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The flagellum is an important virulence factor for many pathogenic bacteria. An important
step during flagellum assembly is the localized and controlled degradation of the peptidoglycan
sacculus to allow for the insertion of the rod as well as to facilitate anchoring for proper
motor function. The peptidoglycan lysis events necessary for the insertion of cellular machinery
as well as cellular growth and division require enzymes such as lytic transglycosylases and βN-acetylglucosaminidases. Due to their structural similarities and the use of crude assays,
the nature of the peptidoglycan lytic activity of many β-glycosidases remains unknown. In
this thesis, I present the development of a novel assay for glycoside lytic enzymes and its
use to provide the first enzymatic characterization of the lytic domain of the dedicated
flagellar enzymes FlgJ and SltF from Salmonella enterica serovar Typhimurium and
Rhodobacter sphaeroides, respectively, as the model organisms. In β- and γ-proteobacteria,
FlgJ functions as an endo-β-N-acetylglucosaminidase representing the first autolysin with this
activity to be characterized from a Gram-negative bacterium. In contrast, in α-proteobacteria
SltF functions as an endo- lytic transglycosylase and it defines a new sub-family of the family
1 lytic transglycosylases. Given their lethal potential, these enzymes have to be regulated and
this is achieved at the enzyme level in many bacteria. The control of SltF’s activity was
investigated and it is modulated by two flagellar rod proteins, FlgB and FlgF; FlgB stabilizes
and stimulates SltF activity while FlgF inhibits it. In addition, the specificity of the Ivy
proteins, inhibitors originally identified as inhibitors of vertebrate lysozyme, was also
investigated. Ivyp1 and Ivyp2 from Pseudomonas aeruginosa were found to be more specific
for the soluble lytic transglycosylases, SltB1 and Slt70 than for lysozymes. This work has
provided important insights into the flagellum assembly of α-, β- and γ- proteobacteria as well
as the specificities of the Ivy proteins from P. aeruginosa. Further insight into the modulation
of the sacculus may provide new avenues for the development of novel antibacterials.

This thesis is dedicated to my late mother, Donna Herlihey. Growing up she was our biggest
cheerleader and always encouraged us to follow our dreams. Although, she was unable to see
me graduate from my BSc. and pursue my PhD, I know she is doing the dance of celebration
in heaven.
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Chapter 1. Introduction
1.1 General Introduction
This chapter provides an introduction to the peptidoglycan (PG) lysis events required for the
insertion of the flagellum into the bacterial cell wall. Thus, readers will be guided through
PG structure, its biosynthesis and degradation, formation of the flagella through the action of
PG lytic enzymes and the control of these autolysins. Portions of this introduction have been
published as a review in the book series Protein Reviews, a subseries of Advances in
Experimental Medicine and Biology.
Herlihey, F.A., and Clarke, A.J. Controlling autolysis during flagella insertion in
Gram-negative bacteria. Adv Exp Med Biol – Protein Reviews (1).

1.2 Peptidoglycan
Peptidoglycan is an essential and unique structural element of the cell wall in nearly all
bacteria. This heteropolymer is made up of glycan strands and peptide chains forming a
continuous, mesh-like layer called the sacculus which surrounds the bacterial cell to confer
strength, support and shape, as well as resistance to internal turgor pressure. The glycan strands
are composed of repeating N-acetylglucosamine

(GlcNAc) and N-acetylmuramic acid

(MurNAc) residues linked by β-1,4 glycosidic bonds. These strands

are then crosslinked

together through linkages between stem peptides attached to the lactyl groups of MurNAc
residues (Fig. 1.1). This basic structure of PG is generally conserved amongst species, however
variations within the stem peptides and peptide bridges (2) or modifications to the glycan strands,
such as N-deacetylation, N-glycolyation and O-acetylation, can occur leading to considerable
diversity (reviewed in (3)). In addition to the simple chemical modifications noted above,
the Gram-positive

sacculus can be further decorated through covalent and non-covalent

interactions with cell surface proteins such as protein A, and cell wall polymers such as teichoic
acids and capsular polysaccharides. With Gram-negative bacteria, proteins such as Braun’s
lipoprotein, are covalently attached to PG to help retain their outer membrane (OM) (reviewed
in (4)).
1

Figure 1.1. Structure of PG repeating unit. PG consists of glycan chains of alternating N-acetylmuramic
acid (MurNAc) and N-acetylglucosamine (GlcNAc) crosslinked by stem peptide on the lactyl moiety of
MurNAc. Bacteria with the A1γ chemotype including Escherichia coli and S. Typhimurium, have a stem
peptide consisting of L-Ala, D-Glu, m-DAP, D-Ala, D-Ala, as depicted here. R and R’ represent
GlcNAc and MurNAc residues, respectively. Abbreviations: m-DAP – meso- diaminopimelic acid.

The PG sacculus is not a static structure as it requires constant remodeling and reinforcement
to permit cellular growth, division and insertion of cellular machinery, such as the flagellum.
The continuous synthetic events that occur external to the cytoplasmic membrane involve the
coordinated action of PG-synthesizing enzymes and PG-degrading enzymes which need to be
temporally and spatially controlled.
2

1.2.1 Biosynthesis of Peptidoglycan
The biosynthesis of PG is a dynamic process which occurs in three overall stages: 1) in the
cytoplasm

soluble, uridine diphosphate (UDP)-activated sugars (UDP-GlcNAc and UDP-

MurNAc-pentapeptide) are synthesized, 2) at the inner leaflet of the inner membrane (IM), UDPactivated sugars are assembled with

undecaprenylphosphate to form Lipid II which is

subsequently flipped across the membrane, 3) Lipid II is polymerized into the existing sacculus
with the release of the undecaprenyl pyrophosphate (reviewed in (5)).
Synthesis of UDP-N-acetylglucosamine and UDP-N-acetylmuramylpentapeptide
The cytoplasmic steps involved in the synthesis of UDP-GlcNAc and UDP-MurNAcpentapeptide are subdivided into the formation of the UDP-activated sugars and the addition of
the stem peptide (Fig. 1.2). The initial set of reactions to occur is the synthesis of UDP-GlcNAc
from various sources such as the uptake of host sialic acids and sugars from the environment
(6), GlcNAc-6-phosphate from PG recycling (7) and fructose-6-phosphate, the initial
precursor for glycolysis (8). These three pathways utilize different enzymes before converging
at glucosamine (GlcN)-6-phosphate (6). In Enterobacteriaceae such as Escherichia coli, the
utilization of amino sugars to generate UDP-GlcNAc is controlled at the post-transcriptional
level. This ensures that the conversion of fructose-6-phosphate only occurs when there is an
absence of exogenous amino sugars (9,10). The three enzymes involved in this control include
the deacetylase NagA, and deaminase NagB, from the PG recycling pathway which catalyze
the reverse reaction of GlcNAc-6-phosphate to fructose-6-phosphate (11,12), as well as the
GlcN synthase GlmS which is the first of four successive enzyme reactions to catalyze the
conversion of fructose-6-phosphate to UDP-GlcNAc (8,13). In the presence of environmental
sugars, the expression of GlmS is decreased, whereas NagB, NagA and other catabolic enzymes
are increased (6,9,14). Therefore, these enzymes are playing key roles in controlling the
distribution of sugars to glycolysis or cell wall synthesis. When GlcN-6-phosphate is
produced it can either be shuttled back to glycolysis by the deaminase NagB (12) or it can
enter the pathway to generate UDP-GlcNAc. This pathway includes two additional enzymes,
GlmM and GlmU. GlmM is a phosphoglucosamine mutase which interconverts GlcN-6phosphate to GlcN-1-phosphate (15). The last two steps in this pathway involve the bifunctional

3

enzyme, GlmU, which catalyzes both the acetyl- and uridyl-transfer during the transformation
of GlcN- 1-phosphate to UDP-GlcNAc (16,17). The production of UDP-GlcNAc is not only a
major building block for the biosynthesis of PG but also for lipopolysaccharides, enterobacterial
common antigens, and teichoic acids (18).

Figure 1.2. Synthesis of UDP-N-acetylglucosamine and UDP-N-acetylmuramic acid. Abbreviations:
GlcN, glucosamine; GlcNAc, N-acetylglucosamine; MurNAc, N-acetylmuramic acid; UTP, uridine
triphosphate; UDP, uridine diphosphate; Glu, glutamate; PEP, phosphoenolpyruvate; NADPH,
nicotinamide adenine dinucleotide phosphate. Parts of this figure were adapted from (6,8).

The formation of UDP-MurNAc from UDP-GlcNAc is the first committed step towards PG
biosynthesis. This stage requires two essential enzymes, a UDP-GlcNAc enoylpyruvyl
transferase, MurA, (19) and UDP-N-acetylenolpyruvoylglucosamine reductase MurB (20).
MurA catalyzes the transformation of UDP-GlcNAc to UDP-GlcNAc-enolpyruvate (19,21)
which is then reduced to UDP-MurNAc by MurB (Fig. 1.2) (22). This UDP-activated amino
sugar inhibits the activity of MurA through tight binding interactions suggesting a possible role
of UDP-MurNAc in the regulation of PG biosynthesis in E. coli (23).
4

The assembly of the stem peptide onto the lactyl moiety of UDP-MurNAc is catalyzed
sequentially by four essential Mur ligases, MurC through MurF (Fig. 1.3) (reviewed in (8)).
In most cases the composition of the stem peptide is L-alanine-D-glutamic acid- diamino acidD-alanine-D-alanine, with the

greatest variation of the stem peptide occurring at the third position.

Typically, the third position contains either meso-diaminopimelic acid (m-DAP) in Bacilli and
Gram-negative bacteria or L-lysine in Gram-positive bacteria. However, certain Gram-positive
species may add other diamino acids such as meso-lanthionine or monoamino acids such as Lhomoserine (reviewed in (2)). Additional variations are seen at the fifth position in which Dalanine is replaced with D-serine or D-lactate in vancomycin resistant strains (24) or with

D-

glycine in E. coli albeit, in relatively low proportions (25). In rare cases, the first amino acid
may be replaced with L-serine or glycine as observed with Chlamydia trachomatis (26,27).
Modifications to the second and third amino acid can occur, however this happens at later stages
within PG biosynthesis.

Figure 1.3. PG biosynthesis – Formation and translocation of Lipid II. The formation of Lipid
II from UDP-MurNAc is a well understood event. The translocation of Lipid II across the
cytoplasmic membrane is believed to be flipped by MurJ or FtsW and their homologues.
Abbreviations: UDP – uridine diphosphate. Parts of this figure were adapted from (5).
5

Formation and translocation of Lipid II
The second stage of PG biosynthesis involves the assembly of the UDP-activated
sugars with undecaprenyl phosphate (C55-P) carrier lipid to form Lipid II which is subsequently
translocated across the cytoplasmic membrane. This stage is initiated by the joining of
UDP-MurNAc-pentapeptide to membrane-bound C55-P carrier lipid on the intracellular side of
the IM by MraY to form Lipid I. Lipid I is then glycosaminylated with UDP-GlcNAc by MurG
to form Lipid II (Fig. 1.3) (recently reviewed in (28)). Prior to translocation of Lipid II additional
modifications onto position two and three of the stem peptide may occur such as the amidation
of glutamate to iso-glutamine or amino acetylation of the ε- amino group of lysine for the
attachment of a peptide bridge, both of which are required for PG crosslinking in
Streptococcus pneumoniae and Staphylococcus aureus, respectively (29-31).
The translocation of Lipid II across the IM has been a topic of active debate within the PG
community. At present two flippases including their homologues have been identified as the
putative translocators of Lipid II (recently reviewed in (28)). The first candidate FtsW belongs
to the SEDS (shape, elongation, division and sporulation) family, which includes RodA and
SpoVE. At least one member from this family appears to be present in all bacteria containing a
cell wall. FtsW, RodA and Bacillus subtilis SpoVE are required for PG synthesis during
division, elongation or sporulation, respectively (32), and within these PG synthesis complexes
each protein is accompanied by its cognate penicillin-binding protein (PBP). For example, FtsW
localizes to the cell septum and interacts with PBP3 during cellular division (33,34) whereas,
RodA interacts with PBP2 during cellular elongation in rod shaped bacteria (35). Support for the
SEDS proteins functioning as flippases is based on in vitro studies where Lipid II flippase
activity was

detected in liposomes containing purified reconstituted FtsW (36). This

experiment was repeated using bacterial membranes lacking FtsW and a reduction in putative
Lipid II translocation was detected but not its abolishment. It was suggested that the remaining
flippase activity was due to the presence of RodA in the membranes (36).
The second candidate MurJ is a member of the MOP (multidrug/oligo-saccharidyllipid/polysaccharide) exporter superfamily (37,38). MurJ has been shown to be essential in E. coli
as cells depleted of MurJ fail to complete PG biosynthesis, accumulate PG precursors and lyse
(38-40). Recently, Sham et al. (2014) (41) discovered a sensitive method to detect flippase
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activity in vivo which identified MurJ as a Lipid II translocator in E. coli and suggested SEDS
proteins may have an effect on recycling C55-P or synthesis of PG precursors. On the contrary,
purified MurJ was unable to translocate Lipid II in vitro (36). Despite being essential for the
viability of many organisms and highly conserved in proteobacteria, homologues of MurJ are
not found in firmicutes. Instead, the presence of functional homologues belonging to the MOP
superfamily have been identified and likely function as Lipid II flippases in these bacteria (42).
B. subtilis lacking all ten members of this exporter superfamily are still viable which
indicated that an additional transporter may exist (43). This led to the identification of an
alternative flippase Amj which represents a new family in a subset of Gram-negative and
Gram-positive bacteria. Together Amj and the functional homolog of MurJ, YtgP, act as a
synthetic lethal pair and each can individually complement a ΔmurJ E. coli strain in vivo.
Further investigations indicated that amj is expressed under the control of the cell envelopestress response transcription factor σM and cells lacking YtgP increase amj transcription (43).
Despite these results, the possibility that the transport of Lipid II involves more than one
protein is not unrealistic when considering the redundancy of PG enzymes and the high
metabolic requirement for Lipid II and its carrier lipid.
Transglycosylation and transpeptidation of PG
The polymerization of Lipid II into the sacculus and subsequent crosslinking of the nascent
strands minimally requires the activities catalyzed by the mono- and bi-functional PBPs.
This stage of PG biosynthesis relies on the bond energy present in the phosphodiesterMurNAc bond and D-alanyl-D-alanine bond of Lipid II to drive the transglycosylation and
transpeptidation reactions, respectively (reviewed in (44,45)).
All bacteria with a PG sacculus possess a variable number of different PBPs.
Unfortunately, PBPs were classified based simply on the migration of the proteins in sodium
dodecyl sulfate (SDS) polyacrylamide gels rather than their sequence similarities and functions
which has led to some confusion

within the literature (46). PBPs are divided into two

categories, high molecular mass (HMM) and low molecular mass (LMM). HMM PBPs are
responsible for PG polymerization and insertion into the pre-existing sacculus. Depending on
the presence of activity within the N-terminal domain, these PBPs belong to either class A or
class B. The C-terminal penicillin-binding module of both classes is responsible for their DD7

transpeptidase activity which catalyzes PG crosslinking.Class A PBPs are bifunctional enzymes
with the N-terminal module conferring glycosyltransferase activity, whereas with class B the Nterminal module is devoid of any catalytic activity (reviewed in (45,47)). The N-terminal
domain of those PBPs has been proposed to play an important role in the conformation of
the protein (48), positions the C- terminal domain away from the membrane and near the PG
layer, as well as interacts with other proteins involved in cellular complexes (49). On the other
hand, LMM PBPs belonging to class C are hydrolytic enzymes with either DD-endopeptidase or
DD-carboxypeptidase

activity (discussed below). Altogether, E.

coli possess three class A

(PBP1a, PBP1b, PBP1c) and two class B (PBP2, PBP3) biosynthetic PBPs. In addition to the
PBP’s are the mono-functional glycosyltransferases (50) as well as the LD-transpeptidases which
are involved in the attachment of Braun’s lipoproteins to PG (51) and the formation of 33 crosslinks (52).
Despite their general role in cell wall polymerization, class A PBPs were recently shown
not to be essential for cellular elongation in B. subtilis and E. coli. Instead the SEDS family
protein, RodA, was identified as the principal glycosyltransferase in the ‘elongasome’
complex. It has been suggested that RodA interacts with its cognate class B PBP to function
together to polymerize and crosslink nascent PG into the existing sacculus. Although, not
essential in B. subtilis, the class A PBPs of E. coli are important in other significant roles in PG
biosynthesis apart from the ‘elongasome’ complex. This new discovery offers the possibility
that the putative flippase, FtsW, may actually be the primary glycosyltransferase during
cellular division and that its cognate PBP, PBP3, functions together with it to polymerize
and crosslink the PG sacculus (53,54).
The sacculus is a highly dynamic structure. Once formed, it requires constant
modifications and turnover by the PG-degrading enzymes for numerous processes such as the
insertion of macromolecular machines. The remainder of this introduction will focus on the
assembly of the flagellum along with the PG lytic enzymes involved in remodeling the PG
layer, their control and pathobiological impact.
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1.3 Assembly of the Flagellum
1.3.1 Flagellum Biosynthesis
Many bacteria are motile through the use of the flagellum; a complex nanomachine whose
assembly is dependent on multiple cooperating components. It extends from the cytoplasm
to the external environment requiring approximately 25 different proteins which are variable
in stoichiometry and are arranged into three major substructures: basal body, hook and thin
helical filament. The basal body consists of the rotary motor, a flagellum-specific type III
secretion system (T3SS), and at least four ring-like structures which are all connected by a
filamentous rod (Fig. 1.4) (reviewed by (55)).

Figure 1.4. Organization of the rod and motor proteins of the bacterial flagellum within the Gramnegative bacterial envelope. Abbreviations: IM – inner membrane, OM – outer membrane, PG
– peptidoglycan, ft3SS – flagella type 3 secretion system. The components of the flagellum unique to
+

+

the Na - or the H - driven motor are highlighted in blue and purple, respectively.
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The assembly of the bacterial flagellum is initiated with the formation of the MS-ring
within the cytoplasmic membrane, followed by attachment of the switch complex (C-ring) at
the cytoplasmic face of the MS-ring. Once completed, the intrinsic membrane motor (Mot)
proteins MotA and MotB assemble to form the stator complex which creates the pathway for
proton influx across the cytoplasmic protein (reviewed in (56)). The MotA/MotB complex is
believed to be anchored to the PG layer by a transient interaction through MotB’s putative PGbinding (PGB) motif located within the C-terminal periplasmic domain (57). Recently
determined crystal structures of MotB from Helicobacter pylori (58) and

Salmonella

Typhimurium (59) revealed that these proteins share a common OmpA-like domain known to
bind to the PG layer.

Proper anchoring to the PG sacculus requires a relatively large

conformational change within the periplasmic domain of MotB (60-62). Once properly
anchored into the sacculus, the MotA/MotB complex switches from an inactive (‘plug’ closed)
state to an active (‘unplugged’ open) state to open the proton pathway upon assembly of the
complex to the motor (60-62).
The flagellum specific T3SS assembles at the base of the flagellar basal body within the MSring and consists of six integral membrane proteins and three cytoplasmic proteins (63,64).
The apparatus facilitates the proton motive force-dependent export of most components of the
flagellum (65,66) with the exception of the P-ring protein (FlgI) and L-ring lipoprotein; these
two ring proteins are exported via the Sec-dependent pathway (67). The filamentous rod extends
from the MS-ring through the P- and L-rings and it is divided into a proximal (involving FliE,
FlgB, FlgF and FlgC) and distal (FlgG) rod which is progressively assembled (68). Assembly
of the P- and L-rings are reliant on the construction of the preceding flagellar rod structure
(69). The P-ring is believed to be fixed to the PG layer, whereas the L- ring resides in the OM.
Together, these form a stiff cylindrical structure which is understood to act as a bushing for rod
rotation (70). Once the rod and rings are completed, the hook and filament are assembled, the
latter involving the non-covalent polymerization of flagellin proteins (55).
The basic structure of the basal body is conserved amongst bacterial species, however
there exist variations depending on the ions used for motive force. In some bacteria, such as
Vibrio sp., sodium ions are used instead of protons which requires the homologous motor
proteins PomA and PomB, as well as two additional rings, the T- and H-ring (56). Similar to
10

MotB, the C-terminal periplasmic region of PomB contains a putative PGB motif (71) and it is
thought to anchor the stator to the PG layer after undergoing a large conformational change
(72). Beneath the P-ring is the T-ring which is composed of MotX and MotY. These two
proteins are essential for incorporating the stator unit into the motor and then stabilizing it (73).
The crystal structure of MotY has been solved and it has high similarity to OmpA (74). In addition,
it contains a disordered PGB motif which has been proposed to prevent MotY from binding
tightly to the PG layer before the MotX/MotY complex encounters the basal body. Interaction
of the MotX/MotY complex with the basal body may cause the disordered chains to fold into
a functional PGB pocket (74). Lastly, the H-ring surrounds the L- and P-rings and it too is also
required for proper rod assembly of the stator units around the rotor (75).
Extensive modifications to the PG sacculus need to be made during basal body formation
to accommodate the insertion of the apparatus and then to stabilize the function of this system
by acting as an assembly scaffold. This requires the action of PG lytic enzymes which are
further discussed below.

1.4 Peptidoglycan Lytic Enzymes
The PG sacculus is constantly being synthesized and degraded. For example, E. coli will
turnover as much as 50 % of its sacculus per generation (76). The products of turnover are
normally captured and reutilized by the PG recycling pathway, excreted into the extracellular
environment or used as a signal for the expression of β-lactamase. The remodeling activities and
degradation of the sacculus are catalyzed by carboxypeptidases, endopeptidases, amidases,
muramidases, β-N-acetylglucosaminidases, and LTs. The N-acetylmuramyl L-alanine amidases
are responsible for cleaving the amide bond between the L-alanine residue of the stem peptide
and MurNAc whereas, the endopeptidases and carboxypeptidases cleave the

amide bonds

between amino acids of the stem peptide in PG or soluble fragments (Fig. 1.5). The β-Nacetylglucosaminidases and muralytic enzymes (muramidases and LTs) are responsible for
cleaving the glycan backbone (Fig. 1.6). Together these enzymes cleave every major linkage
within the stem peptide and glycan chain (reviewed in (77)). The majority of PG lytic
enzymes known to date have been biochemically characterized however, the biological
role of many of these enzymes remains to be elucidated. This has proven to be difficult to
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detect due to the high level of redundancy of these enzymes within the cell. For example, E.
coli expresses nine known LTs. The function of the PG lytic enzymes responsible for cleavage
of the glycan strands is of significant importance to this thesis and are further discussed below.

Figure 1.5. Bond specificity of PG lytic enzymes active on the stem peptide. The PG structure shown
represents A1γ chemotype of E. coli or B. subtilis. The peptidases are named for the types of amino acid
they cleave between (L or D) and the position at which they cut (endo or carboxy). R and R’ denote
MurNAc and GlcNAc, respectively.

1.4.1 β-N-Acetylglucosaminidases
The β-N-acetylglucosaminidases are widespread in Gram-positive bacteria. Prior to the
work presented in Chapter 3, their autolytic activity had not been identified in Gram-negative
bacteria. These enzymes (EC 3.2.1.14; chitinase) hydrolyze the glycosidic bond between
GlcNAc and MurNAc, generating a reducing GlcNAc product (Fig. 1.6).
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Figure 1.6. Glycolytic autolysins of bacteria. The β-N-acetylglucosaminidases hydrolyze the β-1,4
linkage between GlcNAc and MurNAc residues in PG, whereas the muralytic enzymes muramidases and
LTs, cleave between MurNAc and GlcNAc residues. The muramidases are hydrolytic but the LTs are not;
instead they release GlcNAc residues with the concomitant formation of 1,6-anhydroMurNAc. The open
and closed arrows denote exo- and endo-activity, respectively. R1, R2, and R3 denote GlcNAc, MurNAc,
and stem peptide, respectively.

Families
The

Carbohydrate-Active

enZyme

(CAZy)

database

categorizes

β-N-

acetylglucosaminidases into seven different glycoside hydrolase (GH) families, GH3, GH18,
GH20, GH56, GH73, GH84 and GH85, based on their secondary structure predictions (78).
Members classified into GH73 (Pfam PF01832) are involved in hydrolyzing PG. The family
has been organized into five phylogenetic clusters harbouring characteristic sequence motifs
among three different phyla. All sequences within clusters 1 and 5 belong to proteobacteria and
contain enzymes that do not carry additional domains within their catalytic modules.

The

sequences found within clusters 2 and 4 belong to firmicutes and contain enzymes which are
highly modular while all sequences within cluster 3 belong to bacteroidetes (79).
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Three-dimensional structures
The structures of three GH73 enzymes were known at the start of this thesis, those of L.
monocytogenes Auto (PDB 3F17), Streptococcus pneumoniae LytB (PDB 4Q2W) and
Thermotoga maritima TM0663 (PDB 4QDN). Interestingly, included within the GH73 family
are Sphingomonas sp. FlgJ (SpFlgJ) (PDB 2ZYC), and StFlgJ (PDB 5DN4). Each possesses
an α/β-hydrolase-fold with a conserved active site and a deep cleft that accommodates their PG
substrates. This structure is reminiscent of a GH23 fold which is further discussed in Chapter 3.
Mechanism of action
Most GH enzymes catalyze either single- or double- displacement reactions involving
the direct participation of two catalytic residues (Glu and/or Asp) which are appropriately
spaced across the active site (Fig. 1.7). In the single-displacement mechanism, a catalytic residue
acts as a general acid to protonate the glycosidic oxygen. The second residue is positioned across
the active-site cleft by an average distance of 10 Å and acts as a general base to abstract a
proton from water generating a hydroxide ion. This ion attacks the anomeric C-1 carbon of the
GlcNAc residue, resulting in bond cleavage and a product with an inverted anomeric
stereochemistry. As its name implies, the double-displacement reaction typically involves
two distinct reactions with a covalent intermediate separating them. In the first reaction, and as
with the single displacement mechanism, a catalytic acid protonates the glycosidic oxygen to be
cleaved while the second acidic catalytic residue serves as a nucleophile to attack the
anomeric center of the oxocarbenium ion transition state leading to departure of the nonreducing end product and covalent attachment of the remaining substrate. In the second half
of the reaction, the catalytic acid now functions as a base to abstract a proton from a water
molecule and the resulting hydroxide ion attacks the covalent adduct leading to its hydrolysis
from the enzyme. Due to the positioning and direction of the two nucleophilic attacks, first
by the catalytic nucleophile and then the hydroxide, the anomeric configuration of the resulting
GlcNAc product is retained.
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Figure 1.7. Mechanism of action of glycolytic enzymes active on PG. R, R’, and R” denote GlcNAc,
MurNAc, and stem peptides, respectively.
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With the GH73 β-N-acetylglucosaminidases, the issue of its catalytic mechanism is not
so clear. Studies involving the site-specific replacement of conserved amino acid residues
agreed that Glu94 (Lactococcus lactis AcmA numbering) was essential for catalytic activity
(80-82). However, conflicting results failed to identify unambiguously a second catalytic
residue which has led to some controversy. Some insight on this situation was gained following
the determination of the crystal structures of several

enzymes including those of L.

monocytogenes Auto (PDB 3F17), Streptococcus pneumoniae LytB (PDB

4Q2W), and

Thermotoga maritima TM0663 (PDB 4QDN). Each possesses an α/β-hydrolase-fold with a
conserved active site and a deep cleft that accommodates their PG substrates. The homologous
Glu94 residues were observed to be appropriately positioned within the active-site cleft to
function as the acid catalyst. However, identification of a second conserved active-site acidic
residue could not be made for each of these enzymes. Such a second residue was observed at
the putative catalytic centres of TM0663, and Auto but quite distant from their respective
catalytic acids (79,83). With Auto the putative acid catalysts are positioned on an α-helix
while the second proposed catalytic glutamyl residues are located on a flexible β-hairpin. The
separation of this residues is 13 Å (83) which represents an outer limit for the distance between
catalytic residues in an inverting enzyme (84). However, it has been postulated that this flexible
β-hairpin undergoes a conformational change upon binding substrate in which the active site
opens to capture the substrate and then closes to correctly position the active-site residues for
catalysis (83). Based on the eventual distances between the respective catalytic partners,
these β-N-acetylglucosaminidases are still expected to catalyze an inverting mechanism. In
addition to establishing whether or not the β-hairpin does close to permit an inverting mechanistic
pathway, experimental evidence

supporting this stereochemical outcome is required.

Obtaining such evidence is central to this debate because an equally plausible outcome of
the conformational shift is to position the second catalytic glutamate to assist the
deprotonation of the amide of an N-acetyl group in an anchimeric mode of action resulting in
the retention of anomeric configuration in the lytic product. Indeed, this alternative mechanism
of action, also known as substrate-assisted catalysis (SAC), has been postulated for several
other GH73 β-N-acetylglucosaminidases. With the apparent absence of a second catalytic
residue in the determined crystal structure of LytB, SAC was invoked for glycoside lysis
(85,86). Based on molecular and biochemical studies combined with theoretical considerations,
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AltWM (82), and AcmA (80) were also proposed to catalyze a SAC mechanism of action. In
this mechanism, the carbonyl oxygen of the GlcNAc N-acetyl group substitutes for the
nucleophilic catalytic residue in the enzyme to generate an intramolecular oxazolinium ion
intermediate that stabilizes the oxocarbenium ion transition state formed by acid catalysis during
glycolytic cleavage (Fig. 1.7). As with the second phase of the typical double- displacement
reaction, a hydroxide generated from water hydrolyzes the oxazolinium ion to generate the
reducing end GlcNAc product with retention of configuration. Support for this mechanism is
provided by investigations with the closely related GH18 and GH20 glycoside hydrolases, many
of which are also β-N-acetylglucosaminidases. These enzymes also do not have the typical
second catalytic residue and they

are inhibited by mechanism-based thiazoline inhibitors

(87,88). With the GH73 enzymes, assistance in rendering the carbonyl oxygen nucleophilic has
been proposed to be provided by a highly conserved Tyr residue positioned appropriately to
deprotonate the N-acetamido nitrogen. Indeed, replacement of this Tyr residue in AcmA and
AltWN resulted in reduced activity similar to that associated with the replacement of the
general acid Glu (80,82).
Biological function
At present, the GH73 family comprises over 2800 members, among which several
have been biochemically characterized. These enzymes have been shown to be involved in
daughter cell separation such as LytB from S. pneumoniae (86) or the release of virulence factors
during host cell invasion such as Auto from L. monocytogenes (83). GH73 enzymes are surface
located or membrane anchored and they show a high degree of modularity. Many GH73
members are bifunctional enzymes harbouring an additional N-acetylmuramoyl-L-ala amidase
module or repeated sequences involved in binding the sacculus such as the LysM domains
(reviewed in (77)).
β-N-Acetylglucosaminidases are predominantly associated with Gram-positive bacteria. As
previously mentioned, these enzymes had not been detected in Gram-negative bacteria until
the work presented in Chapter 3 of this thesis. In the literature, it had been proposed that the
cytoplasmic enzyme,

NagZ, which utilizes the disaccharide substrate GlcNAc-1,6-

anhydroMurNAc (peptide) during PG recycling was a β-N-acetylglucosaminidases (89).
However, it is a related enzyme with β-N- acetylhexosaminidase (EC 3.2.1.52; NagZ) activity.
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More recently, an additional GH73 enzyme, TM0663, was identified in T. maritima (79).
However, no biological role has been assigned for this enzyme.

1.4.2 Muramidases
The muramidases (lysozymes; EC 3.2.1.17) are hydrolytic enzymes which lyse the
glycosidic bond between MurNAc and GlcNAc producing a reducing MurNAc residue (Fig.
1.6). Some of the most extensively studied muralytic enzymes are the lysozymes produced
by phages, bacteria, fungi, invertebrates and vertebrates. The most recognized of these are
Hen Egg White Lysozyme (HEWL), Goose Egg White Lysozyme (GEWL) and bacteriophage
T4 lysozyme from the c-type (chicken-type or GH22), g-type (goose-type or GH23) and v-type
(viral-type or GH24) classes, respectively (90). These lysozymes have biological roles ranging
from being the first line of defense against bacterial infection in plants and animals (90) to
the facilitation of bacterial host infection or progeny release by the bacteriophage T4
lysozymes (91). Despite having no sequence similarity and variability in length, the threedimensional structures of lysozymes show they share a common fold, consisting of two
domains separated by a deep cleft containing the active site. The active-site cleft separates a larger
α-helical domain from a smaller β-sheet domain, owing to the α/β-structure of these enzymes
(also known as the ‘lysozyme- like fold’) (90) (Fig. 1.9).
The most extensively studied lysozyme is HEWL. The active site of HEWL consists of six
subsites (A-F or -4 to +2) which can bind up to six consecutive sugar residues. In this
configuration, the glycosidic bond is cleaved between MurNAc at subsite D and GlcNAc at
subsite E. The hydrolysis of this β-(1,4) glycosidic bond occurs through a double displacement
reaction utilizing a catalytic acid/base residue, Glu35, and nucleophile, Asp52 (reviewed in
(92,93)). Bacteria have found methods to evade exogenous lysozyme by modifying their glycan
backbone such as the N-deacetylation of GlcNAc residues (94) or O- acetylation of MurNAc
(95,96) and GlcNAc residues (97). In addition, Gram-negative bacteria express proteinaceous
inhibitors such as inhibitors of vertebrate lysozyme of c-type lysozyme (Ivyc), periplasmic
lysozyme inhibitor of c-type lysozyme (PliC) or membrane bound lysozyme inhibitor of c-type
lysozyme (MliC) (98,99). At present, all three proteins have been co-crystallized with HEWL
and in each case a protruding loop from the proteinaceous inhibitors inserts into the active-site
cleft with varying specificities to inactivate the enzyme (100-102). The inhibition of lysozyme
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by these proteins is further discussed in section 1.5 with a specific focus on the Ivy proteins.
As mentioned above, some lysozymes are present in bacteria, although there are relatively
few well characterized muramidases. A commercially available muramidase which has been
used throughout this thesis research is mutanolysin from Streptomyces globisporus. Mutanolysin
displays both β-1,4-N-acetyl- and β-1,4-N-6,-O-diacetylmuramidase activity thereby, having
the ability to cleave O-acetylated PG (103). This enzyme belongs to the Chalaropis-type (Chtype) lysozymes which were first described in the fungus Chalaropis, although they have been
mainly detected in bacteriophage and other bacteria. This class of lysozymes have a different
structural fold comprising only a single domain with a β/α-barrel fold (104). At present,
muramidases have not been identified in Gram-negative bacteria. The dedicated muralytic
activity in these bacteria is a result of the LTs.

1.4.3

Lytic Transglycosylases

Unlike the hydrolases, the LTs are ubiquitous in Gram-negative bacteria possessing a PG
sacculus, and they are present also in many Gram-positive bacteria. The LTs (EC
4.2.2.n1/n2) have the same substrate specificity as the muramidases viz. lysing the glycosidic
bond between MurNAc and GlcNAc, but with a different reaction mechanism that does not
involved water. Thus, instead of producing a reducing hydrolytic product, the LTs lyse PG
with the concomitant formation of an intramolecular 1,6-anhydromuramoyl reaction product
(Fig. 1.6). The examination of LTs has been extensively studied in E. coli although in recent
years research into the LTs expressed in Pseudomonas aeruginosa has significantly increased.
These enzymes are either soluble or membrane-bound lytic transglycosylases (Slt or Mlt) located
within the periplasm (105). At present P. aeruginosa has eight known Mlts (MltA, MltB, MltD,
MltF, MltF2 and MltG) including the rare lipoprotein A (RlpA) as well as four Slts (Slt70)
including three isozymes of MltB (SltB1, SltB2, and SltB3). This differs from E. coli which
has nine known LTs (MltA, MltB, MltC, MltD, MltE, MltF, MltG, RlpA and Slt70).

Families
A classification scheme was developed to organize LTs into four distinct families based
on their sequence similarities and identified consensus motifs. The archetypes for the
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respective families were represented by seven known LTs (Slt70, MltA-MltF) from E. coli, one
LT (MltB) from P. aeruginosa and the endolysins from λ-bacteriophage (105,106). As the
discovery of new LTs involved in specific tasks,such as E. coli MltG (107) and P. aeruginosa
RlpA (108), is becoming more frequent, an updated classification scheme was generated to
include the additional families 5 and 6 (Fig. 1.8).

Figure 1.8. Family organization of the LTs. Residues in plain and boldface type of the consensus motifs
(numbered with roman numerals) are present in greater than 80 % and invariant amongst the sequences
of the individual families, whereas those in red type and labelled with the asterisks identify the putative
catalytic acid/base residues. The numbers in parentheses denote the number of residues between the
motifs.
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The following presents only a brief overview of the families originally identified by
Blackburn and Clarke (2001) (106). Initially, family 1 was a superfamily consisting of five
subfamilies, with each sharing limited sequence similarity to g-type lysozyme. Included within
this family are hypothetical and known LTs with sequence identities to E. coli Slt70 (1A),
MltC (1B), MltE (1C), MltD (1D) and MltF (1E). Family 2 is comprised of hypothetical and
known enzymes which share identity to the E. coli enzyme MltA. Unlike the other families,
these enzymes contain two conserved aspartates, both of which are important for catalysis
although only one acts as the general acid/base. The third family of hypothetical and known
LTs share similarities with E. coli and P. aeruginosa MltB. In contrast to family 1 LTs,
enzymes classified into this family contain a conserved catalytic Glu which is followed by an
invariant Thr in motif I. Family 4 consists mainly of proteins of bacteriophage origin. Two
additional families, family 5 and 6, have been added to this classification scheme using E. coli
MltG and P. aeruginosa RlpA, respectively, as the archetypes. Hypothetical and known
enzymes which are classified into family 5 are highly homologous and contain eight consensus
motifs (Fig. 1.8). Like members of family 3 enzymes, these LTs possess a conserved putative
catalytic Glu followed by an invariant Thr but positioned further into the proteins, in motif IV.
Family 6 enzymes have four consensus motifs with a conserved putative catalytic Asp found
in motif III. With both families, further experimental evidence is required to confirm the role,
if any, in catalysis and/or PG binding that the identified conserved residues in these motifs may
have.
Three-dimensional structures
Crystal structures have been solved for eleven LTs representing families: 1A (E. coli
Slt70, PDB 1QSA), 1B (E. coli MltC, PDB 4C5F), 1C (E. coli MltE, PDB 2Y8P), 1E (P.
aeruginosa MltF, PDB 4P11), 2 (E. coli MltA, PDB 2GAE; Neisseria gonorrhoeae MltA, PDB
2G6G), 3 (E. coli Slt35, PDB 1QUS; P. aeruginosa SltB1, PDB 4ANR; P. aeruginosa SltB3,
PDB 5ANZ), 4 (bacteriophage lamba LT, PDB 1D9U), and 5 (E. coli MltG, PDB 2R1F).
Despite limited sequence similarities between the family 1, 3, 4 and 5 LTs, they all share a
common g-type lysozyme fold in which the catalytic active site cleft is mainly α-helical (109116) (Fig. 1.9). In contrast, both family 2 and 6 LTs are structured as a double-ψ- β-barrel which
is reminiscent of an endoglucanase V fold (Fig. 1.9) (114,117,118).
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Figure 1.9. LT and lysozyme structures. Represented in cartoon configuration are members of Family
1a (Slt70 from E. coli, PDB 1QTE), Family 2 (MltA from E. coli, PDB 2GAE), Family 3 (Slt35 from
E. coli, PDB 1QUS), Family 4 (Φλ LT, PDB 1D9U), Family 5 (MltG from E. coli, PDB 2R1F), ctype lysozyme (HEWL from Gallus gallus, PDB 2VB1) and g-type lysozyme (GEWL from Salmo salar,
PDB 3MGW).

Mechanism of action
The majority of the LTs studied to date have the general ability to perform exo-lytic reactions
which are accounted for by examination of the sub-site structure of the binding clefts of
respective enzymes. Generally, these exo-lytic LTs, such as E. coli MltB, have four binding
sub-sites (labeled -2, -1, +1, +2) that accommodate a pair of GlcNAc-MurNAc(peptide)
residues where lysis occurs to release GlcNAc-1,6-anhydroMurNAc products from the
“reducing” end of PG strands (115,116). On the other hand, E. coli MltE, and likely MltF, are
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endo-lytic, cleaving within lengths of PG chains (119,120). To accomplish this, these LTs have
an open ended binding cleft that can accommodate at least eight saccharides (109). In addition,
there are LTs such as E. coli MltC that have a subsite architecture that accommodates up to
nine aminosugars, and accordingly catalyze both endo- and exo-lytic activity (110,119). In
addition to the distinction, or not, of endo- and exo-activity, there is gathering evidence to
suggest that LTs have distinct substrate specificities. For example, MltA and RlpA appear to be
active only on “naked” glycan strands that lack stem peptides (108). Regardless of the discrete
substrate specificity, cleavage of the PG chain occurs at the catalytic center of the LT that is
positioned between the MurNAc and GlcNAc occupying the -1 and +1 subsites (121).
With the production of a 1,6-anhydromuramoyl product from the lysis of the β-1,4- glycosidic
linkage

between MurNAc and GlcNAc residues, the LTs in effect catalyze a retaining

mechanism of action. However, only a single acidic residue is observed to be positioned
appropriately at the putative catalytic centers in the known structures of the respective enzymes.
Consequently, the LTs have been postulated to catalyze a SAC reaction analogous to that known
for some β-N-acetylglucosaminidases (122-127). As described above, the single catalytic Glu
or Asp would act as a general acid to protonate the glycosidic oxygen of the linkage to be
cleaved and an oxazolinium intermediate is proposed to stabilize the putative oxocarbenium ion
transition state. However, in this case, the oxazolinium would involve the N-acetyl group of
MurNAc at subsite -1 and then the deprotonated catalytic residue acts as a general base to abstract
a proton from the C-6 hydroxyl of this MurNAc residue. This promotes an intramolecular
nucleophilic attack at the anomeric C-1 carbon of MurNAc collapsing the oxazolinium
intermediate with the formation of the 1,6-anhydroMurNAc reaction product (Fig. 1.7). With
the lack of defined substrates, it has not

been possible to kinetically test this hypothesis

regarding mechanism. However, preliminary evidence in support has been reported in a study
involving the mechanism-based inhibitor of β-1,4-N-acetylglucosaminidases, NAG-thiazoline
(Fig. 1.10). This analog of the putative oxazolinium intermediate serves as an inhibitor of
MltB from P. aeruginosa, albeit weakly, whereas neither inhibition by nor binding to its parent
compound GlcNAc is observed (123).
Recently, a secondary minor muramidase-like activity has been reported for Slt70, MltC,
MltD and MltE from E. coli (110,119), and CwlQ from B. subtilis (128). It is postulated
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that these hydrolytic products arise as a water molecule gains access to the active center and it,
instead of the C-6 hydroxyl of MurNAc, is deprotonated by the catalytic base and subsequently
attacks the transient oxocarbenium ion in the second half of this double-displacement
mechanism (110,119).

Figure 1.10. Structures of inhibitors of glycosyl hydrolases and LTs.

Biological functions
The LTs are generally referred to as space-making autolysins within the literature. They
are predominately found within Gram-negative genomes however, they are present in lesser
amounts in Gram-positive bacteria as well. As mentioned previously, these enzymes are
involved in PG turnover as well as PG recycling in Gram-negative bacteria. In recent years,
specific biological roles for the LTs have been identified. For example, SleB from B. anthracis
is required for degrading the spore cortex for germination (129) whereas, MltA and MltB
from Neisseria meningitidis are involved in releasing

extracellular DNA during biofilm

formation (130). In addition, many LTs have been demonstrated to be associated with multiprotein complexes involved in PG synthesis and daughter cell division, such as MltG from
E. coli (107) and RlpA from P. aeruginosa (108), respectively. Unfortunately, due to the high
level of redundancy and the absence of a defined substrate, the biological roles of many LTs
are still unknown. Further complicating this issue, is the lack of a consistent phenotype when
these enzymes are lost as observed in the E. coli MHD79 mutant strain lacking six (MltA-E
and Slt70) LTs (131). This is further discussed in Chapter 5.
Despite the functional differences between the muralytic enzymes and β-Nacetylglucosaminidases, the type of glycosidase activity of an enzyme not yet biochemically
characterized is used interchangeably in the literature due to their structural similarities. This
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results in the mislabeling of the mechanisms of these enzymes and the knowledge surrounding
their physiological roles. For example, the resuscitation promoting factor A (RpfA) from
Streptomyces coelicolor is proposed to be a hydrolase despite the lack of any biochemical
analysis of the enzyme and its reaction products (132). Identification of this differentiation
requires a novel assay to distinguish between the activities of PG hydrolases and LTs, which
is presented in Chapter 3.

1.4.4 Role of PG-Degrading Enzymes in Flagellum Assembly
An important step in basal body formation is the penetration of the rod through the PG
layer. The diameter of the rod is approximately 8-14 nm which is larger than the average pore
size of 2 – 4 nm within the PG sacculus (63,133-136). Hence, its insertion requires the localized
and controlled lysis of a limited number of PG strands. In species of the β- and γ-proteobacteria,
this degradation is performed by FlgJ, a bifunctional protein with an N-terminal domain
responsible for proper rod assembly (137) and a C- terminal domain possessing PG-lytic
activity (81,138,139). However, a proteomics study suggested that FlgJ homologues in a
number of flagellated α-proteobacteria appear to lack this C-terminal PG lytic domain
(140,141). Using Rhodobacter sphaeroides as a model bacterium, this lack of FlgJ lytic activity
was shown to be compensated for by a specialized lytic enzyme, SltF. Homologs of SltF
appear to be widespread in flagellated α-proteobacteria that lack a bimodular FlgJ (142). An
exception amongst the α- proteobacteria is Caulobacter crescentus which lacks a SltF homolog.
Instead, PleA, an uncharacterized PG degrading enzyme, is proposed to provide the necessary
PG lytic activity for flagella and pili assembly in this bacterium (143). The specialized lytic
activity of both FlgJ from β- and γ- proteobacteria as well as SltF from α-proteobacteria is the
focus of Chapter 3 and 4 of this thesis.
A crucial feature of the flagellum for full motility is its anchoring to the sacculus through
MotB. For this to occur, it has been postulated that MotB requires the localized remodelling
of PG. This is accomplished in Gram-negative bacteria by the LTs, such as MltD from H. pylori,
as well as Slt and MltC from S. Typhimurium (144). Thus, the LTs may serve the dual function
of boring the hole within the sacculus and then restructuring the PG around its circumference.
Moreover, the specific 1,6-anhydromuramoyl reaction products of this activity may provide
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specific binding sites for MotB to tether the flagellum to the sacculus. Indeed, the lack of a
functional MltD in H. pylori led to a loss of motility even though the flagellum was fully
assembled (144). With Gram-positive bacteria, this remodelling of their multi-layered sacculus
is catalysed by β-N-acetylglucosaminidases, such as Auto from L. monocytogenes (144) or
LytD in conjunction with LytC, an N-acetylmuramoyl-L-Ala amidase, in B. subtilits (145).
With these cells, MotB is expected to be tethered to the reducing GlcNAc and/or non- reducing
MurNAc reaction products. The importance of this lytic activity was demonstrated in knockout
studies of the genes encoding their respective lytic enzymes which, as with H. pylori, led to
immotile cells possessing fully assembled flagella (144,145). It should be noted that both
OmpA and Pal have been demonstrated experimentally to bind to the stem peptide of PG
through a non-covalent interaction with m-DAP and it has been proposed that MotB also
binds this moiety in the stem peptide along with the glycan chain (58,62,146,147). Currently,
it is unknown what muropeptides FlgI recognize and bind to.

1.5 Control of Lytic Transglycosylases at the Enzyme Level
The PG-lytic enzymes responsible for cleaving within the glycan strands represent major
classes of autolytic enzymes that when left uncontrolled can cause complete cellular lysis.
Given this, it is crucial for the cell to control these enzymes both temporally and spatially.
Whereas little is understood about the β-N-acetylglucosaminidases, the activity of LTs is
known to be controlled by four mechanisms at the enzyme level: their localization to
membranes and associated protein complexes, allosteric regulation, modification of their PG
substrate, and the presence of proteinaceous inhibitors.

1.5.1 Control of Lytic Transglycosylases
Multi-enzyme complexes
Almost a decade ago, Hӧltje proposed that the autolytic activity of PG-degrading
enzymes is controlled by their incorporation into multi-enzyme complexes spanning the IM,
periplasm and OM thereby, resulting in spatial and temporal regulation (148). There is
growing evidence particularly with the LTs involved in general PG biosynthesis, that these
potentially autolytic enzymes complex with the PBPs and other proteins of the biosynthetic
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machinery (eg. (107,149,150)). In this way, the lysis they catalyze is coordinated with the
biosynthesis and insertion of new PG strands (148). A recent example of this is the newly
identified IM protein, MltG, from E. coli (107) and S. pneumoniae (151). MltG is an endoacting LT involved in releasing newly synthesized uncrosslinked glycan strands during PG
synthesis. In E. coli, it forms a complex with PBP1b, however the extent of the cooperation
between these two proteins in PG biosynthesis and whether the cognate PBP controls its activity
is unknown. It has been suggested that this could be a case of reciprocal control such that
MltG determines the length of the polymers produced by PBP1b and PBP1b controls the
processing activity of MltG (107).
Allosteric inhibition
The allosteric regulation of LTs, specifically E. coli MltA (118) and MltF (120), had been
suggested for quite some time. Recently, Domínguez-Gil et al. (2016) (152) provided the first
structural evidence of a large conformational change in P. aeruginosa MltF upon binding of
a PG-derived effector to its N- terminal ABC transporter-like regulatory module. This structural
change occurred over the entire protein

in order to open up its active site in the C-terminal

domain for subsequent catalysis. The effector molecule is presumed to be a tetrapeptide released
from the sacculus by the amidase(s), AmpDh2 and/or AmpDh3. The physiological function of
MltF is still unknown however it is believed to be involved in the puncturing of PG for the
insertion of macromolecular structures. Further inquiry on the allosteric regulation of P.
aeruginosa MltF, its homologue MltF2 and E. coli MltA and their involvement, if any, in PG
remodeling complexes is required to better understand this role in LT control.
Modifications to the glycan backbone
Several modifications can be made to the PG glycan backbone. These include the
formation of muramic δ-lactam in Bacillus species spores, N-glycolylation of MurNAc as well
as N-deacetylation and O-acetylation of GlcNAc and MurNAc (3,97). Of particular interest to
the study of LT control is O-acetylation of MurNAc. PG O-acetylation occurs at the C-6
hydroxyl of MurNAc residues, thereby precluding lysozyme and LT activity through steric
hindrance. Typically, this type of modification is present on 20-70 % of MurNAc residues
depending on the species, strains and environmental conditions (96,153). Gram-negative
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bacteria that use this form of substrate modification to control LT activity also produce OacetylPG esterases which remove the blocking O-acetylation as required (154). Although not
yet demonstrated, it has been proposed that these esterases would also associate with the PG
biosynthetic complexes, presumably at their leading edges, to clear away the O-acetylation
thereby permitting the localized lysis of the sacculus to provide new sites for PG insertion
(153). Currently, it is not clear if O-acetylation is dispersive or localized to a particular site within
the sacculus.
Proteinaceous inhibitors
PG O-acetylation does not occur in all bacteria, notably including E. coli and P. aeruginosa
(155). The Gram-negative bacteria that do not instead produce specific proteinaceous inhibitors,
such as the Ivy proteins (156). The identification of Ivy was discovered over a decade ago in E.
coli as the product of the gene, ykfE (157). Since then homologues of Ivyc have been found
encoded on many Gram-negative bacterial chromosomes with each possessing a six residue
CKPHDC consensus sequence (100,156). Structural studies using Ivyc and Ivyp1 showed that
the consensus motif forms a rigid loop which occludes the active site of HEWL by forming a keylock interaction. The His residue in the centre of the loop forms hydrogen bonds with the
catalytic acid/base, Glu35, and the catalytic nucleophile Asp52 of HEWL, rendering the
enzyme inactive. Structural studies have shown that Ivyc forms a homodimer with two
dimers of HEWL and human lysozyme (HL) (Fig. 1.11) (100,158). Ivyc monomers contain a novel
protein fold that consists of a central β-sheet composed of five anti-parallel β-strands that are
flanked by an amphipathic helix on the concave side and two α-helices on the convex side. The
dimeric state of Ivyc is due to interactions between residues located in the C-terminal β-strand
and the last two helices of both subunits. This dimerization is conserved in various E. coli
strains and homologs from Burkholderia cepacia, Klebsiella pneumoniae and Shigella flexneri
(100). In contrast, Ivyp1 forms a monomer as it lacks many of the conserved residues involved
in dimer formation including the last α-helix. An additional extended and flexible loop named
P2 was identified in Ivyp1. This loops forms a protein-protein interaction with HL and upon
binding it becomes more rigid. The P2 loop is not conserved in Ivyc and is generally more
positively charged. Interestingly, Ivyp1 is a very weak inhibitor of HL and this is proposed to be

28

a result of the electrostatic repulsion between the largely negatively charged P2 loop and patch
in HL (158).

Figure 1.11. Interaction between Ivy and HEWL. A, Ivyc is a dimeric protein with each monomer
directly inhibiting one HEWL molecule. The dimer is formed due to interactions with the C-terminal
β- strand and last two helices of both subunits (PDB 1GPQ). B, Ivyp1 is a monomer which interacts with
one HEWL molecule. The mode of inhibition involves a rigid loop (red box). C, the rigid loop is stabilised
by both a disulfide bond between Cys59 and Cys64 residues and a salt bridge between Lys60 and Asp63
residues. The His62 residue forms hydrogen bonds between Glu35 and Asp52 of HEWL. The active site
of HEWL and the loop of Ivyp1 are shown in stick configuration. (PDB 1UUZ).

Initially, it was hypothesized that the predominant role of the Ivys was to inhibit exogenous
lysozyme. However, the discovery of an Ivyp1 paralog in P. aeruginosa, named Ivyp2,
which does not block lysozyme activity challenged this assumption. Unlike Ivyc and Ivyp1,
the loop found in Ivyp2 is replaced with a more variable sequence CEXXDXC which is missing
the His residue involved in the inactivity of lysozyme (100). Clarke et al. (2010) (156)
demonstrated that both Ivyp1 and Ivyp2 can inhibit a soluble- derivative of MltB (sMltB)
thereby, suggesting that the true physiological function of the Ivys is to

perform a

housekeeping role in controlling the autolytic LTs. Whether Ivyp1 and Ivyp2 can inhibit all of
the known LTs found within P. aeruginosa needs to be determined. This is the focus of Chapter
5 of this thesis.
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1.5.2 Control and Modulation of Flagella-Specific Autolytic Activity
Very recently, it has been shown that specific variations of the themes described above for
autolytic control are involved with flagellum assembly.

In β- and γ-proteobacteria, the

autolytic activity of FlgJ associated with its C-terminal domain is understood to be controlled
by the function of its N-terminal domain. This N-terminal domain of FlgJ acts as a scaffolding
rod-capping protein and thus it associates with the developing rod upon its production thereby
securing its localization at the site of flagella formation (137,139). After the hole has been
bored in the PG sacculus by its C-terminal domain, FlgJ remains associated with the growing
rod as a structural component through its N-terminal domain. Consequently, the PG-lytic
domain of FlgJ becomes localized extracellularly (159) thereby preventing any deleterious
autolytic activity. In contrast, the rod-capping FlgJ of the α-proteobacteria lacks the PG- lytic
domain and to compensate, the developing rod recruits the exogenous SltF for the necessary
autolysis (160). The interactions which modulate SltF’s activity so it is not left uncontrolled
within the periplasm, is one of the focuses of Chapter 4.

1.6 Implications in Pathobiology
1.6.1 Antibiotic Resistance
Penicillin and related β-lactam antibiotics are some of the most widely used therapeutics.
They take advantage of the delicate interplay between synthetic PBPs and the autolysins.
These antibiotics are analogues of the terminal D-alanyl-D-alanine of the stem peptide (Fig. 1.12)
(161) and bind to the catalytic serine causing the inhibition of the activity of PBPs (reviewed in
(45)). This results in the loss of cellular integrity by disrupting the balance between the insertion
of new material and cleavage of the existing cell wall by lytic enzymes. Unfortunately,
pathogenic bacteria have found methods to resist β-lactams by expressing low-affinity PBPs
such as PBP2a from methicillin-resistant S. aureus (162), harbouring modified versions of
their own PBPs such as PBP2x from S. pneumoniae (163), modifying the stem peptide such
as the generation of 3-3 crosslinks in Enterococcus faecium (52) or the induction of βlactamases (reviewed in (164)).
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Figure 1.12. Structure of D-alanyl-D-alanine, the β-lactam ring and penicillin.

Of importance to the work in this thesis is the induction of β-lactamases by the
accumulation of LT products. In most Gram-negative bacteria, the inhibition of transpeptidases
by β-lactams results in the accumulation of 1,6-anhydroMurNAc products in the periplasm
due to the continuous lytic activity of LTs. These products are transported into the cytoplasm
where they bind to the transcriptional activator AmpR which induces AmpC (β-lactamase)
expression. Subsequently, this leads to the deactivation of the antibiotic through the hydrolysis
of the β-lactam bond by AmpC (reviewed in (165)). Until recently, it was unknown which
LT(s) were primarily involved in cleaving the glycan strands remaining after inactivation
of the PBPs. However, experiments completed by the Bernhardt’s and Burrow’s laboratories
have identified Slt70 to be the main enzyme responsible for the degradation of uncrosslinked
PG when PBPs were specifically inhibited in both E. coli and P. aeruginosa (107,166-168).
Additionally, it was demonstrated that β-lactamase expression in P. aeruginosa is also induced
through mutations of the class C PBP4 and the cytoplasmic amidase, AmpD, along with its
homologues, AmpDh2 and AmpDh3. Interestingly, the loss of SltB1 in combination with
the mutation of dacB resulted in the increased expression of AmpC (166). However, it is
unknown whether other LTs in a PBP4 deficient background can also amplify β-lactamase
production. Together these results suggest discovering an inhibitor of LTs, specifically Slt70,
to work synergistically with β-lactams would be advantageous to use as a novel therapeutic.

1.6.2 Signalling Molecules for the Innate Immune Response
Muropeptides released during cellular growth are important signalling molecules used for
warning the cytoplasm of an attack by antibiotics, cell-to-cell communication, and host
infection. The innate

immune system has devised ways to protect itself from pathogenic
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bacteria by detecting these signalling molecules through pattern recognition receptors. These
include the cytoplasmic proteins, Nod1 and Nod2, which are necessary for inflammatory
cytokine production in response to PG fragments (reviewed in (169,170)). The release of
pathogen-associated molecular patterns (PAMPs) by Gram-negative bacteria

such as

Bortedella pertussis, Neisseria gonorrhoeae, and H. pylori are expected to be produced by LTs
(171-174). For example, the PG fragment tracheal cytotoxin (TCT) released by B. pertussis
and N. gonorrhoeae is a GlcNAc-1,6-anhMurNAc-tetrapeptide which causes ciliated cell
damage in respiratory epithelial and fallopian tube cells, respectively (173,175). This PAMP
along with other muropeptides consisting of m-DAP are sensed by Nod1. On the other hand,
Nod2 requires an intact MurNAc ring and has been shown to sense muramyl dipeptides and
PG monomers (169,176). It has been suggested that Nod1 has a specific role in the Gramnegative innate immune response whereas, Nod2 is more of a general sensor of PG from Gramnegative and Gram-positive bacteria. The characterization of the PG fragments released into
the supernatant from bacteria which trigger an inflammatory response in the innate immune
system represents an important area of active research within the field.

1.6.3 Novel Therapeutics for Medical Purposes
In recent years, bacteria resistant to most or all of the currently available antibiotics
have been detected globally. Included within this list of organisms is the opportunistic pathogen
P. aeruginosa. The integrity of the bacterial cell wall is essential for viability and has served
as the target for many of our traditional antibiotics such as β-lactams and vancomycin which
target the stem peptide. Unfortunately, these classes of antibiotics are hindered clinically due
to a high degree of resistance against them. In contrast to the extensive chemical variations
found within the stem peptides, the glycan chains in PG have relatively little variation. The
uniqueness of this structure and the lack of variation makes the glycan backbone an attractive
target.
The autolytic enzymes involved in cleaving the glycan strands are important for a
multitude of biological functions and bacterial reproduction. Inhibitors of these enzymes have
been studied in the past and have led to some promising preliminary data. The inhibition of LTs
has been demonstrated using the natural glycopeptide produced in P. mesoacidophila, Bulgecin
A (Fig. 1.10) (177). Bulgecin A inhibits Slt70 (178), MltC and MltD (179). In addition, the
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combination of Bulgecin A with the β-lactams, ampicillin and cefmenoxime, dramatically
reduces the minimum inhibitory concentration of these antibiotics in E. coli (177) and H. pylori
(180), thereby working synergistically to inhibit the PBPs and LTs. Another inhibitor of the
LTs is NAG-thiazoline (Fig. 1.10), a structural analogue of the putative oxazolium
intermediate of the LT catalytic mechanism. Preliminary results demonstrated changes to the
cellular morphology and cell surface hydrophobicity of cells grown in the presence of NAGthiazoline (Fig. 1.10) (181), as well as the inhibition of MltB, albeit with poor affinity (123).
NAG-thiazoline was originally identified as an inhibitor of β-N-acetylhexosaminidases (87)
and it inhibits the O-GlcNAcase activity of the β-N-acetylglucosaminidases from Bacteroides
thetaiotaomicron (182). Recently, Kuhn et al. (2014) (183) demonstrated the first inhibition of
cell growth in whole cell assays using B. subtilis cells in the presence of triazole derivatives of
GlcNAc. In this experiment, they noticed that cell division was impaired suggesting disruption
of autolysin activity. As indicated in the preliminary results listed above, inhibiting the autolytic
LTs and β-N-acetylglucosaminidases represents a promising area of research for

the

development of novel therapeutics.

1.7 Summary and Rationale for Study
The importance of the bacterial cell wall in the viability of the cell has been demonstrated by
the vast amount of antibiotics targeting the sacculus. Not only does the PG layer provide cellular
shape, strength and resistance to turgor pressure, but it acts as an assembly scaffold for cell
envelope spanning structures.

The enzymes responsible for cellular growth, division or

generating a pore for the insertion of these structures represent an area of active research
within the field of PG metabolism. Unfortunately, the identification of the nature of the
enzymatic activity associated with some of these enzymes has been based on crude assays
coupled with proteomic analyses. This is problematic due to the structural (primary, secondary
and tertiary) similarities existing between the PG active β-1,4 glycosidases. Without an
appropriate or convenient assay the biochemical characterization of some of these enzymes are
lacking. In addition, details on the regulation of their autolytic activity are unknown. The first
aim of this thesis was to biochemically characterize the PG lytic enzymes involved in flagellum
biosynthesis in α-, β-, and γ- proteobacteria using S. Typhimurium and R. sphaeroides as the
model organisms. In order to do this, a novel assay was developed to differentiate between
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hydrolytic and LT activity. In addition, using the tools

previously developed for PG lytic

enzymes the control of SltF from R. sphaeroides was investigated. For this first major aim, I
hypothesize that both PG lytic enzymes FlgJ and SltF, are endo-acting LTs. The second major
aim of this thesis research was to investigate the function of Ivyp1 and Ivyp2 in P.
aeruginosa PAO1. Experiments were designed to test my hypothesis that these proteins inhibit
representatives from each family of LTs and thereby provide physiological control of these
autolysins.
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Chapter 2. Materials and Methods
2.1 Chemicals and Reagents
DNase I, RNase A, pronase, isopropyl β-D-1-thiogalactopyranoside (IPTG), and EDTA-free
protease inhibitor tablets were purchased from Roche Diagnostics (Laval, QC, Canada). T4 DNA
ligase, restriction enzymes and other DNA-modifying enzymes were acquired from Promega
(Fitchburg, WI) or New

England Biolabs (Mississauga, ON, Canada). Nickel(II)-

nitrilotriacetic acid (Ni2+-NTA)-agarose and TALON cobalt resin were obtained from Qiagen
(Valencia, CA) and Takara Bio USA Inc. (Mountain View, CA), respectively, whereas Source
15S and Source 15Q resins were purchased from GE Healthcare

(Piscataway, NJ). Fischer

(Nepean, ON, Canada) provided acrylamide, glycerol, and Luria-Bertani (LB) growth medium.
All other growth media were from Difco (Detroit, MI), and unless otherwise stated, all other
reagents and chemicals were from Sigma-Aldrich (Oakville, Ontario, Canada).

2.2 Bacterial Strains and Growth
The source of bacterial strains and plasmids used in this study, together with their
genotypic description are listed in Tables 2.1 and 2.2, respectively.

2.2.1 S. Typhimurium FlgJc
E. coli strains DH5α and BL21(λDE3)pLysS were maintained on LB broth or agar at 37
°C, which were supplemented with kanamycin sulfate (50 μg·ml−1) and chloramphenicol (34
μg·ml−1) in the case of strains harboring plasmids pET28a(+) and pLysS, respectively. For
overexpression studies and protein

production, E. coli BL21(λDE3)pLysS was grown in

SuperBroth (SB) (5 g of sodium chloride, 20 g of yeast extract, and 32 g of tryptone) at 30 °C
with agitation. All strains were stored at −80 °C in 25% glycerol.
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Table 2.1. Bacterial strains used in this study
Strains
E. coli DH5α

E. coli Top 10

E. coli BL21(λDE3)
E. coli BL21(λDE3)pLysS

Genotype

fhuA2 lac(del) phoA glnV44
Φ80’ lacZ(del)M15 gyrA96
recA1 relA1 endA1 thi-1
hsdR17
F- mcrA Δ( mrr-hsdRMSmcrBC)Φ80lacZΔM15 Δ
lacX74 recA1 araD139
Δ(araleu)7697 galU galK rpsL
(StrR) endA1 nupG
F- ompT hsdSB(rB-mB-) gal dcm
(DE3)

S. enterica serovar Typhimurium LT2

F- ompT hsdSB ((rB-mB-)gal
dcm ren131 (DE3)pLysS(Cmr)
thi lac- ara- gal- mtl- F’ recA+
uvr+ lon+ pREP4 Kanr
Genome sequence strain

R. sphaeroides WS8-N

Genome sequence strain

P. aeruginosa PAO1

Genome sequence strain

P. aeruginosa CF27

Genome sequence strain

E. coli M15[pREP4]

36

Source or
Reference
Invitrogen

Invitrogen

Novagen
Qiagen/Novagen
Invitrogen
Whitfield
laboratory strain,
(184)
Dreyfus laboratory
strain, (185)
Lam laboratory
strain, (186)
Howell laboratory
strain, (187)

Table 2.2. Bacterial plasmids used in this study
Plasmids

Descriptions

Source or
Reference
Novagen

pET28a(+)

IPTG-inducible T7 expression vector; N- and Cterminal His6-tag, Kmr

pET30a(+)

IPTG-inducible T7 expression vector; N- and Cterminal His6-tag, Kmr

Novagen

pQE30

IPTG-inducible T5 expression vector; N-terminal His6-tag,
Ampr

Qiagen

pET19b

IPTG-inducible T7 expression vector; N-terminal His6- tag,
Ampr

Novagen

pACFH4

pET28a (+) derivative containing flgJ from LT2 encoding
FlgJ truncated by its N-terminal 151 amino acids with an Nterminal His6-tag on an NdeI/XhoI fragment; Kmr
pACFH4 derivative encoding FlgJ truncated by its Cterminal 10 amino acids
pACFH5 derivative encoding FlgJ with a Glu184 → Gln
replacement
pACFH5 derivative encoding FlgJ with a Glu223 → Gln
replacement
pQE30 derivative containing sltF with N-terminal His6tag on a ScaI/HindIII fragment, Ampr

This study

pACFH5
pACFH6
pACFH8
pRS1SltF

This study
This study
This study
(160)

pRS1SltFGlu57Ala pRS1SltF derivative encoding SltF with a Glu57 → Ala
replacement
pRSFliE
pQE30 derivative containing fliE with N-terminal His6- tag on
a BamHI/HindIII fragment, Ampr

(160)

pRSFlgC

pET19b derivative containing flgC with N-terminal His10tag on a KpmI/HindIII fragment, Ampr
pQE30 derivative containing flgf with N-terminal His6- tag on
a KpmI/HindIII fragment, Ampr

(68)

pRSFlgG

pET19b derivative containing flgG with N-terminal His6tag on an NdeI/BamHI fragment, Ampr

(68)

pACCC1

pET28a(+) derivative encoding ivyp1, C-terminal His6- tag on
a NcoI/HindIII fragment; Kmr

(156)

pACCC3

pET28a(+) derivative encoding ivyp2, C-terminal His6- tag on
a NcoI/HindIII fragment; Kmr

(156)

pNBAC 258-2

pET30a(+) derivative containing sltB1, C-terminal His6tag on a NdeI/HindIII fragment, Kmr
pET30a(+) derivative encoding slt70, C-terminal His6- tag on
a NdeI/XhoI; Kmr

(188)

pRsFlgF

pACCV23
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(68)

(68)

C. Vandenende
(unpublished)

2.2.2 R. sphaeroides SltF, FlgB, FlgF, FlgG and FliE
E. coli strains M15(pREP4), TOP10, and BL21(DE3)(pLysS) were maintained on LB broth
or agar at 37°C, supplemented with ampicillin (200 μg·ml−1) and kanamycin sulfate (50
μg·ml−1) or chloramphenicol (34 μg·ml−1) as appropriate. For gene overexpression studies
and overproduction of

protein, E. coli strains M15(pREP4) carrying pQE-30 and

BL21(DE3)(pLysS) carrying pET-19b derivative vectors were grown in LB with agitation at
ambient temperature and 37 °C, respectively.

2.2.3 P. aeruginosa Ivyp1, Ivyp2, Slt70 and SltB1
E. coli strains DH5α, BL21(DE3) and BL21(DE3)pLysS were maintained on LB broth or
agar at 37 ˚C, supplemented with kanamycin sulfate (50 μg·ml-1) or chloramphenicol (34 μg·ml1

) as appropriate. For overproduction of proteins, E. coli strains BL21(DE3) carrying pET-

28b (+) as well as BL21(DE3)pLysS carrying pET-30a (+) derivative vectors were grown in SB
with agitation at 15 ˚C, 30 ˚C and 37 ˚C.
P. aeruginosa strains PAO1 and CF27 were maintained on M63 minimal medium
(supplemented with 0.5 % casamino acids, 0.2 % glucose and 1 mM MgCl2) or LB broth as well
as Pseudomonas Isolation Agar (PIA), PIA-ammonium metavanadate (PIA-AMV) or LB agar
at 37 ˚C. All strains were stored at -80 ˚C in 25 % glycerol. P. aeruginosa CF27 was kindly
provided by Dr. Lynn Howell at The Hospital for Sick Children, in Toronto, ON, CAN. The P.
aeruginosa PAO1 knockouts of ivyp1, ivyp2 and ivyp1ivyp2 were constructed by C. Vandenende
of the Clarke laboratory (unpublished protocol).

2.3 Cloning and Plasmid Construction
2.3.1 Conditions for Polymerase Chain Reaction
Chromosomal DNA template for PCR was isolated from S. Typhimurium LT2. All
oligonucleotide primers used in this study are listed in Table 2.3 and were acquired from
Integrated DNA Technologies (Coralville, IA). PCR amplifications were achieved in 50 μl

38

volumes using a Bio-Rad Mycycler Thermal Cycler system. Purification of PCR products was
performed using the MinElute PCR Purification kit (Qiagen) or the High Pure PCR Product
Purification kit (Roche). Nucleotide sequencing of PCR products as well as plasmids was
performed by the Genomic Facility of the Advanced Analysis Center, University of Guelph.

Table 2.3. Oligonucleotide primers used in this study
Nucleotides underlined denote restriction sites and those in bold denote the replacement for
SDM
Primer Name

Oligonucleotide Sequence (5’3’)

Target/Final
Vector

Description

1 FlgJFwd

ATCGCATATGAGTAAAGACTTTCT
GGCCCG

pET28a (+)/pACFH4

Forward primer for
FlgJC

2 FlgJRev

CGATCTCGAGTTAAAAGAGATTGT
CGAGATTCG

pET28a (+)/pACFH4

Reverse primer for
FlgJC

3 FlgJCRev

CGATCTCGAGTTATTTGCTGACCT
TTTCAC

pACFH4/pACFH5

Reverse primer for
FlgJC truncated by 30
nucleotides

4 FlgJE184QFwd

GATTCTGGCGCAGGCGGCACTGC
AGTCCGGCTGGG

pACFH5/pACFH6

Forward primer for
SDM of E184Q

5 FlgJE184QRev

GGCGGCACTGCTGTCCGGCTGGG
GGCAGCG

pACFH5/pACFH6

Reverse primer for
SDM of E184Q

6 FlgJE223QFwd

TGACGGAGATCACCACCACTCAAT
ACGAAA

pACFH5/pACFH8

Forward primer for
SDM of E223Q

7 FlgJE223QRev

GCTTCGCCATTTTCGTATTGAGTG
GTGGT

pACFH5/pACFH8

Reverse primer for
SDM of E223Q

2.3.2 Engineering of flgJ
The flgJ ORF was amplified by PCR using the primers that contained NdeI and XhoI sites to
facilitate cloning of its 3′-end encoding the C-terminal lytic domain of FlgJ (henceforth
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termed FlgJC) and the incorporation of His6-tag from pET28a(+) at its N-terminus. Amplified
ORFs were cleaned using a PCR clean up kit, digested with the respective restriction enzymes,
and ligated with appropriately digested pET28a(+) plasmid to yield pACFH4, which was then
transformed into E. coli DH5α. Individual constructs were isolated from transformants, screened
for the correct size insert, and sequenced to confirm nucleotide identity (Genomics Facility
within the Advanced Analysis Centre, University of Guelph). Initial expression trials
demonstrated that the recombinant protein was not stable in its E. coli host as it was partially
digested. The major fragment was determined to lack its C-terminal 10 amino acids. Hence, a
further truncation of flgJ was made by removing 30 nucleotides from its 3′ end. PCR products
and pET28a(+) were purified and digested with the appropriate restriction enzymes prior to
ligation yielding pACFH5. The final protein product, FlgJC, lacked its 151 N-terminal amino acids
and 10 C-terminal amino acids.
Replacement of amino acids for enzymatic activity analysis was achieved using the
QuikChange site- directed mutagenesis protocol (Stratagene, La Jolla, CA) with pACFH5 as
template. Following PCR

amplification of plasmid constructs, products were digested

overnight with DpnI and then transformed into E. coli DH5α. Selected colonies were sequenced
to confirm nucleotide identity and a description of the resulting constructs is presented in Table
2.2.

2.4 Protein Purification
2.4.1 Overproduction and Purification of FlgJC from S. Typhimurium
E. coli BL21(λDE3)pLysS transformed with plasmid DNA was inoculated into SB
supplemented with kanamycin sulfate (50 μg·ml−1) and chloramphenicol (34 μg·ml−1) and
incubated at 37 °C until early exponential phase (optical density at 600 nm [OD600 nm] of ∼ 0.6).
Freshly prepared IPTG was added to a final concentration of 1 mM and expression was induced
for 4 h at 30 °C. Cells were harvested by centrifugation (10,000 × g, 10 min, 4 °C) and frozen
at −20 °C. Thawed cell pellets were resuspended in lysis buffer (50 mM sodium phosphate buffer,
pH 8.0, 500 mM NaCl, and 10 mM imidazole) containing Complete EDTA-free protease inhibitor
mixture tablets, 10 μg·ml−1 RNase A, and 5 μg·ml−1 DNase I, and incubated on ice for 15 min
prior to disruption with an Ultrasonic Liquid Processor (Heat Systems Inc., Toronto, ON)
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fitted with a macroprobe. The resulting cell lysate was clarified by centrifugation (5,000 × g,
10 min, 4 °C), and the collected soluble cell fractions were mixed with Ni2+-NTA agarose
(2 ml·liter−1 starting culture) on a Nutator for 1 h at 4 °C. The resin slurry was poured into
a disposable column and the flow-through fractions were collected. Contaminating proteins
were removed from the resin by washing with 3 column volumes of lysis buffer followed by
3 column volumes of wash buffer (lysis buffer containing 20 mM imidazole). Purified FlgJC
was eluted in 5–10 ml elution buffer (lysis buffer containing 500 mM NaCl

and 250 mM

imidazole) and then dialyzed at 4 °C against 25 mM sodium phosphate buffer, pH 8.0.
FlgJC was further purified by cation-exchange chromatography on a Source 15S column.
Protein samples were applied in dialysis buffer at a flow rate of 0.7 ml·min−1 and separation
of FlgJC from contaminants was achieved with the application of a linear gradient to 1 M NaCl.
Under these conditions, FlgJC eluted in ∼80 mM NaCl.

2.4.2 Overproduction and Purification of SltF from R. sphaeroides
E. coli M15(pREP4) was transformed with the respective plasmids harboring genes
encoding the wild-type (160) and the Glu57Ala (142) forms of SltF (Table 2.2), and both
gene overexpression and isolation of overproduced proteins by immobilized metal affinity
chromatography (IMAC) were conducted as described previously (142). Following IMAC on
Ni2+-NTA-agarose and dialysis against 50 mM sodium phosphate buffer (pH 8.0) at 4°C, SltF
and SltF(Glu57Ala) were further purified by anion- exchange chromatography on a Source
15Q column. Protein was loaded onto the column previously equilibrated with dialysis buffer
and then recovered with the application of a linear gradient of 0 to 1 M NaCl over 60 min at a
flow rate of 0.7 ml·min−1. Under these conditions, both forms of SltF eluted in ∼5 mM NaCl.
Precaution was taken to use fresh chromatographic media for the respective purifications to
avoid contamination of enzyme forms with each other. Both proteins were dialyzed exhaustively
against 50 mM sodium phosphate buffer (pH 6.5) with 100 mM NaCl at 4°C.
Size exclusion chromatography (SEC) was performed on a HiLoad 16/600 Superdex 200pg
column. Elution was performed in 50 mM sodium phosphate buffer (pH 6.5) with 100 mM
NaCl at a flow rate of 0.5 ml·min−1.
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2.4.3 Overproduction and Purification of Rod Proteins from R. sphaeroides
E. coli strains M15(pREP4), carrying pQE-30, and BL21(DE3)(pLysS) carrying pET-19b
derivative vectors (Table 2.2), were inoculated into LB supplemented with ampicillin (200
μg·ml−1) and kanamycin sulfate (50 μg·ml−1) or chloramphenicol (34 μg·ml−1), respectively,
and incubated at 37 °C until early exponential phase (OD600 of 0.6). Freshly prepared IPTG was
added to final concentrations of 0.1 and 1 mM, and expression was induced for 3 h and 2 h,
respectively, at 37°C. For E. coli strain BL21(DE3)(pLysS) carrying pRSFlgC, cells were
incubated at 37°C until an OD600 of 0.8 was reached, and gene overexpression was induced with
1 mM IPTG for 1 h at 37°C.
FlgF and FlgG were purified under native conditions (68). Cells were harvested by
centrifugation (10,000 × g, 10 min, 4°C) and then frozen at −20°C. Thawed cell pellets were
resuspended in lysis buffer (20 mM Tris-HCl, pH 8.5) containing EDTA-free protease inhibitor
mixture, 10 μg·ml−1 RNase A, and 5 μg·ml−1 DNase I and incubated on ice for 15 min prior to
disruption with an Ultrasonic liquid processor (Heat Systems, Inc., Toronto, ON) fitted with
a macroprobe. The resulting cell lysate was clarified by centrifugation (5,000 × g, 10 min, 4
°C) and the soluble cell fraction was mixed with Ni2+-NTA-agarose (500 μl·liter−1 starting
culture) on a Nutator for 2 h at 4°C. The resin slurry was poured into a disposable column, and
contaminating proteins were removed from the resin by washing with 20 ml of lysis buffer
followed by 10 ml of wash buffer (lysis buffer containing 20 mM imidazole). Purified FlgF
and FlgG were eluted in 5 to 10 ml elution buffer (lysis buffer containing 250 mM imidazole)
and then dialyzed at 4°C against 50 mM sodium phosphate buffer (pH 8.0).
FliE, FlgB, and FlgC were purified under denaturing conditions as previously described (68).
For FliE and FlgB, cells were harvested and lysed as described above for FlgF and FlgG. FlgC is
highly susceptible to cleavage by endogenous proteases, therefore disruption of the cells was
performed in denaturing buffer (6 M guanidinium hydrochloride in 20 mM Tris-HCl, pH 8.5).
Following incubation in denaturing buffer for 1 h at 4°C, residual insoluble material was
removed by centrifugation (10,000 × g, 10 min, 4°C). Soluble FliE, FlgB, and FlgC in
denaturing buffer were isolated and purified by IMAC on Ni2+-NTA- agarose as described
above, except that the Tris-HCl buffer was replaced with denaturing buffer. FliE, FlgB, and
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FlgC were eluted in 5 to 10 ml elution buffer (denaturing buffer containing 250 mM imidazole).
Proteins were refolded by dialysis against 20 mM Tris·HCl buffer (pH 8.5), containing 250 mM
NaCl at 4 °C. Prior to use of FlgB and FlgF in the turbidimetric assay, both proteins were
exhaustively dialyzed against 50 mM sodium phosphate (pH 7.0) at 4°C.

2.4.4 Overproduction and Purification of Ivyp1 and Ivyp2 from P. aeruginosa
The gene overexpression of ivyp1 and ivyp2 were conducted as described previously (156).
Following overexpression, the cells were harvested by centrifugation (5,000 x g, 10 min, 4 ˚C)
and frozen at -20 ˚C. Thawed cell pellets were resuspended in lysis buffer (25 mM sodium
phosphate pH 7.4, 500 mM NaCl, 10 mM imidazole and 10 % glycerol) containing EDTA-free
protease inhibitor mixture tablets, 10 μg·ml-1 RNase A and 5 μg·ml-1 DNase I, and incubated on
ice for 15 min prior to disruption with an Ultrasonic Liquid Processor (Heat Systems Inc.,
Toronto, Ontario, Canada) fitted with a macroprobe. The resulting cell lysate was clarified by
centrifugation (10,000 x g, 20 min, 4 ˚C), and the collected soluble cell fractions were mixed with
Ni2+-NTA agarose (500 μl·liter-1 starting culture) on a Nutator for 1 h at 4 ˚C. The resin slurry
was poured into a disposable column and the flow-through fractions were collected.
Contaminating proteins were removed from the resin by washing with 3 column volumes of
lysis buffer. An additional wash for Ivyp2 included 3 column volumes of buffer (25 mM
sodium phosphate pH 7.4, 2 M NaCl, 20 mM imidazole and 10 % glycerol). Purified Ivyp1
and Ivyp2 were eluted in 5 mL elution buffer (lysis buffer containing 250 mM imidazole).
Ivyp1 was dialyzed at 4 ˚C against 25 mM sodium phosphate pH 5.8 followed by a second
dialysis at 4 ˚C against 25 mM sodium phosphate pH 7.4, 300 mM NaCl and 10 % glycerol. On
the other hand, Ivyp2 was only dialyzed at 4 ˚C against 25 mM sodium phosphate pH 7.4, 300
mM NaCl and 10 % glycerol.

2.4.5 Overproduction and Purification of Slt70 from P. aeruginosa
The overexpression and overproduction of Slt70 was adapted from an unpublished
protocol by C. Vandenende. E. coli BL21(DE3)pLysS transformed with plasmid DNA was
inoculated into SB supplemented with kanamycin sulfate (50 μg·ml-1) and chloramphenicol (34
μg·ml-1) and incubated at 37 ˚C until early exponential phase (OD600 of 0.4-0.6). Freshly
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prepared IPTG was added to a final concentration of 0.1 mM and expression was induced
for 4 h at 15 ˚C. Cells were harvested by centrifugation (5,000 x g, 10 min, 4 ˚C), stored in
lysis buffer (50 mM sodium phosphate pH 8.0, 300 mM NaCl) and frozen at -20 ˚C. Complete
EDTA-free protease inhibitor mixture tablets, 10 μg·ml-1 RNase A and 5 μg·ml-1 DNase I, were
added to thawed resuspended cell pellets and were incubated on ice for 15 min prior to ultrasonic
disruption. The resulting cell lysate was clarified by centrifugation (10,000 x g, 20 min, 4 ˚C),
and the collected soluble cell fractions were mixed with TALON cobalt resin (500 μl·liter-1
starting culture) on a Nutator for 1 h at 4 ˚C. The resin slurry was poured into a disposable
column and the flow-through fractions were collected. Contaminating proteins were removed
from the resin by washing with 3 column volumes of lysis buffer followed by 3 column
volumes of wash buffer 1 (lysis buffer at pH 7) and 5 ml of wash buffer 2 (lysis buffer at pH
6.5). Purified Slt70 was eluted in 4 ml elution buffer 1 (lysis buffer at pH 4.5) and 1 ml of elution
buffer 2 (250 mM sodium phosphate pH 8, 300 mM NaCl) was added to the purified protein.
Slt70 was then dialyzed at 4 ˚C against 1.5 liters of 10 mM ammonium acetate pH 6.5, 100
mM NaCl and 10 % glycerol.

2.4.6 Overproduction and Purification of SltB1 from P. aeruginosa
The gene overexpression and overproduction of SltB1 was conducted as described
previously (188) with slight modifications. The cells were incubated for 4 h at 30 ˚C after
induction with 0.1 mM IPTG. Following protein purification from IMAC, SltB1 was dialyzed
against 25 mM sodium phosphate pH 5.8 at 4 ˚C and was further purified by anion-exchange
chromatography on a Source15Q column. Protein was loaded onto the column previously
equilibrated with dialysis buffer and then recovered with the application of a linear gradient of
0 to 1 M NaCl over 60 min at a flow rate of 1 ml·min-1. Under these conditions, SltB1 eluted
in the flow through at 0 mM NaCl and it was subsequently dialyzed against 25 mM sodium
phosphate pH 5.5, 300 mM NaCl, 10 % Glycerol.
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2.5 Enzyme Activity Assays
2.5.1 Turbidimetric Assay
Activity assays
The turbidimetric assay of Hash (189) was used to monitor the time course of PG
solubilization by FlgJC, SltF, Slt70 and SltB1. Micrococcus luteus whole cells were
suspended in 25 mM citric acid, HEPES, and CHES (CCH) buffer containing 100 mM NaCl
(pH 4.0), 50 mM sodium phosphate buffer (pH 7.0) or water and sonicated to provide
homogenous suspensions. Purified enzyme was added to 50 or 100 μl aliquots of substrate
suspension with CCH, 100 mM NaCl (pH 4.0, 5.5 or 6.0) buffer or 50 mM sodium phosphate
buffer (pH 7.0) with or without the presence of bovine serum albumin (BSA) and the decrease
in turbidity of the reaction mixtures was monitored continuously at A595 nm for 5 min to 1 h. All
reactions were repeated at least in triplicate.
pH Dependence
For the determination of optimal pH of activity, suspensions of M. luteus whole cells were
prepared as mentioned in 2.5.1.1. The tripartite buffer 25 mM CCH buffer with 100 mM NaCl,
pH 3.0–8.0 was used for reactions.
Inhibition Assays
Enzyme samples were added to 100 μl reaction mixtures containing 50 mM sodium
phosphate buffer (pH 7.0) or 25 mM CCH, 100 mM NaCl, (pH 5.5 or 6.0) buffer with 50 μl
aliquots of substrate suspension. FlgB, Ivyp1 or Ivyp2 were added to the reaction mixture in
varying concentrations and the reaction was incubated on a nutator at ambient temperature for
10 min prior to being monitored.

2.5.2 Zymogram
Zymogram analysis was completed using the method by Bernadsky et al. (1994) (190) using
isolated PG from E. coli O157:H7 or M. luteus as substrate suspended in 15 % SDS-PAGE gels.
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Cleavage of PG was visualized following staining with methylene blue/KOH. HEWL served as
a positive control.

2.6 Identification of Reaction Products
2.6.1 Isolation and Purification of PG
Samples of insoluble PG were isolated from respective bacteria using the boiling SDS
protocol and purified by enzyme treatment (amylase, DNase, RNase, and Pronase) as described
by Clarke (191).

2.6.2 Muropeptide-based LT Assay
The high performance liquid chromatography (HPLC)-based LT assay developed by
Blackburn and Clarke (192) was used to quantify the soluble muropeptides possessing 1,6anhydromuramoyl residues released from insoluble substrate after enzyme treatment. A typical
assay reaction mixture consisted of freeze-dried S. Typhimurium PG suspended in 200 μl of 25
mM CCH buffer with 100 mM NaCl, pH 4.0, at a final concentration of 1.2 mg·ml−1. Reactions
were initiated by the addition of enzyme followed by incubation at 37 °C with gentle shaking.
Reaction mixtures lacking the addition of enzyme served as negative controls. At appropriate
intervals of time, individual reactions were stopped by rapid freezing using a dry ice/ethanol
bath. When required for analysis, samples were thawed and subjected to centrifugation at 13,000
× g for 15 min at 4 °C. To determine kinetic parameters, the soluble muropeptides recovered in
the supernatants were digested with 1.1 μM mutanolysin overnight with gentle shaking at 37 °C
and then reduced with 135 mM sodium borohydride for 30 min at ambient temperature. The
samples were hydrolyzed to their constituent amino sugars by incubation in 6 M HCl for 1 h and
30 min at 95 °C. The hydrolyzed samples were dried in vacuo and resuspended in water for
amino sugar analysis by high pH anion exchange chromatography (HPAEC) and for liquid
chromatography-electrospray ionization- mass spectrometry (LC-ESI-MS) analysis.

2.6.3 [18O]H2O-based Assay
The [18O]H2O-based peptidase assay of Lood et al. (2014) (193) was adapted for the
assay of muropeptides that permitted differentiation between hydrolytic and LT activity, as well
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as facilitated direct

identification of any hydrolytic reaction products associated with both

soluble and insoluble fractions of PG. Freeze-dried S. Typhimurium PG was suspended in
[18O]H2O to a final concentration of 1.7 mg·ml−1 and briefly sonicated to provide homogenous
suspensions. Reactions were initiated with the addition of enzyme followed by incubation
at 37 °C for 30 min or overnight with gentle shaking. Mutanolysin and P. aeruginosa Slt70
served as positive hydrolase (muramidase) and LT controls, respectively. Reactions were
stopped by rapid freezing. They were then thawed and solubilized reaction products were
separated from insoluble PG by centrifugation (15,000 × g for 15 min at 4 °C) prior to analysis
by LC-quadrupole-time of flight-MS (LC-Q-TOF-MS). The insoluble fraction was washed four
to five times with 200 μl of H2O and recovered each time by centrifugation (15,000 × g, 6 min,
ambient temperature). The washed PG pellet was resuspended in 0.1 mM potassium phosphate
buffer, pH 6.5, and solubilized by mutanolysin prior to LC-Q-TOF-MS analysis.
To distinguish between linear and cross-linked oligosaccharides produced by SltF, the
reaction products were reduced with 135 mM sodium borohydride for 30 min at ambient
temperature prior to the LC-Q-TOF-MS analyses.

2.6.3 RP-HPLC
The soluble portion of the products of a reaction of 10 mg·ml−1 of S. Typhimurium PG in 25
mM CCH buffer with 100 mM NaCl, pH 4.0, treated with 6.0 μM FlgJC for 30 min at 37 °C
was divided into two aliquots. One of the aliquots was further solubilized by mutanolysin and
then both were reduced with NaBH4 as described above. The reduced soluble reaction products
were separated by reverse phase- HPLC (RP-HPLC) using a C18 column (ODS Hypersil 4-μm
particle size, 250 × 4.6 mm, Thermo Scientific) at 45 °C previously equilibrated in 10 mM
ammonium phosphate buffer, pH 5.6, containing 2 % methanol at a flow rate of 0.5 ml·min−1.
Separation was affected by application of a linear gradient to 28 % methanol in the same buffer
over 175 min. Eluting muropeptides were detected by monitoring A210 nm and fractions collected
manually were analyzed by LC-ESI-MS.
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2.6.4 Mass Spectrometry
All MS analyses were conducted using instruments at the Mass Spectrometry Facility of
the Advanced Analysis Centre at the University of Guelph. Low resolution LC-ESI-MS was
performed using a Dionex UHPLC UltiMate 3000 liquid chromatograph interfaced to an
amaZon SL ion trap mass spectrometer. A total of 80 µl of each sample was injected into a
Poroshell 120 EC-C18 (2.7-μm particle size, 150 × 4.6 mm) column (Agilent) previously
equilibrated at 0.2 ml·min-1 with 0.1 % formic acid in 2 % acetonitrile. Separation of
muropeptides was achieved by application of a linear gradient to 0.1 % formic acid in 100
% acetonitrile over 30 min. The mass spectrometer electrospray capillary voltage was 4.5 kV
and the drying temperature at 250 °C with a drying gas flow rate of 10 liters·min−1. Nebulizer
pressure was 40 p.s.i. Nitrogen was used as both the nebulizing and drying gas, and helium was
used as collision gas at 60 p.s.i. The mass spectrometer scanning range was 100–2200 mass
to charge in auto- MS/MS positive-ion mode.
LC-Q-TOF-MS was performed by injecting 20 µl of the samples into an Agilent 1260
Infinity liquid chromatograph interfaced to an Agilent 6540 UHD accurate Mass Q-TOF mass
spectrometer. An AdvanceBio Peptide Map C18 (2.1 × 100 mm) column (Agilent) was
previously equilibrated at 0.2 ml·min-1 with 0.1 % formic acid containing 2 % acetonitrile and
separation of muropeptides was achieved by application of a multistep gradient to 60 %
acetonitrile over 38 min and then linearly to 100 % acetonitrile over 50 min. The mass
spectrometer electrospray capillary voltage was maintained at 4.0 kV and the drying
temperature at 350 °C with a flow rate of 5 liters·min−1. Nebulizer pressure was 15 p.s.i.
Nitrogen was used as the nebulizing and drying gas as well as collision gas. The mass-to-charge
ratio was scanned across the 300–2000 range and the MS/MS mass range was scanned from
50 to 3000 m/z in positive-ion auto MS/MS mode. The auto MS/MS mode was setup to fragment
3 precursor ions per cycle (1 spectrum/s) with collision energy set 2.5 eV offset and linearly
increased to 100 eV for 3000 m/z.

48

2.7 Involvement in Biofilm Development
2.7.1 Reverse Transcription-quantitative PCR (RT-qPCR)
Total RNA was extracted from P. aeruginosa PAO1 and CF27 using the PureLinkTM RNA
Mini Kit from Ambion by Life Technologies (Mississauga, ON, CAN). All subsequent steps
were conducted at the Genomics Facility of the Advanced Analysis Center, University of
Guelph. DNA was digested from the total RNA samples by treatment with amplification-grade
DNase I. An aliquot of 600 ng of the total RNA was reverse transcribed into first strand cDNA
using the High Capacity cDNA Reverse Transcription Kit from Applied Biosystems (Foster
City, CA) with random primers. The transcription reaction products were then used as the
template to perform PCR using the PerfeCTa SYBR Green Fastmix containing Taq DNA
polymerase from Quanta Biosciences (Beverly, MA) in a total volume of 25 μl. The housekeeping gene rpoD was used as the reference gene. The oligonucleotide primers used are listed
in Table 2.4 and were acquired from Integrative DNA Technologies (Coralville, IA).

2.7.2 Biofilm Development Assay
Biofilm assays were performed according to Murphy et al. (2014) with minor adaptions
(194). Liquid cultures of each strain were grown overnight at 37˚C in M63 minimal medium.
From these cultures the cells were diluted to an OD600 nm of 0.1 in M63 minimal medium and
200 μl of each was added in five replicates to a 96-well plate. Negative-control wells containing
200 μl of sterile medium were also added in five replicates. Plates were incubated for 6, 12 or
24 h at 37˚C in a static incubator. The plates were then washed three times with phosphatebuffered saline and left to dry for 1 h. Crystal Violet (2 %) was added to each well and left for
15 min to stain any adherent cells that were remaining. Plates were washed at ambient
temperature with H2O to remove excess stain and left to dry for 1 h. Glacial acetic acid (30 %)
was added to the wells to release the stain, and the absorbance at 600 nm was measured.
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Table 2.4. Oligonucleotide primers used in this study for RT-qPCR
Primer
Name

Oligonucleotide Sequence (5’-3’)

Description

RpoDFor

CTGCAATTCCTCGACCTGAT

Forward primer for RpoD

RpoDRev

CGAGACGATCAACAAGCTCA

Reverse primer for RpoD

Ivyp1For

Ivyp1Rev

Ivyp2For

ATCTCTATGGGCCAGCCCTACGTCCTG

AGTGCCGCCTACGGGTGAATCTGT

ATCTGTATGGGCGACAAGTATCTG

Forward primer for Ivyp1

Reverse Primer for Ivyp2

Forward primer for Ivyp2

Ivyp2Rev

AGTCATGCCTACGGGTGAATCTGT

Reverse primer for Ivyp2

Slt70For

ATC TGT ATG AGT TGG ATC TTC GCC ATC ACC

Forward primer for Slt70

SltRev

ATG CAG CTG ATG CCC TGA ATC TGT

Reverse primer for Slt70

MltAFor

ATC TGT ATG CGC CCT GAC GAC GG

Forward primer for MltA

MltARev

GGC GAG GTC CGC TGA ATC TGT

Reverse primer for MltA

MltBFor

ATC AGT ATG CCG GAG ATC ATC GTC GG

Forward primer for MltB

MltBRev

GCG CTG TCC ACC CTG TGA ATC TGT

Reverse primer for MltB

MltDFor

ATC TGT ATG GAA CGC AAC ATG CCG CTC

Forward primer for MltD
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MltDRev

MltFFor

MltFRev

MltF2For

MltF2Rev

SltB1For

SltB1Rev

SltB2For

SltB2Rev

SltB3For

SltB3Rev

CTG TCG CGC AGC AAC TGA ATC TGT

ATC TGT ATG ACC GAC TGG CGC CTG

GTG CGC GGC CTG ATG TGA ATC TGT

ATC TGT ATG AGC ATG GAC TGG CTG G

AGC GGG CTG ATG CAG TGA ATC TGT

ATC TGT ATG ATC GGC GTG GAA ACC TTC

ACC CTC GGC TTC GAC TAC TGA ATC TGT

ATC TGT ATG CGC TAC GGC GTG GAC AAG

CGG ATC TTC GGC AAG CGT TGA ATC TGT

ATC TGT ATG CTA TGC GGT GGA TGC GGA

CAA GAA CGT GAT CCG CTC TGA ATC TGT
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Reverse primer for MltD

Forward primer for MltF

Reverse primer for MltF

Forward primer for MltF2

Reverse primer for MltF2

Forward primer for SltB1

Reverse primer for SltB1

Forward primer for SltB2

Reverse primer for SltB2

Forward primer for SltB3

Reverse primer for SltB3

2.7.3 Statistical Analysis
Statistical analysis of the data was completed using Microsoft Excel (Microsoft, Redman,
WT) and Prism 5 (GraphPad Sofware Inc., San Diego, CA). The RT-qPCR data were analyzed
using the Pfaffl method (195) and the Student’s unpaired t-test. The biofilm development assays
were analyzed using the Kruskal-Wallis test, which is a non-parametric alternative to the oneway analysis of variance (ANOVA) that does not require the assumption of homogeneity of
variance. To determine the specific differences between the 6, 12 and 24 h time points,
Dunn’s multiple comparison test was used. The level of significance was set at α= 0.05 for
all tests.

2.8 8 Other Analytical Techniques
2.8.1 In silico Analyses
Identification of ORFs, protein translations, and isoelectric points (pI) were performed
using ApE version 2.0.47 and ProtParam (196). BlastP searches of the NCBI database for
FlgJ homologs were performed using the amino acid sequence of S. enterica FlgJ as the probe
while the Integrated Microbial Genome (IMG) (197) searches for SltF homologs were
performed using the amino acid sequence of R. sphaeroides WS8-N SltF as the probe. Analyses
of sequence data were performed using ClustalW2 (198) or MUSCLE software (199), whereas
both secondary and tertiary structure predictions were made using Phyre2 (200,201).

2.8.2 Protein Techniques
Protein concentrations were determined using the Pierce BCA protein assay kit with BSA
serving as the standard (Pierce Biotechnology, Rockford, IL). SDS-PAGE analyses with
Coomassie Brillant Blue staining were conducted on either on 15 % acrylamide gels by the
method of Laemmli (202) or tricine- SDS-PAGE on 13 % acrylamide gels by the method of
Schägger (203). Western immunoblot analyses for His-tagged proteins was conducted as
previously described (204). While Western immunoblotting for the detection of SltF was
performed using a 1:20,000 dilution of polyclonal anti-SltF gamma globulins (142) and a
1:10,000 dilution of the secondary antibody, donkey anti-rabbit IgG peroxidase-linked antibody
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(GE Healthcare Life Sciences). Detection was performed using SuperSignal West Pico (Thermo
Scientific).

2.8.1 Circular Dichroism Spectrometry
Circular dichroism (CD) spectrometry was performed as described previously (205) using
a 0.1 cm path length cell at an internal temperature of 25 °C. The spectra were recorded as an
average of four data accumulations, with a scan speed of 50 nm·min−1, bandwidth of 1 nm, 1
s, data pitch 1 nm, and range of 190–250 nm. Analyses of the spectra were performed using
DichroWeb with the Selecon 3 program (206) and protein reference set 4 (207). Data were further
analyzed using Contin (208) and K2D3 (209).

2.8.2 Western Analysis of Protein-Protein Interactions
Far-Western analyses were conducted according to Hall (210). Each purified rod component
protein (0.05 nmol) was subjected to 17.5 % SDS-PAGE and then transferred to
nitrocellulose membranes. Membranes containing immobilized rod component proteins were
incubated in TTBS buffer (20 mM Tris·HCl, pH 7.5, 500 mM NaCl, 0.1 % Tween 20), in the
presence of exogenously added purified SltF (3 μg·ml−1, final concentration) for 1 h at ambient
temperature. Membranes were washed three times with the same buffer, and polyclonal antiSltF gamma globulins (142) were added at a 1:20,000 dilution. Detection was performed by
immunoblotting (see “protein techniques”).

2.8.3 Dynamic Light Scattering
Dynamic light scattering (DLS) measurements were recorded with a Zetasizer Nano S DLS
device (Malvern Instruments). Purified SltF, FlgB and FlgF (2 μM) in 50 mM sodium phosphate
buffer (pH 8.0) with 100 mM NaCl were filtered through 0.22 μm-pore membranes prior to
data collection. At least 11 valid readings were recorded for each temperature, with an increase
of 1 °C per measurement over a range of 25 to 90 °C.
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2.8.4 Growth Curves
P. aeruginosa isolates harbouring Δivyp1, Δivyp2, and Δivyp1Δivyp2 were grown overnight
in M63 minimal medium supplemented with 0.5 % glucose, 0.2 % glucose and 1 mM MgCl2.
Cultures were diluted to an OD600 of 0.5-1.0 the following day in the same broth. The OD600 was
measured every 5 min for 18 h with 200 μl samples.
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Chapter 3. Biochemical Characterization
from Salmonella Typhimurium

of FlgJ

The text of this chapter has been published in The Journal of Biological Chemistry with
the title “The essential protein for bacterial flagella formation FlgJ functions as a β-Nacetylglucosaminidase” (211).
Statement of Contributions
Francesca A Herlihey designed and performed the experiments as well as analyzed the
data in addition to providing assistance for drafting the manuscript. Patrick J Moynihan aided
in the design of the heavy water assay as well as providing assistance in drafting the manuscript.
Anthony J Clarke was the corresponding author, who had oversight on the entire project and
participated in writing and editing of the manuscript.

3.1 Introduction
The flagellum is recognized as an important virulence factor of motile pathogenic bacteria
allowing them to reach their specific target infection site(s), in addition to avoiding hostile
environments, and accessing nutrients (212). The biogenesis of the flagellar system is best
understood for members of Enterobacteriaceae, in particular Salmonella enterica. Salmonella
serotypes are of interest because

adherence of flagella to surfaces contributes to food

contamination (e.g. (213)) and its strong antigenic properties can provoke inflammatory
responses during host infections (e.g. (214)).
More than 50 genes are associated with flagellar formation and function in S. enterica
(reviewed in (215)), which involves 20 different proteins. These proteins form a heterooligomeric structure comprised of three major substructures: a basal body that spans the cell
wall, a connecting hook, and a thin helical filament that extends into the extracellular
environment (216). The basal body consists of an inner ring (MS ring) and two outer rings
(L and P rings) connected to a central rod that crosses the cytoplasmic membrane, periplasm,
and OM (Fig. 1.4). The rod component proteins are synthesized in the cytosol and transported
to the periplasm via the flagellum-specific type III export pathway. This specialized export
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apparatus exists within a central pore in the MS ring (69,141,217). During flagella formation,
the rod needs to penetrate through the PG layer. At approximately 4 nm (63), the diameter of
the rod is larger than the estimated pore size of the PG sacculus (133) and thus its insertion
requires the localized and controlled lysis of PG strands.
FlgJ of the flagella operon has been shown to be required for the proper assembly of the
flagellum (139). The FlgJs produced by the β- and γ-proteobacteria, such as S. enterica, Vibrio
spp., and both Sphingomonas sp. and Pseudomonas spp. are bifunctional, possessing an Nterminal domain responsible for proper rod assembly and a C-terminal domain possessing
PG lytic activity (81,137- 139,218,219). Despite the amount of research conducted on FlgJ
from these and other bacteria, no biochemical analysis has been conducted on any FlgJ and
consequently confusion exists as to whether they function as a hydrolase or an LT.
The crystal structure of FlgJ from Sphingomonas sp. strain A1, the only one solved,
contains a lysozyme-like fold (81,138) and was classified as a member the glycoside hydrolase
family GH73 (138) of the CAZy database thereby reinforcing earlier suggestions that FlgJ is
muralytic (81,137-139,142).

However, the GH73 family additionally contains N-

acetylglucosaminidases (EC 3.2.1.14), which also

possess the lysozyme-fold (CAZy

database). To further complicate the issue, the monofunctional FlgJs of R. sphaeroides (160)
and C. crescentus (143) lack lytic activity and this is compensated for by the production of
putative LTs, which for the former bacterium is encoded within its Flg operon. Like other LTs,
they too would possess the lysozyme-fold (105).
This chapter presents the development of a novel assay for glycoside lytic enzymes and
its use to provide the first enzymatic characterization of the lytic domain of FlgJ from S.
Typhimurium as the model enzyme. Surprisingly, FlgJ functions as neither a muramidase nor
an LT but rather as a β-N-acetylglucosaminidase. Thus, it represents the first autolysin with this
activity to be characterized from a Gram-negative bacterium.
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3.2 Results
3.2.1 In silico Analysis of FlgJ
Multiple alignment of the amino acid sequence of S. Typhimurium LT2 FlgJ with the
known or hypothetical homologs of 61 members of the Enterobacteriaceae found in the genome
database led to the identification of nine consensus motifs (Appendix A.1). The majority of
these (five) are associated with the C-terminal region of the protein, the domain that has been
demonstrated to possess lytic activity (139). No structure is known for any of these enzymes,
but the x-ray crystal structure of the C-terminal domain of Sphingomonas FlgJ (FlgJC) involving
residues Gln154-Asn310 has been determined at high resolution (81,138).
The amino acid sequence of the putative FlgJC of S. Typhimurium FlgJ, involving residues
Lys153-His307 is 43.5 % identical and 72.7 % similar to Sphingomonas sp. FlgJC (Fig. 3.1).
Included in this identity is Glu185, the predicted catalytic residue of Sphingomonas FlgJC,
which comprises consensus motif IV of the aligned Enterobacteriaceae sequences (Appendix
A.1). Not surprisingly given this overall similarity, the secondary structure of S. Typhimurium
FlgJC, as predicted by Phyre, is very similar to the known structure of Sphinogomonas FlgJC
(compare α 51.9%; β 6.4% to α 49.0%; β 9.0%, respectively) (Fig. 3.1). The structure of S.
Typhimurium FlgJC predicted by Phyre using Sphingomonas sp. FlgJC (PDB 2ZYC) as the
template (E-value, 2.3e−43; score, 253.76) consists of two lobes, α and β, separated by a deep
cleft that is proposed to serve as the active site. Glu184 of motif IV located on the α lobe is
positioned appropriately within the middle of this active site cleft to potentially serve as a
catalytic acid/base.
Glu184 also aligns with the identified catalytic acid/base residue of S. Typhimurium
MltE. Examination of the S. Typhimurium genome led to the identification of seven
hypothetical LTs, MltA, MltB, MltC, MltD, MltE, MltF, and Slt. A phylogenic analysis
of these sequences with S. Typhimurium FlgJC using ClustalW2 suggested that FlgJC is most
closely related to MltC or MltE (Fig. 3.2). Further analysis indicated that FlgJC is more
similar to MltE; MltC could not be aligned with FlgJC using the LALIGN server, whereas
FlgJC was found to have 10.8 % identity (25 % similarity) to S. Typhimurium MltE (Fig. 3.2).
Although this level of identity is not high, it did involve a number of residues associated
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with motif IV of FlgJC, including Glu184. The homologous residue in MltE, Glu64, comprises
the signature Glu-Ser motif of the LTs and represents the sole catalytic acid/base residue. Based
on these data, and that it possesses the Glu-Ser LT motif, FlgJC was proposed to function as an
LT.

Figure 3.1. Predicted structure of S. enterica FlgJc. A, amino acid alignment and comparison of
the known secondary structure Sphingomonas sp. (Ssp) FlgJc with those of the S. enterica (Se) enzyme.
The red and orange boxes denote the invariant Glu and Asp residues, respectively. The schematic (B)
and surface (C) presentations of the predicted three-dimension structure of S. enterica FlgJc. Residues
152 to 299 of the S. enterica FlgJc were threaded by Phyre2 onto FlgJc from Sphingomonoas sp. (PDB
2ZYC). The positions of invariant Glu184, Glu223, Asp248, and Asp283 are depicted in yellow.
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Figure 3.2. Comparison of S. Typhimurium FlgJc primary structure with LTs. A, phylogram
depicting relationship of FlgJc with the LTs identified in S. Typhimurium. B, amino acid sequence
alignment of FlgJc with S. Typhimurium MltE. Residues highlighted in yellow denote identity and the Glu
residues in red represent the predicted catalytic acid/base residues in the respective enzymes.

3.2.2 Overproduction and Purification of FlgJC
As observed by others previously (e.g. (139)), attempts to prepare full-length S.
Typhimurium FlgJ failed because almost all of the protein precipitated from solution during
its isolation and preliminary purification. Again as found earlier, altering buffer conditions or
including detergents such as Triton X-100 did not alleviate this situation. Consequently, a
truncated form of FlgJ had to be engineered to provide it in soluble form for its biochemical
analysis.
The S. Typhimurium flgJ gene has been engineered previously to produce recombinant
FlgJC involving residues Ser152-Phe316 possessing an N-terminal His6-tag (139). This
cloning was repeated by PCR amplification of the 3′ end of flgJ using genomic DNA of the
same strain as template and ligating it into pET28a(+) giving pACFH4. Expression of this
construct in E. coli BL21(λDE3) pLysS led to the overproduction of the protein product that was
purified to apparent homogeneity (as determined by SDS-PAGE analysis) by a combination of
affinity chromatography on Ni2+-NTA-agarose and cation-exchange chromatography on a
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Source 15S column. The protein remained soluble but appeared to be susceptible to
degradation into a major and several minor fragments. The major fragment, which retained the
N-terminal His6-tag as observed by Western blot analysis, was found to have a molecular mass of
19.7 kDa by MALDI-TOF MS analysis. These data indicated that cleavage was occurring at
the C-terminal end of the protein to release a decapeptide. As this C-terminal decapeptide does
not contain any residues of a consensus motif (Appendix A.1), and hence unlikely to influence
catalytic activity, a new vector (pACFH5) was generated using pACFH4 as a template, which
provided a further truncation of flgJC by 30 codons. The protein product, now lacking the 151
N-terminal and 10 C-terminal amino acid residues of FlgJ, was again purified by a
combination of affinity and cation-exchange chromatographies with routine yields of 7
mg·liter-1 of cell culture (Fig. 3.3). Importantly, this form of FlgJ was found to be stable and, for
convenience, it will still be referred to as FlgJC.

Figure 3.3. Purification of wild-type FlgJC. SDS-PAGE with (A) Coomassie Brilliant Blue staining and
(B) Western immunoblot analysis (using anti-His6 primary antibody) of the respective enzyme purified by
IMAC on Ni2+-NTA agarose and cation-exchange chromatography on a Source 15S column. The mass
(kDa) of molecular weight markers are indicated on the left. The apparent mass of the recombinant FlgJC
is 16.8 kDa. IMAC, immobilized metal affinity chromatography; F.T, Flow Through.
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The secondary structure of FlgJC was determined by CD spectroscopy involving a
constrained least squares analysis. This analysis indicated the protein to be comprised of 30.8
% α- and 18.6 % β-structure (Fig. 3.4) which is similar to that predicted by Phyre and thus
enhancing confidence in the modeled structure.

Figure 3.4. CD analysis of wild-type FlgJc and its engineered variants. The spectra of proteins (0.160.2 mg·ml-1) in 5 mM sodium phosphate buffer, pH 8.0 were recorded in a 0.1 cm path length cell at an
internal temperature of 25 ºC. A, spectra of wild-type (blue) FlgJC and (Glu223Gln)-(red) FlgJC. B, spectra
of wild-type (blue) FlgJC and (Glu184Gln)-(green) FlgJC.

3.2.3 Lytic Activity of FlgJC
The turbidimetric assay of Hash (189) was used to confirm the lytic activity of purified
FlgJC with M. luteus whole cells as substrate. As seen from the representative plot presented
in Fig. 3.5 A, incubation of the whole cells with FlgJC led to the time-dependent loss of
turbidity expected with the cleavage of the cell wall into soluble products by lytic enzymes.
This loss of turbidity was continuous with time such that prolonged incubation led to
eventual clearing of the cells, activity indicative of endo-acting lytic enzymes (105).
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Figure 3.5. PG lytic activity of FlgJc and its engineered variants. Enzyme was incubated at ambient
temperature with cells of M. luteus suspended in 25 mM CCH buffer, pH 4.0, containing 100 mM NaCl
and the progress of lysis was monitored turbidometrically at A595 nm. A, representative lytic activity of
FlgJC at varying concentrations. ○, 0 μM; ■, 1.5 μM; ▴, 3.0 μM; and ●, 6.0 μM FlgJC. B, activity
of engineered FlgJC variants at final concentrations of 6 μM. ○, negative control, no enzyme added; ●,
wild-type FlgJC; ■, (Glu223Gln)FlgJC; and (▴) (Glu184Gln)FlgJC. The error bars denote S.D. (n = 3).

The dependence of this FlgJC activity on pH was assessed by plotting initial reaction rates of
turbidity loss as a function of pH using a tripartite buffer system with pH ranging from 3 to 8.
Under the conditions employed, the pH-activity profile was bell shaped with a maximal lytic
activity occurring at pH 4.0 (Fig. 3.6). The specific activity of FlgJC at pH 4.0 was determined
to be 146.91 ΔA600 units·min−1·mg of protein−1.

62

Figure 3.6. Dependence of FlgJc turbidimetric activity of pH. The turbidimetric activity of 6.0 μM
FlgJc was determined using suspensions of M. luteus whole cells as substrate in 25 mM CCH buffer with
100 mM NaCl, pH 3.0-8.0. The error bars denote S.D (n=3).

3.2.4 MS Analysis of FlgJC Reaction Products
In an initial attempt to determine the reaction specificity of FlgJC, soluble reaction
products from digests of S. Typhimurium PG at pH 4.0 were recovered by centrifugation
and subjected to LC-MS analysis as used previously for the analysis of muralytic reactions (e.g.
(106)). Very little soluble material was resolved by reverse-phase chromatography (Fig. 3.7,
trace b) further suggesting endo-type activity of the enzyme leading to the production of larger
muropeptides that either remained associated with insoluble PG and/or were not resolved by the
RP-HPLC column. Subsequent treatment of the soluble products with

the muramidase

mutanolysin did result in the detection of a number of muropeptides (trace d) that were distinct
from PG digests with mutanolysin alone (trace c). However, given the complexity of the PG
substrate in terms of its heterogeneous composition (involving chains of GlcNAc-MurNAc with
varying stem peptide composition and extent of cross-linking, and with each terminating in 1,6anhydroMurNAc residue), it was impossible to determine what the initial reaction product of
FlgJC was using this method.

3.2.5 FlgJC as an LT
The HPLC-based assay developed for LTs (192) was employed to determine whether
FlgJC does indeed function as an LT. With this assay, soluble reaction products liberated
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Figure 3.7. RP-HPLC-based analysis of FlgJc reaction products. S. Typhimurium PG(10 mg·ml-1)
suspended in 25 mM CCH buffer, pH 4.0, containing 100 mM NaCl was treated with (a) no added enzyme;
(b) 6.0 μM FlgJc; (c) 1.1 μM mutanolysin; and (d) 6.0 μM FlgJc followed by 1.1 μM mutanolysin. After
incubation for 30 min at 37 ˚C, the soluble fractions were recovered by centrifugation and then reduced
with NaBH4 prior to separation by RP-HPLC at 45 ˚C. The C18 column was equilibrated in 10 mM
ammonium phosphate buffer, pH 5.6, containing 0.001 % azide and 2 % methanol at a flow rate of 0.5
ml·min-1 and separation was affected by application of a linear gradient to 28 % methanol in the same
buffer over 175 min. Eluting muropeptides were detected by monitoring at A210 nm; the solid black bar
denotes 0.02 absorbance units. See Table 3.2 for MS-based identification of muropeptides. G, GlcNAc;
GOH, N-acetylglucosaminitol; M, MurNAc; MOH, N-acetylmuramitol; Tri, L-Ala-D-Glu-DAP; Tetra, LAla-D-Glu-DAP-D-Ala.

from the insoluble PG substrate are reduced with NaBH4, thereby converting any reducing
GlcNAc and MurNAc associated with the muropeptides into their corresponding alditols, Nacetylglucosaminitol or N-acetylmuramitol, whereas any 1,6-anhydroMurNAc is left unaltered.
Strong acid (6 M HCl) is then used to hydrolyze the muropeptides into their corresponding free
amino sugars and amino acids, which are quantified by HPAEC-pulsed amperometric
detection (PAD). Any 1,6-anhydromuramoyl residues generated by LT activity would be
converted into MurNAc, whereas both glucosaminitol and muramitol would remain unaltered.
Increasing concentrations with time of one of these products relative to the others that were
intrinsic to the PG substrate defines the reaction specificity of the enzyme. Using this
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method, no muramitol was detected in PG treated with FlgJC regardless of the length of
incubation indicating that FlgJC is not a muramidase. Although MurNAc was detected in
these samples (which would have originated from 1,6-anhydroMurNAc), surprisingly its
concentration did not increase significantly over time suggesting no LT activity. However,
closer examination of the amino sugar analyses revealed that glucosaminitol production did
increase over time. The FlgJC-catalyzed rates of glucosaminitol and MurNAc release from
purified S. Typhimurium PG as substrate at pH 4.0 were calculated to be 6.5 and 4.8
nmol·min−1, respectively. The faster rate of glucosaminitol production relative to that of MurNAc
indicates that FlgJC appears to function as a hydrolase and specifically as an Nacetylglucosaminidase.
The Michaelis-Menten parameters of FlgJC as a β-N-acetylglucosaminidase were
determined by assaying for glucosaminitol production following NaBH4 reduction and acid
hydrolysis of released reaction products from concentrations of PG ranging from 0.2 to 1.2
mg·ml−1 in 25 mM CCH buffer, pH 4.0, at 37 °C (Fig. 3.8). Under these conditions, values of
Km and kcat were determined to be 0.64 ± 0.18 mg·ml−1 and 0.13 ± 0.016 s−1, respectively.

Figure 3.8. Determination of the Michaelis-Menten parameters for FlgJc as a β-Nacetylglucosaminidase. S. Typhimurium PG (0.2 – 1.2 mg·ml-1) suspended in 25 mM CCH buffer, pH
4.0, containing 100 mM NaCl was treated with 6.0 μM FlgJc and the rates of glucosaminitol production
were determined by HPAEC-based amino sugar analysis following NaBH4 reduction and acid hydrolysis
of muropeptide products. The error bars denote S.D (n=3).
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A novel assay was developed to show unequivocally that FlgJC functions as a muramidase
(hydrolase). This assay involves the labeling of hydrolytic reaction products with the stable
isotope of oxygen,

18

O, through the use of [18O]H2O, followed by MS analysis of reaction

products. Using this heavy water, [18O]OH− would be incorporated as the C-1 hydroxyl of the
MurNAc or GlcNAc product following muramidase- or β-N-acetylglucosaminidase-catalyzed
hydrolysis of glycosidic linkages, respectively,

which would cause an increase in the

abundance of the third isotope peak of the reaction products as observed by MS. As the LTcatalyzed reaction pathway does not involve H2O, no 18O could be incorporated into reaction
products and hence the isotopic distribution would not be altered. To validate this assay, S.
Typhimurium PG was digested with either mutanolysin (an N-acetylmuramidase) or P.
aeruginosa Slt70 in the presence of [18O]H2O to serve as positive and negative controls,
respectively. Soluble reaction products were collected by centrifugation and then subjected to
LC-MS using a Q-TOF mass spectrometer. As expected, only the muropeptide products
generated by mutanolysin contained

18

O. As seen in Fig. 3.9, the abundance of the third

(heaviest) isotope peak of the muropetides from the mutanolysin digest were significantly
increased relative to the natural abundance present in Slt70 reaction products.
Muropeptides containing high proportions of 18O were detected in both the soluble and
(original) insoluble reaction products after digestion of S. Typhimurium PG in 25 mM CCH
buffer, pH 4.0, prepared in [18O]H2O (Fig. 3.9). Tandem MS analysis of these reaction products
confirmed that the muropeptides

enriched with

18

O consisted exclusively of MurNAc

(peptides)-GlcNAc, both cross- and uncross-linked. The complete list of reaction products
liberated by FlgJC is presented in Table 3.1. With this knowledge, the major fractions obtained
earlier by RP-HPLC (Fig. 3.7) that had been reduced with NaBH4 were re-examined by ESIMS and then subjected to MS/MS analysis, which revealed muropeptides possessing
glucosaminitol (Table 3.2). These data thus confirm that FlgJC functions as a hydrolase, and
specifically as a β-N-acetylglucosaminidase.
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Figure 3.9. Q-TOF MS analysis of isotopic distribution of reaction products from PG lytic enzymes.
S. Typhimurium PG was suspended in [18O]H2O to a final concentration of 1.7 mg·ml-1 and treated with:
A, 1.1 μM mutanolysin; B, 1.0 μM P. aeruginosa Slt70; and C, 6.0 μM FlgJc. After incubation at 37 ˚C
for 30 min, solubilized reaction products were separated from insoluble PG by centrifugation and the
soluble products of each were subjected to LC-Q-TOF-MS analysis (left panels). For the FlgJc reaction,
the PG pellet was washed exhaustively with H2O and then resuspended in 100 mM potassium phosphate
buffer, pH 6.5, for solubilization by mutanolysin. The soluble muropeptides of this secondary digestion
were recovered by centrifugation prior to LC-Q-TOF-MS analysis. The red spectral lines in the MS
spectra denote the 18O-containing isotope of the respective muropeptides. Identification of select
muropeptides (as indicated) was achieved by subsequent Q-TOF MS/MS analysis (right panels). The
monoisotopic masses (M+H)+ are presented for each of the fragments detected.
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Table 3.1. Q-TOF MS/MS analysis of muropeptides released from insoluble PG by FlgJc in the
presence of [18O]H2O
m/zb
Annotationa

Expected

z

Δ

Observed

M-(tetra)-G

471.6950

471.7043

-0.0093

2

M-(tri-Lys-Arg)-G

578.2750

578.2833

-0.0083

2

[M-(tetra)-G]-[(tetra)-M-G]

621.9233

621.9323

-0.0090

3

[M-(tetra)-G]-[(tri)-Lys-Arg)M-G]

692.9730

692.9859

-0.0126

3

[M-(tetra)-G]-[(tetra)M-G]-(tetra)-M-G

929.0567

929.0594

-0.0033

3

a

G, GlcNAc; M, MurNAc; tri, L-Ala-D-Glu-m-DAP; tetra, L-Ala-D-Glu -m-DAP- D-Ala.

b

The m/z data presented correspond to the 18O isotope-containing muropeptides

Table 3.2. ESI-MS analysis of muropeptides released from insoluble PG by FlgJc
m/z
Fraction
No.a

a

Annotationb

Expected

Observed

Δ

z

1

GOH-M-(tetra)-(tri)-M-GOH

897.5580

897.8993

-0.0143

2

2

MOH-(tetra)-(tetra)-M-GOH

831.8450

831.8759

-0.0309

2

3

GOH-M-(tetra)-(tri-Gly)-M-GOH

617.9233

617.9461

-0.0228

3

4

GOH-M-(tetra)-(tetra)-M-GOH

933.4000

933.4129

-0.0129

2

5

GOH-M- (tri-Lys-Arg)

578.2850

578.2947

-0.0097

2

6

GOH-M-(tetra)-(tri-Lys-Arg)-MGOH

1039.9800

1039.9914

-0.0114

2

7

G-MOH-(tetra)-(tetra)-MOH-G

933.4000

933.4171

-0.0171

2

8

G-MOH- (tri-Lys-Arg)

578.2850

578.2905

-0.0055

2

The muropeptide fractions correspond to those of the RP-HPLC separation presented in Fig. 3.7.

b

Identification of each muropeptide was made by MS/MS analysis of each parent ion. G, GlcNAc; GOH,
N-acetylglucosaminitol; M, MurNAc; MOH, N-acetylmuramitol; tri, L-Ala-D-Glu-m-DAP; tetra, L-

Ala-D-Glu -m-DAP- D-Ala.
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3.2.6 Identification of Catalytic Residues FlgJC
Typically, the mechanism of action of glycoside hydrolases involves two acidic amino acid
residues that are opposed to each other across the active site cleft/pocket. Glu223 had been
identified earlier as an essential residue in FlgJC from both S. Typhimurium (139) and
Sphingomonas sp. (81,138), and this invariant residue comprises motif VI of the aligned
sequences of identified Enterobacteriaceae FlgJs (Appendix A.1). However, these earlier
studies report different potential second catalytic residues. Asp248 was proposed to serve
this function in S. Typhimurium FlgJC although its replacement did not greatly reduce catalytic
activity; only a semiquantitative zymogram assay was used to assess enzyme activity (139).
Although this residue is also invariant among the

FlgJs

of

the Enterobacteriaceae,

comprising motif VII, it would appear to be positioned to the side of the active site cleft and
too far from any other acidic residues (Fig. 3.1, B and C). With the knowledge of the crystal
structure of the Sphingomonas sp. FlgJC, Glu185 was identified to function as the catalytic
acid/base residue (81,138). The homologous Glu184 of S. Typhimurium FlgJC is positioned
directly opposite Glu223 on the other side of the putative active site cleft in the predicted
structure of the enzyme at a distance of 11.4 Å away (Fig.3.1, B and C).
To confirm their participation in the catalytic mechanism of S. Typhimurium FlgJC, both
Glu184 and Glu223 were replaced with glutamine by site-directed mutagenesis using pACFH5
as the template. These two forms of FlgJC were purified to apparent homogeneity using the same
protocol used for the wild-type form of the enzyme (Fig. 3.10) and CD spectroscopy was used
to confirm that their secondary structures were not altered with the amino acid replacement. The
resulting spectra were found to be indistinguishable from that of the wild-type enzyme (Fig. 3.4).
The specific activity of each of the FlgJ forms was determined using the turbidimetric assay
with 0.4 mg·ml−1 M. luteus whole cells as substrate at pH 4 (Fig. 3.5, B). The activity of
(Glu223Gln)FlgJC was barely detectable and its calculated specific activity was 0.01 % of that
of the wild-type enzyme (Table 3.3). (Glu184Gln)FlgJC was also weakly active but it did retain
6.18 % wild-type activity under the conditions employed.
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Figure 3.10. Purification of (Glu184Gln)- and (Glu223Gln)-FlgJC. SDS-PAGE with (A) Coomassie
Brilliant Blue staining and (B) Western immunoblot analysis (using anti-His6 primary antibody) of the
respective enzymes purified by IMAC on Ni2+-NTA agarose and cation-exchange chromatography on
a Source 15S column. The mass (kDa) of molecular weight markers are indicated on the left. The
apparent mass of (Glu184Gln)- and (Glu223Gln)- FlgJ are 18.2 and 18.0 kDa. IMAC, immobilized
metal affinity chromatography; F.T, Flow Through.

Table 3.3. Specific Activities of FlgJc and its engineered variants
Enzyme
Wild-type FlgJc
(Glu184Gln)
(Glu223Gln)

Specific Activity
ΔA600 min-1mg protein-1
146.91
9.07
0.14
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%
100
6.18
0.01

3.3

Discussion
This study presents the first biochemical analysis of the enzymatic activity of FlgJ, an

important protein involved in the flagellar biosynthetic pathway of many Gram-negative
bacterial pathogens. Contrary to what has been proposed/discussed in the past, the enzyme is
neither a muramidase nor an LT

but rather it functions as an endo-acting β-N-

acetylglucosaminidase. Moreover, two acidic residues appear to be essential for this catalytic
activity.
Despite being identified 15 years ago (139), the nature of the lytic activity of FlgJ had
not been determined, likely because of the significant technical limitations associated with
studying PG-degrading enzymes. The heterogeneity of both the substrate and resulting lytic
products in terms of stem peptide composition and extent of cross-linking, as well as any
modification to the glycan chains, contribute to the complexity in the analysis of the PGrelated material. With the lack of a soluble, defined and commercially available substrate,
researchers based their assessment and interpretations on zymogram and/or turbidimetric
assays coupled with amino acid sequence alignments and structural homologies.
Initial attempts at identifying reaction products released from FlgJC involved RP-HPLC
coupled with ESI-MS/MS. This has been used successfully in the past to characterize the activity
of exo-acting lytic enzymes that release a limited number of soluble disaccharide-based
muropeptides, which proved to be relatively easy to identify (e.g. (188)). However, a low
abundance of these products was observed in the soluble fraction of FlgJC reactions suggesting
endo-type activity where glycan reaction products would remain attached, either directly or
through cross-linking, to the PG sacculi substrate. To overcome this limitation, we developed
a novel assay that permitted the direct labeling of hydrolytic reaction products with the stable
18

O isotope of [18O]H2O coupled with MS and compositional analyses. A major advantage of

this assay is that it allows for (i) precise determination of reaction products generated by
hydrolytic enzymes in both the soluble and insoluble fractions where the latter require
subsequent enzymatic or acid digestion prior to analysis, and (ii) simultaneous discrimination
between hydrolytic and non-hydrolytic reactions.
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In the present study, the observed increase in production of glucosaminitol over time (after
NaBH4 reduction of reaction products) coupled with the introduction of 18O into only GlcNAc
residues facilitated the identification of FlgJ as being hydrolytic and, specifically, a β-Nacetylglucosaminidase. Furthermore, that the majority of the labeled GlcNAc was found in
the insoluble fraction of reactions indicated FlgJ is endo-acting. This latter finding was not
unexpected given the function of FlgJ to create pores within the existing PG sacculus for
flagella assembly. S. Typhimurium possesses 6–8 peritrichous flagella (220) as well as the
ability to become hyperflagellated during periods of stress (221). Thus, flagellar assembly
would require the activity of an endo-acting lytic to create these pores along the PG sacculus
at varying positions distinct from regions of continuing growth or division where other autolysins
(e.g. LTs) function (77,105,222,223).
This study introduces the first characterized β-N-acetylglucosaminidase found in Gramnegative bacteria. Based on structural (primary, secondary, and tertiary) information, FlgJC from
Sphingomonas sp. strain A1 had been classified as a member of the glycoside hydrolase family
GH73 (138) of the CAZy database. This family is comprised largely of β-Nacetylglucosaminidases from Gram-positive bacteria. Hence, perhaps it should have been
predicted earlier, if not expected, that FlgJ functions as a β-N-acetylglucosaminidase.
Presumably, the lack of prior identification of this activity in Gram-negative bacteria together
with knowledge of its structure possessing a lysozyme-fold led to is incorrect assignment by some
as a muramidase. Identification of enzyme specificity became complicated with observations that
FlgJ shares sequence identity with family 1E LTs, enzymes that also possess the lysozymefold and represent the major class of autolysin with glycolytic activity in Gram-negative bacteria
(105,106). Given this, the miss-assignment of FlgJ as an LT is understandable.
Another commonality shared between many β-N-acetylglucosaminidases and LTs is their
putative substrate-assisted mechanisms of action. Typical glycolytic enzymes catalyze either
single- or double- displacement reactions involving the direct participation of two catalytic
residues (usually Glu and/or Asp), which are appropriately spaced across the active site.
However, the family of GH18, GH20, GH84, and likely, GH85 β-N-acetylglucosaminidases
have been shown to invoke the anchimeric assistance of the N-acetyl group of their GlcNAcbased substrate in their mechanism of action (122,125,126). In this mechanism, the carbonyl
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oxygen of the acetyl group of substrate substitutes for a nucleophilic catalytic residue to
generate an oxazolinium ion intermediate that stabilizes the oxocarbenium ion transition state
formed by acid catalysis during glycolytic cleavage (Fig. 1.7). Assistance in rendering the
carbonyl oxygen nucleophilic is provided by a second acidic amino acid residue positioned
appropriately to deprotonate the N-acetamido nitrogen, but distant from the catalytic acid/base
residue. A similar mechanism of action has been proposed for the LTs of families GH23, GH102,
GH103, and GH104 ((123), and references therein). With the GH73 enzymes, the situation is
much less clear.
The structures of three GH73 enzymes are now known, those of L. monocytogenes Auto
(PDB 3F17), S. pneumoniae LytB (PDB 4Q2W), and FlgJ from Sphingomonas sp. (PDB
2ZYC). All share an α/β-hydrolase-fold with a deep cleft that accommodates their glycan
substrates and a conserved active site. With each, the identities of the catalytic acid/base residues
is clear and they (80,81,85), together with the homolog of Staphylococcus warneri Atl (82),
have been proven experimentally. These findings were confirmed in the current study with
the significant decrease in catalytic activity found with S. Typhimurium (Glu184Gln) FlgJC.
The residual activity observed may reflect the relatively low pH at which the enzyme assay was
performed that may have facilitated acid catalysis.
The identification of a catalytic nucleophile/base residue, however, has been
inconclusive with varying results obtained from different mutational studies. These studies
have supported either a single displacement, inverting mechanism of action (81,83) or one
involving substrate assistance (80,82). Our replacement of S. Typhimurium FlgJC Glu223 with
Gln led to an almost complete loss of activity (0.01% residual) strongly suggesting the direct
participation of this residue as the base catalyst in an inverting mechanism of action. However,
the residue is predicted to be positioned 11.4 Å from the catalytic acid Glu184 (Fig. 3.1),
which represents an outer limit for the distance between catalytic residues in an inverting
enzyme (84) (Fig. 1.7). Interestingly, Glu223 is located on a flexible loop that forms the active
site cleft and this loop has been proposed to undergo a conformational change upon binding
substrate (81), an implication that has been made for other GH73 N-acetylglucosaminidases
such as Auto (83). Thus, it remains to be established whether this loop does indeed close to
permit an inverting mechanistic pathway, or instead positions Glu223 allowing it to assist the
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deprotonation of the amide of an N-acetyl group in an anchimeric mode of action resulting in
the retention of anomeric configuration in the lytic product.
Knowledge of the stereochemistry of the initial reaction products would help to identify
whether the enzyme catalyzes an inverting or a retaining mechanism. Typically, this is
assessed by conducting substrate hydrolysis in an NMR for the immediate analysis of initial
products but this experiment would prove technically challenging, if not impossible, for FlgJ
given its endo activity on the totally insoluble PG substrate. However, this investigation could
also be assisted by inhibition studies with GlcNAc-thiazoline, a mechanism-based inhibitor
of N-acetylglucosaminidases that use substrate-assisted catalysis (CAZy database) (224).
In a recent study, Roure et al. (2012) (144) demonstrated that endogenous LTs are required
for full motility of both H. pylori and S. Typhimurium. However, these lytic enzymes were
not required for insertion or assembly of the flagella complex within cells walls (mutants
deficient in the genes encoding the specific LTs still possessed flagella) but rather for the proper
functioning of the flagellar motor protein MotB. The LTs were postulated to provide 1,6anhydromuramoyl residues through which MotB could bind covalently to secure the motor
complex within the PG sacculus. It was assumed that pores within the PG network of the sacculus
would be large enough to accommodate the flagellum complex without any

specific

remodeling. Our observations, together with earlier findings on the requirement of FlgJ, suggest
that the N-acetylglucosaminidase activity associated with this protein is required to generate
the appropriate pores for flagella insertion that are then modified by an LT to provide binding
sites for the motor complex. Why two distinct lytic enzymes would be required for this purpose
rather than the use of an LT alone to create both the pore and appropriate binding sites for the
flagellum remains unknown. It is also curious that these Gram-negative cells utilize an Nacetylglucosaminidase for this lysis and not a

muramidase. It is possible that the N-

acetylglucosaminidase domain of FlgJ represents an evolutionary link to flagellated Grampositive bacteria given that N-acetylglucosaminidases represent their major autolysins (77)
and they are indeed required for flagella insertion in these bacteria ((144) and references
therein). Regardless, the low pH activity optimum of FlgJC of 4.0 is consistent with its autolytic
role that would require the localization of the enzyme to the periplasm at the cytoplasmic
membrane-PG interface. It would be expected that the pH of this microenvironment would
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be low due to the maintenance of a proton-motive force, the source of energy that will be used
by the flagellar motor for motility.
Motility of pathogenic bacteria is a major virulence factor as it allows them to reach and
colonize their specific environmental niches. Thus, targeting the assembly of motility
appendages essential for bacterial survival may aid in the fight against bacterial infections and
diseases. Knowledge of the specific type of lytic activity associated with flagella assembly is
essential if the enzymes responsible are to be targeted for inhibitor development. Moreover,
our development of a novel assay based on the incorporation of 18O into hydrolytic products
will greatly facilitate the characterization of other PG lytic

enzymes that continue to be

discovered as the metabolism of this important bacterial cell wall polymer is further explored.
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Chapter 4. Biochemical Characterization of SltF and
Investigations into its Modulation in Rhodobacter
sphaeroides
The text of this chapter has been published in the Journal of Bacteriology with the title
“Modulation of the lytic activity of the dedicated autolysin for flagellum formation SltF by
flagellar rod proteins FlgB and FlgF” (225). This article was highlighted in the July 2016
issue of the journal as an article of significant interest selected by the editors.
Statement of Contributions
Francesca A Herlihey designed and performed the experiments as well as analyzed the
data in addition to providing assistance for drafting the manuscript. Manuel OsorioValeriano designed and performed all of the genetic work, protein purifications and the Far
Western Blotting experiment as well as provided assistance for drafting the manuscript.
Anthony J Clarke was the corresponding author who, together with Georges Dreyfus, provided
the oversight of the entire project and participated in writing and editing of the manuscript.

4.1 Introduction
The photosynthetic bacterium R. sphaeroides is motile through the use of a single, subpolar
flagellum (226). This locomotive organelle is tightly regulated and comprised of approximately
25 different proteins arranged into three major substructures: a basal body, hook, and thin
helical filament. The basal body spans the bacterial cell envelope and contains the motor, a
flagellum-specific type III export apparatus and at least four ring-like structures which are all
connected by a filamentous rod (216). The rod assembles into a proximal rod that lies between
the MS ring and the cell wall, which is composed of nine subunits of FliE (227) and six subunits
of FlgB, FlgC, and FlgF (228), as well as a distal rod that is composed of 26 subunits of FlgG
(229).
FlgJ of the flagellar operon has been shown to be required for the proper assembly of the
flagellum. The FlgJs produced by the β- and γ-proteobacteria, such as S. Typhimurium, are
bifunctional enzymes, possessing an N-terminal domain responsible for proper rod assembly
(81,137-139,218,219) and a C- terminal domain possessing β-N-acetylglucosaminidase
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activity (211). Various α-proteobacteria, including R. sphaeroides, possess FlgJ homologues
that lack the C-terminal PG lytic domain. In R. sphaeroides, FlgJ has the same function as
the N-terminal domain of FlgJ from S. enterica, which acts as a scaffolding rod-capping protein
(140). It has been shown previously that the lack of FlgJ lytic activity is compensated for by
SltF, a PG-lytic enzyme encoded within the flg operon; this enzyme is responsible for flagellar
rod penetration in this bacterium (142). During basal body formation, SltF is exported to the
periplasm via the Sec pathway, and it is recruited to the basal body near the cell pole by
interacting with FlgJ (160).
A phylogenetic analysis (160) showed that SltF is weakly related to the family 1 LTs
proposed by Blackburn and Clarke (106). However, two Glu residues were tentatively identified
as being essential for catalytic activity, implying the enzyme may function as a hydrolase. No
biochemical analysis has been

conducted on SltF, and consequently confusion exists as to

whether this enzyme functions as a hydrolase (i.e., muramidase or β-N-acetylglucosaminidase)
or an LT (142,160).
This study provides the first enzymatic characterization of the PG lytic activity of SltF
from R. sphaeroides as the model enzyme of the α-proteobacteria, a diverse order that
includes intracellular pathogens such as species of Brucella. In contrast to the β-Nacetylglucosaminidase activity of FlgJ from S. Typhimurium (211), SltF functions as an LT.
Furthermore, two proximal rod proteins, FlgB and FlgF, are found to regulate SltF activity.

4.2 Results
4.2.1 In silico Analysis of SltF
Alignments of the amino acid sequence of R. sphaeroides SltF with known and hypothetical
homologues present in the flagellar operons of α-proteobacteria found in genome database and
the IMG (197) led to the identification of four consensus motifs (Fig. 4.1 A; see A.2 in the
Appendix). All of these motifs are located within the PG-lytic N-terminal domain of SltF
(142). The putative catalytic residue of R. sphaeroides SltF, Glu57, comprises motif I. Despite
minimal overall sequence similarity, this motif aligns with the ESGR signature motif of the
family 1A and 1C LTs, such as Slt70, and MltE (EmtA) from E. coli (106), suggesting that
SltF functions as an LT. If so, however, then it would represent a new subclass of the family
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1 enzymes because its other consensus motifs are either unique or localized differently
within the enzyme. Thus, for example, the GCMQ sequence of motif III, where the Cys (and
Gly) is invariant (boldface), resembles the GLMQ of motif II of the family 1A and E LTs and
g-type lysozymes. Similarly, the AAAAYHS sequence of SltF motif V resembles the AAYN of
motif III of these LTs. Significantly, these motifs of the family 1 LTs are involved in substrate
binding (116,127). Nonetheless, the differences involving invariant residues are significant.
Moreover, a closer analysis of the aligned SltF sequences permitted their separation into two
distinct subsets, distinguished primarily on the presence in motif I of either a Ser or Thr residue
immediately following the putative catalytic Glu. This separation revealed a close
evolutionary relationship among the enzymes aligned but a clear divergence into the two
consistently distinct groups, as depicted in Fig. 4.1.
To date there is no crystallographic structure of SltF from R. sphaeriodes or its close
homologs. As noted above, it and its homologs appear to be distinct from other PG lytic
enzymes. Comparison to the structures known, R. sphaeroides SltF appears to be most similar
to the LT domain of E. coli Slt70: its amino acid sequence is 17.8 % identical and 24.9 %
similar. Recognizing this limited similarity, the structure of R. sphaeroides SltF involving
residues Asp29 to Glu169 was predicted by Phyre using E. coli Slt70 (PDB 1SLY) as the
template. The resulting structure consists of mainly α-helical folds (α, 66%; β, 2%), which are
separated by a deep cleft that is proposed to contain the active site. Glu57 of motif I is located
at the end of an α-helix, and it is positioned appropriately within the middle of the putative active
site cleft to potentially serve as a catalytic acid/base (Fig. 4.1 B and C). Two invariant Tyr residues,
Tyr152 and Tyr163, present in motif V, are located near the proposed catalytic residue
Glu57 and thus may participate in stabilizing the protonated charge state of the carboxylate
group of Glu57 (116,127).
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Figure 4.1. Consensus sequence motifs and predicted structure of SltF. A, the five consensus motifs
(labeled I – V in parentheses) identified in the aligned apparent homologs of R. sphaeroides SltF (see
Appendix A.2) are separated into two sub-families (green and blue boxes). Motifs I, III and V align with
consensus motifs I, II and III of family 1A and 1E LTs (yellow boxes). Bold lettering denotes greater than
80 % identity amongst the respective aligned sequences while those in red are invariant. B and C, the
schematic and surface models of the predicted three-dimensional structure of R. sphaeroides SltF.
Residues Asp29 to Ala169 were threaded by Phyre2 onto family 1A Slt70 from E. coli (PDB 1SLY). The
putative catalytic residue Glu57 is labeled in yellow, while residues Tyr152 and Tyr163 are labeled in
blue.

4.2.2 Secondary Structure of SltF
Recombinant SltF (involving residues Ala27 to Pro265) was isolated and purified to
apparent homogeneity, as determined by SDS-PAGE analysis, using a combination of affinity
and anion-exchange chromatographies (Fig. 4.2). The enzyme is subject to limited digestion
in its non-catalytic, C-terminal domain, and so a polishing SEC on Superdex was performed
when a single form of the enzyme was required. The overall yield of protein was similar to
that reported previously (142,160).
The secondary structure of SltF was determined by CD spectroscopy involving a
constrained least- squares analysis. This analysis indicated the protein to be comprised of 83.4%
α-structure and 1.48 % β- structure (Fig. 4.3). Recognizing that the recombinant protein is
longer by an additional 96 C-terminal amino acids, these data are consistent with the structure
predicted by Phyre and thus enhance confidence in the modeled structure.
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Figure 4.2. Purification of wild-type and (Glu57Ala)-SltF. SDS-PAGE with (A) Coomassie Brilliant
Blue staining and (B) Western immunoblot analysis (using anti-His6 primary antibody) of the respective
enzymes purified by IMAC on Ni2+-NTA agarose, anion-exchange chromatography on a Source 15Q
column, and SEC on a HiLoad 16/600 Superdex 200 pg column. The mass (kDa) of molecular weight
markers are indicated on the left. The apparent mass of the recombinant SltF is 25.04 kDa, but it
is susceptible to limited proteolysis within its C-terminal non-catalytic domain generating two
catalytically-active, truncated forms of the enzyme with apparent masses of 23 and 20.4 kDa; these can
be separated by SEC.

Figure 4.3. CD analysis of wild-type- (red) and (Glu57Ala)- (blue) SltF. The spectra of proteins (0.2
mg·ml-1) in 5 mM sodium phosphate buffer, pH 7 were recorded in a 0.1 cm path length cell at an internal
temperature of 25 °C. The data were recorded as an average of four accumulations at each wavelength
with a scan speed of 50 nm·min-1 (bandwidth of 1 nm and data pitch of 1 nm).
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4.2.3 Lytic Activity of SltF
The turbidimetric assay of Hash (189) was used to confirm the PG lytic activity of
purified SltF with M. luteus whole cells as the substrate. As seen from the representative plot
presented in Fig. 4.4, incubation of the whole cells with SltF led to the time-dependent loss
of turbidity expected with the cleavage of the cell wall into soluble products by lytic enzymes.
This loss of turbidity was continuous with time such that prolonged incubation led to eventual
clearing of the cells, activity indicative of endo- acting lytic enzymes (105). The activity of SltF
was very sensitive to slight pH changes, and the optimum was established to be pH 7.0 (Fig. 4.4
B). The specific activity of SltF at pH 7.0 was determined to be 60.0 ± 5.83 ΔA600 units·min−1·mg
protein−1.

Figure 4.4. Lytic activity of SltF. A. SltF (2 µM) was incubated at ambient temperature with M. luteus
cells suspended in 50 mM sodium phosphate buffer, pH 7.0, in the (●) absence, and presence of (■) 2 µM
FlgB and (▲) 2 µM FlgF. Representative curves are presented of the progress of lysis as monitored
turbidimetrically at A595 nm. (◆) 2 µM (Glu57Ala)SltF assayed in the absence of other added protein.
Negative controls of: (○) no enzyme added, (□) FlgB and (Δ) FlgF alone. B, pH activity profile of SltF
(error bars denote S.D, n=3).
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4.2.4 Reaction Specificity of SltF
The heavy water assay described in Chapter 3 was used to identify the type of lytic activity
that SltF from R. sphaeroides catalyzes. S. Typhimurium PG in 50 mM sodium phosphate buffer
(pH 7.0), prepared in [18O]H2O, was incubated with SltF (and mutanolysin as a positive
control for hydrolytic activity). Following 16 h of reaction, soluble products were separated
from insoluble material by centrifugation and subjected to LC-MS analysis. Digestion with
mutanolysin led to complete solubilization of the PG and the typical production of a variety of
muropeptide products (Fig. 4.5). MS/MS analysis of these revealed their enrichment with 18O,
as expected from the introduction of [18O]H2O across the former β-(1→4) glycosidic linkages.
The analysis of one of the major muropeptide products, GlcNAc-MurNAc- (tetrapeptide), is
presented in Fig. 4.6 as an example of this protocol. With SltF, very few soluble products were
detected (Fig. 4.5), and MS analysis indicated that most did not contain higher proportions of
18

O than would be naturally present (Fig. 4.6). These data suggested that SltF does not function

as a hydrolase. Tandem MS analysis of the SltF reaction products confirmed that the soluble
muropeptides

contained

GlcNAc-1,6-anhydroMurNAc(peptides), both crosslinked and

uncrosslinked (Table 4.1), thus confirming that SltF indeed functions as an LT. However, a
low proportion of hydrolytic products (viz. those containing 18O) were observed in the soluble
reaction products of SltF (Table 4.1). This observation is not unexpected given the reported
secondary (minor) muramidase-like activity of LTs, such as MltD, Slt70, MltF from E. coli
(119), and CwlQ from B. subtilis (128).
The low concentration of muropeptides in the soluble fraction of SltF digests suggested
endo-type activity. If so, lytic products would be either large and hence remain insoluble or still
cross-linked to the remaining PG saccular material. To investigate if SltF functions as an endoenzyme, the insoluble material from the above-mentioned digest of S. Typhimurium PG was
washed extensively with Milli-Q H2O prior to a secondary solubilization by mutanolysin. With
this treatment, any original hydrolytic products within the insoluble fraction would retain their
18

O label, while muropeptides would be enriched with 1,6-anydroMurNAc if SltF indeed

functions as an endo-LT. As seen in Fig. 4.5, the muropeptide profile of PG digested with
SltF followed by mutanolysin (trace d) is distinct from the control reaction with mutanolysin
alone (trace c). Tandem MS analysis of the SltF/mutanolysin digest of the insoluble reaction
82

Figure 4.5. Characterization of SltF as an endo-LT by LC-Q-TOF MS analysis of its reaction
products. S. Typhimurium PG was suspended in 50 mM sodium phosphate buffer, pH 7.0 made with
[18O]H2O to a final concentration of 1.76 mg∙ml-1 and treated with either 4.0 µM SltF or 1.1 µM
mutanolysin (positive control). After incubation at 30 °C overnight, soluble reaction products were
separated from insoluble material by centrifugation. The insoluble PG pellet from the SltF digestion was
washed exhaustively with H2O and then resuspended in 0.1 mM potassium phosphate buffer, pH 6.2 for
solubilization by 1.1 µM mutanolysin. The soluble muropeptides of this secondary digestion were
recovered by centrifugation. Each fraction was subjected to LC-Q-TOF MS analysis. (a) PG control, no
enzyme added; (b) SltF soluble fraction; (c) SltF insoluble fraction digested with mutanolysin; (d)
mutanolysin control digestion. The identities of the numbered muropeptide fractions are listed in Table
4.1. The solid vertical bars to the left denote 20,000 and 200,000 intensity units for a,b and c,d
respectively.
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Figure 4.6. Tandem Q-TOF MS analysis of select muropeptides. Example muropeptides recovered
from (a) mutanolysin (positive control) and (b) soluble SltF digests of S. Typhimurium PG by LC-MS as
described in the legend to Figure 4.5 were subjected to tandem Q-TOF MS analysis c and d, respectively.
The blue spectral line in the MS spectrum of panel a denotes the 18O-containing isotope of the respective
muropeptide. The monoisotopic masses (M+H)+ are presented for each of the identified fragments.

product revealed that, as with the soluble fraction described earlier, most of the muropeptides
did not contain high proportions of 18O. Moreover, the majority of the reaction products were
linear oligomeric sugars terminating with one anhydromuramoyl moiety. The product mixture
exhibited multiple chromatographic peaks at a neutral mass of 922.3847, and positive-ionmode ESI generated ions with charged states of +1, +2, and +3, which correspond to masses of
921, 1,843, and 2,764 Da, respectively (Table 4.1). The m/z of 922.3847 with a charged state
of +1 is consistent with GlcNAc-1,6- anhydroMurNAc-tetrapeptide, whereas the additional
charged states of +2 and +3 are either linear oligosaccharides terminating in 1,6anhydroMurNAc

or

(GlcNAc-MurNAc-tetrapeptide)-(GlcNAc-1,6-anhydroMurNAc-

tetrapeptide) products cross-linked with (GlcNAc-MurNAc-tetrapeptide)n. To distinguish
between the linear or crosslinked oligosaccharides, the reaction products were fragmented by
tandem MS with or without prior reduction by sodium borohydride. These results indicated
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that SltF produces linear oligosaccharides terminating in 1,6-anhydroMurNAc with a
single crosslink (Table 4.1).

Table 4.1. ESI MS analysis of select muropeptides released from insoluble PG by SltF
Fractiona
m/z
No.
Annotationb
Expected
Observed
Δ
SltF soluble reaction products
1
G-AnhM(tetra)
461.6960
461.6960
0
2
3
4

18

G-[ O]M(tetra)
G-AnhM(Gly-penta)
G-AnhM(tri)

SltF insoluble reaction products
5
G-AnhM(tetra)
6
G-AnhM(tetra)
7
G-M(tetra)-G-AnhM(tetra)-(tetra)M-G
c
7 (R)
G-M(tetra)-G-AnhM(tetra)-(tetra)M-G
8
G-M(tetra)-(tetra)G-AnhM
8 (R)
G-M(tetra)-(tetra)G-AnhM

z
2

471.7054
490.2275
426.1818

471.7050
490.2015
426.1722

-0.0004
-0.0260
-0.0096

2
2
2

426.1779
461.6961
922.3848
923.0609
922.3847
923.3951

426.1722
461.6960
922.3815
923.0533
922.3815
923.3895

-0.0057
-0.0001
-0.0033
-0.0076
-0.0032
-0.0056

2
2
3
3
2
2

a

The muropeptide fractions correspond to those of the RP-HPLC separation presented in Fig. 4.5.

b

Identification of each muropeptide was made by tandem Q-TOF-MS analysis of each parent ion.

c

The R denotes reduction of the sample with NaBH4 prior to analysis to quantify the number of
reducing sugar ends (m/z of starting material +1 = 1 reducing end).
G, GlcNAc; M, MurNAc; AnhM, 1,6-anhydroMurNAc; [18O]M, 18O-containing MurNAc; L-Ala-DGlu-m-DAP; tetra, L-Ala-D-Glu -m-DAP- D-Ala; Penta, L-Ala-D-Glu -m-DAP- D-Ala- D-Ala; Gly,
glycine.

4.2.5 Identification of the Catalytic Residue(s) of SltF
The mechanism of action of LTs involves a single acidic residue to be positioned in the
active site cleft/pocket (reviewed in (105)). In an earlier study, both Glu57 and Glu83 were
identified as being potentially essential residues in R. sphaeroides SltF. Replacement of each
led to a diminution of activity as determined by the semiquantitative methods of zymo-dot and
lyso-plate analyses (142). Glu57 is an invariant residue among the aligned sequences of
identified α-proteobacterial SltFs (Fig. 4.1), and it comprises consensus motif I. In contrast,
Glu83 is not conserved in other SltF homologues, and it would appear to be positioned to the
side of the active site cleft and to be too far to serve in concert with Glu57. Based on this
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understanding of the Phyre model structure and alignment of SltF to family 1A/C LTs (160),
Glu57 is proposed to function as the sole catalytic acid/base residue in SltF.
To confirm the participation of Glu57 in the catalytic mechanism of R. sphaeroides SltF,
SltF(Glu57Ala) was purified to apparent homogeneity using the same protocol used for the
wild-type enzyme (Fig. 4.2), and CD spectroscopy was used to confirm that the secondary
structure was not altered by the amino acid replacement. The resulting spectrum was found to
be indistinguishable from that of the wild-type enzyme (Fig. 4.3). SltF(Glu57Ala) was devoid
of detectable activity using the turbidimetric assay (Fig. 4.2), where detection limits are 0.04
ΔA600 units·min−1 under the conditions employed.

4.2.6 Interaction of SltF with Flagellar Rod Proteins
A Far-Western experiment was performed to investigate possible interactions between
the rod component proteins FliE, FlgB, FlgC, FlgF, and FlgG on SltF and their effect, if any,
on its activity. The respective recombinant proteins were overproduced and purified to
apparent homogeneity by affinity chromatography (68). Whereas both recombinant FlgF and
FlgG remained stable and therefore could be purified under native conditions, FliE, FlgB, and
FlgC had to be denatured in guanidinium hydrochloride to prevent either proteolytic digestion
or aggregation (200).
The Far-Western experiment involved the loading and separation of the five proteins in
an SDS-PAGE gel and then probing with SltF followed by detection of the latter with an antiSltF antibody (142). Despite the overall structural similarities between these proteins as predicted
earlier by in silico modeling based on amino acid sequence alignments (68), SltF appeared to
bind to only the two proximal rod proteins FlgB (15 kDa) and FlgF (27 kDa) under the conditions
used (Fig. 4.7).
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Figure 4.7. Interaction of SltF with flagellar rod proteins. Far-Western blot of flagellar rod proteins
from R. sphaeroides using SltF as the probe. A total of 0.05 nmole of each purified rod protein was loaded
and following electrophoresis and blotting onto nitrocellulose, SltF was added to a final concentration of
3 µg∙ml-1. The interaction was detected using a 1:20,000 dilution of anti-SltF gammaglobulins.

The turbidimetric assay was used to determine if these interactions affect the PG-lytic activity
of SltF. Enzyme (2 μM) was incubated for 10 min at ambient temperature in the absence and
presence of equimolar concentrations of the respective proteins prior to assay using M. luteus
whole cells as the substrate in 50 mM sodium phosphate buffer (pH 7.0). FlgF was observed
to totally inhibit SltF activity, while, conversely, FlgB appeared to stimulate SltF lytic
activity (Fig. 4.4). Thus, at 266 ± 27.4 ΔA600 units·min−1·mg protein−1, the specific activity of
the SltF·FlgB complex was over 4-fold higher than that of the free enzyme. As a control, FlgB
alone did not have any PG-lytic activity under the conditions employed. These results thus not
only confirm the interactions detected but also suggest a regulatory mechanism for SltF's
activity.
To determine if the protein-protein interaction with FlgB may have a stabilizing effect
on SltF, equimolar concentrations of SltF and FlgB were incubated overnight at 4 °C, and
residual enzymatic activity was determined using the turbidimetric assay. SltF incubated alone
under these conditions was totally devoid of lytic activity, whereas the activity of the SltFFlgB complex (57.7 ± 6.73 ΔA600 units·min−1·mg protein−1) remained similar to that of freshly
purified SltF when assayed alone. Thus, the inactivation of SltF was minimized when stored
together with FlgB.
An additional experiment was performed to compare the stability of the SltF-FlgB complex
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to that of SltF alone using DLS. The thermal aggregation temperature of SltF alone was 51 °C,
and this increased to 55 °C with the SltF-FlgB complex. Taken together, these data suggest that
the increase in SltF activity observed in the presence of FlgB may be a result of the
stabilization of an active form of SltF by this proximal rod protein.

4.3 Discussion
This study presents the first biochemical analysis of the enzymatic activity of SltF, an
autolysin recruited for flagellar insertion in many α-proteobacteria, including important bacterial
pathogens such as species of Brucella. In β- and γ-proteobacteria, penetration of flagellar
rods through the cell wall is accomplished by the bifunctional enzyme FlgJ, which possesses
a β-N-acetylglucosaminidase domain at

its C terminus (137,139). Based on our previous

(142,160) and current findings, we propose a different mechanism for rod penetration that
occurs in α-proteobacteria in which a specialized LT, SltF, is responsible for localized PG
degradation. Moreover, we identified two flagellar rod proteins, FlgB and FlgF, with which
SltF interacts directly, one of which both stabilizes the enzyme and stimulates its lytic activity.
Due to the technical limitations associated with studying PG-degrading enzymes, such as
their limited solubility and the fact that their substrate PG is totally insoluble, the nature of the
lytic activity of SltF had not been determined. With the lack of a soluble and defined substrate,
previous researchers had based their assessment and interpretations of SltF activity on zymo-dot
and lyso-plate assays coupled with amino acid sequence alignments and structural homologies
(160). However, many of the PG lytic enzymes share the same lysozyme fold, which has led to
assumptions of activity and/or misidentification. Such was the case for FlgJ of the β- and γproteobacteria, where it was described as either a muramidase or LT. This issue was recently
resolved with the development of a novel assay to differentiate between hydrolases and LTs
(211). This assay permits the direct labeling (or not in the case of LTs) of reaction products
with the stable

18

O isotope from [18O]H2O coupled with MS and compositional analyses.

Application of this assay

to the characterization of FlgJ from S. Typhimurium led to the

surprising discovery that it functions as neither a muramidase nor an LT, but rather as a β-Nacetylglucosaminidase (211). In the present study, the observed increase in production of linear
oligomeric chains terminating in 1,6-anhydroMurNAc residues coupled with minimal
introduction of 18O into the reaction products facilitated the identification of SltF as being an
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endo-acting LT.
The finding of endo activity is not unexpected given that the function of SltF is to generate
a pore within the existing PG sacculus for the assembly of a single subpolar flagellum in R.
sphaeroides (226). Nonetheless, most LTs characterized to date are exo-acting; the only
other LTs demonstrated experimentally to be endo-acting are MltC (EmtA) from E. coli
and MltD from H. pylori (reviewed in (77,106)). That a lytic enzyme would need to be
recruited for this function is consistent with our understanding of PG metabolism around
the poles of rod- and coccus-shaped bacteria. It is generally accepted that these regions of
the bacterial sacculus contain inert PG and lytic enzymes would not be readily present
(reviewed in (223,230)). The insertion of a flagellum would require a localized rearrangement
of the PG layer involving endo-activity rather than the processive release of 1,6anhydroMurNAc products that accompany its turnover during biosynthesis. This type of
functional specificity involving the rearrangement of the sacculus has been ascribed to H. pylori
MltD (231).
The consensus motifs identified in SltF and its known and predicted homologs loosely
resembled those found in family 1 LTs. Likewise, the Phyre algorithm selected E. coli Slt70,
a family 1A enzyme, as the best fit among the proteins in the Protein Structure Database for
structural prediction. Notwithstanding the limitations of protein structure predictions based
on the threading of amino acid sequences onto known tertiary structures (200), the catalytic
domain of SltF is expected to adopt a lysozyme-like fold mostly composed of α-helices, a
prediction supported by CD analysis. However, the distinct differences between the consensus
motifs found in SltF homologs and those associated with other family 1 LTs indicate that SltF
would be the prototype for a new subfamily, which we name family 1F. Moreover, this
subfamily could be further subdivided based on whether a Ser or Thr follows the catalytic Glu
in signature motif I. Indeed, separation of the aligned amino acid sequences on this basis revealed
the close evolutionary relatedness of the hypothetical enzymes but their divergence into
distinctive subsets, as reflected in each of the five consensus motifs.
The catalytic activity of autolysins is tightly regulated both temporally and spatially to
prevent catastrophic autolysis (106,232). With S. enterica, FlgJ is exported to the periplasm
via the flagellum-specific type III export apparatus (139). Once the lytic domain of FlgJ has
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bored a hole in the PG, rod assembly continues through the wall and reaches the extracellular
space. FlgJ remains associated with the

growing rod, and consequently it is secreted

extracellularly (159), thereby precluding any indiscriminate autolysis. R. sphaeroides SltF, on
the other hand, is exported to the periplasm via the Sec pathway (160), where it was assumed
to remain after rod completion. If left uncontrolled in the periplasm, continued random SltF
activity would be deleterious to the bacterium. In this study, however, SltF's activity was found
to be modulated by two proximal rod proteins, FlgB and FlgF. Thus, association with FlgB
both stabilizes and enhances SltF activity, while FlgF inhibits it. FlgB, together with FliE,
constitutes the most proximal portion of the rod (227,233), which is consistent with enhancing
SltF activity at the appropriate site for boring the required hole within the PG sacculus.
Presumably once done, FlgF binds to preclude further lysis. That SltF forms complexes with
both FlgB and FlgF would ensure that its localization remains fixed to the flagellum and
not be rampant within the periplasm. This would be especially appropriate as the bacterium
produces only a single subpolar flagellum, and hence no further endo-lytic activity of this form
would be required.
At this juncture, it is not known whether or not the FlgB and FlgF homologs in S.
Typhimurium and related species modulate the autolytic activity of their bifunctional FlgJ in the
same manner. However, the use of physical association to control and modulate SltF activity is
analogous to that observed with EtgA, a dedicated LT associated with the injectisome-type
III secretion system (234). Indeed, the bacterial flagellum is evolutionarily related to this
secretion apparatus as many proteins associated with both systems are conserved in sequence
and function (235,236). With EtgA from enteropathogenic E. coli, its localization is fixed (237)
and its activity enhanced (238) by physical association with the inner rod protein EscI. The
observation that R. sphaeroides SltF's activity is both fixed and enhanced by one structural
protein and inhibited by another is novel.
Bacterial motility is widespread in nature and provides an evolutionary advantage. The
assembly of the cell wall-spanning flagellum is tightly regulated, which results in a
hierarchical pattern of gene expression (239). sltF is localized within the flgG operon (140),
and homologues of SltF are widespread in flagellated α-proteobacteria that lack a bimodular
FlgJ. An exception among the α-proteobacteria is C. crescentus, which appears to lack an SltF
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homolog. Instead, PleA is proposed to provide the requisite PG lytic activity for assembly of
flagella and pili in this bacterium (143). PleA and SltF do not appear to be evolutionarily related
as they share only 13.3% amino acid identity (20.7% similarity) and, unlike SltF, PleA is not
encoded in a flagellar genetic context. Finally, and unfortunately, despite being referred to as an
LT, it is not known whether PleA in fact functions as an LT, muramidase, or β-Nacetylglucosaminidase.
The observation that SltF is both endo-acting and stimulated by FlgB supports the earlier
proposal that it is a specialized PG-degrading enzyme with a defined role in locally degrading
the PG sacculus to permit the insertion of the flagellar rod (142). It is believed that the ancestral
FlgJ contained only the single domain as found in α-proteobacteria and that the bimodular FlgJ
emerged in the common ancestor of β-and γ-proteobacteria by fusing the PG-lytic domain to the
C terminus of FlgJ (141).
The original organization of the LTs was based on the identification of homologs of the
enzymes identified and characterized from E. coli and P. aeruginosa (106). Thus, E. coli was
thought originally to produce six LTs, each representing the prototype for the respective LT
families. We discovered a seventh LT in E. coli (120), which became the prototype for family
1E, and more recently, an eighth has been reported (107). Each of these LTs is involved in the
general biosynthesis of PG and cell division. However, it is becoming apparent that LTs are even
more prevalent within bacteria as homologs and paralogs appear to be produced for specific
tasks, such as the SltF for flagellum insertion described in this study. Indeed, the interaction of
specialized LTs with components of secretion apparatuses appears to be a common theme,
as others, such as EtgA from the injectisome type III secretion system (237,238) and VirB from
the type IV secretion system (240), have been described. Such apparent redundancy reflects
their important role for cell growth and survival, thus making them an attractive new target for
the discovery of novel antibiotics (105). A compound that inhibits the mechanism of action
of these enzymes would indiscriminately block a variety of LT-catalyzed physiological events
in a bacterium which may prove to be as effective as the β-lactam antibiotics, compounds
that inhibit each of the redundant PBPs of a bacterium with lethal effect. However, progress
toward this end will only occur with the development of a facile assay for this interesting and
unique class of bacterial enzymes.
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Chapter 5. Inhibition of Lytic Transglycosylases by
the Inhibitors of Vertebrate lysozyme, Ivyp1 and
Ivyp2, from Pseudomonas aeruginosa PAO1
5.1 Introduction
The first identified proteinaceous inhibitor of lysozyme was observed in E. coli for its ability
to inhibit HEWL leading to its name, Ivyc (inhibitors of vertebrate lysozyme c-type
lysozyme). Since its initial discovery, homologues and paralogues of Ivyc have been identified
in α- (Gluconobacter, Paracoccus),

β- (Burkholderiaceae, Neisseriaceae), and γ-

(Enterobacteriaceae, Pseudomonadaceae) subdivisions of

the proteobacteria (100,156).

Paralogs of Ivyc have been identified in certain species of Pseudomonas including P. syringae,
P. putida and P. aeruginosa. One of these paralogues, Ivyp2, has been shown to lack the
ability to inhibit lysozyme (100). Thus, a new house-keeping role was proposed for the Ivy
inhibitors, namely, the inhibition of the autolytic LTs. Both Ivyp1 and Ivyp2 were identified
to inhibit sMltB in a dose-dependent manner (156).
Only species of the Pseudomonads produce both Ivyp1 and Ivyp2 and the reason for this is
unknown (100,156). Recently, ivyp1 was identified to be up-regulated in the mucoid phenotype
when P. aeruginosa PAO1 was grown on PIA supplemented with AMV (241). AMV is an
ammonium salt of vanadate which resembles phosphate and together with triclosan and MgCl2
causes the overproduction of alginate presumably through cell stress (242). How Ivyp1 is
involved in biofilm formation and/or maturation needs to be further investigated.
In this chapter, I test the hypothesis that the Ivy proteins function as inhibitors to control the
activity of LTs from each family of these enzymes. The LTs and Ivy proteins produced by P.
aeruginosa were used as a model system. In addition, the importance of Ivyp1 and Ivyp2 in
biofilm development was investigated in both chemically-induced and naturally occurring
mucoid strains of P. aeruginosa.
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5.2 Results
5.2.1 Overproduction of SltB1, Slt70, Ivyp1 and Ivyp2
The P. aeruginosa sltB1 and slt70 genes were previously engineered to produce
recombinant SltB1 and Slt70 possessing a C-terminal His6-tag ((188) and C. Vandenende
unpublished). Expression of these constructs in E. coli BL21(DE3) pLysS led to the
overproduction of the proteins which were subsequently purified by affinity chromatography
using Ni2+ - NTA-agarose or TALON cobalt resin, respectively. An additional purification step
was required for both SltB1 and Slt70 due to the presence of contaminants (as determined by
SDS-PAGE and Western blot analysis) (Fig. 5.1 and 5.2). SltB1 was further purified using anionexchange chromatography on a Source 15Q column resulting in a protein product that was
purified to apparent homogeneity with yields of 0.7 -0.9 mg·liter-1 cell culture. The purification
of Slt70 resulted in several obstacles. First, a subsequent cation-exchange chromatography
step resulted in the loss of protein. Despite attempts to concentrate and further purify Slt70
by ion-exchange chromatography, obtaining a concentration of protein that would be sufficient
for an assay was not met with any success. This resulted in using less than optimal purification
preparations for subsequent turbidimetric assays. To confirm that only the band corresponding
to Slt70 was active, a zymogram gel containing PG isolated from M. luteus was used. As
shown in Fig. 5.2 C, lytic activity was only visualized for the band corresponding to Slt70
in both the IMAC elution and concentrated samples as expected.
The P. aeruginosa ivyp1 and ivyp2 genes were previously engineered to produce
recombinant Ivyp1 and Ivyp2 possessing a C-terminal His6-tag (156). Expression of these
constructs in E. coli BL21 (DE3) led to the overproduction of the protein product that was purified
by affinity chromatography on Ni2+ - NTA-agarose. An additional purification step was
required for Ivyp1 due to the presence of contaminants (as determined by SDS-PAGE and
Western blot analysis) (Fig. 5.3). When preparing the

sample for anion-exchange

chromatography, the contaminants precipitated during dialysis thereby eliminating the need of
an additional chromatography step. In contrast, the purification of Ivyp2 did not require any
additional purification steps after IMAC (Fig. 5.3).

93

Figure 5.1. Purification of SltB1. SDS-PAGE with (A) Coomassie Brilliant Blue staining and (B)
Western immunoblot analysis (using anti-His6 primary antibody) of the respective enzymes purified by
IMAC on Ni2+-NTA agarose and anion-exchange chromatography on a Source 15Q column. The mass
(kDa) of molecular weight markers are indicated on the left. The apparent mass of the recombinant SltB1
is 35.7 kDa. IMAC, immobilized metal affinity chromatography; F.T, Flow Through.

Figure 5.2. Purification and zymogram analysis of Slt70. SDS-PAGE with (A) Coomassie Brilliant
Blue staining and (B) Western immunoblot analysis (using anti-His6 primary antibody) of the respective
enzymes purified by IMAC on TALON cobalt resin and concentrated using an amicon centrifugal filter
with a 30 kDA cut-off. C, zymogram analysis of Slt70 using 0.1 % M. luteus PG as substrate. Activity is
detected as clear zones in the zymogram gel stained with Methylene Blue. The mass (kDa) of molecular
weight markers are indicated on the left. The apparent mass of the recombinant Slt70 is 71.8 kDa.
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An initial turbidimetric assay with an Ivyp2 control resulted in the decrease in turbidity
of the M. luteus whole cells, resembling the activity of a PG lytic enzyme. This raised some
concerns that Ivyp2 may be co-purifying with a PG lytic enzyme. A high salt wash was
subsequently added to the purification to disrupt any protein-protein interactions. The sample was
then loaded onto a zymogram gel (Fig. 5.3, C) to detect for the presence of PG lytic activity.
Surprisingly, no lytic activity was detected on the zymogram or turbidimetric assay. The high
salt wash remained in the purification protocol as a precaution. The purifications of both
Ivyp1 and Ivyp2 routinely resulted in 1-2 mg of protein per liter cell culture after purification.

Figure 5.3. Purification of the Ivy proteins and zymogram analysis of Ivyp2. SDS-PAGE with (A)
Coomassie Brilliant Blue staining and (B) Western immunoblot analysis (using anti-His6 primary
antibody) of the respective proteins purified by IMAC on Ni2+-NTA resin. C, zymogram analysis of Ivyp2
using 0.1 % M. luteus PG as substrate. Activity is detected as clear zones in the zymogram gel stained
with Methylene Blue. The mass (kDa) of molecular weight markers are indicated on the left. The apparent
mass of the recombinant Ivyp1 and Ivyp2 are 13.7 and 10.7 kDa, respectively.
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5.2.2 Lytic Activity of Slt70 and SltB1
The PG lytic activity of purified Slt70 with M. luteus whole cells as the substrate was
confirmed using the turbidimetric assay of Hash (189). As observed previously with SltB1 (188),
purified Slt70 was unable to catalyze the complete solubilisation of PG from M. luteus whole
cells (Fig. 5.4). The activity profile obtained is indicative of an exo-acting lytic enzyme (105).

Figure 5.4. PG lytic activity of Slt70. Representative plot of M. luteus whole cells suspended in H2O
with reaction buffer (25 mM CCH buffer with 100 mM NaCl pH 6.2) incubated at ambient temperature
in the absence (●) and presence (■) of 2.5 uM Slt70. The decrease in OD595 nm was monitored over time.

Using a tripartite buffer system with pH ranging from 4.5 to 8.0, the activity of SltB1 and
Slt70 were found to be very sensitive to slight pH changes. The pH-activity profiles were
bell shaped with lytic activities occurring optimally at pH 6.0 and 5.5, respectively (Fig. 5.5).
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Figure 5.5. Dependence of SltB1 and Slt70 activity on pH. The turbidimetric activity of 3.0 µM SltB1
(A) in the presence of 0.15 mg·ml-1 BSA and 2.5 µM Slt70 (B) was determined using M. luteus cells
suspended in 25 mM CCH buffer with 100 mM NaCl, pH 4.5 to 8.0. The error bars denote S.D. (n ≥ 3).

5.2.3 Inhibition of Soluble LTs by Ivyp1 and Ivyp2
Previously, Ivyp1 and Ivyp2 were demonstrated to inhibit sMltB from P. aeruginosa
PAO1. To investigate if the true physiological function of these proteins is to control autolysins
in bacteria that do not O-acetylate their PG, two soluble LTs in the presence of varying
concentrations of the Ivys were tested. Purified Ivyp1 and Ivyp2 were capable of inhibiting the
lytic activity of both SltB1 and Slt70 in a dose dependent manner using conditions optimal for
their activity (Fig. 5.6 inset). The complete inhibition of SltB1 was achieved with a 1 molar
equivalent of either Ivyp1 or Ivyp2. Likewise, a 1 molar equivalent of Ivyp1 was required to
completely inhibit the lytic activity of Slt70 but a two-fold molar excess of Ivyp2 was required
to reduce its activity to 1.6 % (Fig. 5.6). These data reveal that both Ivyp1 and Ivyp2 are
equally potent inhibitors of soluble LTs. Thus, it appears that the inhibitors have a greater
specificity towards these soluble autolysins compared to exogenous lysozymes.
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Figure 5.6. Inhibition of SltB1 and Slt70 by Ivyp1 and Ivyp2. Representative curves of turbidimetric
activity determined using suspensions of M. luteus whole cells as substrate in 25 mM CCH buffer with
100 mM NaCl pH 6.0 or 5.5. A, SltB1 (3.0 µM) in the absence (●) and presence of 3.0 µM Ivyp1 (▲) and
4.8 µM Ivyp2 (◆). B, Slt70 (2.5 µM) in the absence (●) and presence of 2.5 µM Ivyp1 (▲) and 4.0 µM
Ivyp2 (◆). (■), negative control, no enzyme added. Insets, effect of concentration of Ivyp1 (●) and Ivyp2
(○) on SltB1 or Slt70 lytic activity. The fractional rate of inhibited enzyme (V) over initial rate (Vo) is
plotted versus the molar excess of the respective Ivy proteins to SltB1 or Slt70.

5.2.4 Involvement of Ivyp1 and Ivyp2 in Biofilm Formation
Gene expression of ivyp1 and ivyp2 in non-mucoid and mucoid strains of P. aeruginosa
The expression of 35 genes involved in PG synthesis and degradation had previously been
demonstrated to be activated or repressed when grown on PIA-AMV. Included within this
study were ivyp1, sltB1, sltB2, sltB3, mltA, mltB, and mltD (241). To further investigate
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which LTs and Ivys are involved in the non-mucoid to mucoid conversion in the chemicallyinduced mucoid P. aeruginosa PAO1 strain, this experiment was repeated. P. aeruginosa PAO1
was grown on PIA and PIA-AMV plates and the gene expression of nine LTs and the Ivys was
determined using RT-qPCR. Similar to what had been observed previously by Damron et al.
(2013) (241) ivyp1, sltB1 and mltD were up-regulated whereas, the expression of sltB2 and mltB
were down-regulated in the mucoid phenotype. In addition, ivyp2, slt70, mltF and mltF2 were
repressed (Fig. 5.7).

Figure 5.7. Expression analysis of P. aeruginosa PAO1 and CF27 genes using RT-qPCR. The
expression fold change of nine LTs and Ivys from (A) the chemically induced mucoid phenotype of P.
aeruginosa PAO1 and (B) the naturally occurring mucoid strain P. aeruginosa CF27 as examined by RTqPCR. The reference gene used was rpoD. The error bars denote S.E (n≥3). *, P<0.05; **, P<0.005.
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Given that PIA-AMV artificially induces alginate overproduction, the experiment was
repeated using a clinical isolate from a patient (< 24 months) with cystic fibrosis (CF) grown
on LB agar plates. This strain, P. aeruginosa CF27, naturally produces the mucoid phenotype
thereby removing any influences vanadate, triclosan or MgCl2 may have on gene expression.
Similar to the results obtained from the chemically-induced mucoid strain, ivyp1, sltB1 and
mltD were up-regulated whereas, ivyp2 was significantly down-regulated (Fig. 5.7). Thus, it
appears that SltB1 and MltD are the LTs primarily involved in the conversion from nonmucoid to mucoid phenotype and their activity may be controlled by Ivyp1 in vivo.
Effect of Δivyp1, Δivyp2 and Δivyp1Δivyp2 on biofilm formation
A standard 96-well biofilm assay was used to assess the ability of P. aeruginosa Δivyp1,
Δivyp2 and Δivyp1Δivyp2 strains to form biofilms. Prior to this experiment, these strains were
tested for their ability to grow in M63 minimal medium with supplements for 18 h at 37 ºC
(Fig. 5.8). The growth of wild-type PAO1 and the knockout strains all grew to an OD600 nm of ~
0.32 – 0.37, indicating that any differences in the quantity of biofilm biomass will not be
due to an impairment of cellular growth. The biofilm development assay was tested at
three different end-points, 6, 12 and 24 h. At 6 h, only Δivyp2 demonstrated wild-type
biofilm formation whereas, Δivyp1 and Δivyp1Δivyp2 strains resulted in a 30-43 % decrease in
biofilm formation (Fig. 5.9). Although the medians of each sample at 6 h were significantly
different (P < 0.024), the comparison between each group with wild-type was not (P> 0.05). At
12 and 24 h, Δivyp1Δivyp2, Δivyp1 and Δivyp2 demonstrated a 52 – 70 % decrease in biomass
in comparison to wild-type PAO1 (Fig. 5.9), suggesting that Ivyp1 and Ivyp2 may play a role
in biofilm maturation. However, at both of these end-points none of the sample sets were
statistically significant.
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Figure 5.8. Growth curves of each P. aeruginosa strain. The P. aeruginosa strains were cultured in
M63 minimal medium supplemented with 0.5 % casamino acids, 0.2 % glucose and 1 mM MgCl2. The
cellular growth of the strains was measured at OD600 nm for 18 h at 37 ºC. The blue, red, green and purple
lines identify wild-type PAO1, Δivyp1, Δivyp2, and Δivyp1Δivyp2 P. aeruginosa strains, respectively. The
error bars denote S.D (n=3).

Figure 5.9. Biofilm formation of P. aeruginosa PAO1 and Ivy mutants. Quantification of crystal violet
staining associated with biofilm formation at 6 h (black bars), 12 h (grey bars) and 24 h (light grey bars)
for the different ivy knockouts of P. aeruginosa PAO1. The % biomass results from the solubilisation of
crystal violet and were quantified by normalizing the A595 nm of the mutant strain by the wild-type (WT)
PAO1 control. The error bars denote S.D n≥4.
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5.3 Discussion
This study presents evidence of the physiological role of Ivyp1 and Ivyp2 from P. aeruginosa
PAO1. As with earlier observations made with MltB by Clarke et al. (2010) (156) these
proteins were found to be more potent inhibitors of the LTs tested compared to exogenous
lysozymes suggesting an intrinsic function in controlling the LTs at the enzyme level.
Moreover, MltD, SltB1 and Ivyp1 appear to be important in the conversion of the non-mucoid
to mucoid phenotype in P. aeruginosa strains PAO1 and CF27.
The first proteinaceous inhibitor of lysozyme was discovered accidentally in 2001 when
the lytic enzyme was used to aid in the disruption of E. coli cells (157). Despite being localized
to the periplasm of only a select group of Gram-negative bacteria and serving as a relatively
weak inhibitor of HL (which requires a 142 molar excess of Ivyp1 for complete inhibition),
Ivyp1 has been promoted since as a protectant from attack by the lysozymes of innate immune
systems (99,157,243,244). To our knowledge, no study has been conducted to determine if an
effective concentration of the inhibitor would exist within the periplasm to provide this
protection. Moreover, a homolog of Ivyp1 produced by some pseudomonads, Ivyp2, does not
inhibit lysozyme at all (100,156). Taken together, these observations suggest that the Ivy
proteins serve a housekeeping role and that their inhibition of exogenous lysozyme is simply
fortuitous. Clarke et al. (2010) (156) observed the direct correlation between the production of
the Ivy proteins and the Gram-negative bacteria that do not O-acetylate their PG. This
modification to PG provides a means of controlling the activity of the LTs at the substrate level
(153,156), and so an alternative means of control would be required by these cells to preclude
catastrophic autolytic activity. They demonstrated that both Ivyp1 and Ivyp2 inhibit MltB with
high specificity but it was not clear at that time if such inhibition extended to other LTs
produced by the bacterium. The results of this study suggest that the inhibition of LTs by the
Ivy proteins is a general phenomenon, and as such supports the notion that their true
physiological role is to control LT activity and the inhibition of exogenous lysozymes is mostlikely a secondary role.
The data obtained in the present study indicate that the Ivy proteins have a higher
specificity for soluble LTs compared to those that are membrane-bound. This suggests that
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their role in vivo may be to control those LTs that are free within the periplasm to prevent
unwanted autolysis. Prior to this study, the means of control of the LTs applied only to those
that are membrane-bound. The very association of the membrane-bound LTs with the
membrane limits their access to their PG substrate. Moreover, a number of studies have
demonstrated that these LTs comprise multi-enzyme complexes that are involved with PG
biosynthesis and cellular division (e.g. (108,150,245)) and thereby coordinates their potentially
lethal activity with PG synthesis and metabolism. Indeed, this situation applies to the recently
discovered MltG and RlpA LTs (107,108). In addition, at least one membrane-bound LT, MltF
was shown to be allosterically activated in the presence of a PG-derived effector, presumably
released by the amidases, AmpDh2 and/or AmpDh3 (152). Such allosterism does not appear
to apply to the soluble LTs so far characterized. Whereas it is possible that some soluble LTs
may also combine with membrane complexes to coordinate their lytic activity with PG
biosynthesis and modulation, those that remain truly soluble would be free to lyse PG in the
absence of the Ivy proteins. Thus, it seems to be entirely rational that the physiological function
of these small soluble proteinaceous inhibitors localized to the periplasm is to control LT
activity. Furthermore, this role may extend to the other proteinaceous inhibitor present in P.
aeruginosa, MliC. It is possible that this ‘membrane-bound lysozyme inhibitor of c-type
lysozyme’ may be specific for membrane-bound LTs due to its localization within the membrane
(98,102) and thereby provide an additional level of control to those LTs.
In Gram-negative bacteria, regulation of the β-lactamase ampC is linked to PG recycling.
In E. coli and P. aeruginosa, Slt70 is one of the main LTs responsible for generating the
1,6-anhydromuramyl fragments required for the induction of AmpC expression (107,166-168).
On the other hand, when the dacB gene is mutated the combined loss of SltB1 results in the
expression of AmpC (166). In either case, resistance to β-lactam antibiotics is increased as a
result. Currently, it is unknown what controls the activity of Slt70 to reduce the amount of the
signalling molecules produced once the β-lactam antibiotics are degraded or how SltB1 is
lost. It is tempting to speculate that the Ivy protein(s) are involved due to their increased
specificities for these soluble LTs. It may be possible that the regulation of the Ivy gene(s) is
similar to that of ampC thereby, inducing expression of the Ivy protein(s) at the same time to
control Slt70 from further producing the signalling molecule. Or the Ivy protein(s) could be
expressed once dacB is mutated to inactive SltB1. Of course, this is only a theory as the
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regulation of the Ivy and LT genes have yet to be studied.
The lysozymes and LTs are muralytic enzymes cleaving the β-1,4-glycosidic bond between
MurNAc and GlcNAc, albeit with different reaction mechanisms. Despite limited sequence
similarity, these

enzymes share a common α/β-hydrolase fold, otherwise known as a

‘lysozyme-like fold’ (reviewed in (105)). Due to their substrate specificity and structural
similarity, it is not surprising that the Ivy proteins are capable of inhibiting both types of
muralytic enzymes. Support for both functional roles is provided by the observation that Ivyc
resides under the Rcs regulon in E. coli (246,247). The Rcs two-component regulatory pathway
was originally described as a regulator of capsular synthesis (reviewed in (248)). It has also
been shown to be a cell envelope stress response which is activated by perturbations to the PG
layer, such as exposure to lysozyme (249) and the inhibition of PBPs by β-lactams (247). The
deleterious effect of β-lactams primarily stems from the uncontrolled activity of LTs when
PG synthesis is halted (167). Thus, in either case Ivyc would be necessary to inhibit lysozyme
or control the LTs to prevent their autolytic activity thereby, protecting the integrity of the cell
wall. Crystallization of the Ivy proteins in complex with the LTs should be attempted to
determine if a similar mode of inhibition to the lysozymes is observed, recognizing that LTs
only have a single catalytic (acid/base) residue.
Disruption to the cell wall plays an important role in biofilm formation. Increased biomass
has been associated with autolysin activity (130,250) as well as exposure to cell wall inhibitors
(251,252) in Gram-negative and Gram-positive bacteria. Thus, LTs were observed to play an
important role in biofilm development in S. Typhimurium, Neisseria meningitidis and P.
aeruginosa (130,166,241,253). For example, MltC and MltE from S. Typhimurium increases
csgD expression and ultimately, the overexpression of the biofilm extracellular matrix
components, cellulose and curli fimbriae. Interestingly, catalytically-inactive MltE induces the
Rcs pathway for colanic acid production resulting in the mucoid phenotype in S. Typhimurium,
demonstrating that a specific envelope stress signal was induced (253). How MltE becomes
catalytically inactive to signal this response is unknown, however it is tempting to postulate
that Ivyc which is under the expression of the Rcs regulon may be involved. P. aeruginosa does
not have any known homologues to MltE or MltC (reviewed in (105)). However, Lamers et
al. (2015) (166) demonstrated that the loss of a number of specific LTs, perhaps caused by OM
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stress, resulted in hyperbiofilm formation whereas, the loss of MltD dramatically decreased the
amount of biomass present in the biofilm. It would appear that MltD activity signals a different
pathway in P. aeruginosa which is similar to the role MltC and MltE from S. Typhimurium.
The identification of MltD being important in biofilm formation was discovered elsewhere
when mimicking a stress response to overproduce alginate. Damron et al. (2011) (241) had
chemically-induced the mucoid phenotype by growing P. aeruginosa PAO1 on PIA-AMV.
They observed the up-regulation of many genes involved in PG biosynthesis and turnover
including ivyp1, sltB1 and mltD. These findings correlate with the results obtained from the study
presented here in both the chemically-induced and naturally occurring mucoid P. aeruginosa
strains PAO1 and CF27, respectively. Thus, the observation that MltD was up-regulated in the
mucoid phenotype for both strains was not surprising.
Currently, it is not clear why only the pseudomonads produce both Ivyp1 and its paralog
Ivyp2. It has been proposed that this requirement reflects the larger complement of LTs
produced by these bacteria (156). The results obtained in this study aid in providing an
explanation of the role of Ivyp1 and Ivyp2 in vivo, beyond their involvement in controlling LTs.
As mentioned above, the involvement of ivyp1 in the conversion to a mucoid state in P.
aeruginosa PAO1 cells under the influence of a chemically-induced stress response had been
identified in the literature (241). However, the involvement or lack thereof of ivyp2 in this
conversion was not examined. In addition, this work had not been repeated using a naturally
occurring mucoid strain. In this study, ivyp1 was identified to be up-regulated in both P.
aeruginosa PAO1 and CF27 strains, whereas ivyp2 was down-regulated. These results suggest
that Ivyp1 and Ivyp2 have different physiological roles within the cell such that Ivyp1 may
be involved in controlling the LTs responsible for the switch to a mucoid biofilm. To
further investigate the role of Ivyp1 in biofilm development previously generated knockouts
of ivyp1 and ivyp2 in P. aeruginosa PAO1 were used for

the 96-well biofilm assay.

Unfortunately, the results obtained from this experiment were not statistically significant and
could not provide any further information on their involvement, if any, in biofilm
formation. It is feasible that ivyp1 may not be involved in the initial biofilm formation and
maturation which would be observed at the 6, 12, and 24 h time points but rather only involved
in the formation of mucoid biofilms. Thus, this work should be completed using knockouts
generated in the P. aeruginosa CF27 mucoid strain. In addition, recognizing that Ivyp1 and
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Ivyp2 are not the only known proteinaceous inhibitors produced by P. aeruginosa, it is possible
that changes associated with the single or double knockouts may be hard to detect, as is the case
for the LTs. As previously mentioned, P. aeruginosa PAO1 also produces another proteinaceous
inhibitor, MliC. Although lacking sequence similarities to the Ivys, MliC has a protruding loop
which occludes the active site cleft of lysozyme. MliC is tightly bound to HEWL through
both an H-bond between MliC Ser89 and HEWL Asp52 and ionic bonds between MliC Lys103
and HEWL Asp52 and Glu35 (102). To date MliC has not been demonstrated to inhibit LTs
in the literature however, it may have this physiological role as well. Interestingly, mliC was
also found to be up-regulated in the chemically-induced mucoid phenotype (241) and present
in OM vesicles released from biofilms in P. aeruginosa PAO1 (254). Additionally, it is under
control of the Rcs regulon in E. coli (249). Future work should include examining the effect of
a triple mutant of mliC, ivyp1 and ivyp2 as well as different combinations of knockouts to
determine if these putative LT inhibitors are redundant and capable of compensating for one
another.
The sacculus represents an important component of the bacterial cell and the integrity of the
cell wall is essential for bacterial viability. This is reflected by the myriad of methods used to
control the autolytic PG-degrading enzymes, from O-acetylating the glycan backbone to the
production of proteinaceous inhibitors. Disruption to this important component of the cell
envelope has been shown in both Gram- positive and Gram-negative bacteria to trigger a stress
response which can lead to resistance against cell wall inhibitors or the formation of a biofilm.
Thus, identifying the proteins involved in these pathways may present attractive new targets
for the discovery of novel antibiotics.
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Chapter 6. Conclusion and Future Directions
The research presented in this thesis is divided into two main projects: 1) the
characterization of PG lytic enzymes required for flagellum biosynthesis in α-, β- and γproteobacteria and 2) the control of the autolytic LTs by the Ivy proteins. Thus, this work not
only advances our knowledge of the steps required for flagellar assembly but it has also
provided insight into the regulation of autolysins in bacteria which are known to not O-acetylate
their PG. In addition, preparation of this doctoral thesis has led to new and exciting avenues for
future investigations which are discussed below.
Prior to this work, the autolytic enzymes involved in generating a pore to allow for the
insertion of

the flagellar rod had been misidentified. Relatively crude assays involving

zymography and (or) turbidimetry analyses, coupled with proteomic analyses, had been used
to identify the type of enzymatic activity that was associated with SltF and FlgJ. Unfortunately,
this is a general theme found within the literature for PG-degrading enzymes active on the
glycan backbone. The use of proteomics is particularly problematic given the high degree of
structural (primary, secondary and tertiary) similarity that exists between the various classes
of β-1,4 glycosidases active on PG. One of the major contributions from this thesis was the
development of a novel assay which when coupled with MS can differentiate between the
activities of hydrolytic enzymes and LTs. As described above in Chapter 3, this assay utilizes
a stable isotope of oxygen,

18

O, through the use of [18O]H2O to label a hydrolytic reaction

product at the C-1 hydroxyl of the MurNAc or GlcNAc linkages following muramidase or
β-N-acetyglucosaminidase activity, respectively; the lack of any isotope incorporation identifies
LT activity. With the development

of this assay, somewhat ironically I disproved my

hypothesis that FlgJ functions as an LT. Instead however, I was able to identify FlgJ as
the first β-N-acetyglucosaminidase, known in Gram-negative

bacteria. This led to

characterization of SltF from R. sphaeroides which substitutes for the lytic activity associated
with FlgJ in other bacteria. Although having been identified as an LT solely on proteomic
analyses (142), it was expected that, like FlgJ, SltF would also function as a β-Nacetyglucosaminidase. Consequently, it was surprising to be proven wrong again as SltF was
found to catalyze the LT reaction as described in Chapter 4. Nonetheless, my characterization
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of SltF as an endo-LT demonstrated it to be a prototype for the new subfamily 1F of family 1
LTs. Finally, in studies beyond the scope of this thesis, I have applied this assay to classify
the resuscitation promoting factors produced by Streptomyces coelicolor as endo-acting LTs
(unpublished data).
In determining the structure and function relationship of FlgJ, I identified Glu184 and
Glu223 as being essential for its catalytic activity using site-directed mutagenesis. Since this
work was published, a well-ordered structure of the β-N-acetylglucosaminidase domain of
FlgJ from S. Typhimurium (PDB 5DN4) was solved. Glu184 is positioned on an α-helix
while Glu223 is located on a flexible β-hairpin with a separation between the two of 21.6 Å.
This differs significantly from the distance of 11.4 Å as predicted in Chapter 3. Nonetheless,
the distance between the two catalytic residues still represents an outer limit required for an
inverting mechanism (255). The requirement of both Glu residues for catalysis was confirmed
but unfortunately the structure elucidation did not provide any further insight into the
mechanism of action of the enzyme. Thus, we can only speculate as to how the two Glu
residues participate. Similar to other GH 73 β-N-acetylglucosaminidases, Zaloba et al. (2016)
(255) postulate that the flexible β-hairpin is a mobile element which opens the active site to
capture the substrate and closes it to orient the active-site for catalysis thereby allowing for an
inverting mechanism. In contrast, FlgJ has also been proposed to catalyze a SAC mechanism
of action (80). Consequently, further experimentation will be needed to determine which
catalytic mechanism is employed by FlgJ. These experiments would include determining the
initial stereochemistry of the reaction products by NMR to delineate between an inverting or
retaining mechanism, and investigating the ability of NAG-thiazoline to inhibit FlgJ which
would signify whether or not anchimeric assistance involving the N-acetyl group of the
substrate is required.
Over the past 10 years significant progress has been made regarding our understanding
of the assembly of the flagellum through the bacterial cell envelope. It is now understood that
the modulation of localized areas of PG includes providing both sites for flagella insertion and
their subsequent anchoring for proper motor function. The research presented in this thesis
contributed to the understanding of the autolytic events leading up the insertion of the rod
through the cell wall as well as those which occur afterwards to control the autolysins. It was
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known earlier that in β- and γ-proteobacteria the N-terminal domain of FlgJ was responsible
for aiding in the control of its autolytic C-terminal activity by associating with the growing rod
after puncturing a hole through the sacculus. The research presented in Chapter 3 contributed
to this understanding of flagella assembly through the biochemical characterization of the lytic
activity of the C-terminal domain of FlgJ. In contrast to β- and γ-proteobacteria, the rod-capping
FlgJ of the α-proteobacteria lacks the β-N-acetylglucosaminidase domain and to compensate
the developing rod recruits the exogenous SltF for the necessary autolysis. Prior to the work
presented in this thesis, the modulation of the lytic activity of SltF was unknown. As outlined
in Chapter 4, it was determined that in the model system, R. sphaeroides, SltF is brought into
proximity of two other rod proteins, FlgB and FlgF, which bind to and modulate the activity of
SltF, respectively. These interactions ensure SltF’s activity is not left uncontrolled within the
periplasm as it would remain fixed to the developing rod of the flagellum. Several questions
remain regarding the lytic events required for flagellum assembly, such as what directs the
recognition of a specific area for insertion, and does the scaffolding of the flagellum through
the envelope involve the covalent attachment of one or more of its rod proteins to PG?
Keeping with the theme of enzyme inhibition, the goal of studies presented in Chapter
5 was to determine if the inhibition of the LTs by Ivyp1 and Ivyp2 was a general phenomenon
or simply limited to MltB and if so, do they have specificity for soluble or membrane-bound LTs?
The perceived physiological role of the Ivy proteins has been controversial with some
researchers believing their primary function is to inhibit the exogenous lysozyme of the
innate immune systems. Although work is continuing to characterize the inhibition of other
LTs by the Ivy proteins, it would appear that their physiological function is to inhibit the
LTs with specificity towards the soluble enzymes. While recognizing that this work is
incomplete, the findings presented in this thesis raise the question of if the other proteinaceous
inhibitor found associated with the membrane surface(s) within the periplasm of P. aeruginosa,
MliC, is more specific for membrane-bound LTs. This is currently under investigation by another
membrane of the Clarke laboratory and preliminary data suggest that indeed there is specificity
for membrane-bound LTs (J. Ciufo, unpublished work). Although only FlgJ and TM0663 have
been identified as β-N-acetylglucosaminidases in Gram-negative bacteria, it is likely that
others are produced and not yet classified. Thus, it would be interesting to investigate if the Ivy
proteins can inhibit all types of PG glycosidases. In addition to the turbidimetric
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assay used in this study, pull-down assays with the periplasmic fractions of P. aeruginosa
PAO1 and ivy knockout strains should be completed to identify protein-protein interactions
which may occur in vivo.
As previously mentioned, only pseudomonads produce Ivyp2 and the reason for this is
unknown. Preliminary data presented in Chapter 5 suggest that Ivyp1 along with MltD and SltB1
are involved in the overproduction of alginate. In addition, it appears that the loss of Ivyp1
and/or Ivyp2 leads to a decrease in biomass during biofilm maturation. Clearly, more work
needs to be done to provide an understanding of any distinct roles the two LT inhibitors may
have. To this end, it may be informative to work with multiple deletion mutants to further
observe any phenotypic changes which may occur.
Several limitations were met throughout this thesis due to the difficultly in purifying and
assaying the LTs. These enzymes are notoriously hard to work with due to their low yield and
stability, as well as weak activity in vitro. It is presumed that removing an LT from its multiprotein complex within the periplasm contributes to these difficulties when studying these
enzymes. For example, PBP7 stabilizes and stimulates the enzymatic activity of Slt70 by
protein-protein interactions in vitro (150). Adding to these complications, SltF, Slt70 and
SltB1 used throughout this thesis research remained active only immediately following their
purification; they could not be stored for any length of time in an active state. Following the
work presented here, it would be interesting to re-examine the inhibition of LT activity when
in complex with their known enhancers, such as FlgB or cognate PBPs to better represent
their activity in vivo.
In conclusion, this doctoral thesis has provided important insights into the flagellum
assembly of α-, β- and γ- proteobacteria as well as the specificities of the Ivy proteins from P.
aeruginosa for soluble LTs. In addition, a novel assay was established to allow for the
determination of the catalytic activity of glycosidases; a tool which will help reduce the
confusion on the activity of PG lytic enzymes in the literature. Continued insight into the
modulation of the PG sacculus may provide new opportunities to

further exploit PG

metabolism for the development of new antibacterials, an issue of increasing importance in this
era of multidrug resistance.
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Appendix A. 1. Identification of consensus motifs in alignment of hypothetical FlgJ
proteins discovered in the sequenced genomes of Enterobacteracea. (Blochmannia,
Buchnera, Klebsiella, Raoultella, and Wigglesworthia are non-motile and hence do not encode
FlgJ). Residues in bold, and highlighted in yellow denote at least 50% and 80% identity,
respectively; red font denotes invariant residues. Abbreviations of bacteria in order listed
(accession numbers): S. enterica, Salmonella enterica enterica (CAD08306); C. koseri,
Citrobacter koseri (ABV13104); S. dysenteriae, Shigella dysenteriae (ABB62164); E. coli,
Escherichia coli (YP_002998916); E. fergusonii, Escherichia fergusonii (YP_002382982);
Enterobacter sp., Enterobacter species (ABP60274); E. asburiae, Enterobacter asburiae
(AEN64355); E. cloacae, Enterobacter cloacae (ABH78741); E. bacterium, Enterobacter
bacterium (AGB78624); E. sakazakii, Enterobacter sakazakii (ABU77515); E. aerogenes,
Enterobacter aerogenes (CCG30781); Y. regensburgei, Yokenella regensburgei
(EHM47265); C. sakazakii, Cronobacter sakazakii (AGE86731); C. turicensis, Cronobacter
turicensis (CBA29927); Erwinia sp., Erwinia species (YP_005819132); E. pyrifoliae , Erwinia
pyrifoliae (YP_005803076); E. tasmaniensis, Erwinia tasmaniensis (YP_001907962); E.
billingiae, Erwinia billingiae (YP_003741026); E. amylovora, Erwinia amylovora
(CBX81541); Pantoea sp., Pantoea species (YP_004115344); P. ananatis, Pantoea ananatis
(YP_003519767); P. stewartii, Pantoea stewartii (EHU01122); P. vagans, Pantoea vagans
(YP_003930529); P. agglomerans, Pantoea agglomerans (WP_003849878); D. dadantii,
Dickeya dadantii (ADM99063); D. zeae, Dickeya zeae (ACT06415); Pectobacterium sp.,
Pectobacterium species (YP_006282750); P. wasabiae, Pectobacterium wasabiae
(YP_003259264); P. atrosepticum, Pectobacterium atrosepticum (CAG746161); P.
carotovorum, Pectobacterium carotovorum (YP_003018157); Brenneria sp., Brenneria species
(EHD22032); E. ictaluri, Edwardsiella ictaluri (ACR68544); E. tarda, Edwardsiella tarda
(AGH73298); H. alevei, Hafnia alevei (EHM43471); Serratia sp., Serratia species
(AEG28827); S. plymuthica, Serratia plymuthica (EKF63729); S. proteamaculans, Serratia
proteamaculans (YP_001479191); S. marcescens, Serratia marcescens (AGE18760); S.
odorifera, Serratia odorifera (EFE95153); Y. pestis, Yersinia pestis (CAL20447); Y.
pseudotuberculosis, Yersinia pseudotuberculosis (CAH20919); Rahnella sp., Rahnella species
(YP_004212596); R. aquaticus, Rahnella aquaticus (YP_005401620); X. nematophila,
Xenorhabdus nematophila (YP_003711966); X. bovienii, Xenorhabdus bovienii (CBJ81086);
P. luminescens, Photorhabdus luminescens (AAQ97870); P. asymbiotica, Photorhabdus
asymbiotica (YP_003041478); P. mirabilis, Proteus mirabilis (YP_002151377); A. nasoniae,
Arsenophonus nasoniae (CBA72454); P. stuartii, Providencia stuartii (EDU58842); P.
burhodogranariea, Providencia burhodogranariea (EKT62236); P. alcalifaciens, Providenica
alcalifaciens (EKT66423); P. rustigianii, Providencia rustigianii (EFB73264); P. rettgeri,
Providencia rettgeri (EKT58008); P. sneebia, Providenica sneebia (EKT58564); M. morganii,
Morganella morganii (EJO25548); S. glossinidius, Sodalis glossinidius (BAE73313); CA
phosphatis, Candidatus Accumulibacter phosphatis (YP_003168995); A. agri, Alishewanella
agri (EIW90250); A. jeotgali, Alishewanella jeotgali (WP_008949721); A. aesturtii,
Alishewanella aesturtii (WP_008609939); P. shigelloides, Plesiomonas shigelloides
(EON89983).
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Appendix A. 2. Identification of consensus motifs in the alignment of known and hypothetical
SltF homologs. The known and hypothetical amino acid sequences of the LT domains of SltF and
its homologs identified in the genome database for the α-Protoeobacteria were aligned. Residues
in bold, and highlighted in yellow denote over 50% and 80% identity, respectively; red font
denotes invariant residues, and the asterisks identify the putative catalytic Glu residues. The
consensus motifs are presented below and above the two subsets of aligned sequences,
respectively. Abbreviations for bacteria and sequence accession numbers in parentheses) are:
Rhodbacter sphaeroides (NC_007493), Roseovarius mucosus (NZ_KN293980), Planktomarina
temperata (WP_052377022), Gluconobacter oxydans (NC_006677), Acetobacter okinawensis
(NZ_BAJU01000118), Roseibacterium elongatum (NZ_CP004372), Terasakiella pusilla
(NZ_JHYO01000012), Roseomonas aerilata (NZ_JONP01000009), Roseomonas cervicalis
(NZ_GG771252), Roseobacter litoralis (NC_015730), Roseobacter denitrificans (NC_008209),
Kozakia baliensis (NZ_JNAB01000023), Rhodospirillum rubrum (NC_007643), Asaia prunellae
(NZ_BAJV01000004), Asaia astilbis (NZ_BAJT01000016), Parvibaculum lavamentivorans
(NC_009719), Rickettsia prowazekii (NC_000963) Rickettsia canadensis (NC_009879),
Phaeospirillum molischianum (NZ_CAHP01000001), Novispirillum itersonii (NZ_KB907344),
Phaeobacter inhibens (NC_ 018290), Ruegeria halocynthiae (NZ_JQEZ01000003), Ruegeria
conchae (NZ_AEYW01000017), Silicibacter lacuscaerulensis (NZ_GG704596),Paracoccus
aminophilus (NC_022041),Haematobacter massiliensis (NZ_JGYG01000003), Thioclava
pacifica (NZ_AUND01000012), Actibacterium mucosum (NZ_JFKE01000001), Leisingera
nanhaiensis (NZ_KI421509), Ruegeria pomeroyi (NC_003911), Thioclava dalianensis
(NZ_JHEH01000011), Paracoccus halophilus (NZ_JRKN01000018), Oceaniovalibus
guishaninsula (NZ_AMGO01000047), Rhodobacter capsulatus (NC_014034).
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