LYTIC TRANSGLYCOSYLASES:
UNTANGLING MISCONCEPTIONS IN BACTERIAL CELL WALL DYNAMICS

A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
In Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy

by
Anna Isabell Weaver
August 2021

© 2021 Anna Isabell Weaver

LYTIC TRANSGLYCOSYLASES:
UNTANGLING MISCONCEPTIONS IN BACTERIAL CELL WALL DYNAMICS
Anna Isabell Weaver, Ph. D.
Cornell University 2021

The bacterial cell wall comprises a strong, covalently closed network of
peptidoglycan (PG) strands. While PG synthesis is generally essential for bacterial
survival, the cell wall is also by necessity a dynamic structure and undergoes constant
degradation and remodeling by “autolysins,” enzymes that break bonds within PG. One
class of autolysin, the lytic transglycosylases (LTGs), cleaves the glycosidic linkages
within PG strands. Despite LTGs having well-described biochemical properties, LTG
redundancy and diversity have stymied understanding of their fundamental
physiological roles. LTGs have been mostly assigned various non-essential, or poorly
defined, pleiotropic functions and so there has been no clear evidence to explain why
this extreme redundancy – usually indicating an essential function – is so widely
conserved amongst diverse bacteria.

The diarrheal pathogen Vibrio cholerae encodes eight known LTGs and
inactivating single LTGs rarely generates a significant mutant phenotype from which to
infer physiological importance. Therefore, rather than directly pursuing individual
LTGs, we sought to explore the collective function of the entire enzymatic class by
interrogating a mutant lacking all known LTGs. In doing so, we found that V. cholerae

must retain at least one active LTG for survival and subsequently characterized the first
truly essential role fulfilled by LTGs: clearance of PG debris from the periplasm which
accumulates during normal cell wall expansion and remodeling, or during cell wall
damage. Coincidentally, this addresses a fundamental question about how bacteria
maintain the integrity of a dynamic cell wall through temporal separation of this LTGmediated autolysis from synthesis, likely independent of previously hypothesized
protein-protein interactions.

By systematically re-introducing LTGs back into LTG-deficient mutants, we
have also created a platform for empirically organizing diverse LTGs into functional
families where previously they could only be categorized by their biochemistry. For
example, one functional group includes LTGs that are specifically required for clearance
of PG debris during septation and daughter cell separation. Another group likely
contributes to the elusive – and now confirmed essential – function of releasing newly
synthesized PG from the inner membrane. This platform is far from exhaustion and will
continue to yield critical information about lytic transglycosylases and their relationship
with cell wall homeostasis.
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CHAPTER 1
INTRODUCTION
1.1 The bacterial cell envelope, an overview
The cell surface is a critical interface between the bacterium and its environment.
It facilitates adaptation to changing conditions, communication and interaction with
hosts and other microbes, and protection against stressors (Silhavy et al., 2010).
Bacterial cell surfaces are comprised of several layers, the characteristics of which can
define the cell’s morphology and resilience in diverse environments. Like all living
cells, bacteria are enclosed by a phospholipid bilayer plasma membrane. The second
layer to the bacterial envelope that encases the plasma membrane is a peptidoglycan cell
wall, also known as a sacculus. Peptidoglycan is a molecule entirely unique and
essential to most members of the bacterial domain of life. Many members of bacterial
phyla such as Firmicutes and Actinobacteria are considered monoderms as they only
possess just the one plasma membrane (House et al., 2015). The cell walls of these
organisms tend to be thick and modified with the addition of long, teichoic acids
(Rajagopal & Walker, 2017). Other bacterial phyla including Bacteroidetes and most
Proteobacteria have much thinner cell walls, but they also possess a lipopolysaccharide
outer membrane and are therefore considered diderms (Wexler, 2007, Silhavy et al.,
2010, Sutcliffe, 2010). Additional envelope layers, such as proteinaceous S-layers and
carbohydrate capsules can offer protection from diverse environmental insults but are
not considered to be essential for growth in a laboratory setting (Fagan & Fairweather,
2014, Rendueles et al., 2017).
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The Gram stain, a technique developed in the late 19th century, was among the
first to differentiate bacteria on the basis of their envelopes. By this method, bacteria
with thick cell walls stably retain crystal violet dye and are classified as Gram-positive
while bacteria with thin cell walls lose the crystal violet dye upon washing and are
classified as Gram-negative. While this Gram stain distinction suffices for many
bacteria with “canonical” envelopes used as model organisms, like Gram-negative
Escherichia coli and Vibrio cholerae and Gram-positive Staphylococcus aureus and
Bacillus subtilis, it should be noted that many more species have unique elements in or
conditional changes to their cell envelopes not described here that render this stainbased classification inadequate (Beveridge, 1990, Beveridge, 2001).

Bacteria are now

primarily classified by genetic methods or more specific characterization of
morphological structures, though it is still quite commonplace to refer to many bacteria
by their Gram stain designation.

As introduced earlier, the characteristics of a bacterium’s envelope are highly
deterministic of that bacterium’s ability to survive under variable conditions and each
layer contributes to this essential function. The plasma membrane, comprised of a
phospholipid bilayer, houses membrane-associated and integral membrane proteins
involved in myriad cellular processes (Strahl & Errington, 2017). Importantly, electron
transport chain machinery is found in the plasma membrane as well as ion channels and
pumps for maintaining the electrochemical gradient required for aerobic respiration
(Unden & Bongaerts, 1997). The active maintenance of this gradient depends on the
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impermeability of the plasma membrane to passive diffusion of ions, particularly
protons, and any perturbation to this barrier could compromise the bacterial cell’s ability
to generate energy through non-fermentative pathways (Spindler et al., 2011, Park &
Ko, 2015, Yu et al., 2015). Other cell functions, such as flagellar motility, cell wall
synthesis, and division have also been shown to depend on an electrochemical gradient
in many bacterial species (Meister et al., 1987, Gerding et al., 2007, Rubino et al.,
2018). Since the plasma membrane similarly restricts the passive diffusion of many
metabolites, waste products, signaling molecules, and proteins targeted for extracellular
activities, specific transporters and secretion complexes are required to regulate import
and export across the plasma membrane (Higgins, 1992, Steiner et al., 1995, Moore &
Helmann, 2005, Saier, 2015). Also found in the plasma membrane are various receptors
and sensors of diverse chemical and mechanical signals that make interaction with the
environment and subsequently, adaptation, possible (Marles-Wright & Lewis, 2007, Bi
& Lai, 2015, Cox et al., 2018).

One of the biggest challenges to the integrity of a bacterial cell is an immense
cytoplasmic turgor pressure which cannot be contained by the plasma membrane alone
as under standard laboratory conditions, cellular turgor pressure is estimated to be about
the equivalent of a bicycle tire (Osawa & Erickson, 2018, Rojas & Huang, 2018).
Rather, the peptidoglycan cell wall is considered the primary structural determinant of
the bacterial cell. The cell wall can endure this strain because unlike membranes, which
are relatively fluid and rely on non-covalent interactions, the peptidoglycan sacculus is
a single macromolecular, covalently closed network (which is described in greater detail
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in later sections) (Silhavy et al., 2010, Egan et al., 2020). There has been increasing
interest in the biophysics of the bacterial cell envelope to describe the forces
experienced by the cell wall. While it is tempting to assume that the strongest osmotic
differential exists across the plasma membrane, such that one might expect the plasma
membrane to be pressed up against the cell wall, evidence is mounting that favors
applying the greatest osmotic pressure directly across the cell wall instead. This is
possible if there is an isotonic balance between the cytoplasm and the extracellular
compartment known as the periplasm (enclosed by the plasma membrane and outer
membrane in Gram-negative bacteria) or pseudo-periplasm (enclosed by the plasma
membrane and cell wall in Gram-positive bacteria)(Erickson, 2017).

How the

extracellular environment is maintained is still poorly understood (Miller & Salama,
2018, Erickson, 2021). Still, the essentiality of peptidoglycan to the structural viability
of bacteria, and the exclusivity of its molecular make-up make it a highly selective target
of antibiotics. Inhibition of cell wall synthesis frequently leads to failure of the cell wall
and subsequent lysis and death. Since the cell wall is the outermost layer of the envelope
in Gram-positive bacteria and therefore readily accessible, cell wall-targeting antibiotics
can be quite effective against these organisms (Sauvage & Terrak, 2016).

In Gram-negative bacteria, targeting the cell wall is not as simple due to the final
essential envelope layer, the outer membrane.

This membrane is asymmetric,

comprised of phospholipids on the inner leaflet and a stiff, dense brush of
lipopolysaccharides on the outer leaflet (Silhavy et al., 2010).

Like the plasma

membrane, it is also a barrier between the cell and the environment. Though it

4

incorporates large porins for the passive diffusion of smaller molecules, the
lipopolysaccharide layer is impassable to large molecules like some antibiotics (Vergalli
et al., 2020). It is therefore sometimes effective to target the outer membrane to gain
access to the cell wall, cytoplasmic membrane, and other sensitive targets. Cationic
antimicrobial peptides which can disrupt the interactions between the negatively
charged lipid A headgroups of lipopolysaccharides with stabilizing divalent cations like
Mg2+ (Guo et al., 1998, Epand et al., 2016). Not only is the outer membrane a
formidable obstacle to external toxins, but it also contributes structural support to the
Gram-negative cell (Rojas et al., 2018). The lytic response to cell wall-targeting
antibiotics displayed by the model organism E. coli misled the field for quite some time
as to the practical strength of the outer membrane. In addition to biophysical evidence
of this strength, our lab has helped to characterize its clinical relevance and has
identified several antibiotic “tolerant” Gram-negative pathogens, including Vibrio
cholerae, that are able to survive catastrophic, antibiotic-induced cell wall failure in
great part due to the properties of their outer membranes (Weaver et al., 2018, Dörr,
2020, Westblade et al., 2020). In this case, it would seem that model organism E. coli
may not be representative of pathogen behavior in response to cell wall damage (Cross
et al., 2019). Modifications to the outer membrane are often made in response to various
envelope stresses (i.e., antibiotics) and like the plasma membrane, the outer membrane
also houses proteins for detecting and relaying signals of those stresses (Delhaye et al.,
2019).

The bacterial envelope is all the more impressive when placed in the simple
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context of what bacteria are programmed to do when conditions are favorable: expand
and replicate.

Synthesis and remodeling of all layers of the envelope must be

coordinated to maintain their integrity during the bacterial cell’s dynamic life cycle.
While resource management and precursor transport are a challenge for plasma and
outer membrane synthesis, the non-covalent interactions of their components and their
more fluid nature mean that they can readily incorporate new material to expand and
more easily accommodate perturbations like constriction during cell division (Egan,
2018). The covalently closed network that is the peptidoglycan cell wall, however,
requires significant, active construction, deconstruction, and re-construction to allow
the cell it contains to grow and divide (Höltje, 1998, Egan et al., 2020). How the Gramnegative organism Vibrio cholerae accomplishes this feat will be the focus of this work.

1.2 Synthesis of the bacterial cell wall
The bacterial cell wall is primarily composed of a complex polymer,
peptidoglycan. As its name suggests, it consists of both peptides and sugars with a
repeating, alternating disaccharide subunit of N-acetylglucosamine (GlcNAc) and Nacetylmuramic acid (MurNAc), where the MurNAc residue is modified with a
pentapeptide side stem (Vollmer et al., 2008). While the amino acids within the side
stem can vary slightly, Vibrio cholerae most frequently builds peptidoglycan with side
stems of L-alanine, D-glutamine, meso-diaminopimelic acid, and two terminal Dalanines (Cava et al., 2011). The structure of peptidoglycan is uniquely suited to
provide three-dimensional support to bacterial cells because it can be polymerized
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across two different bonds. The disaccharide subunits can be polymerized into longer
glycan strands via β-(1,4) glycosidic linkages and then these strands can be further
polymerized into a cage around the cell by crosslinking peptide side stems on adjacent
glycan strands. While it is unclear as to how and if glycan strand length is regulated,
glycan strand length can vary wildly between bacterial species (often shorter in Gramnegative organisms and longer in Gram-positive) and even vary within a species
depending on growth conditions and growth phase (Glauner et al., 1988, Vollmer et al.,
2008). The peptide bonds also offer room for variability, even without modifications to
the pentapeptide stem. Most commonly, adjacent strands are initially crosslinked during
synthesis between the 3rd DAP residue of one stem and the 4th D-Ala residue of the
second stem, in what is classified as a “3,4” crosslink by position of the participating
residues, or a “D,D” bond by stereochemistry of the participating residues.
Alternatively, bonds can form between the DAP residues on both side stems, classified
as a “3,3” or “L,D” linkage (Egan et al., 2020). These L,D linkages may have more
specialized functions, like anchoring the cell wall to the outer membrane via Braun’s
Lipoprotein (Lpp), stepping in when D,D-transpeptidase activity is inhibited, or as
recently suggested, repairing damaged peptidoglycan (Hugonnet et al., 2016, Asmar &
Collet, 2018, Voedts et al., 2021).

Peptidoglycan synthesis begins in the cytoplasm. Enzymes MurA and MurB
perform the first committed step towards peptidoglycan synthesis through the
conversion of UDP-GlcNAc to UDP-MurNAc. Subsequent reactions by MurCDE
attach the first three amino acids one at a time to ultimately yield UDP-MurNAc
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tripeptide. The remaining two D-alanine residues are attached simultaneously as a
dimer by enzyme MurF, producing UDP-MurNAc. Translocase MraY then loads UDPMurNAc pentapeptide onto lipid-carrier undecaprenyl phosphate to generate lipid I.
Once GlcNAc is added to the MurNAc residue in Lipid I by MurG, the resulting lipid
II molecule is ready to be translocated across the membrane (Barreteau et al., 2008). In
many well-characterized bacteria, MurJ is the only predicted lipid II translocase though
an alternate translocase Amj has been identified in Bacillus subtilis (Meeske et al.,
2015).

Translocation of lipid II into the periplasm is the final step prior to

polymerization and integration into the sacculus.

Polymerization

of

peptidoglycan

occurs

in

two

steps.

First,

a

glycosyltransferase polymerizes the disaccharide subunits by consecutively transferring
the growing strand to new lipid II molecules, generating lipid IV, then lipid VI, and so
on until the reaction is terminated. As the nascent peptidoglycan strand elongates, a
D,D-transpeptidase crosslinks the nascent strand to peptidoglycan strands in the mature
peptidoglycan sacculus (Egan et al., 2020). As is the case for lipid II flipping, the
specific enzymes that perform these two steps depend on the location of peptidoglycan
synthesis. Lateral wall synthesis generates the rod shape of V. cholerae and other rodshaped model organisms through the directional insertion of new peptidoglycan
perpendicular to the cell’s long axis (Cho et al., 2016, Meeske et al., 2016, Leclercq et
al., 2017). This is achieved by the Rod complex, in which the cytoplasmic cytoskeletal
element MreB directs activity of monofunctional glycosyltransferase RodA and
monofunctional D,D-transpeptidase PBP2. Synthesis of the division septum requires
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construction of more or less concentric rings of new peptidoglycan by
glycosyltransferase FtsW and D,D-transpeptidase PBP3 – members of the divisome
complex, following the constriction of the plasma membrane by cytoskeletal element
FtsZ during cytokinesis (Taguchi et al., 2019). Bifunctional aPBP enzymes PBP1a and
PBP1b, possessing both glycosyltransferase and D,D-transpeptidase domains, are not
associated with cytoskeletal elements and are free to move diffusely across the sacculus
to fill in the “scaffolds” left behind by the Rod complex and assist in septum synthesis
during division (Lee et al., 2016). However, the aPBPs do require activation. The
aPBPs are associated with the inner membrane and must form an envelope-spanning
complex with their cognate activators, LpoA (activator of PBP1a) and LpoB (activator
of PBP1b) which are associated with the outer membrane (Dörr et al., 2014, Pazos &
Vollmer, 2021).

Each of these complexes, the Rod complex and the divisome

peptidoglycan synthesis machinery, and collectively, the aPBPs, are essential to proper
cell wall homeostasis and cell viability (Egan et al., 2020).

1.3 Cell wall turnover and autolysis
In order for peptidoglycan synthesis to have its intended effect of expanding
cells during growth and separating cells during division, the sacculus must be partially
degraded (Höltje, 1998, Uehara & Park, 2008).

While the three-dimensional

peptidoglycan sacculus does have limited compress- and expandability, it is far from
sufficient to support a cell doubling in size . In much the same way simply sewing more
fabric over a shirt does not make it larger, sacculus must be cut where new, additional
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peptidoglycan is inserted to result in sacculus expansion, analogous to the gussets tailors
use to accommodate larger sizes. How and when these cuts are made within the sacculus
is poorly understood. Early models agreed that holes in the sacculus likely couldn’t be
introduced before incorporation of new material without compromising the structure,
though whether the processes were concomitant, or synthesis preceded degradation was
unclear (Burman & Park, 1984, Cooper et al., 1988, Höltje, 1998). In order to achieve
the coordination predicted to be required for such a delicate dynamic balance, favored
theoretical models propose coordination of a large protein complex containing both
synthetic and autolytic enzymes functioning together (Höltje, 1996a). More recently,
computer modeling of sacculus expansion has suggested that degradation prior to
synthesis would indeed result in catastrophic structural failure, but could not favor either
“make before break” nor concomitant synthesis and autolysis by a hypothetical enzyme
complex as both models could generate viable dynamic sacculi (Nguyen et al., 2015).

In addition to “making-space,” peptidoglycan-degrading enzymes also help to
modulate the composition of the sacculus and turnover old and/or damaged material
(Mueller et al., 2020). Enzymes that break down peptidoglycan are collectively known
as “autolysins,” however this very general term encompasses a deceptively large and
diverse group of enzymes as each bond within the peptidoglycan matrix requires
cleavage by a different class of autolysin (Figure 1B) (Lee & Huang, 2013). Even the
local environment around a peptidoglycan substrate, its location within the cell, or time
in the growth cycle can determine what autolysins can act upon it, and this may be one
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explanation for the high level of redundancy observed with in the different classes of
autolysins (Vermassen et al., 2019).

Endopeptidases are responsible for cleaving the peptide crosslinks between
adjacent strands. Just as there are D,D- and L,D-crosslinks, there are also specific D,Dand L,D-endopeptidases. D,D-endopeptidases are arguably the most critical class of
autolysin required for the expansion of the sacculus. Our group has shown in Vibrio
cholerae, and others have demonstrated in E. coli, that depletion of all identified
endopeptidases in this bacterium results in fat, distorted cells that accumulate
peptidoglycan but fail to divide (Singh et al., 2012, Murphy et al., 2021). The
dependence of sacculus expansion on endopeptidase activity has been demonstrated in
other organisms, as well. Endopeptidases also play an essential role in antibiotic
tolerance

phenotype

exhibited

by

Vibrio

cholerae

(Dörr

et

al.,

2015).

Counterintuitively, disassembly of the existing sacculus by endopeptidases during
inhibition of cell wall synthesis by antibiotics would appear to be required to prevent
lysis.

It is unsurprising that these autolytic enzymes should be tightly regulated to
prevent inappropriate degradation of the cell wall. Our group has demonstrated two
ways in which the major housekeeping D,D-endopeptidases (e.g., ShyA in V. cholerae),
can be regulated. The first is through conformational changes, where a regulatory
domain must be opened away from the enzymatic domain, though a protein-protein
interaction between ShyA and a putative activator has not yet been identified (Shin et
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al., 2020). The second involves selective proteolytic targeting of ShyA once cells enter
the stationary growth phase, presumably because less cell wall turnover is needed in this
growth phase as peptidoglycan synthesis slows (unpublished, though similar proteolytic
regulation has been observed in other organisms (Singh et al., 2015)).

Amidases also act upon the peptide side stem of peptidoglycan, cleaving at the
base of the side stem between the MurNAc and L-alanine residues. Vibrio cholerae has
one identified amidase, and it has a very specific role in cleavage of septal
peptidoglycan. Division proteins EnvC and NlpD are both required for activation of
AmiB, leading to highly localized cleavage within a tight radius of the larger division
complex (Möll et al., 2014). A mutant lacking AmiB (or one of its activators) exhibits
a dramatic, but non-lethal, daughter cell separation defect. This is explained in a model
of septation where the division septum between two daughter cells is initially
synthesized as a contiguous plane which must be resolved by amidase to yield two new
poles no longer crosslinked to each other (Heidrich et al., 2002, Priyadarshini et al.,
2006). Due to this amidase activity during septation, division septa and cell poles are
denuded of peptide side stems that is unable to form crosslinks with new peptidoglycan
substrates and is therefore considered to be “inert” (Burman et al., 1983, Priyadarshini
et al., 2007).

Carboxypeptidases are the final enzyme class known to act upon the peptide side
stem of peptidoglycan and most enzymes in this group cleave the terminal D-alanine
from pentapeptides to yield tetrapeptides, though there are some L,D-carboxypeptidases
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that convert tetra- to tripeptides and even some endopeptidases that exhibit additional
carboxypeptidase activity (Vermassen et al., 2019). Carboxypeptidases do technically
hydrolyze peptidoglycan but are sometimes excluded from autolysin classification as
the bond they target is not load-bearing within sacculus and as such, carboxypeptidases
cannot directly induce lysis. Regardless, they perform an important regulatory function.
By converting pentapeptides to tetrapeptides, carboxypeptidases limit the crosslinking
capacity of newly synthesized peptidoglycan as transpeptidases require a D-alanine on
one of the participating peptides to act as a leaving group during the crosslinking
reaction (Markiewicz et al., 1982). Studies in E. coli have not yet found essential roles
for carboxypeptidases with the exception of DacA (Denome et al., 1999, Nelson &
Young, 2000). Mutants of DacA exhibit bizarre morphology defects, like kinks and
branches, implicating DacA in the maintenance of rod shape and proper orientation of
division planes (Nelson & Young, 2001, Peters et al., 2016).

There are also autolysins that act upon the glycan backbone of peptidoglycan.
Hydrolytic glycosidases (also called muramidases) are not abundantly common for
native cell wall activities but are sometimes conserved factors in the assembly of transenvelope machinery as exemplified by FlgJ and analogous hydrolases, which are
required for flagellar insertion through the peptidoglycan layer (Herlihey & Clarke,
2017).

Glycosidic hydrolases have been found to participate in E. coli and S.

pneumoniae daughter cell separation and division (Jacq et al., 2018, Yakhnina &
Bernhardt, 2020). These lysozyme-like enzymes are also weaponized effector proteins
for bacterial defense systems like type VI secretion (Jurėnas & Journet, 2021). Non-
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hydrolytic lytic transglycosylases on the other hand are a highly redundant and diverse
class of enzymes (Dik et al., 2017). Their unique biochemistry (discussed in detail in
the next section) leaves behind a readily identifiable signature of their activity on
peptidoglycan substrates – anhydro-MurNAc (Höltje et al., 1975). Most notably, these
anhydro-MurNAc residues are found at the reducing terminus of (what is assumed to
be) all glycan strands within the peptidoglycan sacculus of wild type cells (Glauner et
al., 1988). Despite the predictable and abundant signs of lytic transglycosylase activity
in the sacculus, their roles and regulation are still poorly understood.

1.4 Activity and regulation of lytic transglycosylases
The term peptidoglycan hydrolase is often used interchangeably with autolysin
to refer to endopeptidases, amidases, (sometimes) carboxypeptidases, muramidases, and
lytic transglycosylases. Lytic transglycosylases, however, are canonically lyases, not
hydrolases. Instead, lytic transglycosylases perform a non-hydrolytic intramolecular
cyclization of the MurNAc residue to release the adjacent disaccharide subunits and
generate anhydro-MurNAc (Höltje et al., 1975). Initially, a two-step mechanism for the
catalytic activity of LTGs was proposed based on an SLT-domain enzyme, MltE from
E. coli (Byun et al., 2018). A single positively charged Glu or Asp residue in active site
acts as a proton donor to the glycosidic oxygen between MurNAc and GlcNAc,
producing an oxazolinium intermediate. The now nucleophilic Glu/Asp residue attacks
the anomeric carbon and subsequently forms the signature, cyclic, 1,6-anhydroMurNAc
final product.

Very recently, however, this proposal has been challenged.
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Crystallographic visualization of peptidoglycan cleavage intermediates (generated by
any autolysin) is difficult due to the low solubility of polymeric peptidoglycan
substrates. Neisseria meningitidis SLT-domain lytic transglycosylase, LtgA, however,
can also act upon soluble chitopentose substrates which can be co-crystallized with
proteins. That group observed a water molecule in the active site during glycosidic bond
cleavage and proposed a mechanism that makes use of both conserved Glu/Asp residues
of lytic transglycosylase active sites and where water initiates a proton relay to achieve
1,6 cyclization of the MurNAc substrate (Figure 2A) (Williams et al., 2018). The
presence of this water molecule may also explain why some lytic transglycosylases do
not produce anhMurNAc with perfect fidelity and occasionally yield hydrolytic
products in vitro (Lee et al., 2013).

To date, six families (with numerous subfamilies) of lytic transglycosylases have
been identified on the basis of active domain homology and the presence of accessory
domains, mostly encoded on bacterial genomes with two subfamilies encoded by
bacteriophage (Dik et al., 2017). The shape, size, and accessory domains of a lytic
transglycosylase can determine its substrate specificity within the complex
peptidoglycan macromolecule (Figure 1.1). Comprehensive in vitro studies of E. coli
and Pseudomonas aeruginosa lytic transglycosylases have revealed that different
enzymes can act endo- and exolytically on glycan strands, while some appear to be
exclusively endo- or exolytic (Lee et al., 2013, Lee et al., 2017). Lytic transglycosylases
can also interact with the peptide side stem, where some enzymes, like MltC, can digest
glycan strands processively by using uncrosslinked side stems as a rachet while others
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still, RlpA, act exclusively on denuded peptidoglycan (Artola-Recolons et al., 2014,
Jorgenson et al., 2014).

Figure 1.1 Lytic transglycosylase substrates within the sacculus. Lytic
transglycosylases (LTGs) cleave glycans and produce an anhMurNAc residue (Red).
(1) Heavily crosslinked regions are not accessible to LTGs. (2) LTGs can act
exolytically and/or on substrate with peptide side stems. (3) LTGs can show preference
for denuded PG. (4) LTGs can act endolytically and/or near crosslinks.

Crosslinked peptidoglycan presents a problem to many lytic transglycosylases
for two reasons. One, the active sites of several lytic transglycosylases with SLT-like
domains, including Slt70, are enclosed in a donut-like structure that cannot
accommodate glycan strands that are crosslinked to adjacent strands (Vijayaraghavan
et al., 2018). Two, the large accessory domains of some enzymes also limit their
maneuverability around crosslinked substrates (Artola-Recolons et al., 2014). This may
suggest a structure-based mechanism of lytic transglycosylase activity regulation. If
many lytic transglycosylases are sterically hindered by crosslinks, then this prevents
lytic transglycosylases from digesting parts of the sacculus that are load-bearing and
necessary for integrity of the cell wall. Localization of lytic transglycosylases could
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additionally contribute to how they access substrate in the sacculus as there are inner
and outer membrane associated as well as soluble lytic transglycosylases (Höltje, 1996b,
Scheurwater et al., 2008).

Other lytic transglycosylases may also be more actively regulated by their
accessory domains. For example, the accessory domain of MltC is what interacts with
peptide side stems in the substrate to promote processive digestion of glycans (ArtolaRecolons et al., 2014). The SPOR of RlpA and other diverse enzymes specifically binds
denuded peptidoglycan, functioning to recruit RlpA (and other SPOR proteins) to the
division septum where amidase activity is highest and as a result, denuded
peptidoglycan is enriched (Arends et al., 2010, Jorgenson et al., 2014, Yahashiri et al.,
2015). LysM peptidoglycan binding domains are also common accessory domains in
lytic transglycosylases, though evidence of their role in lytic transglycosylase activity
is lacking. Studies in other LysM-containing peptidoglycan hydrolases suggest that, for
membrane associated enzymes, these domains could dictate how far from the membrane
the hydrolase cleaves (Taguchi & Walker, 2021). MltF possesses a unique accessory
domain, an ABC transporter domain, that exhibits the strongest, direct regulatory effect
on lytic transglycosylase activity observed so far. A study of P. aeruginosa MltF
determined that the apo-enzyme is in an inactive state, and that the ABC transporter
domain upon binding a peptidoglycan-derived peptide induces a conformational change
to open the active site of MltF (Dominguez-Gil et al., 2016). However, what wasn’t
clear from this in vitro study was which biologically relevant peptidoglycan substrate
was the most likely stimulant of MltF activity. A simple peptide (length did not matter,
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three to five amino acids), as in those released by amidase activity, fit best into the
regulatory binding domain, but the structural results did not exclude the possibility of
activation by peptides still attached to MurNAc residues which could be released by
more diverse native autolytic activities or cell wall damage. It also remains to be seen
what the practical implications of this regulation might be, and we do not yet know the
conditions under which MltF is activated in vivo.

1.5 Physiological roles for lytic transglycosylases
The first proposed role for lytic transglycosylases was derived from early
characterizations of sacculus composition and detection of anhMurNAc residues. As
anhMurNAc is non-reducing, it can no longer participate in glycan elongation and was
thus thought to “cap” glycan strands in the sacculus (Höltje et al., 1975). Once E. coli
enzyme MltA, the first lytic transglycosylase characterized in 1975, was shown to
generate anhMurNAc residues, it was later demonstrated with pulse-chase experiments
that lytic transglycosylases were acting on glycan strands immediately after synthesis
(stable levels of labeled anhMurNAc residues were detected within 30 seconds of
addition of labeled DAP to the growth medium, subject to the limitations of the assay)
(Burman & Park, 1983). The proposed coordinated activity of lytic transglycosylases
with synthetic glycosyltransferases was an attractive model for how elongation of
glycan strands is terminated during synthesis.

While glycosyltransferases have

exhibited varying degrees of processivity in vitro (Wang et al., 2008) and could simply
“fall off” a growing glycan strand to terminate elongation, a major problem arises: the
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nascent strand remains anchored to inner membrane via attachment to undecaprenyl
pyrophosphate. Anchoring of the sacculus to the inner membrane by a mutant, mislocalized Braun’s lipoprotein is toxic (Suzuki et al., 2002), and it has thus been proposed
that IM-bound PG is likewise detrimental. Additionally, undecaprenyl pyrophosphate
is not only a highly limiting resource for peptidoglycan synthesis, but also for transport
of outer membrane components and therefore must be recycled (Workman & Strynadka,
2020).

Endolytic lytic transglycosylases conveniently resolved this conceptual

roadblock in peptidoglycan chain termination and lipid carrier recycling as they should
theoretically be able to cleave the nascent strand, liberating the integrated strand (now
with an anhMurNAc cap) and regenerating some derivative of lipid II which could be
used to initiate a new round of peptidoglycan synthesis (Figure 1.2). Yet it wasn’t until
2016 that a novel lytic transglycosylase, MltG, was identified that finally demonstrated
this chain termination activity (Tsui et al., 2016, Yunck et al., 2016). Bearing no
resemblance to existing lytic transglycosylase families, MltG had initially eluded
bioinformatic detection but homologs are now predicted to be widely distributed (Yunck
et al., 2016). Characterization of MltG activity in vitro and in vivo have indicated that
is recruited by active glycosyltransferase activity and through its terminase activity, is
a strong determinant for glycan strand length (Bohrhunter et al., 2021). Intriguingly,
MltG has not been found to be essential despite bacteria having no other known
mechanism for releasing nascent strands from undecaprenyl pyrophosphate, leading
some in the field to postulate (perhaps prematurely) that the importance of this function
had been overestimated (Sassine et al., 2021).
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Figure 1.2. Lytic transglycosylases terminate peptidoglycan chain elongation. MltG
(Green) associates with PG synthases (Blue) actively performing glycosyltransferase
reactions (Violet) and cleaves the nascent PG strand, releasing the nascent strand from
the inner membrane.

Besides glycan terminase activity, tracking the fate of anhMurNAc residues led
to the characterization of another role for lytic transglycosylases in Gram-negative
bacteria: peptidoglycan recycling (Uehara & Park, 2008). In short, many bacteria can
import monomeric peptidoglycan subunits for reincorporation into the peptidoglycan
biosynthetic pathway. Lytic transglycosylases are key to this process because the
conserved importer, AmpG, selectively recognizes the anhMurNAc residue (Jacobs et
al., 1994). E. coli has been estimated to shed up to 40% of its sacculus per generation
so it would be metabolically prudent to recycle old peptidoglycan material. In spite of
this high rate of turnover, recycling has never been deemed essential in any condition
tested with one limited exception - recycled AnhMurNAc residues induce β-lactamase
expression in some resistant pathogens when they are exposed to cell wall damage
(Jacobs et al., 1994, Jacobs et al., 1997). Broadly, peptidoglycan precursors from de
novo synthesis promote DNA binding of transcriptional repressor AmpR, preventing
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unnecessary and potentially toxic expression of β-lactamase gene ampC. However, cell
wall turnover increases upon inhibition of cell wall synthesis and subsequently, so does
production and AmpG-mediated import of AnhMurNAc. As intracellular recycled
AnhMurNAc pools increase, depleted de novo synthesis precursors are outcompeted by
AnhMurNAc for binding of AmpR, AmpR is released from the DNA, and expression
of ampC is de-repressed (Dik et al., 2018).

Moreover, lytic transglycosylases have been connected with the mitigation of
toxic, β-lactam induced “futile cycling.” (Cho et al., 2014) β-lactam antibiotics
covalently inactivate D,D-transpeptidases (among other “Penicillin Binding Protein”
enzymes), inhibiting the crosslinking reaction required to incorporate newly synthesized
peptidoglycan strands.

However, inactivating the transpeptidase domain of the

bifunctional aPBPs does not halt glycosyltransferase activity by the same enzyme. The
result is fruitless depletion of peptidoglycan precursors to synthesize toxic
peptidoglycan strands that cannot contribute to sacculus integrity. Even in non-resistant
E.coli, lytic transglycosylase activity has been shown to ameliorate some of the stress
from futile cycling as a Slt70 mutant is hypersensitive to β-lactams (Heidrich et al.,
2002, Cho et al., 2014). Why the uncrosslinked strands resulting from β-lactam
exposure are toxic and require degradation is not entirely clear, but it was proposed that
when glycosyltransferase and transpeptidase activity are temporarily uncoupled under
less lethal circumstances, lytic transglycosylase intervention could also initiate a fresh
restart of normal synthesis (Cho et al., 2014).
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Prior to our work, various lytic transglycosylase mutants of E. coli, S. enterica,
N. gonorrhoeae and P. aeruginosa had displayed daughter cell separation defects,
suggesting that some lytic transglycosylases may have a role similar to amidases in
which they help to resolve the shared septum between dividing cells (Heidrich et al.,
2002, Cloud & Dillard, 2004, Monteiro et al., 2011, Jorgenson et al., 2014). These
defects in E. coli and S. enterica required inactivation of multiple lytic transglycosylases
and in E. coli were accompanied by additional morphological defects. However, single
inactivation mutants of P. aeruginosa RlpA (grown in low salt) and N. gonorrhoeae
LtgC (MltA homolog) was sufficient to induce cell chaining. It is interesting to note
that closely related E. coli and S. enterica chaining mutants both implicated MltC and
MltE homologs, but that chaining mutants in N. gonorrhoeae and P. aeruginosa
depended on lytic transglycosylases from different biochemical families.

This

underscores the challenges of assigning roles for lytic transglycosylases across bacterial
species. The study on P. aeruginosa was the first to suggest that lytic transglycosylase
activity was specifically required at the septum to resolve strands of peptidoglycan that
were incorporated into the septum such that they traverse the plane of division and could
therefore only be removed by glycosidic cleavage and not endopeptidase or amidase
activity (Jorgenson et al., 2014).

Several “space-making” functions have also been attributed to lytic
transglycosylases (Scheurwater et al., 2008). Unlike the space-making functions of
endopeptidases, lytic transglycosylases have not been associated with sacculus
expansion. Instead, specific lytic transglycosylases are frequently involved in the
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construction of envelope-spanning complexes that are too large to pass through the
intact cell wall matrix and are thought to clear local patches of peptidoglycan to permit
the assembly of these complexes (Viollier & Shapiro, 2003, de la Mora et al., 2007,
Herlihey et al., 2016, Herlihey & Clarke, 2017). As such, mutants of these lytic
transglycosylases suffer defects related to the absence of that complex, i.e., mutants in
lytic transglycosylases needed for flagellar insertion suffer motility defects and reduced
biofilm formation (Monteiro et al., 2011, Crépin et al., 2018). Similar to septal lytic
transglycosylases, the enzymes required for insertion of pili or flagella in one organism
may not be close homologs to those required by another, again making it difficult to
extrapolate conserved functions for lytic transglycosylases. One aspect of the model for
lytic transglycosylase-mediated insertion of large envelope complexes that demands
reconciliation is how lytic transglycosylases, which for the most part exhibit limited
activity on crosslinked peptidoglycan, manage to cut away significant portions of the
taut, load bearing sacculus (Artola-Recolons et al., 2014).

Additional pleiotropic envelope defects have been observed in various lytic
transglycosylase mutants in different species, such as increased envelope permeability
or hypersensitivity detergents (Monteiro et al., 2011, Lamers et al., 2015, Crépin et al.,
2018). However, some of these defects can be rescued by catalytically inactive versions
of the missing lytic transglycosylase (Lamers et al., 2015), making the mechanisms for
how

lytic transglycosylases might be involved in general envelope homeostasis

challenging to ascertain.
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1.6 Dissertation objective
In this work, we seek to understand the collective contributions of lytic
transglycosylases to maintenance of the cell envelope in Vibrio cholerae. This organism
encodes eight known lytic transglycosylases and despite this extreme redundancy,
which is commonly observed in diverse bacteria, not a single essential function has been
assigned to this class of autolysin.

Since addition of two new families of lytic

transglycosylases (represented by MltG and RlpA) (Jorgenson et al., 2014, Tsui et al.,
2016, Yunck et al., 2016), there has been no recent attempt in any organism to probe
the collective essentiality of this enzyme class (Heidrich et al., 2002, Chaput et al., 2007,
Scheurwater & Clarke, 2008). Hereto we attempt to assess the general, combined
functions of lytic transglycosylases by characterizing a Vibrio cholerae mutant deficient
for all lytic transglycosylase activity. Then, by selectively restoring individual lytic
transglycosylases, we can overcome the confounding redundancy that has crippled the
study of these enigmatic enzymes for decades and finally begin to comprehensively
elucidate specialized roles for specific lytic transglycosylases.
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2.1 Abstract
The cell wall is a crucial structural feature in the vast majority of bacteria and
comprises a covalently closed network of peptidoglycan (PG) strands. While PG
synthesis is important for survival under many conditions, the cell wall is also a dynamic
structure, undergoing degradation and remodeling by “autolysins”, enzymes that break
down PG. Cell division, for example, requires extensive PG remodeling especially
during separation of daughter cells, which depends heavily upon the activity of
amidases. However, in V. cholerae, we demonstrate that amidase activity alone is
insufficient for daughter cell separation and that lytic transglycosylases RlpA and MltC
both contribute to this process. MltC and RlpA both localize to the septum and are
functionally redundant under normal laboratory conditions; however, only RlpA can
support normal cell separation in low salt media. The division-specific activity of lytic

33

transglycosylases has implications for the local structure of septal PG, suggesting that
there may be glycan bridges between daughter cells that cannot be resolved by amidases.
We propose that lytic transglycosylases at the septum cleave PG strands that are
crosslinked beyond the reach of the highly regulated activity of the amidase and clear
PG debris that may block the completion of outer membrane invagination.

2.2 Introduction
The cell wall is a crucial structural feature for the vast majority of bacteria and
is mainly composed of a rigid, yet elastic, covalently bound network of peptidoglycan
(PG) strands. PG has an oligomeric glycan backbone that is assembled by
glycosyltransferases (GTs, RodA/FtsW and class A Penicillin Binding Proteins
[aPBPs]) (Cho et al., 2016; Leclercq et al., 2017; Zhao et al., 2017; Taguchi et al., 2019)
through the polymerization of N-acetylglucosamine (NAG)-N-acetylmuramic acid
(NAM) heterodimers. These PG strands are crosslinked to adjacent strands primarily
by the transpeptidase domains of aPBPs and bPBPs via short peptides attached to the
NAM residues, resulting in the strong, mesh-like sacculus. While the rigidity functions
to resist bacterial cells’ high internal pressure (Osawa & Erickson, 2018), it restricts
processes such as cell growth, division, and insertion of multiprotein trans-envelope
complexes such as the flagellum and secretion systems (Nambu et al., 1999; Santin &
Cascales, 2017). The cell wall must therefore be a dynamic structure, and indeed
undergoes constant remodeling and recycling by PG degradation enzymes collectively
known as “autolysins” (T. K. Lee & Huang, 2013).
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Autolysins are numerous and diverse, in part owing to the complexity of the
substrate on which they act. Many of the different covalent bonds that are found within
PG can be cleaved by autolysins in the periplasm, and many of these enzymes are
functionally redundant under standard laboratory growth conditions.

Functional

redundancy has stymied the elucidation of the physiological role of many autolysins, as
it makes them inaccessible to many traditional means of assessing gene-phenotype
associations, such as analysis of single gene knockouts. The lytic transglycosylases
(LTGs), for example, have been exceptionally well-characterized biochemically (Dik et
al., 2017), but still relatively little is known about their individual physiological
functions. LTGs target PG at the glycosidic bond between NAG and NAM residues
and the primary mechanism for this cleavage is a non-hydrolytic, intramolecular
cyclization of NAM to form 1,6-anhydroMurNac (anhNAM) (Höltje et al., 1975; Dik et
al., 2017; Williams et al., 2018). At least in well-understood model organisms, this
signature anhydro “cap” is assumed to be at the end of almost all peptidoglycan strands
in vivo (Kraft et al., 1998; Heidrich et al., 2002). Members of the LTG class have been
implicated in many cellular processes, including the termination of GT-mediated PG
polymerization (Tsui et al., 2016), insertion of secretory apparatuses and flagella
(Herlihey & Clarke, 2017; Santin & Cascales, 2017), pathogenesis (Chan et al., 2012) ,
cell envelope integrity (Lamers et al., 2015; Ragland et al., 2017; Crépin et al., 2018),
and PG recycling (Cloud & Dillard, 2002).
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One process where PG remodeling is particularly important is cell division. Our
current understanding of bacterial cell division includes a step in which lateral PG must
be remodeled to allow for insertion of a septal wall between daughter cells, followed by
cleavage of that septal wall to facilitate daughter cell separation (Potluri et al., 2012;
Egan & Vollmer, 2013). Septal PG cleavage by amidases, which cleave off the
dipeptide side stem from the NAM residue, is tightly controlled spatiotemporally to
ensure that PG degradation is exclusively localized to where it is needed. The amidases
are generally assumed to be the main enzymes mediating daughter cell separation,
though there is evidence that other autolysins, including LTGs, are pleiotropically
involved (Heidrich et al., 2001, 2002; Priyadarshini et al., 2006). E. coli strains lacking
LTGs MltABCDE and Slt70, for example, have mild cell separation defects (Heidrich
et al., 2002). In addition, Jorgenson, et. al. identified a highly conserved LTG, RlpA,
which exhibits septum-specific cleavage activity in Pseudomonas aeruginosa. RlpA is
required under low salt conditions, but not during growth in standard laboratory media,
suggesting P. aeruginosa encodes at least one redundant septal LTG (Jorgenson et al.,
2014). Salmonella enterica similarly appears to require LTGs MltC and MltE for proper
daughter cell separation in low salt conditions (Monteiro et al., 2011) and in Neisseria
gonorrhea, mutating the LTGs LtgA or LtgC result in daughter cell separation defects
(Cloud & Dillard, 2004; Williams et al., 2019). Thus, LTGs appear to play important
and often redundant, but poorly understood roles in septal cleavage in diverse bacteria.
In particular, it is unclear whether the separation defects observed in LTG mutants are
due to the lack of a septum-specific function of these autolysins, or a general
consequence of pleiotropic cell wall damage.

36

Here we show that in the cholera pathogen, Vibrio cholerae, the two LTGs MltC
and RlpA are collectively required for daughter cell separation. Their inactivation
results in the generation of cell chains reminiscent of amidase mutants and additional
deletion of V. cholerae’s sole amidase exacerbates this chaining defect. Our data
suggest that these LTGs fulfill specialized roles in daughter cell separation and have
important implications for septal PG architecture in the cholera pathogen.

2.3 Results
Simultaneous inactivation of seven LTGs induces a lethal cell separation defect
Autolysins are often functionally redundant. V. cholerae, for example, can
tolerate the inactivation of its sole amidase or simultaneous deletion of 5 out of its 6
M23 family endopeptidases (Dörr et al., 2013; Dörr, Davis, et al., 2015), suggesting that
redundant autolysins can substitute for each other to sustain at least basic growth
processes. In addition to the amidase and the endopeptidases, V. cholerae’s genome
encodes 8 predicted LTGs that were identified based on their homology to E. coli LTGs.
Whether these enzymes fulfill unique or redundant roles within V. cholerae’s life cycle
is unknown. To find new phenotypes associated with LTG deficiency, we endeavored
to make sequential deletions in all eight genes. Interestingly, we were able to inactivate
six LTGs (mltA, mltB, mltC, mltD, mltF and slt70, leaving only rlpA and mltG intact)
with the resulting strain exhibiting only slight morphological aberrations, such as a mild
division defect with a corresponding increase in cell length (Fig. 2.1A, Fig. 2.9A). Thus,
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in V. cholerae, RlpA and MltG are cumulatively capable of performing all potentially
essential functions of LTGs, at least under laboratory conditions.

Figure 2.1. Lytic transglycosylases are collectively required for survival of V.
cholerae.
A) WT and ∆6 LTG cultures were grown LB at 37°C and then imaged on an agarose
pad. B) RlpA was depleted in the ∆6 LTG background by placing its native promoter
under control of arabinose induction and growing in the absence or presence of
arabinose (ara). Cells were imaged on an agarose pad and C) spot-plated in 10-fold
serial dilutions onto LB+/-0.2% ara, followed by incubation at 30°C for 24hrs. Grid
lines = 1cm. D) Lysis was visualized by culturing strains overnight in LB + ara at 37°C,
spotting 10µL directly onto an LB+20 µg mL-1 CPRG plate, and incubating 18hrs at
30°C. Scale bars = 5µm. All experiments are representatives of at least two biological
replicates.

Simultaneous inactivation of RlpA and MltC results in a cell separation defect
Since cell separation defects are not lethal in other V. cholerae autolysin mutants
(e.g., amidase mutants [Möll et al., 2014]), we hypothesized that the lethal phenotype
of the ∆6 LTG/rlpA depletion strain was in principle separable from the chaining defect.
To dissect this further, we assayed different combinations of LTG mutants for cell
morphology defects (Fig. 2.10A). LTGs were generally inactivated by replacing their
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open reading frame with a scar sequence. However, the gene for RlpA is located within
a genomic region containing other important cell wall factors, including rodA and dacA,
and so we instead inserted a premature stop codon in position 133 to reduce potential
polar effects. Visual inspection of different mutant combinations revealed that a strain
carrying both ∆mltC and rlpA::stop (Δ2 LTG) exhibited a pronounced cell separation
defect, manifest as long chains in a culture grown to ~OD600 0.8 (Fig 2.2A). Imaging
these chains expressing cytoplasmic GFP from a constitutive promoter revealed clearly
separated cytoplasmic spaces. This observation is consistent with photobleaching and
fluorescent recovery assays done in E. coli septal autolysin mutants which indicated that
cytokinesis was complete in cell chains (Priyadarshini et al., 2007). In contrast to the
∆2 LTG chaining phenotype, the rlpA::stop and ΔmltC single mutants exhibited no
morphological differences from the WT in either LB or minimal medium (Fig. 2.10B).
Therefore, MltC and RlpA collectively fulfill a crucial role in daughter cell separation.
Despite visible chaining, the Δ2 LTG mutant grew as well as the WT in batch culture
(Fig. 2.10C); however, we did observe a strong, additive motility defect of simultaneous
RlpA and MltC inactivation (Fig. 2.10D). Strong motility defects have been previously
associated with other chain-forming mutants, resulting in reduced virulence (Chaput et
al., 2016).
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Figure 2.2. A mutant defective in rlpA and mltC exhibits a chaining defect.
A) WT and ∆2 LTG (∆mltC rlpA::stop) cultures were grown to OD600 ~0.8 in LB at
37°C and imaged on agarose pads. Cytoplasmic GFP was expressed constitutively from
the native lacZ locus. B) The indicated strains were grown for 4 hours in low salt LB (0
mM NaCl) at 37°C and imaged on agarose pads. C) Overnight cultures of the indicated
strains grown in LB were diluted in LB and spot-plated in 10-fold serial dilutions on LB
and low salt LB and incubated for 18hrs at 30°C.

It has been previously reported that a mutant Pseudomonas aeruginosa lacking
RlpA forms unseparated chains of cells when grown in media with low osmolarity
(Jorgenson et al., 2014). Similarly, the V. cholerae rlpA::stop single mutant, but not
the ΔmltC single mutant, formed chains of cells when grown in low-salt LB medium
and exhibited a 1000-fold plating defect on low-salt LB plates (Fig. 2.2BC).
Interestingly, none of these phenotypes were replicated in Escherichia coli. An E. coli
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∆rlpA mutant exhibits no obvious morphological defects in LB or low-salt medium
(Jorgenson et al., 2014). This was somewhat expected as E. coli RlpA, despite being
well-conserved, is predicted to be non-functional as a LTG due to a mutation to a
conserved aspartate in the active site as determined by previous alignment with the wellcharacterized LTG MltA (Fig. 2.11A) (van Straaten et al., 2005, 2007; Powell et al.,
2006; Jorgenson, 2014). Informed by our V. cholerae ∆2 LTG mutant and the S. enterica
∆mltC ∆mltE mutant phenotypes (Monteiro et al., 2011), we made additional,
simultaneous mutations in E. coli mltC and mltE, but still observed only a very mild
morphological defect (Fig. 2.11BC). Thus, there are species-specific differences in the
utilization of these autolysin homologs.

Δ2 LTG mutations result in outer membrane perturbations
Given that daughter cell separation-defective chains are sensitive to osmotic
stress, we also hypothesized that the outer membrane (OM) may be compromised in the
∆2 LTG mutant, as the OM is an important structural and load-bearing component of
Gram-negative bacteria (Rojas et al., 2018). Lysozyme typically cannot permeate the
OM in sufficient quantities to cause damage to the Gram-negative cell wall. Consistent
with this, WT V. cholerae tolerated exposure to 5 mg mL-1 lysozyme without exhibiting
signs of morphological defects (Fig. 2.3A). In contrast, a significant portion of ∆2 LTG
mutant cells exhibited a loss of rod shape after just a brief exposure to the same
concentration of lysozyme (Fig. 2.3A). Additionally, ∆2 LTG exhibits a strong plating
defect compared to WT on both, LB plates containing sodium dodecyl sulfate (SDS)
and MacConkey agar, which contains bile salts (Fig. 2.3BC). While neither rlpA::stop
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nor ∆mltC single mutants appeared sensitive to lysozyme or bile salts (Fig. 2.12AC),
rlpA::stop was more sensitive to SDS than the wildtype, though less sensitive than the
∆2 LTG indicating an additive effect of the rlpA and mltC on OM integrity (Fig. 2.12B).
This OM defect suggests that delayed cell separation may present a barrier to proper
OM invagination that results in cell envelope perturbations and OM permeabilization.
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Figure 2.3. A mutant defective in rlpA and mltC exhibits an outer membrane defect.
A) Exponential phase cultures of WT and ∆2 LTG were exposed to 5 mg mL-1 lysozyme
for 10 min. Scale bars = 25 µm. Insert shows an enhanced field demonstrating partial
lysis. B-C) Overnight cultures of WT and ∆2 LTG grown in LB were diluted in LB and
spot-plated in 10-fold serial dilutions on LB containing SDS (B) or MacConkey agar
and incubated at 18hrs at 30°C (C). All data are representative of at least two biological
replicates.
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Δ2 LTG and DamiB chaining phenotypes are growth phase dependent
The ∆2 LTG chaining phenotype is reminiscent of a mutant deleted in V.
cholerae’s sole amidase, AmiB, which also exhibits chain formation (Möll et al., 2014)
due to a well-described daughter cell separation defect (Heidrich et al., 2001, 2002;
Priyadarshini et al., 2007; Uehara et al., 2009, 2010). We thus explored other similarities
between the two mutants. During our imaging experiments, we noticed that overnight
cultures of Δ2 LTG and ΔamiB mutants were devoid of any cell chains, suggesting that
chaining was a growth phase-specific phenotype. Single cells of stationary phase Δ2
LTG and ΔamiB were not spontaneous suppressor mutants arising at a high frequency,
as redilution into exponential phase always resulted in renewed chain formation and
subsequent resolution in stationary phase (Fig. 2.13). To more precisely define the
growth stage that promotes cell chain resolution in these mutants, we imaged the mutant
strains versus WT over their growth cycle and quantified the cells per chain at each time
point (Fig. 2.4A). Both Δ2 LTG and ΔamiB exhibited peak chain lengths in mid- to late
exponential phase (OD600 ~0.8, median chain length of 8 cells for Δ2 LTG and 24 cells
for ∆amiB), followed by a gradual decline in chain length as the cells entered stationary
phase.
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Figure 2.4. Chaining defects of septal autolysin mutants depend on fast growth and
stochastic resolution.
A) WT, ∆2 LTG (∆mltC rlpA::stop), and ∆amiB were grown in LB at 37°C and imaged
on agarose pads. Cells per chain where manually counted (n >100). Circles represent
raw data points of cells/chain (gold bar = median), line graph shows OD600. B) A ∆2
LTG culture was back-diluted every 2 hrs into pre-warmed LB at 37°C to maintain
exponential phase and imaged on agarose pads. Analysis was conducted as described
for Fig. 4A C) Chloramphenicol (10 µg mL-1, ~10 x MIC) was added to cultures after
growth to OD600~0.45 in LB at 37°C and imaged on agarose pads just prior to
chloramphenicol addition and 1 hr after addition. Analysis was conducted as described
for Fig. 4A. D) ∆2 LTG ∆amiB was grown in LB at 37°C and imaged on agarose pads.
Analysis of chain length and CPRG lysis assays were performed as described for Fig.
4A. All data are representative of at least two biological replicates.
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The recurring shift between an enrichment of chains in exponential phase and
single cells in stationary phase could be explained by stationary phase-specific events,
e.g., growth-phase specific lysis cycles or the induction of stationary phase-specific PG
remodeling pathways. Alternatively, cell separation could be due to a stochastic
process, i.e., reduced septal cleavage activity is initially outpaced by septal PG synthesis
during rapid growth, but becomes sufficient for daughter cell separation as division rates
slow in stationary phase.

Growth phase-dependent chaining has been previously

reported for E. coli amidase mutants and it was postulated that single cells were likely
generated by lysis of cells within a chain (Heidrich et al., 2001). We tested this
hypothesis in V. cholerae by plating autolysin mutants on CPRG. The Δ2 LTG mutant
failed to indicate significant CPRG degradation (Fig. 2.4A), suggesting that lytic
elimination of long chains, either by mechanical sheering or cell death, is an unlikely
explanation for stationary phase cell separation. The absence of excessive cell debris in
microscope images corroborated this observation, as did the WT-equivalent growth rate
of this mutant (Fig. 2.10C). In contrast, the ∆amiB mutant did exhibit a slight color
change on CPRG, indicative of higher background lysis, which is consistent with
previous observations in E. coli amidase mutants (Heidrich et al., 2001; Priyadarshini
et al., 2007). Additionally, this mutant in V. cholerae suffers a slight defect in growth
rate when compared to WT (Möll et al., 2014) and Δ2 LTG, suggesting that at least
some of the chain resolution of the ∆amiB mutant may depend on lysis (Fig. 2.4A, Fig.
2.10C). Thus, while cell lysis may somewhat contribute to apparent chain “resolution”
in the amidase mutant, it is unlikely to facilitate the same in the ∆2 LTG mutant.
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Δ2 LTG chain resolution is stochastic
We conducted several experiments to help distinguish between chain resolution
by stationary phase-induced PG remodeling and stochastic activity of other hydrolases.
First, we performed a chemostat-like experiment where Δ2 LTG cells were kept in
prolonged exponential phase through periodic back-dilution to maintain an OD600 < 0.6.
In a simple scenario, if chain resolution were mediated by a stationary phase-exclusive
factor, chains would be expected to elongate ad infinitum when kept in perpetual
exponential phase and single cells would no longer be present in the population.
However, if other autolysins could stochastically resolve shared septal PG, albeit with
a lower efficiency, we would expect an increase in the variation of chain lengths rather
than infinite chains. What we observed was more indicative of stochastic resolution.
There was some increase in maximum chain length (Fig. 2.4B), but chains must also
have achieved some degree of resolution, as short chains and single cells were still
present even after five back-dilutions. These results tentatively suggest that an
equilibrium between division and subsequent separation can be achieved in a Δ2 LTG
mutant without entering stationary phase.

To test this further, we also surveyed other possible stationary phase-specific
factors that could affect cell separation. Culturing Δ2 LTG in the filter-sterilized
supernatant of a saturated WT culture failed to promote stationary phase levels of chain
resolution (Fig. 2.14A) as would have been expected should chain resolution be
modulated by a secreted compound, for example D-amino acids, which in V. cholerae
are exclusively produced in stationary phase (Cava, de Pedro, et al., 2011; Cava, Lam,
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et al., 2011). We also inactivated the global stationary phase transcriptional regulator,
RpoS, in the Δ2 LTG background and found that chain formation during exponential
phase and chain resolution during stationary phase were unaffected (Fig. 2.14B).
Finally, we blocked all new protein synthesis in Δ2 LTG grown to exponential phase
(OD600~0.4) with chloramphenicol (10µg mL-1, ~15 x minimum inhibitory
concentration [MIC]).

The majority of chloramphenicol-treated Δ2 LTG chains

resolved to single or double cells within an hour of chloramphenicol treatment while
untreated chains elongated in this time (Fig. 2.4C). This indicates that the cells have
already translated the necessary enzymes for chain resolution by OD600 0.4 and adds
further support that chain resolution in Δ2 LTG can be achieved by reducing the division
rate.

These experiments collectively indicate that the enzymes responsible for septal
resolution in the absence of MltC and RlpA are expressed in exponential phase and do
not depend on stationary phase-specific signals or factors. Therefore, it is likely that
redundant housekeeping PG hydrolases or LTGs can mediate daughter cell separation,
albeit at a lower efficiency, when the main separation systems are inactivated. We thus
hypothesize that chain resolution during transition into stationary phase is the
consequence of reduced division rate at this growth stage, which allows other, less
efficient, autolysins to “catch up” and separate daughter cells.
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Alternative septal resolution factors are insufficient in the cumulative absence of
RlpA, MltC, and AmiB
Given the similarities between the ∆2 LTG and ∆amiB mutants and the
established dependence of cell separation on the tight spatiotemporal regulation of
AmiB (Priyadarshini et al., 2006, 2007; Uehara et al., 2010; Peters et al., 2011; D. C.
Yang et al., 2011; Möll et al., 2014), we tested the formal hypothesis that RlpA and
MltC directly or indirectly contributed to AmiB recruitment and that the ∆2 LTG
chaining defect might thus be due to lack of AmiB localization. A functional AmiBmCherry fusion localized to septal rings in ∆2 LTG chains, suggesting that this cell
separation defect occurs despite proper AmiB localization (Fig. 2.15AB).

We then investigated the possibly redundant autolytic roles of AmiB, RlpA, and
MltC by generating a Δ2 LTG ΔamiB triple mutant and quantifying growth phasedependent chaining. While this strain was viable, it exhibited a much longer lag phase
than the Δ2 LTG or ΔamiB mutants (Fig. 2.10C) and perhaps more strikingly, chain
resolution was incomplete even after 24 hours and gave visual evidence of strong lysis
under the microscope as well as on CPRG plates (Fig. 2.4D, Fig. 2.13). This increased
lysis and failure to completely resolve chains suggest that the amidase and septal LTGs
are the principal daughter cell separation systems.

We were interested to learn whether the additive, deleterious effects of the ∆2
LTG and ∆amiB mutations were due to the unique potential functions of LTGs versus
amidases at the septum, or if over-expression of AmiB, or other classes autolysins for
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that matter, could complement the ∆2 LTG chaining defect. Overexpression of V.
cholerae’s primary housekeeping endopeptidases, ShyA or ShyC (Dörr et al., 2013),
was unable to appreciably reduce chaining in the ∆2 LTG mutant (Fig. 2.5A) (functional
expression of these constructs was validated by their ability to complement a mutant
defective in multiple endopeptidases [Dörr et al., 2015]). Similarly, overexpression of
V. cholerae’s only amidase, AmiB (co-overexpressed with its activators NlpD and EnvC
[Uehara et al., 2009; Yang et al., 2011; Möll et al., 2014]), demonstrated functionality
by complementing the ∆amiB mutant (Fig 2.15B), but could not prevent chaining in the
∆2 LTG mutant. Thus, daughter cell separation likely specifically requires LTG
glycosidic bond cleavage , rather than general PG hydrolysis by other classes of
autolysins.

Figure 2.5. Lytic transglycosylase activity is required for septal PG resolution.
A) Expression of chromosomal Ptac: shyC, Ptac: shyA, Ptac: amiB nlpD envC, or Ptac:
mltEE. coli was induced with 1 mM IPTG in a ∆2 LTG background, grown in LB at 37°C
to ~OD600 0.6, and imaged on agarose pads. Analysis was conducted as described for
Fig. 4A B) An overnight culture of ∆2 LTG Ptac: mltEE. coli grown in LB was spot-plated
in 10-fold serial dilutions on low salt LB +/- 1mM IPTG and incubated for 18hrs at
30°C. All data are representative of at least two biological replicates.
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Interestingly, we found that heterologous expression of the E. coli LTG MltE
was highly effective at facilitating septal resolution in the ∆2 LTG mutant (Fig. 2.5A).
Addition of 0.2% glucose could not phenotypically suppress MltE complementation of
the ∆2 LTG mutant chaining defect (data not shown), suggesting that perhaps leaky
expression from Ptac (Rosano & Ceccarelli, 2014) is sufficient for supporting cell
separation. MltE has a relatively broad spectrum of PG substrate specificity, shown in
vitro to generate products indicative of both endo- and exolytic cleavage on denuded or
un-crosslinked muropeptides (M. Lee et al., 2013; Dik et al., 2017; Byun et al., 2018),
and has no known homolog in V. cholerae. Overexpression of mltE was not toxic in a
WT background, suggesting that it primarily digests septal PG in the V. cholerae ∆2
LTG mutant (Fig. 2.16). MltE has a strong preference for uncrosslinked PG (M. Lee et
al., 2013; Dik et al., 2017; Byun et al., 2018), providing a possible explanation for its
lack of general toxicity, since the main body of the cell’s PG is generally crosslinked
(Desmarais et al., 2015). Incidentally, this also suggests that septal PG in ∆2 LTG is
largely uncrosslinked; which would be consistent with completed or concurrent amidase
or endopeptidase activity. MltE was also able to rescue ∆2 LTG growth in low-salt
media (Fig. 2.5B). In combination, these observations suggest that some characteristic
of the division septum requires the activity of LTGs over other autolysins to allow for
septal resolution and daughter cell separation.

RlpA and MltC are late division proteins
Division proteins are often recruited specifically to midcell. We generated
stable, functional (Fig. 2.17AB) translational C-terminal fusions of MltC and RlpA to
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mCherry to track localization throughout growth and division. To determine when these
LTGs are recruited to the septum, we co-expressed the LTG-mCherry fusions with
flourescent fusions of FtsZ, the highly-conserved cytoskeletal element that initiates
assembly of the division complex, and FtsN, the late-stage division protein shown to
trigger cytokinesis (Egan & Vollmer, 2013). Both RlpA-mCherry and MltC-mCherry
clearly localized to the midcell and co-expression of FtsZ-YFP or YFP-FtsN further
revealed that both LTGs arrive closer to or after FtsN recruitment to the septum,
indicating that RlpA and MltC are likely late division proteins (Fig. 2.6A-D). RlpA
midcell localization is consistent with the published roles of its highly conserved
homologues in E. coli and P. aeruginosa (Gerding et al., 2009; Jorgenson et al., 2014;
Yahashiri et al., 2015), however, the subcellular localization pattern of MltC homologs
in any organism has not been previously reported.
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Figure 2.6. RlpA and MltC are recruited to the septum during late stages of
division.
WT cells carrying pBAD33 yfp-ftsN or yfp-ftsZ and pHL100 rlpA-mCherry or mltCmCherry was grown in M9 + 0.2% glucose supplemented with the appropriate
antibiotics at 30°C, induced with 0.2% arabinose and 1mM IPTG after 2hrs, and imaged
on agarose pads at OD600~0.15. Demographs of A) RlpA/FtsZ co-localization, B)
RlpA/FtsN co-localization, C) MltC/FtsZ co-localization, and D) MltC/FtsN colocalization were generated using Oufti. Scale bars = 5µm. All data are representative
of at least two biological replicates.
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Outer membrane insertion is not required for MltC and RlpA LTG activity
Both LTGs are predicted OM

proteins with well-conserved OM

target

lipoboxes LXGC (Fig. S10A) (Babu et al., 2006), so we postulated that this localization
may be important for either their recruitment to the midcell or for their function as septal
cleavage enzymes. To test this, we substituted the OM targeting signal sequences of
MltC and RlpA N-terminal mCherry fusions with the periplasmic signal sequence of
thiol disulfide oxidoreductase, DsbA. Surprisingly, these soluble versions of both
proteins were able to complement the Δ2 LTG chaining phenotype in LB (Fig. 2.7A)
yet did so with what appeared to be reduced localization to the midcell (Fig. 2.18B).
Thus, direct OM attachment via lipidation is not essential to the function of RlpA nor
MltC in LB, though this does not preclude indirect association via interactions with
other OM proteins. However, the functionality of DsbAss-RlpA[18-263] was not absolute
under all conditions; expression of this construct in a Δ2 LTG background during
growth in low salt LB resulted in the formation of severe morphological aberrations in
~12% of cells (n>400), including short filaments and bulging at the midcell (Fig. 2.7B).
Induction of this defect was not dominant as the DsbAss-RlpA[18-263] mutant did not
affect the morphology of WT in low salt LB, nor did over-expression of RlpA-mCherry
retaining its native signal sequence affect the morphology of the ∆2 LTG mutant in low
salt LB (Fig. 2.18CD). Despite the apparent division defect induced by soluble DsbAssRlpA[18-263] expression, the mis-localized protein could still restore growth of the Δ2
LTG mutant on low salt LB (Fig. 2.7C). The phenotype induced by the DsbAss-RlpA[18263]

mutant in low-salt medium was more similar to filamentous division mutants than

to other chaining autolysin mutants. Though we did not explore this further, we thus
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suspect that RlpA may have conserved roles in division other than septal resolution,
roles that may explain why E. coli retains an LTG-deficient homologue of RlpA.

Figure 2.7. Outer membrane insertion of RlpA and MltC is not required for septal
resolution.
A) Expression of chromosomal Ptac: dsbAss-rlpA[18-263] or dsbAss-mltC[42-396] was induced
with 1 mM IPTG in a ∆2 LTG background, grown in LB at 37°C to ~OD600 0.6, and
imaged on agarose pads. Analysis was conducted as described for Fig. 4A. B) ∆2 LTG
Ptac: dsbAss-rlpA[18-263] was grown in low salt LB +/- 1 mM IPTG at 37°C for 4 hrs and
imaged on agarose pads. C) Overnight culture of ∆2 LTG Ptac: dsbAss-rlpA[18-263] grown
in LB at 37°C was spot-plated in 10-fold serial dilutions onto low salt LB +/- 1mM
IPTG and incubated overnight at 30°C. All data are representative of at least two
biological replicates.

2.4 Discussion
LTG activity plays a conserved role in septal PG resolution
We report here that two LTGs, RlpA and MltC, are septum-specific enzymes
with crucial roles in daughter cell separation in V. cholerae. To our knowledge, this is
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the first report of a physiological role for any housekeeping LTG in the cholera pathogen
and the second direct report of a physiological role for MltC (Monteiro et al., 2011).
Follow-up studies will be required to determine how septal LTGs interact with the
divisome and the PG structural reasons for why MltC and RlpA specifically contribute
so significantly to the separation of daughter cells. RlpA and MltC are well-conserved
amongst proteobacteria (Artola-Recolons et al., 2014; Yahashiri et al., 2015) yet despite
this conservation, mutations in either RlpA (Jorgenson et al., 2014), MltC, or both fail
to produce phenotypes in the classic model system E. coli. This study serves to highlight
the importance of variety in microbial perspective to understand key processes in
bacterial physiology. At the same time, the high conservation of RlpA, especially
amongst Gram-negatives (Yunck et al., 2016), and the aberrant morphology of a ∆2
LTG mutant overexpressing dsbAss-rlpA in low salt suggests that septal LTGs may also
have other under-appreciated roles in bacterial cell division and daughter cell separation
in other Gram-negative pathogens.

A “Cleave and Clear” LTG-dependent model of daughter cell separation
With the addition of RlpA and MltC to the division complex, we can add more
detail to the molecular landscape of the septal cell wall. We observed that the chaining
defect of the ΔamiB mutant was slightly more severe than the Δ2 LTG mutant,
suggesting that the majority of PG shared between daughter cells at the septum is
connected by peptide crosslinks that can be removed by amidase activity. However, the
chaining phenotype of the Δ2 LTG mutant implies that there is shared septal PG that
cannot be resolved by amidase activity. It is ideally expected, from the close association

56

of septal PG synthesis with rotating FtsZ filaments, that PG strands are inserted
perpendicular to the long cell axis (Daniel & Errington, 2003; Bisson-Filho et al., 2017;
X. Yang et al., 2017). Our findings lead us to speculate that the cell division machinery
stochastically generates PG strands that are deposited and/or elongated at a non-ideal
angle such that they transect the septal plane to create a bridge between daughter cells
(Fig. 2.8). The PG synthesis machinery may only need to slip from one side of the
leading edge of cytokinesis to the other to generate such a strand that is incorporated
into both daughter cell sacculi. Since amidase activity is precisely controlled by
activators NlpD and EnvC (Möll et al., 2014), the radius of amidase activity is likely
highly restricted. Some aberrantly deposited glycan strands might then be crosslinked
outside of the range of amidase activity, requiring LTGs as backup enzymes to cleave
connecting PG left behind after amidase activity is complete. Consistent with this idea,
RlpA in P. aeruginosa acts endolytically on denuded glycan strands (Jorgenson et al.,
2014; M. Lee et al., 2017) and has been proposed to follow AmiB to cleave remaining
bridging strands. MltC may function to resolve septal PG in two ways. It might also
perform a similar function to RlpA, as some endolytic activity has been attributed E.
coli MltC (Artola-Recolons et al., 2014). One might also envision that long PG strands
between daughter cells, even those that are no longer covalently linked to the PG
network, might still present an obstacle to OM invagination. MltC, which in E. coli has
been shown to also be processive and exolytic, but inactive on crosslinked PG strands
(Artola-Recolons et al., 2014), could be responsible for clearing such debris from the
path of OM invagination .
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Figure 2.8. Model of RlpA and MltC requirement for daughter cell separation.
Septal LTGs may remove PG debris that cannot be processed by other autolysins and
that impedes the completion of outer membrane invagination.

We suggest that a function to remove aberrant septal PG strands would be
particularly important for V. cholerae, which completes the final stages of cell division
with astonishing speed (Galli et al., 2017). While the model bacteria E. coli, B. subtilis,
and C. crescentus have mature divisomes by 50% of the cell cycle (Aarsman et al., 2005;
Gamba et al., 2009; Goley et al., 2011) and E. coli and B. subtilis both encode multiple
amidases to assist in daughter cell separation (Heidrich et al., 2001; Firczuk & Bochtler,
2007), V. cholerae encodes a single amidase (Möll et al., 2014) and septation occurs
only in the final 10% of its cell cycle (Galli et al., 2017). This is likely to increase the
chance for errors to occur, which would create a need to efficiently remove spatial
obstructions, including PG aberrantly crosslinked or uncrosslinked PG debris. The
absence of a strong chaining phenotype in E. coli ∆mltC ∆rlpA ∆mltE (and the need to
delete further LTGs to elicit a weak version of such a phenotype) may indeed reflect
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this species’ slower division process, resulting in fewer errors. It should also be noted
that repression of Ptac is somewhat leaky (Rosano & Ceccarelli, 2014) and that
complementation of either the ∆2 LTG or ∆amiB chaining defects occurred readily
without induction, which suggests that very little autolytic activity is actually required
for separation.

The exponential phase-dependent manner of the ∆amiB and Δ2 LTG chaining
phenotype suggests that AmiB and RlpA/MltC functions are redundant with at least one
other autolysin whose activity alone is insufficient to sustain daughter cell separation at
the fast rate imposed by exponential growth. We hypothesize that RlpA/MltC and AmiB
maintain separate functions and that chain resolution in stationary phase is a reflection
of each system requiring a distinct autolytic substitute (or group of autolysins) to
mediate chain resolution in its absence. For the amidase, this substitute could be D,D or
L,D endopeptidases, for LTGs the substitute could be other remaining LTGs. Thus,
RlpA, MltC, and AmiB compose the primary group of autolysins responsible for septal
resolution and other LTGs or endopeptidases that are secondary to RlpA/MltC or AmiB,
respectively, cannot support daughter cell separation in the absence of all three primary
septal autolysins. Future work will address the intricate redundancy relationships
between these diverse groups of autolysins.
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2.5 Materials and Methods
Strains, Media, and Growth Conditions
All V. cholerae strains in this study are derivatives of V. cholerae WT El Tor
strain N16961 (Heidelberg et al., 2000) and E. coli strains are derivatives of E. coli K12 strain MG1655 (Blattner et al., 1997).

Strains were grown at 30°C or 37°C in Luria-Bertani (LB, Fisher BioReagents
#BP1425) broth with or without 1.5% NaCl, or in M9 medium containing 0.2% glucose
(“M9 Salts,” 2006; “M9 minimal medium (standard),” 2010). When required for
selection or plasmid retention, growth media were supplemented with 5-Bromo-4Chloro-3-Indolyl β-D-Galactopyranoside (X-gal, 40 µg mL-1) streptomycin (200 µg
mL-1), kanamycin (5 µg mL-1), carbenicillin (100 µg mL-1), and/or chloramphenicol (5
µg mL-1 for V. cholerae and 20 µg mL-1 for E. coli). Sucrose counter-selection was
performed on 10% sucrose LB medium without NaCl. Genes under Ptac or PBAD control
were induced with 1 mM isopropyl-β-D-1-thiogalactopyranoside (IPTG) or 0.2% Larabinose, respectively. For lysis and envelope integrity assays, LB was supplemented
with chlorophenol red-β-D-galactopyranoside (CPRG, 20 µg mL-1, Sigma Aldrich #
10884308001), or sodium dodecyl sulfate (SDS), or strains were grown MacConkey
Agar (Actero #FCM-133).

At least two replicates were completed per strain and condition for growth
curves and growth dependent chaining experiments. For growth curves, strains were
inoculated 1:100 into 200 µL of medium from an overnight culture and grown in a
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Bioscreen growth plate reader (Growth Curves America) at 37°C with random shaking
of medium amplitude, and OD600 readings at 5-minute intervals.

For chaining

experiments with more than three time points, overnight cultures were diluted 1:100
into 200 mL of medium in a 500 mL non-baffled flask and incubated at 37°C with
shaking. For experiments with three or fewer time points, overnight cultures were
diluted 1:100 into 5 mL of medium in culture tubes.

Construction of Plasmids and Strains
All strains are derivatives of V. cholerae El Tor N16961 or E. coli MG1655.
Strains, plasmids, and primers are summarized in Table 1.1-1.4. E. coli DH5𝛼 𝜆pir was
used for general cloning while E. coli SM10 𝜆pir or MFD 𝜆pir (Ferrières et al., 2010)
were used for conjugation into V. cholerae. Plasmids were constructed using Gibson
assembly (Gibson et al., 2009).

V. cholerae chromosomal in-frame deletions were generated by amplifying
500bp up- and downstream of the gene of interest by PCR, cloning into suicide vector
pCVD442 (Donnenberg & Kaper, 1991), and conjugating into V. cholerae N16961
followed by sucrose counter-selection. Briefly, conjugation was performed by mixing
and pelleting equal volumes LB overnight culture of plasmid donor E. coli SM10 𝜆pir
or MFD 𝜆pir strains with recipient V. cholerae, spotting mixed pellet onto an LB (+
600µM diaminopimelic acid for MFD 𝜆pir), and incubating at 37°C for 3 hrs. Single
colonies were first selected for on LB + sm200 + vector selection, followed by counterselection on salt-free LB + 10% sucrose and PCR verification of the deletion.
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Ectopic, inducible chromosomal expression of proteins was achieved by cloning
the gene(s) of interest open reading frame with either the native 20bp upstream
sequence, a strong, consensus ribosome binding site (RBS), or no ribosome binding site
into pTD101, a derivative of pJL1 (Miyata et al., 2013) engineered to carry the lac
promoter, lacIq, and a multiple cloning site for integration of expression constructs at
the native lacZ locus. In particular, pAW51 for polycistronic co-expression amiB, nlpD,
and envC, was designed such that amiB was translated from a strong consensus RBS
and the 20bp upstream regions containing the native RBS’s of nlpD and envC gene were
included between amiB and nlpD or nlpD and envC, respectively, to generate a 3-gene
transcriptional fusion under Ptac regulation. pTD101 derivatives were conjugated into V.
cholerae as described above for pCVD442.

Depletion of RlpA was accomplished by using suicide vector pAM299 (Möll et
al., 2015) to place rlpA under PBAD control at its native locus. pAM299 was conjugated
into V. cholerae as a single crossover, without counterselection. For fluorescent
localization or detection of proteins by Western blot, genes were cloned into pBAD33
(Guzman et al., 1995) or pHL100 (Dörr, Alvarez, et al., 2015).

E. coli chromosomal in-frame deletions were generated using a combination of
𝜆 Red and FLP recombinase systems as previously described (Cherepanov &
Wackernagel, 1995; Datsenko & Wanner, 2000; Murphy & Campellone, 2003).
Briefly, plasmids pKD3 and pKD4 were used as templates for amplifying cmR and kanR
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cassettes flanked by FLP recombinase sites with 50bp homology to the up- and
downstream regions of the gene of interest. Electrocompetent MG1655 carrying the 𝜆
Red recombinase system on pKM208 was transformed with the PCR product amplified
from pKD3/4 and recombinants selected for on LB + kan50 or cm20. The gene
replacements were moved into a clean MG1655 background by P1 phage transduction
(Thomason et al., 2007) and the resulting strain transformed with pCP20 carrying the
FLP recombinase. Finally, pCP20 was induced and cured at 37°C and candidates
screened for loss of antibiotic resistance and PCR verification of the chromosomal gene
deletion.

Microscopy
Cells from liquid culture were imaged without fixation on 0.8% agarose pads
containing the same medium from the relevant experiment using a Leica DMi8
inverted microscope. Phase contrast images of chaining mutants were analyzed
manually to calculate the number of cells per chain in >100 chains. Raw phase and
fluorescent images were analyzed in Oufti (Paintdakhi et al., 2016) using the pre-set E.
coli M9 subpixel parameters for calculation of cell width and length and for generation
of fluorescent signal localization “demographs."

Western Blot Analysis
Expression of translational mCherry fusions was induced in WT V. cholerae
with 0.2% arabinose for pBAD33 or 1 mM IPTG for pHL100 and lacZ::Ptac in LB and
grown to OD600~0.6. Cells were harvested by centrifugation (9500 g, 15 min) at room
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temperature and resuspended in 1% SDS + 10 mM dithiothreitol (DTT) lysis buffer.
Resuspended cells were incubated at 95°C for 3 min, then sonicated 4 x 5 seconds at
20% amplitude. Standard Western blots against mCherry were performed using
polyclonal mCherry antibody (Genetex #GTX59788) and detection by IRDye 800CW
secondary antibody (Li-cor #926-32211). After imaging for mCherry, the same blots
were then re-incubated with monoclonal RpoA antibody (BioLegend # 663104)
detected by IRDye 800CW secondary antibody on an Odyssey CLx imaging device
(Li-cor).
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2.5 Supplemental Material

Figure 2.9. ∆6 LTG exhibits a mild morphological defect and mltG-, rlpA- exhibit
no plating defects.
A) Cultures of WT and ∆6 LTG were grown in LB at 37 °C for 5 hrs and imaged on
agarose pads. Dimensions of >800 cells were compared within length and within
width with a Student’s t-test where *** indicates p< 0.0001. B) Overnight cultures of
WT, rlpA::stop, and mltG::stop grown in LB at 37°C were spot-plated in serial 10fold dilutions onto LB and incubated ~18 hrs at 30°C. All data are representative of at
least two biological replicates.
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Figure 2.10. rlpA::stop ∆mltC mutant exhibits motility defect but no growth
defect.
A) RlpA was depleted in WT, ∆mltC, ∆mltDAC, ∆mltDA, and ∆mltDC backgrounds
by placing its native promoter under control of arabinose induction and growing in the
absence or presence of arabinose. Cells were imaged on an agarose pad. B) WT,
rlpA::stop, and ∆mltC were grown to ~OD6000.5 in M9+0.2%Glu or LB at 37°C and
imaged on agarose pads. C) Autolysin mutants were grown in 200 µL LB, monitoring
OD600. D) Overnight cultures of autolysin mutants grown in LB were stabbed into
0.3% agarose LB plates and incubated at 30°C for 16 hrs before measuring the
diameter of growth. Diameters of mutant strains were compared to WT by a one-way
ANOVA and Tukey’s test where * indicates a p<0.05 and ** a p<0.01. Error bars
represent SEM of 3 independent replicates. Scale bars = 5 µm.
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Figure 2.11. E. coli ∆rlpA ∆mltC ∆mltE mutant exhibits slight separation defect.
A) Clustal-W alignment of RlpA homologs PA4000, Vc0948, and Ec b0063 protein
sequences. Predicted catalytic residues based on an MltA alignment are highlighted in
yellow. In the alignment, * = conserved, : = highly similar, and . = somewhat similar
residues. B) Cells per chain where manually counted (n >100). Gold bar = median. C)
WT, ∆rlpA ∆mltC, and ∆rlpA ∆mltC ∆mltE were grown at 37°C to ~OD600 0.6 and
imaged on agarose pads. Scale bars = 5 µm.
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Figure 2.12. Single mutants of rlpA::stop and ∆mltC exhibit a mild outer
membrane defect
Exponential phase cultures of rlpA::stop and ∆mltC were exposed to 5 mg mL-1
lysozyme for 10 min. Scale bars = 25 µm. Overnight cultures of rlpA::stop and ∆mltC
grown in LB were diluted in LB and spot-plated in 10-fold serial dilutions on B) LB
containing SDS and on C) MacConkey agar and incubated at 18hrs at 30°C. All data
are representative of at least two biological replicates.
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Figure 2.13. Resolution of septal autolysin mutant chains is not due to
spontaneous suppressors.
Septal autolysin and ∆rpoS mutants were grown in LB at 37°C for 24hrs, then backdiluted into LB at 37°C. Cultures were imaged on agarose pads. Scale bars = 5 µm.
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Figure 2.14. Factors secreted during stationary phase do not affect ∆2 LTG
chaining defect.
A) WT and ∆2 LTG were grown in the supernatant of an overnight WT LB culture at
37°C and imaged on agarose pads. Cells per chain where manually counted (n >100).
Gold bar = median. B) ∆rpoS and ∆2 LTG ∆rpoS were grown in LB at 37°C and
imaged on agarose pads and analyzed as in Fig S5A
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Figure 2.15. Functional AmiB-mCherry localizes in ∆2 LTG.
A) Expression of Ptac: amiB-mCherry was induced with 1 mM IPTG in a ∆amiB
background, grown in LB at 37°C to ~OD600 0.6, and imaged on agarose pads. Cells
per chain where manually counted (n >100). Gold bar = median. Gold bars = median.
B) Expression of Ptac: amiB-mCherry was induced with 1 mM IPTG in a ∆2 LTG
background, grown in LB at 37°C to ~OD600 0.6, and imaged on agarose pads.
Scale bars = 5 µm

Figure 2.16. MltEE. coli is not toxic to WT or ∆2 LTG V. cholerae.
A) Overnight cultures of Ptac: mltEE. coli in WT and ∆2 LTG backgrounds were spotplated in serial 10-fold dilutions onto LB +/- 1 mM IPTG and incubated overnight at
30°C.
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Figure 2.17. Autolysin-mCherry fusions are functional.
A) With the exception of AmiB-mCherry expressed from chromosomal Ptac, mCherry
fusions were expressed from IPTG-inducible vector pHL100mob. Fusion protein
expression was induced with 0.2% arabinose or 1 mM IPTG in a WT background
grown in LB at 37°C and detected with Genetex polyclonal mCherry antibody.
Loading control band detected with BioLegend monoclonal RpoA antibody. *=nonspecific crossreaction with mCherry antibody, **=soluble mCherry, ***=RpoA. B)
Expression of chromosomal Ptac: rlpA-mCherry or mltC-mCherry was induced with 1
mM IPTG in a ∆2 LTG background, grown in LB at 37°C to ~OD600 0.6, and imaged
on agarose pads.
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Figure 2.18. RlpA and MltC can localize without lipidation.
A) Outer membrane signal sequences and lipoboxes in LTG amino acid sequences
were predicted by the DOLOP algorithm. B) WT carrying pHL100 dsbAss-mCherryLTG∆ss was grown in M9 + 0.2% glucose/ kan50 at 30 °C, induced with 1mM IPTG
after 2hrs, and imaged on agarose pads at OD600~0.15. Demographs of mCherry
fusion localization generated with Oufti. C) Expression of Ptac: dsbAss-rlpA[18-263] was
induced in a WT background with 1 mM IPTG, grown in low salt LB for 4 hrs, and
imaged on agarose pads. D) Expression of Ptac: rlpA-mCherry was induced in a ∆ 2
LTG background, grown in low salt LB for 4 hrs, and imaged on agarose pads.
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Table
1.1.V.Vibrio
cholerae
Table S1.
cholerae
strains strains used in Weaver, et al, 2019
Strain
N16961
AW388
AW390
AW414
AW431
AW452
AW460
AW465
AW482
AW487
AW488
AW581
AW582
AW597
AW598
AW607
AW615
AW634
AW636
AW639
AW664
AW665
AW666
AW679
AW683
AW684
AW708
AW717
AW719
AW722
AW733
AW734
AW735
AW736
AW756
AW757
AW758
AW771
AW772
AW773

Description
Wild-type V. cholerae El Tor strain
pHL100 mltC-mCherry, pBAD33 yfp-ftsZ
∆mltC, rlpA::stop (denoted as ∆2 LTG)
∆mltC
rlpA::stop
∆mltA, ∆mltB, ∆mltC, ∆mltD, ∆mltF, ∆slt70 (denoted as ∆6 LTG)
pHL100 rlpA-mCherry
pHL100 rlpA-mCherry, pBAD33 yfp-ftsZ
∆amiB
lacZ::GFP
∆mltC, rlpA::stop, lacZ::GFP
∆rpoS<>kan
∆mltC, rlpA::stop, ∆rpoS<>kan
lacZ::Ptacyfp-ftsN, pHL100 rlpA-mCherry
lacZ::Ptacyfp-ftsN, pHL100 mltC-mCherry
∆mltC, rlpA::stop, lacZ::PtacshyC
∆mltC, rlpA::stop, lacZ::PtacshyA
mltG::stop
∆mltC, rlpA::stop, lacZ::Ptac rlpA-mCherry
∆mltC, rlpA::stop, lacZ::Ptac mltC-mCherry
lacZ::Ptac amIB-mCherry
∆mltC, rlpA::stop, lacZ::Ptac amiB-mCherry
∆amiB, lacZ::Ptac amiB-mCherry
∆mltC, rlpA::stop, lacZ::Ptac dsbAss-mCherry
lacZ::Ptac Ec mltE
∆mltC, rlpA::stop, lacZ::Ptac Ec mltE
∆mltA, ∆mltB, ∆mltC, ∆mltD, ∆mltF, ∆slt70, Para rlpA
∆mltC, rlpA::stop, lacZ::Ptac amiB nlpD envC
∆mltC, rlpA::stop, ∆amiB
∆amiB, lacZ::Ptac amiB nlpD envC
pHL100mob dsbAss-mCherry
pHL100mob dsbAss-mCherry-mltC
pHL100mob dsbAss-mCherry-rlpA
pHL100 mltC-mCherry
∆mltC, rlpA::stop, lacZ::Ptac dsbAss-mltC
lacZ::Ptac dsbAss-rlpA
∆mltC, rlpA::stop, lacZ::Ptac dsbAss-rlpA
∆mltD ∆mltA
∆mltD ∆mltA ∆mltC
∆mltC ∆mltD

Source or reference
Heidelberg, et. al., 2000
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

Table
1.2.E.E.
coli
strains used in Weaver, et al, 2019
Table S2.
coli
strains
Strain
MG1655
AW650
AW656

Description
E. coli K-12 strain
∆rlpA, ∆mltC
∆rlpA, ∆mltC, ∆mltE<>FRT-cat-FRT
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Source or reference
Blattner, et. al., 1997
This study
This study

Table
1.3.
Plasmids used in Weaver, et al, 2019
Table S3.
Plasmids
Plasmid Description
pBAD33 yfp-ftsZ
pBAD33 yfp-ftsN
pAW32 pHL100 mltC-mCherry

Source or
reference
Gift from Waldor
lab
Gift from Waldor
lab
This study

pAW33 pHL100 rlpA-mCherry
pJLZ111
pAW34
pAW35
pAW36
pAM321
pAW37
pAW38
pAW39
pAW40
pAW41
pAW42
pAW43
pAW44
pAW45
pAW46
pAW47
pAW48
pAW49
pAW50
pAW51
pAW52
pAW53
pAW54
pAW55
pAW56
pKM208
pKD3
pKD4
pCP20
pJZ111

Relevant Primers

TDP206/TDP208,
TDP765/TDP766
TDP1164/TDP1167,
TDP765/TDP766

This study
Ritchie, et. al.,
2010
pCVD442 lacZ::gfp
pTD101 yfp-ftsN
This study
AIW306/pHL revB
pTD101 shyC
This study
AIW329/AIW330
pTD101 shyA
This study
AIW327/AIW328
pDS132 ∆amiB
Möll, et. al., 2014
TDP1199/TDP1200,
pCVD442 ∆mltA
This study
TDP1201/TDP1202
TDP1203/TDP1204,
TDP1205/TDP1206
pCVD442 ∆mltB
This study
DLP42/DLP43,
pCVD442 ∆mltC
This study
DLP137/DLP138
TDP1211/TDP1212,
pCVD442 ∆mltD
This study
TDP1213/TDP1214
TDP1258/TDP1257,
TDP1255/TDP1256
pCVD442 ∆mltF
This study
TDP1215/TDP1216,
pCVD442 ∆slt70
This study
TDP1217/TDP1218
DLP48/TDP210,
pCVD442 rlpA::stop
This study
TDP211/DLP51
TDP1251/TDP826,
TDP827/TDP1254
pCVD442 mltG::stop
This study
pAM299 rlpA
This study
DLP186/DLP187
pTD101 rlpA-mCherry
This study
AIW356/pHLrevB
pTD101 mltC-mCherry
This study
AIW264/pHLrevB
AIW265/AIW250,
pTD101 amiB-mCherry
This study
AIW251/AIW252
pTD101 dsbAss-mCherry
This study
AIWGB4, AIW251/AIW346
pTD101 Ec mltE
This study
BR02/AIW380
AIW265/AIW257,
pTD101 amiB nlpD envC
This study
AIW255/256, AIW258/259
pHL100mob dsbAss-mCherry
This study
AIWGB4, AIW251/AIW346
pHL100mob dsbAss-mCherry-mltC
This study
AIWGB4, AIW343/AIW344
pHL100mob dsbAss-mCherry-rlpA
This study
AIWGB4, AIW347/AIW348
pTD101 dsbAss-mltC
This study
AIW343/AIW389
pTD101 dsbAss-rlpA
This study
AIW347/AIW391
Murphy and
Campellone, 2003
Ptac ! Red, ampR, Repts
Datsenko and
FRT-cat-FRT
Wanner, 2000
Datsenko and
Wanner, 2000
FRT-kan-FRT
Cherepanov and
Wackernagel,
FLP+, ! cI857+, !PR , Repts, ampR, cmR 1995
Ritchie, et. al.,
2010
lacZ::gfp
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Table
1.4Primers
Primersand
used
in Weaver,
Table S4.
Gene
Blocks et al, 2019
Primer

Sequence
accatggaattcgagctcggtacccGGATTTCATCTGCTTGCAAAAAATGAC
TDP1164 mltC fw pHL
ATC
TCCTCCTCGCCCTTGCTCACgagctcgaggatgtcTTGCTGTTTTTCC
TDP1167 mtlC rev linker
GGCGGC
TDP765 mCherry fw
gacatcctcgagctcGTGAGCAAGGGCGAGGAGG
TDP766 mCherry rev pHL tgcaggtcgactctagaggatccccTTACTTGTACAGCTCGTCCATGCC
AIW251 mCherry rev pHL atgcctgcaggtcgactctagaggatccccttacttgtacagctcgtccatgcc
AIW252 linker mCherry
gacatcctcgagctcGTGAGC
fw
TDP206 rlpA pHL fw
accatggaattcgagctcggtacccTCGAAGACGATTTAATGAACCGAATTT
TCCTCCTCGCCCTTGCTCACgagctcgaggatgtcTTTAGCACGTTTAT
TDP208 rlpA linker rev
TAATCGTCTTGATAAATG
aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGATGGTGAGC
AIW306 yfp fw pHL
AAGGGCGAG
pHL rev B
tgcgttctgatttaatctgtatcaggct
aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtgATGCTTT
AIW329 shyC fw pHL
CTCTTTTCAATCGTCTTCCTT
atgcctgcaggtcgactctagaggatccccTTATTGATTGGCATACAGTAACTG
AIW330 shyC rev pHL
GCTG
aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtgATATCTAA
AIW327 shyA fw pHL
ATCTATTATTTTGCGATTTTCT
AIW328 shyA rev pHL
atgcctgcaggtcgactctagaggatccccttaTTGCGCTGCTAGCATGCT
aggtatatgtgatgggttaaaaaggatcgatcctTGACCGATAGAATCCTTGGTT
TDP1199 mltA up fw
TATTGC
TTAtcaTGCGGCCGCACTCGAGTAATGATAAAAAAGAGGTCCATG
GTTTATGTTTGCC
TTATCATTACTCGAGTGCGGCCGCAtgaTAATTTTTCCTGATATTG
TDP1201 mltA down fw
TGCCGGTAGC
ccgggagagctcgatatcgcatgcggtacctctagAAATCGGCCACGGTGATTT
TDP1202 mltA down rev
GcAAATCGGCCACGGTGATTTGC
aggtatatgtgatgggttaaaaaggatcgatcctGTACGAATCACTTTGGTCGGA
TDP1203 mltB up fw
GCC
TDP1200 mltA up rev

TDP1204 mltB up rev
TDP1205 mltB down fw

GATGCCCTCCTTGAGCCATCTTTAtcaTGCGGCCGCACTCGAGTA
ATGATAAGATGCCCTCCTTGAGCCATCT
TTATCATTACTCGAGTGCGGCCGCAtgaTAACCTGTTGGATTGGC
GCAACG

TDP1206 mltB down rev ccgggagagctcgatatcgcatgcggtacctctagGCGCCACATAACCCTCTGG
TAG
aggtatatgtgatgggttaaaaaggatcgatcctCCGTCAAAGCCACTTGGTTT
DLP42 mltC up fw
GT
TCATCATTATTACTCGAGTGCGGCCGCATTAGCAAGCAGATGAA
DLP43 mltC up rev
ATCCGAAATTTCC
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Table
1.4Primers
Primersand
usedGene
in Weaver,
et al, 2019 (continued)
Table S4.
Blocks (continued)
Primer
DLP137 mltC down fw
DLP138 mltC down rev
TDP1211 mltD up fw
TDP1212 mltD up rev
TDP1213 mltD down fw
TDP1214 mltD down rev
TDP1258 mltF up fw
TDP1257 mltF up rev
TDP1256 mltF down fw
TDP1255 mltF down rev
TDP1215 slt70 up fw
TDP1216 slt70 up rev
TDP1217 slt70 down fw
TDP1218 slt70 down rev
DLP48 rlpA up fw
TDP210 rlpA::stop rev
TDP211 rlpA::stop fw
DLP51 rlpA down rev
TDP1251 mltG up fw
TDP826 mltG::stop rev
TDP827 mltG::stop fw
TDP1254 mltG down rev
DLP186 rlpA fw pAM

Sequence
TAATGCGGCCGCACTCGAGTAATAATGATGATAAAGCTTCTCG
CAAATACGACATC
AGAGCTCGATATCGCATGCGGTACCTCTAGCCGTTATTTTCAG
CAAACTGCGG
aggtatatgtgatgggttaaaaaggatcgatcctTGAGCCTGTCCTCGCTTAC
C
TTAtcaTGCGGCCGCACTCGAGTAATGATAAGTAACACAGCCCT
TATTCTTCATGGC
TTATCATTACTCGAGTGCGGCCGCAtgaTAACACTGCGCTGAAT
AGGCTAGTTG
ccgggagagctcgatatcgcatgcggtacctctagCGCCTGCGTTTAAAGAGT
GGATTC
ccgggagagctcgatatcgcatgcggtacctctagTGGATCTGTTTAGCAGCC
AAGCT
TTATCATTACTCGAGTGCGGCCGCAtgaTAACCACTTGATTTTTG
GGAAGAAAACACG
TTAtcaTGCGGCCGCACTCGAGTAATGATAAAGACAGATGCCTT
TATATCAAAGGCGC
aggtatatgtgatgggttaaaaaggatcgatcctCGTTTCTGCTTCAACATAATA
AGCCGTAC
aggtatatgtgatgggttaaaaaggatcgatcctAACTTAGGCTCTTGGGGCA
GATA
TTAtcaTGCGGCCGCACTCGAGTAATGATAAAGGCGCGTCATGA
GATCTCAT
TTATCATTACTCGAGTGCGGCCGCAtgaTAATTCCTCAACTTGCT
GCACTACAAT
ccgggagagctcgatatcgcatgcggtacctctagCCAAGCTAAAGAGCTCGG
CGAT
aggtatatgtgatgggttaaaaaggatcgatcctATTCGCCTCGTTGGTAATGG
TGT
TCATCATTATTACTCGAGTGCGGCCGCATTATTGCCATTGTCCG
TATTGGTCA
TAATGCGGCCGCACTCGAGTAATAATGATGAATCGACCGTGGT
AAGAGTCAATG
ccgggagagctcgatatcgcatgcggtacctctagAAGTAAAGTCTGCGTCAG
GTCATCG
aggtatatgtgatgggttaaaaaggatcgatcctAGGCCTGTCTTGATATCTTG
CACA
TCATCATTATTACTCGAGTGCGGCCGCATTAATAGCGCCAAAG
CCTGCTCTAA
TAATGCGGCCGCACTCGAGTAATAATGATGGTTTCTGGTAAAG
AGCATCAATTTTCC
ccgggagagctcgatatcgcatgcggtacctctagTATCGGCCGTGACCTGTT
CA
ttgggctagcgaattcgagatgaaccgaatttatttatacttactgatcgttttaa
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Table
1.4Primers
Primersand
usedGene
in Weaver,
et al, 2019 (continued)
Table S4.
Blocks (continued)
Primer
DLP187 rlpA rev pAM
AIW356 rlpA pHL fw
AIW264 mltC pHL fw
AIW265 amiB fw pHL
AIW250 amiB rev linker

AIWGB4
pHL ssdsbA mCherry

AIW346 pHL ITA fw
AIW380 Ec mltE fw pHL

Sequence
gaggatccccgggtaccgaggtcattgactcttaccacggtcga
aacagaccatggaattcgagctcgatgAACCGAATTTATTTATACTTACTGA
TCG
aacagaccatggaattcgagctcggtacccAGGAGGctgactgaATGCCGCTG
GGTTATGATGT
aacagaccatggaattcgagctcggtacccAGGAGGctgactgaatgCGACCTT
TTGAGTCAGTTG
CTCGCCCTTGCTCACgagctcgaggatgtcTTTATTCGGGATAATCAG
TTGCTGCCC
aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtgATGAAA
AAGCTGTTTGCACTGGTTGCAACTCTGATGTTAAGCGTGTCAG
CCTATGCGATGGTGAGCAAGGGCGAGGAGGATAACATGGCCA
TCATCAAGGAGTTCATGCGCTTCAAGGTGCACATGGAGGGCT
CCGTGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAG
GGCCGCCCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGT
GACCAAGGGTGGCCCCCTGCCCTTCGCCTGGGACATCCTGT
CCCCTCAGTTCATGTACGGCTCCAAGGCCTACGTGAAGCACC
CCGCCGACATCCCCGACTACTTGAAGCTGTCCTTCCCCGAGG
GCTTCAAGTGGGAGCGCGTGATGAACTTCGAGGACGGCGGC
GTGGTGACCGTGACCCAGGACTCCTCCCTGCAGGACGGCGA
GTTCATCTACAAGGTGAAGCTGCGCGGCACCAACTTCCCCTC
CGACGGCCCCGTAATGCAGAAGAAGACCATGGGCTGGGAGG
CCTCCTCCGAGCGGATGTACCCCGAGGACGGCGCCCTGAAG
GGCGAGATCAAGCAGAGGCTGAAGCTGAAGGACGGCGGCCA
CTACGACGCTGAGGTCAAGACCACCTACAAGGCCAAGAAGCC
CGTGCAGCTGCCCGGCGCCTACAACGTCAACATCAAGTTGGA
CATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTA
CGAACGCGCCGAGGGCCGCCACTCCACCGGCggcatggacgagct
gtacaaggacatcctcgagctc
aacagaccatggaattcgagctcg
aacagaccatggaattcgagctcggtacccGTGAAATTGAGATGGTTTGCC
TT

BR02 Ec mltE rev pHL

atgcctgcaggtcgactctagaggatccccGGGAAAAAGCGGACAAAGTG

AIW257 amiB rev

TTATTTATTCGGGATAATCAGTTGCTGCCC

AIW255 nlpD fw amiB
AIW256 nlpD rev envC

GGGCAGCAACTGATTATCCCGAATAAATAACTAACACTAGACCA
AACTCAATGAC
AATCTAGCATTTCATATCAAGAAGCAACTTTTAGCGCTGTAACC
ACTGCG

AIW258 envC fw

AAGTTGCTTCTTGATATGAAATGCTAGATT

AIW259 envC rev pHL

catgcctgcaggtcgactctagaggatccccTTAAAACAAACCGTAATACAAC
GCAGCAA
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Table
1.4Primers
Primersand
usedGene
in Weaver,
et al, 2019 (continued)
Table S4.
Blocks (continued)
Primer
AIW344 mltC int fw
mCherry

Sequence
gacgagctgtacaaggacatcctcgagctcATCGAGAAAATTTACGATGTT
GATTACGAG
atgcctgcaggtcgactctagaggatccccTTATCCCGCGTTAAATTCCTTC
AIW343 mltC rev pHL
TTAAATTTGG
aacagaccatggaattcgagctcggtacccATGAAAAAGCTGTTTGCACTG
AIW369 ssdsbA fw pHL
GT
AIW345 mCherry rev linker gagctcgaggatgtccttgtacag
AIW348 rlpA int fw mCherry gacgagctgtacaaggacatcctcgagctcAGCTCTCCTGGGGGGC
atgcctgcaggtcgactctagaggatcccctcaTTTAGCACGTTTATTAATCGT
AIW347 rlpA rev pHL
CTTGAT
aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtgATGAAA
AIW389 ssdsbA mltC fw
AAGCTGTTTGCACTGGTTGCAACTCTGATGTTAAGCGTGTCA
pHL
GCCTATGCGATCGAGAAAATTTACGATGTTGATTACGAG
aacagaccatggaattcgagctcggtacccATGAAAAAGCTGTTTGCACTG
AIW391 ssdsbA rlpA fw
GTTGCAACTCTGATGTTAAGCGTGTCAGCCTATGCGAGCTCT
pHL
CCTGGGGGGCGCTA
CACGCCTCCGGCAACTTGCATAAAAACAAACACAACACGCAC
AIW338 Ec mltC W fw
CCGGAATGtaggctggagctgcttcg
ATGTGGATAACATTTTTGCCCCTGAGCATCGTCAGGGGCGGT
AIW340 Ec mltC W rev
TAATGGAAtggtccatatgaatatcctccttag
TTGTAATGTCAATCCACACCCACAGGAAAATGTTGTCGAAAAG
AIW311 Ec rlpA W fw
CGTGTAAGAGGTGCGCAtgtgtaggctggagctgcttcg
TTCCGCGTGACTTTGTTAACGTCATTTACAGAAATTGACACAT
AIW312 Ec rlpA W rev
CAGATGCCTGCTTTACGcatatgaatatcctccttag
TGCCGCTTAGGTGTGCCGTTGTCACCTCAACGGCGATTCCAG
AIW315 Ec mltE W fw
GCTATAAGGATAGAAGAAtgtgtaggctggagctgcttcg
ATCAGTCGCGCACTTTGTCCGCTTTTTCCCGGGCTTCTCGCT
AIW316 Ec mltE W rev
CGAGAGAGAAAATAATCCcatatgaatatcctccttag
ATATGTGATGGGTTAAAAAGGATCGATCCTAGGAGTATGTTGA
AIW282 rpoS up fw pCVD
ACCTGTCGGTA
TCATCATTATTACTCGAGTGCGGCCGCATTATGGCAACTTTGC
AIW283 rpoS up rev scar
GAGTCATTG
AIW284 rpoS down fw scar TAATGCGGCCGCACTCGAGTAATAATGATGAAACGTCGAATAC
GACAACTAATTTTTC
AIW285 rpoS down rev
AGAGCTCGATATCGCATGCGGTACCTCTAGGCTACTCACTATT
pCVD
TTGAGTTAACCGAAC
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3.1 Abstract
The peptidoglycan cell wall is a predominant defining structure of bacteria,
determining cell shape and supporting survival in diverse conditions. As a single,
macromolecular sacculus enveloping the bacterial cell during growth and division,
peptidoglycan is necessarily a dynamic structure that requires highly regulated synthesis
of new material, remodeling, and turnover – or autolysis – of old material. Despite
ubiquitous clinical exploitation of peptidoglycan synthesis as an antibiotic target, much
remains unknown about how bacteria modulate synthetic and autolytic processes. Here,
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we couple classical bacterial genetics in Vibrio cholerae with compositional analysis of
both the macromolecular sacculus and soluble pools of peptidoglycan turnover products
to uncover a critical role for a widely misunderstood class of autolytic enzymes, the
lytic transglycosylases (LTGs). We demonstrate that LTG activity is specifically
required for vegetative growth. The vast majority of LTGs, however, is dispensable for
growth (and thus by extension, for PG synthesis), and ultimately lethal defects
accumulate due to inadequate LTG activity, rather than the absence of individual
enzymes. Consistent with this, we found that a heterologously expressed LTG, MltE, is
capable of sustaining V. cholerae growth in the absence of endogenous LTGs. Lastly,
we demonstrate that soluble, endopeptidase-dependent peptidoglycan chains
accumulate in the WT, and, to a higher degree, in LTG mutants, and that LTG mutants
are hypersusceptible to the production of diverse periplasmic polymers. Collectively,
our results suggest that a key function of LTGs is to prevent toxic crowding of the
periplasm with synthesis-derived PG fragments, and this process can be temporally
separate from peptidoglycan synthesis.

3.2 Introduction
The bacterial cell wall is a nearly universal feature of the bacterial cell envelope.
Made primarily of the strong and elastic polymer peptidoglycan (PG), the cell wall
preserves bacterial shape while protecting the cell from its high internal turgor pressure
and external environmental challenges(Cabeen & Jacobs-Wagner, 2005, Sochacki et al.,
2011, Zhao et al., 2017, Osawa & Erickson, 2018, Egan et al., 2020). PG synthesis
begins in the cytoplasm with the generation of lipid II, consisting of the disaccharide
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[N-acetylmuramic acid (MurNAc)-N-acetylglucosamine (GlcNAc)] that is modified
with a pentapeptide side stem and attached to the lipid carrier undecaprenol. Lipid II is
flipped across the cytoplasmic membrane where the cell wall is assembled in two
reactions:

First,

lipid

II

is

polymerized

into

longer

glycan

strands

by

glycosyltransferases (GTases) followed by crosslinking of the elongating PG strands
via their peptide side stems by transpeptidases (TPases)(Cho et al., 2016, Leclercq et
al., 2017, Zhao et al., 2017, Taguchi et al., 2019, Egan et al., 2020). Ultimately, the
combined result of GTase and TPase activities is a covalently closed mesh-like
macromolecular network called the PG sacculus.

The strength of the PG sacculus is a double-edged sword. On the one hand, the
covalent network provides a mechanical structure strong enough to withstand the high
cellular turgor pressure and stresses of a changing environment. On the other hand, it
acts as a macromolecular cage that might inhibit cellular expansion and division as well
as the insertion of crucial trans-envelope machinery (i.e., flagella and pili).(Höltje, 1998,
Nambu et al., 1999, Viollier & Shapiro, 2003, Uehara & Park, 2008, Herlihey & Clarke,
2017, Santin & Cascales, 2017) Bacteria therefore need to couple new PG synthesis
with degradation of bonds within the PG network to simultaneously maintain the
integrity of the sacculus while also making space for the insertion of new PG.(Höltje,
1998, Lee & Huang, 2013, Nguyen et al., 2015)

PG degradation is accomplished by several divergent enzyme classes that are
often subsumed under the term “autolysins”, i.e., enzymes that cleave various bonds
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within PG. Endopeptidases (EPs), for example, cleave the peptide crosslinks and are
particularly integral to the “space-making” autolytic function that permits sacculus
expansion during cell elongation; without EP activity, PG synthesis results in a thicker
cell wall or integrity failure and lysis.(Singh et al., 2012, Murphy et al., 2021) Another
major class of autolysins, the lytic transglycosylases (LTGs), cleave the glycosidic
linkages between disaccharide subunits within PG strands. Their biochemistry has been
exquisitely well-studied and the diversity of their structures and mechanisms of action
well characterized.(Dik et al., 2017, Byun et al., 2018, Lee et al., 2018, Vijayaraghavan
et al., 2018) Unlike the other autolysins, the primary cleavage mechanism of LTGs is
non-hydrolytic. Rather, LTGs perform an intramolecular cyclization of MurNac
residues to generate a unique and readily identifiable signature of their activity,
anhydro-MurNAc (anhMurNAc).(Höltje et al., 1975, Dik et al., 2017, Williams et al.,
2018) Early characterization of PG in the bacterial sacculus suggested that every PG
strand in the sacculus terminates in an anhMurNAc cap, long implicating LTGs as
potential “terminases” of GTase glycan elongation.(Höltje et al., 1975, Kraft et al.,
1998) This was only recently confirmed empirically with the novel discovery and
characterization of MltG and its functional analogs (Tsui et al., 2016, Yunck et al., 2016,
Bohrhunter et al., 2021, Sassine et al., 2021). MltG associates with active PG synthetic
complexes to release new strands from the cytoplasmic membrane (to which they are
initially tethered via undecaprenyl pyrophosphate), presumably as they emerge from
GTase activity; consequently, MltG is a strong determinant of PG strand length.(Tsui et
al., 2016, Yunck et al., 2016, Bohrhunter et al., 2021, Sassine et al., 2021) Other
physiological roles assigned to LTGs include local PG editing for insertion of PG-
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spanning protein complexes(Koraimann, 2003, Herlihey & Clarke, 2017, Santin &
Cascales, 2017) and PG recycling. PG recycling, the re-incorporation of PG breakdown
products into the biosynthesis cycle, starts with re-uptake of PG turnover products by
the importer AmpG.(Jacobs et al., 1994) AmpG specifically imports LTG breakdown
products (anhMurNAc-containing fragments) and this process can theoretically be
supported by any active LTG that produces monomeric anhydromuropeptides. Despite
being well-conserved throughout many bacterial phyla, PG recycling is not an essential
process under standard growth conditions.(Dik et al., 2018) Another underappreciated
function of LTGs has emerged through the work of our group and others wherein certain
individual or combinatorial LTG mutations, including septal LTG RlpA, results in a
daughter cell separation defect(Heidrich et al., 2002, Priyadarshini et al., 2006,
Jorgenson et al., 2014, Weaver et al., 2019)

Answering the most general physiological questions about LTGs has been
severely encumbered by their redundancy. Many organisms encode several LTGs with
presumably overlapping functions and rarely does a single LTG mutation yield a
significant, readily investigable phenotype. The genetic and functional redundancy
displayed by LTGs is consistent with an important conserved function and collective
LTG activity is indeed essential for growth and division.(Weaver et al., 2019) The actual
physiological function for the majority of LTGs, however, and the reason for their
collective essentiality, has remained elusive. Here, we sought to comprehensively
illuminate physiological roles for LTGs by extensively characterizing mutants of the
Gram-negative pathogen Vibrio cholerae that are defective for most or all currently

91

annotated LTGs. We find that the vast majority of LTGs is dispensable for growth in
laboratory media. Minimal LTG strains are defective for growth in low-salt media and
hypersensitive to accumulation of periplasmic sugar polymers. Through analysis of PG
turnover products, we show that soluble PG strands accumulate in the wild type and
that this is exacerbated in ∆LTG mutants and alleviated by inactivating a major PG
endopeptidase. Taken together, our data suggest that lytic transglycosylase activity
downstream of PG synthesis mitigates toxic periplasmic accumulation of uncrosslinked,
polymeric peptidoglycan turnover products released by endopeptidases.

3.3 Results
A single LTG is necessary and sufficient for V. cholerae growth
We recently reported that a ∆6 LTG mutant (rlpA+ mltG+ ∆mltA ∆mltB ∆mltC
∆mltD ∆mltF ∆slt70) was viable under standard laboratory conditions and exhibited
only slight morphological defects, including an increase in cell length(Weaver et al.,
2019). Depletion of RlpA from this background resulted in a lethal chaining defect,
suggesting that collectively, some degree of LTG activity is essential for V. cholerae
growth. Since we were previously unable to delete MltG or observe its depletion from
a ∆6 LTG background, we asked whether MltG exhibited a synthetic-lethal relationship
with the other LTGs. Surprisingly, a quantitative insertion/disruption assay suggested
that MltG was fully dispensable in the ∆6 LTG background, so long as essential DNA
synthesis genes downstream of mltG were expressed in trans to ameliorate polar effects
of mltG disruption (Fig. 3.1a, 3.7ab). The resulting ∆6 LTG mltG::kan mutant was
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viable in LB but failed to grow in low-salt LB (LB without added NaCl, designated
LB0N) (Fig. 3.7c), which could explain why previous attempts to inactivate mltG in this
background using SacB-based allelic exchange (requiring selection on LB0N+sucrose)
were unsuccessful(Weaver et al., 2019). Consistent with these data, we were then able
to generate a clean, viable ∆7 LTG mutant (rlpA+ mltG::stop ∆mltABCDF ∆slt70) using
a MqsR toxin-based allelic exchange system(Lazarus et al., 2019). The ∆7 mutant
sacculus contained only a tenth of the AnhMurNAc residues observed in the wild type
sacculus (Fig. 3.7d, Tables 3.1, 3.2), suggesting that no highly active LTGs remain in
this background. Compared to ∆6 LTG(Weaver et al., 2019), RlpA depletion was more
severe in the ∆7 background, both by morphology and plating efficiency (Fig. 3.1b, Fig.
3.8), consistent with ∆7 exhibiting more limited LTG activity than ∆6.

Importantly, growth of ∆7 LTG depended on RlpA LTG activity, as RlpAD145A,
a predicted active site RlpA mutant(Jorgenson et al., 2014) (Fig. 3.9ad) was unable to
promote growth (Fig. 3.1c, 3.10). Conversely, a mutant in the conserved SPOR domain
(which is essential for septal localization in P. aeruginosa(Jorgenson et al., 2014) and
V. cholerae, Fig. 3.9c, but not for LTG function) fully complemented both ∆6 and ∆7
(Fig. 3.1c, 3.10), suggesting that RlpA LTG activity, but not septal localization, are
essential in these backgrounds. Taken together, these results demonstrate that at least
during growth in standard laboratory conditions, V. cholerae only requires one active
LTG of the 8 currently annotated in its genome.
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Figure 3.1. A single LTG is necessary and sufficient for V. cholerae growth and
envelope homeostasis
(a) Trans expression of DNA synthesis genes vc2016-2014 permitted pAM299
disruption of native mltG locus. lacZ and rpoB were targeted as positive and negative
controls for disruption, respectively. TE = Transformation Efficiency. ND = below limit
of detection. 3 biological replicates are shown. (b) RlpA was depleted from the WT, ∆6,
and ∆7 LTG backgrounds by placing its native promoter under control of arabinose
induction and growing from a 10-3 overnight culture dilution into 5mL LB +/- 0.4%
arabinose (ara) at 37 °C with shaking for 3 hrs, back-diluting 10-3 into fresh media, and
incubating for another 3 hrs. Cells were imaged on LB agarose pads. Scale bars = 5μm.
Dotted line indicates 10-3 back-dilution. (c) Arabinose-dependent RlpA depletion in ∆6
and ∆7 LTG backgrounds was rescued with IPTG-inducible LTGs by growing cultures
in LB +/- ara (0.4%) and +/- IPTG (200μM) in 96 well plates at 37 °C without shaking
for 3hrs, back-diluting 10-3 into fresh media, incubating another 3 hrs, and spotting
directly onto the same media +kan50. Plates were incubated at 30 °C for 24hrs before
imaging. Complete plating efficiencies associated with panels (B) and C) can be found
in Fig. 3.8 and 3.10. Images are representative of 3 biological replicates.

Only a subset of LTGs can independently fulfill all essential LTG functions
Since RlpA LTG activity, but not septal localization, was essential for ∆6 and
∆7 growth, we asked whether growth required specialized LTG function, or just PG
cleavage function in general. To test this, we assessed the ability of other LTGs to
complement ∆6 and ∆7 (Fig. 3.1c, 3.10). Only two native LTGs, MltD and Slt70, could
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fully (MltD) or partially (Slt70) substitute for RlpA in the ∆7 LTG background,
demonstrating that RlpA, MltD, and (to a lesser degree) Slt70 are the only V. cholerae
LTGs capable of fulfilling all required LTG roles. Additional LTGs, MltA, MltB, and
MltC, were able to rescue RlpA depletion in the ∆6 LTG background (where MltG is
present), but not the ∆7 LTG background (where MltG is absent). These observations
suggest that LTGs perform at least two separable essential functions for viability, where
MltG can perform one function but requires MltA, MltB, or MltC to perform another,
and vice versa, as none of these LTGs are independently capable of supporting growth.
Intriguingly, the E. coli LTG MltE, for which V. cholerae has no known homologue,
was also capable of fully supporting V. cholerae growth as the sole functioning LTG,
suggesting that LTG essential functions may not depend on specific protein-protein
interactions. Collectively, these data suggest that LTGs are partially redundant; but
some LTGs also exhibit varying degrees of functional specificity.

LTGs are required during vegetative growth
We were surprised that our strains lacking major LTG activity (even ∆7) were
viable. We thus sought to characterize growth and morphology of these backgrounds in
more detail.

While the ∆6 and ∆7 mutants grew at wild-type growth rates in LB

medium when cultures were started from a 100-fold dilution of saturated overnight
cultures, we noticed a dilution-dependent exacerbation of growth and morphology
defects (Fig. 3.2, 3.11, 3.12). When ∆7 LTG cultures were highly diluted from overnight
cultures to increase the number of generations spent in exponential growth, we started
to observe a marked growth defect (Fig. 3.2ab, 3.12a). Conversely, the mltG::stop
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single mutant and ∆6 LTG mutant grew at wild-type growth rates independent of initial
dilution factor (Fig. 3.2b, 3.12a). These data suggest an essential or near-essential role
for MltG during sustained exponential growth, albeit only when other LTGs are also
inactivated. We also observed diverse aberrant morphologies within the LTG-deficient
mutants (but not a ∆mltG::stop single mutant) under these conditions (Fig. 3.2c, 3.11).
Interestingly, despite lacking most members of an entire class of PG enzymes, ∆6 and
∆7 only exhibited only mild defects in length and width homeostasis (Fig. 3.2de, Fig.
3.12), which were only dilution-factor dependent for cell length (suggesting a
cumulative division defect). When we followed a time-course after back-dilution from
stationary phase, we observed morphological defects accumulating in exponential phase
and then largely disappearing in stationary phase (Fig. 3.13) in both ∆6 and ∆7.
Collectively, these observations suggest that LTG-deficient mutants suffer from
cumulative damage during exponential growth, which is partially alleviated in
stationary phase.
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Figure 3.2 LTG insufficiency causes accumulative growth and morphology defects
(A) (a) Schema describing relationship between dilution factor (DF) of saturated
cultures into fresh media and time spent in exponential growth (texp). (b) Mass doubling
times (doublings per hour, DPH) from growth curves performed in LB inoculated with
10-fold serial dilutions of saturated overnight cultures. Values were calculated from
growth curves shown in Fig. S6. Error bars represent standard deviation of the mean,
n≥3. (c) Relative abundance of cell morphologies from cultures at OD600 0.3 from panel
C. n>500 cells. Definition criteria and images are shown in Fig. 3.11. Mean length (d)
and width (e) as a function of dilution factor (DF) of rod cells from panel (C). n>500
rods.
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LTG activity is required for survival in hypo-osmotic conditions
Our results detailed above suggested that the majority of LTGs are dispensable
for growth, catalyzing renewed interest in the question of what their physiological roles
are. To dissect potential roles for LTGs in cell envelope integrity maintenance, we
subjected the ∆6 and ∆7 mutants to low osmolarity challenge. Similar to the morphology
and growth defects in LB (Fig. 3.2, 3.11 – 3.13), both mutants were sensitive to low salt
conditions in a dilution-dependent manner (Fig. 3.3a, 3.14a). Interestingly, the ∆7 LTG
mutant grew at wild-type rate during the initial growth period before onset of lysis,
suggesting that it is not the initial shock of changing osmotic conditions that kills this
mutant, but rather some cumulative damage during growth in low-salt conditions (Fig.
3.3a, 3.14a). Importantly, this rules out a simple cell envelope defect as a cause of LTGdeficient mutant osmo-sensitivity. We then sought to dissect the contributions of
individual LTGs to salt sensitivity. Other than RlpA, which has an established role in
LB0N growth(Jorgenson et al., 2014, Weaver et al., 2019) and is still present in the ∆6
and ∆7 mutants, no other single LTG mutant exhibited a strong growth defect in LB0N
(Fig. 3.15a), all suggesting that this defect is an accumulative function of collective
LTG insufficiency. Several LTGs (MltA, MltB, Slt70, and EcMltE) were able to rescue
∆6 LTG growth in LB0N at higher dilutions (Fig. 3.15c), but none could rescue ∆7
growth in LB0N except MltG, which only partially restored growth to ∆6 mutant levels
(Fig. 3.15d). This suggests that no single LTG is be able to fully support growth in
LB0N, and that MltG, despite not exhibiting a defect as a single mutant, is particularly
important in this environment when other LTGs are inactivated. Intriguingly,
overexpression of mltF was toxic for both the ∆6 (LB0N only) and the ∆7 mutant (LB)
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(Fig. 3.15bcd), preventing us from assessing its potential for LTG-deficient mutant
complementation.

Figure 3.3 LTG mutants are hypersensitive to low osmolarity and accumulation of
periplasmic polymers
(a) Mass doublings (doublings per hour, DPH) upon increasing dilutions (DF, dilution
factor) during growth in LB0N. Values were calculated from growth curves in Fig. S8A.
Error bars represent standard deviation of the mean, n≥3. NG, no growth (b)
Representative growth curve in LB0N showing late-growing spontaneous suppressor in
∆6 LTG (c) Whole genome sequencing of ∆6 LB0N suppressor mutations identifies a
premature stop resulting in a 6% 3’ truncation of opgH; a deletion resulting in a 56% 3’
truncation of opgH and 36% 3’ truncation of vc1286; and a deletion of the 5’ end of
ptsH. (d) Validation of low osmolarity growth defect suppression by an opgH mutation.
Shown are mass doublings (doublings per hour, DPH) upon increasing dilutions (DF,
dilution factor) during growth in LB0N. Values were calculated from growth curves
shown in Fig. 3.14E (e) Saturated overnight cultures harboring IPTG-inducible sacB
were 10-fold serially diluted and plated on LB+kan50 +/- 200μM IPTG +/- 10% sucrose,
incubated at 30 °C, and imaged 24 hrs before. Representative of 3 biological replicates.
Empty vector and LB0N controls are shown in Fig. 3.17.

99

LTG mutants are hypersensitive to accumulation of periplasmic polysaccharides
To determine the reason for ∆LTG defects in low salt media, we took advantage
of the spontaneous appearance of suppressors arising during ∆6 LTG growth in LB0N.
(Fig. 3.3b, Fig. 3.14). Whole genome sequencing of three stable suppressors identified
three unique mutations: a deletion in ptsH (vc0966), a frameshift mutation in opgH
(vc1287), and a deletion mutation affecting both opgH and a downstream gene (vc1286)
(Fig. 3.3c).

ptsH encodes HPr, a key regulator of sugar import via the

phosphoenolpyruvate-carbohydrate phosphotransferase system (PTS).(Deutscher et al.,
2014)

OpgH is critical to the synthesis of periplasmic glucans (OPGs), which

accumulate under conditions of low osmolarity and have been implicated in a variety of
cell

functions,

including

steady-state

maintenance

of

osmolarity

in

the

periplasm.(Bontemps-Gallo et al., 2017) We were particularly intrigued by the role of
periplasmic glucans and validated restoration of ∆6 LTG LB0N growth using clean
deletion mutants. Inactivation of opgH completely restored wild-type growth of the ∆6
LTG mutant in LB0N, independent of initial dilution factor (Fig. 3.3d, 3.14e). In
contrast, inactivation of opgH was only able to restore growth of the ∆7 LTG mutant in
LB0N from a 10-2 inoculum (Fig. 3.3d, Fig. 3.14e), but not from greater dilutions, nor
from a 10-5 inoculum in LB (Fig. 3.14cd), indicating that the ∆7 LTG mutant has
additional exponential growth-dependent defects unique from the ∆6 LTG mutant.
Interestingly, OpgH orthologues in E. coli and Y. pseudotuberculosis have also been
ascribed a moonlighting function, tying carbon availability with cell length by inhibiting
FtsZ filamentation when UDP-glucose levels are high in the cell(Hill et al., 2013,
Quintard et al., 2015). The elongated cell phenotype of the ∆6 LTG and ∆7 LTG
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mutants could in principle be indicative of a similar activity by V. cholerae OpgH;
however, deleting opgH from the ∆6 LTG mutant did not restore wild-type cell length
in ∆6 (Fig. 3.16a). Additionally, alignment of V. cholerae OpgH with E. coli and Y.
pseudotuberculosis suggests that it lacks much of the N-terminal domain that was shown
to interact with FtsZ in E. coli (Fig. 3.16b).(Hill et al., 2013)

We consequently considered a model where accumulation of periplasmic
glucans is detrimental to ∆LTG mutants, e.g., via periplasmic crowding or an increase
in periplasmic osmolarity. To test this model, we used an unrelated system to increase
periplasmic crowding. The B. subtilis sacB gene product isomerizes and polymerizes
sucrose monomers into levan molecules up to several kD(Tanaka et al., 1980),
molecules much too large to escape the gram-negative periplasm through outer
membrane porins. This is often exploited in allelic exchange methods for mutant
generation as a means of counterselection,(Gay et al., 1983, Steinmetz et al., 1983,
Blomfield et al., 1991) where, for example, WT V. cholerae is sensitive to sacB
expression in LB0N+sucrose. We hypothesized that the ∆LTG mutants might be
hypersensitive to levan accumulation even in standard LB salt conditions (1% W/V).
To test this, we engineered strains overexpressing sacB. Consistent with the use of sacB
as a counterselection method under low salt conditions, the wild type is sensitive to sacB
induction on LB0N (Fig. 3.17), but not LB. In contrast, we observed a sacB-dependent
plating defect on sucrose in the ∆6 and ∆7 LTG mutant on LB (Fig. 3.3e, 3.17).
Interestingly, the mltG::stop mutant also exhibited hypersensitivity to SacB activity
(Fig. 3.3e, 3.17), suggesting that accumulating MltG substrate is a particularly strong
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direct or indirect contributor to this phenotype. Collectively, our data suggest that
∆LTG mutants suffer from either hyperosmotic stress or excessive molecular crowding
in the periplasm, which can be exacerbated through the induction of long-chain
polysaccharides.

PG transglycosylase activity causes ∆6 LTG mutant periplasmic stress
Based on our model that accumulation of polysaccharides in the periplasm is
toxic, we predicted that induction of “futile cycling” (accumulation of uncrosslinked PG
strands caused by uninterrupted GT activity during TP inhibition, e.g. by β-lactams(Cho
et al., 2014)) should exacerbate LTG-deficient mutant sickness, and this has indeed been
shown with Slt70 in E. coli(Cho et al., 2014). To test this hypothesis, we assessed
susceptibility of ∆LTG mutants to cell wall-acting antibiotics with varying ability to
induce futile cycling. In a disk diffusion assay, the ∆6 and ∆7 LTG mutants were
hypersensitive to inducers of futile cycling, i.e., general PBP inhibition by Penicillin G
as well as to inhibition of specific PBPs including PBP3 (aztreonam), PBP2
(mecillinam), and PBP1b (cefsulodin) (Fig. 3.4a). Conversely, both the ∆6 and the ∆7
mutant exhibited wild-type sensitivity to moenomycin and fosfomycin, both of which
inhibit cell wall synthesis without inducing futile cycling. Thus, β-lactam sensitivity of
LTG-deficient mutants is not necessarily tied to simple inhibition of cell wall synthesis,
but potentially also to periplasmic crowding due to the accumulation of uncrosslinked
PG strands. Curiously, the ∆7 LTG mutant was hypersensitive to MreB inhibition by
MP265. This suggests that in the absence of other LTGs, MltG contributes to survival
upon Rod system insufficiency through an unknown mechanism.
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To further dissect PG strand accumulation under these conditions, we visualized the fate
of PG during antibiotic treatment using the cell wall label BADA.(Kuru et al., 2012,
Hsu et al., 2017) The ∆6 and ∆7 LTG mutants were all readily labeled when grown with
BADA (Fig. 3.18, 3.19) prior to antibiotic addition. After 3 hours of treatment with
Penicillin G (100μg ml-1, 20xMIC), the ∆6 and ∆7 LTG mutants accumulated strong
periplasmic BADA signal compared to the wild-type spheroplasts in which the cell wall
is presumably completely degraded (Fig. 3.4b). At earlier stages of penicillin treatment,
it also appeared that the ∆6 and ∆7 LTG mutants were slower to degrade their rodshaped poles (Fig. 3.18). Treatment with fosfomycin (500μg ml-1) did not result in
pronounced BADA accumulation in the periplasm, suggesting that this signal does not
reflect sacculus degradation, but indeed relies on ongoing cell wall synthesis (i.e., futile
cycling) (Fig. 3.4b, 3.19).
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Figure 3.4. LTG mutants are
hypersensitive to antibiotics promoting
periplasmic PG accumulation
(a) Sensitivity to Penicillin G (PenG),
aztreonam (AZTM), mecillinam (Mec),
cefsulodin (Cef), moenomycin (Moeno),
MP265, and Fosfomycin (Fos) measured
as Zone of Inhibition (ZOI) in a disk
diffusion assay. ND = No ZOI around
disk. Error bars = standard deviation.
Significance determined by one-way
Anova. ns = p>0.05, * = p< 0.05, ** =
p<0.01, *** = p<0.001, **** = p<0.0001.
Overnight cultures were diluted 1:100
into LB+BADA (100μM) and grown at
37°C to OD600 0.5 before addition of (b)
PenG (100μg ml-1) or (c) Fosfomycin
(500μg ml-1). Samples were washed and
imaged after 3hrs of antibiotic exposure.
Fluorescence was normalized to the same
intensity threshold for comparison except
where indicated (Exceptionally bright
samples were normalized to a higher
intensity threshold denoted by the
multiplier). Representative of 2 biological
replicates. Scale bar = 5μm
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LTG insufficiency results in periplasmic PG strand accumulation
Why are LTG mutants sensitive to periplasmic accumulation of polymers?
Accumulating PG debris released during PG synthesis could, in principle, increase
periplasmic osmolarity and/or crowding, explaining defects associated with low salt
conditions and periplasmic polysaccharide accumulation. We therefore sought to
quantify soluble, periplasmic PG debris within crude cell lysates (excluding PG released
into the growth medium). Canonical PG architecture analysis relies on SDS-boiled
sacculi isolated by ultra-centrifugation, which permits sacculus characterization (Fig.
3.7d), but ignores solubilized, uncrosslinked (freely-diffusing) PG fragments associated
with PG turnover processes such as those potentially mediated by LTGs. We thus
analyzed fragments that remained soluble after sedimentation of purified sacculi, i.e.,
PG material that freely accumulates within the periplasm (or inside the cell) but is not
attached to the cell wall. Since entire periplasmic PG strands cannot be easily resolved
using subsequent LC-MS analysis, we also digested the soluble PG fraction with
muramidase (to generate smaller monomers suitable for LC-MS detection) and then
compared muramidase-treated vs. untreated traces to determine soluble PG architecture
(Fig. 3.5a). We first analyzed soluble products of LTG activity (Fig. 3.5bc, Table 3.33.6).

AnhMurNAc-tetrapeptide (M4N) was abundant in the wild type during

exponential phase, and predictably, M4N was significantly depleted in the ∆7 LTG
soluble muropeptide profile. Surprisingly, M4N was enriched in the mltG::kan and ∆6
LTG mutants, suggesting that the absence of some LTGs might cause upregulated
activity of others.
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Figure 3.5 Periplasmic uncrosslinked PG strands accumulate in an endopeptidasedependent manner during normal growth
(a) Schema describing muramidase-treatment dependence of detection of monomeric or
polymeric PG fragments. M4N = anhMurNAc-tetrapeptide. M4 = reduced MurNActetrapeptide. (b-e) Overnight cultures of. WT and ∆LTG mutants were diluted 1:100
into LB, grown at 37°C, and harvested at OD600 0.3 (Exp, solid bars) and 1.2 (Stat,
striped bars) for soluble PG analysis by LC-MS. MS peak areas for M4N and M4 are
shown here. Means compared to WT by unpaired t-tests, n=3. (f) WT and ∆6 LTG
strains harboring a single chromosomal copy of shyA under an IPTG-inducible promoter
were grown from 10-2 inocula for 3hrs (OD600 ~1.0) in LB with (ShyA+) or without
(ShyA -) 200μM IPTG at 37 °C and harvested for soluble PG analysis by LC-MS.
Means compared by unpaired t-test, n=3. All error bars = standard deviation. ns =
p>0.01, ** = p<0.01, *** = p<0.001, **** = p<0.0001. ND = Not detected in all
replicates.
Importantly, MurNAc-tetrapeptide species without anhMurNAc (M4) were
detectable in the WT during exponential phase, and significantly enriched in the ∆6/∆7

106

LTG mutants (Fig. 3.5d, Tables 3.3-3.6). By comparing the muramidase-treated vs.
untreated samples, we can infer the native state of these M4 and M4N (Fig. 3.5abd),
i.e., determine whether these species occur predominantly as monomers or as parts of
PG polymers in vivo. Both species were significantly depleted in the muramidaseuntreated samples, suggesting that in vivo, they are part of polymeric, uncrosslinked
peptidoglycan strands. It is important to note that M4 monomers are not intermediates
of cell wall synthesis (which proceeds from a tripeptide directly to pentapeptide due to
addition of preformed D-Ala-D-Ala dipeptide).(Barreteau et al., 2008) This, in
conjunction with a strong muramidase-treatment-dependence of the abundance of M4
excludes a cytoplasmic origin of this species. It is also interesting to note that, unlike
the WT, mltG::kan, and even ∆6 LTG mutant, the ∆7 LTG appears to have a
disproportionately large pool of polymeric M4 species (muramidase-dependent)
compared to M4N species, suggesting that either the soluble PG strands in the ∆7 LTG
mutant are extremely long, or perhaps do not ubiquitously terminate in anhMurNAc
residues. The abundance of soluble PG strands decreased in stationary phase (Fig.
3.5ce, Tables 3.3-3.6), which suggests that in the LTG-deficient mutants, these strands
are somehow cleared by RlpA, an unrecognized LTG, or a cryptic PG hydrolase.
Reduction of these uncrosslinked strands in stationary phase is consistent with the
alleviation of morphology defects observed as cells exit exponential growth (Fig. 3.13).

We next asked how these polymeric uncrosslinked PG strands might be
generated. Since endopeptidases have been suggested to be essential for sacculus
expansion during cell elongation, we hypothesized that these soluble strands may reflect
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endopeptidase activity, which would imply that EPs do not simply relax PG crosslinking
(as commonly assumed), but also might excise entire strands that accumulate - at least
transiently - in the periplasm. To test this hypothesis, we depleted the major
housekeeping EP ShyA(Dorr et al., 2013) from a ∆6 LTG mutant, and found that the
most abundant monomer species, M4, was reduced in a ShyA-dependent manner in both
the WT and ∆6 LTG mutant (Fig. 3.5f, Tables 3.7, 3.8). This strongly suggests that
ShyA produces the majority of the uncrosslinked strands in the periplasm. Curiously,
depletion of ShyA in the ∆6 LTG background resulted in large, irregular cells (Fig.
3.20), suggesting a cell envelope defect upon EP insufficiency. Additionally, ShyA was
required for ∆6 LTG mutant colony formation on LB plates, but ∆6 LTG liquid cultures
depleted for ShyA remained viable and could be rescued on plates restoring shyA
expression (Fig. 3.20). Altogether, the data suggest that EPs excise entire PG strands
that accumulate in the periplasm until they are later cleared by LTGs.

3.4 Discussion
The exact contributions of LTGs to cell growth have remained elusive, mainly
due to the high level of apparent redundancy of these enzymes, which hampered
classical genotype-phenotype association analyses. While circumstantial evidence
abounds, no collective physiological characterization of essential LTG function has
been conducted in any organism, and even cases of demonstrated synthetic lethal
relationships are rare and rely on indirect evidence (inability to delete LTG
genes).(Heidrich et al., 2002, Chaput et al., 2007, Scheurwater & Clarke, 2008) The V.
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cholerae ∆6 and ∆7 LTG mutants described here provide a vital platform for exploring
both the collective and individual contributions of lytic transglycosylases to bacterial
viability.

Conserved LTGs are not functionally equivalent
In this study we confirm that LTG enzymatic activity is essential for growth and
division. We further demonstrate that some functional redundancy exists in V. cholerae
between diverse LTG families, as has been observed in other bacteria (Dik et al., 2017,
Herlihey & Clarke, 2017, Mueller et al., 2019). Members of LTG families 1A (Slt70),
1D (MltD) and 6A (RlpA) can support growth independent of all other natively encoded
LTGs from families 1B, 1E, 2A, 3A, and 5A. Certain V. cholerae LTGs additionally
exhibit complementary genetic relationships in the absence of all other LTGs, implying
there are at least two essential roles for LTGs. For example, while neither MltG, MltA,
MltB, nor MltC can support growth on their own, strains expressing the MltG+MltA,
MltG+MltB, or MltG+MltC pairs are each viable. Surprisingly, and importantly,
essential LTG activities may not require conserved protein-protein interactions as
suggested by the viability of a V. cholerae mutant expressing non-native E. coli MltE
as its sole LTG. Scheurwater and Clarke unsuccessfully but informatively attempted to
inactivate mltF in an E. coli ∆6 LTG (∆mltABCDE ∆slt70), suggesting that the
essentiality of LTG activity is conserved between E. coli and V. cholerae, and that MltF
and MltG may not be functionally redundant in E. coli.(Scheurwater & Clarke, 2008)
In contrast, mltF inactivation is not synthetically lethal with ∆mltABCD ∆slt70 in V.
cholerae. In fact, restoring MltF expression in the ∆6 and ∆7 LTG background is toxic,
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indicating that V. cholerae and E. coli exhibit different genetic relationships between
homologs of the same LTGs. This is perhaps most strongly exemplified by the
conservation of RlpA in both species, where E. coli RlpA has no detectable LTG
activity(Jorgenson et al., 2014), yet V. cholerae RlpA can perform essential functions
as the sole LTG. Recently, the hydrolytic enzyme DigH in E. coli was shown to be
functionally similar to LTGs by contributing to the resolution of septal PG during
daughter cell separation(Yakhnina & Bernhardt, 2020). The activity of DigH (of which
V. cholerae does not possess a strong homolog) may explain why E. coli does not appear
to require RlpA LTG activity; this LTG-like physiological role for a hydrolytic enzyme
also suggests that we may need to look beyond LTGs to fully address the roles for
glycosidic bond cleavage within PG.

The functional redundancy of LTGs is also likely the root of an apparent
paradox. Release of new PG strands from undecaprenyl pyrophosphate should be an
essential function, as anchoring of PG to the inner membrane is toxic(Suzuki et al.,
2002) and is likely necessary for lipid carrier recycling. Yet MltG, the highly conserved
“PG terminase” that associates with PG synthetic complexes to release new strands, is
not essential. MltG can be inactivated in wild type V. cholerae without significant
consequence but our ∆7 LTG (mltG-null) mutant lost viability upon sustained growth
in exponential phase in LB. It is therefore likely that other LTGs can partially
complement for terminase activity. The dilution-dependent ∆7 LTG growth defect
further suggests that either RlpA has at least partial terminase activity and/or that during
brief growth in exponential phase, terminase activity is non-essential. MltG essentiality
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(or near-essentiality) can thus perhaps only be appreciated in a multiple LTG
background under conditions where terminase activity is expected to be most important.
This is also evidenced by the increased sensitivity of the ∆7 LTG mutant to hypoosmotic conditions that cannot be rescued via the same mechanisms that rescue ∆6 LTG
mutant, i.e., inactivation of OPG synthesis, as well as hypersensitivity to MreB-inhibitor
MP265. All of these defects point to a unique, MltG-dependent, conditionally essential
LTG function.

LTGs manage the periplasmic environment
By analyses of soluble PG, we discovered that even wild-type V. cholerae
accumulates loose strands of uncrosslinked PG of periplasmic origin (detected as
muramidase-dependent, soluble M4 products) and that production of these strands is
dependent on the EP ShyA. PG strands appear to accumulate to detrimental levels in the
∆6 and ∆7 mutants and we thus propose that processing soluble PG is a major collective
function of LTGs. PG strand accumulation induces hypersensitivity to other polymeric
sugars in the periplasm, such as OPGs, SacB-generated levans and β-lactam-induced
futile cycling products. This polysaccharide toxicity may arise from the fact that these
large polymers (PG, OPGs, or levans) cannot diffuse out through OM porins,
accumulating in a growth and/or substrate-dependent manner. This would
inappropriately increase the osmolarity and/or cause excessive crowding(Sochacki et
al., 2011) of the periplasm to interfere with normal growth-related processes, as
exemplified by the mild division defect of the V. cholerae LTG-deficient mutants.
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Broader implications for LTGs in PG dynamics
Our data suggest that the most important roles for LTGs may not include
“making space” for new PG insertion, as has been assumed for fundamental models of
PG synthesis. More likely, LTGs clear the periplasm of most PG debris generated by
endopeptidases during normal growth by facilitating either recycling or release of small
fragments into the environment (Fig. 3.6). As such, this collectively essential function
of LTGs may not be tied to a direct influence on PG synthesis. Importantly,
uncrosslinked strands are not a deviant feature unique to the LTG-deficient mutants nor
β-lactam treatment (though they become more apparent under these conditions), as they
were also detectable in the wild type during normal growth. Detection of EP-dependent,
uncrosslinked PG strands suggests that EP activity might be temporally separated from
LTG-mediated turnover of those PG strands. This is seemingly contrary to pervasive
models proposing a synchronized synthetic/autolytic complex that digests old PG while
simultaneously building new PG. If such a complex exists, LTGs collectively maintain
an important role complementary to it, but not inevitably as part it.

Lastly, while high accumulation of PG strands is toxic, maintaining a small pool
of uncrosslinked PG material may actually serve a beneficial purpose to cells under
some conditions; bacteria might thus have an adaptive reason for avoiding tightly
coordinating LTG activity with synthesis. Inactivation of sltY in E. coli, for example,
can promote β-lactam resistance by upregulating L,D-crosslinking activity of L,Dtranspeptidase LdtD (YcbB), presumably due to the increased presence of uncrosslinked
glycan strands under these conditions.(Voedts et al., 2021) It is possible that one
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function of L,D-TPs is to patch holes in the sacculus via readily available soluble PG
strands, constituting an innate “bike tire repair kit” for the bacterial cell wall. Future
studies of this LTG-mediated turnover of uncrosslinked PG could be critical for
understanding PG repair mechanisms, as well as general periplasmic homeostasis, both
of which have been historically elusive topics.

Figure 3.6 Model for LTG-mediated removal of toxic PG debris (A) Endopeptidases
(EPs, Yellow) excise PG strands (Red) from the sacculus (Blue), permitting sacculus
expansion. (B) In wild-type cells, lytic transglycosylases (LTGs, Green) digest excised,
uncrosslinked PG strands into smaller fragments that can be recycled by AmpG (Dark
Gray) or released through porins (Violet) (C) In LTG-deficient cells, excised PG debris
crowds the periplasm and becomes toxic

3.5 Materials and Methods
Bacterial strains and growth conditions
V. cholerae strains in this study are derivatives of V. cholerae WT El Tor strain
N16961 (Heidelberg et al., 2000). Construction of plasmids and mutant V. cholerae
strains is described in the next section along with a table of strains and plasmids used in
this work (Tables 3.9-3.11).
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Strains were grown at 30°C or 37°C in Luria-Bertani (LB, Fisher Bioreagents#
BP97235) with or without 1% NaCl, 1% sucrose, or 10% sucrose, or in M9 minimal
media + 0.4% glucose (Cold Spring Harbor Protocols) where indicated in the figure
legends. Growth media were supplemented with kanamycin (50 μg ml-1), ampicillin
(25 μg ml-1), or chloramphenicol (5 μg ml-1) in plates and overnight cultures when
needed to maintain plasmids or chromosomal integration of suicide vectors. Genes
under Para and Ptac regulation were induced with 0.4% L-arabinose or 200 μM isopropylβ-D-1-thiolgalactopyranoside (IPTG), respectively.

Construction of plasmids and strains
A summary of all strains, plasmids, and primers used in this study can be found
in Tables S9-S11. E. coli DH5α λpir was used for general cloning, while E. coli SM10
or MFD λpir were used for conjugation into V. cholerae(Ferrières et al., 2010). Plasmids
were constructed using Gibson assembly(Gibson et al., 2009) with the exception of
plasmids expressing rlpA∆SPOR or rlpAD145A, which were generated by site directed
mutagenesis of the parent wild-type sequence rlpA plasmids. All Illumina whole
genome sequencing and variant calling for ∆6 LTG and ∆7 LTG strain verification or
suppressor identification was performed by the Microbial Genome Sequencing Center
(MiGS, Pittsburg, PA, USA).

Most chromosomal in-frame deletions (or premature stop codon mutants) were
generated using the pCVD442 ampR/sacB allelic exchange system(Donnenberg &
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Kaper, 1991). 500bp regions flanking the gene to be deleted were amplified from
N16961 genomic DNA by PCR, cloned into suicide vector pCVD442, and conjugated
into V. cholerae. Conjugation was performed by mixing and pelleting equal volumes
of recipient V. cholerae and SM10 or MFD λpir donor LB overnight cultures, spotting
the mixed pellet onto LB (+600 μM diaminopimelic acid [DAP] for MFD λpir) followed
by incubation at 37°C for 3 hrs. The first round of selection was performed on LB +
streptomycin (200 μg ml-1 ) + ampicillin (100 μg ml-1) at 30°C followed by
counterselection on salt-free LB + 10% sucrose + streptomycin at room temperature.
Inducers for conditionally essential genes were included in all media during conjugation
and selection. Addition of 0.2% glucose was required for maintenance in E. coli of
plasmids expressing Vc mltB. Deletions were verified by PCR.

Introduction of a premature stop codon to mltG at its native locus to yield ∆7
LTG as well as in-frame deletions of opgH were constructed using the pTOX5
cmR/msqR allelic exchange system(Lazarus et al., 2019). Flanking regions were cloned
into pTOX5 as described for pCVD442. Conjugation was performed by mixing and
pelleting equal parts of recipient V. cholerae and donor MFD λpir, and spotting onto
LB + 1% glucose + 600μM DAP at 37°C for 5 hrs. The first round of selection was
performed on LB + chloramphenicol (5 μg μg ml-1 ) + streptomycin + 1% glucose at
30°C. Chloramphenicol resistant colonies were picked into a 96well plate containing
200μL LB + 1% glucose and incubated at 37°C without agitation for 3 hrs, then counter
selected on LB + 1% rhamnose at 30°C. Mutations were verified by PCR.
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Ectopic chromosomal expression from IPTG-inducible Ptac was achieved
through use of suicide vector pTD101, a pJL1(Miyata et al., 2013) derivative carrying
the Ptac promoter, a multiple cloning site, and lacIq and integrates into the native V.
cholerae lacZ (vc2338) locus. Single genes of interest were amplified from N16961
genomic DNA, introducing a strong consensus RBS (AGGAGA). Genes downstream
of mltG (vc2016, vc2015, vc2014) were amplified together maintaining their native
organization, including 30bp upstream of vc2016 to retain the native RBS. Selection
for double crossover events was performed as described for pCVD442.

Due to

hypersensitivity of the ∆7 LTG strain to β-lactams, ampicillin was reduced to 25 μg ml1

for the first selection. Due to the osmosensitivity of the ∆7 LTG strain, pTD101 in

this strain (and control strains) was maintained as an ampR single crossover without
counterselection.

Suicide vector pAM299(Möll et al., 2015) was used to place rlpA under Para
control at its native locus for RlpA depletion experiments. pAM299 was introduced via
conjugation and selection for single crossover events on LB + kanamycin (50 μg ml-1 )
+ streptomycin. IPTG-inducible overexpression of rlpA-mCherry fusions for
localization studies and sacB for levan toxicity assays was achieved using pHL100(Möll
et al., 2015) or its conjugatable derivative pHL100mob. The sacB gene was amplified
from pCVD442.

Gene insertion/disruption assay for gene essentiality
The suicide vector pAM224 was used to disrupt genes through single crossover
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integration events. 300bp internal regions in the first third of each respective orf
(towards the 5’ end) were cloned into pAM224 using methods described above.
Quantitative conjugation was performed by washing, mixing, and pelleting 500 μL of
recipient V. cholerae and donor MFD λpir. Pellets were re-suspended in 50 μl of LB,
spotted onto a 45 μm filter on LB + 600 μM DAP, and incubated at 37°C for 4 hrs. Cells
were recovered from the filters into 1 ml of LB by vigorous vortexing and 20 μl of the
suspension was reserved for 10-fold serial dilution and spotting onto LB + streptomycin
(200 μg ml-1 ) incubated at 30°C to calculate total CFU/ml for all viable V. cholerae.
The remaining suspension was pelleted and plated on LB + kanamycin (50 μg ml-1 ) +
streptomycin incubated at 30°C. Viable CFU/ml were calculated, and kanamycin
resistance was verified by patching 50 colonies back onto LB + streptomycin +/kanamycin (all kanR colonies were patched if fewer than 50 colonies were recovered).
Transformation efficiency was calculated as a ratio of kanR CFU to all strepR CFU.

Growth rate experiments
Saturated overnight cultures used for growth curve experiments were washed
once and resuspended in final growth media, normalizing to OD600 2.0. Normalized cell
suspensions were serially diluted into 200 μL growth media and incubated in a
Bioscreen growth plate reader (Growth Curves America) at 37°C with random shaking
at maximum amplitude, and OD600 recorded at 5-min intervals.

Calculations of

doublings per hour (DPH) were performed in R as previously described(Mueller et al.,
2019). Briefly, logarithmic regressions were fitted to sections of growth curves with
>5 consecutive values corresponding to OD600 0.03-0.1 (for 10-2 diluted inocula) or
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OD600 0.01-0.1 (for <10-3 diluted inocula). Logarithmic regressions of ≥3 replicates
with fit value r2 > 0.95 were used to estimate mean doublings per hour for each strain in
each growth condition. Growth rates were not calculated for samples that did not reach
OD600 0.1, either through absence of detectable growth or lysis prior to reaching OD600
0.1. Growth rates were also not calculated for replicates that were subsequently
determined to be suppressors or grew due to irreproducible adaptation. Means within
strains between dilution factors and between strains within dilution factors were
compared using a two-way Anova and Tukey HSD post-hoc test.

Morphology analysis by microscopy
Strains were grown as described in the figure legends and imaged without
fixation on LB 0.8% agarose using a Leica DMi8 inverted microscope. Phase-contrast
images were analyzed using MicrobeJ. Default parameter settings were applied, and
features (septa) were defined as 25% constriction of cell width. Cell outlines were
manually edited as needed.

Sacculus composition analysis
PG composition from insoluble sacculi samples were analyzed as described
previously with some modifications(Desmarais et al., 2013, Alvarez et al., 2016).
Briefly, cells were harvested and resuspended and in boiled 5% SDS for 1 h. Sacculi
were repeatedly washed by ultracentrifugation (110,000 rpm, 10 min, 20ºC) with
MilliQ water until SDS was totally removed. Samples were treated with 20 μg
Proteinase K (1 h, 37 °C) for removal of Braun’s lipoprotein, and finally treated with
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muramidase (100 μg/mL) for 16 hours at 37 ºC. Muramidase digestion was stopped by
boiling and coagulated proteins were removed by centrifugation (14,000 rpm, 15 min).
For sample reduction, the pH of the supernatants was adjusted to pH 8.5-9.0 with
sodium borate buffer and sodium borohydride was added to a final concentration of 10
mg/mL. After incubating for 30 min at room temperature, the samples pH was adjusted
to pH 3.5 with orthophosphoric acid.

UPLC analyses of muropeptides were performed on a Waters UPLC system
(Waters Corporation, USA) equipped with an ACQUITY UPLC BEH C18 Column,
130Å, 1.7 μm, 2.1 mm X 150 mm (Waters, USA) and a dual wavelength absorbance
detector. Elution of muropeptides was detected at 204 nm. Muropeptides were separated
at 45°C using a linear gradient from buffer A (formic acid 0.1% in water) to buffer B
(formic acid 0.1% in acetonitrile) in an 18-minute run, with a 0.25 ml/min flow.

Relative total PG amount was calculated by comparison of the total intensities
of the chromatograms (total area) from three biological replicas normalized to the same
OD600 and extracted with the same volumes. Muropeptide identity was confirmed by
MS/MS analysis, using a Xevo G2-XS QTof system (Waters Corporation, USA) (see
next section for details). Quantification of muropeptides was based on their relative
abundances (relative area of the corresponding peak) normalized to their molar ratio.
Analyses were performed in biological triplicates and means were compared with
unpaired t-tests.
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Soluble peptidoglycan analysis
Sample preparation of soluble PG samples was performed as follows. Bacteria
cultures were harvested by centrifugation (4,000 rpm, 20 min, 4°C). Cell pellets were
gently resuspended and washed twice with ice-cold 0.9% NaCl solution. After pelleting
the cells again by centrifugation, they were resuspended in 1 ml water and boiled for 30
min. Samples were centrifuged again to remove cell debris at 14,000 rpm for 15 min,
and soluble fractions were transferred to new tubes. Next, samples were filtered using
0.2 μm pore size filters. Half of the sample was treated with muramidase (100 μg/mL)
for 16 hours at 37 ºC. Muramidase digestion was stopped by boiling and coagulated
proteins were removed by centrifugation (14,000 rpm, 15 min). Finally, sample pH was
adjusted to pH 3.5 with orthophosphoric acid. When needed, samples were diluted or
concentrated by speed vacuum.

Soluble muropeptides were detected and characterized by MS/MS analysis,
using a Xevo G2-XS QTof system (Waters Corporation, USA) equipped with an
ACQUITY UPLC BEH C18 Column (130 Å, 1.7 µm, 2.1 mm x 150 mm (Waters,
USA)). Muropeptides were separated at 45 ºC using a linear gradient from buffer A
(formic acid 0.1% in water) to buffer B (formic acid 0.1% in acetonitrile) in an 18-min
run, with a 0.25 ml/min flow. The QTOF–MS instrument was operated in positive
ionization mode. Detection of muropeptides was performed by MSE to allow for the
acquisition of precursor and product ion data simultaneously, using the following
parameters: capillary voltage at 3.0 kV, source temperature to 120 ºC, desolvation
temperature to 350 ºC, sample cone voltage to 40 V, cone gas flow 100 l/h, desolvation
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gas flow 500 l/h and collision energy (CE): low CE: 6 eV and high CE ramp: 15-40 eV.
Mass spectra were acquired at a speed of 0.25 s/scan. The scan was in a range of 100–
2000 m/z. Data acquisition and processing was performed using UNIFI software
package (Waters Corp.).

An in-house compound library built in UNIFI was used for detection and
identification of muropeptides. Subsequent identification and confirmation of each
muropeptide was performed by comparison of the retention-times and mass
spectrometric data to known samples. Quantification was performed by integrating peak
areas from extracted ion chromatograms (EICs) of the corresponding m/z value of each
muropeptide and normalized to their molar ratio.

Soluble muropeptide analyses were performed in biological triplicates and
means were compared with unpaired t-tests.

Antibiotic sensitivity
For zone of inhibition assays, a lawn of saturated overnight culture was spread
on an LB plate and allowed to dry for 15 minutes. Filter disks (6 mm) were dropped
with 5μL of antibiotic solutions (Table S4) onto the lawns and incubated at 37°C for 24
hrs before measurements. Means were compared with a one-way ANOVA and Tukey
post-hoc test.
Fluorescent D-amino acid PG labeling
Saturated overnight cultures were diluted 1:100 into LB with 100 μM
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BADA(Hsu et al., 2017) at 37°C for 1.5 hrs before addition of antibiotic. Labeled
samples were washed one time in LB before imaging on LB 0.8% agarose pads using a
Leica DMi8 inverted microscope set for 490 nm excitation.
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3.6 Supplemental Material

Figure 3.7. MltG is dispensable for growth of ∆6 LTG
(a) Transformation efficiencies represent the strepR+kanR CFU divided by total viable
strepR CFU recovered from a single mating. StreptomycinR (StrepR) V. cholerae WT
and ∆6 LTG strains were mated with a strepS E. coli MFD donor strain carrying a
pGP704 suicide vector carrying kanamycin resistance (KanR) and targeting positive
control gene lacZ, negative control gene rpoB, rlpA, or mltG. (b) The genetic region
downstream of mltG encodes essential DNA synthesis genes. (c) Mean growth curves
for mltG::kan strains in WT Ptacvc2016-2014 and ∆6 LTG Placvc2016-2014
backgrounds diluted 1:100 from overnight cultures into LB or LB0N and grown at 37°C.
(d) Relative molar abundance of all AnhMurNAc-containing muropeptide species in
sacculus. Overnight cultures of WT, mltG::kan, ∆6 LTG and ∆6 LTG mltG::kan (∆7
LTG) in lacZ::Placvc2016-2014 backgrounds were diluted 1:100 into LB+200μM IPTG
and samples collected for HPLC analysis at OD600 0.3 (Exp, solid bars) and OD600 1.2
(Stat, striped bars). Complete muropeptide profiles can be found in Tables 3.1 and 3.2.
Error bars represent standard deviation from three biological replicates. Mutants were
compared to the WT within each growth phase with an unpaired t-test. ** = p<0.01, ***
= p<0.001, **** = p<0.0001.
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Figure 3.8. RlpA depletion in the ∆6 and ∆7 LTG backgrounds.
Native RlpA was depleted from the WT, ∆6, and ∆7 LTG backgrounds as described in
Fig. 3.1b, (a) imaged on LB agarose pads and (b) spot plated in 10-fold serial dilutions
(100-10-6) onto LB + kan50 +/- 0.4% arabinose and incubated at 30 °C for 24 hrs before
imaging.
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Figure 3.9. RlpA active site architecture and localization
(a) Clustal Omega alignment of a relevant portion of lyase domain from V. cholerae
RlpA (vc0948), P. aeruginosa RlpA (pa4000), and E. coli RlpA (b0633). Two Asp
residues are implicated in PaRlpA activity: PaRlpA D156 aligns with VcRlpA D133
and EcRlpA D135, and PaRlpA D168 aligns with VcRlpA D145 and EcRlpA S147.
WT V. cholerae carrying (b) pHL100 rlpA-mCherry (c) rlpA∆SPOR-mCherry or (d)
rlpAD145A-mCherry was grown in M9 + 0.2% glucose at 30 °C for 2 hrs, induced with
1mM IPTG, and imaged on M9 + 0.2% glucose agarose pads at OD600 ~0.2.
Demographs were generated using Oufti. Panels B-D are representative of 2 biological
replicates. Scale bars = 5μm.
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Figure 3.10. LTGs have variable ability to sustain growth
Native RlpA depletion in ∆6 and ∆7 LTG backgrounds was rescued by single LTGs as
described in Fig. 3.1B, spot plated in 10-fold serial dilutions (from 100-10-6) at 0hrs and
6hrs, then incubated at 30 °C for 24hrs before imaging. Images are representative of 3
biological replicates.
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a
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Round

N/A

N/A

N/A

Branched

N/A

3+

0+

N/A
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N/A

2

0
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Filament

N/A

2

0

greater than 2x the median
length of cells with 0 septa

Doublet

N/A

2

1

N/A

Chain

N/A

2

2+

N/A

Figure 3.11. Definitions of morphology defect categories
(a) Cell morphology classification criteria. (b) Representative micrographs of cell
morphologies where each cell type depicted accounts for >1% of population as sampled
from cultures grown in LB to OD600 0.3 from 10-fold serial dilutions of overnight
cultures. Scale bars = 5 μm.
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Figure 3.12. Quantitative growth and morphology of LTG-deficient mutants in
LB during extended exponential phase
(a) Growth curves were performed in LB at 37°C inoculated with 10-fold serial
dilutions of saturated overnight cultures. Violin plots of raw (b) mean width or (c) length
of single rods. n > 500 single rods. Error bars represent standard deviation of the mean,
n≥3. DF = Dilution Factor
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Figure 3.13. Growth and morphology defects of LTG-deficient mutants during
exponential and stationary growth phases.
Saturated overnight cultures were diluted 10-3 into LB at 37 °C and periodically sampled
and imaged on LB agarose pads for (a) cell morphology (n > 200 cells) as exhibited in
(b) representative micrographs. Scale bars = 5μm. Single rods were measured for (c)
mean width and (d) length. Error bars represent standard deviation of the mean (n>100
single rods). (e) OD600 was collected at same time points as cell morphology analyses.
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Figure 3.14. Suppression of growth defects of ∆LTG mutants in low salt LB
(a) Mean growth curves in LB0N at 37°C started from 10-fold dilutions of saturated
overnight cultures used to generate growth rates in Fig. 3.3A. Error bars = positive
standard deviation of the mean, n > 3. Growth plot on the right is reproduced from Fig.
3 for comparison (b) Suppressors of the ∆6 LTG LB0N growth defect were isolated on
LB and then tested for growth in LB and LB0N from a 10-5 inoculum of saturated
overnight (LB) culture. (c) Mass doubling times of ∆opgH mutants calculated from (d)
growth curves of ∆opgH mutants in LB at 37°C inoculated with 10-fold serial dilutions
of saturated overnight cultures. (e) Mean growth curves in LB0N at 37°C started from
10-fold dilutions of saturated overnight cultures used to generate growth rates in Fig.
3D. error bars = standard deviation of the mean, n=3.
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Figure 3.15. Single LTG contributions to growth in LB and low salt LB.
Mass doubling times of strains diluted 10-3 or 10-5 into LB and LB0N (+ 200μM IPTG
when induction was required) normalized to the appropriate WT controls under the same
growth conditions. Solid line = WT mean, Dotted lines = +/- standard deviation of WT
mean. (a) Single LTG mutant growth normalized to WT growth. (b) WT, (c) ∆6 LTG
and (d) ∆7 LTG carrying chromosomal lacZ::Ptacltg normalized to WT lacZ::Ptac
empty. Experiments in panels (c) and (d) were carried out simultaneously and therefore
share the same control replicates. Error bars represent standard deviation of 3 biological
replicates. NG = No Growth. Raw curves for (a-d) and uninduced data for (b-d)
available upon request.
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Figure 3.16. Periplasmic glucans do not contribute to division defects in ∆LTG
mutants
(a) ∆opgH mutants in WT, ∆6, and ∆7 backgrounds were grown in LB at 37 °C to
OD600 0.3 from 10-3 inoculum of saturated overnight culture, imaged on LB agarose
pads, and single rod lengths analyzed in MicrobeJ. Dotted lines denote quartiles.
Significance determined by unpaired Mann-Whitney tests, n>70 single rods. (b) TCoffee alignment of predicted cytoplasmic N-terminal domains from E.coli OpgH
(b0149), Y. pseudotuberculosis MdoH (yptb2493), and V. cholerae OpgH (vc1287).
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Figure 3.17. SacB expression is toxic in ∆LTG mutants in a sucrose-dependent
manner.
Saturated overnight cultures harboring (a) IPTG-inducible sacB or (b) empty vector
were 10-fold serially diluted (100-10-6) and plated on LB+kan50 and LB0N+kan50 +/IPTG (200μM) + sucrose (0, 1,or 10% W/V) and incubated at 30 °C for 24 hrs before
imaging. Representative of 3 biological replicates.
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Figure 3.18. Periplasmic cell wall accumulation in response to Penicillin G.
Overnight cultures were diluted 1:100 into LB+BADA (100μM) and grown at 37°C to
OD6000.5 before addition of PenG (100μg ml-1). Samples were removed periodically,
washed, and imaged on LB agarose. Fluorescence was normalized to the same intensity
threshold in Fig. 3.18 and Fig. 3.19 for comparison except where indicated
(Exceptionally bright samples were normalized to a higher intensity threshold denoted
by the multiplier). Representative of 2 biological replicates. Scale bar = 5μm
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Figure 3.19. Lack of periplasmic cell wall accumulation in response to
fosfomycin.
Overnight cultures were diluted 1:100 into LB+BADA (100μM) and grown at 37°C to
OD6000.5 before addition of fosfomycin (500μg ml-1). Samples were removed
periodically, washed, and imaged on LB agarose. Fluorescence was normalized to the
same intensity threshold in Fig. 3.18 and Fig. 3.19 for comparison. Representative of 2
biological replicates. Scale bar = 5μm
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Figure 3.20. Endopeptidase depletion phenotypes in LTG-deficient mutants.
WT and ∆6 LTG strains harboring a single chromosomal copy of shyA under an IPTGinducible promoter were grown from 10-2 inocula for 3hrs (OD600 ~1.0) in LB +/- IPTG
(200μM) at 37 °C. Samples were (a) imaged on LB + agarose pads and (b) spot plated
in 10-fold serial dilutions (100-10-6) onto LB+/- IPTG (200μM), then incubated at 30 °C
for 24hrs before imaging. Representative of 3 biological replicates. Scale bars = 5 μm
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Table 3.1. Muropeptide composition of LTG mutants exponential phase sacculi
WT
Muropeptide RMA (%)
SD
M3
M4G
M4
M2
M5
M44
M0-M4
D45R
D43
D34
D44
M4N
M0-M4-M4
M4-M4-M4
T444
M4-M4N
D44N
T444N
D44NN

4.723
3.273
54.910
1.973
0.000
0.057
1.027
0.620
1.047
0.587
18.010
4.180
0.537
0.000
0.750
0.177
6.223
0.957
0.950

0.623
0.280
0.197
0.871
0.000
0.098
0.100
0.026
0.133
0.012
0.507
0.075
0.035
0.000
0.044
0.006
0.304
0.263
0.026

mltG::kan
RMA (%)
SD
4.037
4.783
68.250
0.827
1.957
0.000
1.120
0.453
0.950
0.697
12.580
1.233
0.410
0.000
0.213
0.000
2.080
0.290
0.137

0.430
0.655
0.494
0.119
0.023
0.000
0.078
0.179
0.066
0.032
0.426
0.169
0.044
0.000
0.015
0.000
0.814
0.113
0.055

∆6 LTG
RMA (%)
SD
4.563
2.750
51.433
0.597
1.257
0.800
2.603
0.737
1.117
0.940
15.733
6.000
1.237
0.000
0.873
0.787
6.800
1.240
0.540

0.466
0.191
0.618
0.120
0.012
0.072
0.071
0.331
0.153
0.020
0.220
0.668
0.032
0.000
0.050
0.047
0.148
0.095
0.026

∆7 LTG
RMA (%)
SD
5.307
3.890
68.807
0.760
1.223
1.900
3.783
0.520
0.663
1.287
9.667
0.793
0.817
0.140
0.247
0.097
0.000
0.000
0.097

0.445
0.561
1.730
0.161
0.098
0.121
0.184
0.078
0.061
0.324
0.204
0.156
0.095
0.040
0.045
0.015
0.000
0.000
0.006

RMA = Relative molar abundance
SD = Standard deviation of the mean (n=3)

Table 3.2. Muropeptide composition of LTG mutant stationary phase sacculi
WT
Muropeptide RMA (%)
SD
M3
M4G
M4
M2
M5
M44
M0-M4
D45R
D43
D34
D44
M4N
M0-M4-M4
M4-M4-M4
T444
M4-M4N
D44N
T444N
D44NN

8.790
2.333
49.880
3.467
0.160
0.190
1.250
1.670
0.900
0.927
16.437
2.677
0.840
0.687
0.667
0.383
6.540
1.080
1.123

0.661
0.156
0.226
0.290
0.017
0.026
0.046
0.017
0.105
0.015
0.181
0.025
0.075
0.065
0.076
0.049
0.282
0.404
0.175

mltG::kan
RMA (%)
SD
10.730
1.813
56.553
2.663
1.547
0.120
1.150
1.970
0.590
0.613
14.577
1.697
0.433
0.357
0.280
0.207
3.130
0.897
0.670

0.149
0.070
0.032
0.080
0.038
0.026
0.062
0.095
0.017
0.110
0.170
0.116
0.021
0.023
0.010
0.006
0.286
0.104
0.061

RMA = Relative molar abundance
SD = Standard deviation of the mean (n=3)
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∆6 LTG
RMA (%)
SD
6.837
2.813
57.057
1.197
1.717
1.460
6.543
1.057
0.713
1.750
9.613
3.413
1.577
0.083
0.427
0.663
2.473
0.420
0.183

0.430
0.135
0.581
0.115
0.125
0.156
0.550
0.145
0.068
0.106
0.119
0.050
0.046
0.012
0.015
0.040
0.218
0.079
0.006

∆7 LTG
RMA (%)
SD
7.563
2.910
63.097
5.960
1.527
1.403
5.733
0.970
0.537
1.793
6.173
1.300
0.700
0.043
0.197
0.073
0.000
0.013
0.000

0.427
0.183
1.517
1.266
0.272
0.103
0.428
0.356
0.061
0.145
0.249
0.132
0.017
0.040
0.015
0.064
0.000
0.023
0.000

Table 3.3. LC-MS analysis of wild-type soluble muropeptides
MP

Exponential Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

Stationary Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

3.22E+07

1.17E+07

1.90E+07

5.72E+06

1.19E+05

2.57E+04

6.73E+04

1.53E+04

M3 * 2.25E+04
M4 5.98E+05

1.98E+04

0

0

2.56E+04

1.04E+04

0

0

2.54E+05 * 5.96E+03

1.03E+04

6.85E+05

2.18E+05

3.12E+03

6.74E+02

M5

1.96E+05

2.17E+04

2.63E+04

2.45E+03

8.68E+03

2.73E+03

1.99E+03

1.35E+03

M3N

1.84E+05

1.25E+04

6.30E+04

4.73E+03

4.09E+04

1.46E+04

0

0

M4N

4.05E+06

9.50E+05

1.73E+06

4.52E+05

7.35E+04

2.44E+04 * 1.27E+03

1.13E+03

9.40E+03 * 6.83E+03

5.41E+02

UDP-M5

M5N

3.81E+04

1.18E+04

0

0 * 6.04E+02

D34NN

0

0

0

0

0

0

0

0

D44NN

1.00E+05

1.27E+04

3.28E+04

7.03E+03

0

0

0

0

MP = Muropeptide
MPA = MS Peak Area
SD = Standard Deviation of the Mean (n=3)
* Not detected in all replicates

Table 3.4. LC-MS analysis of mltG::kan soluble muropeptides
MP

Exponential Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

Stationary Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

5.70E+06

5.16E+05

3.18E+06

M3 * 1.93E+04
M4 1.19E+06

3.34E+04

0

1.58E+05

3.61E+04

2.63E+03

5.25E+04

1.17E+04

0

0

M5

7.09E+05

6.60E+04

0

0

7.79E+03

9.29E+02

1.77E+03

1.07E+03

M3N

2.87E+05

2.43E+04

1.04E+05

2.64E+04

1.08E+04

6.72E+02

5.03E+03

2.19E+03

M4N

8.88E+06

1.91E+05

3.66E+06

4.89E+05

1.77E+05

6.02E+04

1.69E+05

2.17E+04

437.2141

6.99E+02

1.12E+02

0

0

0

1.45E+03 * 3.08E+02

6.58E+02

UDP-M5

2.72E+05

1.60E+06

9.24E+04

1.15E+06

5.05E+04

0 * 1.27E+03

1.11E+03

0

0

M5N

4.86E+04

2.60E+03

0

0 * 2.52E+02

D34NN

0

0

0

0

0

D44NN

1.79E+05

8.32E+03

5.02E+04

7.60E+03

4.16E+03

MP = Muropeptide
MPA = MS Peak Area
SD = Standard Deviation of the Mean (n=3)
* Not detected in all replicates
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Table 3.5. LC-MS analysis of ∆6 LTG soluble muropeptides
MP

Exponential Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

Stationary Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

UDP-M5

2.94E+07

3.78E+06

1.61E+07

3.43E+06

3.28E+05

6.03E+04

2.07E+05

5.04E+04

M3

5.88E+06

6.17E+05

0

0

1.04E+05

1.40E+04

0

0

M4

3.09E+07

2.88E+06

1.52E+05

8.29E+04

7.55E+05

2.23E+05 * 2.93E+03

M5

2.40E+05

2.78E+04

4.59E+04

1.15E+04

1.01E+04

1.03E+03

3.58E+03

8.97E+02

M3N

1.57E+07

1.43E+06

3.89E+04

3.78E+03

2.33E+05

1.97E+04

1.22E+03

1.18E+02

M4N

1.84E+07

1.52E+06

0

0

2.14E+05

3.62E+04 * 4.49E+02

7.78E+02
3.60E+02

2735

M5N

5.64E+04

5.59E+03

0

0

0

0 * 2.08E+02

D34NN

3.08E+04

3.34E+03

0

0

0

0

0

0

D44NN

1.42E+05

1.47E+04 * 1.50E+03

2.60E+03 * 3.10E+03

3142.34

0

0

MP = Muropeptide
MPA = MS Peak Area
SD = Standard Deviation of the Mean (n=3)
* Not detected in all replicates

Table 3.6. LC-MS analysis of ∆7 LTG soluble muropeptides
MP

Exponential Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

Stationary Phase
Muramidase +
Muramidase MPA
SD
MPA
SD

UDP-M5

7.32E+06

3.54E+06

3.64E+06

M3

1.65E+06

2.96E+04

0

1.19E+06

1.87E+05

7.90E+05

8.55E+04

0 * 9.33E+02

1.62E+03

0

M4

1.16E+07

1.65E+06

2.79E+04

8.04E+03

0

3.10E+04

5.16E+03

0

1.34E+05

M5
M3N * 2.62E+04

2.04E+04

0

0

0

6.11E+03

1.17E+03

1.79E+03

2.66E+02

1.72E+05

2.27E+04 * 2.89E+03

5.01E+03

6.48E+03

5.93E+02

3.12E+03

9.36E+02

7.87E+03

2.46E+04

1.19E+03

8.38E+04

1.42E+04

1.01E+05

1.46E+04

M5N * 1.62E+04
0
D34NN

2.81E+04

0

0 * 7.31E+02

6.78E+02

0

0

0

0

0 * 1.70E+02

2.95E+02

0

0

0

0

0

0 * 3.05E+03

2.66E+03 * 7.97E+02

7.32E+02

M4N

D44NN

1.78E+06

MP = Muropeptide
MPA = MS Peak Area
SD = Standard Deviation of the Mean (n=3)
* Not detected in all replicates
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Table 3.7. LC-MS soluble muropeptide profile of wild-type in presence and absence
of ShyA
WT P lac shyA + IPTG
Muramidase +
MPA

WT P lac shyA - IPTG

Muramidase -

SD

MPA

Muramidase +

SD

MPA

SD

2.65E+04 1.17E+04

M3

8.79E+03 3.60E+03

0

0

2.85E+03 5.37E+02

0

0

M4

2.90E+05 2.35E+04

0

0

8.64E+04 1.24E+04

0

0

M5

7.78E+03 2.38E+03

0

0

4.59E+03 1.31E+03

0

0

M3N

1.05E+03 3.37E+02

0

0 * 5.789E+3 1.14E+03

0

0 * 1.86E+02 3.22E+02

1.87E+04 2.77E+03

Muramidase MPA

UDP-M5

M4N

2.05E+04 5.22E+03

SD

3.06E+05 2.08E+04

1.32E+04 9.60E+02

1.89E+03 4.89E+02
1.41E+05 4.36E+03

M5N * 3.38E+02 5.86E+02 * 3.09E+02 5.35E+02 * 3.65E+02 3.66E+02
D34NN * 7.28E+02 1.26E+03

0

0 * 7.86E+02 7.69E+02

D44NN

0

0

0

0

6.18E+03 9.08E+02

0

0

0

0

1.98E+03 1.23E+03

MPA = MS Peak Area
SD = Standard Deviation of the Mean (n=3)
* Not detected in all replicates

Table 3.8. LC-MS soluble muropeptide profile of ∆6 LTG in presence and absence of
ShyA
∆6 LTG P lac shyA + IPTG
Muramidase +
MPA

SD

UDP-M5

2.43E+05 5.43E+04

M3

1.01E+04 3.57E+03

M4

4.55E+05 3.47E+04

M5

1.70E+04 2.68E+03

∆6 LTG P lac shyA - IPTG

Muramidase MPA

Muramidase +

SD

MPA

2.15E+05 3.26E+04

SD

2.46E+05 2.92E+04

0

0

2.02E+03 6.68E+02

0

Muramidase MPA

SD

2.24E+05 2.93E+04
0

0

0

0

0

6.21E+04 6.35E+02

5.64E+03 4.07E+02

9.05E+03 9.67E+02

2.82E+03 2.48E+02

M3N

1.97E+04 2.79E+03 * 2.28E+02 3.95E+02

4.86E+03 1.13E+03

2.46E+03 2.77E+02

M4N

3.05E+05 2.94E+04

3.50E+05 2.93E+04

1.80E+05 1.73E+04

M5N

9.94E+03 1.79E+03

0

0

3.90E+03 2.57E+03

2.95E+03 7.92E+02

D34NN * 5.89E+02 1.02E+03

0

0 * 1.34E+02 2.32E+02

D44NN

0

0

5.65E+02 9.79E+02

9.87E+03 4.37E+03

MPA = MS Peak Area
SD = Standard Deviation of the Mean (n=3)
* Not detected in all replicates
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0

0

1.24E+04 1.31E+03 * 1.58E+03 2.73E+03

Table 3.9. V. cholerae strains used in Weaver, Alvarez, et al, 2021
Strain

Description

Source or reference

N16961 †

Wild-type V. cholerae El Tor strain

Heidelberg, et. al., 2000

AW414

∆mltC (vc0450)

Weaver, et. al., 2019

AW431

rlpA::stop (vc0948)

Weaver, et. al., 2019

AW447

pHL100mob empty

This study

AW448

∆mltA (vc2312)

This study

AW449

∆mltB (vc1956)

This study

AW450

∆mltD (vc2237)

This study

AW451

∆mltF (vc0866)

This study

AW452 †

∆6 LTG (rlpA +, mltG +, ∆mltA, ∆mltB, ∆mltC, ∆mltD, ∆mltF, ∆slt70 )

Weaver, et. al., 2019

AW455

∆slt70 (vc0700)

This study

AW460

pHL100 rlpA-mCherry

Weaver, et. al., 2019

AW592

lacZ::P tac EcmltE (b1193)

This study

AW634

mltG::stop (vc2017)

Weaver, et. al., 2019

AW708

∆6 LTG, P ara rlpA

Weaver, et. al., 2019

AW830

∆shyA, lacZ::P tac shyA (vca0079)

This study

AW831

∆6 LTG, ∆shyA, lacZ::P tac shyA

This study

AW956

lacZ::P tac vc2016-2014

This study

AW957

∆6 LTG, lacZ::P tac vc2016-2014

This study

AW958

lacZ::P tac mltA

This study

AW959

lacZ::P tac mltF

This study

AW960

lacZ::P tac mltG

This study

AW962

∆6 LTG, lacZ::P tac mltA

This study

AW963

∆6 LTG, lacZ::P tac mltC

This study

AW964

∆6 LTG, lacZ::P tac mltF

This study

AW966

∆6 LTG, lacZ::P tac slt70

This study

AW976

lacZ::P tac mltC

This study

AW977

lacZ::P tac mltD

This study

AW978

lacZ::P tac rlpA

This study

AW979

lacZ::P tac slt70

This study

AW980

∆6 LTG, lacZ::P tac mltD

This study

AW1008

lacZ::P tac mltB

This study

AW1009

∆6 LTG, lacZ::P tac mltB

This study

AW1010 †

lacZ::P tac vc2016-2014 , mltG::pGP704-kan

This study

AW1011 †

∆6 LTG, lacZ::P tac vc2016-2014, mltG::pGP704-kan

This study

AW1040

P ara rlpA

This study

AW1047

∆ampG (vc2300)

Gift from Waldor Lab

AW1075

∆6 LTG, P ara rlpA, lacZ::P tac rlpA∆SPOR

This study

D145A

AW1077

∆6 LTG, P ara rlpA, lacZ::P tac rlpA

AW1080

∆6 LTG, lacZ::P tac EcmltE

This study
This study

AW1088 †

∆7 LTG (rlpA +, mltG::stop ∆mltA, ∆mltB, ∆mltC, ∆mltD, ∆mltF, ∆slt70 )

This study

AW1092

∆7 LTG, lacZ::pTD101 ampR P tac mltA

This study
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Table 3.9. V. cholerae strains used in Weaver, Alvarez, et al, 2021 (continued)
Strain

Description

Source or reference

AW1093

∆7 LTG, lacZ::pTD101 ampR P tac mltB

This study

AW1094

∆7 LTG, lacZ::pTD101 ampR P tac mltC

This study

AW1095

∆7 LTG, lacZ::pTD101 ampR P tac mltD

This study

AW1096

∆7 LTG, lacZ::pTD101 ampR P tac mltF

This study

AW1097

∆7 LTG, lacZ::pTD101 ampR P tac slt70

This study

AW1098

∆7 LTG, lacZ::pTD101 ampR P tac EcmltE

This study

AW1100

∆7 LTG, lacZ::pTD101 ampR P tac empty

This study

AW1101

lacZ::pTD101 ampR P tac empty

This study

AW1102

∆7 LTG, P ara rlpA

This study

AW1103

∆6 LTG, lacZ::pTD101 ampR P tac empty

This study

AW1105

∆7 LTG, lacZ::pTD101 ampR P tac mltG

This study

AW1124

pHL100 rlpA∆SPOR-mCherry

This study

D145A

AW1125

pHL100 rlpA

AW1140

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltA

-mCherry

This study
This study

AW1141

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltB

This study

AW1142

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltC

This study

AW1143

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltD

This study

AW1144

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltF

This study

AW1146

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac rlpA

This study

AW1147

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac slt70

This study

AW1148

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac EcmltE

This study

AW1149

∆7 LTG, lacZ::pTD101 ampR P tac empty

This study

AW1150

P ara rlpA, lacZ::pTD101 ampR P tac empty

This study

AW1162

pHL100mob sacB

This study

AW1163

∆6 LTG pHL100mob sacB

This study

AW1164

∆7 LTG pHL100mob sacB

This study

AW1165

∆ampG pHL100mob sacB

This study

AW1166

mltG::stop pHL100mob sacB

This study

AW1167

∆7 LTG pHL100mob empty

This study

AW1168

∆ampG pHL100mob empty

This study

AW1169

mltG::stop pHL100mob empty

This study

AW1173

pHL100mob empty

This study

AW1174

∆6 LTG pHL100mob empty

This study

AW1181

P ara rlpA, lacZ::pTD101 ampR P tac empty

This study

AW1182

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac empty

This study

AW1183

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltA

This study

AW1184

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltB

This study

AW1185

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltC

This study

AW1186

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltD

This study

AW1187

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltF

This study

AW1188

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac slt70

This study
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Table 3.9. V. cholerae strains used in Weaver, Alvarez, et al, 2021 (continued)
Strain

Description

Source or reference

AW1189

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac EcmltE

This study

AW1190

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac empty

This study

AW1191

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltA

This study

AW1192

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltB

This study

AW1193

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltC

This study

AW1194

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltD

This study

AW1195

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltF

This study

AW1196

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac mltG

This study

AW1197

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac slt70

This study

AW1198

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac rlpA

This study

AW1199

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac EcmltE

This study

AW1201

∆6 LTG, P ara rlpA, lacZ::pTD101 ampR P tac rlpA

This study

AW1205

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac rlpA∆SPOR

This study

AW1206

∆7 LTG, P ara rlpA, lacZ::pTD101 ampR P tac rlpA D145A

This study

AW1216

∆opgH (vc1287)

This study

AW1217

∆6 LTG, ∆opgH

This study

AW1218

∆7 LTG, ∆opgH

This study

† strains were verified by whole genome sequencing
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Table 3.10. Plasmids used in Weaver, Alvarez, et al, 2021
Plasmid Description

Source or reference Relevant Primers

pAW33 pHL100 rlpA-mCherry

Weaver, et. al., 2019

pAW36 pTD101 shyA

Weaver, et. al., 2019

pAW37 pCVD442 ∆mltA

Weaver, et. al., 2019

pAW38 pCVD442 ∆mltB

Weaver, et. al., 2019

pAW39 pCVD442 ∆mltC

Weaver, et. al., 2019

pAW40 pCVD442 ∆mltD

Weaver, et. al., 2019

pAW41 pCVD442 ∆mltF

Weaver, et. al., 2019

pAW42 pCVD442 ∆slt70

Weaver, et. al., 2019

pAW43 pCVD442 rlpA:: stop

Weaver, et. al., 2019

pAW44 pCVD442 mltG:: stop

Weaver, et. al., 2019

pAW45 pAM299 rlpA

Weaver, et. al., 2019

pAW50 pTD101 EcmltE

This study

BR01/BR02

pAW66 pTD101 vc2016-vc2014

This study

AIW513/514

pAW67 pTD101 rlpA∆SPOR

This study

AIW585/586

This study

AIW571a/571b

This study

AIW585/252

This study

AIW571a/571b

pAW71 pTOX5 mltG::stop

This study

AIW593/TDP826, AIW594/TDP827

pAW72 pHL100mob sacB

This study

AIW605/606

pAW73 pTOX5 ∆opgH

This study

AIW619/620, AIW621/622

pGW01 pTD101 mltA

This study

AIW465/442

pGW02 pTD101 mltB

This study

AIW466/444

pGW03 pTD101 mltC

This study

AIW264/343

pGW04 pTD101 mltD

This study

AIW467/446

pGW05 pTD101 mltF

This study

AIW468/448

pGW06 pTD101 mltG

This study

AIW464/AIW440

pGW07 pTD101 rlpA

This study

AIW469/347

pGW08 pTD101 slt70

This study

AIW470/455

pAA01

pAM224 rpoB

This study

AA009/010

pAA02

pAM224 lacZ

This study

AAO01/02

pAA03

pAM244 rlpA

This study

AAO05/06

pAA04

pAM224 mltG

This study

AAO07/08

D145A

pAW68 pTD101 rlpA

pAW69 pHL100 rlpA∆SPOR-mCherry
pAW70 pHL100 rlpA

D145A

-mCherry
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Table 3.11. Primers used in Weaver, Alvarez, et al, 2021
Primer

Sequence

AIW252 linker mCherry fw

CTCGCCCTTGCTCACgagctcgaggatgtcTTTATTCGGGATAATCAGTTGCTGCCC

AIW513 pTD RBS vc2016 fw

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtgAtgaACGCAAAATTTATCGTAATT
GAAG

AIW514 pTD vc2014 rv

atgcctgcaggtcgactctagaggatccccGAGCAAACGCTCGCTT

AIW571 rlpA D145A SDM fw

CATCGCCCTTAGCTATGCA

AIW571b rlpA D145 SDM rv

ATTCTTCCATCATGGAAAGGC

AIW585 rlpA dSPOR SDM rv

ACTTTTCGGGCGCGGTTTCGTG

AIW586 pHL SDM fw

tgaggggatcctctagagt

TDP826 mltG::stop rev

TCATCATTATTACTCGAGTGCGGCCGCATTAATAGCGCCAAAGCCTGCTCTAA

TDP827 mltG::stop fw

TAATGCGGCCGCACTCGAGTAATAATGATGGTTTCTGGTAAAGAGCATCAATTTTCC

AIW593 mltG up fw pTOX5

gccgcggtccgatcgagctcgagacgtcccAGGCCTGTCTTGATATCTTGCACA

AIW594 mltG dn rv pTOX5

aaaccaggttaattaatttaaatgcatcccTATCGGCCGTGACCTGTTCA

AIW605 sacB fw pHL

aaacagaccatggaattcgagctcggtacccatgaacatcaaaaagtttgcaaaac

AIW606 sacB rv pHL

gtcgactctagaggatccccttatttgttaactgttaattgtccttgttc

AIW619 opgH up fw pTOX

cctgtacaccatgtgcaccggttcgaagatTGTGCATGATTCTGATGGTTTATT

AIW620 opgH up rv pTOX

TAATGCGGCCGCACTCGAGTAATAATGATGAAAAAAATCCGAGTACTTACTACAG

AIW621 opgH down fw pTOX

TCATCATTATTACTCGAGTGCGGCCGCATTAACTGAAAGTGTCGCCTACA

AIW622 opgH down rv pTOX

ggcggggttttttcgttgatcacgtacgatACTTTTGACCATCGTGGAG

AIW442 mltA rev pBAD

atgcctgcaggtcgactctagaggatcccctcaCTATTGCTGTTTTTCCGGC

AIW444 mltB rev pBAD

atgcctgcaggtcgactctagaggatcccctcaTTAGAACGCAATCCGATCC

AIW446 mltD rev pBAD

atgcctgcaggtcgactctagaggatcccctcattaTGCGCTGAATTTGGTCA

AIW448 mltF rev pBAD

atgcctgcaggtcgactctagaggatcccctcattactaATTTTTGCTCTCAGTGGATG

AIW455 slt70 rev pBAD

atgcctgcaggtcgactctagaggatcccctcaGTTGTACTCGTTAAGTGATACAC

AIW440 mltG rev pBAD

atgcctgcaggtcgactctagaggatcccctcaTTGTTTTGTTCTAAGTTTTTTGA

AIW464 RBS mltG fw pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgATTAAAAAGCGGGTATTGGTG
T

AIW465 RBS mltA fw pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgGTGAGTAAACGTCTTCTTTCTC
TC

AIW466 RBS mltB fw pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgTTGAAAAAATTATTATCGATA
GTACTGGG

AIW467 RBS mltD fw pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgatgCGAGTTAAATTCAGTTGGG
T

AIW468 RBS mltF pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgatgACTCCTTTTGCCTATAAACT
C

AIW469 RBS rlpA fw pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgatgatgAACCGAATTTATTTATA
CTTACTGAT

AIW470 RBS slt70 fw pTD

aacagaccatggaattcgagctcggtacccAGGAGGctgacAGGgtggtgATGACGCGCCTGACGGTATTT

AIW347 rlpA rev pHL

atgcctgcaggtcgactctagaggatcccctcaTTTAGCACGTTTATTAATCGTCTTGAT

AIW343 pHL rev mltC

atgcctgcaggtcgactctagaggatccccTTATCCCGCGTTAAATTCCTTCTTAAATTTGG

AIW264 mltC RBS pHL fw
BR01 EcmltE RBS pHL fw

aacagaccatggaattcgagctcggtacccAGGAGGctgactgaATGCCGCTGGGTTATGATGT
aacagaccatggaattcgagctcggtacccCGGCGATTCCAGGCTATAA

BR02 EcmltE pHL rv

atgcctgcaggtcgactctagaggatccccGGGAAAAAGCGGACAAAGTG

AAO01 lacZ fw pGP

gcagatctgcaggtcgacggatcccaagcttcttTCCTTTGCACAGTTATCGCACTGA
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Table 3.11. Primers used in Weaver, Alvarez, et al, 2021 (continued)
Primer

Sequence

AAO02 lacZ rv pGP

ccgggagagctcgatatcgcatgcggtacctctagTCCAGTGTAAAACGGTGGCGA

AAO05 rlpA fw pGP

gcagatctgcaggtcgacggatcccaagcttcttactgatcgttttaatcctcgctgga

AAO06 rlpA rv pGP

ccgggagagctcgatatcgcatgcggtacctctagtggaatcggtagcgttttatgcg

AAO07 mltG fw pGP

gcagatctgcaggtcgacggatcccaagcttcttaagcgggtattggtgttggtt

AAO08 mltG rv pGP

ccgggagagctcgatatcgcatgcggtacctctagtccacgaaggtgatggaaaattgatg

AAO09 rpoB fw pGP

gcagatctgcaggtcgacggatcccaagcttcttcttataccgagaaaaagcgcatccg

AAO10 rpoB rv pGP

ccgggagagctcgatatcgcatgcggtacctctagtgctggcgcgtctttatcaaagat
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CHAPTER 4
NEW PERSPECTIVES FOR CELL WALL DYNAMICS

4.1 Concluding remarks
The broad roles for lytic transglycosylases have been fundamentally
underestimated due to lack of lethal phenotypes associated with mutants of individual,
or even multiple enzymes. In Chapter 2, we finally establish that lytic transglycosylases
are collectively essential, demonstrating that MltG alone is insufficient for growth and
division of Vibrio cholerae as part of the characterization of our first “minimal” lytic
transglycosylase mutant retaining only RlpA and MltG (Weaver et al., 2019). We
observed a daughter cell separation defect upon lytic transglycosylase depletion and
were able to attribute this defect to the lost activities of RlpA and MltC. As neither of
these enzymes can act upon crosslinked peptidoglycan, we developed the hypotheses
that lytic transglycosylases may not act exclusively upon the sacculus as previously
assumed, but rather on debris from some unknown aspect of peptidoglycan turnover or
cell wall damage.

In Chapter 3, we demonstrate that a major stress relieved by the activity of lytic
transglycosylases is not within the sacculus but instead released from it in the form of
endopeptidase-dependent uncrosslinked peptidoglycan strands that accumulate in the
periplasm during normal cell growth (Weaver and Alvarez et al., 2021) .

This

challenges two aspects of pervasive models in the field of peptidoglycan dynamics.
One, that endopeptidases make space for new material by more or less unzipping the
sacculus between existing strands without removing any material (Cooper et al., 1988,
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de Jonge et al., 1989). The release of polymeric peptidoglycan chains suggested to us
that endopeptidases are excising whole strands from the sacculus, favoring other models
where several new peptidoglycan strands are incorporated under the existing
peptidoglycan layer where excising an old strand would pull the new strands into the
now expanded, load bearing sacculus (Höltje, 1998, Koch, 1998).

Two, the

accumulation of these chains contradicts models in which degradation of old material is
concurrent with new synthesis, coordinated by a synthetic/autolytic complex (Höltje,
1996). While specialist enzymes like MltG may be part of such a complex, our
experiments support temporal separation of endopeptidase-excised strand degradation
by other lytic transglycosylases.

We characterized the consequences of lytic transglycosylase insufficiency as a
function of peptidoglycan debris accumulation. This debris can inhibit daughter cell
separation, presumably by transecting the division plane such it cannot be resolved by
other autolysins at the septum, and further interfere with outer membrane invagination
(Weaver et al., 2019). Some peptidoglycan debris could serve a beneficial biological
function, like patching cell wall damage or to maintain the osmolarity or density of the
periplasmic environment, however significant accumulation becomes toxic and reduces
the ability of Vibrio cholerae to adapt to low osmolar environments or survive cell wall
damage (Weaver and Alvarez et al., 2021).
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4.2 Future directions
The lytic transglycosylase deficient mutants from this work have yet to yield all
of their secrets. With the construction of a conditional “null” mutant that can be
depleted of all lytic transglycosylase activity, we have a platform on which we can
render previously non-essential lytic transglycosylases essential. Not only will this
permit us to determine roles for individual enzymes, but we can also perform genetic
screens to identify any regulatory factors of lytic transglycosylase activity.

There are already interesting implications for some of the lytic transglycosylases
characterized in this work. We have identified a condition where MltG becomes
essential (in a ∆6 LTG background grown in low salt) and can therefore explore the
consequences of its terminase activity in vivo without the confounding factor of
redundant lytic transglycosylases. As a preliminary basis for hypotheses, there is
circumstantial evidence that lack of PG terminase activity, and consequently possible
anchoring of peptidoglycan to the inner membrane via undecaprenyl pyrophosphate,
may reduce the cells ability to generate ATP. The ∆7 LTG mutant, lacking MltG is
more sensitive to low salt conditions than the ∆6 LTG mutant and cannot be rescued by
eliminating osmoregulated periplasmic glucans. We also observed a decreased growth
rate for the ∆7 LTG mutant even in standard salt concentrations. However, we do not
observe an increase in soluble strands between the ∆6 and ∆7 LTG mutants, altogether
suggesting that the inactivation of MltG in the absence of other LTGs has unique
detrimental effects beyond periplasmic crowding. Additionally, single MltG mutant in
E. coli exhibits a growth defect in alkaline conditions (Mueller et al., 2019). These
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observations could implicate energy defects through two possible mechanisms. First,
without release of newly synthesized glycan strands from the membrane, undecaprenyl
pyrophosphate could be sequestered. This could influence ATP synthesis through
diversion of isoprenoid synthesis from production of electron carrier ubiquinone to
production of undecaprenol (Heuston et al., 2012).

Second, membrane-tethered

peptidoglycan could compromise the cytoplasmic membrane such that it becomes more
permeable to protons. In alkaline conditions, it could be more difficult to maintain a
proton gradient, explaining the growth defect observed in E. coli. Vibrio cholerae also
uses a sodium gradient to generate ATP, which could similarly explain the defect we
observe in low salt (Steuber et al., 2014). Further dissection of membrane permeability,
ATP synthesis, and even redox stress of the ∆7 LTG mutant could finally reveal the true
requirements for peptidoglycan chain termination.
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