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ABSTRACT

The bacterial cell wall is largely comprised of peptidoglycan (PG), a bacteria-
specific molecule that is sturdy and protective, yet fluid enough to allow for cellular
growth and division. PG structure is highly conserved, though there are examples of
natural variation. Elucidating the mechanisms of this PG variation will inform our
understanding of antibiotic resistance, PG signaling within hosts, and the evolution of
the bacterial cell wall. We are interested in PG structure in Vibrio fischeri, because of
PG’s role in the model symbiosis between V. fischeri and the Hawaiian bobtail squid.
Specifically, PG monomers released from V. fischeri trigger normal host development of
the symbiotic organ. In this dissertation, | altered V. fischeri’'s PG biosynthesis via
isolation of spontaneous suppressor mutants from strains that were previously
auxotrophic for PG-specific D-amino acids. First, | detail the characterization of a D-
glutamate suppressor with a novel biosynthesis pathway to wildtype PG structure.

Fusion of two proteins buries the secretion signal of BsrF, a periplasmic broad-spectrum



racemase. When relegated to the cytoplasm, BsrF produces the D-glu and D-ala
necessary biosynthesis of wild-type PG structure. Next, | describe a set of D-glu
suppressors that have mutations in gltS, which encodes a sodium:glutamate symporter.
These mutations lead to increased D-glu transport and permissive transport of toxic
glutamate structural analogues. | then characterize D-ala auxotrophy in V. fischeri, and
the extent to which it can be suppressed. Finally, | describe our work to develop a novel
method for transiently colonized Euprymna scolopes through use of a D-ala auxotrophic
strain. Together, these discoveries and insights broaden our understanding of D-amino

acids and the evolution of PG structure.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

OVERVIEW

We believe today that simple, anucleate microbes were the first life-forms to inhabit
the earth. Microbial Eukaryotes then arose from these bacterial and archaeal species,
surrounded by these Prokaryotes. Importantly, this evolutionary history led to integration
of bacteria into the healthy biology of nearly all Eukaryotes, even as they evolved into
multicellular, increasingly complex organisms. Beneficial relationships between different
species are referred to as mutualistic symbioses and are generally accepted as a
driving force of evolution (1). In the case of mutualisms with animals, bacterial
interactions can aid in physical growth as well as in development of the host’s innate
immune system (2). Responses to bacterial symbionts are accomplished in part through
specific signaling programs between the two partners, or through host recognition of
invading or neighboring bacteria. Hosts often detect these bacteria based on microbe-
associated molecular patterns, or MAMPs. MAMPs are common to both mutualists and
pathogens, so a properly functioning innate immune system is vitally important to the
host. One important MAMP in both mutualistic and pathogenic relationships is the main
constituent of the bacterial cell wall, peptidoglycan (PG). PG has not been found in

Eukaryotes but is conserved in nearly all known bacterial species. For these reasons,



PG is an ideal signaling molecule for both microbes and hosts and has been an
important target for antibacterial drugs.

One example of PG as a MAMP is found in the mutualism between Vibrio fischeri
and the Hawaiian bobtail squid, Euprymna scolopes (3). Importantly, this symbiosis is
readily tractable in lab, and the PG-specific host changes are easy to observe and
measure over time. V. fischeri has the typical PG structure found in Gram-negative
organisms, allowing us to use it as a model for PG biosynthesis in other Gram-negative
species. Additionally, the squid-Vibrio mutualism is a specific two-partner system (4, 5),
making the study of PG signaling in this partnership relatively straightforward. These
studies can further inform our understanding of Gram-negative PG biosynthesis and

evolution, as well as how bacterial cells respond to altered PG synthesis and structure.

VIBRIO-EUPRYMNA SYMBIOSIS AS A MODEL SYSTEM

As stated above, the squid-Vibrio symbiosis is an excellent model system for
investigating host-microbe interactions. Most importantly, both partners can be
harvested from the ocean, Hawaiian bobtail squid can be maintained and bred in the
lab, and V. fischeri is easily culturable and genetically manipulated under lab conditions
(4, 6). In an established symbiosis between these partners, V. fischeri emits
bioluminescence from specialized host tissues within a light-emitting organ (2, 6-8). This
light organ is embedded on the ventral side of the ink sac, directed downward in the
mantle cavity of the squid.

When juvenile E. scolopes hatch, their light organs are devoid of symbiotic

bacteria; V. fischeri is then transmitted horizontally from the surrounding seawater (4).



Therefore, aposymbiotic squid can be raised in the lab, and initiation of the symbiosis
can be controlled experimentally (9). This initiation simply involves placing the squid in
seawater that has been inoculated with symbiosis-competent V. fischeri. The squid are
able to obtain symbiotic bacteria from the water column, because the light organ is
essentially external, always in contact with the surrounding seawater (2, 7). This direct
exposure of the light organ to the environment allows researchers to not only
experimentally inoculate squid with V. fischeri, but also to treat the animals and light
organ with small molecules added to the water. This feature has enabled the important
discoveries of lipopolysaccharide (LPS) and PG as key molecules in the squid-Vibrio
symbiosis (3, 10). Additionally, the simple anatomy of the squid mantle cavity, including
placement of the light organ, enables experimental dissection, staining, and observation
of the organ. Light organ tissue is transparent to allow bioluminescence from symbionts
to pass through, so fluorescence-based staining techniques can be combined with
epifluorescence, confocal, or similar microscopy to investigate various attributes of an
intact organ (6, 11-13).

Another key feature of this symbiosis as a model system is that V. fischeri is
genetically tractable and amenable to manipulation. Its genome is about the size of that
from Escherichia coli, between four and five million base pairs, and has been fully
sequenced and published (14-19). Genetic constructs can be introduced either by
conjugative transfer from E. coli or by inducing transformability; stable plasmids have
been developed as shuttle vectors, while unstable plasmids have been used to
generate mutants via transposon mutagenesis or allelic exchange; reporter genes are

available; and experimental gene induction has been developed (20). Plasmids



expressing red- or green-fluorescent proteins can be used to visualize bacteria and/or
their gene expression in situ (21), which can be done in combination with the host
staining and microscopy techniques previously mentioned (8, 10, 21).

For the reasons above, the squid-Vibrio symbiosis has been studied as a model
experimental system than can be manipulated and observed in the lab. Studies of E.
scolopes, V. fischeri, and their symbiosis have contributed to the understanding of host-

microbe interactions, host development, and bacterial genetics and physiology.

LIGHT ORGAN COLONIZATION

E. scolopes eggs develop and hatch aposymbiotically, before rapidly acquiring
symbiotic V. fischeri from the surrounding seawater (4). This colonization is due in large
part to the specific anatomy of the light organ itself. As previously stated, the light organ
is in direct contact with environmental seawater, which cycles through the mantle cavity.
The light organs of juvenile E. scolopes have specialized infection-promoting structures,
known as ciliated epithelial appendages (CEA; shown in pink in Figure 1.1) (22). These
appendages are lined with cilia that beat the surrounding seawater, pushing potential
symbionts towards open pores at their base (22) (Figure 1.1). Gram-negative bacteria,
such as V. fischeri, then aggregate on the surface of the light organ in mucus secreted
by cells of the CEA (8). Using the current produced by beating of ciliated epithelial cells
(22) as well as chemotactic signals from the squid (23, 24), the bacteria use swimming
motility to then travel into pores on the light organ surface, through ducts and
antechambers, and finally colonize the light organ crypts (Figure 1.1). These crypts

provide both the space and nutrients that V. fischeri requires to grow, proliferate, and



luminesce (8, 22). Although V. fischeri represents less than a percent of the bacteria in
the seawater, no other bacterial species can effectively colonize the E. scolopes light

organ (5).

Figure 1.1. Organization of the juvenile E. scolopes light organ. Each lobe of the juvenile
light organ has a set of ciliated epithelial appendages (CEA; pink). At the base of the
appendages are three pores (p), which each lead to a duct (d), antechamber (a), and
finally crypt. Crypts are numbered 1, 2, 3 according to the order in which they fully mature.

Upon successful colonization by V. fischeri, the squid light organ begins undergoing
developmental changes. The first change is seen about two hours post-inoculation, with
an increase in hemocyte levels within sinuses of the CEA (12). Soon after, epithelial
cells of the CEA begin undergoing apoptosis, with final cell death starting around twelve
hours post-infection (10, 11). As time progresses, levels of hemocyte trafficking and
early-stage apoptosis continue increasing until reaching a maximum around 12 to 18

hours post-inoculation (10, 12).



In as few as fourteen hours post-inoculation, while many CEA cells are entering late-
stage apoptosis, the appendages themselves begin narrowing, and a raised ridge along
their border recedes. The CEA will continue to shrink and regress, fully disappearing

within five-to-six days after colonization (11) (Figure 1.2).

Figure 1.2. E. scolopes light organ morphogenesis. Fluorescence confocal microscopy
images of one set of CEAs is shown. Over time, CEA of colonized squid regress (top,
sym), while aposymbiotic squid (bottom, apo) do not experience regression. Confocal
microscopy images courtesy of Liu Yang.

These developmental changes of the CEA are not experienced by juvenile E.
scolopes that have not been colonized by V. fischeri or treated with specific signaling
molecules (3, 10, 11, 25) (Figure 1.2). This phenomenon not only led to studies to
determine the signaling molecules used by V. fischeri (3, 25), but also the finding that

CEA are the first and only known host structure whose sole purpose is to facilitate

infection (22).



SIGNALING MOLECULES IN SQUID-VIBRIO

To form lifelong, mutually beneficial relationships between microbes and their
animal hosts, both partners must develop signals and receptors to properly
communicate. These signals and their pathways lead to physical and
transcriptional/translation changes within both partners, allowing them to form a
productive partnership (9, 26-31). In the squid-Vibrio symbiosis, the most well-studied
signals are the common MAMPs PG and LPS. Though not specific to V. fischeri or
thought to be major factors underlying the specificity of the squid-Vibrio symbiosis, both
PG and LPS trigger responses from the host. Moreover, as described below, V. fischeri
has evolved to release unusual amounts of these MAMPs (25, 32, 33).

PG composes the bacterial cell wall and consists of linear glycan strands that are
cross-linked by short peptides. Gram-positive bacteria have a thick outer layer of PG,
while Gram-negative bacteria have a thinner layer of PG within the periplasm, internal to
the outer membrane (34, 35). Within the context of this symbiosis, PG is recognized in
different ways: as intact cell walls during the early stages of the symbiosis, or as distinct
PG monomers at later stages. These monomers are referred to PG cytotoxin and
tracheal cytotoxin (TCT), for their roles as signaling molecules in gonorrhea (36) and
whooping cough (37), respectively.

LPS is the major structural component of the outer leaflet of Gram-negative outer
membranes (38). Structurally, it is composed of the strongly conserved membrane-
embedded Lipid A, a core oligosaccharide, and a species- or strain-specific O-antigen.
Specifically, E. scolopes responds to the lipid A portion of LPS (10). In the context of

this symbiosis, LPS can also be presented to E. scolopes as a main component of outer



membrane vesicles (OMVs) (32, 33, 39), which are portions of the outer membrane
than have blebbed away from the cell, carrying periplasmic cargo. OMVs are released
from most Gram-negative species, though their composition varies (40).

In E. scolopes, LPS induces apoptosis of the ciliated epithelial cells of the CEA
(3, 10). This effect can be accomplished with LPS from several Gram-negative bacteria,
when added to seawater (10). LPS induces apoptosis of host cells in many pathogenic
associations as well, a phenomenon that has been extensively studied and reviewed
(41-46). Although it triggers apoptosis of cells within the CEA, LPS alone does not
trigger regression of the CEA or hemocyte trafficking into the CEA (3, 10)

PG triggers the earliest events in E. scolopes colonization: mucus secretion (47)
and hemocyte trafficking into the sinuses of the CEA (3, 12). Receptors for both
responses are seemingly located on the surface of the light organ, perhaps among the
ciliated epithelial cells of the CEA. Currently, it is unknown whether these two events
share receptors and/or signaling cascades. Once colonization has been established,
PG continues to induce hemocyte trafficking into the crypts and CEA (3, 12) and
induces the loss of PG recognition proteins within the host (48). PG also works in
synergy with LPS to induce apoptosis of ciliated epithelial cells and leads to increased
cell death. A PG monomer called TCT, which is composed of a disaccharide-
tetrapeptide, can induce regression of the CEA and is also responsible for some
induction of hemocyte trafficking (3).

As previously mentioned, these developmental morphogenic events of E.
scolopes can be triggered via experimental treatment with LPS or PG fragments added

to the seawater, as well as by intact symbionts (3, 8, 10, 12, 32, 33). Studies involving



the experimental addition of MAMPs have been integral to determining which molecules
can trigger a specific developmental event, and this knowledge has in turn guided
studies to determine which stages of colonization are actively selective for V. fischeri.
For example, although PG from both Gram-negative and Gram-positive bacterial
species can trigger mucus secretion from the CEA, only Gram-negative cells can
aggregate within that mucus (8, 47). Similarly, although PG from numerous species
induces hemocyte trafficking, V. fischeri appears to be the only species that can evade
hemocyte binding and phagocytosis (3, 12, 49-51). Overall, these data indicate that,
though the signals are not V. fischeri-specific, only V. fischeri is able to reach and
proliferate within the crypts to produce enough of signal to elicit developmental
responses from the squid. Moreover, as noted above, LPS is released from V. fischeri
cells as membrane blebs, making it relatively abundant in cell-free extracts of cultures,
perhaps enhancing its role in this symbiosis. As described below, PG fragments formed
during cell-wall remodeling and PG recycling are likewise released in relatively high

concentrations from V. fischeri.

PG BIOSYNTHESIS AND RECYCLING IN V. FISCHERI

The bacterial PG cell wall provides structural rigidity to the cell, while allowing for
dynamic movement, and changes in cell size and shape. PG is made up of linear
repeating strands of 3-1,4 linked N-acetylglucosamine (NAG) and N-acetylmuramic acid
(NAM), with short peptide chains covalently bound to most NAM molecules. In most
Gram-negative bacteria, the mature peptide chain bound to NAM is L-ala, D-glu, meso-

diaminopimelic acid (mDAP), and D-ala. Many of the peptides are crosslinked together,



to add stability to the structure (Figure 1.3). This net-like polymer, known as the
sacculus, must be able to grow, expand, change shape, accommodate structures that
span the inner and outer membranes, and separate into two daughter sacculi upon
cellular division. To facilitate each of these functions, biosynthesis, breakdown, and

recycling of PG are tightly controlled by the cell.

@® NAG @ Lala @ mDAP
{)NAM © D-glu @ D-ala

Figure 1.3. Diagram of peptidoglycan structure in V. fischeri.

PG biosynthesis has three phases: cytoplasmic, membrane-bound, and
periplasmic (52). Synthesis begins in the cytoplasm. Here, UDP-NAG is produced from
fructose-6-phosphate, UDP-NAM is formed from UDP-NAG, amino acids are racemized
and dimerized as needed, and the peptide chain is bound to UDP-NAM by successive
addition of the amino acids L-ala, D-glu, mDAP, and finally a D-ala dimer (53). The
UDP-NAM-pentapeptide is then bound to the membrane-bound lipid carrier bactoprenol,
to form lipid 1 (54). UDP-NAG is then added, forming lipid Il, which is subsequently
flipped from the cytoplasmic to the periplasmic side of the inner membrane (54). In the
periplasm, transglycosylases polymerize PG’s glycan strands, adding newly flipped

monomers onto existing PG, and transpeptidases form crosslinks between the peptide

10



chains (55). The crosslinks of V. fischeri are one of the most common types seen: A1y.
These A1y crosslinks are covalent bonds between the mDAP of one PG chain and D-
ala at the fourth position of the adjacent chain (35). When these links are formed, the
fifth position D-ala is removed from the chain (34).

In conjunction with de novo PG synthesis, the cells are also remodeling, breaking
down, and recycling extant PG. To remove sections of PG, endopeptidases cleave
crosslinks and lytic transglycosylases cleave bonds between NAM and NAG of adjacent
monomers (55-57). Free PG monomers can then be shuttled into the cytoplasm via the
AmpG permease (58) or cleaved by N-acetylmuramoyl-L-ala amidase (59) and the
peptide chain shuttled into the cytoplasm through Opp (60). Once in the cytoplasm,
recycled monomers and peptides are broken down further. Recycled NAG, NAM, and
tripeptides (L-ala-D-glu-mDAP) then feed directly back into PG synthesis.

It is estimated that each generation about 50% of PG is recycled and fed back
into PG synthesis (61). Most bacteria are efficient at recycling PG monomers, shuttling
them into the cytoplasm for reuse. A few species, however, release a subset of
monomers that are generated during PG recycling, with notably similar effects on their
hosts. Two examples are the pathogens Bordetella pertussis (62), and Neisseria
gonorrhoeae (36), which cause whooping cough and gonorrhea, respectively. A third
example, discovered more recently than the pathogens, is V. fischeri (3). In all three, the
same PG monomers are released from the cell, and in each case the released
monomers are partly responsible for triggering the loss of ciliated cells in the host.
Monomers released from B. pertussis cause the death and loss of ciliated epithelial

cells in the airway. This is the origin of the name tracheal cytotoxin, as well as the cause

11



of the primary symptoms of whooping cough. The same molecule released from N.
gonorrhoeae is called PG cytotoxin, and triggers cell death in ciliated cells of fallopian
tubes. As described above, when released by V. fischeri, TCT triggers apoptosis and
regression of the ciliated CEA.

B. pertussis has an insertion sequence element disrupting ampG, which encodes
the permease involved in PG recycling. The resulting loss of AmpG function hinders the
shuttling of PG monomers into the cytoplasm for recycling (63), accounting for the high
level of TCT release from the cells. In V. fischeri and N. gonorrhoeae, high PG
monomer release is largely due to the activity of lytic transglycosylases, which cleave
bonds between adjacent disaccharides in the PG strands (25, 64), although in N.
gonorrhoeae ampG also appears to have evolved a loss of efficiency (65, 66). While
they can be studied via cell culture or organ donation of fallopian tubes, the cytopathic
effects of PG monomer release of B. pertussis and N. gonorrhoeae of course cannot be
experimentally studied in their human hosts. However, as detailed above, the squid-
Vibrio symbiosis is a great model system that can be readily studied in experimental
settings. Open questions that remain to be addressed are whether variation in PG
monomer structure is possible, and how such variation would affect outcomes with the

host.

VARIATIONS IN PG STRUCTURE
Overall, the structure of PG is highly conserved throughout the Bacterial
Kingdom, though there are examples of variation in the peptide chain, as well as in the

type and degree of crosslinking (34, 35, 67). The glycan strands of PG often have

12



covalent, reversible modifications, such as N-deacetylation and O-acetylation (68).
Some temporary variations can also be seen in the peptide side chains as well, often
due to media content (69-75), or endogenous factors such as production of non-
canonical amino acids (76-78). The amount of PG cross-linking can also vary, both by
genotype and growth phase (35).

Currently, known variations in de novo PG are found only in the peptide chain
(34, 35, 67). Usually, this variation is seen at the third position. In most Gram-negative
species such as V. fischeri, this is mDAP, while Gram-positive species usually have L-
lys. Other known variations at this position include the diamino acids lanthionine or
ornithine (34, 79-82), and even rarer cases of incorporation of monoamino acids (34,
35). In the Gram-negative species Thermotoga maritima, the peptide’s third position can
be either L-lys or D-lys (83), the latter being a residue only shared by the fourth position
in a subset of PG in the Gram-positive Butyribacterium rettgeri (84). While variation at
the third position is most common, there are also some known substitutions at the first,
fourth, and fifth positions of the peptide chain, specifically with molecules similar in
structure to alanine, such as glycine, serine, or lactate (35, 67). Only D-glu is known to
be added at the second position of the PG peptide, though some species will modify the
structure later (35).

Crosslinks between adjacent PG strands are a common source of variation, with
differences in mode and composition of interpeptide bridges. Most bacteria have 3-4
crosslinks, meaning adjacent peptides are linked from the amino group of the third
amino acid, to the carboxy group of the fourth amino acid on the adjacent PG strand. In

Gram-negative species, this is usually a direct peptide bond formed from the mDAP or
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L-lys of one chain, to the D-ala of the adjacent chain. Most Gram-positive bacteria, on
the other hand, have an interpeptide bridge, consisting of one to seven additional amino
acids. Some bacteria, specifically coryneform bacteria, have 2-4 linkages, which
connect the a-carboxyl group of D-glu at position two, to the carboxyl group of the fourth
position D-ala on the adjacent strand. These peptide bridges always contain a diamino
acid but can have other amino acids in addition (35).

Previous studies have attempted to genetically alter bacteria to change the
structure of their PG peptide (76, 85-87). Interestingly, though different bacterial species
were studied, three of these studies found that mDAP auxotrophy was suppressed by
replacing mDAP in the PG with lanthionine, which is naturally found in this position in
Fusobacterium nucleatum (79, 80). Mutants of one study retained DAP in their PG, but
a large proportion was a different stereoisomer (L,L-DAP, Figure 1.4), while wild type
contained entirely mDAP (85). These studies influenced the goals and methods
undertaken in the work reported in this dissertation.

A striking feature of PG peptide described above is the incorporation of D-amino
acids (DAAs), rather than their proteinogenic L-amino acid enantiomeric counterparts.
Although less common than L-amino acids, DAAs are not unique to PG. In the following
sections, | explore the topics of DAAs in bacteria and the racemase enzymes that
interconvert D- and L-forms, thus providing a biosynthetic side-track from standard

protein synthesis.
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D-AMINO ACIDS IN BACTERIA

Amino acids are ubiquitous in nature, with both D- and L-forms having important,
specific roles in all domains of life and in varied environments. L-amino acids are
essentially universal, as they are the building blocks of ribosomally-produced peptides
and proteins. DAAs are less commonly found in nature but are also important. They
play a fundamental role in bacteria, where D-ala, D-glu, and often mDAP, are
constituents of the cell wall PG (88). Additionally, bacteria can also use DAAs as growth
substrates (89-92), for the building of non-ribosomal peptides (93-96), and as regulators
of PG biosynthesis, metabolism, and structure (77, 97-103). In particular, exogenous
non-canonical DAAs (i.e., those not typically found in PG) can be readily incorporated
into the mature periplasmic PG peptides during PG cross-linking and remodeling, which
can affect growth rate and PG metabolism (77, 103, 104). Some bacteria can also
scavenge DAAs from their environment to use as nutrient sources (90-92).

As detailed above, all bacterial PG contains at least one DAA, D-glu. Most
bacteria also include D-ala, and many Gram-negatives have mDAP as well.
Additionally, Gram-positives often use DAAs in their interpeptide bridges. The
incorporation of DAAs in these PG structures makes them more resilient against
proteases, which typically require specific L-L-peptide bonds (100). Enterococci have
even evolved altered PG with an additional D-ser residue enabling them to resist
inhibition by vancomycin (105). Additionally, non-canonical DAAs can be incorporated
into PG peptides, which allow bacteria to cope with different environmental stresses
(77). DAA residues can also be found in the teichoic acids of the Gram-positive

cytoplasmic membrane (106, 107), and in poly-y-glutamate, which is a non-ribosomal

15



peptide produced by Bacillus species. When incorporated into structural components of
bacterial cells, it can be speculated that DAAs function to avoid cleavage by proteases,
but more research is needed to elucidate all of their functions and mechanisms.

As noted above, many non-ribosomal polypeptides contain DAAs, and these
include antimicrobials produced by bacteria, such as bacitracin (96, 99, 106-109).
These polypeptides, as well as free DAAs themselves, can be secreted as signaling
molecules between cells of the same species and even between organisms from
different kingdoms (110-113). Within microbial communities, DAAs can also affect cell
wall structure and synthesis and growth phase transitions (99). Some bacteria appear to
use exogenous DAAs as chemotactic signals (114-116). There has been mixed
evidence that DAAs may play a role in assembly and dissolution of bacterial biofilms,
and experimental results depend upon the bacterial species, DAAs used, and the
experimental setup (117-126).

Similarly, many DAAs have been found to inhibit bacterial growth through a
variety of mechanisms, including enzyme inhibition and translation disruption through
mischarging of tRNAs (100, 107, 109, 127-132). For example, D-glu inhibits glutamate
dehydrogenase, interfering with synthesis of L-glu for use in proteins (133). D-met
inhibits biosynthesis of PG (104, 134) and D-ala and D-his inhibit spore formation of
various Bacillus species (135-139). Hypotheses for mechanisms of inhibition vary for
each amino acid and bacterial species tested, but often include inhibition of PG
synthesis and cross-linking, competition with L-isomers, and mischarging of tRNAs to

ribosomal protein synthesis (100, 104, 128-131, 133).
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BACTERIAL AMINO ACID RACEMASES

Bacterial DAAs can be synthesized two ways: racemization of L-forms, or
stereospecific amination of a-ketoacids (107). This dissertation focuses on the former.
Racemases are enzymes that interconvert amino acids between their L- and D- forms.
Some of the first bacterial racemases discovered were those for alanine (140),
glutamate (141), and DAP (142). We now know of many more racemases with specific
amino acid substrates, as well as broad-spectrum racemases that can interconvert
multiple amino acids, including both proteinogenic and non-proteinogenic L-form amino
acids. Most racemases function as dimers, and racemases are found in both the
cytoplasmic and periplasmic/extracellular spaces (143, 144). Racemases sort into two
main categories based on their need for pyridoxal 5’-phosphate (PLP): PLP-
independent, and PLP-dependent (143, 145-147).

The most well-characterized PLP-independent racemases are glutamate
racemase and DAP epimerase (146). Lactic acid bacteria also have PLP-independent
aspartate racemases to produce the D-asp needed for PG cross-bridges (143, 148).
Other bacterial PLP-independent enzymes are proline, hydroxyproline, O-ureidoserine,
and some lysine racemases (143, 149). Interestingly, two broad-spectrum racemases,
YgeA from E. coli and RacX from B. subtilis are also PLP-independent (150), while all
other known broad-spectrum amino acid racemases do require PLP. Known PLP-
independent enzymes have two catalytically active cysteine residues in their active sites

(143), apart from YgeA from E. coli, which has one cysteine and one threonine (150).
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Figure 1.4. Enantiomeric structures of PG-specific DAAs. A Alanine,
B Glutamate, C DAP

PLP-dependent enzymes include alanine, asparagine, and serine racemases, as
well as most broad-spectrum amino acid racemases (Table 1.1) (144, 146, 150-157),
and some lysine racemases (154, 155). Though PLP can bind and behave differently
with the various PLP-dependent racemases, they all share a common conversed lysine
within the PLP binding site (144). V. fischeri has three racemases characterized in
publications, though others are likely. The published reports include: Alr (158), Murl
(158), and RacD (87), which racemize alanine, glutamate, and aspartate, respectively.
There are also a DAP epimerase and YgeA-like racemase predicted by genome
annotation (14), and a broad-spectrum racemase that drew our interest and was
relevant in the research described in this dissertation. Unlike the related bacterium E.

coli, V. fischeri only has one annotated alanine racemase, Alr, which produces the D-ala
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needed for PG biosynthesis and is essential to V. fischeri (158). Similarly, V. fischeri

also has only one known glutamate racemase, Murl, that is essential for PG

biosynthesis and bacterial growth (87, 158). Currently, neither Alr nor Murl of V. fischeri

is known to racemize other amino acids. V. fischeri’s aspartate racemase, RacD, was

implicated to have glutamate racemase activities; although induced by D-asp, its

expression could compensate for the loss of murl (87). The putative DAP epimerase

and broad-spectrum racemase YgeA (VF_A0624) have not yet been studied in V.

fischeri.

Table 1.1. Examples of well-characterized bacterial broad-spectrum racemases.

. L Preferred Other
Enzyme |Species Localization |PLP- Substrate | Substrates Source
Amino Acid [ Aeromonas . Aromatics,
Racemase | caviae Cytoplasm Dependent Lysine Acidic (159, 160)
Pseudomonas .
BAR putida IFO Unknown Dependent Lysine B"?‘S'C’ : (152, 161,
Aliphatic 162)
12996
Pseudomonas . . -
ArgR taetrolens Periplasm Dependent Lysine Arginine (153)
Bsrv Vibrio cholerae | Periplasm Dependent Meth_lonlne, Al|phat|c, (77, 156)
Leucine Basic
. Arginine,
P. putida . . .
Alr Periplasm Dependent Lysine Methionine, | (163, 164)
KT2440 .
Glutamine
Cytoplasm
YgeA Escherichia coli | (Predicted, Independent | Homoserine | Hydrophobic | (150)
(165)
Cytoplasm, : . .
RacX Bacillus subtilis | Predicted Independent DAP’. ySine, qulc amino (150)
(165) arginine acids

Like the RacD of V. fischeri, many racemases are initially predicted to be specific

for one amino acid, but are later characterized as having more diverse substrates, often

including secondary substrates similar to the primary substrate (e.g., an aspartate
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racemase acting somewhat on glutamate) (152, 153, 159, 166, 167). Moreover, broad-
spectrum racemases that efficiently interconvert D- and L-forms of many relatively
unrelated amino acids are being discovered and characterized (77, 150, 156, 168).
Likely, more of these broad-spectrum racemases exist but are currently unannotated or
annotated incorrectly as specific amino acid racemases. With the diverse substrate
ranges of bacterial broad-spectrum racemases, it’s difficult to pinpoint their exact
function. However, as interest in DAAs and broad-spectrum racemases

increases, research will likely elucidate more of their functional roles soon.

Because amino acid racemases are ubiquitous and important in bacteria, they
are considered attractive drug targets, at least when they are distinct from racemases in
plants or animals. Specifically, arginine, glutamate, and aspartate racemases are
currently believed to be specific to bacteria, lessening the worry of off-target effects on
human racemases (147). DAP epimerase and alanine racemase are also strong
candidates as they are rare in eukaryotes and not found in humans (107, 147). Most
efforts have so far been focused on glutamate and alanine racemases. Studies have
proposed many structural analogs to D-glu as possible inhibitors of bacterial glutamate
racemases (169, 170). Many do appear to inhibit glutamate racemase and therefore
seem promising, though as of yet there are no medically relevant glutamate racemase
inhibiting drugs. Inhibition of alanine racemase has also focused on structural analogs
(171). One of these, D-cycloserine (DCS) has been used successfully for treatment of
Mycobacterium tuberculosis infections (172). Unfortunately, many bacterial racemase
inhibitors have off-target affects due to their structural similarity to both the D- and L-

forms of amino acids.
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RATIONALE AND SCOPE OF THIS WORK

Because its structure is so conserved among Bacteria, PG is often used by hosts
to recognize bacterial invaders or guests, whether pathogenic or mutualistic, so the host
can react appropriately to infection. One example of this is the E. scolopes-V. fischeri
mutualism, in which PG fragments shed from symbiotic V. fischeri cells trigger changes
in light organ morphology, as described above. The goal of this dissertation work was to
force evolution of PG structure or biosynthesis in V. fischeri, in order to gain insights into
the constraints on PG evolution, how bacteria respond to environmental stress and
inability to produce wild-type PG, and how PG structure and biosynthesis affect
bacterial growth, antibiotic resistances, and host-microbe interactions.

Previously, our lab designed a selection for spontaneous suppressors of PG-
specific DAA auxotrophic strains of V. fischeri. This dissertation focuses on studies
using two PG-specific auxotrophies: D-glu and D-ala. Suppressor selection was
achieved by attempting to grow these auxotrophic strains on media that had not been
supplemented with the necessary amino acid. Two possible mechanisms of
suppression were: novel biosynthetic pathways to wildtype PG structure, or novel PG
structure. We use PG analysis via HPLC and mass spectrometry to determine PG
structure, paired with whole genome sequencing to elucidate the genes responsible for
suppression. Chapters 2 and 4 describe novel metabolic routes to production of D-glu
and D-ala, respectively, while Chapter 3 describes a set of mutations that increase

transport of D-glu, and lead cells to produce PG with a novel structure.
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CHAPTER 2
A PROTOTROPHIC SUPPRESSOR OF A VIBRIO FISCHERI D-GLUTAMATE
AUXOTROPH REVEALS A MEMBER OF THE PERIPLASMIC BROAD-SPECTRUM

RACEMASE FAMILY, BSRF !

1 Macey N. Coppinger, Kathrin Laramore, David L. Popham, and Eric V. Stabb. To be

submitted to the Journal of Bacteriology.
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ABSTRACT

Although bacterial PG is highly conserved, some natural variations in PG
biosynthesis and structure have evolved. Understanding the mechanism and limits of
such variation will inform our understanding of antibiotic resistance, innate immunity,
and the evolution of bacteria. We have explored the constraints on PG evolution by
blocking essential steps in PG biosynthesis in Vibrio fischeri, and then selecting mutants
with restored prototrophy. Here, we attempted to select prototrophic suppressors of a D-
glu auxotrophic murl racD mutant. No suppressors were isolated on unsupplemented
lysogeny broth salts (LBS), despite plating >10*! cells, nor were any suppressors
generated through mutagenesis of ethyl methanesulfonate. A single suppressor was
isolated on LBS supplemented with iso-D-gln, although the iso-D-gln subsequently
appeared irrelevant. This suppressor has a genomic amplification, bounded by a novel
junction that fuses proB to a gene encoding a putative broad-spectrum racemase of V.
fischeri, bsrF. An engineered bsrF allele lacking the putative secretion signal (ASS-bsrF)
also suppressed D-glu auxotrophy, resulting in PG that was indistinguishable from wild
type. The ASS-bsrF allele similarly suppressed the D-ala auxotrophy of an alr mutant,
and restored prototrophy to a murl alr double mutant auxotrophic for both D-ala and D-
glu. The ASS-bsrF allele increased resistance to D-cycloserine but had no effect on
sensitivity to PG-targeting antibiotics penicillin, ampicillin, or vancomycin. Our work
helps define constraints on PG evolution and reveals a periplasmic broad-spectrum
racemase in V. fischeri that can be co-opted for PG biosynthesis, with concomitant D-

cycloserine resistance.
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IMPORTANCE

DAAs are used and produced by organisms across all domains of life, but often
their origins and roles are not well understood. In bacteria, D-ala and D-glu are
structural components of the canonical PG cell wall and are generated by dedicated
racemases Alr and Murl, respectively. The more recent discovery of additional bacterial
racemases is broadening our view and deepening our understanding of DAA
metabolism. Here, while exploring alternative PG biosynthetic pathways in V. fischeri,
we unexpectedly shed light on an unusual racemase, BsrF. Our results illustrate a novel
mechanism for the evolution of antibiotic resistance and provide a new avenue for

exploring the roles of non-canonical racemases and DAAS in bacteria.

INTRODUCTION

Most Bacteria have a cell wall comprised of PG, which helps define cell shape
and provides resilience against environmental stresses. As a highly conserved and
uniquely bacterial structure, PG is a key MAMP recognized by bacteria-surveillance
systems of plants and animals and is a prime target for medically relevant antibiotics.
Although PG and its biosynthesis are strikingly similar across the Bacterial Kingdom,
PG structural variation has evolved (35). Understanding the possible trajectories for and
constraints on PG evolution will inform our understanding of host-microbe interactions
and the emergence of resistance to PG-targeting antibiotics.

We became interested in PG in V. fischeri because of PG’s role in the symbiosis
between V. fischeri and the Hawaiian bobtail squid E. scolopes (173-175). Specifically,

PG monomers released by V. fischeri trigger development of the host’s symbiotic light
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organ (3, 25, 48). However, studying PG in V. fischeri is broadly relevant, as PG
structure and biosynthesis in V. fischeri parallel that in other Proteobacteria. For
example, PG monomers released by V. fischeri are identical to TCT and PG cytotoxin
released by Bordetella pertussis (62) and Neisseria gonorrhea (36), respectively.
Therefore, we have used V. fischeri as a model for exploring how bacteria can evolve
new PG biosynthetic pathways. Our approach has been to block wild-type PG
biosynthesis and select for suppressor mutants capable of growing without a normally
essential gene.

The murl gene contributes to PG biosynthesis and is considered essential in
many bacteria (176, 177), including V. fischeri (158, 178). Murl is a cytoplasmic,
coenzyme-independent glutamate racemase that interconverts L- and D-glu, producing
the D-glu for the peptide moiety of PG (179). Another cytoplasmic enzyme, MurD, adds
D-glu to the second position of the PG peptide chain, linking it to the L-ala in the first
position; then MurE links the D-glu side chain acid to the amino group of DAP, creating
gamma-D-glu (180). Glutamine has been found in the second position in a few bacteria,
but in these cases D-glu appears to be initially added by MurD, then later modified to
iso-D-gln (181). Given their respective roles in an essential and uniquely bacterial
pathway, both Murl and MurD have been considered attractive antibacterial targets
(169).

Previously, we generated a murl mutant in V. fischeri which, like murl mutants in
other bacteria, could only be grown in media supplemented with D-glu (158).
Subsequently, we selected prototrophic suppressors of this murl mutant that were able

to grow without D-glu supplementation, leading to the discovery of a locus in V. fischeri
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and some other Proteobacteria that enables the catabolism of D-aspartate, underpinned
by the aspartate racemase RacD (87). Overexpression of RacD could compensate for
the loss of murl, with PG still containing D-glu, suggesting that RacD has glutamate
racemase activities that can compensate for the loss of murl (87).

Here, the goal was to select suppressors of a murl racD mutant that have
restored prototrophy. Such suppressors may create a new pathway to wild-type PG,
and/or evolve an altered PG structure. Aside from Murl and RacD, V. fischeri possesses
a typical alanine racemase Alr, which provides the D-ala for PG. In other bacteria, Alr
acts mostly on alanine and, to a lesser extent, serine (156). Due to its specificity for
small, uncharged amino acids, it seemed unlikely that Alr would be involved in
suppression of D-glu auxotrophy without compromising D-ala production, although such
a scenario could not be ruled out. It is also worth noting that MurD has a high specificity
for D-glu as the substrate added to the PG peptide, but it is not known whether altered
substrate specificity could obviate the need for D-glu. Although this background
knowledge provides some important context for our selection, it was impossible to
predict how or even if D-glu auxotrophy of a murl racD double mutant could be

suppressed.

RESULTS

Reversion of a murl::mini-Tn5 allele by precise mini-transposon deletion. We first
attempted to generate prototrophic suppressor mutants of RMJ13 (murl::mini-Tn5
AracD) by growing the strain in LBS supplemented with D-glu, then plating the culture

onto unsupplemented LBS. Mutants that grew independently of D-glu supplementation
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arose at a rate of ~10-1%; however, whole genome sequencing of six prototrophs
revealed that they were revertants at the murl locus. Instead of acquiring mutations at
other sites to suppress D-glu auxotrophy, these strains had precisely lost the mini-Tn5
transposon that had disrupted murl, reverting to a wild-type murl allele. The mini-Tn5
used encodes resistance to erythromycin (Em), and we subsequently determined that
an additional twenty-seven prototrophs selected in this manner were sensitive to Em,
suggesting similar loss of the mini-Tn5. Thus, instead of suppressing auxotrophy, these
strains had instead reverted to prototrophic AracD strains. Based on these data, precise
deletion of this mini-transposon, which does not encode a transposase (182), occurs at

a rate around 1010 (Table 2.1).

Selection of a rare suppressor of D-glu auxotrophy. Further attempts to select
suppressors in RMJ13 were performed with Em in the medium as a selective agent to
maintain the transposon insertion in murl. However, after plating over 10*! cells onto
LBS-Em, we did not recover any suppressor mutants. Next, we performed a series of
experiments chemically mutagenizing RMJ13 with ethyl methanesulfonate (EMS) which
primarily causes G:C to A:T transition substitutions in DNA (183, 184). We plated a total
of over 108, 4x107, and 1.4x107 viable cells from treatments with approximately 90%,
99% and 99.9% EMS-mediated killing respectively, but still recovered no prototrophic

suppressors of D-glu auxotrophy (Table 2.1).
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Table 2.1. Selection for prototrophic suppressors in D-glu auxotroph RMJ13
RMJ13 Transposon Revertants (LBS without Em)

CFU Plated Revertants Revertants/CFU
LBS 1.8 x 101 27 1.4 x 101

RMJ13 EMS Mutagenesis

Plated Suppressors Suppressors/CFU
90% killing 1x108 0 -a
99% killing 4 x 107 0 -
99.9% killing 1.4 x 107 0 -

Total CFU plated | 1.5x 108

RMJ13 Suppressor Generation (LBS-Em)

Plated Suppressors Suppressors/CFU
None 1.08 x 10%* 0 -
Iso-D-gln 1.13 x 10%° 1 9x 101

Total Cells plated | 1.4 x 10!
a “* indicates below the limit of detection, i.e., no suppressors

We considered the possibility that supplements to LBS other than D-glu might
allow us to select suppressors of D-glu auxotrophy. For example, knowing that D-glu is
added to the PG side chain as iso-D-glu, we supplemented LBS-Em with iso-D-
glutamine. From over 10%° cells plated to LBS-Em with iso-D-gIn, we selected one
suppressor mutant, named RMJ13S10 (Table 2.1). Unexpectedly, subsequent
experiments revealed that RMJ13S10 grew well on LBS-Em and does not require iso-D-
gln supplementation (Figure 2.1). Taken together, these results suggest that a rare
mutation underpinned suppression of D-glu auxotrophy in RMJ13S10, enabling it to

grow on unsupplemented LBS.
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Figure 2.1. D-glu independent prototrophy of suppressor RMJ13S10. Shown are final
ODeoo readings for V. fischeri cultures grown with or without 400 ug/mL D-glu in LBS-
Em. Strains include AKD100 (wild type ES114 marked with Em-resistance cassette at a
neutral site), RMJ13 (murl::mini-Tn5-erm AracD), and RMJ13S10 (murl::mini-Tn5-erm
AracD proB-bsrF fusion and amplification). Cultures were grown for 24 hours before
reading final ODsoo. Error bars indicate standard error of the mean (n=8). Data from one
representative experiment of at least three are shown.

Mutation of bsrF suppresses D-glu auxotrophy. The genomic sequence of
RMJ13S10 revealed an amplification of a 9.2-kb region in chromosome | spanning bsrF
(VF_0735) to proB (VF_0740), including a novel fusion junction involving proB and bsrF
(Figure 2.2). In contrast to the wild-type sequence (Figure 2.2A), the fusion disrupts the
final five codons at the 3’ end of proB, and the start codon of bsrF. Those six amino
acids are then replaced by a single valine, linking the two proteins together to create a
fusion with an N-terminal ProB domain and C-terminal BsrF domain (Figure 2.2B).
Based on the relative number of sequencing reads, the 9.2-kb region appears to be
amplified four to five times, relative to the surrounding regions. One would expect such

a large amplification to be unstable and prone to reversion by homologous

recombination under non-selective conditions. To test this genetic model, RMJ13S10
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was grown in the absence of selective pressure (i.e., in LBS-Em supplemented with D-
glu). By the fifth passage in non-selective culture, thirty to thirty-five percent of CFU had

lost the ability to grow without D-glu supplementation (Figure 2.2C) and had lost the

proB-bsrF fusion (Figure 2.3D, E).
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Figure 2.2. Genotype of RMJ13S10. (A) Schematic of wild-type V. fischeri ES114
genotype, in the region containing dinB to proA (VF_0734 to VF_0741). Insets highlight
the N-terminal region of bsrF and the C-terminal region of proB. Bases in bold encode
the newly created junction codon. (B) Schematic of the genetic fusion found in strain
RMJ13S10. Brackets surround the amplified region. Inset highlights the new junction
created by fusing bsrF to proB. In (A) and (B), blue arrows represent primers used to
amplify wild-type bsrF, and purple arrows represent primers used to amplify the proB-
bsrF fusion. (C) When grown without selective pressure, the RMJ13S10 culture begins
reverting to D-glu auxotrophy after multiple passages (for each passage a stationary-
phase culture was diluted 1:1000 into fresh medium and grown for 24 hours). (D) 0.8%
agarose gel with PCR products amplifying the proB-bsrF genetic fusion, which is
present in RMJ13S10, but absent in revertants to D-glu auxotrophy. (E) 0.8% agarose
gel with PCR products amplifying wild-type bsrF.
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The bsrF gene encodes a putative broad-spectrum racemase that shares 57%
identity to the periplasmic BsrV characterized in Vibrio cholerae (77, 103, 156, 185-
187). Bioinformatic analysis of the wild-type V. fischeri BsrF strongly suggested that the
first 20 amino acids constitute a Type-ll Sec-dependent secretion signal, followed
immediately by a cleavage site (Figure 2.3A). This amino acid stretch resembles the
basic N-hydrophobic-C pattern seen in many signal peptides recognized by the Sec
translocon system, as well as the typical signal sequence motif of having small,
uncharged residues in positions -1 and -3 relative to the cleavage site (188). Thus, in
silico analysis is consistent with BsrF secretion to the periplasm, like that of its
orthologue in V. cholerae. When the ProB-BsrF fusion sequence was analyzed,
however, no such secretion signal was found, which is unsurprising considering the N-
terminus of the fusion is ProB, a cytoplasmic protein.

We hypothesized that the ability of RMJ13S10 to suppress D-glu auxotrophy was
due to fusion of the cytoplasmic ProB to the periplasmic BsrF, burying the latter’s
secretion signal within the protein. This hypothesis proposes that fusion to ProB blocks
BsrF secretion, allowing its racemase activity to compensate for the lack of Murl and
RacD in the cytoplasm, where de novo PG synthesis occurs. To test this hypothesis, we
generated a mutant bsrF allele that lacks the putative secretion signal sequence (ASS-
bsrF) (Figure 2.3b). The ASS-bsrF allele was then cloned into a shuttle vector
(pVSV105) and introduced in trans into various V. fischeri strains. When placed in
RMJ13, the ASS-bsrF allele on pMNC26 fully suppressed D-glu auxotrophy, while

pKALSG carrying wild-type bsrF and the parent vector pvVSV105 did not (Figure 2.3C).
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Figure 2.3 Removal of putative secretion signal sequence from BsrF. Schematic of N-
terminus of BsrF, with (A) and without (B) the putative Sec-dependent signal sequence.
(A) N-terminal amino acid sequence of BsrF; signal sequence that was removed in
ASS-BsrF is highlighted in red. (B) N-terminal amino acid sequence of BsrF that has
been altered to remove the signal sequence. New junction is marked with an arrow. (C)
Removing the secretion signal from BsrF rescues RMJ13 (AracD murl::mini-Tn5-em)
from D-glu auxotrophy. Shown are final ODsoo readings for V. fischeri cultures grown
with or without 2.7 mM D-glu. Strains include RMJ13 alone, or carrying plasmids
pVSV105 (parent vector), pKAL6 (bsrF), or pMNC26 (ASS-bsrF). Cultures were grown
for 24h before reading final ODsoo. Error bars indicate standard error of the mean (n=3).
Data from one representative experiment is shown.

Expression of ASS-BsrF increases resistance to D-cycloserine. We hypothesized
that the cytoplasmic BsrF in RMJ13S10 might confer different patterns of resistance to
antibiotics that act upon the cell wall, PG synthesis, or DAA production. We found that
this mutant’s sensitivity to beta-lactams ampicillin and penicillin, as well as to
vancomycin are similar to that of wild type (data not shown); however, RMJ13S10 had
increased resistance to D-cycloserine (DCS) relative to an Em-resistant derivative of
wild type (Figure 2.4a). To verify that the altered BsrF protein is responsible, we also
tested strains with and without the plasmid carrying ASS-bsrF. As predicted, resistance

to DCS increased when ASS-bsrF was expressed, while the shuttle vector alone or

carrying wild-type bsrF had no effect (Figure 2.4b).
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Figure 2.4. Removing the secretion signal from BsrF increases resistance to DCS (A)
Expression of ASS-BsrF (encoded by plasmid pMNC26) increases resistance to DCS in
both an Em-resistant derivative of wild type (AKD100) and the D-glu auxotroph
(RMJ13). Similar rescue is seen in RMJ13S10, which has the original proB-bsrF fusion.
(B) Expression of ASS-bsrF increases resistance of RMJ13 to DCS, while the empty
vector (pVSV105) and WT bsrF (carried on pKALG6) do not. Shown are final ODsoo
readings for V. fischeri cultures grown with increasing concentrations of DCS. Cultures
were grown for at least 20 hours before reading ODsoo. Error bars indicate standard
error of the mean (n=6). Data from one representative experiment of at least three is
shown.

Expression of ASS-bsrF suppresses multiple auxotrophies. Because DCS
interrupts cell wall synthesis by competitively inhibiting D-ala:D-ala ligase (DdIA) and Alr
(189), and BsrV from V. cholerae has alanine racemase activity (156), we speculated
that ASS-BsrF could be compensating for both the loss of D-glu racemase activity, and
the inhibition of Alr. To test this hypothesis, we engineered a D-ala auxotrophic strain
MC13 (AbsrF Aalr), as well as a strain auxotrophic for both D-glu and D-ala, MC21
(AbsrF Aalr Amurl). While these strains require supplementation of D-ala or D-ala and

D-glu, respectively, expression of ASS-bsrF allows each of them to grow in LBS without

D-ala or D-glu supplementation (Figure 2.5).
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Figure 2.5. Expression of ASS-bsrF suppresses multiple auxotrophies. (A) Growth of
MC13 (AbsrF Aalr) alone, expressing bsrF (pKALG6), or ASS-bsrF (pMNC26). (B) Growth
of MC21 (AbsrF Aalr Amurl) alone, expressing bsrF, or ASS-bsrF. Shown are final ODsoo
readings for V. fischeri cultures grown in unsupplemented LBS, and LBS supplemented
with 100 uyg/mL D-glu and/or D-ala. Cultures were grown for 20 hours before reading
ODeoo. Error bars indicate standard error of the mean (n=4). Data from one
representative experiment of at least three are shown.

The proB-bsrF and ASS-bsrF alleles enable cells to produce PG indistinguishable
from wild type. We speculated that RMJ13S10 and RMJ13 expressing ASS-bsrF
would have altered PG structure because V. cholerae’s BsrV does not appear to
produce the D-glu that would be needed for D-glu auxotrophs to restore wild-type PG
(156). However, D-glu auxotrophs suppressed by the proB-bsrF fusion and ASS-bsrF
have PG that is indistinguishable from that of wild-type V. fischeri (Figure 2.6). This was
also seen in the strain auxotrophic for both D-ala and D-glu, when suppressed with

ASS-bsrF (Figure 2.6).
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Figure 2.6. Cytoplasmic BsrF does not affect PG composition. (A) HPLC
chromatograms of select PG samples. Strains were grown in LBS with Em and/or Cm
as needed. PG sacculi were purified and digested with Mutanolysin, and muropeptides
were separated by HPLC, detected by A 206-nm, and further analyzed as described
previously (87). (B) Identification of labeled peaks in (A).

* indicates a buffer component peak, while lettered peaks correspond to PG fragments.
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DISCUSSION

PG structure is largely structurally conserved throughout the Bacterial Kingdom,
but both structural motifs of PG, the disaccharide strands and the peptide chains, do
have some natural variation. The glycan strands can have covalent, reversible
modifications, usually N-deacetylation or O-acetylation (68). The amino acids of the
peptide chain can also vary to a small extent, based on exogenous factors (69-73, 75)
or endogenous factors due to production of non-canonical amino acids (76-78).
Currently, the only known permanent and heritable variations in PG structure are found
in the peptide chain (35, 67). The most common of these variations is the amino acid at
the third position, which is meso-diaminopimelate (DAP) or L-lys in most Bacteria. There
are known exceptions that incorporate other diamino acids such as lanthionine and
ornithine (34, 79-82), and even rarer cases of monoamino acids (34, 35) into the third
position of the peptide chain. Though less common, variations can occur in the first,
fourth, and fifth positions of the peptide chain, with structurally similar amino acids such
as glycine, serine, and lactate replacing the canonical alanine residues (35, 67). Only D-
glu is known to be added at the second position of the nascent PG peptide (35),
although it may be later modified.

Our approach of selecting for suppressors of D-glu auxotrophy parallels similar
successful attempts to experimentally evolve PG. Specifically, previous studies,
including one in V. fischeri, found that selection of prototrophic suppressors of DAP
auxotrophy resulted in DAP replacement by lanthionine (76, 86, 190), which is naturally
found at this position in Fusobacterium nucleatum (79, 80). These results set the
precedent and encouraged the current research; however, they focused on the peptide

position that has the most natural variation. In contrast, incorporation of D-glu in the
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second position of de novo PG synthesis is, to the best of our knowledge, invariant.
Despite a concerted effort to isolate rare suppressor mutants of D-glu auxotrophy, we
did not isolate any mutants that replaced D-glu with another moiety in the PG peptide.
For whatever reason(s), D-glu may be a more difficult moiety to replace than DAP.

The lone suppressor mutant selected in this study contained a fusion of bsrF,
encoding a putative broad-spectrum racemase, onto proB, which encodes an enzyme
involved in proline and arginine biosynthesis. Further experiments suggested that the
ProB moiety was significant only for preventing secretion of BsrF. Broad-spectrum
racemases are being discovered and characterized in a number of bacteria (77, 150,
153, 156, 162, 164, 191), and many more are likely unannotated, or incorrectly
annotated as specific amino acid racemases. However, as appreciation for the
production and roles of DAAs in bacteria grows, so too does interest in exploring broad-
spectrum racemases. Many questions remain as to why bacteria have broad-spectrum
racemases, and how they are using the non-canonical DAAs that are produced.

The best studied homologue of BsrF is the periplasmic broad-spectrum
racemase BsrV in V. cholerae (77, 103, 156, 185-187). BsrV can interconvert at least
ten proteinogenic amino acids, as well as six non-proteinogenic amino acids, but in the
context of this study it is notably unable to racemize glutamate (156). We found that V.
fischeri BsrF lacking its putative secretion signal can suppress D-glu auxotrophy by
compensating for the loss of Murl and RacD (Figures 2.1, 2.4), resulting in PG that is
indistinguishable from that of wild type (Figure 2.6). Although it is possible that BsrF
and ASS-BsrF have different substrate ranges, SWISS-MODEL predictions suggest that

deletion of the signal sequence has little or no effect on other domains of the protein
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(data not shown) (192-194). Thus, our results suggest that BsrF can act on glutamate,
which would distinguish it from BsrV. Because BsrF is normally periplasmic, this
racemization is unable to compensate for the loss of Murl in PG biosynthesis. When the
secretion signal is removed, BsrF racemizes sufficient D-glu in the cytoplasm to allow
production of wild-type PG. Similarly, the ASS-bsrF allele compensated for the loss of
Alr, suggesting that alanine is also a substrate for BsrF, as it is for BsrV.

If the cytoplasmic BsrF generates other DAAS that are not usually produced
there, they appear not to have been incorporated into the PG in significant quantity
(Figure 2.6). In V. cholerae, activity of BsrV in the periplasm leads to alteration of the
mature PG structure, including incorporation of D-met at the fifth peptide position (77,
99, 156), so future studies in this lab will be aimed at determining whether the same is
true for BsrF. Although the proB-bsrF and ASS-bsrF alleles may lead to retention of
racemase activity in the cytoplasm, a wild-type copy remained even in RMJ13S10,
which could potentially support periplasmic function (Figure 2.2).

Our results suggest that broad-spectrum racemases might contribute to
antimicrobial resistance, with implications for future development of antimicrobials that
target PG and its biosynthesis. We measured antibiotic resistances of strains
expressing wild-type BsrF or ASS-BsrF. We focused our studies on antibiotics that
disrupt PG synthesis: beta-lactams, vancomycin, and DCS. In contrast to the others,
which act on PG crosslinking and remodeling of the mature cell wall, DCS targets
cytoplasmic enzymes involved in de novo PG synthesis; specifically, DCS inhibits both
Alr and DdIA, the enzyme that produces D-ala:D-ala dipeptides for PG biosynthesis

(172). Both the ASS-bsrF allele and the proB-bsrF allele in RMJ13S10 increase
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resistance to DCS, so we speculate that the enzyme is producing D-ala. Currently, DCS
is a second-line antibiotic used for treatment of infections by multidrug resistant
Mycobacterium tuberculosis (195, 196). Although M. tuberculosis resistance to DCS is
relatively rare, those strains that do arise tend to do so through mutation of alanine
racemase (197). Though different mechanisms for resistance are employed in the two
species, mutation of racemases increased resistance to DCS in both cases.

Though resistance to only one antimicrobial was discovered in this study, the
observation that ASS-BsrF leads to increased resistance to DCS does lead to some
concern about antibiotic resistance in pathogens that encode broad-spectrum
racemases. Alanine and glutamate racemases have long been targets for antimicrobial
drug discovery, due to their essential nature in many bacterial species (169, 171, 195,
198-202). Currently, DCS is the only widely used racemase-inhibiting antimicrobial drug,
though the search for more continues. The current research adds to speculation that
these racemase-targeting antibiotics could be rendered useless by alteration of broad-
spectrum racemases (187). Although DCS inhibits Alr, the altered ASS-BsrF
compensates well enough that V. fischeri becomes resistant to DCS at levels that would
be medically relevant in the treatment of pathogens. Based on rescue of D-glu
auxotrophy, the same possibility could arise against drugs targeting glutamate
racemases, or the incorporation of D-glu into the growing PG peptide. A serine
racemase can confer resistance to the PG-targeting antibiotic vancomycin (203), and
the possibility that racemases could underlie additional examples of antimicrobial

resistance is concerning, when considering that broad-spectrum racemases, and
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racemases with low specificity, are being discovered in primary and opportunistic
pathogens (77, 150, 164).

Finally, while unrelated to the goals of this study, the initial finding that the mini-
Tn5 disrupting murl could spontaneously and precisely delete was important. This
phenomenon was also seen when performing similar studies with a mini-Tn5 disruption
in alr (data not shown). The mini-transposon used in these studies originated from
pPEVS170 (182), which has been used in many mutagenic analyses of V. fischeri (87,
158, 204-215) and other bacteria (216-220), and has been engineered to expand its
utility (218). The reversion rate observed here of about 101 is sufficiently rare that for
most purposes the transposon insertion can be considered stable; however, our results
show that with strong selection and a sufficient population, reversion of Tn-disrupted loci
can confound an experimental design. It is therefore important to maintain selection for
Em, which is encoded on the mini transposon. This mini-Tn5 lacks a transposase, so
we hypothesize that reversion and loss of the mini-Tn5 occurs through homologous

recombination at the 9-bp direct repeats formed upon insertion.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study are listed in
Table 2.2. When added to LB medium (221) for selection of Escherichia coli,
chloramphenicol (Cm) and kanamycin (Km) were used at concentrations 20 and 40
Mg/mL, respectively. For selection of E. coli with Em, 150 ug/mL was added to BHI
medium (Difco, Sparks, MD). When added to LBS (222) for selection of V. fischeri, Cm,

Km, and Em were used at concentrations of 2, 100 and 5 ug/mL respectively. D-glu and
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iso-D-gln were added to LBS at a final concentration of 400 pg/mL unless otherwise
indicated. Fischeri minimal medium (FMM) (1 mM Tris [pH 7.5], 400 mM NaCl, 10mM
KCI, 50mM MgSOa4, 10mM CaClz, 2 yM FeSOa4, 2mM glycerol-3-phosphate, 5mM
ribose, 20mM NAG) was used for natural transformation of V. fischeri. In FMM, D-ala
and D-glu were added at a final concentration of 25 pg/mL. Agar was added to a final

concentration of 1.5% for solid media.

Molecular genetics and sequence analysis. Plasmids used in this study are listed in
Table 2.2. Oligonucleotides used in this study are listed in Table 2.3, and were
synthesized by Integrated DNA Technologies (Coraville, IA). DNA ligase and restriction
enzymes were purchased from New England Biolabs (Beverly, MA). PCR was
conducted with KOD DNA polymerase (Millipore Sigma, Burlington, MA). Plasmids used
for cloning were prepared with the ZymoPURE Plasmid Miniprep kit (Zymo Research,
Irvine CA). DNA was repurified after PCR and between cloning steps using the DNA
Clean & Concentrator kit from Zymo Research. Cloned plasmids were Sanger
sequenced at the University of Illinois-Chicago Genome Research Core facility.
Genomic DNA from V. fischeri strains was extracted using the Invitrogen PureLink™
Genomic DNA Mini Kit (Thermo Fisher Scientific, Inc). DNA was then sonicated to
generate fragments of approximately 500 bp, and gDNA libraries were prepared using
the NEBNext Ultra Il DNA library prep kit for lllumina (New England Biolabs), which
includes end-repair, adaptor ligation, and addition of index primers. Sequencing was
performed by the University of Georgia Genomics and Bioinformatics Core (Athens, GA)

on an lllumina NextSeg500 instrument. All sequences were analyzed via Geneious
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Prime version 2019.0.4 with default settings, and paired-end reads were compared to

the reference genome of V. fischeri strain ES114.

Table 2.2. Strains and plasmids used in this study

Strain Genotype Source
E. coli
DH5a @80dlaczAM15 4(IacZYA-argF)U169 deoR supE44 hsdR17 recAl (223)
endAl gyrA96 thi-1 relAl
DH5aApir | DH5a lysogenized with Apir (216)
CC118Apir A(ara-le'u) araD Alac74 galE galK phoA20 thi-1 rpsE rpsB argE(Am) (222)
recA Apir
V. fischeri
AKD100  |[ES114 with a mini-Tn7-Em (224)
ES114 Wild type isolate from E. scolopes (5)
KL3 AbsrF This study
MC9 AbsrF Aalr::Em This study
MC13 AbsrF Aalr::FRT This study
MC19 AbsrF Aalr::FRT Amurl::Em This study
MC21 AbsrF Aalr::FRT Amurl::FRT This study
RMJ13 murl::miniTn5-Em AracD (VF_1547) (87)
murl::miniTn5-Em AracD; new amplification junction including bsrF .
RMJ13S10 |\ "0375) to proB (VF_0740) [TCpCATCGTJGATG::TGAAGTgI'TACTA] This study
Plasmid ° Relevant Characteristics Source
PO s, i I
pPEVS104 Conjugative helper plasmid; oriVrsk oriTrpsa kmR (222)
PEVS118 [oriVrsk, OriTrra, cmR (216)
pKAL4 bsrF from ES114 cloned into pCR-Blunt II-TOPO This study
pKAL6 bsrF from ES114 cloned into pVSV105 This study
pKV494  pJET + FRT-EmR (225)
pKV496 PEVS79-KmR+ flp* (225)
plostfoX  tfoX*, CmR (226)
PMNC26 |ASS-bsrF allele cloned into pVSV105 This study
pRMJ13 AbsrF allele in pCR-Blunt 1I-TOPO This study
pRMJ14 pRMJ13 ligated to pEVS118 This study
pVSV105 oriVRsk, OriVpesz13, OriTres, CMR, lacZa (21)
2 Drug resistance abbreviation used: Em, erythromycin; cm, chloramphenicol, km,
kanamycin

b Alleles cloned in this study are from V. fischeri strain ES114. Replication origins (oriV)
on each vector are listed as R6K and/or ColE1. Plasmids based on pES213 are stable
in V. fischeri and do not require antibiotic selection for maintenance (21).
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Table 3 Oligonucleotides used in this study

|Primer * [Sequence |Source
Frt-F CCATACTTAGTGCGG CCGCCTA (225)
Frt-R CCA TGG CCT TCT AGG CCT ATC CC (225)
KAL1 CAT GCT AGC GGT TAA AAA AAC GAC GAT ATATAATTC CC This study
KAL2 CAT GCT AGC GTA CCT AAT TAT TCT TAC TTA AAT TGG TGC This study
MNC22 |GGT TAA AAA AAC GAC GAT ATATAATTC CC This study
MNC23 |GTA CCT AAT TAT TCT TAC TTA AAT TGG TGC This study
MNC37 |CAT CCT AGG ACT AGT GTT CTG ATT TGC TTG CTA AAAGTA GTG TCA G  [This study
MNC38 |CAT CCT AGG CTT ACT TAAATT GGT GCA ACC CGA CG This study
MNC43 |CCG TGT TCC CTG CCA ACA ATG This study
MNC44  taggcggccgcactaagtatgg CAT AAC TGA AAC CAC AGA CTC This study
MNC45 |CCG TGT TCC CTG CCA ACA ATG This study
MNC46 ggataggcctagaaggccatgg TAG GAT CAT TAG CAATAC GCACTT This study
MNC50 |CAT CCT AGG AAACGG TTGTTT ATGTCAGCTCCACTTCTTTC This study
MNC51 |GGG CTC GTATTT CTT CTACTATGG GC This study
MNC52  taggcggccgcactaagtatgg CAT GAT TCAGCC TTATTATTC ATC A This study
MNC53 |ggataggcctagaaggccatgg AAT GAG AGT CTT CTT GAATTC ATT This study
MNC54 |CTC TAT ACT CGA GAC ACC GCT ATC This study
RJ14 GGG TCATCATGC AGT AGC GA This study
RJ28 AAT GTC GAC CAT AAACAACCG TTT TTATAT AAT AAT TATTTC G This study
RJ29 ATT GTC GAC TAG ACG TCG GGT TGC ACC AAT TTA This study
RJ30 TAA AAACCG TTT TCATAAAGG AGATTCTTG This study

* All oligonucleotides are shown in the 5’-to-3’ direction. Underlined regions are
restriction-enzyme recognition sites. Lowercase bases represent the tail sequences
used for splicing fragments via SOE PCR.

Plasmid construction. Plasmids were generated and maintained in E. coli DH5a with
the exception of pVSV105 and its derivatives which were maintained in DH5aApir, and
pEVS104 which was maintained in CC118Apir (222). When relevant, plasmids were
conjugated into V. fischeri via triparental mating with helper plasmid pEVS104.
Complementation plasmid pKAL6 was constructed by amplifying bsrF from ES114 with
primers KAL1 and KAL2. This PCR product was cloned into pCR-Blunt Il TOPO

(Thermo Fisher, Waltham, MA), yielding pKAL4. pKAL4 was then digested with Nhel,

and the bsrF-containing Nhel fragment was ligated into Xbal-cut pvVSV105 (222)
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producing pKALG. Plasmid pMNC26 containing the ASS-bsrF allele was produced by
amplifying bsrF from pKALG6 with primers MNC23 and MNC50, which amplifies the gene
while looping out 54 base pairs of the putative secretion signal sequence. This product
was then digested with Avrll and ligated into pVSV105 that had been cut with Xbal and
Smal, yielding pMNC26. To generate a bsrF-deletion construct, the ~2-kb region
upstream of bsrF was PCR amplified from ES114 using primers RJ14 and RJ28, and
the ~1.5-kb region downstream of bsrF was amplified with primers RJ29 and RJ30. The
upstream and downstream fragments were digested with Sall, ligated together, gel
purified, and cloned into pCR-Blunt Il TOPO (Invitrogen, Thermo Fisher Scientific,
Waltham, MA), to produce pRMJ13. To generate pRMJ14, pPRMJ13 was digested with

Kpnl, and ligated to Kpnl-cut pEVS118 (21).

Construction of mutant strains. Strain KL3 was made via plasmid-mediated allelic
exchange, with plasmid pRMJ14. Briefly, a AbsrF allele on plasmid pRMJ14 (described
below) was mobilized into ES114 via triparental mating. The resulting AbsrF strain KL3
was verified by PCR with primers MNC22 and MNC23. Additional mutant strains were
generated via TfoX-mediated transformation (226). For each, an Em resistance cassette
flanked by Frt-recombinase recognition sites was amplified from pKV494 using primers
Frt-F and Frt-R. Strain MC9 was made by deleting alr from KL3. Briefly, a ~500-bp
fragment upstream of alr was amplified from ES114 using primers MNC51 and MNC52,
and the ~500-bp region downstream of alr was amplified with primers MNC53 and
MNC54. Fragments were then spliced to either side of the Em cassette by overlap

extension PCR (SOE-PCR) (225). This fragment was PCR amplified, then naturally
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transformed into KL3 carrying the TfoX-overexpressing plasmid plosTfoX (226). Strain
MC9 was selected on media containing Em and D-ala. The Em cassette was removed
by expressing flp recombinase on pKV496 leaving an FLP recombinase recognition site
scar in its place, and the plasmid was cured (225). The Aalr allele of the resulting strain,
MC13, was verified by PCR with primers MNC51 and MNC54. Strain MC19 was then
generated by deleting murl from MC13. The ~500-bp fragment upstream of murl was
amplified from ES114 using primers MNC43 and MNC44, and the ~500-bp region
downstream of murl was amplified with primers MNC45 and MNC46. Fragments were
spliced together with Em and amplified as above, then naturally transformed into MC13
carrying the TfoX-overexpressing plasmid plosTfoX. Strain MC19 was selected on
media containing Em, D-ala and D-glu. The Em cassette was again removed by
introducing pKV492, screening for loss of the Em marker, and curing the plasmid. The
resulting strain, MC21, was verified as Amurl by PCR amplification with primers MNC43

and MNCA46.

Selection for spontaneous revertants and suppressor of D-glu auxotrophy. Strain
RMJ13 was grown in LBS containing 400 pg/mL D-glu (with or without Em, as described
above), to an ODeoo of 1. 100 pL of culture were plated to LBS without D-glu (in the case
of revertants), or LBS containing Em and iso-D-gln (in the case of RMJ13S10). Cultures
were dilution plated non-selectively in parallel on LBS plates supplemented with D-glu,
to determine the number of CFU plated and resulting mutation frequency. Plates were
incubated at 28°C, and colonies counted at 24 hours and 48 hours. Colonies were

streak purified on media containing Em, then frozen at -80°C in LBS with 20% glycerol.
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Mutagenesis of RMJ13 with ethyl methanesulfonate (EMS). Strain RMJ13 was
grown overnight in 50 mL LBS-Em with 400 pg/mL D-glu. The next morning, strain was
subcultured at a 1:500 dilution into 20 mL LBS-Em with D-glu. At an ODsoo between 0.5-
0.8, cells were harvested by centrifugation at 9400 x g at room temperature for 5
minutes, then washed twice with 1 M NaCl and centrifugation as before. Pellet was
resuspended in 8 mL of FMM and split into 4x-2 mL aliquots. Cultures were incubated
shaking at 200 rpm and 28°C for 1 hour. One tube was left untreated; others were
dosed with 50uL EMS at 0, 20, or 40 Minutes of incubation (EMS exposure times 60,
40, and 20 minutes, respectively). Cells were harvested by centrifugation as above and
washed three times with 1 M NaCl; EMS waste was treated with 10 N NaOH before
disposal. Pellets were resuspended in 1 mL of FMM, and incubated shaking at 200 rpm
at 28°C. After 5 minutes, 1 mL of FMM was added to each tube, and left to incubate for
10 more minutes. Cells were then plated to LBS-Em without D-glu, for selection of
mutants able to overcome D-glu auxotrophy. Cultures were dilution-plated non-
selectively in parallel on LBS-Em supplemented with D-glu, to determine the number of
CFU plated, and percent-killing by EMS. Plates were incubated at 28°C. Colonies were

counted at 24 hours; selective plates were incubated for up to 72 hours.

In silico analyses. Potential secretion signal sequences in BsrF and the ProB-BsrF
fusion were predicted using the SignalP-5.0 server from DTU health
(https://services.healthtech.dtu.dk/service.php?SignalP-5.0) (188), and a probability

graph was constructed, with calculated likelihood that the sequences were standard Sec
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signal peptides, TAT signal peptides, lipoprotein Sec signal peptides, or cleavage sites.
Protein similarity scores were analyzed via NCBI services (National Center for
Biotechnology Information (NCBI)[Internet]. Bethesda (MD): National Library of
Medicine (US), National Center for Biotechnology Information; [2023] — [cited 2017 Apr

06]. Available from: https://www.ncbi.nlm.nih.gov/) and SnapGene® software (from

Dotmatics; available at snapgene.com).

Analysis of PG amino acid and muropeptide content. Cells were grown overnight in
LBS with any necessary antibiotics and amino acids, chilled on ice for 10min, and
centrifuged at 4°C and 17,600 x g for 15 minutes. Pellets were washed by resuspension
in 400 mL 1 M NaCl and centrifuged as above. Pellets were resuspended in 10 mL
water that had been chilled on ice, then dripped into 50mL of boiling 4% SDS. The
solution was then boiled for 30 min with continuous stirring and allowed to cool to room
temperature, at which point they were centrifuged at 120,000 x g for 60 min,
resuspended in room temperature water and washed three to four more times by
centrifugation and resuspension as above. Before resuspension, the supernatant was
assayed for SDS using methylene blue and chloroform (227) and washed repeatedly
until no SDS was detected. When SDS was undetectable, the pellet was resuspended
in 1 mL of water, with Tris-HCI (pH 7.5) added to a final concentration of 200 mM and
MgSO4 added to a concentration of 20 mM, then treated with 10 ug DNase | and 50 ug
RNase A for 30 minutes at 37°C. Samples were then treated with 100 pg of Trypsin,
CaCl2 was added to a final concentration of 10 mM, and samples were incubated

overnight at 37°C. Samples were then centrifuged at 15,880 x g for 10 minutes and
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pellets resuspended in 1% SDS. The solution was incubated in a 95°C hot water bath
for twenty minutes, diluted into warm water, and then centrifuged at 120,000 x g for 60
minutes at room temperature. The pellet was then washed with warm water and
centrifuged as above, until SDS-free. Subsequent pellets were then resuspended in
12.5 mM NaPOa (pH 5.5) and digested with 125 units of Mutanolysin at 37°C overnight.
Insoluble material was removed by centrifugation at 15,880 x g for 15 minutes. The
muropeptide-containing supernatant was transferred to a new tube, lyophilized until dry,
and stored at -20°C until analysis. Amino acid (228) and muropeptide analyses (229)
were performed using HPLC as previously described. Peaks from these analyses were

then analyzed by tandem mass spectrometry to further verify the muropeptide structure.
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CHAPTER 3
MUTANT GLTS ALLELES ENABLE A VIBRIO FISCHERI D-GLUTAMATE
AUXOTROPH TO GROW WITH LOWER REQUIREMENTS FOR EXOGENOUS D-

GLUTAMATE ?

2 Macey N. Coppinger, Richard F. Helm, David L. Popham, Liu Yang, Edward G. Ruby,

and Eric V. Stabb. To be submitted to Microbiology Spectrum.
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ABSTRACT

D-glu is a key component of PG and is essential for growth in most bacteria. To
assess constraints on bacterial requirements for D-glu and on PG evolution, we sought
to artificially evolve PG biosynthesis, leading to either replacement of D-glu in the
peptide chain, or alternative pathways to D-glu incorporation into PG. We previously
found that suppression of D-glu auxotrophy in a murl racD mutant of Vibrio fischeri
grown on LBS medium was rare but could be accomplished by mutation of bsrF, with
restoration of wild-type PG structure. Here, we selected nine prototrophic suppressors
of the same D-glu auxotroph from 10%° CFU plated on LBS-Em supplemented with ~2.7
mM D-gIn. Each suppressor had a mutation in gltS, which encodes a putative
sodium:glutamate symporter. Increased copy numbers of these gltS alleles enabled
growth on unsupplemented LBS and resulted in PG that contains D-glu. Preliminary
results suggest that D-gln supplementation had inadvertently added ~0.10 mM D-glu
and that LBS itself contains ~1.4 yM D-glu. The mutations in gItS enabled growth with
similarly low D-glu concentrations, but also increased sensitivity to homocysteic acid,
suggesting more promiscuous or permissive transport. Surprisingly, we also discovered
that expression of mutant gltS in the auxotroph leads to a subset of PG containing
lysine in the peptide chain; however, this V. fischeri mutant still colonized the host squid
and triggered PG-induced morphogenesis. Our results shed light on glutamate
transport, highlight tradeoffs in GItS structure and function, and reveal an unusual PG

modification.
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IMPORTANCE

D-glu is an important building block in the PG component of the bacterial cell wall, and
its endogenous production is considered essential in most bacteria, even in most rich
complex media. In Vibrio fischeri, overexpression of mutant GItS symporters allow D-glu
auxotrophic strains to grow on LBS medium without exogenous D-glu, though with the
fitness tradeoff of increased sensitivity to homocysteic acid. Our finding that LBS
contains sufficient D-glu to support robust growth highlights the understudied
importance of DAA transport and the ubiquity of DAAs. Moreover, the discovery of

lysine in the PG peptide is an unusual and as-yet unexplained PG modification.

INTRODUCTION

DAAs play important roles in biology and are widespread in the biosphere.
Although less abundant than proteinogenic L-amino acids and often overlooked, DAAS
can be formed enzymatically or abiotically from their enantiomeric L-amino acid
counterparts, and they serve nutritional and other functional roles for bacteria. D-ala and
D-glu play well-known roles for bacteria as highly conserved components of the PG cell
wall. In this context, the presence of DAAs in the PG side chain may render PG more
resistant to proteases, which typically target L-L peptide bonds (100). The unusual and
bacteria-specific structure of PG also make it a MAMP recognized by bacteria-
surveillance systems of plants and animals, with the peptide chain being an important
recognition determinant (230-232). PG and fragments of it play important roles in
symbiont recognition in the mutualism between the Hawaiian bobtail squid, E. scolopes

and V. fischeri (3), which prompted our interest in PG structure and biosynthesis in this
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bacterium. We have used V. fischeri as a model for exploring the experimentally forced
evolution of new PG biosynthetic pathways, providing insight into how PG can evolve as
well as the constraints on that evolution. Our strategy has been to block PG
biosynthesis and select for suppressor mutants that can grow without a gene normally
considered essential. In this and an earlier study (Chapter 2), we focused on the D-glu
moiety of PG.

D-glu is a critical component of the PG for many bacteria and is supplied for PG
biosynthesis by the activity of glutamate racemase(s), usually encoded by a murl (racE)
gene (176, 233, 234). In general, “essential”’ in these experimental contexts means the
gene is required to grow on a rich medium such as lysogeny broth (LB) medium, which
provides a complex source of nutrients that can obviate the need for many endogenous
biosynthetic pathways. In some bacteria, murl mutants can be obtained on media
supplemented with D-glu (158, 235, 236), though in Escherichia coli recovery of a murl
mutant required both addition of D-glu to LB and secondary mutations in gltS, which
encodes a glutamate transporter (237, 238).

As in many other bacteria, murl was categorized as an essential gene in V.
fischeri, in this case based on an InSeq analysis (178). A murl::Tn mutant was
subsequently recovered on LBS supplemented with ~2.7 mM D-glu (158). Previously,
we found that growth on unsupplemented LBS could be restored to a V. fischeri murl
mutant by the overexpression of RacD (87), an aspartate racemase, or by removal of a
secretion signal sequence of the broad-spectrum racemase BsrF (Chapter 2). No other

suppressors of D-glu auxotrophy in the murl racD mutant were recovered on LBS,
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despite plating >10%° cells (Chapter 2). Here we set out to select prototrophic

suppressors of the murl racD mutant on LBS supplemented with ~2.7 mM D-glutamine.

RESULTS
Mutations in gltS allow a D-glu auxotroph to grow with very low concentrations of
D-glu. We attempted to select for mutants of RMJ13 (AracD murl::mini-Tn5-Em) able to
grow without D-glu supplementation by plating cells on LBS containing erythromycin
(LBS-Em) further supplemented with D-gln. After plating over 10'° CFU total, we
isolated nine mutants, RMJ13M1 through RMJ13M9, yielding a recovery rate of 7x10-1°.
At least seven of these nine mutants arose independently, while two may be siblings, as
described below. With one exception, these strains require exogenous supplementation
in LBS-Em to grow (Figure 3.1A). Unlike the others, mutant RMJ13M3 displayed an
inconsistent requirement for supplementation, and sometimes grew on unsupplemented
LBS-Em. While working with RMJ13M3, we isolated a derivative, RMJ13M3.1, which
consistently grew on unsupplemented LBS-Em (Figure 3.1B).

Sequencing revealed that RMJ13M1 through RMJ13M9 each contain mutations
in gltS (VF_A0507), which encodes a putative sodium:glutamate symporter (14, 15). For
most strains, these gltS alleles were revealed by whole-genome sequencing, while

RMJ13M7 and RMJ13M9 gItS alleles were targeted for cloning and Sanger sequencing.
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Figure 3.1. RMJ13 and suppressor mutants grow with varied supplementation. (A) Final
ODeoo of RMJ13 (murl::mini-Tn5 AracD) and its derivatives RMJ13M1 through
RMJ13M8 (denoted here as M1 through M8) grown in LBS-Em supplemented with D-
gin or D-glu. (B) D-glu requirements for gItS mutants were assessed by growing strains
in LBS-Em containing increasing concentrations of D-glu. Cultures were grown for 24
hours before reading ODeoo. Error bars indicate standard error of the mean (n=4). Data
from one representative experiment of at least three are shown.

Four different mutant gltS alleles were recovered: C490T, C1092T, C1099G, and
A1139G, each of which leads to an amino acid replacement (Table 3.1). Mutations
C490T and C1099G were isolated from multiple independent cultures, while C1092T

and A1139G each occurred once. Although some of these strains also have additional
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mutations in their genomes, the one commonality was mutation of gltS (Table 3.1).
Mutant RMJ13M7 has the same gItS allele as RMJ13M6 and was isolated from the
same culture. Mutant RMJ13M9 was isolated from the same culture as RMJ13M8 and
has the same gltS allele. Thus, RMJ13M7 and RMJ13M9 could be siblings to RMJ13M6

and RMJ13M8 respectively and are not further analyzed in this study.

Table 3.1 RMJ13 derivative strains and mutations.

GItS amino acid Other Mutations
RMJ13 Mutant gltS Allele replacement
RMJ13.M1 gltSC10996 G3667R None
AB99G

RMJ13.M2 gltsesoT ALOAT VZa%‘;%%44c
RMJ13.M3 gItS.ClOQI2T M364I Amplification junction

] Duplication [ACTTAACTTGAT..GATGTTGTTTTA]

gltscio0zr M364l V.F._21.47G.778A .
RMJ13.M3.1 ~10x amplification Amplification junction
P [ACTTAACTTGAT: . GATGTTGTTTTA]

RMJ13.M4 gltscaseT Al164T gacSt644c
RMJ13.M5 gltSALIoGe F380S None
RMJ13.M6 gltSC10996 G3667R VF_0468/699¢
RMJ13.M7 gltSCL0996 G3667R Unknown
RMJ13.M8 gltscaseT A164T Duplication junction

) Duplication [TGTGCTGATAAA::AGGTGAAAAGGG]
RMJ13.M9 gltSe4%0T A164T Unknown

Since recovering these suppressor mutants, we subsequently discovered that
our D-gln stocks contain low amounts of D-glu. Though it was made to contain ~273
mM D-gln, the stock was measured to actually have ~10.5 mM D-gln and ~1.5 mM D-
glu, likely due to degradation and spontaneous deamidation of D-gln (202) (Table 3.2).
This finding led us to believe that mutant GItS symporters are less likely to be
promiscuously transporting D-gIn, but more likely have increased efficiency of D-glu

transport. To verify, we grew RMJ13 as well as eight of the derivative mutants on LBS-
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Em with varying concentrations of exogenous D-glu. While the parental auxotroph
requires 111 pM exogenous D-glu in LBS-Em medium, most of the derivative strains
require about ten-fold less (Figure 3.1B). Suppressor strains RMJ13M3 and

RMJ13M3.1 do not require any D-glu supplementation in LBS-Em.

Table 3.2 Average DAA concentrations in various media and solutions, as measured by
solid phase extraction and mass spectrometry 2

Concentration (uM)
L-glu D-glu L-gIn D-gln
LBS 93.57+£9.28 1.41+.07
YEBS 185.33 £ 45.15 1.70+0.21 0.73£.05
TBS 60.06 £ 0.37 0.68 £ 0.03
D-glu stock 1105+ 0.7 89,400 + 654
D-gln stock 9.2+0.89 1488 + 27 10,447 £ 118

indicates that amino acid was not detected

aExperiment was performed once. Results are shows as average +/- SD (n=3)

Increased copy number amplifies phenotypes of mutant gItS alleles. Based on
lllumina sequencing depth, RMJ13M3 and RMJ13M3.1, and RMJ13M8, with gltS alleles
C490T (RMJ13M3 and RMJ13M3.1) and C1092T (RMJ13M8), appear to have
amplifications of large regions of chromosome Il that include gltS. Strains RMJ13M3
and RMJ13M3.1 share amplification junctions, with an amplified region of about 60 kb
that includes the mutant allele of gItS. As noted above, RMJ13M3 has an inconsistent
requirement for supplementation, which we believe is due to spontaneous amplification
and resolution of the chromosomal duplication, leading to varied gItS copy number and

amount of GItS expressed in the cells. RMJ13M3.1, however, was isolated on LBS-Em
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without supplementation, and consistently grows without additional supplementation,
and based on sequencing depth has more copies of the amplified region (Table 3.1).
Based on the sequencing depth and identification of a novel chromosomal junction,
RMJ13M8 also has a duplication, in this case of about 83 kb. These data led us to
hypothesize that increased copy number of mutant gltS alleles leads to increased D-glu
transport, thereby decreasing the amount of exogenous D-glu needed to support growth
of these auxotrophic strains.

To test this hypothesis, we cloned wild-type gltS as well as two of the mutant gItS
alleles (C490T and C1092T) into shuttle vector pVSV105 and moved them into RMJ13.
Based on previous work (21), it was estimated that V. fischeri holds 10-15 copies of
pVSV105 per cell on average. In trans expression of mutant gltS alleles on this shuttle
vector enabled growth of RMJ13 on LBS-Em without supplementation, while the wild-
type gltS and the parental shuttle did not (Figure 3.2A). These results, in combination
with data of the mutant strains, is consistent with our hypothesis that overexpression of
these mutant forms of GItS improves cells’ ability to suppress D-glu auxotrophy by

enabling them to access external D-glu at lower concentrations.

LBS contains trace amounts of some DAAs. When expressing many copies of
mutant gltS, a D-glu auxotroph can grow on LBS-Em without exogenous
supplementation. The nutrient-rich components of LBS, tryptone and yeast extract, are
known to contain L-amino acids, but to our knowledge the presence of DAAs has not
been reported or quantified. Based on our results, we predicted that LBS does contain

DAAs, though likely in concentrations that are not easily measured or utilized by
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bacteria. We analyzed LBS, as well as less-complex media derivatives tryptone broth
saline (TBS) and yeast extract broth saline (YEBS) via solid phase extraction and mass
spectrometry, and results of one trial are listed in Table 3.2. Importantly, these data
indicate that LBS contains ~1.4 yM (0.2 pg/mL) D-glu, mostly supplied by yeast extract
(Table 3.2). When grown in defined FMM expression of gltS©4%°T or gltS©1992T can
support growth in similarly low concentrations of D-glu, although the strains do still

require D-glu (Figure 3.2B).
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Figure 3.2. Mutant gltS alleles lower D-glu requirement of D-glu auxotroph. (A) Final
ODeoo readings for V. fischeri cultures grown for 24 hours in LBS-Em with or without D-
glu. Strains included RMJ13 alone or carrying vector pvVSV105 (vector), pMNC15 (gltS),
PMNC16 (gltS©10%2T), or pMNC17 (gltS©4°°T). (B) Final ODsoo readings for V. fischeri
cultures grown for 24 hours in FMM with varying amounts of D-glu as indicated. Error
bars indicate standard error of the mean (n=3). Data from one representative
experiment of at least three are shown.

* RMJ13 expressing WT gltS grows to a significantly lower final ODsoo than all other
strains (P < 0.05)

Expression of mutant GItS increases sensitivity to homocysteic acid and D-glu. In

Escherichia coli, GItS acts as a relatively low-affinity transporter for homocysteic acid
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(HCA), a metabolite shown to inhibit growth (239, 240). Mutations in gltS can influence
sensitivity of E. coli to HCA (241). The effect of gltS alleles on the sensitivity of V.
fischeri to HCA was tested by shuttling wild-type and mutant gltS alleles carried on
pVSV105 into the wild-type strain ES114. The mutant alleles conferred increased

sensitivity to HCA, while the gItS and the parental shuttle vector did not (Figure 3.3).
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Figure 3.3. Expressing mutant g/tS increases sensitivity to HCA. Shown are final ODg,

readings for V. fischeri cultures grown with increasing concentrations of HCA. Strains
include ES114 alone, or carrying pVSV105 (vector), pMNC15 (gltS), pMNC16
(gItSC1092T) or pMNC17 (gltS©4%°T), Cultures were grown for 24 hours before reading
ODg, Error bars indicate standard error of the mean (n=4). Data from one

representative experiment of at least three is shown.

Expression of mutant GItS alters PG structure. The wild-type PG structure in V.
fischeri, and most Gram-negative bacteria, is composed of linear repeating strands of 3-
1,4 linked N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM), with short
peptide chains covalently bound to most NAM molecules. The mature peptide chain
bound to NAM is L-ala, D-glu, meso-diaminopimelic acid (mnDAP), and D-ala. We

hypothesized that RMJ13 expressing mutant gltS alleles would have PG structure, as
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the mutant GItS symporters appear to enable growth on small amounts of D-glu, rather
than supporting D-glu-independent growth. HPLC and mass spectrometry indicated that
RMJ13 expressing gltS¢4°T mostly contains PG indistinguishable from wild type, with D-
glu in its peptides (Figure 3.4). However, LC-MS also showed another relatively minor
peak corresponding to a molecule about 128 Da larger than wild-type monomers
(Figure 3.4B). Further analysis revealed that a subset of PG in this strain is composed
of a NAG-NAM-tetrapeptide moiety with an additional lysine bound to the fourth position

D-ala.

In silico analysis of mutant GItS. According to the BLAST alignment tool (242-244),
GItS from V. fischeri shares 48% identity and 64% similarity with GItS from E. coli B
(EcGItS). Like EcGItS, GItS from V. fischeri is predicted to be an integral membrane
protein in the cytoplasmic membrane (245-248), They are also both predicted to consist
of two domains, each with five transmembrane helices and a pore loop that’s likely
involved in substrate specificity (192-194, 246, 247, 249) (Figure 3.5). The four mutant
gltS alleles in our suppressor strains each have an amino acid substitution: A164T,
M3641, G367R, and F380S, respectively (Figure 3.5). Based on the SWISS-MODEL
predictions, one substitution, A164T, is found within a transmembrane helical region,
while the other three are predicted to be clustered in the cytoplasmic region of a pore

loop (Figure 3.5) (192-194).
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Figure 3.4. Muropeptide profiles of V. fischeri strains. (A) Representative LC spectra of
comparative muropeptide analysis of ES114 (black) and RMJ13 expressing gltSc4°0T
(carried on pMNC17, blue), in which the amount of purified and injected PG was
normalized to height of peak C. (B) Identification of peaks labeled in A.
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Figure 3.5. Diagrams of predicted GItS protein structures of (left) E. coli and (right) V.
fischeri. (Left) Structure of GItS of E. coli B strain WM335, which has two amino acid
substitutions compared to the wild type. Both replacements (shown as colored dots)
exist within the same strain. Diagram is based on SWISS-MODEL predictions and
previous publications (192-194, 246, 247, 249). (Right) Structure of GItS from V.
fischeri, showing amino acid replacements corresponding to mutations in RMJ13
suppressor strains. All amino acid replacements are shown on one structure, although
only one exists per strain. Amino acid locations and overall structures are approximate,
based on SWISS-MODEL predictions (192-194).

RMJ13 colonizes E. scolopes, dependent upon exogenous D-glu. Due to the
importance of PG as a signaling molecule in the squid-Vibrio symbiosis, we sought to
determine whether RMJ13 with the empty vector (pVSV105), as well as RMJ13
expressing gltS¢4°T (bMNC17) were able to colonize hatchling E. scolopes. Hatchling
squid were inoculated overnight in filtered sea water (FSW) containing V. fischeri, with
both RMJ13 strains also getting supplementation with D-glu. Squid were then
transferred into fresh FSW; half of each RMJ13-inoculated group were transferred to
FSW with D-glu, while the others were placed in FSW without D-glu, to determine if
removal of D-glu from FSW interrupted colonization by D-glu auxotrophs. Viability of the
symbionts was measured by both average CFU per light organ and luminescence

(Figure 3.6).
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Figure 3.6. D-glu auxotrophic V. fischeri appear to transiently colonize E. scolopes,
dependent upon D-glu. (A) Symbiont population levels (average CFU per light organ)
over time for wild type (ES114) and RMJ13 carrying pVSV105 (vector) or pMNC17
(gltSC40T) with and without persistent exogenous D-glu supplementation. “Apo”
indicated uninoculated, aposymbiotic squid as negative controls. (B) Squid
luminescence over time, with the same strains, conditions, and treatments as in panel
A. Error bars indicate standard error of the mean (n=13). This experiment was
performed once.

Both RMJ13 carrying the empty vector (pVSV105) and RMJ13 expressing gltSc4°0T
(PMNC17) were able to colonize the squid when D-glu was present, but luminescence
of squid infected with either strain rapidly decreased after D-glu removal (Figure 3.6A).
Additionally, the average CFU per light organ of squid infected with each RMJ13 strain
decreased rapidly after removal of D-glu, aligning with the luminescence data (Figure
3.6B). These results appear to be due to the rapid lysis of D-glu auxotrophic strains

when D-glu is removed from the seawater (Figure 3.7).
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Figure 3.7. V. fischeri D-glu auxotroph lyses without D-glu. Within four hours of being
placed in FSW without D-glu, auxotrophic cells begin to lyse. Expression of g/tSC1092T
(top) does not have a growth advantage over RMJ13 carrying the vector alone (bottom)
in these conditions.

DISCUSSION

While L-amino acids have been known to be vitally important building blocks of
proteins in all life forms, there has been growing appreciation and study of DAAs more
recently. Though they are less commonly found in nature, they do have fundamental
roles in most organisms and ecosystems. For example, DAAs are constituents of the
PG peptide in bacterial cells walls (250). In most Gram-negative bacteria, PG includes
D-glu, mDAP, and D-ala. In V. fischeri, each of these is primarily produced for PG
biosynthesis by a specific enzyme. D-ala is produced by Alr (158), mDAP is likely
produced by a putative DAP epimerase encoded by the dapE gene (14, 15). The D-glu
needed for PG biosynthesis is mainly produced by Murl (158); however, RacD (87) and
BsrF (Chapter 2) can also provide D-glu for PG, though they do not appear to contribute
to PG biosynthesis under normal growth conditions.

Previously, our lab has attempted to alter V. fischeri’'s PG biosynthesis by

creating strains auxotrophic for PG-specific DAAs and then selecting for prototrophic
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suppressors (87, 190) (Chapter 2). Most recently, we found that removal of a putative
secretion signal from the broad-spectrum racemase BsrF allowed the enzyme to
produce sufficient D-glu to suppress auxotrophy. Although ultimately the suppressor
mutant did not require it, we were only able to generate the mutant when supplementing
LBS with iso-D-glutamine. Similarly, in the present study, we attempted to use
exogenous D-gln to isolate suppressors of D-glu auxotrophy. In total ten suppressors
were generated, with eight of them consistently requiring supplementation to grow in
LBS-Em (Figure 3.1). All ten of these suppressors have mutations in gltS, which
encodes a putative sodium:glutamate symporter (14, 15) (Table 3.1). Four mutant gltS
alleles were isolated, two of which arose independently in multiple cultures.

Other mutations deviating from wild type were also discovered in the suppressor
mutants, including VF_0468%5%C and gacS®¢44¢ which were recovered independently
from two mutants each (Table 3.1). GacS is a sensor kinase and part of the GacS/GacA
two-component regulatory system, which has a broad regulon and is widespread among
many Proteobacteria, including V. fischeri (14, 15, 251, 252). VF_0468 appears to
encode an orthologue of LspA, a prolipoprotein signal peptidase Il that in other bacteria
plays a role in cell envelope and PG synthesis. Given that neither of these mutations
was isolated absent a gltS mutation, it is uncertain whether they were primary mutations
that contribute to survival in D-glu limiting conditions, or secondary mutations that arose
to compensate for negative effects associated with the gItS mutations themselves.
VF_0468 was categorized as an essential gene (178) and the VF_0468%6%C allele may
be of interest for future studies, but here we chose to focus on the only gene

consistently mutating in the suppressors, gltS.
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A well-studied homologue of V. fischeri’s GItS is that of E. coli (EcGItS) (238,
240, 246, 247, 253-257). Specifically, a D-glu auxotroph of E. coli could not be
generated without concomitant mutations in gltS (237, 238). Interestingly, the two
mutations in gltS that allowed for generation of a D-glu auxotrophic strain of E. coli
corresponded to two of the mutant alleles generated in this study. The first of these,
codon 163 in EcGItS and 164 in V. fischeri (allele gltS©4°°T), substitutes a threonine
residue for alanine within the fifth transmembrane helix of the protein (Figure 3.5) (238).
The second allele, gltS€1%%2T in the present study, is located at codon 355 in EcGItS and
364 in V. fischeri (238) (Figure 3.5). Although neither the wild-type (methionine in V.
fischeri and alanine in E. coli) nor mutated amino acids (isoleucine and serine) are
similar to each other, it is intriguing that corresponding codons were again found to
increase GItS activity when mutated. Three of the glItS mutations in this study are in the
cytoplasmic stretch of a predicted pore-loop (Figure 3.5) (192-194). Pore loops have
been found to be selectivity filters of transport proteins (258-262). We speculate that
these amino acid replacements in the GItS symporters of this study render them more
permissive and/or promiscuous to the uptake of D-glu and HCA.

Because suppressors were selected on LBS-Em supplemented with D-gln, we
initially hypothesized that mutant GItS symporters were enabling mutants to access D-
gln in the media, with D-gIn either directly incorporated into PG or being metabolized to
D-glu to build PG. When we determined that overexpression of mutant GItS supported
growth of a D-glu auxotroph in unsupplemented LBS however (Figure 3.2B), we
instead speculated that, contrary to our prior assumptions, the components of rich

media contained low amounts of D-glu that are sufficient to support growth when
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glutamate transport is increased. Preliminary results support this possibility, as we
found about 1.5 yM D-glu in unsupplemented LBS (Table 3.2), which is enough D-glu to
support growth of the D-glu auxotroph expressing either GItS mutant in chemically
defined FMM (Figure 3.2B). Moreover, based on estimates of 3.5-million PG monomers
per cell in E. coli (263), even this low concentration of D-glu is theoretically enough to
achieve a turbid culture of more than 108 cells per mL.

We now hypothesize that our gltS mutants, and their amplification, were enriched
under selective pressure to access small amounts of D-glu. The small but significant
amount of D-glu in LBS may be due to spontaneous racemization of L-glu within the
medium, which could be catalyzed by the high-heat treatment of autoclaving (264-266).
Additionally, our stock solution of D-gln appears to contain enough D-glu that, when
added into LBS, sufficient D-glu is added for the original suppressor mutants to grow,
even with mutant gltS alleles in single copy, though the concentration is much too low to
sustain growth of the D-glu auxotroph (Figure 3.1B and Table 3.2). Spontaneous
deamidation of glutamine has been previously studied (267-272), finding that glutamine
is relatively unstable, degrading to ammonia and glutamate. Though these studies have
mainly focused on the L-form, it seems likely that similar reactions could occur with D-
gln at standard lab conditions. This would account for both lower-than-expected amount
of D-gIn and the relative concentration of D-glu in our D-gIn stock. More samples will be
analyzed to look further into this phenomenon. If our data are correct, LBS, and thereby
LB and other rich complex media, contain trace amounts of some DAAS, including D-
glu. This knowledge could lend itself to selecting for strains or proteins with increased

capacity to transport DAAS.
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An important drawback to the increased efficiency of mutant GItS proteins in both
V. fischeri and E. coli is the increased sensitivity to toxic glutamate analogs, such as
homocysteic acid (HCA) (Figure 3.3) and even D-glu itself (239-241, 257, 273, 274).
HCA inhibits bacterial growth by competitively binding to MurD (275), the enzyme that
adds D-glu to the growing PG peptide (53). D-glu was found to inhibit enzymes of
ammonia assimilation of Bacillus megaterium, leading to altered growth phenotypes
(273, 274). These data illustrate a fitness trade-off: although the strains can scavenge
trace amounts of D-glu from their surroundings to build wild-type PG, they become more
sensitive to toxic HCA. This adds appeal to the use of glutamate analogs as
antimicrobial drugs against bacteria with sufficient glutamate transport activity.

An important yet unresolved finding in this project is the PG structure: preliminary
data show that RMJ13 expressing gltS©4°°T has a subset of PG peptides with lysine in
the fifth amino acid position. Based upon its specificity for glutamate homologs, we do
not believe that GItS itself is responsible for this variation. Following an assumption that
the PG specifically contains the D-form, we hypothesize that lysine is added to the
mature periplasmic PG peptides due to the activity of BsrF. The most well-characterized
homologue of BsrF is V. cholerae’s BsrV, which is regulated by the alternative sigma
factor RpoS, a stress-associated regulator (78). In V. cholerae, it is speculated that
BsrV produces non-canonical DAAs for addition to mature PG as a way to promote
resistance to various environmental threats and stressors. In the current study, BsrF
may be producing D-lys in the periplasm, which subsequently is added to mature

peptides to combat cell wall stress induced by dwindling D-glu supplies.
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Despite its altered PG peptides, RMJ13 expressing gltS¢4%°T is able to colonize
E. scolopes to the same level as the wild type, so long as there is D-glu in the seawater
(Figure 3.6). In this context, the expression of gltS¢4°°T does not provide any apparent
advantages over the empty vector. As seen in Figure 3.7, cells lyse within 4 hours of D-
glu removal, due to insufficient PG biosynthesis. More work can be done to elucidate
whether the altered PG peptide itself has any effect on squid colonization. As shown in
Figure 3.4, only a small subset of the PG has this extra lysine, while a majority has the
wild-type structure, so the wild-type PG signal the squid receives is still present and
presumably predominant. The best way to observe specific effects of the altered peptide
would be to isolate the altered-monomer peak from HPLC or LC-MS experiments and
inoculate juveniles directly with the molecule. Such experiments would inform our
understanding of the structure-function relationship between PG and symbiotic

signaling.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains used in this study are listed in
Table 3.3. When added to LB medium (221) for selection of E. coli, chloramphenicol
(Cm) and kanamycin (Km) were used at concentrations of 20 and 40 ug/mL,
respectively. When added to LBS for selection of V. fischeri, Cm and Em were used at
concentrations of 2 and 5 pg/mL respectively. Agar was added to a final concentration
of 1.5% for solid media. Tryptone broth solution (TBS) (20 mM Tris-hydrochloride (Tris)
(pH 7.5), 10 g/L tryptone, and 20 g/L NaCl) and yeast extract broth solution (YEBS) (20

mM Tris (pH 7.5), 5 g/L yeast extract, and 20 g/L NaCl) were autoclaved before use.
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Stock solutions of D-glu{99+% powder, Sigma Aldrich, St. Louis, MO) and D-gln (99+%
powder, Thermo Fisher Scientific Inc, Waltham, MA) were prepared at a concentration
of 40 mg/mL in DI-water. HCl was added to 250 mM to dissolve D-glu. D-gln was
incubated at 37°C shaking until completely dissolved. Stock solutions were filter-
sterilized with VWR sterile syringe filters (25 mm 0.22 ym; VWR, Radnor, PA) attached
to BD Luer-Lok tip syringes (Becton, Dickinson and Company, Franklin Lakes, NJ), and
were stored at room temperature. Homocysteic acid was dissolved in water to create a

stock solution of 250 mM (45.8 mg/mL), filter sterilized, and stored at 4°C.

Table 3.3. Strains used in this study.
Strain Genotype Source

E. coli
¢80dlacZAM15 A(lacZYA-argF)U169 deoR supE44 hsdR17 recAl

il endAl gyrA96 thi-1 relAl (223)
DH5aApir DH5a lysogenized with Apir (216)
CC118Apir A(ara-le.u) araD Alac74 galE galK phoA20 thi-1 rpsk rpsB argE(Am) (222)
recA Apir
V. fischeri
AKD100 ES114 with a miniTn7-Em (224)
ES114 Wild type isolate from E. scolopes (5)
RMJ13 murl::miniTn5-Em AracD (87)
RMJ13.M1 murl::miniTn5-Em AracD gltSc1099G This study
RMJ13.M2 murl::miniTn5-Em AracD gItSc4%0T gacSe644C This study
murl::miniTn5-Em AracD gltS€1992T; new duplication junction
RMJ13.M3 including VF_A0495 to VF_A0526 This study
[ACTTAACTTGAT::GATGTTGTTTTA]
murl::miniTn5-Em AracD gltSC1092T VVF_2147C778A amplification
RMJ13.M3.1 junction including VF_A0495 to VF_A0526 This study
[ACTTAACTTGAT::GATGTTGTTTTA]
RMJ13.M4 murl:miniTn5-Em AracD gItS®*°T gacS®644C This study
RMJ13.M5 murl::miniTn5-Em AracD gItSc1139¢ This study
RMJ13.M6 murl::miniTn5-Em AracD gItS®19%%¢ VF 0648/6%°C This study
—mini . C490T ication i ion i i
RMJ13.M8 murl::miniTn5-Em AracD gltS new duplication junction including This study

VF_A0498 to VF_A0571 [TGTGCTGATAAA::AGGTGAAAAGGG]
a Drug resistance abbreviation used: Em, erythromycin resistance
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Table 3.4 Plasmids and oligonucleotides used in this study

Plasmid @ Relevant Characteristics Source
pEVS104  Conjugative helper plasmid; oriVrek OriTrps kanR (222)
pMNC11 gltS from ES114 cloned into pCR-Blunt II-TOPO This study
pPMNC12 gltS from RMJ13.M3 cloned into pCR-Blunt [I-TOPO This study
pMNC13 gltS from RMJ13.M2 cloned into pCR-Blunt [I-TOPO This study
pMNC15 gltS from ES114 cloned into pVSV105 This study
PMNC16 gltS from RMJ13.M3 cloned into pVSV105 This study
pPMNC17 gltS from RMJ13.M2 cloned into pVSV105 This study
pVSV105  [oriVrek, OriVpes213, OriTrr4, CMR, lacZa (21)

Primer * |Sequence |Source |

MNC28 CAT CCT AGG ACT AGT GAT ATT TCA ACT TAG GAG TAC TAT G|This study

MNC29 CAT CCT AGG TAT GAG AGG TAG GGC TTT TTTCTT A This study

a Alleles cloned in this study are from V. fischeri strain ES114. Replication origins (oriV)
on each vector are listed as RR6Ky, ColE1, and/or pES213. Plasmids based on
pES213 are stable in V. fischeri and do not require antibiotic selection for maintenance
(21).

* Oligonucleotides are shown in the 5’-to-3’ direction. Underlined regions are restriction-
enzyme recognition sites.

Plasmid construction. Plasmids used in this study are listed in Table 3.4. Plasmids
were generated in E. coli, then conjugated into V. fischeri using helper plasmid
PEVS104 in strain CC118Apir (222). Complementation plasmids pMNC15, pMNC16,
and pMNC17 were produced by PCR amplifying gltS from ES114, RMJ13M3.1, and
RMJ13M2, respectively, using primers MNC28 and MNC29. These PCR products were
then cloned into pCR-Blunt Il TOPO (Thermo Fisher Scientific Inc), yielding pMNC11,
PMNC12, and pMNC13 respectively. These plasmids were then digested with Avrll, and
the gltS-containing fragments were ligated into Xbal-cut pVSV105 , producing pMNC15,

PMNC16, and pMNC17, respectively.
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Molecular genetics and sequence analysis. Oligonucleotides used for PCR and
cloning are listed in Table 3.4, and were synthesized by Integrated DNA Technologies
(Coraville, 1A). DNA ligase and restriction enzymes were purchased from New England
Biolabs (Beverly, MA). PCR was conducted with Phusion DNA polymerase, (New
England Biolabs). Plasmids used for cloning were prepared with the ZymoPURE
Plasmid Miniprep kit (Zymo Research, Irvine, CA). DNA was cleaned after PCR and
between cloning steps using the DNA Clean & Concentrator kit from Zymo Research.
Cloned plasmids were Sanger sequenced at the University of lllinois-Chicago Genome
Research Core facility and analyzed via Geneious Prime version 2019.0.4. Genomic
DNA from V. fischeri strains was extracted using the Invitrogen PureLink™ Genomic
DNA Mini Kit (Thermo Fisher Scientific Inc). For whole-genome sequencing, DNA was
sonicated to approximately 500-bp fragments, then DNA libraries were prepared using
the NAGNext Ultra Il DNA library prep kit for lllumina (New England Biolabs), including
end-repair, adaptor ligation, and addition of index primers. Libraries were sequenced at
the University of Georgia Genomics and Bioinformatics Core (Athens, GA). All
sequences were analyzed via Geneious Prime with default settings, compared to V.
fischeri wild-type strain ES114. Paired-end reads were mapped to the reference, then
single-nucleotide polymorphisms were identified with a minimum variant frequency of

0.8.

In silico analyses. Protein similarity scores of GItS from V. fischeri and E. coli were

analyzed via NCBI services (National Center for Biotechnology Information

(NCBI)[Internet]. Bethesda (MD): National Library of Medicine (US), National Center for
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Biotechnology Information; [2023] — [cited 2017 Apr 06]. Available from:

https://www.ncbi.nlm.nih.gov/) and SnapGene® software (from Dotmatics; available at

shapgene.com).

Selection of spontaneous mutants of D-glu auxotrophy. Strain RMJ13 was grown in
LBS-Em containing 400 pg/mL D-glu, to an ODsoo of 1. 100 pL of culture were plated to
LBS-Em supplemented with 400 pg/mL D-giIn. Cultures were plated in parallel on D-glu
plates to determine mutation frequency. Plates were incubated at 28°C, and colonies
counted at 24 and 48 hours. Colonies were streak purified on media containing Em and

D-gln, then stocked in LBS with 20% glycerol and stored at -80°C.

Analysis of amino acid content in media and amino acid solutions. Media samples
and amino acid stock solutions were analyzed at the University of lllinois Chicago Mass
Spectrometry Core. Amino acids were diluted into 4 mg/mL working solutions, and
along with samples of LBS, TBS, and YEBS, were filter sterilized with VWR sterile
syringe filters (25 mm 0.22 pm; VWR) attached to BD Luer-Lok tip syringes (Becton,
Dickinson and Company) before submission. Three 1-mL samples of each solution
were submitted to the Mass Spectrometry Core in the Research Resources Center of
the University of Illinois Chicago for analysis of L-/D-glu and L-/D-gIn concentrations.
LCMS-grade analytes were purchased from Sigma-Aldrich (Burlington, MA), and
dissolved in water to get stock solutions of 1 mg/mL. They were diluted in LCMS-grade
50% MeOH in water to create spiking standards to prepare standard curves. Stable

Isotope Labeled Amino Acid Mix Solution (Millipore Sigma, Burlington, MA) was diluted
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with 50% MeOH to create a 1 ug/mL working solution, used as the internal standard.
Solid phase extraction was done using Oasis MCX Cartridge. LC-MS analyses were
performed on an AB SCIEX 6500 QTRAP coupled with Agilent 1290 UPLC system, with
an Agilent Poroshell 120 Chiral-T, 2.7 ym, 2.1 x 100 mm column. Data analysis was
conducted by Sciex MultiQant software (Version 3.0.3, AB Sciex Pte, Ltd., Birmingham,

MA).

PG isolation of intact PG sacculi. Cells were grown overnight in LBS with any
necessary antibiotics and amino acids, chilled on ice for 10 minutes, and centrifuged at
4°C and 17,600 x g for 15 minutes. In response to precipitation at later steps, pellets of
gltS mutant strains, and strains carrying pMNC16 or pMNC17 were washed by
resuspension in 400 mL of 1 M NaCl and centrifuged as above. Pellets were
resuspended in 10 mL cold water, then dripped into 50 mL of boiling 4% SDS. Solution
was then boiled for 30 minutes with continuous stirring, then allowed to cool to room
temperature. Samples were then centrifuged at 120,000 x g for 60 minutes,
resuspended in room temperature water and washed three to four more times as above.
Before resuspension, the supernatant was assayed for SDS using methylene blue and
chloroform (227), and centrifuged as above until no SDS was detected in the
supernatant. When SDS was undetectable, the pellet was resuspended in 1 mL of
water, with Tris-HCI (pH 7.5) added to a final concentration of 100 mM and MgSOa
added to a concentration of 20 mM, then treated with 10 ug DNase | and 50 ug RNase
A for 2 hours at 37°C. Samples were then treated with 100 pg of Trypsin, CaCl2 was

added to a final concentration of 10 mM and incubated overnight at 37°C. Samples
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were then centrifuged at 15,880 x g for 10 minutes and pellets resuspended in 1% SDS.
The solution incubated in a 95°C hot water bath for 20 minutes, diluted into with warm
water, and then centrifuged at 120,000 x g for 60 minutes at room temperature. The
pellet was then washed with warm water and spun as above, until SDS-free. Pellet
resuspended in 1 mL water and was stored at -80°C until analysis, or further processed

as below.

PG processing for amino acid and muropeptide analysis. Intact PG sacculi were
resuspended in 12.5 mM NaPOa4 (pH 5.5) and digested with 125 units of Mutanolysin
overnight at 37°C. Insoluble material was then removed from the samples by
centrifugation at 15,880 x g for 15 minutes at room temperature. The supernatant
containing muropeptides was transferred to a new tube, lyophilized until dry, then stored
at -20°C until analysis. Amino acid (228) and muropeptide analyses (229) were
performed using HPLC as previously described. Peaks from these analyses can then be

run through LC-MS to further characterize the muropeptide structure.

LC-MS analysis of PG samples and data analytics. Muropeptide and sacculi
structural analyses were performed on a Shimadzu LCMS9030 QToF instrument
interface with a LC-40B X3 UPLC, a SIL-40C X3 autosampler (10°C) and a CTO-40C
column oven (40°C). Gradient separations utilized a BEH C18 column (2.1 mm x 50
mm, 1.7-um particle size; Waters) with solvent A (0.1% formic acid in water) and solvent
B (0.1% formic acid in MeOH) at a constant flow rate of 0.4 ml min~. Experiments were

performed and analyzed as previously described (276).
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Squid colonization assay. V. fischeri ES114 was cultured overnight at 28°C in LBS
medium, and RMJ13 strains carrying pvVSV105 or pMNC17 were grown in LBS with 50
pg/mL of D-glu, 5 pg/mL Em for retention of the mini-Tn5 and 2 pg/mL chloramphenicol
for plasmid retention. Overnight cultures were diluted 100-fold into Seawater Tryptone
(SWT) liquid medium with D-glu and antibiotics as necessary and allowed to grow until
mid-exponential phase at 28°C, then diluted to a final inoculum concentration of ~5000
CFU/mL in 100 mL of filter-sterilized ocean water (FSW). Inoculum of RMJ13 carrying
pVSV105 was supplemented with 5 ug/mL D-glu, while inoculum was RMJ13 carrying
pMNC17 received 1 ug/mL D-glu (strains were given different concentrations based on
their needs for growth). Newly hatched E. scolopes were introduced into this mixture
and inoculated overnight under a 12/12 day-night cycle. After about 16 hours, squid
were transferred into individual vials: ES114-inoculated squid into FSW; half of each
RMJ13 strain was transferred into FSW, and the other half into FSW with D-glu. At 24
hours post-inoculation and every 24 hours following, luminescence was measured using
a TD 20/20 luminometer (Turner Designs, Sunnyvale, CA), after which the squid were
either transferred to fresh FSW with D-glu as needed, or frozen at -80°C in 700 pL of
FSW until ready for use. Most squid were individually homogenized, then dilution plated

to LBS agar medium, and the number of CFU/mL was determined.

Microscopy of D-glu auxotrophic bacteria. RMJ13 carrying the empty vector
(pVSV105) or gItSC4°T (pMNC17) were initially grown in LBS containing Em and Cm,
and the RMJ13 carrying pVSV105 was supplemented with 50 ug/mL D-glu. When

cultures reached an ODeoo of ~0.6, cells were harvested by centrifugation at 7000 x g for
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one minute at room temperature, washed with FSW, and then resuspended in FSW
without D-glu supplementation. Every hour, aliquots were taken from the cultures, and
fixed with ice-cold 70% ethanol in water, then incubated on ice for one hour. Cells were
centrifuged at 10,000 x g at room temperature for one minute, then resuspended in
FSW. A 1.5% agarose pad was made in FSW with SeaKem LE agarose (Lonza
Biosciences, Morristown, NJ). 1 uL aliquot of cell sample was loaded onto a coverslip,
and the agarose pad placed on top. Images were captured by an inverted Zeiss LSM
980 microscope equipped with a Plan Apochromat 1.4NA 100x oil Phase 3 objective at
the Caltech Biological Imaging Facility. Images were processed and visualized in

ImageJ.

ACKNOWLEDGEMENTS

This research was supported by NSF grant I0S-1557964 awarded to EVS and
DLP. We thank the Mass Spectrometry Core in the Research Resources Center of the
University of Illinois Chicago for doing small molecule analysis, and the Caltech

Biological Imaging center where we performed the microscopy imaging.

77



CHAPTER 4
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ABSTRACT

The symbiosis between Vibrio fischeri and the Hawaiian bobtail squid, E.
scolopes, is a tractable and well-studied model of bacteria-animal mutualism. Here, we
developed a method to transiently colonize E. scolopes using a D-ala auxotroph,
controlling the persistence of viable infection by supplying or withholding D-ala. We
generated alanine racemase (alr) mutants of V. fischeri that lack avenues for
suppression and reversion to prototrophy. To prevent reversion of an alr::mini-Tn5
allele, we generated an unmarked alr deletion. The Aalr mutant surprisingly did not
require D-ala to grow in minimal medium, a phenomenon requiring metC. Likewise,
overexpression of metC suppresses D-ala auxotrophy in rich medium. To block
potential mechanisms of suppression, we combined the Aalr mutation with deletions of
metC and/or bsrF, which encodes a broad-spectrum racemase, and investigated the
suppression rates of four D-ala auxotrophic strains. We then focused on Aalr AbsrF
mutant MC13, which has a suppression rate of <10°. When D-ala was removed from a
log phase culture of MC13, cells rounded and lysed within forty minutes. Transient
colonization of E. scolopes was achieved by inoculating squid in seawater containing
MC13 and D-ala, and then transferring the squid into water lacking D-ala, which
resulted in complete loss of viable symbionts within hours. Interestingly, the number and
morphology of MC13 cells in crypt 3 of the light organ differed from that of the other
crypts. Our study highlights a new approach for inducing transient colonization and

provides insight into the biogeography of the E. scolopes light organ.
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IMPORTANCE

The importance of this study is multi-faceted, providing a valuable
methodological tool and insight into the biology governing the symbiosis between Vibrio
fischeri and Euprymna scolopes. First, the study sheds light on the critical role of D-ala
for bacterial growth, and the underpinnings of D-ala synthesis. Our observations that
metC obviates the need for D-ala supplementation of an alr mutant in minimal medium
and MetC-dependent growth correlates with D-ala in PG corroborate and extend
previous findings in Escherichia coli regarding the role of MetC in D-ala provisioning.
Our isolation of robust D-ala auxotrophs led us to a novel method for studying the squid-
Vibrio symbiosis, allowing for transient colonization without the use of antibiotics, and
revealed intriguing differences in the growth parameters in distinct light organ crypts.
This work and the methodology developed will contribute to our understanding of the

persistence and dynamics of V. fischeri within its host.

INTRODUCTION

The light organ symbiosis between V. fischeri and the Hawaiian bobtail squid, E.
scolopes has been a useful model for understanding the initiation and persistence of
beneficial bacterial infections (30, 173-175). E. scolopes hatchlings are aposymbiotic,
but rapidly acquire V. fischeri from their environment (4). V. fischeri symbionts live within
a specialized bilobed light organ of E. scolopes, where they grow and bioluminesce (2,
7, 8). The animal is thought to use the bioluminescence in a counter-illuminating
behavior (277, 278) for nocturnal camouflage. As they are inactive during the day, a

large portion of the symbionts are vented from the light organ each dawn, thus
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increasing V. fischeri populations in the environment (279). The light organ is ventral to
the ink sac, and is external, constantly in contact with the surrounding seawater (2, 6,
7). Each lobe of the hatchling light organ has a pair of ciliated epithelial appendages
(CEAS) that serves to promote infection with V. fischeri (280). At the base of each pair
of CEAs are three pores, each of which leads to a duct, antechamber, and epithelium-
lined crypt. The three crypts are anatomically distinct, with crypt one maturing earliest,
and crypt three the latest. Additionally, symbionts of crypt three appear to have slower
growth-rates, are less likely to be vented, and do not interact in the same ways with

epithelial cells as do the bacteria in crypts one and two (9, 21, 281-283).

In many symbioses, studies that initiate and terminate infections have been
useful for understanding host-symbiont dynamics, and for determining whether host
responses to infection are reversible. Transient colonization of E. scolopes by V. fischeri
has previously been accomplished by curing infected animals with antibiotics.
Chloramphenicol (Cm) was the first used to clear infection early in the symbiosis (284,
285). However, Cm alone proved insufficient for curing a fully established infection,
which was achieved by using a combination of Cm and gentamicin (Gm) (49). These
studies showed that some developmental programs within E. scolopes, including
symbiont-induced regression of CEAs, are irreversibly triggered by transient infection
(284), while others, like the behavior of host macrophage-like cells, require persistent
presence of V. fischeri (49).

While using antibiotics to cure infections has proven useful, it may have
drawbacks. Antibiotics must diffuse into host tissues, potentially causing a concentration

gradient and uneven exposure. Especially with high drug concentrations, host tissues
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themselves can be affected by antibiotics, though this has not yet been observed with
the Cm and Gm most often used in V. fischeri-E. scolopes symbiosis. Perhaps most
importantly, broad-spectrum antibiotics, such as Cm and Gm may also have off-target
effects on bacterial symbionts in other organs, such as the gut or accessory nidamental
gland (ANG) (286-288). For example, treatment of E. scolopes eggs with Cm resulted in
fungal infections, presumably by interfering with the bacterial communities transferred to
eggs from the ANG, underscoring the possibility of undesirable side effects (286).

An alternative and complementary approach to using antibiotics to generate
transient infections is to colonize animals with bacterial mutants that require metabolic
supplementation, then subsequently remove the necessary supplement. For example,
bacteria that are auxotrophic for D-ala, D-glu, and meso-diaminopimelic acid (DAP)
colonized hosts while being supplemented with these compounds but were cured from
the host when these amino acids were no longer provided (235, 289-291). These three
amino acids are specific components of the bacterial PG, and are not typically found in
animals, making it unlikely that hosts could support growth of auxotrophic strains
without external supplementation. However, some auxotrophs can give rise to
suppressor mutants that have developed alternative pathways to PG biosynthesis, so
mutation of multiple genes or pathways may be required to generate robust auxotrophy
(289, 290). These studies led to the goal of developing D-ala auxotrophy of V. fischeri to
accomplish transient colonization within the E. scolopes light organ.

Previously, we reported that an alr::mini-Tn5-erm mutant was auxotrophic and
unable to colonize E. scolopes without D-ala supplementation (182). However, we

recently discovered that, despite lack of an encoded transposase gene, this mini-
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transposon can precisely delete from a murl disruption, leading to reversion to the wild-
type allele (Chapter 2). We also discovered that exceptionally rare mutations of the
gene encoding BsrF, a broad-spectrum racemase, could compensate for lack of Alr
(Chapter 2). In this study, we sought to determine whether D-ala auxotrophic strains of
V. fischeri could be generated that would not give rise to revertants or suppressors,
whether such strains could be used to transiently colonize E. scolopes, and if so, what

could be learned about the symbiosis from such transient colonization.

RESULTS

To prevent reversion in the alr::mini-Tn5-erm mutant by precise deletion of the
transposon, we generated a Aalr mutant (MCG6). This Aalr mutant is auxotrophic for D-
ala in LBS medium (Figure 4.1). Surprisingly, we discovered that the Aalr mutant could
grow in a defined minimal medium without D-ala supplementation (Figure 4.2A). Kang
et al. (292) previously showed that upregulation of metC, which encodes cystathionine-
B-lyase and contributes to L-met biosynthesis, could restore prototrophic growth to a D-
ala auxotrophic alr dadX mutant in E. coli. We similarly found that expression of metC
from a multicopy plasmid in V. fischeri can compensate for loss of alr, enabling growth
on unsupplemented LBS (Figure 4.2B). Moreover, growth of the Aalr strain in defined
minimal medium without D-ala is dependent on metC (Figure 4.2A). Although deletion
of metC also creates L-met auxotrophy in this minimal medium, we observed that
addition of L-met to the growth medium of strains with intact metC abolishes growth
without D-ala supplementation (Figure 4.2A). This pattern was also noted in E. coli, in

which the met operon is known to be repressed by the presence of L-met (292). We
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hypothesize that, as in E. coli, MetC is available to racemize alanine while L-met levels
are low, but metC is repressed when the cell has sufficient L-met, such as during growth

in rich media like LBS (Figure 4.3).
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Figure 4.1: Generation and recovery of D-ala auxotrophy. Shown are final ODsoo
readings for V. fischeri cultures grown in LBS. Cultures were grown for 24 hours before
reading final ODsoo. Error bars indicate standard error of the mean (n=4). Data from one
representative experiment of at least three is shown. From left to right, strains included
are ES114, MC6, MC5, KL3, MC13, MC24, MC12, and MC27)

Much like over-expressing metC, removing the putative secretion signal of BsrF
can compensate for the loss of Alr, obviating the need for D-ala supplementation in LBS
(Chapter 2). Therefore, to block known possible avenues to D-ala synthesis, we deleted
alr, metC, and bsrF singly and in each possible combination (Table 4.1). The four Aalr
mutants MC6 (Aalr), MC13 (Aalr AbsrF), MC24 (Aalr AmetC), and MC27 (Aalr AmetC

AbsrF), require exogenous D-ala to grow in LBS broth (Figure 4.1). All D-ala
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auxotrophs, regardless of additional mutations beyond deletion of alr, required the same

concentration of exogenous D-ala, 100 pg/mL, to restore growth in LBS (Figure 4.1).
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Figure 4.2: Expression of metC in an alr mutant can enable growth without D-ala. (A)
Intact metC in an alr mutant enables growth in FMM without D-ala supplementation. (B)
alr mutants can be rescued from D-ala auxotrophy in LBS by expression of metC on the
multicopy plasmid pMNC6. L-met was added to 50 yg/mL in FMM. D-ala was
supplemented at 50 ug/mL in FMM or 200 ug/mL in LBS. Strains include ES114 (WT),
MC5 (AmetC), MC6 (Aalr), MC24 (Aalr AmetC), and MC27 (Aalr AmetC AbsrF). Strains
were grown for 24 hours at 28°C shaking before reading final ODsoo. Error bars indicate
standard error of the mean (n=3). Data from one representative experiment of three is
shown.
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Cystathionine > » |-met

Figure 4.3: MetC is involved in L-met and D-ala synthesis. When derepressed, MetC is
available to produce D-ala. Part of the met operon, production of MetC is repressed by
sufficient levels of L-met in the cell. Genes (shown in blue) encode the proteins involved
in these pathways.
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While alanine is MetC’s preferred substrate for racemization, MetC of E. coli can

racemize other amino acids as well, including serine and aminobutyrate (157). To test

whether MetC in this case was indeed restoring growth by producing the D-ala that is

incorporated into PG, we analyzed PG amino acid content of the wild type (ES114) and

the D-ala auxotroph MC27 (Aalr AmetC bsrF) expressing metC from a multicopy

plasmid. Both samples have the expected Ala:DAP:Glu ratio of 2:1:1 that is typical in

Gram-negative sacculi (data not shown), and they have identical HPLC chromatograms

(Figure 4.4), further supporting the hypothesis that MetC is racemizing alanine to

provide the D-ala needed for PG synthesis.
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Figure 4.4: Expression of metC leads to wild-type PG structure. (A) HPLC
chromatograms of the wild-type parent (ES114; top) and a D-ala auxotroph
overexpressing metC (bottom; MC27 + pMNC6). ES114 was grown in LBS, while MC27
with pMNC6 was grown in LBS-Cm. (B) Identification of labeled peaks in Figure 4.3A.
* indicates a buffer component peak, while lettered peaks correspond to PG fragments.
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Table 4.1. Strains used in this study

Strain
E. coli

DH5a
DHS5aApir
CC118Apir

V. fischeri
AKD100
ES114
KL3
MC2
MC3
MC5
MC6
MC8
MC12
MC13
MC23
MC24
MC26
MC27

Genotype

@80dlacZAM15 A(lacZYA-argF)U169 deoR supE44 hsdR17 recAl endAl
gyrA96 thi-1 relAl

DH5a lysogenized with Apir

A(ara-leu) araD Alac74 galE galK phoA20 thi-1 rpskE rpsB argE(Am) recA
Apir

ES114 with a mini-Tn7-Em

Wild type isolate from E. scolopes
AbsrF

AmetC::FRT- EmR

Aalr::FRT- EmR

AmetC::FRT

Aalr::FRT

AbsrF AmetC::FRT- EmR

AbsrF AmetC::FRT

AbsrF Aalr::FRT

Aalr::FRT AmetC::FRT- EmR
Aalr::FRT AmetC::FRT

AbsrF Aalr::FRT AmetC::FRT- EmR
AbsrF Aalr::FRT AmetC::FRT

a Drug resistance abbreviation used: Em, erythromycin

Source

(223)
(216)
(222)

(224)

(©)
Chapter 2
This study
This study
This study
This study
This study
This study
Chapter 2
This study
This study
This study
This study

To evaluate the possibility of D-ala prototrophy arising in suppressors of alr

mutants during host colonization, we grew these strains in LBS containing D-ala, then

spread the cultures to plates without D-ala. The cultures were plated in parallel to LBS

with D-ala, to determine the number of cells plated and frequency of suppression. For

the Aalr mutant, MC6, ten suppressors were generated after plating about 10%° cells, for

a suppression rate of 1x10° (Table 4.2). We hypothesized that these suppressors had

mutations affecting expression of metC and/or secretion of bsrF. If so, the frequency of

suppression should be lower than 10° in a Aalr background also lacking metC or bsrF,

so we therefore compared the suppression rate of the Aalr mutant to those of mutants

with additional mutations in metC and/or bsrF. For D-ala auxotrophs MC13 (Aalr AbsrF),

MC24 (Aalr AmetC), and MC27 (Aalr AbsrF AmetC), no prototrophic suppressor mutants
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were isolated, after plating between 4.5x10° and 2x10%° cells (Table 4.2), consistent
with the possibility that suppressors of D-ala auxotrophy in the Aalr mutant likely
involved metC or bsrF. D-ser has been previously found in place of D-ala in some PG
(35), and we considered the possibility that if D-ser were present within the squid light
organ but not in LBS, it could lead to a higher frequency of suppression in the symbiosis
than we had observed in culture. However, after plating > 10° cells of MC13 (Aalr AbsrF)
and MC27 (Aalr AbsrF AmetC) on LBS supplemented with D-ser, we also failed to
isolate suppressors (Table 4.2). Taken together, our data indicate that for MC13, MC24,
and MC27 under the conditions tested, suppression of D-ala auxotrophy appears to
occur at a frequency of <10-°. For reference, juvenile E. scolopes are colonized by

approximately 10° to 10° V. fischeri cells.

Table 4.2 Selection of prototrophic suppressors of D-ala auxotrophy

D-ala suppressor generation
Genotype CFU plated | CFU plated | Total CFU Suppressors Suppressors
LBS LBS + D-ser plated per CFU
MC6|  Aalr 10" - 10" 10 1x10°
MC13| Aalr AbsrF 6*10° 3*10° 9+*10° 0 N/A
MC24| Aalr AmetC | 4.5+*10° - 45*10° 0 N/A
mc27| A2} Amete 10" 10" 2*10" 0 N/A

a “.“indicates that cells were not plated on LBS + D-ser

As illustrated above, deleting metC eliminates a potential avenue to D-ala
prototrophy, but it isn’t clear that the AmetC allele is necessary from a practical
standpoint, and the added need for L-met to support growth could complicate symbiotic
studies (Figure 4.2A). Graf and Ruby showed that a methionine auxotroph of V. fischeri
colonized the light organ at 23% of the population-level achieved by the parent strain at

45 hours post-inoculation (293), suggesting that the host can supply the symbiont with
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L-met, though perhaps in insufficient quantity to attain full colonization. Although it is
possible that provisioning of L-met is spatially or temporally uneven, it seems likely that
there is sufficient L-met available for initial colonists, and metC may not be highly
expressed in this context. We observed growth of an alr mutant in minimal medium
without D-ala supplementation, specifically in the absence of L-met (Figure 4.2A), likely
due to repression of the met operon by L-met as seen in E. coli (292). Taken together
with the fact that intact metC did not allow an alr mutant to initiate colonization of E.
scolopes (158), we speculate that initial symbiont growth in the light organ is more like
growth in LBS than our defined minimal medium, at least in respect to D-ala
metabolism. We decided that the likelihood of MetC giving rise to growth without alr or
exogenous D-ala was relatively low and proceeded to examine MC13 (Aalr AbsrF) as a
potential tool for initiating and then terminating squid-Vibrio symbiosis.

We first tested the effect of removing D-ala from pre-grown MC13 (Aalr AbsrF).
The synthesis of PG is essential for maintaining structural integrity and cell morphology
(294), and its inhibition, as seen with the use of beta-lactam antibiotics, results in cell
lysis due to accumulated internal pressure (295). We used these observations as a
starting point for investigating the response of D-ala auxotrophic V. fischeri to a loss of
exogenous D-ala. Microscopic observations revealed that depriving MC13 of D-ala led
to cells assuming a more rounded form, before ultimately rupturing within a span of 40
minutes after D-ala removal (Figure 4.5). Such rapid cellular disruption and lethality
resulting from D-ala deprivation suggested the potential utility of MC13 as a transient

colonizer of E. scolopes.

89



Timing
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Figure 4.5: D-ala auxotrophic V. fischeri requires D-ala to maintain cell morphology.
Displayed is a time-lapse montage depicting two MC13 (Aalr AbsrF) cells undergoing
morphological degradation and eventual rupture when placed on an agarose pad
containing unsupplemented LBS. Images were sequentially acquired every 5 minutes
over a 40-minute period.

We inoculated juvenile E. scolopes overnight with strain MC13, adding 50 ug/mL
of D-ala into the FSW. After overnight inoculation, colonized squid were placed into
FSW without D-ala, and maintained for an additional eight hours, to ensure thorough
clearance of D-ala auxotrophic CFU within the light organ. The viability of the symbionts
within the light organ crypts was evaluated by measuring both luminescence and CFUs
(Figure 4.6A). Removal of D-ala resulted in an absence of detectable symbionts, yet
confocal microscopy illuminated the ongoing presence of intact MC13 cells in crypt
three (Figure 4.6C), even though they were not recoverable as CFU (Figure 4.6B).
Crypt one was largely uncolonized, with the few remaining symbionts exhibiting
morphological alterations. Interestingly, the symbionts in crypt three retained their
typical bent-rod shape (Figure 4.6C). In conjunction with previous studies highlighting
antibiotic resistance in crypt three symbionts, our results hint at a potential alteration in
metabolic states or an as-yet unidentified interaction of nutrient metabolism with the

host under nutrient-limited conditions.
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Figure 4.6: V. fischeri colonization of E. scolopes requires D-ala. (A) Efficiency of light
organ colonization as observed by luminescence of squid 24 hours after inoculation.
(B). Symbiont population levels (average CFU per light organ) 24 hours post
inoculation. (C) Representative confocal micrographs illustrate the crypts of the light
organ colonized for 24 hours by GFP-labeled D-ala auxotrophic strain (carrying
pVSV102) Host nuclei were stained with TO-PRO-3 (red). Strains in this this study
include ES114 (wild type) and MC13 (Aalr AbsrF). Error bars indicate standard error of
the mean (n=16). Experiment was performed once.

DISCUSSION
PG structure is largely conserved across bacteria, due in large part to its

structural stability and the DAAs that allow it to escape digestion by proteases (100). In
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most Gram-negative bacteria, the stem peptide consists of L-ala, D-glu, meso-DAP, and
D-ala (296). In contrast, Gram-positive bacteria usually have L-lys in the third position
(35). Notably, the presence of D-ala at the fourth position of the PG peptide is
universally conserved, emphasizing its pivotal role in bacterial cell wall synthesis, as
evidenced by the present study.

Alanine racemases can produce the D-ala necessary for PG biosynthesis and
are nearly ubiquitous in bacteria. In many species the primary alanine racemase, often
encoded by alr, is considered essential for bacterial growth (158, 297-302). However,
some bacteria have a secondary source of D-ala as well, which can compensate for the
loss of Alr activity (299, 303, 304) Deletion of these alanine racemase-encoding genes
leads to D-ala auxotrophy. A study in E. coli found that D-ala auxotrophy of an alr dadX
mutant could be suppressed by overexpression of metC, which encodes cystathionine-
B-lyase (292), although the PG structure was not analyzed and D-ala production and
incorporation was assumed. Later research verified that this suppression was due to
alanine racemase activity of MetC (157, 234). In our study of D-ala auxotrophy and
suppression, we also sought to determine if MetC of V. fischeri could play a similar role.
We confirmed that in V. fischeri, MetC can compensate for D-ala auxotrophy in defined
medium (Figure 4.2A), and by overexpression in rich medium (Figure 4.2B). As in E.
coli, this suppression appears to be due to alanine racemase activity, as evidenced by
the presence of D-ala in the PG of a D-ala auxotroph overexpressing metC, giving it
wild-type PG structure (Figure 4.3).

Previously, we identified BsrF, a broad-spectrum racemase that can compensate

for the lack of Alr when relegated to the cytoplasmic space of V. fischeri (Chapter 2). To
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elucidate any remaining potential avenues of D-ala production, we engineered four D-
ala auxotrophs, and attempted to isolate suppressor mutants of each. Our selection
approach parallels previous attempts to evolve PG biosynthesis (76, 86, 87, 190) ;
(Chapter 2). Three such studies found that mDAP auxotrophy could be suppressed by
incorporation of lanthionine at the third position of the PG peptide (76, 86, 190). Two
other studies from this lab found that the aspartate racemase RacD (87) and ASS-BsrF
(Chapter 2) could compensate for the loss of glutamate racemase activity by Murl. The
latter two studies found suppressors to have wild-type PG structure, implicating the
racemases as having glutamate racemase activity. Based on these previous studies, as
well as the current work, it appears that D-glu and D-ala may be more difficult moieties
to replace in PG than mDAP.

The present study provides compelling motivation for generating antibiotic drugs that
target bacterial amino acid racemases, especially alanine racemases. One such drug,
D-cycloserine (DCS) is currently used to treat multi-drug resistant Mycobacterium
tuberculosis (195, 196). DCS is a structural analog of D-ala and inhibits both Alr and the
D-ala dimerizing enzyme, DdIA (172). Our previous work showed that rare mutations of
bsrF could increase tolerance to DCS, but the current research shows that by removing
bsrF as well, cells struggle to overcome this loss of alr. Overall, enzymes involved in
synthesis and incorporation of D-ala into PG are attractive targets for next-generation
antibiotic development.

Previous studies have used PG-specific DAA auxotrophs as transient colonizers
of cell cultures (305) and eukaryotes (289, 290), and even as vaccines against bacterial

pathogens (291, 306, 307). Currently, transient colonization of E. scolopes is
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accomplished by use of antibiotics (49, 284, 285). Here, we employed the use of V.
fischeri strains auxotrophic for a PG-specific DAAs instead, with the assumption that the
eukaryotic host was unlikely to provide DAASs.

Upon supplying D-ala in the seawater, the MC13 D-ala auxotroph was able to
colonize hatchling E. scolopes squid (Figure 4.5). When D-ala is subsequently removed
from the water, the auxotrophic bacteria rapidly begin to lose cell morphology before
finally lysing (Figure 4.4), resulting in transient colonization of the squid (Figure 4.4).
Understanding the dynamics of host-microbe interactions is especially crucial during the
early, stress-susceptible stages of life, as organisms enter the environment and acquire
their microbiomes. The deployment of auxotrophic strains unveils a complementary
methodology to specifically target the growth dynamics of one species without
perturbing the equilibrium of an entire microbial community, such as those found in the
adult E. scolopes gut and ANG. This approach could therefore prove useful for long-
term studies of the effects of cleared colonization of the light organ.

Studies of transient bacterial infections can inform our understanding of host-
microbe dynamics, and specifically this research can aid in understanding the intricacies
of symbiont-induced host maturation. For example, this method provided additional
information about the specific biogeographies of the three crypt spaces within the E.
scolopes light organ. Previous studies have shown that crypt three is the last to form
and has distinct chemical and morphological differences from crypts one and two (9, 21,
281-283). The present research underscores this, as we observed the symbionts of
crypt three to outlast those in crypts one and two after removal of D-ala from the

seawater (Figure 4.6).
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Unfortunately, we were unable to determine how long these cells persisted within
the symbiosis, as it appeared that D-ala at the concentration used may be toxic to the
hatchling squid over longer term experiments. While normally juvenile E. scolopes can
be raised for at least four days, the squid in this study did not live for more than twenty-
four hours after placement into water containing D-ala. Further work will need to be
completed to determine if there is a lower dose of D-ala that can sustain growth of D-ala
auxotrophs in seawater without harming the squid. These studies will help us to
determine the extent of and mechanisms behind prolonged symbiont retention in crypt
three. Currently, we speculate that either crypt three receives D-ala from the squid host,
or that symbionts of crypt three simply grow slowly enough that lysis is delayed as
compared to those in crypts one and two. Understanding the factors that contribute to
this variability in crypt development and symbiont colonization could shed light on the
selective pressures and adaptive strategies employed by both hosts and symbionts and
strengthens previous hypotheses that the less-mature crypt three acts as a sanctuary,
potentially safeguarding the symbionts from stress, i.e., antibiotic resistance (282, 283),

or nutrient limitation.

MATERIALS AND METHODS

Bacterial strains and culture conditions. The strains in this study are listed in Table
4.1. When added to LB medium (221) for selection of E. coli, Cm and Kanamycin (Km)
were used at concentrations of 20 and 40 ug/mL, respectively. For selection of E. coli
with Em, 150 ug/mL was added to BHI medium (Difco, Sparks, MD). When added to

LBS (308) for selection of V. fischeri, Cm, Em, and Km were used at concentrations of
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2, 5, and 100 pg/mL, respectively. In LBS, D-ala was added at a final concentration of
400 pg/mL for auxotrophic strains unless otherwise indicated. FMM (1 mM Tris [pH 7.5],
400 mM NacCl, 10mM KCI, 50mM MgSOa4, 10mM CacClz, 2 yM FeSO4, 2mM glycerol-3-
phosphate, 5mM ribose, 20mM NAG) was used to pre-grow cells for natural
transformation of V. fischeri. In FMM, D-ala was added at a final concentration of 100

pMg/mL. Agar was added to a final concentration of 1.5% for solid media.

Molecular genetics and sequence analysis. Plasmids and oligonucleotides used in
this study are listed in Table 4.3. and were synthesized by Integrated DNA
Technologies (Coraville, IA). DNA ligase and restriction enzymes were purchased from
New England Biolabs (Beverly, MA). PCR for chromosomal deletion by transformation
was conducted with KOD DNA polymerase (Millipore Sigma, Burlington, MA). PCR for
plasmid cloning was conducted with Phusion DNA polymerase (New England Biolabs).
Plasmids used for cloning were prepared with the ZymoPURE Plasmid Miniprep kit
(Zymo Research, Irvine CA). DNA was repurified after PCR and between cloning steps
using the DNA Clean & Concentrator kit from Zymo Research. Plasmid inserts were
Sanger sequenced at the University of Michigan Advanced Genomics core facility (Ann
Arbor, MI). gDNA from V. fischeri strain ES114 was extracted using the Invitrogen
PureLink™ Genomic DNA Mini Kit (Thermo Fisher Scientific, Inc) and used as a

template for PCR.
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Table 4.3 Plasmids and primers used in this study

Plasmid Relevant Characteristics Source

pCR-Blunt |_ . R Thermo
I-Topo  OMiVeaer km Fisher
PEVS104 |Conjugative helper plasmid; oriVrek OriTrps KmR (222)
pEVS118 o0riVR6K OriTRP4, cmR (216)
pKAL4 bsrF from ES114 cloned into pCR-Blunt II-TOPO Chapter 2
pKALG6 bsrF from ES114 cloned into pVSV105 Chapter 2
pKV494  pJET + FRT-EmR (225)
pKV496  pEVS79-KnR+ fip* (225)
plostfoX  tfoX*, CmR (226)
PMNC4  |metC from ES114 cloned into pCR-Blunt [I-TOPO This study
PMNC6  |metC from ES114 cloned into pVSV105 This study
PMNC26 |ASS-bsrF cloned from pKALG6 into pVSV105 Chapter 2
pvVSV102 KmR, gfp (21)

Primer * Sequence Source
Frt-F CCATACTTAGTGCGGCCGCCTA (225)
Frt-R CCATGGCCTTCTAGGCCTATCCC (225)
MNC7 CAT GCT AGC ACT AGT GAA TGG ATT CAT ATG This study
MNCS8 CAT GCT AGC CGC CTT TAATTT ATT GTT AAG This study
MNC39 GAT CTA AGA CAA AAA CTG CAA TAA GG This study
MNC40 taggcggcecgceactaagtatgg CAT ATG AAT CCA TTC AAT AAA This study

AAG
MNC41 ggataggcctagaaggccatgg TAACAATAAATTAAAGGCGATATT This study
MNC42 CATCAATCTGGATAAGACGAACGC This study
MNC51 GGGCTCGTATTTCTTCTACTATGGGC Chapter 2
MNC52 taggcggccgcactaagtatggCATGATTCAGCCTTATTATTCATCA Chapter 2
MNC53 ggataggcctagaaggccatggAATGAGAGTCTTCTTGAATTCATT Chapter 2
MNC54 CTCTATACTCGAGACACCGCTATC Chapter 2

2 Alleles cloned in this study are from V. fischeri strain ES114. Replication origins (oriV)
on each vector are listed as R6K and/or ColE1. Plasmids based on pES213 are stable
in V. fischeri and do not require antibiotic selection for maintenance(21).

* All oligonucleotides are shown in the 5’-to-3’ direction. Lowercase bases represent the
tail sequences used for splicing fragments via SOE PCR.

Plasmid construction. Plasmids were maintained in E. coli DH5a with the exception of
pVSV105 and its derivatives which were maintained in DH5aApir, and pEVS104 which
was maintained in CC118Apir (222). When relevant, plasmids were conjugated into V.
fischeri via triparental mating with helper plasmid pEVS104. Complementation plasmid

PMNCG6 was constructed by amplifying metC from ES114 with primers MNC7 and
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MNCS8. This PCR product was cloned into pCR-Blunt Il TOPO (Thermo Fisher,
Waltham, MA), yielding pMNC4. pMNC4 was then digested with Nhel, and the metC-

containing fragment was ligated into Xbal-cut pVSV105 (222), producing pMNCS6.

Construction of mutant strains. For all mutant strains engineered in this study,
chromosomal deletions in ES114 were created via overlap extension PCR (SOE-PCR),
by generating mutant alleles, which were introduced by TfoX-mediated transformation
(226). An Em-resistance cassette flanked by Frt-recombinase recognition sites was
amplified with KOD DNA polymerase from plasmid pKV494 using primers Frt-F and Frt-
R (225). Deletions of metC and alr were made by splicing fragments from upstream and
downstream of the genes to the Em resistance cassette by SOE-PCR (225). Briefly, a
~500-bp fragment upstream of metC was amplified from ES114 using primers MNC39
and MNC40, and the ~500-bp region downstream of metC was amplified using primers
MNC41 and MNC42. The ~500-bp region upstream of alr was amplified from ES114
using primers MNC51 and MNC52, and the ~500-bp region downstream of alr was
amplified using primers MNC53 and MNC54. These pairs of flanking sequences were
fused to the Em-Frt cassette by SOE-PCR, and the resulting deletion-allele fragments
were then transformed into V. fischeri strains harboring the TfoX-overexpressing
plasmid plosTfoX (226). Strains were then selected on LBS containing Em (and D-ala,
for Aalr strains). The Em cassette was removed from each mutant via flp recombinase
expression on pKV496 to leave a FLP recognition-site scar, and finally the FLP-
expressing plasmid was cured (225). The AmetC allele was then verified in resulting

strains by PCR amplification with primers MNC39 and MNC41, and the Aalr allele was
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checked with primers MNC51 and MNC54. Strain MC2 was generated by replacing
metC in ES114 with the AmetC-Em deletion fragment. Removal of the Em cassette
generated strain MC5. Strain MC3 was generated by replacing alr in ES114 with the
Aalr-Em deletion fragment. Removal of the Em cassette generated strain MC6. Strain
MC8 was generated from KL3 (Chapter 2) by replacing metC with the AmetC-Em
deletion fragment. Removal of the Em cassette generated strain MC12. Strain MC23
was generated from MC6 by replacing metC with the AmetC-Em deletion fragment.
Removal of the Em cassette generated strain MC24. Strain MC26 was generated from
MC13 (Chapter 2) by replacing metC with the AmetC-Em deletion fragment. Removal of

the Em cassette generated strain MC27.

Selection of spontaneous suppressors of D-ala auxotrophy. D-ala auxotrophs
(MC6, MC13, MC24, and MC27) were grown in LBS containing 400 ug/mL D-ala to an
ODsoo of 1. 100 uL of culture was plated to LBS without D-ala. Cultures were dilution-
plated in parallel on LBS with D-ala, to determine the number of CFU plated, thereby
enabling calculation of mutation frequency. Plates were incubated at 28°C, and colonies
counted at 24h and 48h. Suppressor colonies were streak-purified, then grown in LBS

without D-ala supplementation, and stocked at -80°C in 20% glycerol.

Analysis of PG amino acid and muropeptide content. Cells were grown overnight in
LBS (or LBS-Cm), chilled on ice for 10min, and centrifuged at 4°C and 17,600 x g for 15
minutes. Pellets were resuspended in 10 mL water that had been chilled on ice, then

dripped into 50mL of boiling 4% SDS. The solution was boiled for 30 min with

99



continuous stirring and allowed to cool to room temperature, at which point they were
centrifuged at 120,000 x g for 60 min, resuspended in room temperature water and
washed three to four more times by centrifugation and resuspension as above. Before
resuspension, the supernatant was assayed for SDS using methylene blue and
chloroform (227) and washed repeatedly until no SDS was detected. When SDS was
undetectable, the pellet was resuspended in 1 mL of water, with Tris-HCI (pH 7.5)
added to a final concentration of 100 mM and MgSO4 added to a concentration of 20
mM, then treated with 10 pg DNase | and 50 pg RNase A for 2 hours at 37°C. Samples
were then treated with 100 pg of Trypsin, CaClz was added to a final concentration of 10
mM. Samples were then incubated overnight at 37°C, and then centrifuged at 15,880 x
g for 10 minutes, after which pellets were resuspended in 1% SDS. The solution was
incubated in a 95°C hot water bath for twenty minutes, diluted into warm water, and
then centrifuged at 120,000 x g for 60 minutes at room temperature. The pellet was then
washed with warm water and centrifuged as above, until SDS-free. Subsequent pellets
were then resuspended in 12.5 mM NaPOu (pH 5.5) and digested with 125 units of
Mutanolysin at 37°C overnight. Insoluble material was removed by centrifugation at
15,880 x g for 15 minutes. The muropeptide-containing supernatant was transferred to a
new tube, lyophilized until dry, and stored at -20°C until analysis. Amino acid (228) and

muropeptide (229) analyses were performed using HPLC as previously described.

Time-lapse microscopy of D-ala auxotrophic bacteria. MC13 cells were initially

cultured at 28°C in LBS medium supplemented with 400 pg/mL of D-ala, until the

bacterial population reached exponential phase, with ODsoo between 0.4 and 0.8. Cells
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were harvested by centrifugation at 7000 x g for 1 minute at room temperature, then
resuspended in LBS without D-ala supplementation. A 1 uL aliquot of cells was carefully
placed onto a pad containing 1.0% agarose in LBS and sealed with a coverslip. Time-
lapse images were captured at 5-minute intervals over a period of two hours, by an
inverted Zeiss LSM 980 microscope equipped with a Plan Apochromat 1.4NA 100x oll
Phase 3 objective at the Caltech Biological Imaging Facility. The acquired time-lapse
sequences were subsequently processed and visualized in ImageJ, enabling generation

of a comprehensive image montage.

Squid colonization assay. V. fischeri ES114 was cultured overnight at 28°C in LBS
medium, and D-ala auxotrophic strain MC13 carrying gfp-expressing plasmid pVSV102
was grown in LBS with 400 pg/mL of D-ala and 100 pg/mL km for plasmid retention.
Overnight cultures were diluted 100-fold into Seawater Tryptone (SWT) liquid medium
and allowed to grow until mid-exponential phase at 28°C, then diluted to a final
inoculum concentration of ~5000 CFU/mL in 100 mL of filter-sterilized ocean water
(FSW). ES114 was inoculated into FSW alone, while MC13 was supplemented with 50
pMg/mL D-ala. Newly hatched E. scolopes were introduced into these mixtures and
allowed to colonize overnight under a 12/12-hour day-night cycle. After about 16 hours,
squid were transferred into individual vials with fresh water. ES114-inoculated squid
were placed into FSW; half of the MC13-inoculated squid were transferred into FSW
alone, while the other half were transferred into FSW supplemented with 50 pg/mL D-
ala. At 24 hours post-inoculation, luminescence was measured using a TD 20/20

luminometer (Turner Designs, Sunnyvale, CA), after which the squid were either
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transferred to fresh FSW with D-ala as needed, or frozen at -80°C in 700 pyL of FSW
until ready for use. Most squid were individually homogenized, then dilution plated to
LBS agar medium, and the number of CFU/mL was determined. Five squid from each
treatment (D-ala or no D-ala) were fixed in 4% paraformaldehyde solution in 1x marine

PBS (mPBS) for microscopy, as previously described (283).

Light microscopy and fluorescence imaging. PFA-fixed juvenile E. scolopes were
dissected, treated with TO-PRO-3 lodide (Thermo Fisher Scientific) to stain nuclei, and
permeabilized overnight in 0.1% Triton X-100 in mPBS (mPBST). Squid were washed in
mPBST for 15 minutes, and then mounted in Vectashield (Vector Laboratories,
Burlingame, CA) for imaging. Imaging was conducted using a Zeiss LSM 980 confocal
microscope equipped with Zeiss Plan Apochromat 1.4NA 63x oil objective lens at the

Caltech Biological Imaging Facility.
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CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

The goal of this dissertation was to study the evolution of PG structure and
biosynthesis in Vibrio fischeri. V. fischeri is a perfect system for these studies, as it
parallels PG-induced virulence mechanisms of two pathogens, Neisseria gonorrhoeae
and Bordetella pertussis, while itself being non-pathogenic. V. fischeri and its host
Euprymna scolopes are both tractable in laboratory settings, allowing for experimental
control and observation of these mechanisms. Additionally, V. fischeri shares the wild-
type PG structure with most Gram-negative bacteria, and has a simple PG biosynthesis
proteome, with only one canonical racemase each for D-ala and D-glu, and one
predicted epimerase for meso-diaminopimelic acid (mDAP). These studies can further
our understanding of host-microbe interactions, as well as bacterial evolution and the
constraints on PG structure.

To explore the essentiality of V. fischeri’'s PG peptide structure, and the
constraints on evolution of this structure, mutants lacking racemases necessary for PG
biosynthesis were generated, and suppressors of these strains were isolated. Chapters
2 and 3 describe studies of suppressor strains that were isolated by plating a D-glu
auxotrophic parent strain on media without supplemented D-glu. Attempts to isolate
suppressors on unsupplemented media did not yield colonies, so the approach was

adjusted to attempt suppressor selection on media supplemented with structural
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variants of D-glu. Chapter 2 describes a strain isolated on iso-D-gln, while the
suppressors in Chapter 3 were isolated on medium with a very low concentration of D-
glu. This difficultly to select suppressor mutations was not encountered in Chapter 4,
where | detail my work with D-ala auxotrophy and suppression. D-ala auxotrophic V.
fischeri was further explored for the ability to develop a model of transient colonization
of E. scolopes in the described collaborative work.

As outlined in chapter 1, V. fischeri has a mutually beneficial partnership with the
Hawaiian bobtail squid E. scolopes. Throughout the colonization of the E. scolopes light
organ, V. fischeri uses signaling molecules to communicate with the squid. One of these
signals is a biologically active monomer of PG, referred to as TCT. Both TCT and
polymeric PG are common MAMPs. Although the structure of PG is largely conserved
among bacteria, this study sought to alter the structure through variation of the DAAS in
its peptide. DAAs are ubiquitous in nature and are commonly produced and released by
bacteria. In V. fischeri, two of the PG-specific DAAs, D-ala and D-glu, are each
produced from their corresponding L-isomers by a specific racemase: D-glu is produced
by Murl and D-ala by Alr (158). The final DAA utilized in PG, mDAP, is produced by a
single epimerase. The goal for my research was to investigate how and if V. fischeri
could evolve to produce D-glu or D-ala without the necessary racemase, and/or evolve
PG with a substituted amino acid. Evolution of PG structure or biosynthesis would
inform our understanding of how bacteria adapt to environmental stressors, including

antibacterial drugs.
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ALTERING THE BROAD-SPECTRUM RACEMASE, BSRF

In Chapter 2, | discuss the selection and characterization of one spontaneous
mutant of D-glu auxotrophy, allowing it to grow in both rich and minimal media without
exogenous D-glu. This rare mutant contained a genetic amplification and concomitant
gene fusion, apparently burying the secretion signal sequence of a periplasmic broad-
spectrum racemase, BsrF. The engineered ASS-bsrF allele deleted that signal
sequence, presumably sequestering BsrF in the cytoplasm and allowed the cells to
produce both D-glu and D-ala needed for PG biosynthesis, a pathway that wild-type
BsrF usually does not affect. By producing sufficient D-ala, cytoplasmic BsrF increases
V. fischeri’s tolerance for D-cycloserine (DCS), an antibiotic that inhibits both alanine
racemase and D-ala:D-ala ligase (189).

The findings of this study are of particular interest, as bacterial racemases are
popular targets for antibacterial drug discovery. Specifically, researchers have been
testing small molecules for inhibition against glutamate and alanine racemases. DCS is
currently the only racemase-targeting antibiotic that has been used medicinally. This
study illuminates one concern against relying on racemase inhibition as antimicrobial
drugs, specifically by showing how a broad-spectrum racemase can lead to
antimicrobial resistance. This resistance mechanism is especially concerning as we
continue discovering broad-spectrum racemases in more species, many of which are
found in known pathogens. Broad-spectrum racemases have wider substrate ranges, so
have greater potential to compensate for loss of specific racemases when under

nutrient starvation or other environmental stressors.

105



The most obvious continuation of this work will be in the further characterization
of BsrF. Though we first assumed that BsrF would have similar activities and phenotypic
effects as its orthologue in Vibrio cholerae, we have now seen enough significant
divergence between their activities that BsrF merits further investigation. For example,
BsrV of V. cholerae has been studied both in vivo and in vitro, and in neither case does
it appear able to racemize glutamate (156). However, as shown by its ability to suppress
D-glu auxotrophy while allowing production of wild-type PG structure, BsrF likely does
racemize glutamate. BsrF and the altered ASS-BsrF protein deserve continued
attention, with in vivo and in vitro studies to determine their exact substrate range.
Additionally, BsrV from V. cholerae has been shown to affect PG structure in stationary
phase (77, 99, 100, 103), which in turn determines how well V. cholerae can withstand
osmotic pressure (77). Although we found that expressing ASS-BsrF in a background
with bsrF does not alter PG structure, we do not yet know if the wild-type BsrF enzyme
does affect PG structure. Preliminary data suggests that BsrF’s canonical activity within

the periplasm can also lead to altered PG structure, but more studies need to be done.

CHARACTERIZATION OF MUTANTS WITH ALTERED GLUTAMATE TRANSPORT
Chapter 3 explores mutants that suppress D-glu auxotrophy through mutation
that altered a putative sodium:glutamate symporter, GItS. Alteration of the symporter
allowed utilization of lower concentrations of D-glu in rich medium. In trans
overexpression of either of two mutant alleles (gltS©1092T and gltS©4°°T) leads to growth
in rich medium without exogenous D-glu, increased sensitivity to homocysteic acid, and

altered PG peptides. These data led us to the discovery that, contrary to our prior
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assumptions, LBS contains low but significant amounts of DAAs. Although the final
concentrations are too low to be utilized by wild type, we have demonstrated that
alteration of a glutamate transporter can allow access to these nutrients. More trials are
needed to quantify DAAs from LBS and its components, to ensure the result is
reproducible. If verified, this knowledge could lend itself to research of transport for both
D-ala and D-glu in V. fischeri.

Altered PG structure in the D-glu auxotrophic strain over-expressing gltS¢4°T led
us to hypothesize that the cells were importing so much glutamine that some was
replacing D-ala in the fifth position of the PG peptide chain. It was therefore surprising
that the suppressors instead had incorporated lysine at the fifth position of the peptide.
Future work is necessary to determine whether this is D- or L-lys, and how and why the
cells are adding lysine onto their PG. Is it being incorporated into the nascent PG strand
during cytoplasmic biosynthesis? Does it get added to the end of mature peptides within
the periplasm? Preliminary data suggests that peptides containing lysine are still
involved in some amount of crosslinking, but is there any difference in crosslink pattern
or amount? One hypothesis is that the periplasmic BsrF produces D-lys during its
normal activity, and cells that are stressed by dwindling D-glu availability are adding it to
the mature PG as a way to add stability to the cell wall. To test this possibility, PG
sacculi would need to be isolated from a murl racD bsrF triple mutant strain that is
overexpressing GItS. The PG peptide would then be assessed for the presence or
absence or lysine. Absence of lysine would indicate that BsrF produces the D-lys that is

incorporated, while presence would indicate that BsrF is uninvolved.
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Based on preliminary results, the D-glu auxotroph expressing gltS¢19%?T may also
have a non-canonical DAA incorporated into its PG peptide, though in even lower
proportion than the strain mentioned above. In-depth analysis on sacculi of this strain is
needed to verify if these data are correct. | would speculate that it also has lysine in the
fifth amino acid position, as this PG alteration appears to be due to cellular stress rather
than due the specific activities of the mutant symporter, which is not known to transport
lysine. Additionally, since these strains appear to have altered PG structure, the impact
of mutant GItS on antibiotic sensitivities is worth exploring, both those that target mature
PG and PG biosynthesis in the cytoplasm. | also demonstrated that, although it has
altered PG structure, the D-glu auxotroph expressing mutant GItS is able to colonize E.
scolopes to the same level as wild type when it is provided with D-glu. This is however
unsurprising, as we know that only a subset of the PG in this strain appears to have
lysine. To determine if the lysine actually affects colonization, one would need to elute
and purify this specific peak during HPLC analysis. Such experiments would give insight
as to whether an amino acid, especially a non-canonical amino acid, affects recognition
and binding of host PG recognition proteins.

In addition to the altered glutamate symporter, many of the D-glu auxotrophic
suppressors had other mutations. Two of these, VF_0468%%%9C and gacS©644C, were
recovered independently from two mutants each. GacS is a sensor kinase within a
broad regulon that is known to affect colonization of many Proteobacteria (252), while
VF_0468 is an essential gene that appears to encode an orthologue of LspA, a
prolipoprotein signal peptidase that often plays a role in synthesis of the cell envelope

and PG (178, 309). Both mutations warrant further study within the context of D-glu
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auxotrophy and transport, and LspA could be an interesting target for further squid-

Vibrio colonization studies.

D-ALA AUXOTROPHY IN CULTURE AND IN SYMBIOSIS

Chapter 4 describes my work with the D-ala branch of PG biosynthesis. The
study began by creating D-ala auxotrophic strains by deleting the gene encoding the
canonical alanine racemase used for PG biosynthesis, alr. From our work in chapter two
and the published literature, we knew that BsrF can compensate for D-ala auxotrophy
when relegated to the cytoplasm, and that MetC of E. coli can rescue D-ala auxotrophy
by producing D-ala (157, 292), so we created further deletions in the Aalr background.
Ultimately four D-ala auxotrophic strains were investigated to determine if suppressors
of D-ala auxotrophy could be selected. The first strain, MC6 (Aalr) generated ten
suppressors out of 10%° CFU plated, while plating of similar CFU counts yielded no
prototrophic suppressors from the other three auxotrophs (MC13, Aalr AbsrF; MC24,
Aalr AmetC; and MC27, Aalr AbsrFF AmetC). These results are consistent with the
possibility that suppressors generated from MC6 likely involve metC and/or bsrF and
strengthen speculation that these three proteins are the only examples in the V. fischeri
proteome with canonical racemase activity. Future characterization of these ten
prototrophic suppressors can be done via gRT-PCR to check expression levels of metC
and bsrF, and through whole genome resequencing to determine the genetics
underpinning suppression. Though we do expect to see mutations involving metC or
bsrF in these strains, it is possible that they will have alterations in some other,

unexpected gene or pathway.
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Finally, this chapter introduced a new method for achieving transient colonization
of V. fischeri within E. scolopes. We found that a D-ala auxotroph can effectively
colonize the E. scolopes light organ when D-ala is present in the seawater, and then the
bacteria are cleared when D-ala supplementation is removed. This method
accomplishes transient colonization that can be controlled experimentally and could be
a useful complementary option to the use of antibiotics, with less potential impact on the
health of the squid. Although antibiotic treatments effectively can abolish viable CFU in
the light organ and do not outwardly harm juvenile squid, there has not been significant
research on possible off-target effects. Additionally, antibiotic use is not feasible with
adult squid, as the drugs could disrupt the microbiomes in their guts and/or accessory
nidamental glands. Curing of V. fischeri via limitation of a key nutrient like D-ala,
however, is not likely to affect other microbes within the host.

However, more studies need to be performed with DAA auxotrophies within the
squid-Vibrio mutualism before this method can be widely used. In the current study, the
concentration of D-ala used appears to be somehow toxic to juvenile E. scolopes, who
did not live more than one day after D-ala treatment. Interestingly this problem was not
encountered with D-glu, in which squid survived through the full 96 hours of
experimentation. The D-glu studies of Chapter 3 used much lower concentrations of the
amino acid, only 1 or 5 pg/mL, as opposed to the 50 uyg/mL used for the D-ala studies.
This high concentration could be the culprit, so the first step to investigating this
problem will be finding a lower concentration of D-ala that supports growth of a D-ala

auxotroph without being toxic to squid.
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FUTURE STUDY OF THE DAP BRANCH OF PG BIOSYNTHESIS

Notably missing from this dissertation is a chapter about mDAP auxotrophy.
Previously in our lab, Dr. R. M. Jones generated a V. fischeri strain auxotrophic for
mDAP, and isolated derivatives that had suppressed DAP auxotrophy (190). However,
the work he did was not without difficulties. Dr. Jones was unable to generate the mDAP
auxotroph on rich medium, though he was able to isolate the strain with minimal
medium. Isolation of suppressors also required minimal medium. The suppressors that
were isolated did have interesting genotypes, with one ultimately having altered PG
structure (190). As is seen naturally in Fusobacterium nucleatum (79, 80), and
experimentally in Escherichia coli (76) and Mycobacterium smegmatis (86), this
suppressor incorporated lanthionine in the third position of its PG peptide. The strain
had altered cell morphology and increased sensitivity to osmotic challenge, and we
were interested to see how the altered PG structure would affect signaling in the squid-
Vibrio symbiosis.

Future studies in Dr. Jones’ strains would likely begin with serial passage of the
altered-PG suppressor strain, to ameliorate some of the negative growth defects it
experiences. This would hopefully give rise to an evolved strain with better growth rate,
and possibly allow for growth on rich medium. Since the strain is sensitive to NaCl, work
should be done to determine if there is a salt concentration that both squid and the
strain can tolerate, in order to conduct colonization experiments with this altered PG
strain.

Another approach that could be taken is creating a new mDAP auxotrophic

parent strain. The original strain made by Dr. Jones has a deletion of most of the dapF
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gene, which encodes N-succinyl-L,L-diaminopimelic acid desuccinylase. Since the
strain was made, our lab has begun using overlap extension PCR (SOE-PCR), which
greatly reduces the time needed to make chromosomal deletions in V. fischeri. Future
work could therefore be to delete dapF in its entirety, or perhaps delete dapE, the gene
encoding the putative mDAP epimerase (14, 15). Any new strains created could still
have the same growth phenotypes as the original dapF mutant, but this could lead to
determination of why and how mDAP auxotrophs are specifically unable to grow on rich

medium.

FINAL CONCLUSIONS

The PG cell wall has been a hot topic of research for many years, as it is highly
conserved throughout the Bacterial Kingdom. Through this work, we have increased the
understanding of the mechanisms and constraints of PG variation and evolution. The
work described here has important implications for the inherent necessity of D-glu and
D-ala in the PG peptide chain, which can inform future work with antibiotic drugs that
target cell wall synthesis. We have also introduced a novel method of transient
colonization of E. scolopes, that could be more effective in curing V. fischeri and
healthier for the hosts. My results have opened up fascinating new research directions,

some of which are described in this chapter.
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