Stony Brook University

The official electronic file of this thesis or dissertation is maintained by the University
Libraries on behalf of The Graduate School at Stony Brook University.

© All Rights Reserved by Author.



Identification of L1334, a unique glycopeptidolipid isolated from a
M. smegmatis MSMEG1604 mutant and functional characterization
of Rv3409c from M. tuberculosis

A Dissertation Presented
By

Jin Gao
To

The Graduate School
in Partial Fulfillment of the
Requirements

for the Degree of

Doctor of Philosophy
in

Chemistry

Stony Brook University
August 2010



Stony Brook University
The Graduate School

Jin Gao

We, the dissertation committee for the above candidate for the
Doctor of Philosophy degree, hereby recommend

acceptance of this dissertation.

Nicole S. Sampson, Ph. D., Dissertation Advisor

Professor, Department of Chemistry

Daniel P. Raleigh, Ph. D., Chairperson of Defense

Professor, Department of Chemistry

Kathlyn A. Parker, Ph. D., Third Member

Professor, Department of Chemistry

Robert S. Haltiwanger, Ph. D., Outside Member

Professor, Department of Biochemistry and Cell Biology

This dissertation is accepted by the Graduate School

Lawrence Martin
Dean of the Graduate School


http://www.chem.stonybrook.edu/kparker.html

Abstract of the Dissertation
Identification of L1334, a unique glycopeptidolipid isolated from a
M. smegmatis MSMEG1604 mutant and functional characterization

of Rv3409c from M. tuberculosis

By
Jin Gao
Doctor of Philosophy
in
Chemistry
Stony Brook University
2010

M. tuberculosis has a cholesterol oxidizing activity that initiates sterol metabolism,
which may be related to its virulence. Rv3409c of M. tuberculosis H37Rv was annotated
as a putative cholesterol oxidase, an enzyme that catalyzes cholesterol modification,
based on low similarities with established cholesterol oxidase genes. The Rv3409c gene
was heterologously expressed in Mycobacterium smegmatis mc? 155 and purified. Using
established cholesterol oxidase assays, no cholesterol oxidizing activity was detected.
The M. smegmatis ortholog MSMEG1604 shares 83% amino acid identity with Rv3409c
from M. tuberculosis H37Rv. The M. smegmatis MSMEG1604 transposon mutant
(Myc11) oxidized and degraded cholesterol. Therefore, we concluded that
Rv3409¢/MSMEG1604 does not encode a cholesterol oxidase. The colony morphology of
Mycll is different from wild type as observed by light microscopy. Lipidomic analysis
revealed that a single lipid, L1334, was present only in the Mycll cell envelope.

Accumulation of L1334 in the cell wall of Myc11 resulted in a rough cell morphology



phenotype as compared to the smooth wild-type M. smegmatis phenotype. Sliding
motility was also retarded by disruption of MSMEG1604. Complementation of the
Mycll mutant with MSMEG1604 resulted in loss of L1334 from the cell envelope.
L1334 was purified from Mycll grown to the stationary phase for identification. Exact
mass measurements and thin layer chromatography experiments revealed that L1334 was
similar, but not identical to known glycopeptidolipids (GPLs), which are the major
surface-exposed lipids of M. smegmatis. High resolution and multidimensional mass
spectrometry and 1D and 2D NMR spectroscopy indicated that L1334 is an unusual GPL
that includes the glycopeptidolipid tetrapeptide core structure, two rhamnose residues,
one 6-deoxytalose residue and one 3-methoxy C,4 fatty acyl chain. The 6-deoxytalose
moiety in L1334 was not acetylated as is typically seen in GPLs. The GPL biosynthetic
genes have all been identified. Therefore, we propose that MSMEG1604/Rv3409c is
indirectly involved in lipid production. Mutation of MSMEG1604 may alter metabolite,

e.g. sugar concentrations, or disrupt the production of a regulatory molecule.
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I. Mycobacterium tuberculosis overview

M. tuberculosis is one of the most successful pathogens causing human infectious
disease. The data from World Health Organization (WHO) indicate that tuberculosis
causes about two million deaths every year, and five thousand people die from the
disease daily. It is estimated that one third of the world’s population is currently infected
with M. tuberculosis and the number is mounting with 8.8 million new cases each year
(1-2). Tuberculosis is most prevalent in Africa and Asian countries. About 15% of human
immunodeficiency virus (HIV)-infected individuals are co-infected with tuberculosis and
about one third of HIV-TB co-infected patients die every year (3). Only about 10% of
healthy individuals infected with M. tuberculosis develop active tuberculosis. In the
remaining 90%, the bacterium is in a latent stage. The latent M. tuberculosis could be
reactivated when host immune system gets compromised due to HIV or malnutrition or
aging (4-5).

Mycobacterium tuberculosis (M. tuberculosis) bacilli were first isolated and
identified by Dr. Robert Koch in 1882. It is the causative agent of tuberculosis in humans.
The mechanism by which M. tuberculosis invades the host immune system and survives
in the early phagosome remains to be identified. There are several mechanism models
suggesting that M. tuberculosis could block phagosome-lysome (P-L) fusion (6-8),
prevent the phagosome maturation (9-13) or disrupt the IFN-y-mediated signaling
pathway (14-15).

The traditional tuberculosis treatment is less effective on tuberculosis caused by
drug-resistant tuberculosis (DR-TB) and multidrug-resistant tuberculosis (MDR-TB)

(16). Current tuberculosis disease treatment requires isoniazid, rifampicin, pyrazinamide



and ethambutol or streptomycin using a two-stage dosage. Complete treatment takes a
long time and is expensive; therefore many tuberculosis-positive patients discontinue the
regimen at later stages of the treatment or take lower drug dosages to save the medical
expenses. This incomplete/wrong treatment could trigger the production of drug resistant
strains of M. tuberculosis, which are more difficult to treat than normal tuberculosis. The
challenges to study the M. tuberculosis virulence mechanism and develop more effective

anti-tuberculosis (anti-TB) drugs are very important for human health in the future.

1.1 M. tuberculosis cell wall

M. tuberculosis has a very unique waxy lipid-rich cell envelope (Figure 1-1). Besides
plasma membrane, M. tuberculosis has a cell wall layer composed of covalently linked
peptidoglycan, arabinogalactan and mycolic acids with various non-covalently linked
lipids, carbohydrates and proteins, covered by other polysaccharides, proteins and lipids
as a capsule structure (17). In 1998, the entire genome of M. tuberculosis H37Rv was
deciphered and about 4,000 genes from its genome were annotated (18). Genes involved
in cell wall biosynthesis and cell processes and lipid metabolism account for about
24.8% of the genome (Table 1-1) (19). A large number of enzymes utilized in cell wall
biosynthesis and lipid metabolism are essential for its pathogenicity. Targeting cell wall
biosynthesis has emerged as an area for designing anti-TB therapeutics. The cell wall
lipid biosynthetic pathway provides a great number of potential anti-TB drug targets
because genes that are involved in this pathway do not have human gene counterparts.
The effective anti-TB drug, isoniazid, targets inhA, an enzyme involved in the mycolic

acid biosynthetic pathway. The inhibition of inhA could cause accumulation of



unsaturated fatty acids, which are toxic to M. tuberculosis (20). The M. tuberculosis cell
wall provides a strong barrier against harsh environments, toxic compounds and
lysosomal enzymes and also is importantly involved during the bacterial pathogenicity.

The studies about mycobacterial cell wall stimulate many scientists’ interests.
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Figure 1-1. A) The Mycobacterium tuberculosis cell envelope, modified from reference

(21) and B) the Mycobacterium smegmatis cell envelope (22).



Table 1-1. General classification of M. tuberculosis genes; cited from reference (19).

Function No. of % of % of Total
genes total coding
capacity
Lipid metabolism 225 5.7 9.3
Lipid metabolism 207 5.2 6.1
Cell wall and cell processes 517 13.0 15.5
Stable RNAs 50 1.3 0.2
IS elements and 137 3.4 2.5
bacteriophages
PE and PPE proteins 167 4.2 7.1
Intermediary metabolism 877 22.0 24.6
and respiration
Regulatory proteins 188 4.7 4.0
Virulence, detoxification 91 2.3 2.4
and adaptation
Conserved hypothetical 911 22.9 18.4
function
Proteins of unknown 607 15.3 9.9
function

1.2 M. tuberculosis and cholesterol metabolism

Mycobacteria do not synthesize cholesterol (23) and do not contain cholesterol in
their plasma membrane. But many studies indicate cholesterol could be utilized by M.
tuberculosis for virulence or nutrition purposes. Cholesterol was found to accumulate at
the site where M. bovis is taken up by macrophages (24). Cholesterol rich foamy
macrophages also accumulate in lung granulomas in infective mouse (25) and human
lungs (26). M. tuberculosis shifts to a lipid-based metabolism in the intracellular host
environment (27-28). And cholesterol is an abundantly available lipid in the intracellular
environment. Isotope labeling of cholesterol indicated that M. tuberculosis degrades
cholesterol into acetate and propionate, which are further converted into both CO, and

phthiocerol dimycoserate (PDIM) (29). The pathway shown in Scheme 1-1 indicates



how CO, is formed in the citric acid cycle (TCA) cycle and PDIM is biosynthesized
from propionyl CoA. PDIM is a surface-exposed lipid of M. tuberculosis capsule and
plays very important functions in host response regulation (30).

In Rhodococcus sp RHAI1, cholesterol up-regulates a gene cluster of 58 genes
(ro04482-ro04705). The conserved genes are also found in M. tuberculosis H37Rv
(Rv3492c-Rv3574), Mycobacterium bovis (M. bovis) bacillus Calmette-Guein
(Bcg3556¢-Bcg3639) and Mycobacterium avium (M. avium) (Map0571-Map0491)
(31-32). In the cholesterol metabolism pathway, cholesterol is metabolized through ring
degradation and side chain degradation (33). Genes from those conserved cholesterol
up-regulated gene clusters encode enzymes involved in cholesterol metabolism (Scheme
1-2).

The oxidation of a 3-beta-hydroxyl group to a ketone group is the first step in the
cholesterol degradation pathway (34). In the cholesterol oxidation reaction, cholesterol is
converted to cholest-4-en-3-one in a two-step reaction: oxidation and isomerization. In
nature, two enzymes have the cholesterol oxidizing ability: cholesterol oxidase and
cholesterol dehydrogenase. In the M. tuberculosis genome, there are two genes annotated
as a cholesterol oxidase (Rv3409c) and cholesterol dehydrogenase (Rv1106c) separately
(18). The enzymatic activity of Rv3409c has not been characterized in vitro. Rv1106¢
has been purified and this enzyme has been confirmed to catalyze the conversion of

3B-hydroxysteroids into a 3-ketosteroids (35).
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Scheme 1-2. Cholesterol degradation pathway based on cholesterol degradation
studies from Rhodococcus (37), Comamonas testosteroni (38-39) and fast-growing

mycobacteria (40). Modified from reference (33) with permission.

1.3 Cholesterol oxidase and cholesterol dehydrogenase

Cholesterol oxidase could be induced by cholesterol in both pathogenic and
non-pathogenic bacteria (41). The membrane damaging ability of cholesterol oxidase
is considered as a virulence factor for some cholesterol oxidase-producing pathogen
bacteria. R. equi is a Gram positive coccobacillus bacterium found in soil and most
commonly infects foals, and also infects immunocompromised humans (41-42). In
the R. equi genome, there is an identified cholesterol oxidase ChoE and a putative
cholesterol oxidase (ChoD). The similarity of ChoD and ChoE is about 25%. ChoE is
more close to cholesterol oxidase (ChoA) from Streptomyces species, about 65%
identity.

Cholesterol oxidases are water-soluble interfacial flavoenzymes with one



molecule of flavin adenine dinucleotide (FAD) cofactor covalently (Type II) or
non-covalently (Type I) bound. Although the two types of cholesterol oxidases
catalyze the same reaction, the protein structures and sequences are completely
different (34).

Cholesterol ~ dehydrogenases are found in Norcardia. Cholesterol
dehydrogenase plays an important role in the virulence of vaccinia virus (43).
Cholesterol dehydrogenase utilizes an NAD and/or NADP as the cofactor for activity
instead of FAD. Different from the cholesterol oxidase reaction, oxygen is not
involved in the cholesterol dehydrogenase reaction. Reaction mechanisms of

cholesterol oxidase and cholesterol dehydrogenase are shown in Scheme 1-3.

R= -CH(CHz)CH,CH,CH,CH(CHj3),
Cholesterol Dehydrogenase

R 3pusD R R
NAD" NADH
%%’ -
H O O

FAD FADH,
Cholesterol Cholest-5-en-3-one Cholest-4-en-3-one

H,0, 0O,

Cholesterol Oxidase

Scheme 1-3. Cholesterol oxidizing reaction catalyzed by cholesterol oxidase with

FAD as cofactor or cholesterol dehydrogenase with NAD" as cofactor.

Bioinformatic analysis indicates that there are no cholesterol oxidase orthologs
of choA from Streptomycete or choE from Rhodococcus equi (R. equi) in
mycobacteria. On the basis of bioinformatic prediction, mycobacteria like M.
tuberculosis contain Rv3409c annotated as putative cholesterol oxidase and Rv1106¢
annotated as a putative cholesterol dehydrogenase. In other mycobacterial genomes

both Rv3409c and Rv1106c¢ are conserved.



Fusion of the first 95 amino acids from the N-terminus of Rv3409c to green
fluorescence protein has been reported to promote secretion of green fluorescence
protein (44). However Rv3409c does not contain a signal peptide sequence as judged
by analysis by sequence analysis and Rv3409c is most likely an intracellular enzyme
(33).

R. equi
C. jeikeium

M. leprae
B M. tuberculosis

L‘—M marinum

ChoE, R. equi

PteG, S. avermitilis

PimE, S. natalensis
1:|: RimD, S. diastaticus
Chol,, S. virginiae

ChoA, Streptomyces sp

Scheme 1-4. Phylogenetic tree of functionally characterized and proposed
cholesterol oxidases from Streptomyces, Rhodococcus and Mycobacteria, cited from

reference (33).

The M. tuberculosis cholesterol oxidizing ability is abrogated when Rv1106c is
disrupted by insertion of a kanamycin gene cassette into this gene (35). The
MSMEG1604 (Rv3409c ortholog in M. smegmatis) transposon mutant of M.
smegmatis and Rv3409c transposon mutant of M. tuberculosis grows on medium
containing cholesterol as the only carbon source in our studies.

The phylogenetic tree shows that all mycobacterial homologues of Rv3409c are
highly similar to choE from Rhodococcus, but the similarity of Rv3409c from
mycobacteria is low with other well studied cholesterol oxidases eg. choA from
Streptomycete (Scheme 1-4). The cholesterol oxidizing ability has been reported in
mycobacteria, but so far no cholesterol oxidase has been isolated and identified from
mycobacteria. Bioinformatic analysis on protein enzyme function is very limited and

could predict a wrong function easily because the information protein data base is

10



still being updated. That Rv3409¢c enzyme functions as a cholesterol oxidase is
doubtful. Cellular lysates of M. smegmatis overexpressing MSMEG1604 were
reported to have cholesterol oxidase activity (45), but the Rv3409c enzyme has not
been purified and the activity has not been characterized in in vitro assays. The
cholesterol oxidizing activity could be due to the Rv1106c orthologue that is

conserved in M. smegmatis mc?155.

I1. Mycobacterium smegmatis mc®155
Mycobacterium smegmatis is a saprophytic non-pathogenic fast-growing

mycobacterium. The whole genome was sequenced by TIGR (http://www.tigr.org).

The cell wall of the mycobacterium contains a lot of unique and
structurally-complicated lipid components. M. smegmatis mc*155 cell wall is the
simplest among mycobacteria. It is routinely used as the laboratory mycobacterial
model to study pathogenic mycobacteria. It is also a good heterologous
over-expression system for other genes from pathogenic mycobacteria (46-47).
2.1 M. smegmatis cell wall

M. smegmatis cell wall is composed of three layers: the plasma membrane, the
periplasmic layer and the outer capsule. The extractable lipid components from M.
smegmatis include: triacylglycerols (TAGs), glycopeptidolipids (GPLs), trehalose
dimycolate (TDMs), trehalose monomycolates (TMMs), phosphatidylethanolamine
(PE), phosphatidylglycerol (PG), phosphatidylinositol (PD and
phosphatidylinositolmannosides (PIMs) (48). The structures of some polyketide
lipids are shown in Scheme 1-5.

M. smegmatis mc®155 colony morphology and correlation with lipids

components in the cell wall has been characterized. M. smegmatis mc”155 strains

11
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have been reported with many different morphologies. But generally M. smegmatis
strains are grouped into two morphology phenotypes: rough morphology and smooth
morphology. The cell colony morphology of M. smegmatis mc”155 is correlated to
the production and structure of a surface exposed glycolipid—glycopeptidolipid (GPL).
In M. smegmatis, genes involved in GPL biosynthesis were disrupted to study colony
morphology changes. The M. smegmatis gtf3 (encoding a glycosyltransferase) and M.
smegmatis atf (encoding an acetyltransferase) and M. smegmatis gap (GPL
addressing protein) produce different phenotypes from wild type due to changes in

the GPLs (49-50).
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Scheme 1-5. Some polyketide lipids from mycobacteria (5, 17).
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2.2 Glycopeptidolipids

Glycopeptidolipids (GPLs), also called C-mycosides, are amphiphilic lipids
located in the outermost layer of mycobacterial cell walls. The structure of GPL was
identified as early as 1960 (51). All GPLs share one common tetrapeptide core
structure of D-Phe-D-allo-Thr-D-Ala-L-alaninol except for one immunogenic GPL
X-I isolated from Mycobacterium xenopi (M. xenopi) strain NCTC 10042 (52-53).
GPL production and structures are species-dependent and environment-dependent.
There are generally two types of GPLs, non-specific GPLs (nsGPLs) and
species-specific GPLs (ssGPLs) (Scheme 1-6). For non-specific GPLs (nsGPLs), the
allo-Thr residue is linked with 6-deoxytalose (6-dTal) and the L-alaninol residue is
substituted with O-methylated rhamnose. 6- d Tal and rhamnose can be o modified by
O-acetylation and O-methylation (54). M. smegmatis GPLs are not further
glycosylated on the 6-dTal residue, while M. avium produces serovar -specific GPLs
in which 6-dTal could is further linked to haptenic oligosaccharides (55-57).

GPLs are related to mycobacterial colony morphology, sliding motility and
biofilm formation (58). Besides affecting the cell morphology, GPLs isolated from
pathogen mycobacterium M. avium and M. abscessus also have important biological
activities (59). M. avium which belongs to Mycobacterium avium complex (MAC)
can cause pulmonary diseases in humans. Isolated GPLs are able to disrupt the
macrophage membrane (60) and inhibit the human macrophages phagocytosis of
mycobacterium (61). GPLs also protected MAC by blocking lysosomal enzymes
outside the cell (62). More recently, GPLs were reported to induce TNF-a synthesis
in murine macrophages (63). The virulence role played by GPLs could be important

for GPL-expressing pathogens.
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Scheme 1-6. Common M. smegmatis isolated glycopeptidolipids structure adapted

from (64).

The GPLs biosynthetic gene cluster of M. smegmatis was proposed (Scheme
1-7). The GPLs biosynthetic pathway in M. smegmatis is shown in Scheme 1-8.
There is a 65 kbp size gene locus containing about GPL 25 biosynthesizing genes in
the genome (65). The gene functions are listed in Table 1-2. Two mps genes, mpsl
and mps2, are in M. smegmatis GPLs locus. mps genes encode a peptide synthetase
active in transferring amino acids to a peptide acceptor as well as converting the first
three amino acid residues to D-isomers. The pks gene encoding a polyketide synthase
is suggested to be required for synthesis of the monounsaturated B-hydroxyl fatty
acid linked to the tetrapeptide core. Cloning experiments have not been accomplished
because of pks large gene size, 11 kbp. Bioinformatics approaches have revealed that
other genes in this GPL locus may be important for fatty acid attachment to the
tetrapeptide core. FadD23, the homologue of FadD28 in M. tuberculosis catalyzes
activation for mycocerosic acid acyl transfer. papA genes, which encode a group of
acyltransferases, are proposed be involved in polyketide synthesis. For example,

during PDIM biosynthesis the M. tuberculosis papA5 catalyze diesterification. M.
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smegmatis papA3 might be involved in the polyketide biosynthesis steps for GPL
biosynthesis. FadES, an acyl coA dehydrogenase may catalyze dehydrogenation of
the long chain fatty acid unit. Variable modifications to the lipidopeptide core
including glycosylation, O-methylation, and O-acetylation provide the different GPLs
structures. Glycosyltransferases gtfl, gtf2 and gtf3 are proposed to transfer the rare
hexoses moieties (deoxyltalosyl and rhamnosyl) to link to the glycolipidpeptide core
units. gtfl and gtf2 are responsible for transferring deoxytalose and rhamnose
respectively while gtf3 is involved in transferring sugar to the triglycosylated GPL
form. rmlA, encoding a putative glucose-1-phosphate thymidylytransferase and rmiB,
encoding a putative dTDP-glucose-4,6 dehydrogenase are probably involved in
biosynthesis of thamnose. Four methyltransferases rhamnosyl-3-O-methyltransferase,
rhamnosyl-4-O-methyltransferase and rhamnosyl-2-O-methyltransferase are all
responsible for O-methylation of rhamnose. fmt, is responsible for methylating the
hydroxyl group on the fatty acid unit of GPLs. O-methylation first happens to O3
position followed by O4 and O2. aftA, encoding a putative acetyltransferase is
responsible for O-acetylation of GPLs.

Within the GPL biosynthetic locus, there are four mmp genes and one gap gene
proposed to be involved in GPL transport to the cell envelope surface. The gap gene
has been characterized by Sondon and coworkers in 2005 in exporting GPL to cell
surface (59). Three transmembrane proteins mmpS4, mmpL4a and mmpL4b located
upstream of the gap gene are supposed to be involved in both GPL biosynthesis and

transportation. The down stream mmpl10 function in GPL remains unclear.

2.3 Phenolic glycolipids

The M. tuberculosis cell wall does not contain glycopeptidolipids (GPLs). Phenolic
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glycolipids (PGLs) are proposed as functional homologs of GPLs (66). PGLs are
produced as surface exposed lipids by M. tuberculosis, M. leprae and other
slow-growing mycobacteria, most of which are pathogens (67-68). No
mycobacterium strain has been found to produce both GPLs and PGLs in its cell wall
(64). PGLs share a common lipid, phthiocerol diester with phthiocerol
dimycocerosates (PDIM). PGLs and PDIMs are mixtures of long chain B-diols
esterified by polymethyl-branched fatty acids (69). Recently, a new type of lipid
compound structurally related to PGLs has been isolated from M. tuberculosis, the

glycosylated p-hydroxybenzoic acid methyl esters (3-HBAD) (70).
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Scheme 1-7. M. smegmatis GPL biosynthesis gene cluster (65) and M. tuberculosis PGL biosynthesis gene cluster (71).
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Table 1-2. Proposed functions of genes within GPL and PGL biosynthesis cluster (71-72).

Gene
mmpS4
mmpL4a
mmpL4b
Rv1174
rmlA
gtf3
rmiB
rmt2
rmt4
gtfl
atf

rmt3
gtf
fmt

mps1

mps2

gap

ecf
fadES

pks
papA3

mmpL10
fadD23
gap-like

GPLs biosynthesis (M. smegmatis)
Proposed function

Membrane associated. Interaction with pks
Membrane associated. Interaction with pks
Membrane associated. Interaction with pks
None
Alpha-D-hexose-1-phosphate-thymidylyl-transferase
D-Rhamnose rhamnosyltransferase
UDP-hexose 4-epimerase
Rhamnose 2-O-methyltransferase
Rhamnose 4-O-methyltransferase
D-allo-Threonine 6-deoxytaloseyltransferase
Integral membrane protein. 6-deoxytalose
3,4-O-acetltransferase
Rhamnose 3-O-methyltransferase
L-alaninol rhamnosyltransferase
Fatty acid O-methyltransferase
Non-ribosomal protein synthase. Synthesis of the
dipeptide
Non-ribosomal protein synthase. Synthesis of the amino
acid alcohol
Integral membrane protein. Required for GPL export
Sigma factor of the ECF family. Required for Regulation.
Fatty acid desaturase.
Fatty acid Synthesis and activation
Transfer of the Pks-bound fatty acid to the
pseudotetrapeptide
Membrane associated. Interaction with pks
Long chain fatty acyl-AMP ligase
Integral memrane protein. Role in the transport of GPLs.

Gene

ppsB

ppsC
mas

pks7
pks12
Pks10
pks1l
pks15/1
papA5
drrB
drrC
mmpL7
fadD26
fadD28
tesA
Rv2951

Rv2952
Rv2958c
Rv2957
Rv2959
Rv2962¢c
nat

Mb0100
(Rv0097)

PGLs biosynthesis (M. smegmatis)
Proposed function
Linear PKS
Linear PKS
Type I iterative PKS
Type I iterative PKS
Type I iterative PKS
CHS
CHS
Type I iterative PKS
Acyltransferase
ABC transporter
ABC transporter

Type II thioesterase
Oxidoreductase

Methyltransferase
Glycosyltransferase
Glycosyltransferase
Methyltransferase
Glycosyltransferase
Arylamine
N-acyltransferase
Oxidoreductase
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Scheme 1-8. M. smegmatis GPL biosynthetic pathway modified from reference (73).

PGLs may have an important role in pathognesis during M. tuberculosis
virulence. Earlier studies showed that the PGL-type I and de-acylated PGL-type 1
from M. leprae, protect Staphylococcus aureus (S. aureus) against oxidative stress
from molecules like hydrogen peroxide (H,O;) and OH radical in vitro, and dPGL-I
help S. aureus survive inside of the human monocyte-derived macrophages (74).
Reed and co-workers found that PGLs from M. tuberculosis suppress the
pro-inflammatory TNF-alpha, interleukin (IL)-6 and IL-2 and monocyte chemotactic
protein-1 (MCP-1) production (30). The clinical isolate HN878 pksl5/1 mutant,
which was not able to produce PGLs shows attenuated infection of the mouse and
rabbit (30, 75). There was also a dose-dependent inhibition activity of the

pro-inflammatory response when treating mouse bone-marrow macrophages with
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isolated PGLs (30). Lipids extracted from CDC1551 lacking PGLs stimulate
phagocyte activation by inducing IL-12 and other molecules. The lipid extracts
containing PGLs will inactivate the phagocyte by inducing IL-4 and IL-13 (76).
Although direct evidence for PGLs in M. tuberculosis virulence has not been
identified, it is believed that PGLs from M. tuberculosis (PGL-tb) contribute by
modulating the immune response in the host and delaying or disrupting immunity
(66).

About 20 genes for DIM, PGL and p-HBAD biosynthesis and translocation are
clustered within a 73 kbp region of the M. tuberculosis chromosome (18, 71)
(Scheme 1-7). The PGL biosynthetic pathway is shown in Scheme 1-8. The PGL
biosynthetic gene cluster contains proteins responsible for phthiocerol and
phenolphthiocerol chain synthesis (Rv2929c, fadD26 and ppsA-E), mycocerosate
chain synthesis and transfer (mas, fadD28), phenolphthiocerol chain synthesis
(pksl1/15), p-HBAD synthesis (Rv2949), PGL and p-HBAD glycosidic domains
formation (Rv2954c -Rv2959c) and DIM, PGL translocation and lipidic domain
modification including methylation (Rv2952) and glycosylation (Rv2957, Rv2958¢c
and Rv2962) (77). The pathway and the gene cluster are shown in Scheme 1-9. The

functions of most of the genes are listed in Table 1-2.

I11. Summary

M. tuberculosis cell wall biosynthesis provides a lot of genes as potential
anti-TB drug targets that do not have mammalian cell counterparts. This thesis work
is identification of the true function of one important M. tuberculosis enzyme
(Rv3409c). Rv3409c was annotated as a putative cholesterol oxidase, for the first step

of cholesterol degradation in M. tuberculosis. However, our studies disproved that
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hypothesis. Current studies on its enzymatic function in combination with lipidomics

approaches were undertaken to determine Rv3409c’s real function.
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Chapter 2

Colony Morphology Characterization of

M. smegmatis mc?155 MSMEG1604 transposon mutant

I Introduction
II. Experimental Procedures
I11. Results and Discussion
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I. Introduction

The waxy and thick mycobacterial cell envelope is very important for
protecting mycobacteria from harsh environments and the host immune system. The
mycobacterium cell wall contains many unique mycobacterial lipids like mycolic acid,
“cord factor”, trehalose dimycolate (TDM), phthiocerol dimycocerosate (PDIM), and
some surface-exposed species and type-specific glycolipids like phenolic glycolipids
(PGLs) and glycopeptidolipids (GPLs). Mycobacterial cell envelope lipid components
account for as much as 60% of dry weight of the whole bacteria, which is also unique
for mycobacteria (78). A large fraction of genes are employed by many mycobacteria
for lipid metabolism and about 250 genes are involved in lipid metabolism in M.
tuberculosis genome (18-19). The outer most cell envelope of mycobacterium cells
interact directly with the host immune system. Those cell surface-exposed lipids could
play an important role in the mycobacterium pathogen virulence.

Mycobacterium tuberculosis (M. tuberculosis) has infected one third of world’s
population and is one of the most successful pathogens in history. The cell wall of
Mycobacterium tuberculosis was thought to play an important role in M. tuberculosis
virulence. But as an infectious pathogen, and slow-growing mycobacterium, M.
tuberculosis cell wall studies take more time and money. Mycobacterium smegmatis
serves as a good lab strain model for M. tuberculosis (79). It is a fast-growing,
non-pathogen micro-organism. Mycobacterium smegmatis mc?155 was isolated in
1990 as a transformable mutant of Mycobacterium smegmatis ATCC 607 strain (46).
M. smegmatis serves well as an over-expression system for some GC rich
mycobacterial genes that are difficult to express in E. coli. M. smegmatis cell

envelope is considered as one of the simplest in all the mycobacterium species.
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SLIDING ON AGAROSE ATTACHMENT TO PLASTIC

GPL+

GPL-

Figure 2-1. The sliding motility model and attachment to surface proposed by Retch

et al. (80).

Cell morphology is a basic cell characterization for identifying bacteria. The
most typical types of cell morphology /bacterial cell shape include spherical (coccus),
rod (bacillus) and spiral (spirillum)

(http://en.wikipedia.org/wiki/Bacterial cell_structure). Cell morphology can vary

according to growth conditions and environment. For example, bacteria will have
different colony morphologies when cultured in liquid medium vs. agar plates.
Mutants will be different from wild-type mycobacterium in the cell morphology
phenotype (59, 81). A number of studies indicate that mycobacterium cell
morphology is determined by surface-exposed lipid components. The cell morphology
changes indicate that cell wall lipid components change. M. smegmatis cell
morphology is greatly affected by an important surface-exposed type of lipid -
glycopeptidolipid. In general, M. smegmatis has the smooth and rough colony
phenotypes. The smooth phenotype has more polar GPLs (pGPLs) on the outer layer

of the cell envelope. GPL-deficient mutants are usually the rough phenotypes.
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M. smegmatis cell structure does not have Fimbrae or pili functional structures
but it has the sliding ability to move on specially prepared agar medium (81). It is a
very important translocation/colonization ability for wild-type M. smegmatis. The
sliding mechanism is proposed to be related to cell surface-exposed lipid-GPLs. M.
smegmatis mutants which lack sliding motility are all GPL-deficient phenotypes (80,
82). The mechanism for GPLs to affect the sliding of mycobacteria was proposed by
Dr. Retch. In their sliding and attachment model, GPLs are oriented with sugar
decorated hydrophilic groups inside and the hydrophobic fatty acyl chain exposed
outside (Figure 2-1) (80). The friction reduction between hydrophilic nutrient agar
plate surface and hydrophobic cell surface is the key for mycobacterial sliding.
Increasing hydrophobic components in nutrition agar plates will cause wild-type to
slide. The interaction between cells and PVC hydrophobic surfaces is valid under this
GPL orientation model (83). Dr. Jean-Marc Reyrat proposed another orientation
model in which GPLs bury hydrophobic fatty acyl chains inside and expose the
polysaccharide groups on the tetrapeptide core to the outside (64). The
hydrophobic/hydrophilic properties of cell surface still play an important role in
sliding motility. And the changes on sugar groups of GPLs could alter the interaction
mechanism and cause mycobacteia to lose sliding motility. The sugar residues and
their modification including O-methylation, O-acetylation and O-succinylation will
alter the hydrophobic/hydrophilic properties and further affect the sliding motility.
This model was also supported by isolating mutants producing deacetylated GPLs
and triglycosylated GPLs (49). atf mutation which produces GPLs without acetylation
disrupts sliding motility (50). Increasing the polarity of the polysaccharide groups of

the GPLs abrogated the strains sliding ability.
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Cell wall lipids changes could affect the cell morphology. Disrupting any gene
involved in cell wall lipid metabolism could produce a new phenotype. Gopalaswamy
and coworkers found the M. smegmatis the serine/threonine protein kinase (STPK)
PknF merodiploid strain cell morphology, biofilm formation and sliding motility are
altered (84). In M. avium 104, a rough phenotype was caused by deletion of genes for
GPLs biosynthesis, a 10kbp size region (85). Cell morphology characterization of a
mycobacteria strain like sliding motility, biofilm formation, and Congo red fixation
could detect lipid changes in the cell wall (59, 80, 86).

Overall, glycopeptidolipids play a critical role related to mycobacterium colony
morphology and sliding motility. In our studies, Mycobacterium smegmatis
MSMEG1604 (Mycl1) colony morphology, sliding motility and GPLs components
were studied. M. tuberculosis Rv3409c is proposed to encode a cholesterol oxidase.
But the cell morphology and lipid component changes in cell wall of M. smegmatis
MSMEG1604 transposon mutant strongly suggest that Rv3409¢’s biofunction could

be involved in cell wall lipid biosynthesis/assembly in a certain way.

I1. Experimental procedures

Bacterial strains, medium and growth. M. smegmatis strain mc’155 and
MSMEG1604 transposon mutant (Myc11) (59) were grown in 7H9 Middlebrook broth
medium supplemented with 0.2% (v/v) glycerol, 0.2% glucose and 0.05% Tween 80.
Antibiotics were added as needed at the following concentrations: kanamycin 30
png/mL; ampicillin 200 pg/mL; hydromycin 50 pg/mL; and cyclohexide 10 pg/mL.
"N labeled medium was prepared from M9 minimal medium: 6.6 g/L Na,HPO,, 3 g/L
KH,PO4, 0.5 g/L NaCl, 1.0 g/L "NH4Cl, 4 g/L glucose, 0.1 mM CaCl,, 0.2 mM

MgSO4, 10 mL MEM vitamin solution (100x) (Thermo Hyclone) in DDI H,O.
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Different nutrition media agar for growth rate comparison. All different media
were supplemented with 7.5% agar for plates’ solidification. Medium 1: 1.9%
Middlebrook 7H10 agar with 5 mL/L glycerol; Medium 2: 1.9% Middlebrook 7H10
agar with 5 g/L glucose; Medium 3: 1.9% Middlebrook 7H10 agar with 15 mL/L
iso-propanol; Medium 4: 1.9% Middlebrook 7H10 agar with 6.25 mL/L tween80;
Medium 5: 1.9% Middlebrook 7H10 agar with 6.25 mL/L Triton X-100; Medium 6:
1.9% Middlebrook 7H10 agar with 2 mM cholesterol and 6.25 mL/L tween80;
Medium 7: 1.9% Middlebrook 7H10 agar with 5 mL glycerol and 2 mM cholesterol
and 6.35 mL/L tween80; Medium 8: 1.9% Middlebrook 7H10 agar with 2 mM
cholesterol and 6.25 mL/L Triton X-100; Medium 9: 1.9% Middlebrook 7H10 agar
with 5 mL glycerol and 2 mM cholesterol and 6.25 mL/L Triton X-100; Medium 10
(Minimal Medium) (32): 0.5 g/L asparagine, 1 g/l KH,PO4, 2.5 g/L Na,HPOy4, 10
mg/L MgSOy, 0.5 mg/L CaCl,, 0.1 mg/L ZnSO4, 50 mg/L ferric ammonium citrate
and 0.6% agar. Same amount of culture were inoculated on the agar plates and the
colony size and morphology was scored using microscope after a 2-day incubation at
37 °C.

Congo red assays. All cultures were collected when ODgy=0.6. 10 uL was
added to a plate. 7H9 MiddleBrook broth medium supplemented with 1.5% agar, 100
pug/mL Congo red (the sodium salt of benzidinediazo-bis-1-naphthylamine-4-sulfonic
acid), 0.02% glucose and 30 pg/mL kanamycin. The colony morphology and Congo
red staining were measured after two days incubation at 37 °C.

Sliding motility assays. 7H9 Middlebrook broth medium supplemented with
0.3% agar and proper antibiotics was used for preparing sliding motility agar plates.
Bacteria cultures were grown to stationary phase with ODgpp=0.6. Inoculation was

conducted by poking a sterile toothpick carrying liquid culture at the center of sliding
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agar plates. The inoculated plates were parafilmed to maintain humidity in the plates
during colony sliding. The spreading abilities of strains were measured after two
weeks at 37 °C in a humidified incubator.

Construction of MSMEG1604 complementary plasmids. 200 uL. M. smegmatis
mc”155 in 80% glycerol for glycerol-stab was boiled for 2 min at 100 °C. Clear
supernatant was acquired by centrifugation and 2 pL of the supernatant was added
into PCR reaction mixture as the genome template. For the complementary plasmid
pNIP/40b_Msmeg300MSMEG1604 (also named pMs100), 1.25 pL 2 uM forward
primer JGP-20 (5’- GGACTA GTGGGCAACGGCTGGTTCTGGCC -3’) and 1.25
pL 2 uM backward primer JGP-21 (5°-
GGACTAGTCTACCCCGCCGACGACACGGG -3°), 195 pL H,O and 1 pL
dimethyl sulfoxide (DMSO) were added into one PCR tube from GE Healthcare
PuReTaq Ready-To-Go™ PCR Beads. For the complementary plasmid
pMV306.hygro Msmeg300MSMEG1604 9(also named pMsl101), 1.25 puL 2 uM
forward primer JGP-22 (5’- CCGATATCGGGCAACGGCTGGTTCTGGCC -3’) and
1.25 pL 2 uM backward primer JGP-23 (5°-
CGGAAGCTTCTACCCCGCCGACGACACGGG -3’) were applied and other

conditions are same with pMs100’s. The amplification program is:

Segment Cycles Temperature Time
1 1 95°C 5 min

2 30 95°C 45 sec

69 °C I min
72 °C 2.5 min

3 1 72 °C 10 min

The third MSMEG1604 complementary plasmid named

pMV306.hygro Mtb999Rv3409c (also named pMtb100) was constructed with M.
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tuberculosis Rv3409c gene with the 999 bp upstream nucleotide region. The forward
primer JGP-1 (5’- GGGGGTCATACTGCAGCGATGAAGCCGG -3’) and the
backward primer JGP-2 (5’- GCCGAAGCTTCTAGCCCGCGTTGC -3°) were
applied to clone the Rv3409c gene with pMCO-100M as a template. the 50 pL PCR
reaction mixture include 5 pL. ANTP’s (2.5 mM each), 10 pL 5% iProof GC buffer, 5
uL 10 uM primer JGP-1 and 5 pL 10 uM primer JGP-2, 200 ng pMCO-100M, 0.5 pL
2 U/pl iProof High-Fidelity DNA Polymerase and proper amount of DDI water. PCR

reaction was conducted with the program below:

Segment Cycles Temperature Time
1 1 95 °C 1 min

2 34 95 °C 45 sec

72 °C 4 min

3 1 72 °C 14 min

The forward primer JGP-3 (5’- GCCCGGATATCCGATCGAGCTCG -3’) and
backward primer JGP-4 (5’- CCCGATCCAATAATCAGGACGTCGTAATCCGGC
TTCATCGCTGCAGTATGACCC -3’) were applied to clone the Rv3409c 999 bp
upstream region. the 50 pL PCR reaction mixture include 5 pL dNTP’s (2.5 mM each),
10 pL 5% iProof GC buffer, 5 uL 10 uM primer JGP-3 and 5 pL 10 puM primer JGP-4,
10 ng Rv3409c 999 bp upstream nucleotide sequence, 1.5 pL 100%DMSO, 0.5 uL 2
U/ul iProof High-Fidelity DNA Polymerase and proper amount of DDI water. The

amplification program is:
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Segment Cycles Temperature Time

1 1 98 °C 5 min
2 30 98 °C 30 sec
58 °C 30 sec
72 °C 1 min
3 1 72 °C 8 min

To ligate the Rv3409c and its 999 bp upstream nucleotide sequence, one more
PCR reaction was performed. The forwarding primer JGP-3 (5’-
GCCCGGATATCCGATCGAGCTCG -3’) and the backward primer JGP-2 (5°-
GCCGAAGCTTCTAGCCCGCGTTGC -3’) were applied. the 50 uL. PCR reaction
mixture include 4 pL. ANTP’s (2.5 mM each), 5 uLL 10x Herculase reaction buffer, 1
puL 10 uM primer JGP-2 and 1 pL 10 pM primer JGP-3, 20 ng purified Rv3409c, 60
ng purified Rv3409c 999 bp upstream nucleotide sequence, 2.5 uL 100% DMSO, 0.5

uL 5 U/uL Herculase Enhanced DNA Polymerase and proper amount of DDI water.

The PCR program is:

Segment Cycles Temperature Time

1 1 98 °C 3 min

2 10 98 °C 40 sec

65 °C 30 sec

72 °C 3 min

3 20 98 °C 40 sec

68 °C 30 sec

72 °C 3 min

4 1 72 °C 10 min

31



The pMV306.hygro vector and the purified Rv3409c gene with its 999 bp
upstream nucleotide sequence were treated with HindIIl and EcoRV restriction
enzymes HindIIl and EcoRV followed by ligation experiment. Ligation experiment
contains 1 pL T4 ligase enzyme and 2 pL 10 times concentrated T4 ligase reaction
buffer and open pMV306.hygro vector and Rv3409c gene with its 999 bp upstream
nucleotide sequence. The total ligation reaction volume is 20 pL. The ligation was
conducted at 4 °C overnight and then was transformed into XL1Blue cells for
amplification and isolation.

MSMEG1604 complementary strains preparation. M. smegmatis MSMEG1604
transposon mutant (Myc11) electrocompetent cells were prepared as described (87).
The complementation plasmids were transformed into competent Mycll using an
electro cell Manipulator 600 (BTX Electroporation System) and 1 mm gap cuvette. 25
puL Mycl1 electrocompetent cells with 10 ng of complemention plasmid were gently
mixed and aliquoted in the pre-chilled gap cuvettes. The parameters are mode: HV;
capacitance: 50 pF; resistance: R5; charging voltage: 1.7 kV; desired filed strength: 17
kV/ecm and desired pulse length: 4-5 mSec. After electrocoporation step, 2mL LB
medium were added to the mixture and it was cultured for 3 h at 150 rpm, 37 °C. 100
uL of the culture was inoculated on 7H10 agar plates to obtain a single colony.

Extraction and purification of total lipids from Mycobacterium smegmatis.
Mycl1 or wild type was cultured in 7H9 Middlebrook broth supplemented with 10%
ADS (8% sodium chloride, 10% bovine serum albumin fraction V, and 4% glucose)
for 3 days. Wet cells were collected by centrifugation at 3,500 rpm and then
resuspended in phosphate buffered saline (PBS) and incubated at 60 °C for 90 min.
The pellets were collected by centrifugation at 3,500 rpm, removal of the supernatant.

Choloroform:methanol (v:v, 2:1) was added to extract lipids (3 mL organic solvent:1
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gram wet cells) from pellets at 55 °C for 15 min. The extraction was repeated and the
organic phases were combined. Two washes with DDI water (1 mL DDI water:1 gram
wet cells) were applied to remove the hydrophilic compounds from the extracts. The
organic phase was then evaporated to obtain crude total lipids and stored at -20°C.

Matrix-assisted laser desorption ionization time-of flight mass spectrometry. 10
mg/mL 2, 5-dihydroxybenzoic acid (DHBA) was prepared in CHCl;:CH;0H (v:v, 1:1)
as a matrix solution. Lipid samples were dissolved in chloroform to make 1 mg/mL
lipid solution. 1 uL sample was mixed with 1 pL matrix solution and then loaded onto
the target plate for measurement in positive ion mode by MALDI-TOF/MS on a
Bruker Ultraflex TOF/TOF.

Electrocompetent wild-type M. smegmatis and Mycll strain preparation.
Wild-type M. smegmatis or Mycll cultures were inoculated in 7H9 Middlebrook
Broth Medium and harvested when ODgpy=0.6. The cell pellets were cooled to 4 °C
and washed 5 times with sterile 10% glycerol in DDI H,O. The washing volume was
decreasing from 50 mL the first time to 10 ml the final time. After centrifugation,

pelleted cells were re-suspended in 1-3 mL 10% glycerol and 50 pL aliquots for

electroporation experiments or stored at -80 °C.

I11. Results and Discussion

Mycobacterium smegmatis MSMEG1604 is able to grow on cholesterol.
MSMEG1604 was predicted to encode a cholesterol oxidase. In M. smegmatis
genome, there are M. tuberculosis Rv3409c (a putative cholesterol oxidase) and
Rv1106c¢ (a cholesterol dehydrogenase) orthologs. The identity between MSMEG1604
and Rv3409c is 83% (by T-COFFEE). M. smegmatis MSMEG1604 transposon mutant

(Mycl11) was constructed by Sonden and co-workers and it showed a RR (rough-red)
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colony phenotype on their Middlebrook 7H10 or 7H11 agar plates supplemented with
BBL Middlebrook OADC enrichment (59). In former studies, M. smegmatis could
also utilize cholesterol as the only carbon source (40). The first step of cholesterol
degradation is performed by the MSMEGI1604, the ability of Mycll to grow on

cholesterol should be abrogated by disruption of MSMEG1604.
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Figure 2-2. Growth rate of Mycl11 and wild-type M. smegmatis on different nutrition

agar plates; all plates contain 7H9 MiddleBrook broth except the minimal medium.

Mycl1 and wild-type M. smegmatis growth on different nutrition agar plates
was compared. Besides the Middlebrook 7H10 agar plate supplemented only with
cholesterol, other nutrition plates were also tested as controls. The same amount of
culture sample was inoculated on each agar plates. Growth rates of both WT and
Mycll on special prepared medium agar plates were carefully monitored by
observing the colony diameter and thickness (Figure 2-2). Generally, Mycl1 do not
show preference on carbon sources different from wild-type. On nutrition agar plates,
Mycl1 do not grow significant slowly or faster than wild type do. Mycl1 is able to
grow on cholesterol as the only carbon source. With 100 times magnification, the
colony surface of Mycl1 does not show any difference while growing on cholesterol
as the only carbon source vs. normal carbon nutrition. As in Sonden et al’s work, the
wild-type colony surface is smooth while Myc11 had more “dendric” structures on the

colony surface (Figure 2-3). Neither wild type nor Mycll could grow on agar
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supplemented with Triton X-100. Glucose and glycerol are nice carbon sources, while
iso-propanol and Tween 80 are not.

Mycl1 still retains the ability to grow on cholesterol as the only carbon source.
This finding is consistent with Rv3409c studies in M. tuberculosis. The cell lysate
supernatant of M. tuberculosis Rv3409c transposon mutant supernatant still has
cholesterol oxidizing ability. But after Rv1106 is mutated, the cholesterol oxidizing
ability is totally abrogated (Dr. Eugenie Dubnau, personal communication, Figure
2-4). Those studies about M. tuberculosis Rv3409c and its ortholog in M. smegmatis
showed that Rv3409¢ enzyme activity could not be related to cholesterol degradation

especially cholesterol oxidation.

Figure 2-3. Microscopic pictures of colony phenotypes of wild type (A-D) and Mycl1

(E-I) on 7H10 agar plates.

Myc1l complemented strain construction. Mycll complemented strains were
constructed. Both M. tuberculosis Rv3409c and M. smegmatis MSMEG1604 were
cloned and inserted into pMV306.hygro and pNIP/40b M. smegmatis vectors for
complementation. Each complementation construct included 300 bp upstream of the
cloned gene in order to include the native promoter. In the Rv3409c construct, 999 bp

was used. All complementation construct are summarized in Table 2-1.
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Table 2-1. Summary of Mycll complementation constructs. (* pNIP40/b is an
integrative vector gifted by Dr. Jean-Marc (88) and § pMV306.hygro is a L5-based

integrating plasmid with the attP site (89).)

Plasmid Cloned region Gene Plasmid used Resistance
name marker
pMs100  MSMEG1604 with 300 bp MSMEGI1604 pNIP40/b* Hygromycin

upstream region

pMs101  MSMEG1604 with 300 bp MSMEGI1604 pMV306.hygro] Hygromycin
upstream region

pMtb100 Rv3409c with 999 bp Rv3409¢ pMV306.hygrof Hygromycin
upstream region

100
80
60
40
20

relative units activity

0
MT1137 (Rv1106¢c ) + -

Figure 2-4. Sterol oxidation activity in M. tuberculosis wild type (+) and Rv1106c
transposon mutant (-) cell lysate supernatants using the cholesterol dehydrogenase
assays with cholesterol as a substrate, NAD" as cofactor, and cholesterol and putative
products extracted by acetyl acetate were analyzed by a Cs reverse phase column on

HPLC.

Mycl11:pMtb100 still accumulated L1334 in the cell envelope by mass
spectroscopic analysis (Figure 2-8). This could be caused by using M. tuberculosis

Rv3409c instead of M. smegmatis MSMEG1604. The identity between MSMEG1604

and Rv3409c ortholog is 83%. In addition, M. tuberculosis Rv3409c’s putative
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promoter within its 999 bp upstream nucleotide sequence may not be to be recognized
in M. smegmatis system. The further Mycl1 complementary studies utilized the two

integrative plasmids pMs100 and pMs101.

Figure 2-5. Single colony comparison experiments. A) M. smegmatis mc"155; B) M.
smegmatis mc’155 MSMEG1604 transposon mutant (Mycll); C) Myc1l:pMs100

strain; D) Myc11:pMs101 strain.

Colony morphology characterization. Wild-type M. smegmatis mc*155 and
MSMEG1604 transposon mutant (Mycll) colony morphologies were different. As
reported by Sonden and co-authors, Mycl1 is a RR phenotype while wild-type is a
smooth red (SR) phenotype (59). For more extensive characterization, both strains
were inoculated in 7H10 agar medium plates enriched with glycerol and proper
antibiotics. After two weeks’ incubation at 37 °C, the single colonies of wild-type M.
smegmatis mc’155 and Mycll grew to about 1.00 cm diameter on the agar plate

surface. The wild-type and Mycl1 colony skin surfaces showed differences in the
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area of wrinkled and smooth partition (Figure 2-5). The results are consistent in the
paper by Sonden and coworkers (59).

On average, single colonies of complemented Mycl1 had smaller diameters
than wild type, about 0.89 cm for Mycll:pMs101 and about 0.76 cm for
Mycl11:pMs100. The Mycll:pMs100 colony surface was very smooth and
Myc11:pMs101 colony surface was very similar to wild type. Under 100 times

magnification, the colony surfaces of both complemented strains still had the

“branch”-like structure.

Figure 2-6. Sliding motility characterization experiments. A) M. smegmatis mc*155; B)
M. smegmatis mc’155 MSMEG1604 transposon mutant (Myc11); C) Myc11:pMs100

strain; D) Myc11:pMs101 strain.

Totally, the colony surface of Mycl1 got rougher and forms a more wrinkled
structure. Wild-type M. smegmatis colony surface had less wrinkled structures.
Mycl1 had more “branch” like the small branched stick to the surface. This cell
colony surface difference between wild-type M. smegmatis and Mycll cell
morphology could indicate the lipid component difference in the cell wall. Rv3409c
could be directly or indirectly related to cell wall lipids formation or cell wall
assembling. One of the complemented strains, Myc11:pMs100 has a smooth colony

phenotype which was smoother than wild-type does.
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Sliding motility characterization. Mycll, wild-type M. smegmatis and
complemented Mycl1 were inoculated in the middle of sliding motility agar plates.
After incubation at 37 °C for about 2 weeks, wild-type M. smegmatis colonies are
able to translocate on agar medium by forming a star-like colony and reaching the
edge of plates on the agar plates. The Mycl1 colonies could not spread on the sliding
agar plates and the sliding motility of Mycll was totally destroyed (Figure 2-6).
Under 100 x magnification, Mycl1 colony was thicker, the edges were rough, and
halos were not obvious compared with that WT smoother edges and obvious halos.
The two complemented Myc11 strains did not recover the sliding motility. The colony
edges were very different from both wild type and Mycl1.

The translocation ability of M. smegmatis is defined as sliding motility (81).
The sliding motility not only shows the colonization ability of mycobacterium in
nature environments but also in the host. For M. smegmatis, sliding motility is related
to the surface-exposed lipid—glycopeptidolipids in the cell wall (81). The M.
smegmatis strains isolated with inhibited sliding motility always have rough colony
phenotypes and produce abnormal GPLs in the cell wall. Glycopeptidolipids could
affect the sliding motility through a friction mechanism. Whether the GPLs in Myc11
cell envelope change the colony morphology and sliding motility will be further

studied.
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Figure 2-7. A) MALDI-TOF/MS spectrum of total lipids from wild-type M.

smegmatis and Mycll. B) Overlaid mass spectra of wild-type M. smegmatis and

Mycl1.
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Figure 2-8. MALDI-TOF/MS of wild-type M. smegmatis, Myc11, and complemented

strains m/z from 1000 to 1800.

MALDI-TOF/MS analysis of crude total lipids. The total lipids of late stationary
phase wild-type M. smegmatis, Myc11 and complemented Myc11 were extracted by a
modified Bligh-Dyer method (90) and the total lipid mass spectra were acquired on
Bruker MALDI-TOF/MS equipment. In the Mycll total lipids, one unique lipid
compound (L1334) accumulated with m/z at 1334 (Figure 2-7). This molecular
weight is similar to that of GPLs. No L1334 appeared in the Mycll complemented
strains’ total lipid profiles (Figure 2-8 and Figure 2-9). The lipidomic profiles of
Mycll complemented strains are more like wild-type M. smegmatis, but the colony

morphology and sliding motility are more like Mycll. The partly complemented
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Figure 2-9. MALDI-TOF/MS of wild-type M. smegmatis, Myc11, and complemented

strains m/z from 1280 to 13&0.

strains could be caused by several reasons. The M. smegmatis MSMEG1604
transposon mutant might lead to termination of downstream genes’ transcription.
Another putative reason is the MSMEG1604 expression level by integrative plasmids
pMV306.hygro (Figure S9) or pNIP/40b (Figure S10) is different from its native
expression level. The MS spectra also showed that one lipid compound with
m/z=1357.8 and the GPL-5 (m/z=1518), were reduced in intensity compared to the
wild-type and Mycl1 spectra (Figure 2-9). In contrast, one new lipid compound with
m/z=1037.2 accumulated in the total lipids of Mycll complemented strains. The

L1358 and L1518 are most likely GPLs whereas L1037 is not known. How these
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lipids are related to L1334 remains unclear. The TLC analysis of wild type, Mycl1
and Myc11:pMs100 total lipids is shown in Figure 2-10. One lipid compound labeled
by an arrow is missing from the complemented strain. Some lipids of complemented
Mycl1 migrate differently from wild type and Mycl1 on the TLC plates. These lipid
changes in total lipids of the complemented Mycll strain correlate with the MS
results and may explain why the sliding motility and cell morphology are not
recovered. The integrative plasmid carrying MSMEG1604 with its upstream 300 bp
nucleotide sequence could result in the enzyme expression in a different level from
the natural situation, which indicates MSMEG1604 enzyme function does regulate the
cell wall lipids in an unclear mechanism. The main differences between wild type,
Mycll and Mycl1 complemented strains are summarized in Table S1.

Overall, Myc11’s colony morphology changes to a rough phenotype. The single
colony experiments showed that Myc11 has a more rough and wrinkled colony skin
that wild type. The sliding motility of Myc11 is also retarded. The colony phenotypes
indicate Myc11 may have changes in the cell wall structure or a lipid component. The
interesting results include: 1) Mycl1 could still grow on cholesterol as the only
carbon source; 2) Mycl1 has a single lipid L1334 accumulated, which contributes to
the colony morphology changes. The further studies about the differences of
wild-type M. smegmatis and Myc11 will be conducted in the next Chapter and in vitro

enzyme activities of this enzyme will be performed in Chapter 4.
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Missing lipid

Figure 2-10. TLC experiment.ith crude total lipids of M. smegmatis mc”155 and
Mycll and Mycll:pMs100 using developing system (chloroform:methanol:water,

90:10:1).
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I. Introduction

The mycobacteria are rod-shaped, obligate aerobes. About 50 mycobacteria
species has been identified with most of them saprophytes (91). Mycobacterium
tuberculosis (M. tuberculosis) is one of the famous mycobacterium pathogens and
causes tuberculosis in humans. Mycobacterium leprae (M. leprae) can cause leprosy
and Mycobacterium avium intracellulare mostly infects the immunocompromised
human like HIV-infected patients. M. tuberculosis infects about one third of the
world’s population and kill 2 million people every year. The drug-resistant M.
tuberculosis and multi-drug-resistant M. tuberculosis cause the studies on tuberculosis
emergent and important.

Mycobacterial cell walls are extremely waxy, including long fatty acids
(C75-Cyqp), mycolic acids, polysaccharides and proteins and are specifically rich in
lipid components (about 30-60% dry weight of total) (68). The extremely thick and
waxy cell walls not only protect the mycobacteria against harsh environment and
bactericides, but could also functionally be involved in the mycobacterial pathogens’
virulence process. Mycobacterium tuberculosis cell wall has been extensively studied
for almost 50 years to understand the lipids’ structures and their putative roles in
virulence (69, 92). M. tuberculosis can survive the early phagosome and
phagosome-lysosome fusion and replicate in the macrophages. Although the
tuberculosis bacillus pathogenicity mechanism is not clear, cell wall lipids especially
the polyketides like the phenolphthiocerol and phthiocerol dimycocerosates (PDIMs)
and phenolic glycolipids (PGLs) could be tuberculosis virulence factors.

Mycobacterium smegmatis (M. smegmatis) is a fast-growing mycobacterium
found in soil and water. Isolated as a efficient-plasmid-transformation (ept) mutant, it

is a nice protein over-expression system (46). The cell envelope lipid components are
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very similar to M. tuberculosis but simpler. M. smegmatis mc”155 is a good model for
mycobacterium cell wall lipids studies. Like M. tuberculosis, M. smegmatis are
composed of three layers: a plasma membrane layer, a cell wall core layer with
peptidoglycan, arabinogalactan, and long chained fatty acids covalently associated to
each other and glycolipids non-covalently linked outside and the outmost cell capsule
layer containing polysaccharide, proteins and lipids (68). The outmost layer of M.
smegmatis is mainly composed of glycopeptidolipids (GPLs). Glycopeptidolipids are
produced by non-tuberculosis mycobacteria. They have been found in human
infection pathogens like Mycobacterium avium complex (MAC) (73), M. abscessus
and M. chelonae (65, 93). Some animal pathogens like M. porcinum and M.
senegalense also produce GPLs in their cell envelope (73). Glycopeptidolipids affect
GPL-producing mycobacteria cell properties such as cell morphology, sliding motility
and biofilm formation. All studies indicate GPLs alter cell wall properties through
GPLs structures (glycosylation, acetylation and methylation) and their concentrations.

Normal glycopeptidolipids are composed of three parts: a tetrapeptide core,
saccharidyl units and one long chain fatty acid unit. The glycopeptidolipids varies
depending on mycobacterium species, servor types and growth conditions. The
tetrapeptide core is conserved in most GPLs structure with the sugar residues
extended except the GPL-I isolated from Mycobacterium. xenopi (M. xenopi) strain
NCTC 10042 (52-53). GPLs were found to be implicated in the virulence process.
The GPLs-deficient M. avium was greatly attenuated in the virulence. Two M. avium
mutants with modified genes involved in GPLs synthesis has been studied.
mtfD-defiecient M. avium mutant produce an unnormal nonmethylated GPLs (94).
The TNF-a and RANTES of mtfD mutatnt infected murine macrophases level were

much higher than wild-type infected ones. rtfA-deficient M. avium mutant lost the
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ability of producing the serotype 8 GPL and the infected J774 cells had a lower
TNF-a expression level (63).

The GPLs structures are important in the proinflammatory mediators releasing
process. Some serotype specific GPLs could stimulate the proinflammation while
some could not. The changes in GPLs structures in the mycobacterium could affect
the virulence abilities. It is believed to be related to interaction between GPLs and
different host cell receptors. Kano and co-worker has lately found that the GPLs were
implicated in the phagosome-lysosome fusion delay mechanism (95). The protection
of GPLs made MAC survive in macrophasges. Although the clear mechanism of GPL
modulating the immunology through those receptors remains to be elucidated in the
future, the importance of GPLs has been significantly proved.

M. tuberculosis does not contain GPLs in the cell wall. GPLs only exist in
many non-tuberculosis mycobacterium organism cell walls. However,
phenoglycolipids (PGLs) and related molecules (DIMs and p-HBADs) are present in
the M. tuberculosis cell wall. Both of GPLs and PGLs are surface-exposed and
interact with environments and host immune system. The mycobacterium species
which produce GPLs does not produce PGLs (64). Phenoglycolipids (PGL) also
named glycosylated phenolphtiocerol dimycocerosates is structurally related to
phthiocerol dimycocerostaes (DIMs). PGLs and DIMs have a similar lipid core. PGLs
are terminated at the phtiocerol chain with a glycoylated phenolic moiety. Gene locus
for biosynthesis of DIMs and PGLs are about 73 kbp large size utilizing 1.7% of M.
tuberculosis whole genome and more than 20 genes (71). DIMs and PGLs are
limitedly produced by slow-growing infective human pathogenic mycobacterium
species (96). PGLs is mainly found existing in the M. lepraec (PGL-1), some M.

tuberculosis strains (PGL-tb), some Mycobacterium bovis and other slow-growing
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mycobacteria like Mycobacterium ulcerans, Mycobacterium marinum et al. (66). But
M. tuberculosis H37Rv is not included due to pksl5/1 gene mutation disrupting the
PGL biosynthesis (70).

Some mycobacterial lipids are important for mycobacteria virulence. Besides
PGLs, the extractable M. tuberculosis cell wall lipids include mycolic acids such as
cord factor trehalose dimycolate (TDM), trehalose monomycolate (TM) and three
types of phosphatidylinositol based glycolipids phosphatidylinositol mannosides
(PIMs), lipomannans (LMs) and surface exposed lipids including phthiocerol
dimycocerosates (PDIMs) and lipooligosaccharides (LOSs). The “cord factor”
trehalose dimycolate can stimulate NADase activity and affect a broad range of
NAD-dependent enzymes activity by lowering the host NAD level (78).
DIMs-defiecient M. tuberculosis H37Rv attenuated in the infection and LAM is able
to bind to certain receptors and stimulate signal pathway in the TB-infected host (92).

In this chapter, a new lipid L1334, accumulated in Mycll strains, was
identified with a structure similar to normal GPL-5. However there was no acetylation
on the D-allo-6-deoxytalose and the L-allo-alcohol-rhamnose was over rhamnosylated.
The GPLs components were altered by this accumulated lipid L1334, which causes
the colony phenotype change and sliding motility retardance. With the help of NMR,
high resolution tandem MS, and TLC experiments, the identity of L1334 was
determined. MSMEG1604 putatively encodes a FAD dependent oxidase and is an
ortholog to Rv3409c of M. tuberculosis. This cholesterol oxidizing ability of Rv3409c
has not been confirmed so far (45). The findings in our lab could indicate the
Rv3409c¢ plays other important function in lipid biosynthesis/modification. The

supportive results are also found by cholesterol metabolism pathway studies in our
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research group (33, 36, 97). This compound accumulation and structure difference

from normal GPLs could help us studying the enzyme biofunctions in the future.

I1. Experimental procedures

Bacterial strains, medium and growth. M. smegmatis strain mc*155 wild type
and MSMEG1604 transposon mutant (Mycll) were grown in 7H9 Middlebrook
medium supplemented with 0.2% glycerol, 0.2% glucose and 0.05% Tween 80.
Antibiotics were added as required at the following concentrations: kanamycin 30
pg/mL; ampicillin 200 pg/mL; hydromycin 50 pg/mL; and cycloheximide 10 pg/mL.

Extraction and purification of total lipids from mycobacteria. Mycll or M.
smegmatis mc’155 wild-type were cultured in the 7H9 Middle-brook broth
supplemented with 10% ADS (8% NaCl, 10% BSA fraction V, and 4% glucose) for 3
days. Wet cells were collected by centrifugation at 3,500 rpm and then washed with
PBS 3 times. Chloroform:methanol (v:v, 2:1) was added to pellets (3 mL organic
solvent:1 gram wet cells) and the mixture was incubated at 55 °C for 15 minutes. The
extraction was repeated and the organic phase was combined. Two washes with DDI
water (1 mL DDI water:1 gram wet cells) were applied to remove the hydrophilic
compounds from the extracts. The organic phase was then evaporated to provide dry
lipids that were stored at -20 °C for long-term use.

L1334 purification. The Mycl1 total lipid sample was dissolved in 1-2 mL
chloroform and loaded onto prepared silica gel column (3x40 cm). After absorption of
the sample onto the silica, chloroform:meathnol:water (v:v:v, 90:10:1) was applied to
elute lipids from the column. If the compound collected was not sufficiently pure, a
second silica gel column was used with the same elution system. The fractions were

monitored by both TLC on silica gel coated plates (Merck) and MALDI-TOF/MS.
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The collected fractions containing compound L1334 were combined and dried by a
rotary evaporator followed by high vacuum. Less than 0.5 mg L1334 could also be
purified by Combiflash (4 g or 12 g Silica RediRediSep Column) with the starting
material chloroform and the gradient slowing growing up to 10% methanol in
chloroform at the flow rate of 10 mL/min.

Matrix-assisted laser desorption ionization time-of flight mass spectrometry.
10 mg/mL 2,5-dihydroxybenzoic acid (DHBA) was prepared in CHCl3:CH30H (v/v,
1:1) as a matrix solution. Lipid samples were dissolved in choloroform to make a 1
mg/mL lipid solution. 1 pL of sample was mixed with 1 pL of matrix solution and
then loaded onto the target plate for measurement at positive ion mode by
MALDI-TOF/MS on a Bruker Ultraflex TOF/TOF.

L1334 NMR analysis and orbitrap tandem mass experiments. About 3 mg
L1334 were dissolved in 99.8% CDCl;. The 'H-">C heteronuclear multiple-quantum
NMR spectra was acquired on a 800 MHz NMR instrument with cryoprobe at the
New York Structural Biology Center (NYSBC), The 'H NMR spectra was acquired on
a Bruker Avance 700 NMR Spectrometer. The mass spectra were obtained with an
LTQ-Orbitrap spectrometer (Thermo Scientific) in Stony Brook University
Proteomics Center.

LC/MS analysis. The purified L1334 compound was injected into a Waters
UPLC system (UPLC, Waters, Milford, MA, USA) and eluted through a ACQUITY
UPLC BEH C18 column (1.7um, 2.1 x 100mm). The column was equilibrated with
98% solvent A (methanol with 0.1% acetic acid) and 2% B (methanol: ethanol 1:1).
The lipid compound was eluted with a linear gradient of 100% solvent A to 70%

solvent A in 20 min at a flow rate of 0.5 ml/min.
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I11. Results and Discussion

Lipid profile of wild-type M. smegmatis and MSMEG1604 transposn mutant.
The total lipid samples of wild-type M. smegmatis and M. smegmatis MSMEG1604
transposon mutatnt (Mycl1) (59) were characterized by MALDI-MS/TOF Bruker
equipment and TLC experiments. Cell cultures of M. smegmatis mc®155 wild-type
and Mycl1 were harvested at stationary phase ODgpo=2.1. Cell wall total lipids were
extracted using the modified Bligh-Dyer method (90, 98). The TLC plate indicates
that one unique lipid compound accumulated in Mycl1 total lipids with chloroform
methanol (v:v, 9:1) (Figure 3-1). Its polarity is close but slightly higher than normal
GPLs isolated from wild-type M. smegmatis strains prior to de-acetylation treatment.
The MALDI- TOF/MS (m/z ranging from 500 to 3000) showed one lipid compound
with M.W. 1334 accumulated in the total lipids extracted from Myc11 cell wall. The
molecular weight of L1334 is similar to GPLs. There is no other lipid missing from

Mycl1. L1334 production was turned off in the Myc11 complemented strains.

WT Mycll
2
GPLs
2 1
! i_, L1334

Figure 3-1. TLC experiment with crude total lipids of M. smegmatis mc*155 and

Mycl1 with developing system (chloroform:methanol:water, 90:10:1).

L1334 has a similar polarity to de-acetylated GPL-5 according to the TLC

experiment. There are 6 non-specific types of GPLs isolated from M. smegmatis
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and de-acetylated L1334 (AL); the TLC developing system is

chloroform:methanol:water (v:v:v, 90:10:1).
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mc”155 and their structures are shown in Figure 3-2. Those GPLs are isolated and
characterized after mild-alkali treatment of crude total lipids. Crude total lipids of

wild-type and Mycl11 were also characterized and characterized by TLC experiment.
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All six types of GPLs are present in the WT lipid profile. Compared with the WT,
GPL-6 is barely produced in Mycll. Deacetylated GPL-5 from wild type has the
same m/z=1334 peak in the mass spectrum. The deacetylated GPLs were compared
with native L1334. L1334 has the same polarity as de-acetylated GPL-5. L1334 is
stable after alkali-treatment consistent with a lack of acetyl group (Figure 3-2D). The
"N labeling experiments showed there are four nitrogen atoms in each L1334
molecule. Mycl11 were cultured in specially prepared "N minimal medium for "N
labeled L1334. The total lipids were extracted and purified by Combiflash instrument.
The "’N-L1334 was eluted with the same program and same solvent with the control
of normal L1334 isolated from Myc11 in normal medium (Figure 3-3).

The total lipids of both "°N labeled Myc11 and wild type show that there is no
peak with m/z=1334 (Figure 3-3). The chromatography isolation of this '°N labeled
L1334 showed that there is a 4 mass shift higher compared with normal L1334. The 4
higher in mass indicate there are 4 nitrogen atoms in the molecule of L1334. Lipid "N
labeling experiments established that L[1334 contains 4 nitrogens. The
surface-exposed glycopeptidolipids are important to M. smegmatis cell morphology
and sliding motility. Their structures all have a common tetrapeptide core
d-phenylalanine-d-allo-threonine-d-alanine-l-alaninol. There are four nitrogen atoms
per molecule. L1334 properties are very close to GPLs in cell morphology changes,

molecular weight and polarity. It is highly possible that L1334 could be a mutant

Table 3-1. Tandem MS" fragment peaks of L1334 by Orbitrap.

Tandem m/z of peaks
spectrum  [M-sugar+Na]" [M+Na-H,0]" [M+Na-HOCH;]" [M+Na-HOCH;-H,0]"
MS? 1169.79 1315.86 1301.86 1283.82
(1333.86)
MS® 1009.71 1151.77 1137.79 1119.75
(1169.77)
Ms* 835.62 991.70 977.70 959.68
(1009.71)

55



nsGPL compound.

Tandem mass spectrometry of L1334. Purified L1334 was dissolved in
chloroform:methanol (v:v, 2:1) and injected in Thermo Fisher Scientific LTQ Orbitrap
XL ETD for structure analysis. The exact mass of sodium salt of L1334 is 1333.8617
(3 ppm tolerance). The tandem MS spectra are shown in Figure 3-4. The MS?

fragment of ion at m/z = 1333.86 yielded ions with m/z=1169.79, losing mass of 164.

OCH; O 0
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CyH \/J\/U\ N N
24H49u7 N N/H( 0
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o 4,
9 < 17

o 17:
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Figure 3-4. Orbitrap tandem mass spectra of purified L1334. The arrows indicate the

three sugar residues fragments from the parent peak as indicated in the spectra.
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Figure 3-6. MS” spectrum of L1334 by MALDI-TOF/MS. The proposed L1334

fragmentations are shown.

The MS® fragment of the ion at m/z=1169.79 yielded ion with m/z=1009.71, losing
mass of 160. The MS* fragment of the ion at m/z=1009.71 yielded ion with
m/z=835.62, losing mass of 174. The three sequential fragments of 164, 160 and 174

are three sugar residues from the parent molecules. Also, in each fragment MS there
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are series ions by mass loss of 18, 32 and 50 from the parent molecules. They are
peaks of [M+Na-H,0]", [M+Na-HOCH;]", [M+Na-HOCH3-H,0]" (Table 3-1), and
they indicate the L1334 structure contains the hydroxyl and methoxyl groups, which
are possibly on rhamnose residues.

The best molecular formula for L1334 is CgoH20N4O19Na, on the basis of the
exact mass (1333.8617 with 3 ppm tolerance) and nitrogen number information. The
calculated exact mass of CgoH;22N4O9Na is 1333.8601, close to the exact mass
analyzed by the high-resolution Orbitrap. This molecular formula has a similar
carbon/oxygen number and same nitrogen number with GPLs compound. The
proposed structure of L1334 is shown in Figure 3-6. This GPL-like structure of L1334
was confirmed by MALDI-TOF/MS? (Figure 3-5).

NMR analysis of L1334. The structure of L1334 was analyzed by NMR
spectroscopy. Both "H NMR and 'H-"C HSQC NMR spectra were acquired. The

'H-NMR spectrum is very similar to NMR signals of the typical GPLs isolated from
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M. smegmatis. Both '"H-NMR and 'H-">C HSQC confirmed three most important
parts in the L1334 structure: a) four amino residues including aromatic protons; b) a
long fatty acyl chain; c) three sugar residues including the three anomeric carbons
(Figure 3-6, Figure 3-7, Figure 3-8 and Figure 3-9). The full spectra are found in the
Appendix Figure SI1. The NMR spectrum confirmed the deacetylated
glycopeptidolipid structure of L1334, consistent with the mass spectra.

Conclusively, L1334 is accumulated as a deacetylated glycopeptidolipid in M.
smegmatis MSMEG1604 transpson mutant cell wall. The accumulation of L1334
alters Mycll into a rough phenotype from a smooth phenotype. Mycl1’s sliding
motility was retarded. NMR and mass spectrometry confirmed the purified L1334 has
a structure of deacetylated GPL-5. The structure of L1334 is shown in Scheme 1-1.
Because PGLs are the M. tuberculosis functional homologs of GPLs, whether a
unique PGL variant is accumulated upon Rv3409c disruption should be studied in the
future. The differences of L1334 from normal GPL especially GPL-5 is the
acetylation on the 6-deoxytalose residue on the GPL. According to TLC experiments
and MS spectra, Myc11 does not produce GPL-6, but does produce both deacetylated
GPL-5 and normal GPL-5 (m/z=1518) (Figure 3-2). The acetylation of other GPLs (1
to 5) is all normal. Rv3409c is not within the GPL biosynthesis gene cluster (65). The
Atf (acetyltransferase) from M. smegmatis has not been characterized in vitro. The atf
mutant produce all unacetylated GPLs in the cell wall (50). There is one
hyperglycosylated GPLs found in the carbon starvation culture M. smegmatis. The
hyperglycosylated GPL accumulats due to carbon source starvation (100). Therefore,
there is a relationship between sugar metabolism and cell wall lipid structures. The
reason that one GPL compound is not acetylated and is triglycosylated upon Rv3409c

disruption is unclear for us. It is highly possible that the carbon metabolism might be
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affected due to Rv3409c disruption. Rv3409c is not a cholesterol oxidase and our

results will help in understanding the real function of Rv3409c in future.
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I. Introduction

Mycobacterium tuberculosis (M. tuberculosis) has successfully infected one
third of the whole world’s population and every year about 2 million people die
because of tuberculosis according to the data from World Health Organization (WHO)
(1-2). Only 10% immuno-competent M. tuberculosis infected individuals could
develop active TB diseases (4). Latent tuberculosis can be reactivated when the host
immune system is compromised, for example due to HIV or malnutrition. About 15%
of HIV infected people are co-infected with tuberculosis and one third of them die
every year (3).

M. tuberculosis can survive and replicate in phagosome. There are several
pathways by which M. tuberculosis can survive. It can inhibit phagosome-lysosome
(P-L) fusion, delay phagosome maturation or interrupt [FN-ymediated signaling or
adapt the host nutrition supply or alter cell wall lipids (6-15). But all the mechanisms
remain to be studied for more details.

Cholesterol is converted to cholest-4-en-3-one as the first step of sterol ring
degradation (34). On the basis of bioinformatic analysis, Rv3409c was annotated as a
putative cholesterol oxidase. Cholesterol oxidase is a flavoenzyme with one molecule
FAD cofactor covalently or non-covalently bound. The FAD non-covalently bound
cholesterol oxidases is the type I and FAD covalently bound cholesterol oxidases is
the type II (Figure 4-1). Although these two types of enzyme catalyze the same
reaction, the protein structure and the sequence are completely different from each
other (34). Rv3409c is grouped into the Glucose-Methanol-Choline (GMC)
oxidoreductase superfamily on the basis of its sequence including FAD binding

domain and putative conserved active site amino acid residues. The GMC

63



Figure 4-1. Secondary structure representations of (a) type I cholesterol oxidase (PDB
entry 1B4V) and (b) type II cholesterol oxidase (PDB entry 1119) showing the buried

substrate cavity, copied from reference (34).

oxidoreductase family includes a large number of flavoenzymes like alcohol oxidase,
glucose oxidase, choline oxidase, and cholesterol oxidase (101-104). The common
function of enzymes of GMC family is oxidizing an alcohol into a ketone or an
aldehyde. The conserved residues are a histidine (His447) for oxidation and an
asparagine (Asn485) or histidine for substrate oxidation and oxygen gating (101-102,
104-107). Cholesterol oxidase has 1,3-allylic isomerization activity in addition to
alcohol oxidation. In cholesterol oxidase choA from Streptomyces, the glutamic acid
(Glu361) residue in the active site is required for isomerization of cholest-5-en-3-one
to cholest-4-en-3-one. Glu361 is not conserved in the GMC superfamily (108).
Rv3409c¢ has 24% identity and 53% similarity with the cholesterol oxidase

(choE) from Rhodococcus equi strain. Rv3409c¢ contains the highly conserved FAD
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binding motif of the GMC superfamily, which indicates Rv3409c is a flavoenzyme
and utilizes one FAD. The active site residues His447 and Asn485 are conserved in
Rv3409c, but a conserved Glu361 could not be identified. M. tuberculosis Rv3409c
also has orthologs other mycobacteria like Mycobacterium bovis, Mycobacterium
smegmatis, and Mycobacterium leprae.

It has been reported that cell lysate supernatants of M. smegmatis
over-expressing Rv3409c have cholesterol oxidation activity (45). However, the
Rv3409c protein product has not been purified and assayed in vitro. The cholesterol
oxidizing ability of M. tuberculosis cell lysate supernatant was not abrogated after
disruption of Rv3409c (Eugenie Dubnau, personal communication, Figure 2-4).

M. tuberculosis Rv3409c is an important gene playing a key function in the M.
tuberculosis. The growth of the Rv3409c mutant is attenuated in mouse lungs and
spleens (45). The Rv3409c mRNA level is increased 20-fold 2 weeks after infection
and 200-fold 3 months post-infection in mouse lungs compared to cell culture (109).
In this chapter, Rv3409c from M. tuberculosis H37Rv has been cloned and its gene
product was over-expressed and purified. Enzyme Rv3409c cholesterol oxidizing
ability and flavoenzyme characteristics were analyzed. The enzyme activity with

possible GMC oxidoreductase enzyme substrates was screened.

I1. Experiments and Methods

Materials and general methods. M. tuberculosis H37Rv total genomic DNA
was obtained from the TB research Materials Facility at Colorado State University
(Fort Collins, CO) (NIAD NO1-AI40091). All oligonucleotides were purchased from
Stony Brook University DNA Sequencing Facility (Stony Brook, NY). M. smegmatis

mc”155 strains carrying expression plasmids were grown in 7H9 Middlebrook broth
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medium supplemented with 0.2% (w/v) glucose and 0.05% (v/v) Tween 80.
Antibiotics were added as needed at the following concentrations: kanamycin 30
pg/mL; ampicillin 200 pg/mL; hydromycin 50 pg/mL; and cycloheximide 10 pg/mL.
Restriction endonucleases and trypsin protease enzyme were purchased from New
England Biolabs (Beverly, MA). The Rapid DNA Ligation Kit was purchased from
Roche (Mannheim, Germany). Cloned Pfu DNA polymerase was purchased from
Stratagene (La Jolla, CA). 7H9 Middlebrook broth medium was purchased from
Sigma-Aldrich (St. Louis, MO). Superdex 200 16/60 column was purchased from GE
Healthcare Biosciences Corp. (Piscataway, NJ). Mono Q 5/5 column was purchased
from Pharmacia Biotech (Piscataway, NJ). HisBind Resin Ni-charged was purchased
from Invitrogen (Carlsbad, CA). Mass spectra were acquired on a Bruker Autoflex II
MALDI-TOF/TOF instrument. DNA sequencing data was acquired by Stony Brook
University DNA Sequencing Facility (Stony Brook, NY). All other chemicals and
solvents are from Fisher Scientific (Pittsburgh, PA). The buffers used include:
Binding buffer: 20 mM TrisHCI, 10 mM imidzole, 0.5 M NaCl, 10% (v/v) glycerol,
pH 7.4; Washing buffer: 20 mM TrisHCI, 5 mM imidzole, 0.5 M NaCl, 10% (v/v)
glycerol, pH 7.4; Elution buffer: 20 mM TrisHCI, 150 mM imidzole, 0.5 M NaCl,
10% (v/v) glycerol, pH 7.4; Assay buffer: 50 mM sodium phosphate, pH 7.0 and
size-exclusion chromatography elution buffer: 50 mM sodium phosphate, pH 7.4;
Mono Q starting buffer: 20 mM sodium phosphate, 10% glycerol, pH 7.4; Mono Q
elution buffer: 20 mM sodium phosphate, 10% glycerol, 1 M sodium chloride, pH 7.4.
Cholesterol (3 mM) in 2-propanol stock. Cholest-4-en-3-one (3 mM) in 2-propanol
stock. Cholest-5-en-3-one (3 mM) in 2-propanol stock. FAD (5 mM) in DDI water
stock. Horseradish peroxidase (1000 unit/mL) in sodium phosphate buffer, pH 7.0,

stock. 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) (10 nM) in
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sodium phosphate buffer pH 7.0.

Rv3409c subclone and plasmids construction. All plasmids were propagated in
E. coli strain XL1Blue. Plasmids names and primers are listed in Table S1 in the
Appendix.

Construction of Rv3409c in pET-28b(+) plasmid with N terminal Histidine tag.
Rv3409c clone insert was cloned with pMCO-100M as template and forward primer
JGNN-1 (5’- cgcCATATGaagccggattacgacgteetg-3’) and reverse primer JGNN-2 (5°-
ccg AAGCTTctageecgegttgctgaccgg-3’). The 50 L PCR mixture includes: 5 uL 10x
Pfu turbo cloned buffer, 4uL 10 mM dNTP, 1 pL 2mM forward primer JGNN-1, 1 pLL

2mM reverse primer JGNN-2, 0.5 uL Pfu turbo polymerase and 36 uL DDI water.

The PCR program is
Segment Cycles Temperature Time
1 1 95 °C 2 min
2 35 95°C 45 sec
65 °C 45 sec
72 °C 2.5 min
3 1 72 °C 10 min

Both the Rv3409c clone purified from finished PCR reaction and pET-28b(+)
vector was double digested with proteases Ndel and HindIIl. The ligation was
completed with the Rapid DNA Ligation kit by Roche (Mannheim, Germany) with
the standard procedures. The colony with pET-28b-NChoD was isolated and
amplified for pET-28b-NChoD storage.

Construction of Rv3409c in pFPCAL vector. pMCO-100 vector containing
Rv3409c with acetamide promoter was constructed by Paigee Chou and kanamycin
resistant gene cassette were stored at -80 °C. For pMCO-100M plasmid construction,

the pMCO-100 was used as gene clone template. The QuikChange® Site-Directed
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Mutagenesis protocols was followed. Partially overlapping primers JG005 (5°-
cgcgggc Tagcettgcggecgeactegage-37) and JGO06 (5°-
cgcaagctAgeccgegttgctgaccggate -3°) were designed. The 50 pL PCR reaction
mixture include 4 pL ANTP’s (2.5 mM each), 5 uL 5% iProof GC buffer, 2 uL. 10 uM
primer JGO05 and 2 pL 10 uM primer JG006, 84 ng pMCO-100 as parent plasmid,
and 0.5 pL 2 unit/uL iProof High-Fidelity DNA Polymerase. PCR reaction was
conducted on the PTC-100 Programmable Thermal Controller (MJ Research, Inc)

with the program below:

Segment Cycles Temperature Time
1 1 94 °C 3 min
2 16 94 °C 1 min
56 °C 1 min
68 °C 16 min
3 1 68 °C lh

1 uL 20 U/ pLL Dpnl restriction enzyme was added to 50 uLL PCR reaction mix.
The total mixture was incubated at 37 °C 60 min. 4 pLL DNA products were picked for
transformation and amplification in XL1Blue cells. The mutated pMCO-100M vector
was isolated using the Wizard Plus SV Minipreps DNA Purification System. The
pMCO-100M vector was transformed into M. smegmatis mc”155 by electroporation.

Construction of Rv3409c in pVV16.hygro plasmid. The pET-28bNChoD was
used as a template to prepare the N-terminal Histidine tagged Rv3409¢ (N-Rv3409c)
in pVV16.hygro plasmid. The forward primer JGNN-5
(5’-cgcggatcccatcatcatcatcatcacagcage-3”) and backward primer
(5’-ccgaagcttctageccgegttgctgaccgg-3’) were designed to clone the Rv3409c insert for

pVV16.hygro vector. The PCR reaction mixture includes 5 pL. 10x Pfu turbo cloned

buffer, 4 uL 10 mM dNTP, 1.25 pL 2mM forward primer JGNN-1, 1.25 pL 2mM
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reverse primer JGNN-2, 2 uL. DMSO, 1 pL Pfu turbo polymerase and 33 pL DDI

water. The PCR program is

Segment Cycles Temperature Time
1 1 95 °C 45 sec

2 35 95 °C 45 sec

65 °C 45 sec

72 °C 3 min

3 1 72 °C 10 min

The Rv3409c insert was isolated from the PCR reaction mixture on a 1%
agarose DNA gel and then both pVV16.hygro vector and the Rv3409c clone were
sequentially digested by BamHI and HindIIl. The ligation was completed with the
Rapid DNA Ligation kit by Roche (Mannheim, Germany) with the standard
procedures The PCR mixture was transferred into E. coli competent cells for isolation.
The colony with pET-28bNRv3409c was cultured and amplified for
pET-28bNRv3409c storage.

Transformation and electroporation. For E. coli over-expression system,
purified plasmids were incubated with E. coli competent cells for 20 min and then
heated to 42 °C for 45 seconds and then cooled on ice for another 2 min. 2 mL fresh
LB medium were added into the mixture and the culture shaked at 250 rpm for
another 20 min. Then 100 uL cell culture was inoculated to agar plates with proper
antibiotics. After 17 h incubation at 37°C, a single colony was chosen for plasmid
isolation. For M. smegmatis mc®155 over-expression system, the shuffle plasmids
were transformed into M. smegmatis mc*155 competent strain using an electro cell
Manipulator 600 (BTX Electroporation System) and 1 mm gap cuvette. 25 pL M.

smegmatis mc’155 electrocompetent cells with 10 ng of plasmid were gently mixed
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and aliquoted in the prechilled gap cuvettes. The parameters are mode: HV;
capacitance: 50 pF; resistance: RS; charging voltage: 1.7 kV; desired filed strength:
17 kV/cm and desired pulse length: 4-5 msec.

N-Rv3409c protein expression and purification. Culture was started in a 50 mL
tube with shaking at 250 rpm, 37 °C until ODgyp=0.6-0.8. The cell pellets were
collected and inoculated into 1 L protein expression medium in a 4 L flask. 0.088%
acetamide was added to the culture to induce enzyme over-expression when
ODg00p=0.6-0.8. After 10 hours, the cells were harvested and re-suspended in Binding
buffer for cell lysis.

Step-1: The frozen cells from 3 L M. smegmatis mc®155 over-expressing N-Rv3409¢
were thawed and resuspended in 50 mL Binding buffer. After three times passage
through a French press at 10,000 psi, the cell lysate supernatant was collected by
ultracentrifugation at 135, 000 g for 90 min, 4 °C.

Step-2: The cell lysate supernatant was loaded onto a pre-equilibrated Ni*" resin
column (1x5 mL) and the column was further washed with binding buffer and
washing buffer to remove impurity proteins. Finally, the protein was eluted with
Elution buffer and the fractions were collected and analyzed by 10% SDS-PAGE.
Step-3: Fractions contain N-Rv3409¢ were combined for size-exclusion
chromatography. They were concentrated by ultrafiltration (Centricon,
NMWCO=10,000). A Superdex 200 16/60 column (Pharmacia Biotech) was
pre-equilibrated with 20 mM sodium phosphate, pH 7.4, 4 °C. After loading
N-Rv3409c, elution buffer (20 mM sodium phosphate buffer, pH 7.4) was applied at a
flow rate of 0.5 mL/min, with UV detecting at 280 nm. All fractions absorbing at 280
nm were further analyzed by 10% SDS-PAGE. N-Rv3409c containing fractions were

collected and combined.
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Step-4: A Mono Q 5/5 column was pre-equilibrated with starting buffer (20 mM
sodium phosphate, 10% glycerol, pH 7.4). The N-Rv3409c sample was loaded onto
the Mono Q 5/5 column and 5 column volumes (CV) starting buffer were applied to
wash the column. A slow linear gradient from starting buffer to elution buffer (20 mM
sodium phosphate, 10% glycerol, 1 M sodium chloride, pH 7.4) over 10 CV at a flow
rate of 0.5 mL/min was used for elution with UV detecting at 280 nm. All fractions
absorbing at 280 nm were analyzed further by 10% SDS-PAGE. The fractions
containing N-Rv3409c were combined for further analysis.

In-gel trypsin digestion experiment. In-gel trypsin digestion combined with
MALDI-TOF/MS was applied to confirm N-Rv3409c’s identity. About 5 pug
N-Rv3409c¢ from the SDS-PAGE gel was treated with trypsin and the digested
fragments were extracted three times with 60% CH3CN/ 0.1% trifluoroacetic acid
(TFA) in water. The total extracts were lyophilized and the residue was dissolved in 5
pL 0.1% TFA. A saturated o-cyano-4-hydroxycinnamic acid solution was freshly
prepared as the matrix. MALDI-TOF/mass spectra were acquired in positive ion
mode.

Cholesterol oxidase activity assays.

Kinetic Assays:

1. A240: The assay mixtures were incubated at 37 °C. The production of
cholest-4-en-3-one was monitored by UV absorbance using &40 = 12,100 Mlem™.
The standard assay mixture contained 50 mM sodium phosphate buffer, pH 7.0,
0.05% (w/v) Triton X-100, and 150 uM cholesterol, which was added as a cholesterol
stock dissolved in iso-propanol, and 1 uM enzyme. 30 uM to 100 uM FAD was added

as necessary.
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2. UV-based ABTS-HRP coupled Assay: The assay was performed at 37 °C. The
standard assay mixture contained 50 mM sodium phosphate buffer, pH 7.0, 0.05%
(w/v) Triton X-100, 0.32 nM ABTS and 1 unit/ mL Horseradish peroxidase (HRP),
150 uM cholesterol, which was added as a cholesterol stock dissolved in iso-propanol
(3 mM), and 1 pM enzyme. The formation of ABTS oxidized form was monitored at
600 nm. 30 uM to 100 uM FAD was added as necessary. Choline, glucose,
myo-inositol, methanol, ethanol, benzyl alcohol, 2-phenyl ethanol, rhamnose, and
deoxytalose were prepared 100 mM in water. 1-pentanol was prepared 100 mM in
acetone.

3. DCIP/PMS electron transfer assay (110): The assay was performed at 37 °C. 50
mM sodium phosphate buffer (pH 7.0) is the standard assay buffer. The final
concentration of 2,6-dichloroindophenol (DCIP) is 0.048 mM, phenazine
methosulfate (PMS) is 0.9 mM, and the substrate final concentration is 150 uM and
all other substrates final concentrations are 10 mM. 30 uM to 100 uM FAD was
added as necessary. The enzyme sample was added with a final concentration 1 uM.
Formation of the PMS oxidized form was monitored at 600 nm. Cholesterol was 3
mM in isopropanol. Choline, glucose, myo-inositol, methanol, ethanol, benzyl
alcohol, 2-phenyl ethanol, rhamnose, and deoxytalose were prepared 100 mM in
water. 1-pentanol was prepared 100 mM in acetone.

Isolation and characterization of FAD from the N-Rv3409c. Purified
N-Rv3409c¢ was boiled at 100 °C for 20 min until protein precipitated from the
solution. The supernatant was collected after centrifugation at 13,000 rpm for 5 min.
The supernatant was mixed with 10 mg/mL 2, 3-dihydroxybenzoic acid (DHBA) as
matrix for MALDI-TOF/MS analysis.

Reconstitution of N-Rv3409c. Buffers and Reagents: Denaturing buffer: 0.05 M
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potassium phosphate, 6 M urea, 3.5 M KBr, pH 7.4; Elution buffer: 0.03 M potassium
phosphate, 6 M urea, pH 7.4; 4 mM FAD in Elution buffer; Dialysis Buffer: 0.03 M
potassium phosphate, 0.01 M KCI, pH 7.4; and a G25 column (1x9cm). Purified
enzyme was concentrated by Ultrafiltration (Centricon, NMWCO=10,000) to about
1.5 mg/mL into Denaturing buffer and incubated at 25 °C for 4 h in the dark. 4 mM
FAD was loaded onto a G25 column pre-equilibrated with Elution buffer and allowed
to migrate 3 cm before loading the denatured N-Rv3409c¢ sample. Fractions from the
G25 column were collected and the N-Rv3409c containing fractions were combined
and dialyzed (NMWCO=10,000). Dialysis was performed against 2 L Dialysis buffer.

Fluorescence emissions scan of reconstituted N-Rv3409c. A free FAD standard
solution with the same UV absorbance at 350 nm was prepared. The fluorescence
emission scan of reconstituted N-Rv3409c samples was acquired with a blank buffer
as a control. The emission scans were acquired from 375 nm to 425 nm with an
excitation wavelength of 350 nm.

Glucose oxidase assays. The glucose standards (glucose in DDI H,0) were: 0
mg/mL, 0.1 mg/mL, 0.25 mg/mL, 0.5 mg/mL and 0.75 mg/mL, and 1 mg/mL.
ABTS-HRP coupled glucose oxidase assay mixtures include 888 pL of 50 mM
sodium phosphate buffer, pH 7.0; 82 uL of ABTS (10 nM); 15 uL of horseradish
peroxidase (1000 unit/mL) and 50 pL of glucose standards or sample for testing. 15
pL of glucose oxidase (1000 unit/mL) was added as the last reagent and the UV
absorbance at 595 nm was monitored at 25 °C. 1 mL of M. smegmatis wild type or M.
smegmatis MSMEG1604 transposon mutant culture was centrifuged to remove the

cell pellets. The clear supernatants were analyzed in the glucose oxidase assay.
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I11. Results and Discussion.
3.1 Rv3409c over-expression and purification

Rv3409c was expressed in 5 different E. coli/plasmids combinations (Table
4-1). In all systems, inclusion bodies were obtained. M. smegmatis mc¢*155 was used
as the host to express Rv3409c to solve the solubility problem. All the M. smegmatis
mc?155 expression systems provided soluble proteins (Table 4-1).
3.1.1 C-terminus His-tagged Rv3409c (C-Rv3409c) over-expression

For simple purification, a Hise tag was constructed at C-terminal of Rv3409c
(C-Rv3409c). The optimum induction conditions were explored as listed in Table 4-1.
The highest yield was about 3 mg/L. The soluble protein was colorless which
indicated the FAD cofactor was missing. The identity of C-Rv3409c was confirmed
by in-gel trypsin digestion for tryptic peptides mass analysis. About 28% peptide
sequences were confirmed by MADLI-TOF/MS analysis. C-Rv3409c was assayed
with the A240 assay method with extra FAD added in the assay and no cholesterol

oxidizing ability was identified.
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Table 4-1. Plasmids and expression systems tested for Rv3409c protein expression. (* construction and purification

Vector
pET-20b(+)*

pET-20b(+)*

pET-20b(+)*

pET-20b(+)*

pET 28b (+)

pFPCA1
pFPCAI
pFPCAL

pVV16.hygro

Strain
E.coli
BL21(DE3)

E.coli

BL21(DE3)pLYs

S
E.coli C41(DE3)

E.coli
BL21(DE3)
Codon plus-RIL

E.coli BL21DES3,

Rosetta,
RosettaDE3
M. smegmatis
mc’155
M. smegmatis
mc?155
M. smegmatis
mc’155
M. smegmatis
mc?155

Affinity Tag
C-terminus
His-tag

C-terminus
His-tag

C-terminus
His-tag

Non-tag

N-terminus
His-tag

N-terminus
His-tag
Non-Tag

N-terminus
His-tag
N-terminus
His-tag

Induction
25°C, 04 mM
IPTG, 14.5 h

10 °C, 0.1 mM
IPTG, 61 h

10 °C, 0.1 mM
IPTG, 30 h

No Colony

4mM IPTG,
18 °C,20 h

35.5°C
0.088%acetmide

35.5°C
0.088%acetmide

35.5°C
0.088%acetmide
35.5°Cto45°C

Protein status
Inclusion

bodies

Inclusion
bodies

Triton X-100
recovered
limited
solubility
No Colony

Inclusion
bodies
Soluble/colorle
SS
Soluble
Soluble/yellow

Soluble/yellow

yield
N/A

N/A

N/A

N/A

N/A

mg/L
N/A

mg/L

mg/L

Activity
ND

ND

ND

N/A

N/A

ND
ND
ND

ND
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3.1.2 Non-tagged Rv3409c for activities

Non-tagged Rv3409c was over-expressed in M. smegmatis mc”155 transformed
with the plasmid pMCO-100M. The same over-expression and induction protocol
used for C-Rv3409c was applied to this over-expression system. It was assumed that
the non-tagged Rv3409c would be over-expressed in the M. smegmatis mc*155
system. The cell lysate supernatant was analyzed using the A240 assay. There was no

cholesterol oxidizing activity detected.
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Figure 4-2. UV-vis spectrum of N-Rv3409c enzyme purified by Ni Hisbind column.

3.1.3 N-terminal Histagged Rv3409c (N-Rv3409c) over-expression and
purification

Rv3409c was also purified with an N-terminal Hise tag from M. smegmatis
mc?155 (N-Rv3409c¢). The isolated N-Rv3409¢ was soluble and a yellow color was
present. The UV-vis spectrum 1is shown in Figure 4-2. With the
pVV16.hygro-NRv3409¢ plasmid construction with heat shock promoter hsp60,
N-Rv3409c yield increased from 1 mg/L to 3 mg/L. The optimized induction

conditions required increasing the temperature from 35.5 °C to 45 °C when
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Figure 4-3. 10% SDS-PAGE analysis with N-Rv3409c by A) the size-exclusion

chromatography and B) the cation exchange chromatography.

N-Rv3409c¢ eluted from the Ni Hisbind column with impurities as judged by
10% SDS-PAGE and further purification was required. Further purification by size
exclusion chromatography (Superdex 200 column) and cation exchange (MonoQ
column) chromatography were employed. N-Rv3409¢ was concentrated and injected
into pre-equilibrated Superdex 200 column on AKTA system. By SDS-PAGE analysis,
N-Rv3409c¢ was mainly eluted at the second peak in the elution spectrum. All
fractions containing N-Rv3409¢ were injected into Mono Q 5/5 column on AKTA
system. After cation exchange purification step, N-Rv3409c’s purity get greatly
improved (Figure 4-3). The N-Rv3409c band on SDS-PAGE gel were cut from
SDS-PAGE gels and analyzed with the In-gel trypsin digestion. The tryptic peptides
mixtures were analyzed by MALDI-TOF/MS. The covered peptides were confirmed

to up 40% (Table 4-2).
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Table 4-2. Tryptic peptides (in bold) of N-Rv3409c confirmed by MADLI-TOF/MS

analysis.

Residues Sequences

1-50 MGSSHHHHHHSSGLVPRGSHMKPDYDVLIIGSGFGGSVTALRLTEKGYRY
51-100  GVLEAGRRFSDEEFAKTSWDLRKFLWAPRLGCYGIQRIHPLRNVMILAGA
101-150 GVGGGSLNYANTLY VPPEPFFADQQWSHITDWRGELMPHYQQAQRMLGVY
151-200 QNPTFTDADRIVKEVADEMGFGDTWVPTPVGVFFGPDGTKTPGKTVPDPY
201-250 FGGAGPARTGCLECGCCMTGCRHGAKNTLVKNYLGLAESAGAQVIPMTTY
251-300 KGFERRSDGLWEVRTVRTGSWLRRDRRTFTATQLVLAAGTWGTQHLLFKM
301-350 RDRGRLPGLSKRLGVLTRTNSESIVGAATLKVNPDLDLTHGVAITSSIHP
351-400 TADTHIEPVRYGKGSNAMGLLQTLMTDGSGPQGTDVPRWRQLLQTASQDP
401-450 RGTIRMLNPRQWSERTVIALVMQHLDNSITTFTKRGKLGIRWYSSKQGHG
451-500 EPNPTWIPIGNQVTRRIAAKIDGVAGGTWGELFNIPLTAHFLGGAVIGDD
501-550 PEHGVIDPYHRVYGYPTLYVVDGAAISANLGVNPSLSIAAQAERAASLWP
551-598 NKGETDRRPPQGEPYRRLAPIQPAHPVVPADAPGALRWLPIDPVSNAGXX

In summary, the soluble and stable Rv3409c was purified as a recombinant
protein with an N-terminus Hise tag. With hsp60 promoter (111), the N-Histagged
recombinant Rv3409¢c (N-Rv3409c) production yield increased three times (from 1
mg/L to 3 mg/L). Rv3409¢c with the His6 tag on the N-terminus was purified with a
yellow color with a cofactor. Application of three types of chromatography (affinity
chromatography, size-exclusion chromatography and ion-exchange chromatography)
in sequence provides N-Rv3409c in about 99% purity for further studies. The protein
sequence was confirmed by trypsin enzyme digestion coupled with MALDI-TOF/MS
method. The following work is all about the recombinant N-Rv3409c purified from
the pVV16NRv3409¢c vector and M. smegmatis mc’155 over-expression system

unless stated otherwise.

3.2 N-Rv3409c reconstitution

3.2.1 The FAD isolated from N-Rv3409c Analysis
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N-Rv3409c¢’s activity could be inhibited by the FAD adduct. Recombinant
N-Rv3409¢ purified by Ni*" resin column appeared as a brownish yellow in solution.
The UV-vis spectrum of N-Rv3409c displayed a significant absorbance at 355 nm
and 418 nm (Figure 4-2). Compared to ChoA, a cholesterol oxidase from
Streptomyces, N-Rv3409c¢’s two peaks by FAD cofactor were blue-shifted to lower
wavelengths. To analyze the cofactor, N-Rv3409c was denatured by addition of

concentrated HCI or boiling at 100 °C for 20 min.
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Figure 4-4. UV-vis spectrum of the supernatant of N-Rv3409c sample before (blue)

and after (purple) HCI treatment.

The HCI addition was performed dropwise into protein sample until protein
precipitation ceased. After centrifugation, the supernatant was yellow with a white
precipitant on the bottom. The supernatant was further analyzed by UV-vis
spectroscopy. The absorbance at 280 nm (A280) disappeared due to protein
denaturation by acid treatment. In contrast, the intensity of the peak associated with
the FAD adduct at 345 nm increased (Figure 4-4). The peak at 270 nm was a result of

the adenine group of FAD cofactor. The A345 indicated the isolated FAD was a
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reduced form (112). These UV peaks indicated the isolated FAD from N-Rv3409c

could be an adduct.
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Figure 4-5. UV-vis spectrum of supernatant of denatured N-Rv3409c by heating at

100 °C for 20 min.

The concentrated sample was dialyzed into 50 mM sodium phosphate buffer
(pH 7.0) boiled at 100 °C for 20 min. The N-Rv3409c precipitates were removed by
centrifugation. The supernatant was analyzed by UV-vis spectroscopy (Figure 4-5)
and MALDI-TOF/MS methods (Figure 4-6). The supernatant had three absorbance
peaks in the UV spectrum: A210, A250 and A340, instead of an authentic FAD
absorbance (A360 and A450). The A250 was a result of the adenine group of FAD
cofactor. The A340 indicated the isolated FAD was a reduced form (112). The A210
could be the imidazole residues in the sample supernatant. The mass spectra of FAD
isolated from Rv3409c were obtained in negative mode. Authentic FAD was used as
control. An ionic peak at m/z=783 is 1 mass lower than standard at m/z=784 indicated
the isolated FAD fragmented differently from native FAD. There was a significant
mass peak at m/z=857, which could be from the FAD adduct. The FAD adduct was

not identified in our studies. We found that after size exclusion chromatography
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purification, the N-Rv3409c sample does not contain FAD adduct peaks by UV-vis
analysis. The purified N-Rv3409c contained no yellow color. The “FAD adduct”
could be caused by complicated reasons. Why the C-Rv3409c¢ did not have the “FAD
adduct” and yellowish color still remains unclear for us.

3.2.2 Reconstituiton of N-Rv3409c

The protocol for reconstituting methanol oxidase has been followed for N-Rv3409c
reconstitution (113). In the last ultrafiltration concentration step, the buffer went
through the Centricon filter unit (NMWCO=10, 000) was colorless indicating the
adduct remained with the protein. After centrifugation, the protein sample, which was
retained above the membrane, was concentrated and the intensity of the yellow color

increased. Fluorescence spectroscopy was used to characterize the reconstituted
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Figure 4-6. MALDI-TOF/MS analysis of FAD adduct isolated from N-Rv3409c.

N-Rv3409c with an authentic FAD solution as the control. As shown in Figure 4-7,
the flavin emission peak was greatly quenched due to binding with the protein. There

was a slight blue shift of the peak at 525 nm to 523 nm. The UV-vis spectra of
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reconstituted N-Rv3409c and apo-N-Rv3409c were compared in the same figure
(Figure 4-8) and there were two typical flavoenzyme peaks at 375 nm and 455 nm of

the reconstituted N-Rv3409c.
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Figure 4-7. UV-vis analysis of the reconstituted N-Rv3409c. Blue line is the
reconstituted N-Rv3409c and red line is the holo-N-Rv3409c. Spectrum A) The UV
scan from 200 nm to 600 nm; spectrum B) The magnified region of UV absorbance

from 300 nm to 600 nm.
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Figure 4-8. Fluorescence emission spectrum of reconstituted N-Rv3409c. The
emission scan of free FAD is purple and the spectrum of reconstituted N-Rv3409c is
blue; A) the emission spectra from 375 nm to 600 nm, with excitation at 350 nm; B)

Maonified emission snectruim from A.

The reconstituted N-Rv3409 finally bound FAD with a FAD/enzyme monomer
ratio of about 0.25. Theoretically, each monomer binds a FAD cofactor with an ideal
FAD/monomer ratio of 1. The reconstitution works would be improved in the future
by optimizing the denaturing conditions and incubation conditions of the
apo-N-Rv3409c with FAD. The activity of reconstituted N-Rv3409¢ was assayed for

activities as a cholesterol oxidase or a cholesterol dehydrogenase.

3.3 N-Rv3409c activity assays
3.3.1 Oxidizing activity on cholesterol

Both apo-C-Rv3409c enzyme and reconstituted N-Rv3409c enzyme activity
were tested with extra free FAD added at different pH conditions. C-Rv3409c is
stable at pH 7 at 37 °C, which was used as the assay conditions. Cholesterol and the
potential intermediate cholest-5-en-3-one and product cholestel-4-en-3-one were

extracted from the reaction mixtures for TLC analysis. There was no
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cholest-5-en-3-one or cholesten-4-en-3-one produced under the assays tested. No
cholesterol oxidizing activity was observed after incubation for 17 h overnight time at
37 °C. The ABTS-HRP coupled assay, which monitors the intermediate production of
H,0,, was also applied to explore the oxidizing ability. To date, no cholesterol
oxidizing enzyme activity has been identified with reconstituted N-Rv3409c even

with extra FAD present.

OH OH OH
benzyl alcohol myo-inositol 2-phenyl ethanol
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—OH
CH,0H methanol ethanol
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cholesterol glucose OH  choline
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Scheme 4-1. Substrates from GMC superfamily.

3.3.2 Oxidizing ability on substrates from GMC superfamily

The bioinformatic analysis indicated that Rv3409c is a putative cholesterol
oxidase with a FAD binding domain and that Rv3409c belongs to the GMC
superfamily. Rv3409c might have the oxidation activity on substrates from the GMC
superfamily. In this study over ten substrates including choline, methanol, and ethanol
were incubated with reconstituted N-Rv3409c (Scheme 4-1). For oxidase activity,
ABTS-HRP coupled assay was used, whereas, DCIP/PMS coupled assay was applied
for analyzing dehydrogenase activity. The reaction mechanisms are shown in Figure

4-9. Our results showed that no oxidizing activity for the listed substrates was

84



observed. There was no oxidizing activity detected with rhamnose and 6-deoxytalose
(sugar residues on L1334 lipid compound) either.

Recombinant N-Rv3409c was demonstrated to have no cholesterol oxidizing
ability in vitro. We know that the mycobacteria Rv3409c homologs have low
similarity and identity to other isolated cholesterol oxidase, as discussed in Chapter 1.
Combining our studies on lipids and cell morphology of wild-type M. smegmatis and
M. smegmatis MSMEG1604 transposon mutant and the assay studies of reconstituted
N-Rv3409c, Rv3409c enzyme is not a cholesterol oxidase. Although the Rv3409c
gene level in the Rhodococcus strain was slightly induced by addition of cholesterol
versus pyruvate, Rv3409c disruption greatly affect on M. tuberculosis survival in
IFN-y-activated macrophages (32). The up-regulation by cholesterol could be that
Rv3409c putatively be involved in the sugar metabolism or lipid synthesis. In

Rhodococcus equi genome, there is one Rv3409c ortholog, and an identified

. ABTS  HRP
Oxidase + ————» ABTS"+H,0
H20, op)
R=C4gH30
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\ FUDHZ : ‘ {\\
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/_\ R
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Figure 4-9. ABTS-HRP and DCIP-PMS assay mechanisms.
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cholesterol oxidase (ChoE). In M. tuberculosis genome, there is Rv3409¢ and an
activity identified 3B-hydroxysteroid dehydrogenase. Whether those bacteria need to
contain two enzymes with identical functions needs to be clarified by future studies.
3.3.3 N-Rv3409c assay with lipids

N-Rv3409¢ could be an enzyme functionally involved in lipid
biosynthesis/regulation. Our studies indicate that an unusual GPL compound L1334
was accumulated in the cell envelope of M. smegmatis MSMEG1604 transposon
mutant (Mycl1l). Mycll changed to a rough phenotype. The cell walls of Mycll
complemented strains contain no L1334. Oxidation activity of Rv3409c as a
cholesterol oxidase/dehydrogenase or with GMC substrates was not observed. It is
possible that L1334 was the substrate of N-Rv3409c and a lipid-enzyme assay was
carefully designed for reconstituted N-Rv3409c. The MALDI-TOF/MS mass were
used to monitor the lipid molecular weight changes in the assay mixtures. Purified
L1334 was dissolved in methanol and slowly injected into aqueous solution with fast
stirring, which allow the formation of L1334 vesicles in the aqueous buffer.
N-Rv3409c was carefully added into the assay mixture. Aliquots of assay mixture
were extracted by chloroform at certain time points (0 h, 2 h, 4 h and overnight) and
extracted lipids were analyzed by MALDI-TOF/MS. The sample extracted at 0 h was
the lipid mass profile control. All MALDI-TOF/MS spectra are shown in Figure 4-10.
Comparison with controls indicates that there is no new peak/compound produced as

a function of time.
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Figure 4-10. MALDI-TOF/MS spectra of chloroform extracts from N-Rv3409c lipid

assay; purified L1334 and N-Rv3409c were incubated at 37 °C in 50 mM sodium

phosphate buffer (pH 7.0).
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Figure 4-11. MALDI-TOF/MS spectra of chloroform extracts from N-Rv3409c lipid

assay; Mycl11 total lipids including L1334 and N-Rv3409c¢ were incubated at 37 °C in

50 mM sodium phosphate buffer (pH 7.0).
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Total lipids-enzyme assay were prepared in the same way of L1334. All the
mass spectra are shown in Figure 4-11. There are more new peaks after two hours, but
they are not present in the mass spectra of the four hour and overnight samples and
this is not reproducible. Some of the peaks at m/z about 2300 could be peptides
resulting from degradation of the N-Rv3409c sample. The homogeneous Mycll
crude cell lysate including cell wall total lipids and proteins will be prepared by
Bead-beating equipment. Reconstituted N-Rv3409c will be added into the crude cell
lysate mixture and the assay mixture will be incubated for overnight. Then the total
lipids will be extracted by chloroform and methanol for MALDI-TOF/MS analysis
with enzyme untreated total lipids as control.

In summary, N-Rv3409c was purified and reconstituted with a FAD cofactor
bound with the ratio of FAD/monomer N-Rv3409c about 0.25. The ABTS-HRP
coupled assay and DCIP/PMS assays showed that N-Rv3409c lacks enzyme activity
for oxidizing a hydroxyl group to a ketone or an aldehyde group with about ten
different substrates for enzymes from GMC superfamily. The incubation of purified
L1334 or total lipids containing L1334 with reconstituted N-Rv3409c does not make
any change to L1334 or produce any lipid by MALDI-TOF/MS. Rv3409c is not
located within a functional identified gene cluster neither. The real function of
Rv3409c¢ needs to be carefully studied.

According to our latest results, Myc11 growth rate is significantly dependant on
glucose concentration in the medium. Mycl1 was cultured in medium with different
glucose concentrations with wild-type culture as control. Three types of glucose
medium are: 7H9 + 0.2 % glycerol; 7H9 + 0.2 % glycerol + 0.2% glucose; and 7H9 +
0.2 % glycerol+1% glucose. The growth rates were monitored by measuring ODggo.

Mycll culture showed significant difference in growth rate on different glucose
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concentrations. The growth curve is shown in the Figure 5S. Considering the
glucose-dependent growth property and an abnormal deacetylation and
over-thamnosylation GPL lipid accumulated due to MSMEG1604 disruption, we
propose that Rv3409c¢ might be involved in sugar/glycerol metabolism for lipid
biosynthesis in a certain mechanism. In M. smegmatis, Rv3409c function could be

specifically involved in GPL biosynthesis.
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Table S1. Summary of M. smegmatis wild type, Myc11 and complementary strains properties.

WT Mycll Myc11:pMS100 Myc11:pMS101 Myc11:pMtb100
Phenotype Smooth  Rough Rough Smooth ND
Sliding motility Yes No No No ND

Single colony

diameter lcm lcm 0.76 cm 0.89 cm ND
L1334 production No Yes No No Yes
L1358 production High High Low Low Low
L1518 production Yes Yes No No No
L1037 production No No Yes Yes No
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Table S2. Summary of all primers applied in the Rv3409c projects.

PCR Primer Product Sequence and size (bp) Restriction Tm (°C)
Digest Site

JGNN-1 pET-28(b)-NRv3409c 5’- CGC CAT ATG AAG CCG GAT TAC GAC GTC CTG -3 Ndel 71.5°C

JGNN-2 PET-28(b)-NRv3409c 5’- CCG AAG CTT CTAGCC CGC GTT GCT GAC CGG -3’ Hindlll 75.6°C

JGNN-3 pFPCA1-NRv3409c 5’- GCC AGA TCT CAT CAT CAT CAT CAT CACAGCAGC -3 Bglll 69.6°C

JGNN-4 pFPCA1-NRv3409c 5’- GGC GAATTC CTAGCC CGC GTT GCT GAC CGG -¥ EcoRl 75.6°C

JGNN-5 pVV16-NRv3409c 5’- CGC GGATCC CAT CAT CAT CAT CAT CACAGCAGC-3* BamHI 72.1°C

JGNN-7 pPMAL-C4E-Rv3409c 5’- CGC GAATTC CAT CAT CAT CAT CAT CACAGC AGC-3*  EcoRlI 69.6°C

JGO005 pMCO-100M 5°- CGC GGG CTAGCT TGC GGC CGC ACT CGAGC -3’ N/A 74.1°C

JG006 pMCO-100M 5’- CGC AAG CTAGCC CGC GTT GCT GAC CGG ATC -3’ N/A 70.3°C

JGP-1 pMV306.hygro_Mth999Rv3409c* 5’- GGG GGT CAT ACT GCA GCG ATG AAG CCG G -3’ N/A 67.7°C

JGP-2 pMV306.hygro_Mth999Rv3409c* 5’- GCC GAAGCT TCT AGC CCG GGT TGC -3’ Hindlll 66.6°C

JGP-3 pMV306.hygro_Mth999Rv3409c* 5’- GCC CGG ATATCC GAT CGAGCT CG -3’ EcoRV 63.3°C

JGP-4-2 pMV306.hygro_Mth999Rv3409c* 5’- CCG GCT TCATCG CTG CAG TAT GACCCCC -3 N/A 67.7°C

JGP-20 pNIP40/b_Msmeg300MSMEG1604t 5’- GGACTAGTG GGC AAC GGC TGG TTC TGG CC -3’ Spel 74.5°C

JGP-21 pNIP40/b_Msmeg300MSMEG16041 5’- GGA CTA GTC TAC CCC GCC GAC GAC ACG GG -¥ Spel 75.9°C

JGP-22 pMV306.hygro_Msmeg300MSMEG1 5’- CCG ATATCG GGC AAC GGC TGG TTC TGG CC -3’ EcoRV 74.5°C

6041
JGP-23 pMV306.hygro_Msmeg300MSMEG1 5’- CGG AAG CTT CTACCC CGC CGACGACAC GGG -3’ Hindlll 76.9°C
6041

ChoD1 pMCO-100, pMCO-100M 5-GTG TTC TTC GGC CCC GAC GGC ACC -3’ Forward 68.2°C
Sequencing

ChoD2 pMCO-100, pMCO-100M 5’- GTC ATG CAG CAC CTG GACAAC TCG -3’ Forward 62.2°C
Sequencing

ChoD3 pMCO-100, pMCO-100M 5’- CC CGT CGG ACC GCC GCT CAAACC -3’ Backward 68.7°C
Sequencing

ChoD4 pMV306.hygro-Mth999Rv3409c* 5- GCTAAATCC CGACCT GTT GGG TGC CGC -3’ Forward 72.2°C
Sequencing

ChoD5 pMV306.hygro-Mtb999Rv3409c* 5’- CGT TAG CCG AAT CGG CCG AGG CGC -3’ Forward 73.1°C
Sequencing

ChoD6 pMV306.hygro-Mtb999Rv3409c* 5’- GGA GCC GTAGCC AAC GAT GAC GCC -3’ Backward 71.4°C
Sequencing
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ChoD7 pMV306.hygro,
pNIP40/b derivatives
ChoD8 pMV306.hygro,
pNIP40/b derivatives
ChoD9 pMV306.hygro,
pNIP40/b derivatives
ChoD10 pMV306.hygro,

pNIP40/b derivatives

5’- GGT GCTACG GCATCCAGC GCATCC -3

5’- GGT GCC GAG GTG CAT CCG CTG C -3’

5’-CGT GGCACACTG CGCCTGCTCAACG-3

5’- GGC GCC GGC CAG GAT CAT CAC G -3

Forward
Sequencing
Forward
Sequencing
Forward
Sequencing
Backward
Sequencing

714°C

72°C

72.8 °C

72°C

(*pMV306.hygro_Mth999Rv3409c is also named pMtb100; ¥ pNIP40/b_Msmeg300MSMEG1604 is also named pMs100;

 pPMV306.hygro_Msmeg300MSMEG1604 is also named pMs101. )
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