


recombination. While we were not confident that the mutant with this mutation would
necessarily be viable**, we have hypothesized that knock-out of a 5660586 will result in complete
absence of FemX®® protein in the cell, leading to inability to add the Glycine amino acid onto the
PG precursors as the future cross-linking bridge; this process could trigger previously unknown
mechanism for direct crosslinking in B. burgdorferi cell wall.

The cells post-transformation have established a viable culture in BSK-H media. The
growth of mutant culture is notably slower than wild-type B. burgdorferi. Additionally, the
mutant culture shows several significant phenotypic alterations compared to the wild type. First,
the cell morphology differs from normal shape of B. burgdorferi: mutant cells are shorter,
slightly wider along the length of the cell and have different curvature patterns (Fig. 22).
Secondly, when grown in BSK (either BSK-H or BSK-II), the mutant cells do not acidify the
liquid media, which is visible from the absence of the color change of phenol red from red to
yellow. This highly unusual phenotype indicates major alterations in the metabolism and requires
further investigation. Interestingly, the depletion of Glycine content in the S. aureus PG by
knocking out FemA®® and FemB®? has also resulted in major metabolic changes in the system®’.

We have three different hypotheses to explain the viability of the mutant if it is truly the
designed femX-knockout strain. The most logical possibility 1s the compensation with formation
of direct cross-links through 3-3 or 3-4 linkage, which would indicate either a wide range of
functions of appropriate transpeptidases, or expression of a specialized enzyme. Another
explanation is that the glycyl transferase function of FemX is being performed by another
protein. However, this is unlikely, given that the reduced genome of B. burgdorferi for the most
part contains essential genes®®. One other option is that with the absence of Glycine, terminal D-

Alanine takes on the function of a cross-linking interpeptide bridge.
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The fact that absence of active FemX results in a viable, but non-motile phenotype,
makes it a strong candidate for development of novel targeted therapies against B. burgdorferi.
The absence of cell wall lysis in the phenotype suggests that the PG material will not be exposed
and will not trigger immune recognition, which will worsen the arthritis symptoms. At the same
time, mutant bacteria lack their main method of human evasion — extreme motility and will likely
be subject to phagocytosis. All these factors call for more research into FemX?®® as a potential
antibiotic target, as well as in-depth investigation of the protein structure for opportunities for

development of small molecule inhibitors that would target the protein.

5A3/gfp-femX fusion protein expression in B. burgdorferi

Our previously described results regarding the PG synthesis machinery suggest that the
reactions at the zones of active biosynthesis proceed in a coupled fashion, with synthesis proteins
being recruited to the site early in the cell cycle. FemX?®® is one of the enzymes associated with
late cytoplasmic steps in PG biosynthesis cascade. While its role in the B. burgdorferi has not
been characterized, we hypothesize, based on homology with other proteins from the family and
our experimental investigations of its influence on PG synthesis, that it functions as glycyl
transferase, adding the Glycine residue as the bridge amino acid on the PG precursor peptide.
UDP-MurNAc-L-Alanine-D-Glutamic acid-L-Ornithine(-Glycine) is considered one of its
possible products.

To study the localization of FemXPB®, we have designed a fusion protein gfp-fem.X -
fluorescently-labeled version of native fem.X gene, with the tag attached to the N-terminal to
avoid disrupting C-terminal helix. The fusion protein is constitutively expressed in B31-5A3

wild type along with normal expression of femX from the chromosome.
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The imaging has revealed two different patterns of distribution of the protein. Most of the
bacteria have strong fluorescent signal throughout the cytoplasm; at the same time, a small
proportion of cells have the signal distributed in discrete zones, while the phase imaging shows
intact cells (Fig. 23). Additionally, we have noticed that while cells grow at normal rate, they are
more fragile and can’t be effectively fixed with regular concentrations of paraformaldehyde.

Based on our observations, we can’t conclude that the distribution of signal that we’re
seeing in case of gfp-femX represents the true distribution of FemX protein in the cell. It’s more
likely that the fusion protein is either inactive, and just stays in the cytoplasm, or is being
aggravated and forms inclusion bodies, which 1s what we see as patterns of fluorescent signal in
some cells. It is also a possibility that the protein has some of its intrinsic activity, but the
additional crosslinking throws off the fragile balance in PG composition, resulting in a more

fragile cell wall.

Discussion and future directions

The details of the pathway of peptidoglycan biosynthesis remains a largely understudied
area in B. burgdorferi physiology. Here, we used novel fluorescently labeled PG precursor
peptide probes to investigate the biosynthesis pathway and identify targets of enzymes in late PG
synthesis, as well as probe the ability of B. burgdorferi to incorporate peptides with unusual
conformations of D-Glutamic acid. Our studies have confirmed that Lyme disease spirochete is
capable of incorporating both variants of D-Glutamic acid - linked through a- or y-carbon - into
its cell wall, which could indicate that this process occurs normally in wild-type cells.

The studies of patterns of incorporation of fluorescently labeled peptides mimicking PG

fragments have yielded unexpected and exciting results. The only peptide that 1s being
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incorporated into the peptidoglycan at the zones of active PG biosynthesis contains Glycine
bridge, but not D-Alanine-D-Alanine terminal sequence or single D-Alanine. This finding
indicates a highly unusual pathway of PG biosynthesis in B. burgdorferi. Its apparent differences
from the biosynthesis processes in other bacteria may open many possibilities for the
development of more targeted medicines that would allow to clear out the Borrelia infection,
while not causing adverse effects for the patient microbiome.

The future directions for our research would include advancement in all the projects we
discussed in this section. We will continue to study the PG synthesis pathways, focusing on the
different proteins involved in the process, including various PBPs and Mur enzymes; we will
determine the localization of these proteins in the cell to understand how the PG synthesis
machinery localizes to the future division zones and how early in the process are proteins
recruited to the site. One of the proteins of this project is FemX®®: we will create a functional
fusion protein and confirm the localization of FemX®® in bacteria. We also propose synthesizing
labeled PG precursors and investigating their fate in the cell.

Another aspect of our research in the future is linked to the SA3/femX knockout strain.
We will confirm the identity of the mutant and analyze its properties, such as motility and cell
wall composition, which would give us valuable information about the function of crosslinks in
PG stability and motility. We also plan on investigating the virulence properties of the mutant. If
our current strain proves to not contain the femX knockout, we have two alternative plans: we
will attempt to silence the gene using newly developed CRISPR system for B. burgdorferi, or, if
the bacteria will prove to be completely non-viable without the FemX protein, we will create a

partial mutant and characterize it.
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Figure 18: Patterns of PG precursor probes incorporation. Figure shows the
microscopy images of B. burgdorferi after 24-hour incubation with fluorescent

probes, ranging #1a to #4. The structures of probes are specified in Fig. 1.
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Figure 19: Co-localization of probe #1b and HADA. B. burgdorferi cells were incubated with both probes at
previously determined concentrations for 24 hours, then fixed and imaged. (A) Phase-contrast, fluorescent and
merged micrographs of the co-labeled cell, (B) Correlation analysis between the pattern of fluorescent signal of
HADA and Probe #1b; r = 0.9856, (C) Demograph analysis of HADA signal in the population (n = 490), organized
by cell length from shortest at the top to longest at the bottom, (D) Demograph analysis of Probe #1b signal in the

population (n = 490), organized by cell length from shortest at the top to longest at the bottom
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Epifluorescence Phase

Figure 20: Fluorescent profile of isolated PG sacculi from B. burgdorferi incubated with
probe #1b. The #1b probe has been added to an early-log stage B31-5A3 culture of B.
burgdorferi at a final concentration of 150 uM and incubated for 24 hours. The bacteria were then
boiled with the same volume of 10% SDS and washed to leave intact PG sacculi. The signal
confirms that the peptide probe in being incorporated in the peptidoglycan instead of remaining in

the cytoplasm.

73



B C Epifluorescence

o

£ B oo
o o 2
S a8 s 3

e

g
=]
=

g

Number of Cells
g 88 g g

Number of Cells

8 8
08(.‘1
g 8 &

=20 -15 =10 -5 U 5 0 . 15 20
Distance From Midcell (zm)

-20 =15 -| -5 o 5 10 15 20
Distance From Midcell (zm)

Figure 21: Localization of probes #1a and #1b in B. burgdorferi. In both cases, cell cultures were incubated with
appropriate amount of probe and DMSO for 24 hours, then fixed and imaged. (A) Micrographs of probe #1a —
fluorescent, phase contrast and merged, (B) Demograph analysis of the population (n = 387) organized by cell length
from shortest at the top to the longest at the bottom, (C) Same as in (A), but for probe #1b, (D) Same as in (C), but for
probe #1b (n = 512). Demograph analysis shows the discrete zones of strong fluorescent signal at the midcell, as well

as at the % and % of the cell lengths for longer cells for both of the probe variants.
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Figure 22: Morphology of putative SA3/femX mutant B. burgdorferi. (A) Phase image of

mutant Borrelia, grown in BSK-H media, (B) Phase image of WT B31-5A3 cells, grown in
BSK-II media. The difference between the phenotypes is evident from the microscopic images.
The mutant cells look healthy, but appear to be shorter than WT B. burgdorferi, and have

different patterns of curvature.

75



Epifluorescence

Figure 23: Patterns of fluorescent signal in SA3/gfp-femX, showing fluorescent, phase contrast and merged image.
The gfp-femX construct was added to the WT B. burgdorferi on a plasmid and was expressed under a strong promoter
together with the native fem.X gene. Cell on the left represents the majority of cell population, showing relatively
consistent signal throughout the cell cylinder, while the cell on the right represents the minority of population in the

culture, with highly fragmented signal at seemingly random locations throughout the cylinder.
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Chapter V
Summary

In this thesis, we characterize gene bb0586 of B. burgdorferi and its protein product. We
have identified this gene as belonging to the family of FemABX glycyl transferases by sequence
homology and hypothesized its structure and function to be homologous to the structure and
function of other FemX proteins. Here, we have predicted the structure of FemX?®®, identified
and characterized the substrate-binding site, and proposed a novel mechanism for substrate
recognition and recruitment, involving previously uncharacterized C-terminal helix, which exists
in majority of FemABX enzymes and cannot be visualized with x-ray crystallography methods
because of the high flexibility of the motif. We have also determined the ability of recombinant
FemX®® to add Glycine bridges to mDAP in E. coli, which does not contain any indirect cross-
links in its wild-type peptidoglycan. Such phenomenon not only confirms the enzymatic activity
of FemX®®, but also calls for more research into E. coli PG biosynthesis mechanisms.
Additionally, we have attempted complete knock-out of native femA gene in B. burgdorferi. This
will allow us to investigate the compensatory mechanisms in case of cross-bridge absence in the
spirochete. Finally, we have investigated the steps of PG biosynthesis in Lyme disease
spirochete, using novel fluorescently-labeled peptide probes, which has revealed the existence of
highly unusual mechanisms in this species.

The research presented in this thesis has expanded the current knowledge of structure and
synthesis of peptidoglycan cell wall in B. burgdorferi and provided a solid base for further
research in this area. Deeper understanding of these aspects of borrelial physiology will allow for
better understanding of the pathogenesis of Lyme disease, and provide opportunities for

development of novel highly specific targeted therapies or diagnostic methods.
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