MHz, D,0): & 0.81 (t, J= 10.0 Hz, 2H),
1.18 —1.30 (m, 1H), 1.42 (d, J=12.6 Hz, 2H), 2.00 — 2.17 (m, 5H), 3.16 (t, 2H), 3.25 (t, J=9.5
Hz, 1H), 3.36 (d, /= 14.4 Hz, 1H), 3.41 (dd, /= 10.0, 3.8 Hz, 1H), 3.46 (dd, /=9.9, 3.9 Hz,
2H), 3.51 —3.59 (m, 3H), 3.59 — 3.70 (m, 5H), 3.96 — 4.10 (m, 2H), 4.97 (dd, J= 8.7, 3.9 Hz,
2H), 8.27 (s, 0H). °C NMR (125 MHz, D,0): § 17.21, 19.86, 19.88, 20.85, 28.69, 41.18, 60.64,
64.11, 69.70, 69.81, 71.08, 71.16, 71.24, 72.30, 72.50, 72.71, 93.08, 93.24, 100.44, 159.12,
171.17. HRMS (ESI): Calculated for Co3H3sNO,Na [M-Na]" 540.2051, found 540.2044.
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Synthesis of 6-AF647-trehalose analog

‘0,8
OH OH N""so,
o} o
HOS AF467-NHS HOo
OH PBS (pH=9) OH
>
o . (o} SO
NH, 95% vyield H
HO\> OH Ho\ 2 OH "
OH OH

6-AF647-Tre

To a stirring solution of 6-Tre-NH; (0.58 mg, 1.7 umol, 2 equiv) in phosphate buffered solution
(PBS with pH = 9), AF647-NHS (1 mg, 0.8 mmol, lequiv) was added to flask. Reaction mixture
was stirred overnight at room temperature, followed by concentration by rotary evaporation.
Reverse-phase HPLC purification using a 5-100% MeCN/H,O + 0.1% TFA gradient afforded
desired product.

N-(6-oxohexyl-AlexaFluor647)-6-amino-6-deoxy-a,a-D-trehalose (6-AF647-Tre, 5.5) (0.9 mg,
95%) was obtained as a white solid. Rg= 0.31 (1:2:2 H,O:EtOAc:IPA, 5% H,SO4 in MeOH) 'H
NMR (500 MHz, D,0): 6 0.81 (t,J=10.0 Hz, 2H), 1.18 — 1.30 (m, 1H), 1.42 (d, J = 12.6 Hz,
2H), 2.00 — 2.17 (m, 5H), 3.16 (t, 2H), 3.25 (t, /= 9.5 Hz, 1H), 3.36 (d, /= 14.4 Hz, 1H), 3.41
(dd, J=10.0, 3.8 Hz, 1H), 3.46 (dd, J=9.9, 3.9 Hz, 2H), 3.51 — 3.59 (m, 3H), 3.59 — 3.70 (m,
5H), 3.96 — 4.10 (m, 2H), 4.97 (dd, J = 8.7, 3.9 Hz, 2H), 8.27 (s, OH). >°C NMR (125 MHz,
D,0): 8 17.21, 19.86, 19.88, 20.85, 28.69, 41.18, 60.64, 64.11, 69.70, 69.81, 71.08, 71.16, 71.24,
72.30, 72.50, 72.71, 93.08, 93.24, 100.44, 159.12, 171.17. HRMS (ESI): Calculated for
C33H3sN,015S [M-H]? 600.6361, found 600.6352.

Bacterial strains, media, and reagents

Bacterial species used in this work include Mycobacterium marinum strain M (ATCC BAA-
535). M. marinum was cultured in Middlebrook 7H9 media supplemented with 10% OADC
(oleic acid, albumin, dextrose, catalase), 0.5% glycerol, and 0.05% tween 80 at 37 °C. Minimal
media with defined iron concentrations was prepared as previously described.”’ Briefly, minimal
media (MM) was prepared by adding 0.5% asparagine, 0.5% KH,POy4, 0.2% glycerol, 10% ADN
(0.5% BSA, 0.2% D-glucose, 0.085% NaCl), 0.5 mg/L ZnCl,, 0.1 mg/LL MnSO,4, 40 mg/L
MgSOs4, and 50 mg/L FeCls (if needed for iron supplementation to obtain 1 L of media. MM was
subjected to iron depletion by incubation with Chelex resin 100 (following manufacturer’s
instructions) for 1 h stirring at room temperature with 25 g resin/L media. Resin was filtered
after incubation and pH was adjusted to 6.8. At this stage, iron (III) was added back in for
defined concentration.

Stock solutions of FlTre analogs were prepared at 10 mM in DMSO and stored at -20 °C. Other

reagent stocks include ebselen (Cayman Chemical, 2 mg/mL in EtOH, stored at -20 °C), and
FITC-Tre (Kerafast, 10 mM in DMSO, stored at -20 °C).
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Bacterial metabolic labeling conditions

Frozen bacterial stocks were used to start stationary phase cultures, which were used to
innoculate experimental cultures for all bacterial strains. Cells were grown in aerated culture
tubes or 96-well plates with shaking until the desired optical density was achieved. Bacterial
cultures in exponential growth phase were incubated with trehalose probes until designated end-
point of the experiment. Bacterial cells were fixed prior to flow cytometry or fluorescence
microscopy unless otherwise noted.

For metabolic labeling profile, M. marinum was incubated with 100 uM FITre or BCNTre for
time periods encompassing several doubling times 15- 24 h, unless otherwise noted.

For in vitro pulse-chase experiments, bacteria were labeled with 100 uM metabolic treahlose
reporters. Trehalose competition experiments included co-incubation of native trehalose at 0, 0.5
or 5.0 mM with designated trehalose reporter in M. marinum for 4 h. Bacterial cells were co-
treated with 100 pg/mL ebselen, for M. marinum (4 h), as well as with trehalose reporters.
Metabolic labeling in iron-defined conditions was performed for a period of 24 h incubation in
rich media 7H9, MM without iron, or MM with iron supplementation.

Flow cytometry

Fluorescently labeled cells were analyzed in 96-well plate format in a BD Biosciences Accuri C6
flow cytometer equipped with a BD C-Sampler. Data was collected for 100,000 events at a rate
of > 5,000 events/s for each sample. All flow cytometry experiments were performed in triplicate
where results are representative of at least two independent experiments.

Macrophage infections with M. marinum

Cultures of M. marinum (3 mL, 50 ug/mL Hyg for fluorescent strains) were started at ODgpp =
0.1-0.2 from frozen stocks and grown for two to two and a half doubling times. Bacteria were
spun down and transferred to several wells of a 96-well plate (this is because in Falcon tubes a
lot of cells were lost over the course of washing). Bacteria were washed 3 times with 7H9 +
OADC + TW80 + glycerol (150 uL, 5 min at 3700 x g to pellet cells).

Prior to labeling, bacteria were passaged through a 27G needle. Labeled bacteria were washed 3
times with 7H9 + OADC + TW80 + glycerol and once with PBS (150 uL, 5 min @ 3700 x g to
pellet cells). After resuspension in PBS, bacteria were passaged 10 times through a 27G needle.
To pellet remaining clumps, bacteria were spun at 1000 rpm for 2 minutes. Supernatants were
pooled from separate wells and single cells were quantified by measuring ODggo.

J774 or RAW264.7 were cultured in DMEM high glucose + 10 % fetal bovine serum (FBS),
streptomycin (0.1 mg/ mL), and penicillin (100 units/ mL). Cells were seeded at least 16 hours
prior to infection, to reach 2 x 10° cells/mL at the time of infection. Antibiotic medium was
removed from macrophages immediately prior to infection. Cells were prepared by washing two
times with media without antibiotics and infection took place in this medium.

Bacteria were added to the macrophages at MOI = 1, 5, 10 and allowed to infect over the course

of 3 hours at 33 °C, 5 % CO,. After infection, DMEM was replaced with DMEM + Gentamicin
(200 pg/mL) and incubated for 30 minutes at 33 °C, 5% CO,. Cells were washed two times with
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DMEM high glucose + 10% FBS. For live cell imaging by confocal microscopy, cells were
transferred to DMEM fluorobrite without phenol red in LabTech well slides.

Zebrafish husbandry and infections

Wildtype AB zebrafish were maintained as described.’” Larvae were infected at 30-48 h post
fertilization (hpf) via injection into the caudal vein or hindbrain ventricle. The number of
embryos used in experiments was guided by prior results from our laboratory and our
collaborator Prof. Lalita Ramakrishnan. Larvae were randomly allotted to different experimental
groups or morphants. Zebrafish husbandry and all performed experiments were in compliance
with the Institutional Animal Care and Use Committee approved protocols.

Single-cell supensions of M. marinum used of injection into the caudal vein or hindbrain were
obtained as previously described.” For embryo infections, frozen stocks of single cell
preparations of known titer were thawed prior microcapillary loading.*>”®

Trehalose metabolic reporter labeling in vivo

Trehalose metabolic reporters were delivered into the caudal vein for better tissue distribution.
Embryos of 30-96 hpf were injected with 3-5 nL of working stocks 10 mM FITre in DMSO, 0.6
mM BCNTre in DMSO, 2.5 mM tetrazine-oregon green in water depending on the experimental
setup.

Morpholino injections

Morpholinos (MO) were injected into yolk of 1-4 cell stage embryos. Pul morphants were
obtained as previously described.*””” MO mix composition was given by 0.375 mM initiation
MO and 0.025 mM exon MO. Phenol red was added to a final concentration of 2 mg/mL in 0.2
M KCl and 5 nL of pul MO mix were injected per embryo.

Fluorescence microscopy

Bacterial cultures (1-3 pL) were spotted on 1% agarose pads mounted on glass slides, installed
coverslip, and sealed with nail polish. Fluorescence imaging was performed with a Nikon A1R
resonant scanning confocal microscope using a CFI Plan Apo Lambda 60x oil objective. Images
were captured with a Cool Snap HQ” (Photometrics) and processed with NIS Elements software.
Acquisition and processing of images was performed identically for control and test samples.

Imaris image analysis
Confocal microscopy raw data was analyzed with Imaris v8.1.2 (Bitplane).

Super resolution fluorescence microscopy

Detection of these single molecules was performed by wide-field illumination. Every laser beam
on the excitation pathway was circularly polarized with a quarter-wave plate and directed to an
Olympus I1X-71 imaging body with an oil-immersion UPlan-Apo objective with 1.4 NA and
100x magnification. A portion of the fluorescent emission is then collected with the same
objective and is detected using an EMCCD camera. We used an electron-multiplication gain of
200 and 10 MHz pixel readout rate, where the exposure time is on the order of tens of
milliseconds per frame. The size of each pixel on the chip is 16um x 16pm and is cooled down
to -70°C to suppress dark noise. The data were saved as *.TIF files.
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For single-particle tracking experiments, all live-cell imaging was performed at 33°C inside an
incubator. In addition, we add an imaging cocktail to our sample that includes glucose, pyranose
oxidase, and catalase, which consumes oxygen and subsequently lengthens the lifetime of the
fluorescent dye. Once a cell with Trehalose-AlexaFluor647 is detected using a 638 nm laser, we
increase the intensity until most of the molecules have become photo-bleached. We then record
single molecules diffusing along the cell membrane until there are none visible at an exposure
rate of 50 ms/frame. In order to confirm that indeed we are observing a live cell, a 514 nm laser
is used to detect green fluorescent protein (GFP) that is constitutively expressed by the bacterium
or green cell tracker. Post-processing is done on acquired data afterwards to extract out relevant
physical measurements (e.g. position, velocity, diffusion coefficients, etc).

For three-dimensional super-resolution microscopy, all imaging was performed at 25°C with
fixed cells (2% paraformaldehyde for 20 min at room temperature). An imaging cocktail
consisting of 1 M glucose, 2 mM cysteamine (MEA), 70 mg/mL pyranose oxidase, and 70
mg/mL catalase in PBS was used. In addition, cysteamine is known to react with AlexaFluor647,
which facilitates its ability to become photoactivatable. We detect each AlexaFluor647 molecule
attached to a trehalose reporter by increasing the intensity of the 638 nm laser. These
fluorophores will blink in a stochastic manner and are detected at 35 ms/frame until most of them
have become photobleached. However, since cysteamine is in solution, by exposing our cells to a
405 nm laser, we are able to photo-recover many of these molecules to obtain more localizations.
These steps are repeated every hour since the reaction has a finite lifetime. In order to access the
molecule’s z-position, we optically transform the usual point spread function (PSF) into the
double-helix PSF (DH-PSF), where we now have two lobes diametrically opposite to each other.
When the object in view goes out of focus, the two lobes will then rotate about its center
position. The center positions of each lobe of the DH-PSF is extracted by performing a double
Gaussian fit and the midpoint of these two sets of X-Y coordinates is the XY position of the
single molecule. The pitch of the two lobes gives the z-position and this is done for every
molecule that is detected.

Isolation and purification of free glycolipids

Bacterial cultures incubated with trehalose probes were washed two times with corresponding
growth media to remove excess reporter. Wet cell pellets were subjected to organic extraction by
adding 1 mL 2:1 CHCIl;:MeOH and stirring vigorously in conical glass tubes overnight.
Resulting heterogeneous mixture was centrifuged for 10 min at 3700 x g, clarified organic layer
supernatant was saved and cell pellet was re-extracted twice with the same protocol. Combined
organic layers recovered after centrifugation were concentrated and analyzed by HPTLC
(Uniplate HPTLC-GHL, 5 x 5 cm, 150 pm thickness) developed with 65:25:4
CHCI3:MeOH:H,O. Fluorescently labeled glycolipids developed in HPTLC plates were imaged
with typhoon scanner (Amersham Biosciences, Typhoon 9410). Free lipids were partially
purified by preparative TLC (Analtech, 20 x 20 cm, 1 mm thickness).

Mass spectrometry validation of FlTre-labeled glycolipids

M. marinum bacterial cultures (200 mL) were grown 50 puM trehalose reporter until early
stationary phase. Trehalose glycolipids were isolated as described above. Partially purified
glycolipids were dissolved in 100 uL. 2:1 CHCI;:MeOH (HPLC grade) and filtered through a

138



0.45 um PVDF membrane. Mass spectra were acquired on a Waters Q-tof Premier quadrupole
time-of-flight mass spectrometer equipped with a nanoelectrospray ionization (nanoESI)
source. lons were formed in the positive ion mode from pulled borosilicate glass nanoESI
tips. Mass spectra were recorded over the range mass-to-charge ratio (m/z) = 100 to 4000. Data
acquisition was controlled using MassLynx software (version 4.1, Waters). This instrumentation
is located in the QB3/Chemistry Mass Spectrometry Facility at the University of California,
Berkeley.

Microvesicle purification
. . . . . 55,57,58,63
Microvesicles were isolated as previously described.”””">*

Statistics

p-values between samples were calculated with paired student’s t-test or two-way ANOVA as
specified in figures.
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Figure 5.S1 Mass spectrometry validation of FlTre reporter incorporation by M. marinum
into TMM. Partially purified glycolipids were subjected to mass spectrometry analysis. Nano-
ESI Q-TOF mass spectra depicts native and FlTre-labeled trehalose monomycolate species in M.
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marinum, plotting relative abundance (%) and m/z in y and x-axis, respectively. Black box

denotes identified species corresponding to FI-TMM. Electrospray ionization (ESI), quadrupole

time-of-flight (Q-TOF), trehalose monomycolate (TMM)
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Figure 5.S2 Mass spectrometry validation of FlTre reporter incorporation by M. marinum
into TDM. Partially purified glycolipids were subjected to mass spectrometry analysis. Nano-
ESI Q-TOF mass spectra depicts native and FlTre-labeled trehalose dimycolate species in M.
marinum, plotting relative abundance (%) and m/z in y and x-axis, respectively. Black box
denotes identified species corresponding to FI-TDM, in addition to black asterisks. Electrospray
ionization (ESI), quadrupole time-of-flight (Q-TOF), trehalose dimycolate (TDM)
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