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Abstract

Iron is an essential metal element for the metabolism pathofagnost
microorganisms. For pathogens, iron is also an important factor idemie.
But in the host body, the availability of free iron is very low. Inominly
associates with heme in hemoglobin or is tightly bound to iron-assdcia
proteins like transferrin, lactoferrin and ferritin. Both Grangateve and
Gram-positive pathogens have iron transporters in their cellagesto acquire
iron from the environment, and one of the target iron compound for these
transport systems is heme in the red blood cells.

Listeria monocytogenes is a Gram-positive pathogen, which can infect human
and animals and causes listeriogismonocytogenes can utilize multiple iron
sources including siderophores, transferrin, lactoferrin, heme andgham.

In the genome oE. monocytogenes EGD-e, thehup operon encodes an ABC
transporter for the uptake of heme. Site-directed deletionup€ and hupG
impaired the uptake of heme and hemoglobih.imonocytogenes EGD-e. The
function of these two genes can be complemented viais@ria phage
integration vector.

[*°Fe]-heme was used to measure the thermodynamic and kinetingpers
of heme transport bi. monocytohenes. The P°Fe]-heme binding experiments

showed that EGD-e wild type bound heme with an affinity about 4.7nM. The

XVI



deletion of genes ihup operon did not change the binding affinity very much,
and also the deletions did not completely eliminate the uptakenoé Ine the
[*°Fe]-heme transport experiments. This data indicates there &mer ot
transporters available in monocytogenes to transport heme other than the Hup
transporter.

Binding experiments revealed that the sortase B-dependentesymfaiein
(formerly called “SvpA”) encoded bymo2185, has a role in heme binding.
Deletion of these proteins resulted in the increase,dni<l decrease of capacity.
Deletion oflmo2185 also reduced the uptake of hemoglobin in nutrition tests.

The second part of this study is about the function of TortB doli. TonB is
an inner-membrane-associated protein in Gram-negative specidse buter
membrane of Gram-negative bacteria, there are ligand-gategtaecéor the
active transport of nutrients, such as siderophores and vitamins. rEcep#ors
are TonB-dependent, probably because TonB facilities the trandport
transducing the proton motive force energy from the inner memticatee
outer membrane.

The C-terminus of TonB contains LysM motifs, whose main functsn i
binding to bacterial peptidoglycan. The TonB C-terminus has gffifot
peptidoglycan. Site-directed mutagenesis and fluorescence quemeathgds
were used in this study to investigate the binding. Peptidoglycan lupebnice
fluorescence of FM labeled cysteine mutants of a MalE-TonB@Sior protein.

After changing two residues, E205 and D189, which may be part diridang

XVII



site, to alanine, the affinity of the C-terminus of TonB for pepfigtan still

remains.
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Chapter 1 Introduction

1.1 Iron uptake is important for the growth and virulence of

bacteria

Iron is an essential metal element for almost all orgag)ismsluding bacteria
(113). In bacterial cells, iron is needed in many metabolibwsys such as
electron transport, the TCA cycle, formation of heme, peroxide redu&nd
nucleotide biosynthesis. To sustain growth, bacteria must get sufircarftom
the environment (23, 24, 136).

Extensive research indicated that iron acquisition is also syroefgited to
bacterial virulence (22). In the mammalian body, free irotigistly bound to
eukaryotic proteins such as transferrin, lactoferrin, hemoglobin, lstyiogand
ferritin, which maintain a low level of available iron to guardiagfinvading
pathogens. For most bacterial pathogens, whether they can achievgroayin
and cause disease depends on their ability to acquire a suféoienint of iron
from their host during the infection. The relationship between ironisitiqn
and Gram-negative bacterial pathogen virulence has been wedtigsted (13,
32, 99, 167). For Gram-positive pathogens, not as much research has been done

as Gram-negative, but it is obvious that iron acquisition abilisgiiisimportant



for their pathogenesis (25, 84, 109).

1.2 Bacteria have developed sophisticated strategifor

iron-uptake

Iron is one of the most abundant metal elements on our planet. However, i
aerobic aqueous conditions, the availability of free iron is vemytdd. In such
conditions, iron is mainly present in ferric form {Be which is ready to react
with the hydroxide group in aqueous solution and forms insoluble
oxy-hydroxide polymers. When bacteria grow in aerobic environmemrtdreh
iron concentration is as low as M, which is far below the minimal iron
concentration acquirement for their growth (210) (24, 114, 185). For
pathogenic bacteria, the situation is similar during infectiore fren in their
host body is bound to iron-carrier proteins like transferrin, lagiafeand
ferritin or incorporated to the protoporphyrin ring to make heme and
hemoproteins. The sequestration of iron is so strict that thefmastano free
iron in the body of living organisms.

In order to overcome this iron shortage, bacteria have developedilsever
sophisticated mechanisms to collect iron from environments.

Many bacteria can secret “siderophores” to chelate ifimm their

surroundings. Siderophores are low molecular weight iron chelatorsh whi



specifically bind to ferric iron with exceptionally high affipit and
thermodynamic stability. Based on different functional grotipst are used to
chelate iron, siderophores can be divided into two major groups: hydatxam
type (e.g. ferrichrome), and catechol type (e.g. ferric entetiope14) (Figure
1).

Gram-negative bacteria have two membranes, an outer membrane and a
cytoplasmic membrane. The transport of siderophores include tiagess(l)
crossing the outer membrane, (lI) going through periplasmicesaiad (111)
crossing the cytoplasmic membrane (34). Siderophores usuallpaigd to
diffuse through general porins on the cell envelope. They are meeogand
bind to their outer memberane receptor proteins (eg. FepA, Fhu®), Chese
receptor proteins have a C-terminal transmembpaberrel domain with several
external surface loops and an N-terminal globular plug domain itisediearrel
(26, 55, 56). When FepA, the receptor of ferric enterobactin, binds thé meta
complex in its surface loops, it causes a conformational change in thmiNak
plug domain, and then the plug domain likely comes out from the barrel and a
channel is made to let ferric enterobactin go through. This trenppacess
needs energy and it is TonB-dependent (4, 102, 117). When enterobactin enters
the periplasmic space, it binds to FepB, a periplasmic binding pratich
delivers it to the FepGDC complex, an ABC transporter in ther imenbrane
that transports ferric enterobactin into the cytoplasm using #gyefrom ATP

hydrolysis. Once inside the cytoplasm, enterbactin is degradedisireduced,



and ferrous iron is released.

Gram-positive bacteria also transport ferric siderophores and some
Gram-positive bacteria also can secrete siderophores imgdhees, such as the
members in Bacillus cereus group, which produces two siderophores,
corynebactin and petrobactin (90, 191). Different from Gram-heghagcteria,
Gram-positive bacteria do not have an outer membrane; thereforeigheoe
periplasmic space either. The whole mechanism of siderophore tramsport
Gram-positive bacteria is still unclear. In some speciesC Ansporters of
ferric siderophores were found. The genes oflibeperon inB. subtilis encode
a ferrichrome transport systefhuD encodes a binding lipoprotein anchored in
the cell surface by a covalent lipid linkageuB and fhuG are predicted to
encode transmembrane proteins, #imdC encodes a predicted ATPase (150).
Recently it was found thd. cereus has at least five binding lipoproteins for
bacillibactin and xenosiderophores (110, 121) and some siderophore binding
proteins inB. cereus were characterized (194). Ferric hydroxamate transport
systems were also found inisteria monocytogenes. L. monocytogenes can
utilize ferrichrome, ferrichrome A and ferric enterobactinhwat lower affinity
and slower rate compared with Gram-negetive bacteria, su¢hcals. The
deletion offhuD and fhuC genes strongly reduced the uptake of ferrichrome
(84).

As a response to the siderophore-dependent iron acquisition bgridact

during infection, the mammalian immune system contains proteingathddtind



to ferric siderophore complexes (such as FeEnt) to preventahdransport.
Recently, one such mammalian protein, lipocalin, has been cizetialand its
interaction with FeEnt was studied (1, 77).

Another mechanism to get iron, especially for pathogenic bacieiséealing
it from iron-carrier proteins, such as transferrin (Tf) aactdferrin (Lf) in the

host body. In order to prevent the toxicity against free iron radicals and promote

Gram + Gram -
siderophore
Fe+*
N T N o 4 . o
¢ +

periplasm

¢

2
o “‘X. .y + /m o e
RN e L

ADP + Pi * ee+—Fet—> o ADP +Pi

binding protein *. T
™ + !

I

|

I

1

1

1

cytoplasm

Figure 1 Siderophore transport systems in the cell envagbe
of Gram-positive and Gram-negative bacteria

(185)

iron transport into cells, most iron in plasma is bound to transféir28).
Lactoferrin, found in lymph, is a protective iron chelator thaypk@n important
role during homeostasis (186). Tf and Lf exhibit high affinity fof R&~10%
M™Y). Many bacteria have Tf and Lf transport systems. In the gatfio
Neisseria species, two transferrin transport involved proteins, TbpA and TbhpB
are known. TbpA is an outer membrane Tf receptor and ThpB indini

lipoprotein (87). However, the mechanism by which bacteria exdtaat from



these proteins is still unknown. Recently, a new technique, SURRI&EKility

of Unpurified Proteins from Rates of H/D Exchange) has been used to
investigate the Tf iron transport systenNingonorrhoeae. The direct interaction
between ThbpA and FbpA (periplasmic ferric binding protein) wasrted and
the SUPREX data also showed that TbpA can discriminate betvpeeRbpA

and holo-FbpA, TbpA has a higher affinity for apo-FbpA (156).

1.3 Listeria monocytogenes

1.3.1L. monocytogenes is a Gram-positive pathogen and causes listeriosis

Listeria monocytogenes is a Gram-positive, intracellular pathogen. It
expresses listeriolysin O, which can destory red blood cellgrolt's between
-0.4C to 50C and is wide spread in soil, sewage and food products I(53).
monocytogenes is a typical food-borne pathogen. Once a human gets infected, it
may suffer “listeriosis”, a serious disease which maiafgets pregnant women,
newborns and individuals with immune deficiency. The fatality o&testeriosis

is about 25%~30%.



1.3.2 The life cycle of.. monocytogenes in the host cell

The entry ofL.. monocytogenes into host cells starts with the interaction of its
two virulence factors, internalin A and internalin B with the stefaf host cells.
Once inside host cell, bacteria reside in a vacuole (alsalgati@agosome). The
secreted pore-forming protein listeriolysin O, another viruleteterminant for
L. monocytogenes, is essential for bacteria to escape from vacuole. The function
of LLO is pH dependent (63, 151, 173). After escaping from vacuale,
monocytogenes grows rapidly and assembles an F-actin tail, which propels the
bacterium to move toward the cell membrane (41, 162). This actin
polymerization needs a surface protein, ActA, that promotes timeractieating
activity (160).WhenL. monocytogenes reaches the cell membrane, it continues

to infect neighboring cells (70, 173) (Figure 2).

Figure 2 The life cycle ofL. monocytogenes in the host cell

(173)



1.3.3 Iron and the pathogenesis df. monocytogenes

In the chromosome df. monocytogenes, a gene cluster exists that called the
Listeria Pathogenicity Island 1. It consists of six gena$A, plcA, hly, mpl,
actA and plcB. The products of these six genes are crucial virulence
determinants in the intracellular life cycle dfisteria (129, 182). The
transcription of these listeria virulence factors is regulateot 8y (85).

Iron is an essential element for bacteria to grow and morenarel evidence
showed that the availability of iron is also a key determinantisterial
virulence during infection. High levels of iron stimulate the entrfylL.
monocytogenes into host cells by modifying the surface hydrophobicity of
Listeria (39), and adding iron to the medium also strongly increases theyactivit
of listeriolysin O (57). When the environmental iron concentrationws such
as in a vacuole, therfA gene will be activated and regulates the expression of
other virulence factor genes, resulting in the acceleration ofpgheading of
listeria from cell to cell (40, 64).

Like some other Gram-positive bactetia,monocytogenes cannot synthesize
siderophores. Sequencing of the whole genome showed that such kind of genes
are absent in this bacterium (67), which means thahonocytogenes relies
more on the uptake of iron from the iron-binding proteins in its hdktlces
known thatl. monocytogenes utilizes transferrin, lactoferrin and hemoglobin as

iron source (84). Since heme in hemoglobin is the most abundant sbinwe



in mammalian cells, we can presume that heme uptake playspantant role

during listerial infection.

1.4 Heme and hemoglobin are important iron sourcefor

pathogenic bacteria

Heme is a complex, in which ferrous iron {Peis incorporated in
protoporphyrin IX or its derivatives. When ferric iron {Be bonds to
protoporphyrin IX, it is known as “hemin”. However, both “heme” andie
are commonly called heme. Figure 3 shows three differens typeeme. They
are different in structure by the substitution side chains on the yrorping.
Heme b is the heme which is bound to hemoglobin. Heaés found in
cytochromea, a; and az in the chlorophyll of green plantsiemec is in
cytochrome-c and it is covalently linked to protein by -Cy$s8ad. Among

these three different heme molecules, herisethe carrier of oxygen in blood.
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Figure 3 Structure of hemea, bandc
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About 70% of the intercellular iron pool is heme, which is bound to
hemoglobin and myoglobin. In mammals, hemoglobin transports oxygen f
lungs to the cells of the body. Each hemoglobin molecule hasglobular
subunits: twoa-chains and twd-chains. Each of these subunits has a strong
heme-binding pocket that tightly binds a single heme molecule.

Heme can go into a lipid bilayer and disturbs membrane structunee ldkso
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catalyzes the formation of radicals, so the accumulation efifeene in the cells

could badly damage them; therefore, free heme is not tolerated (82,83)3,

Once heme is released after the degrading of heme-proteitine icell, it is
quickly bound by hemopexin and serum albumin. Free hemoglobin is also
deleterious, hemoglobin dimers are bound by haptoglobin. All these aedhe
hemoglobin binding proteins have high affinity for ligands, thereforen eve
though heme is abundant in human and animal bodies, free heme concentration

is very low (65, 176, 189, 196).

1.5 Regulations of heme uptake in bacteria

Free heme overload in cytoplasm is toxic. The amount of heme aelthe
strictly controlled to avoid heme toxicity. The expression of é€mon) uptake
proteins is regulated by Furdrric UptakeRegulator) as a response to the heme
(iron) level in the cell environment (73).

The Fur protein has two domains. The N-terminal domain is in charide of
binding of DNA. The C-terminal domain contains metal binding siteshaal
Fur to form a homodimmer mvo (3, 81).

Under iron rich conditions, Bébinds to Fur dimer, which can bind the DNA
strand at a specific site, which is called the “Fur box’E.lgoli, the ‘Fur box’ is

a 19 bp consensus DNA sequence (10, 50). The sequence of “Fur box”varies i
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different species. The binding of holo-Fur to DNA blocks RNA polyaser
therefore the downstream genes cannot be transcribed. When thevebis le

low in the cell, F& leaves Fur and apo-Fur releases from DNA, then RNA
polymerase regains its accessibility to the promoter regidritee transcription
starts (Figure 4). If. coli, about 60 Fur-regulated genes are known, including
iron receptor genes, iron permease genes, siderophores biosypémesisheme
uptake genes and other iron metabolism genes. Fur is also found in many
bacterial pathogens, such &s pestis, P. aeruginosa, V. cholerae and L.

monocytogenes (118-120, 171).
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Transcription off

Low iron condition:

Transcription on

Figure 4 Fur regulated gene expression

Some Gram-negative bacteria produce another iron uptake represd®y, Dt
which shares structural similarities with Fur. DtxR alsotasdomains in each
monomer. The N-domain is in charge of DNA binding; C-domain contams t
binding sites for F& in vivo (127).

Some bacteria have regulation factors other than Fur and DoxRexEmple,
the Hassystem inS marcescens is regulated by extracytoplasmic function sigma

factors (65).
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1.6 Heme uptake in Gram-negative bacteria

1.6.1 Direct heme uptake system

So far, two major heme acquisition systems have been inddntii
Gram-negative bacteria. These two systems have most of theieinp
components in common, the major difference between them is whetlyer the
need “hemophore”, a small heme scavenging protein, to “steal” Hieme
hemoproteins or not.

One of the heme uptake systems can be called a “direct henke spstiem”.
It includes an outer membrane receptor, which binds heme or hemogrotei
the bacterial cell surface. After crossing the outer menehrdreme is
transported into the cell though ATP-binding cassette (ABC) trarespoiT his
category of heme uptake system includes HB@RSTUV system inYersinia
enterocolitica (165), thehmuRSTUV systerm inYersinia pestis (171), and the
shuASTUV system irShigella dysenteriae (28).

The uptake of heme starts with the release of heme fronodiebin (the
mechanism of this process is still unknown). Once released fromghanm
heme is recognized by the receptor proteins in these sysidémase receptor
proteins have the similar structural topology with siderophore rexplike

FepA, FhuA and FecA, including thgbarrel domain and the globular plug
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domain. Some studies showed that the heme binding sites inr¢lceptors are
conserved (21). These receptors also need energy to make diénoeigh outer
membranes, and the energy provider is proposed to be the TonB-ExBB-Exb
complex. In the periplasmic space, heme adsorbs to the periplasmdiog
proteins, which transfer heme to the ABC transporter in cytoptasrambrane

(75, 177). Several kinds of periplasmic heme binding proteins have been
indentified, such as HemT I enterocolitica, ShuT inS. dysenteriae, and ChuT

in E. coli. The crystal structure of ShuT was recently solved, it is a 8.5
monomer and each ShuT binds one molecule of heme (49, 76).

The ABC transporter in the cytoplasmic membrane consists ofiEgsenic
binding protein, a transmembrane protein and an ATPase protein. Tike ge
clusters of these systems may also encode a protein chéete“oxygenase”.
Once heme is transferred into the cytoplasm, the heme oxygepass the
porphyrin ring and breaks the coordation between iron and nitiatgems, thus
releasing iron, and the two degradation products of protoporphyrin éX ar

biliverdin and CO.

1.6.2 Hemophore-dependent heme uptake system

Hemophores are small extracellular heme-binding proteins thasesreted
by several Gram-negative bacteria. The function of hemophoochmd heme

outside the cell envelope and bring it to outer membrane heme receptors (185).
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One type of hemophore is HxuA frohRlaemophilus influenzae. It binds to
hemopexin (72). The other hemophore, HasA, which is the most studied
hemophore up to date, was found in several Gram-negative bacteuaingcl
Yersinia enterocolitica, Yersinia pestis, Pseudomonas fluorescens and Serratia
marcescens (185).

The structure ofSerratia marcescens HasA has been solved. HasAgme
AcquisitionSystem) is a 19 kD globular protein withodhelixes and PB-sheets
(6). HasA has high affinity for heme @10 M) and it can capture heme from
a broad spectrum of heme-containing molecules, including hemoglobin,
myoglobin and hemopexin (94, 95). The mechanism of extracting heme from
hemoglobin by HasA is still unknown. After capturing heme, HasAstes
heme to HasR, the outer membrane receptor. The binding betweenaHa@sA
HasR is energy, temperature and TonB-ExbB-ExbD complex indepe8tent

95).

1.7 Heme uptake in Gram-positive bacteria

1.7.1 The structure of Gram-positive bacteria cell wall

Compared with Gram-negative bacteria, less is known about the upaie

pathways in Gram-positive bacteria kingdom. Unlike Gram-negativeerdac
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the Gram-positive bacterial cell envelope doesn’t have an outerbraeen
Outside the cytoplasmic membrane, there is a thick cell wall around théhee|
different cell envelope structure of Gram-positive bacterisesaa number of
interesting questions, such as: How do cells recognize heme/hemagtothia
cell surface? Where are the heme transport proteins locatéd® is the
pathway for heme to pass through the cell wall? Where doesntrgy come
from? Finding answers for these questions is important becausy ma
Gram-positive bacteria are human or animal pathogens and tipeyd®n
heme as the major iron source during the infection.

The cell wall of Gram-positive bacteria is a multiple &gk peptidoglycan
network around the cytoplasmic membrane. There are many celicsurf
molecules attached to it, such as teichmials, lipoteichoic acids, surface
molecules attached to it (111).

Peptidoglygan consists of repeating N-acetylglucosamine (NAG)-(
4)-N-acetylmuramic acid (NAM) strands. For most Gram-pasibacteria, the
D-lactyl groupof each NAM is linked to a short peptide, and the short peptide is
linked to an adjacent peptide that attached to a neighbor glycanl stia a
cross-linked peptide. The crosslinking between each glygan straedates the

cell wall network surrounding the cell (66, 111, 168, 174) (Figure 5)
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In the Listeria monocytogenes cell wall, the linkage between each NAM from
different glycan strands is different from other species. dasté a cross-linked
peptide, two short peptides are joined together via an amide bond beheeen t

two short peptide (146).

o o.
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Lys _CH-CHs
DiGlu co
L-Ala ! CH3

Figure 5 Structure of peptidoglycan from S.pyogenes

Different colors show short peptide (blue) and cross linkage (red).

1.7.2 Protein sorting in the Gram-positive bacteria cell wall

The main function of the cell wall is to protect cells fromirtie@viroment. It
also provides a surface scaffold for Gram-positive pathogerfacguproteins to

interact with the excellular environment in host tissue. To aptisim their
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biological functions, these proteins must be properly attached to the cell wall.
Such surface proteins are covalently anchored to petidoglygaortases, a
class of membrane-anchored transpeptidases, that were iredkemtifll known
Gram-positive bacteria genome (9, 38, 104, 122). In most cases, the pretursor
Gram-positive surface proteins has a signal peptide on both-teeriyhus and
C-terminus. The N-terminal signal leads surface proteins tdrdreslocated
across cytoplasmic membrane (9). The C-terminal signaldscalted a “sorting
signal”, it includes a highly conserved motif, that is recognized hgs®(148).
The first sortase found i8 aureus was SrtA. It recognizes the surface protein
precursor by the LPXTG motif in its sorting signal and cleabe peptide bond
between T and G (175). After cleaving, the free carboxy ternahtigeonine is
covalently linked to the amino group at the end of the glycine cradgebr
peptide of “lipid 1" (the biosynthesis precursor of peptidoglycdrater “lipid
II” is cross linked to the growing network of peptidoglygan and tindase
protein is been anchored on the cell wall at the same time (111, 124, 141).
Another sortase, SrtB, anchors surface proteins that have an NBQTiNg
signal (107). SrtB cleaves the sorting signal between T and Nhandst of the
sorting mechanism is similar to that of SrtA (105)Slmureus, SrtB is a part of
theisd operon and it anchors IsdC, a surface heme binding protein tolthe ce
wall.
SrtA and SrtB are both found ih. monocytogenes (16, 17). In L.

monocytogenes, SrtB anchors two proteins on the cell surface: The protein
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encoded bymo2185, which is formerly called “SvpA” and the protein encoded

by Im02186, which is the homologous of IsdC $haureus (118).

1.7.3 Heme uptake irl.. monocytogenes and other Gram-positive bacteria

Several heme and hemoglobin binding proteins were identified in some
Gram-positive species. According to the locations of heme transoietins in
the Gram-positive cell envelope, these mechanisms can be divitedwvn
categories: One heme uptake mechanism is sortase-dependehéslton the
cell wall anchored proteins to bind heme or hemoglobin. The second heme
uptake mechanism is sortase-independent. It only has an ABC transpadhie
cytoplasmic membrane, which usually includes a heme-binding lipopraei
trans-membrane permease protein and an ATPase. One Gram-posiigga
cell can have both systems at same time, which has been shttwseweral
Gram-positive bacteria, such &septococcus aureus.

In S aureus, the isd (Iron-regulatedSurface Determinants) gene cluster
encodes a heme/hemoglobin uptake system to acquire heme iron daing t
infection (Figure 6) (106, 137). After the releasing of hemloigl from host red
blood cells, hemoglobin is proposed to bind to surface receptors IsdiBckihd
IsdA, another cell wall protein removes heme molecules from rigobind
transfers heme to IsdC. Heme then passes across the cytopiasmbrane via

IsdDEF. The crystal structures of the heme-IsdC complex and the solulbd& port
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of heme-IsdE complex were sloved recently (69, 154). Once in sidplagm,
Isdl and IsdG, two heme degrading enzymes, degrade heme and irele498,
192).
In theisd system, IsdA, IsdB and IsdC are all covalently anchorebetall
wall by sortases. The first two proteins are anchored by ®itth a LPXTG
sorting signal, and the last one is anchored by SrtB with a NPQTN sequence.
isd homologous systems are also found in several other Gram-positive
bacteria.Bacillus anthracis, the anthrax pathogen, is capable of scavenging
heme as iron source during infection. Ts&locus inB. anthracis encodes IsdC,
and the deletion of IsdC and SrtB defects heme uptaBeanthrascis. In vitro,
IsdC binds heme with a Kabout 3.1 uM. More results about the heme and
hemoglobin binding fuction of IsdC and IsdK were reported recently (62, 103).
Besides thesd locus,S. aureus has another heme uptake complex, HtsABC,
which appears to be sortase-independent (159). HtsABC is a herfie AB
transporter and it turns out that Hts is the primary heme transpsieém in
Sreptococci rather thanisd system. Spectroscopic data showed that the

lipoprotein HtsA binds heme (98, 135, 142).
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Figure 6 Heme acquisition systems if. aureus

(137)

The iron acquisition systems Ln.monocytogenes were left unknown until
2006, when a ferric hydroxamate uptake system and a heme/hemoglokim upta
system were indentified for the first time (84). Nutrition $eshd growth assay
showed thak.. monocytogenes can use multiple types of iron complex, including:
hydroxamate siderophores, such as ferrichrome, ferrichrome A aiak&enine
B; catecholate siderophore, such as ferric enterobactin, éemynebactin; and
iron-binding proteins, such as lactoferrin, transferring and irferdand
hemoglobin.

[*°Fe]-siderophore uptake experiments showed thdokK ferric siderophores
is about 1~10 nM, which is 10~100 fold lower than Gram-negative bacteria,

such ask. coli. The transport rate @4y for ferric enterobactin and ferric
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corynebactin are also 400 fold lower than thaEabli. For ferrichrome, the
transport rate is about the same.

In the genome of. monocytogenes, the Fur regulatethu region encodes a
transporter system for hydroxamate siderophores, and deletiorfhuDf
(Imo1959) or thuC (Imo1960) severely reduced the transport of ferrichrome. The
hup region, includinghupD (Imo2431), hupG (Imo2430) and hupC (Imo2429),
which is also Fur regulated, encodes an ABC transporter. iNottésts showed
the deletion ohupC didn’t hurt the uptake of hydroxamates or catecholates, but
impaired the uptake of both heme and hemoglobin, which indicated that
HupDGC is a heme/hemoglobin ABC transporter.

In the genome oLk. monocytogenes (EGD-e strain), the homolog of thsd
locus was also found (118). TheA-srtB locus contains seven genes. A fur box
sequence in the promoter indicates that this operon is iron reguldtedirst
gene,Imo2186, encodes a protein with 33% identity to IsdC. The second gene,
svpA (Imo2185) encodes a protein that shows similarities to both IsdC and the
protein encoded bymo2186. Similar to S aureus IsdC andB. anthracis IsdC,
co-chromatography experiment showed that SvpA also binds heme in solution
Both Imo02186 and svpA contain the sortase B sorting motif at the end of the
gene and it seems like they are the only two proteins thanaieored on the
cell wall by sortase B (16). The three genes downstream 8vpA (mo2184,
Imo02183 andImo2182) together encode an ABC transporter whose substrate is

still unknown.srtB (Imo2181) is the penultimate gene in the locus and the last
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gene,Imo02180, encodes a small protein with 153 residues, whose function is
unknown. Although thevpA-srtB locus inL.monocytogenes is similar to thasd
cluster inS. aureus andB.anthracis, the deletions odrtA, srtB, svpA or Imo2186
didn't affect the acquisitions of heme or hemoglobin in nutritionsteatso,
these mutants have no impact on the virulende ofonocytogenes in the mouse
model system.

These data raise interesting questions about whether the hemglthi@mo
uptake system (e.g. Hup transporter) is sortase dependent ¢tenlodps, like
the Isd and Hts systems & aureus, more than one heme transport systems
coexists in L. monocytogenes, and not all of them depend on the

sortase-anchored surface proteins to transport heme.

Organism Transporter Reference

Gram-negative bacteria

N. meningitidis HmbR (166)
Y. enterocolitica HemRSTUV (165)
Y. pestis HMURSTUV (171)
S dysenteriae ShuASTUV (28)

V. cholerae HuUtABCD (74)

P. aeruginosa PhuRSTUVW a77)
E. coli ChuATUVS (169)
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Gram-positive bacteria

S. pyogenes SiaABC (12)
S aureus IsdHABCDEF (106)
HtsABC (159)
C. diphtheriae HmuTUV (147)
B. anthracis IsdCEE2F (103)
L. monocytogenes HupDGC (84)

Table 1 Heme/hemoglobin transport systems in Gram-negative dn

Gram-positive bacteria

1.8 ATP-binding cassette (ABC) transporters

1.8.1 The general structure of an ABC transporter

ABC transporters are a family of membrane-intergrated proteatsransport
different kinds of substrates across lipid bilayers, either inbieleell or outside
the cell. ABC transporters are represented in both prokarydseacel eukaryote
cells. In prokaryote cells, ABC importers are in charge olgbtake of essential
nutrients, such as sugars, amino acids, metals and vitamins. pbedrs are

further divided into two subtype groups (type | and type Il) basedhem
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topologies (78). ABC exporters release toxic substance or drugsfotteethey
contribute to the antibiotic and drug resistance in bacterial pathogens (43, 195).

The detailed structure of ABC transporters is diverse, butliagg the same
basic organization: two transmembrane domains (TMDs) to mal¢havay for
the substrate and two nucleotide-binding domains (NBDs) in cytoplasm bind and
hydrolyze ATP. In bacterial ABC importers, a substrate-bindiragepr is also
required to deliver the substrates to the TMDs from exterior (Figure 7).

The energy of the transport is from ATP hydrolysis by K&Ds. Several
sequence motifs are highly conserved in NBDs, that are eithertoskeihd
nucleotides or to help assemble of the whole transporter (43, 149).

Unlike the NBDs, the primary amino acid sequences of TMDs are
different from each other due to the different substrates they. ddre main
secondary structure of the TMD is transmembrahelix (44).

The binding proteins have a high specific affinity for their subssraln
Gram-negative bacteria, they are periplasmic proteins. In Graitivpdsacteria,
since the outer membrane does not exist, the binding proteins areotgiopr

that are covalently anchored on the outside lipid of the cytoplasmic membrane.
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Figure 7 Structure of Gram-negative bacterial ABC transporters

Crystal structure of BtuCDF (PDB 2QI9), the ABC transporte

of vitamin By, in E.coli is used here as a model. BtuC (green and
light blue) is the transmembrane domain (TMD) inserted in the
cytoplasmic membrane (CM). BtuD (purple and yellow) is the
nucleotide-binding domin (NBD), which is in charge of the

binding and hydrolysis of ATP. BtuF (magenta) is the

periplasmic binding protein for the substrate.

1.8.2 The transport mechanism of ABC transporter in bacteria

The crystal structures of several ABC transporters are kifdsym6, 79, 100,

126). These structures give people a great insight about the coorperat
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between each domain during transport, and they suggest that the binAirg o

to the NBDs can cause conformational changes and make two NB&¥s tb

each other. This conformational change signal is transferredViids, then
TMDs are proposed to convert their inward-facing conformation to an
outward-facing one and get ready to internalize the substhatethey get from

the external binding protein. After ADP and phosphates are released from NBDs,
the conformation of both NBDs and TMDs are reset and the transjgoready

to start a new transport cycle (44). It is still debatable kdrell ABC
transporters follow this general mechanism. The question mayhe@@aswhen

more 3-D biochemistry is completed.

1.8.3 Heme ABC transporter

Heme ABC transporters have been indentified in many bacterif, &sic
HemTUV in Y. enterocolitica, PhuUVW in P. aeruginosa, ShuTUV in S
dysenteriae, ISDDEF and HtsABC inS aureus and HupDGC in L.
monocytogenes. These transporters all consist of a binding protein, a membrane
permease and an ATP-binding protein. The crystal structures ofakeve
heme-binding proteins (periplasmic binding protein in Gram-negativereact
and cell wall anchored heme binding proteins in Gram-positive legcteere
recently solved and the heme binding pockets in these proteinsnvestigated

(76, 154).
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Although there are no crystal structures available for the winafesporters
yet, some experimental datavitro already showed that in such kinds of ABC
transporters, the three components work together and ATP hydrpigsmtes
the transport of heme from the binding protein to the periplamic didkeo
permeaseRecently the ShuTU\omplex inS. dysenteriae was reconstituted
into proteoliposomes and the transfer of heme from the periplasmindindi
protein ShuT, through ShuUV, to the cytoplasmic binding protein ShuS was
observed when ATP was applied (29). The translocation of heme is cdapled
increased levels of ATP hydrolysis. In the same paper, by ugeglisected
mutagenesis, the anthors found that two histidine residues in Shu25Xend
His 262, are important for forming a high affinity heme binding site.

On the Gram-positive side, not much work has been done to charadterize t
heme ABC transporter in the cytoplasmic membrane. Current datdyma
focuses on heme binding lipoproteins. $naureus, the crystal structure of
heme-IsdE (soluble portion) complex has been solved (6%. pyogenes, the
coordination chemistry of heme with the SiaA has been studied byarRam
resonance, magnetic circular dichroism and NMR (164). However, the
interaction between the binding protein and the TMD domain of the herie AB
transporter in Gram-positive bacteria is still unclear, a$ agethe forming and

closing of the transmembrane channel for heme.
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1.9 TonB protein

1.9.1 The structure of TonB inE.coli

The Gram-negative bacterial cell envelope has two membranesniiére
membrane (IM) is a phospholipid bilayer. Between the inner memiarzhéhe
outer membrane (OM) is periplasmic space with a thin multipieer of
peptidoglycan. The structure of the outer membrane is asymnhetit@inner
side of the outer membrane is phospholipids and the outer side isvelga
charged lipopolysaccharide. Outer membrane protects the cell from
environmental hazards, but on the other hand, it interferes with the ugftake
many important nutrient molecules, such as vitamjp &d siderophore-iron
complexes, that are too big (>600 Dalton) to diffuse through geperais.
Gram-negative bacteria use ligand-gated active transport to uptedse
substances, a process that needs energy that is not found inetheentbrane.

To accomplish this mission, an inner membrane integrated TonB-ExbB-
protein complex is thought to transduce the potential proton motive fiome
IM to these transporters in OM and the TonB protein appears to beidge
that links these two membranes together (131).
E.coli TonB contains three distinct domains with 239 amino residues total.

The N-terminal domain (residues 1-65) anchors TonB in the cytoasm
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membrane and contacts the ExbB-ExbD complex (130). The C-terminus
(residues 103-239) interacts with the outer membrane. Between térenial
domain and the C-terminal domain a proline-rich spacer domain (residues
66-102) exists, that links the N-terminus and C-terminus togd8®. The
function of TonB as an energy transducer is still not completely clear.

Numerous studies on TonB have drawn a rough picture of how TonBtdoes
job: The N-terminal domain combined with ExbB and ExbD is the enagpr
for the whole protein which uses the proton motive force across Ibhagy
source. The energy is transduced through the spacer domain andesnéngi
C-terminal domin. Then the energetic C-terminal domain inteveitisthe OM
substrate receptors by a mean which is still unknown and providegyeioe
these receptors to make the active transport happen.

It is important to study the fuction of TonB since TonB is crucial for theecti
transports of many different kinds of substrates across the @vaim-negative
bacteria (145). Except siderophores and vitamin, Bhese substrates also
include heme, hemoproteins, hemophores (33), maltodextrins (115), nickel (144),
sucrose (20), cobalt (138), thiamin (139) and copper (92).

The crystal structure of TonB C-terminus was solved as a homo-dimer in 2001
(36) (Figure 8). For each monomer, the C-terminal of TonB folds intethr
antiparallel p-sheets and one shauthelix. More TonB C-terminal structure
models, either as a dimer or monomer, became available lateX-ray

cryptography or NMR methods (89, 153). The TonB C-terminus as a monomer
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was co-crystallized with BtuB and FhuA recently and thisicstre data
suggested that the C-termin@isheet interacts with the ‘TonB box’ motif in

these receptor proteins (123, 155).

Figure 8 Crystal structure of the dimeric TonB C-terminus

1.9.2 Two models for the function of TonB

Intensive research has been done to investigate the mechanionf
function. Two models are proposed.

In the shuttling model (131), the TonB-dependent energy transductiom cycl
begins with the energizing of TonB by ExbB-ExbD complex. TonB sttires
energy of the proton gradient via a conformational change and [BatesOM,
where TonB transfers stored energy to the ligand-gated transporteexrtalize

ligand to the periplasmic space. After that, TonB goes backittod the next
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transduction cycle. Our experiment data disputed this model: Tote8BnNAus
remains in the inner membrane rather than shuttling to the outabraee
during siderophore transport (86).

In the second model, the rotation model (36), TonB dimer does not leave IM
during the energy transduction. The N-terminus of TonB inserts in the
ExbB-ExbD complex and after TonB get energized, it startotate and the
proline-rich spacer domain sends the rotating C-terminus to thér&igporter

and delivers energy.

1.10 Significance

Hemin and hemoglobin are important iron sources for bacteailogens,
including L. monocytogenes. Until now, it was not clear how capable
Gram-positive bacteria utilized hemin, what kind of protein systemere
involved in the transport, and where they were located. Furthermolan#ies
and thermodynamics of hemin transport in Gram-positive bacterianua\een
elucidated. The answers of these questions will be valuble fmr wsderstand
the mechanisms of listerial iron acquisition and the relatiowdst hemin
uptake and virulence.

On the Gram-negative side, the inner membrane protein TonBeastied for
the function of many outer membrane receptors that transport diffeu&rients,

including iron. The knowledge of TonB can lead to new methods of preventing
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Gram-negative bacterial infections in humans. The C-terminus d ifdaracts
with OM receptors, which is the most importance part of theBfdependent
mechanism that transports nutrients across the outer membrane in

Gram-negative bacteria.

1.11 Research focus

This study focused on the hemin uptaké&.imonocytogenes and the affinity
of TonB C-terminus for peptidoglycan. By using molecular biology teples
and radioisotope labeled hemin, the aim of this study is to answse the
guestions: What is the function of the genes in the Hup systemthéye other
hemin uptake systems in monocytogenes other than Hup? Are sortases and
sortase-dependent surface proteins involved in hemin uptake or not? Wisat is
hemin binding and uptake parameterd ofmonocytogenes? For the TonB study,
my research mainly focused on the measurement of the affinitiyeoTonB
C-terminus for peptidoglycan by fluorescence quenching and expltnimg

binding site on the TonB C-terminus using alanine mutants.
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Chapter 2 Materials and Methods

2.1 Bacteria strains and plasmids

For theE. coli strains used in this study, BN1071 was the wild type in control

experiments. AN102 was used for the purification of enterobactin. Bbdl a

C43 were used for the overexpression of his-tagged proteins. XL1-btle a

DH5a were hosts for plasmids. SM10 is a conjugation donor strain. OKN3 is a

AfepA strain derived from BN1071.

Strain or plasmid

Genotype and characterization ~ Source or reference

E.cali
BN1071
AN102
BL21

C43(DE3)

XL1-blue

DH5a

F" thi entA pro trp rpsL (88)

thi trp fep proC leu tonA (193)

F decmompT hsdS(rg" mg") gal Stratagene cloning
systerm

FompT gal hsdSB (rg'mg’) dcmlon (108)
ADE3 and two uncharacterised
mutations  described in the

reference
recAl endAl gyrA96 thi-1 hsdR17 Stratagene cloning
SupE44 relAl lac systerm

Supe44 AlacU169(@80lacZ AM15) (71)
hsdR17 recAl endAl gyra96 thi-1
relAl
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SM10

OKN3

L. monocytogenes
EGD-e

Plasmids

pKSV7

pPL2
pET28a(+)
pET21a(+)
pMalp2

pSTON

puUC18

F-thi-1 thr-1 |leuB6 recA tonA21 (92)
lacY1 supE44 (Muc) X' Km' Tra"

BN10714fepA (102)

wild type (16)

E.coli - L.monocytogenes shuttle (163)

vector

site-specific  shuttle integration(91)

vectors

His-tag cloning vector Novagen cloning
system

His-tag cloning vector Novagen cloning
system

MalE fusion protein cloning vector New England
Biolabs Inc.

pMalp2malE::tonB 170-239 (86)

High copy number cloning vector

Table 2 Strains and plasmids used in this study

2.2 Growth media

In this study, Luria-Bertani broth (LB) was used as the iroh-media for

E.coli. T-media was used to grow AN102 for the purification of enterabact

MOPS media was the iron-deficient media tacoli. BHI was the iron-rich

media forL. monocytogenes. RPMI1640, KRM and Rich MOPS media were
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iron-deficient media for the growth &f monocytogenes (Table 3)

Media Reference

Luria-Bertani Broth (LB) Miller. 1972. Experiments
in molecular genetics (Cold
Spring Harbor Laboratory,
Cold Spring Harbor, NY)

T-media (88)

MOPS media (112)

Rich MOPS media In this study
RPMI1640 Sigma
KRM (118)

Brain Heart Infusion (BHI) Difco
Grimm-Allen medium (60)

Table 3 Media used in this study

2.3 Oligonucleotides

All primers (25 nmole, desalted) used in this study were purdhfxeen
Invitrogen Corporation (Table 4). Plasmid purification kits, reactiSR,
ligation and digestion) clean kits were from QIAGEN. Zymocl€abNA
recovery kit was used for the recovery of ligation products fagnose gel. All
restriction enzymes, ligase and Taqg polymerase were from Melaritl Biolabs.

All site-directed single residue mutants were constructed bingus
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QuikChangé&" site-directed mutagenesis kit from Stratagene.

Primer name Sequence (5'-3)

Primers for the chromosomal deletion 0imo02430

2430 BamHI GTTTTGACGCGGATCCAACTCAATT

2430 Xhol-up GGGGGEXTCGAGAGTTGTCATTAGTTATCCACCTTA
2430 Xhol-down GGGGGETCGAGAAAGAGGGAGGGTTGCTTC
2430 Pstl GCCGCCCATGCAGCTTATCATAGTCGAAAAA
Primers for pKSV7/Imo2430 integration checking

Inter-checkup CGAGATTGCTAATGTCTATACCGGCCCG
Inter-checkdown  AATAAATACTAGAATCGTCCCAAGGTCC
2430-check-up CTACCGTCCTCATTAAGTGGAAAT
2430-check-down CTCGTCCTCCTCTTGCAAAGTG

Primers for 6Histag clone of HupC (mo02429) in pET28-a(+)
2429%hisBamHI  CCCCCGGGATCCATGAAATCAGCATTAGAACTA
2429hisXhol CCCCCETCGAGTTAATATTCAAAACGAGTCGA
Primers for the complementation oflmo2429 in pKSV7

PropKSVBqglll CCCCCAGATCT TTTTCATCGCCTCCTTAAGTTAATT
ATA

PropKSVBamHI: CCCCCGSGATCCAATTCCCCTCCACAACACTGTCC
TTTT

2429pKSVBamH CCCCCGGGATCCATGAAATCAGCATTAGAACTAAA
I AAATGTT

2429pKSVPstl  CCCCCECTGCAGTTAATATTCAAAACGAGTCGAAG
CAAG
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Primers for the sequencing of promotetmo2429 ligated in pKSV7

SeqPro2429pKS GAGCCAGCTTCGGTGCGGCAAACG

V ( promoter)

SegPro2429pKS GGCTCGCCTAGAGAAGTTTTCACG

V (stop codon)
2429pKSVup

2429pKSVdown

CCCCAGTTGGATTTGTTTTAAGTGGTTTT

TTTCCTATTCCATAAAGATAGTATGCCC

Primers for the site-directed Cys mutants on HupGIMno2430) in puC18

puUC182430Pstl

CCCCCETGCAGATGACAACTGTGAAGGCG

pUC182430EcoR CCCCCGSAATCC TCATGAAGCAACCCTCCC

A45C .for

A45C.rev

S54C.for

S54C.rev

A119C for

A119C.rev

S194C for

S194C.rev

S308.for

S308.rev

GTAAAAGTTACATATAGCGACTGTTGGCAAACTTTG
ACTGG
CCAGTCAAAGTTTGCCAACAGTCGCTATATGTAACT
TTTAC

GGCGGCGGAGTGACCTTGCTAACC

GGTTAGCAAGGTCACACCCGCCGCC

GACATTAGCATTTCCTTGTTTAGCTTCCTTTGTGCC

GGCACAAAGGAAGCTAAACAAGGAAATGCTAATGT
gGACACTTTCCGGAAAATGT TGGTATCATTTGGATA
-I(_ZiTATCCAAATGATACCA ACATTTTCCGGAAAGTGT
giAGTTGGTTCG GATGCATCGAGCTTCCAG

CTGGAAGCTCGATGCATCCGAACCAACTTC

Primers for the complementation oflmo2429 in pPL2

pPL2ProBamHlI

pPL2ProPstl

CCCCCGEGATCCTTTTCATCGCCTCCTTAAGTTAAT

CCCCCETGCAGAATTCCCCTCCACAACACTGTCC
T
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pPL22429Pstl CCCCCETGCAGATGAAATCAGCATTAGAACTAAA
A

pPL22429Kpnl  CCCCCGSGTACCTTAATATTCAAAACGAGTCGAAG
C

Primers for checking the integration of pPL2/Pro/2429 into EGD-e
chromosome*

PL95 ACATAATCAGTCCAAAGTAGATGC

NC16 GTCAAAACATACGCTCTTATC

Primers for the complementation oflmo2430 (Cys mutants) in pPL2
(primers for promoter and the 5’ (Pstl) end of Im02430, see above)
pPL22430Kpnl CCCCCGGTACCTCATGAAGCAACCCTCCC
For the sequencing 0fmo2430 (Cys mutant) in pPL2/Pro/2430(C)

(three primers are designed in different positions of Im02430 to maketise
whole gene was covered)

Seq2430pPL2-1 ACATATAGCGACGCTTGGCAA
Seq2430pPL2-2 TTACTAGCATGGGATCGCGGC
Seq2430pPL2-3 TTTTTCATTATTATGTTGGCG

Primers for 6Histag clone oflmo2430 (cutting first 38 aa signal sequence) in
pET28a(+)

HisEcoRIA38) CCCCCGSAATCC AAAGTTACATATAGCGAC
HisXhol(A38) CCCCCETICGAGTCATGAAGCAACCCTCCC
Primers for 6Histag clone oflmo2430 in pET28a(+) with 6-his in both ends
24302HisEcoRI CCCCCGGAATTC ACAACTGTGAAGGCG

24302HisXhol CCCCCECTCGAGTGAAGCAACCCTCCC
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Primers for 6Histag clone of TonB69C in pET21a(+)
TonB69HisNdel CCCCCQCATATG TTGCGCATTGAAGGGCAG
TonB69HisXhol CCCCCCGETCGAGCTGAATTTCGGTGGTGCC

TonB69noHisBa CCCCCGSGATCCTTACTGAATTTCGGTGGT
mHI

Primers for site-directed Cys mutants of MalE-TonB69 fusion in pMALp2

S222C.for CCGGGTAAGCCAGGUGTGGGATTGTGGTG

S222C.rev GGCCCATTCGGTCCACACCCTAACACCAC

N227C.for GGCAGTGGGATTGTGGTAGTATCCTGTTTAAAATT
AACGGC

N227C.rev CCGTCACCCTAACACCAACATAGGACAAATTTTAA
TTGCCG

S195C.for GATAACGTACAAATCCTCTGT GCCAAGCCTGCGAA
CATG

S195C.rev CTATTGCATGTTTAGGAGACACGGTTCGGACGCTTG
TAC

Primers for site-directed Ala mutants of MalE-TonB69 fusion in pMALp2

E205A.for CATGTTTGAGCGTGCGGTGAAAAATGCGATGCGC
E205A.rev GTACAAACTCGCACGCCACTTTTTACGCTACGCG
D189A.for CCGGATGGTCGCGTGCGAACGTACAAATCC
D189A.rev GGCCTACCAGCGCACGCTTGCATGTTTAGG

Table 4 Primers used in this study

All primers are purchased from Invitrogen.
* Primers from reference (91)
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2.4 Purification of L. monocytogenes EGD-e chromosomal DNA

L. monocytogenes EGD-e strainwas grown overnight in 25 mL BHI. Cells
were spun down at 8000 rpm for 12 minutes and the cell pellekepan ice.
Cell pellet was resuspended in 1 mL ice cold water and then brglesasb Prep
bead-beater at intensity 6.5 for 30 seconds, 3 repeats. Unbroken esils w
pelleted by microcentrifuge for 2 minutes and the supernatantraveserred to
an eppendorf tube. NaCl was added to a final concentration of 10@ndNhe
supernatant was subjected to two extractions with buffered-phkrdol\(: V).
After two more extractions with chloroform/isoamyl-alchble tsupernatant was
transferred to a fresh tube. DNA was precipitated with 2 volurhethanol and
centrifuged in refrigerated microcentrifuge at 13000 rpm for 30utes. The

DNA pellet was washed with 70% ethanol and resuspended in 100 uL TE buffer.
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2.5 Preparation ofE.coli and Listeria competent cells

2.5.1 Preparation ofE. coli competent cells

E. coli strain for making competent cell was inoculated in 5 mLokBrnight,
then subcultured (1:100) to 500 mL LB. The culture was harvesteDgt<D.5
(DU®640 spectrophotometer, Beckman) and placed on ice for 5 min then spun
for 15 mins at 8000 rpm, 4°C. The cell pellet was resuspended imR%0 ice
cold water and centrifuged again. After two washes with coltkiwhe cell
pellet was resuspended in 50 mL ice chilled water with 10%egly and spun
down again. Finally, the pellet was resuspended in 1 mL watdr 1%

glycerol and 40 uL-aliquots were stored at -80°C.

2.5.2 Preparation ofL. monocytogenes competent cells

L. monocytogenes strain were inoculated in 5 mL BHI at 37°C overnight and
subcultured (1%) to 100 mL BHI and grown at 37°C with agitationeN\ine
ODs¢oo reached 0.3, penicilin G was added to a final concentration of 0.12
ug/mL and the cells were shaken for 2 more hourss{gdiztween 0.8 and 0.9),
then spun down at 4°C. The cell pellet was washed 5 times with col

electroporation buffer (ImM HEPES+500mM sucrose); (1x100 mL, 1x66 mL
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and 3x50 mL). After washing, the cell suspension was resuspende@ w30
electroporation buffer with 15% glycerol and 100 uL-aliquotsweoeedt at

-80°C.

2.6 Site-directed chromosomal gene deletion atipG (Imo2430)

The method used here was for the in-frame precise deletibnp& gene
(Imo2430), which encodes a membrane permease protein in thaploperon.
Chromosomal deletions of structural genes lin monocytogenes were
constructed by allelic replacement (15, 16, 48, 118, 132). Two DNA fragments
P1, upstream (0.54 kb, BamHI and Xhol) and P2, downstream (1.18 kb, Xhol
and Pstl) oflmo2430 were amplified by PCR with appropriate restriction
enzyme sites on both ends of each fragment. P1 and P2 were ligfate¢te
thermo-sensitive shuttle vector, pKSV7, and transformed to oDHby
electroporation. DH& cells carrying pKSV7/P1P2 were streaked on LB+Ap
(100 ug/mL) plates and incubated overnight at 37°C. Single colonies we
picked and verified by colony PCR. The pKSV7/P1P2 was purifiechdgain
DH50 and transformed to EGD-e wild type competent cells and plabed
BHI+Cm (5 ug/mL) plates, incubated overnight at 30°C. Afteification by
colony PCR, EGD/pKSV7/P1P2 was grown in 5 mL BHI+ Cm at 37°C

overnight. In this step, pKSV7/P1P2 integrated into the EGD chronmedym
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homologous recombination. The integrants cells were grown in 5 mL BHI
without Cm at 37°C and subcultured twice a day for at least &gessWithout
Cm in BHI at 37°C, a second recombination event ocurred and pKS¥Tosta
from the chromosome. After 8 time passages, cells well diiata(f or 16 fold

and plated on both BHI+Cm and BHI plates for the Cm sensitiggg\g at least
250 colonies were tested. The Cm-sensitive colonies were screedethe

deletion ofhupG was verified by colony PCR and DNA sequencing.

2.7 Complementation ofAhupC (AImo02429) and\ hupG

(Almo2430)

Spontaneous streptomycin-resistant mutantd..ofmonocytogenes recipient
strains AHupC andAHupG) were selected from BHI plates with streptomycin
(200 ug/mL). Cells were grown in 5 ml BHI overnight, then subcultte100,

V: V) to 100 ml BHI and grown until O§3¢=1.0. Cells were spun down at 5000
rpm for 15 mins and the pellet was resuspended in 1 ml dH20. Fopkeh
100 uL was plated and incubated at 37°C.

The natural promoter of tHaip operon was amplified by PCR with BamHI
and Pstl restriction sites at the extrimities. The wildetgenelmo2429 and
Imo02430 was similarly amplified from EGD-e chromosome (Pstl and Kpnl). The

PCR products of promoter and wild type gene were ligated togatldenserted
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into pPL2 (Figure 10). Then the vector was transformedBntmli XL-1 blue.
Purified plasmids from XL-1 blue were transformed to Eheoli SM10 donor
strain by electroporation.

For mating, TheE. coli SM10 donor, carring pPL2, was grown in LB broth
containing 20 ug/mL chloramphenicol at 30°C. Thsteria monocytogenes
recipient was grown in BHI containing 100 ug/mL streptomycirthat same
temperature. Cells were both grown to mid-log phases{@D.5). A 0.45 um
filter was washed with LB. A mixture of 2.5 mL donor culture an8l tL
recipient culture was filtered, and the filter was washed ®&@mL BHI. Then
the filter was placed on a fresh BHI plate at 30°C for 2 hours.c€lie were
gently resuspended for 5 mins in 2.5ml BHI and aliquots (25 ul, 50 ul@hdl)
were plated in LB soft agar on BHI plate containing 100 ug/rapstmycin and
5 ug/mL chloramphenicol. The plates were incubated at 30°C overnight and
shifted to 37°C. The doule-resistant colonies were picked and deb§ieeCR

and sequencing.

2.8 Synthesis ofTFe]-hemin

The synthesis of{Fe]-hemin followed the procedure of M. Babusiak, et al.
(8); (Figure 9). Protoporhyrin IX (Sigma-Aldrich) was dissad in pyridine

(Sigma-Aldrich) to make a stock solution (6 mg/ml). 50 uLha$ solution was
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added to 450 uL of glacial acetic acid in a 10 mL double-neck & 60°C,
under nitrogen atmospheréFe ¢°FeCk in 0.5 M HCI, PerkinElmer) was mixed
with *®FeC}; (also dissolved in 0.5 M HCI) in a microtube and the total amount
of iron in the tube was 30 ug. 0.25 ul thioglyolic acid (sigma-Aldrich) was added
to the microtube and the mixer was injected into the protoporhyrisoltion
immediately. After 30 mins heating at 60°C, the reaction miaas kept at room
temperature for another 1.5 hours. The mixer was transfer@@ld. ether and
extracted by 30 mL 1M HCI for at least 6 times. The organics@haas
transferred to another round bottom flask and the ether was dried overnight
under a flow of nitrogen. The dried*fFe]-hemin was dissolved in dimethyl
sulfoxide (DMSO) and stored in cold room.

The purity of P°Fe]-hemin was verified by TLC>JFe]-hemin was dissolved
in DMSO and spotted a silica gel plate (6@8s/Merck). The solvent was dried
and the plate was developed by a mixture solution of 2, 6-lutidinenael
(5:3.5 viv). After developing, the plate was dried and examined undergdV i

(52).

47



HAC, Nitrogen
+ °%FeCl;

Figure 9 Synthesis of T°Fe]-hemin

2.9 Nutrition tests ofL. monocytogenes

Cells were grown in 5 mL BHI medium containing antibiotics3&fC
overnight. The culture was subcultured to 20 mL BHI medium with 2.5x10
cells. When Olgyo was between 0.1 and 0.2, bypirydil was added to 1 mM final
concentration. Cells were grown for another 3.5 hours.

For each plate, 8 mL of molten BHI top agar was mixed withi2@@lls and
20 uL bypirydil (from 0.1M stock solution) and allowed to solidify. Ragiecs
(6 mm diameter, Becton Dickinson and Company, Sparks, MD) weredpbace
the top of the agar and 10 ul appropriate dilutions of iron compounds solutions
were applied on the discs. The plates were incubated at 37°Cghteand the
diameters of growth halos around the paper discs were mea8dreHl{, 118,

188).
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2.10 P°Fe]-hemin binding in L. monocytogenes

2.10.1 Growth of cells

Cells were grown in 250 mL flask with 20 ml BHI containstgeptomycin
(100 ug/mL) at 37°C, 150 rpm, overnight. Cultures were subcultured (/PO
in polystyrene tissue culture flasks (50 ml, Falcon) containing nml0
Rich-MOPS medium, a medium modified frdgxcoli MOPS medium for the
better growth ofL. monocytogenes based on (133, 180). When @b was
between 0.8~1.0, the cells were subcultured (1:50 v/v) to 50 ml RicRSVIO
again in 250 mL tissue culture flasks at 37°C, 130 rpm. Cultures wsexck for

the hemin-binding assay when @bwas between 0.6~0.8.

2.10.2 Prepartion of P*Fe]-hemin solutions

The concentration of{Fe]-hemin stock solution was determined by UV-VIS
spectroscopy (158). Th&%Fe]-hemin in DMSO was diluted about 250 fold in
40% (v/v) DMSO and scanned from 300 nm to 700 nm. Its concentration was

calculated using a millimolar extinction coefficient of 180 Hivh™ at 400 nm.
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The P%Fe]-hemin stock solution was diluted with DMSO to makKed]-hemin
in different concentrations. For the high-concentration hemin solutions
(>500nM), P°Fe]-hemin was mixed with nonradioactive hemin in DMSO at

calculated ratios.

2.10.3 P°Fe]-hemin binding assay

All the media and buffers used in the binding assay weredooléce. Cells
were also chilled on ice for 10 mins before starting the expatiared kept on
ice all the way through. 250 uL of chilled cell culture wddex to a 50 ml glass
tube. 25 ml of MOPS (L) was added to another 50 mL glass tubespthen
250 uL P°Fe]-hemin solution was added (hemin solution must be added to the
tube after MOPS (L), otherwise, DMSO will freeze in the botwnthe tube),
the tube was shaken slightly to help the mixing of DMSO. The ijndssay
was begun by transferring the mixture of hemin and MOPS (Lthéotube
containing 250 uL of cells. The mixture was allowed to rest eriac1 min and
then filtered through a 0.45 um Daropore filter (Millipore) underuuac. The
filter was immediately washed with 25 mL ice-cold wash buf®r mM Tris,
0.05% Tween-20, pH 9.0) immediately and placed into a 15 mL plabticthat
was counted in a Packard gamma counter. The experiment was dopkcate
for each concentration of hemin and the radioactivity of eatiplgacounted by

a Packard Cobra gamma counter. For each concentration, the @mm}svere
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averaged and converted to cpnitidls. The binding affinity (i) and Capacity
were determined by GraFit 5.0 (Erithacus Software) by usiad'l site (with

background)” method.

2.11 PFe]-hemin uptake inL. monocytogenes

Cells were grown in the same conditions as for the bindisgyaMOPS (L)
medium was pre-warmed at 37°C in a water bath. The wash buféecauded
on ice. 50 mL glass tubes were also waemed in 37°C water bathul26D
[°°Fe]-hemin solution was added to a tube before the addition of 25 ml MOPS
(L). The mixture of hemin and MOPS (L) was transferred to andatiiee
containg 250 uL of cells. Each concentration was done in triplieaté
incubated at 37°C for 1 min and 30 mins (for the 30 mins incubatiors e
incubated at 37°C with shaking at 180 rpm). After incubation, the neixtas
filtered through 0.45 um Durpore filters and washed with 25 mL colshwa
buffer (the same as the buffer in binding assay). Samples coliexted and
counted in Packard Cobra gamma counter. For each concentration, the counts
(cpm) were averaged and converted to cprtélB/min. The K, and \fnax Were
determined by GraFit 5.0 (Erithacus Software) by using theyiaezKinetics”

method.
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2.12 Cloning and purification of 6His-tagged HupC ad HupG

2. 12.1 Cloning of 6His-tagged protein

The DNA sequence aimo2429 (without stop codon) was amplified from
EGD-e chromosome by PCR with appropriate restriction enzyrag ait both
sides (BamHI and Xhol) and ligated into pET28a (+). Then thenpthsvas
transformed into DH& for amplification. Single colonies were picked from LB
plates containing kanamycin (20 ug/mL), and the correct insertsweeified by
colony PCR. Then the vector carryilgpC was transformed into BL21 for
expression. FohupG, a putative transmembrane protein, we also used pET28a
(+), either with or without the first 38 aa of its signal pegtilnstead of BL21,
C43 was also used for the expression of HupG since C43 tolerdtes the

over expression of membrane proteins.

2.12.2 Purification of 6His-tagged protein

E. coli BL21 carrying pET28 (+) with the wild type gene was gromwi®@mL
LB broth containing 20 ug/mL kanamycin overnight at 37°C and then
subcultured to 1L LB containing 20 ug/mL kanamycin. Wheny§Eached 0.5,

IPTG was added to the culture to a final concentration of 1 mMciilhere was
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grown for another 3-4 hours and harvested by centrifugation at 5500 rg@@ for
min. The cell pellet was resuspended in 50 mL lysis buffem{®NaHPO;,
300 mM NacCl, 10 mM imidazole, pH 8.0) and broken by French press.€llhe ¢
lysate was centrifuged again at 10,000 rpm, 4°C for 1 hour farate the
cytoplasm and cell membranes. If the over-expressed 6H-proteiloeasd in
the cytoplasmic portion, then the cytoplasm fraction was passedgthra
Ni-NTA column (Qiagen). The column was washed by 5-10 volums lysifer
until ODygo was stable and followed by 5-10 volume wash with 50 mM
NaH,PO;, 300 mM NaCl, 20 mM imidazole, pH 8.0. After washing, the
6His-tagged protein was eluted with 50 mM NBE,, 300 mM NacCl, 250 mM
imidazole, pH 8.0. In some experiments, the desired proteins weeel éyta
step-gradient of imidazole to achieve better column resolution. If the
6His-tagged protein was in the membrane fraction, then the membriete pe
was resuspended and solubilized in lysis buffer containing 0.01% TrH®0X
The wash buffer and elution buffer also contained the same conwentoht
Triton X-100.

If desired, the purified 6His-tagged protein was dialyzed apBBS, (but not
6His-HupC, which precipitates in PBS) or lysis buffer withoutdiaziole and
stored at -20°C. The concentration of the purified protein was detminby

Lowry protein assay (101).
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2.13 Preparation of polyclonala-HupC

After dialysis against PBS, about 90% of purified 6H-HupC pretgutiom
the solution. The precipitated protein was spun down at 10,000 rpm for 1 hour
and resuspended in 1 mL PBS, and then SDS solution was added to a final
concentration of 1% (V/V). The mixture was boiled for 5 min and timateed
6H-HupC was precipitated again from the solution by cold acetone.

Mice wereimmunized with purified 6His-HupC (a mixture of denatured
protein and protein in PBS buffer, 25 to 100 gig)times over a 6-week period,
with Freund’s complete adjuvam the first injection and with Freund’s
incomplete adjuvanand alum in subsequent injections. Mice were bled by

cutting the tail vein.

2.14 Gram-positive bacterical cell envelope fractimation

Cells were grown in 10 mL BHI at 37°C overnight, subcultured in 100 m
BHI until ODeoo reached 1.0. The culture was spun at 5000xg, for 20 min at 4°C
and the pellet and supernatant were both kept on ice. The cell palet
suspended in distilled water to a final volume in which the calkitle was
10"%ells/0.25 mL. Cells were lysed by Fast Prep bead-beateB fimes

(intensity 6, 30 sec.) and the lysate was spun down in a miotafage at
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14000 rpm, 4°C for 1 hour to separate cytoplasm and inner membrane.
The inner membrane pellet was suspended in 0.5% sarkosyl in TBS buffer and
incubated at 37°C for 30 mins. After incubation, the membrane suspemnas
spun at 14000 rpm, 4°C for 1 hour and the supernatant containing solublized
cytoplasmic membrane proteins was stored at -20°C. The pelesuspended
in TBS. 20 uL bacteriophage amidase was added to the suspension and
incubated at 37°C for 2 hours to release the peptidoglycan —asdqmiateins.
After 2 hours incubation, the suspension was spun down at 14000 rpm, 4°C for 1
hour and the supernatant containing PG-associated proteins was saved at -20°C.
6 M TCA solution was added to the culture supernatant that was savery
beginning, for the precipitation of secreted proteins. The solutionspuais at
5000x%g, 4°C for 25 mins. The protein pellet was resuspended in 10 mL 70%
acetone and spun down again at 8800 rpm for 25 mins to wash out TCA. The
pellet of precipitated secreted proteins was suspended in 200 $ilaidd stored

at -20°C.

2.15 Immunoblots

In this study, all immunoblots were performed by using a-deyrblotting
unit (FB-SDB-2020, Fisher Scientific). Generally, the protein sampin the
SDS-PAGE were transferred to nitrocellulose transfer memb(@s um,

PROTRAN, Whatman) at 100 mA for 2 hours (transfer buffer: 2.4 gi§, T
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11.25 g/L glycine). When the transfer was complete, the membrasnélacked

by 1% gelatin in TBS for 30 mins and incubated with primary antitaadpom
temperature for 3 hours or overnight at 4°C. The unbound first antibody was
washed off by 0.05% Tween-20 in TBS and the membrane was iedulvéh

an alkaline phosphatase conjugated secondary antibody at room tenepknatur

2 hours or overnight at 4°C. After washing with 0.05% Tween-20 in, TBS
membrane was developed by a solution of 33 mg nitro blue tetraz(Bm)

(in 0.5 mL DMF) and 17 mg bromochloroindolyl phosphate (BCIP) (inL1 m
water) in 100 mL substrate buffer. The reaction was stopped bycadaolitwater

(19, 178).

2.16 Growth curve measurements

Cells were grown in BHI a&7°C overnight, then either subcultured (1: 100,
V:V) into BHI containing 1 mM bypirydil, or subcultured twice in mbekd

MOPS medium. OB of cells was monitored using spectrophotometer.

2.17 Constructions of site-directed cysteine subgition mutants

in HupG
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The gene encoding HupGImp2430) was amplified from thelL.
monocytogenes chromosome and cloned into pUC18 using Pstl and EcoRlI as the
restriction sites on the 5 and 3’ ends respectively. pU@P& was transformed
to DH5x and the cells were spreaded on LB plates containing ampicilia
ug/mL), IPTG and X-gal. After incubating at 37°C, white coloniesenpicked
from the plate and the correct clones were confirmed by colony PCR.

Five single cysteine mutants, A45C, A119C, S54C, S194C and S308C, were
constructed in pUC18hupG by using the QuikChé&rsjee-directed mutagenesis
kit (Stratagene, La Jolla, CA) (Figure 11).

After changing the targeting amino acid to cysteinehtip& mutations were
amplified from pUC18iupG and ligated into pPL2/Pro (pPL2 carrying the
promoter region ohup operon) with Pstl and EcoRI restriction sites, then pPL2
plasmid carrying eachupG cysteine mutant was transformed iocoli SM10
and the mutatedhupG was used to complement the chromosomal deletion
mutantAhupG (Smi) by mating. The phenotype of each complementation was

tested by nutrition tests.
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Figure 10 Plasmid map of pPL2 integration vector
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Step 1
Plasmid Preparation

Step 2
Temperature Cycling

é} Mutagenic
primers

Step 3

Digestion
Mutated plosmid
{contains nicked
circulor sirancs)

Step 4

Transformation

Gene in plasmid with
target site (@) for mutation

Denature the plasmid and annesl| the
aligonuclectide primers (#) containing
the desired mulation [x)

Using the nenstrond-displacing
action of PluTurbo DNA polymerase,
extend and incerporate the
mutagenic primers resulting

in nicked circular strands

Digest the methylated, nonmutated
parental DNA templale with Dpn |

Transform the circular, nicked dsDNA
inte AL1-Blue supercompetent cells

After franstormation, the XL1-Blue
supercompetent cells repair the
nicks in the mutated plasmid

LEGEND

— Parental DA plasmid

% Mutagenic primer

_ Mutated DNA plasmid

Figure 11 Steps for QuikChange site-directed mutagenesis

Picture fromManual: QuikChang&ite-Directed Mutagenesis Kit

(http://www.stratagene.com/manuals/200518.pdf)
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2.18Fluorescein -5- maleimiddabeling of HupG cysteine

mutants in vivo

Listeria cells were grown in 10 mL BHI at 37°C, overnight and subcultured
(1:100) to 50 mL BHI. Bypyridyl was added to a final concentratbd mM
when ORQoo reached 0.1. After 3 hours incubation, 4%&6lls were transferred
into 2.0 ml micro centrifuge tubes and spun down at 4500 rpm for 15 mins. Cells
were washed in 1 mL labeling buffer (50 mM NaH2PO4, 0.2% glucose, 137 mM
NaCl, pH 7.0) and resuspended in 0.5 mL labeling buffer.

A pipet tip of fluorescein-5-maleimide (FM) was dissolved in LIQODMF.

To determine the concentration of fluorescein-5-maleimide, thé BMution
was diluted in 10 mM Tris buffer, pH 8.0 (1/500, V/V). The millimolar
extinction coefficient is 81.5 mMcm™ at 492 nm.

All buffers used in the labeling reactions were ice cold atld e®re also
kept on ice. Fluorescein-5-maleimide solution was added to theusgkrssion
to a final concentration of 1 uM. The labeling reactions weréopeed under
low light condition at 37°C for 15 mins, pH 7.0. The labeling reast were
then quenched by adding cysteine to a final concentration of 100 uM .waesé
washed three times with 0.5 mL labeling buffer and finally suspeimd@.4 mL
labeling buffer.

Cells were broken by bead beater (intensity 6.0, 30 s eatd).cy8 uL cell

lysate was mixed with 25 uL SDS sample buffer and boiled fionirb 30 uL
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samples were loaded to SDS-PAGE and the gel was run in darkn Wee
electrophoresis was completed, the gel was washed with wataaastirred to

Storm scanner to detect fluorescent bands.

2.19 Purification of Siderophores

2.19.1 Purification of enterobactin

E. coli strain AN102 was grown in 5 mL LB (100 ug/mL streptomycin)
overnight and subcultured in 150 mL LB for another 8-10 hours. Then, the cells
in 150 mL LB were subcultured again (1%) in 15 L T-media and gromii
ODeoo they logged out. The cells were spun down at 4000 rpm for 40 min. Each
liter of the supernatant was extracted with ethyl ace3atenes (1x150 mL,
2x100 mL), the organic phase was combined and any remaining aqueous phase
was removed. The volume of combined organic phase was reduced moL100
by rotary evaporation and washed with 10 mL 100 mM citrate (pH, 5.5)
followed by washing with 10 mL water. Then the extract wasddovernight
with anhydrous MgS© After drying, MgSQ was filtered and the volume of the
extract was reduced to 10 mL. Hexane was slowly added textinact until
crystals formed. The enterobactin crystals were collected byfogatiion, dried

and stored at room temperature.
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2.19.2 Purification of ferrichrome

U. sphaerogena was grown in Grimm-Allen medium for one day. Then, 1 mL
of the culture was subcultured to 1L of the same medium and incudia3€dC
on a rotary shaker. After 7-10 days, when the culture was readgsispun for
20 mins at 7000 rpm. Ferrous sulfate was added to the supernatantluatil O
stablized and the pH of the supernatant was dropped to 2.5 by additgei. of
Ammonium sulfate was added to saturate the solution and pH was k&pt at
Each 250 mL supernatant was extracted with 10 mL benzayhal¢hree times.
The combined benzyl alcohol extracts were centrifuged for 20 mins at 3000 rpm.
After centrifugation, the organic solution was kept at room tenmyrerdor 15
mins. Three volumes of diethyl ether were added followed by bac&ct®n
with 1/10 volume of dbO, until the color of the solution became clear.
Ferrichrome was found in agueous layer. The water extractscoereined and

washed two times with ethyl ether to remove the remaining benzyl alcohol.

2.20°%FeEnt binding and uptake inE. coli

E. coli strains were grown in 20 mL LB broth at 37°C overnight and

subcultured (1%) into MOPS for another 5 hours to get ago£dbout 0.8.
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Cells were put on ice for 30 mins then 100 uL cell culture wasednivith
aliquots of**FeEnt in 10 mL ice-cold MOPS on ice. For each concentration of
*FeEnt, samples were collected in triplicate and incubated dorigeseconds
and 1 min. After incubation, the mixed solutions were filtered and edhslith
10 mL 0.9% ice-cold LiCl. The radioactivity of each sample was eauhy a
Packard Cobra gamma counter. Binding affinityg)(kand capacity were
determined by GraFit 5.0 (Erithacus Software) by using the “Boundotal”
method.

Uptake experiments were performed at 37°C. For each conommtict
*FeEnt, samples were collected in triplicate and incubated in 37¢€ Wath
for 5 seconds and 25 seconds. When the incubation finished, 100-fold
concentrated cold FeEnt was added to the mixtures immediatelyeinch the
uptake of’°FeEnt. After quenching, solutions were filtered and also washed by
10 mL of ice-cold 0.9% LiCl. Samples were collected and countedPeckard
Cobra gamma counter. The uptakg &d Vihax Wwere determined by GraFit 5.0

(Erithacus Software) by using the “Enzyme Kinetics” method.

2.21 Inhibition of **FeTrn uptake

For *°FeTrn uptakeE.coli BN1071 was grown in LB broth containing 100

ug/mL streptomycin overnight, then cells were subcultured into MQP$00,
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V:V) and grown until ORgy, reached 0.8. The uptake of 100 AeTrn by 100
uL cells in 10 mL MOPS was measured after 1 min and 6 min itionbat
37°C. After incubation, cells were filtered and washed by 0.9% L&{Iters
were collected and counted. The initial uptake in 1 min period wasastdut
from the uptake of 6 min period to obtain the net uptake in 5 mig ahd Ky
were calculated using GraFit 5.0.
In the inhibition experiments, appropriate amount of FeEnt (from 0.05%onM

500 nM) were also added to 6 min reactions and thg & *°FeTrn uptake at
each concentration of FeEnt was calculated. Theg ¢€ the inhibition was

obtained using GraFit 5.0.

2.22 Preparation of polyclonale-TonB

2.22.1 Generation of rabbita-TonB serum

A rabbit wasntramuscularly immunized with purified 6His-TonB (50 to 100
pg)six times over two months; Freund’s complete adjuweast used in the first
injection and Freund’s incomplete adjuvantalum was used in the following

injections. The rabbits were bled by cargaacture to obtain the serum.
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2.22.2 Adsorption of rabbit serum

Due to the presence of small amount of contaminating proteinthe
6His-tagged TonB protein sample injected into the rabbit, there seareral
bands other then TonB that reacted with the antibody ik.tleli BN1071 cell
lysate.

The polyclonal antisera containeedOmpA activity. To remove these these
antibodies, the rabbit serum was passed over OmpA-Sepharose, abat w
prepared by coupling of purified OmpA to CNBr-activated Sephar8selbe
activation protocol was modified from Axen et al (7): in a srhadker, 5 mL of
cyanogen bromide in water (50 mg/mL) was stirred and the pHadjasted to
11.5 by adding 2M NaOH. 1 g of Sepharose 6B cellulose was addetireed s
for 8 mins. The mixture was washed with 10 mL of cold watel 20 mL of
cold 0.1M NaHCQ on a glass filter under vacuum. The agarose was transferred
to a small beaker and 5 mL of OmpA solution (50 mg/mL) was atluede
beaker. The mixture was slowly stirred at 4°C for 24 hours. The abppbeluct
was packed in a small column and sequentially washed by 0.1 M NaHCO
0.001 M HCI, 0.5 M NaCl and water respectively. 1 mL of rabbit mewas
loaded on the column and eluted by TBS buffer at 42OmpA bound to the
immobilized OmpA when the serum passed through the column (data not
shown).

The rabbit serum was further purified by adsorptiencoli OKN1(TonB)
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was grown in 50 mL LB broth at 37°C, overnight. In the next morning, 0.25 mL
formaldehyde solution (37%, v/v) was added to the culture and the cwigre
grown for another 6 hours. Culture was spun down at 7500 rpm for 15 mins and
the pellet was resuspended in 10 mL PBS buffer and separated intacrb0
centrifuge tubes (1 mL for each tube). 0.5 mL rabbit serum congai- TonB

was added to the first tube and resuspended completely. After i,0tmei
mixture was spun down at 14,000 rpm for 3 mins. The adsorption was repeated
four times. The rabbit serum was stored frozen and for experiménias

diluted in TBS with 1% gelatin.

2.23 Purification of MalE-TonB fusion proteins

The purification was based on the instruction manual of pNAprotein
fusion and purification system (New England Biolabs) by using-step
amylose resin columns (47, 54, 170). ER2507/pSTonB69C (86) was grown in 20
mL LB (with 100 ug/mL ampicillin) at 37°C, overnight and re-inocetba{1:100,
v/v) in 1 L LB with ampicillin. When Olgy reached 0.5, IPTG was added to the
culture to a final concentration of 0.3 mM. Cells were incubate®r &€ for 2
more hours and spun down at 4000xg for 20 mins. The cell pellet was suspended
in 50 mL of column buffer (20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM

EDTA) and cells were broken by French press. The cell lysate waguggdrat
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9000xg for 30 mins; the supernatant was diluted 1:5 with column buffer and
loaded on an amylose resin column (2.5x10 cm). The column was washed wit
12 volumes of column buffer and the fusion protein was eluted by the same
buffer containing 10 mM maltose. The purity of the purified fusiongimotvas
evalutated by SDS-PAGE. Protein concentration was determineagsiby a
molar extinction of 0.8887 (mg/mtym* at 280 nm (calculated by Protein

Calculator v3.3, The Scripps Research Institute).

2.24 Cloning and Purification of 6His-tagged TonB6G

DNA encoding TonB69C (amino acids 170-239) was cloned into pET21a(+)
in two forms, with or without a 6His-tag. For the clone with 6Hig;tthe DNA
sequence of TonB69C was amplified by PCR without a stop codon. An Ndel and
an Xhol restriction site were engineered on the 5 and 3’ endseafeéquence,
respectively. For the clone without 6His-tag, the DNA sequencBoonB69C
was amplified witht stop codon. An Ndel and a BamHI restrictite \sere
engineered on the 5’ and 3’ of the sequence respectively.

pET2la(+) carrying TonB69C was transformedBeoli DH5a, then the
purified plasmid was transformed to BL21 for expression. 6His-tagged
TonB69C was induced by 1 mM IPTG and purified by Ni-NTA affinit

chromatography at 4°C. The purity of 6His-tagged TonB69C was chdxked
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SDS-PAGE (17% acrylamide). The concentration of purified proteas
determined by using a molar extinction of 6970dwi* at 280 nm (calculated

by Protein Calculator v3.3, The Scripps Research Institute).

2.25 Site-directed mutagenesis of MalE-TonB69C

The site-directed mutagenesis of MalE-TonB69C fusion protdiomfed the
QuikChang®€ site-directed mutagenesis protocol (Stratagene, La Jolla, CA).
Starting from the pSTon plasmid (86), three residues in the TotdBndnal,

S222, N227, and S195 were changed to cysteine. Two residues, E205 and D189
were changed to alanine. Each mutant fusion protein was induc@&ilrdydnd

purified by amylose resin column at 4°C.

2.26Fluorescein-5-maleimide labeling of MalE-TonB69C

cysteine mutants

Purified MalE-TonB69C (S222C) was dialyzed with column buffeetoave
maltose. 10 mL purified MalE-TonB69C (S222C) (about 2 uM) in column buffer
(20 mM Tris-HCI, pH 7.4, 200 mM NaCl, 1 mM EDTA) was transfeneod a

15 ml centrifuge tube, and the pH of the protein solution was adjtstédb.
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Fluorescein-5-maleimide (in DMF) was added to the solution tdéinal
concentration of 10 uM. The mixture was vortexed and incubated on @& for
mins in dark. After incubation, the solution was loaded to an amykse
column in the cold room. The column was washed with 12 volumes of column
buffer and the FM-labeled fusion protein was eluted by column buffer
containing 10 mM maltose. The collected fractions were analyzgd b
SDS-PAGE and the gel was also scanned by Storm scanner to ttigec

fluorescent labeling efficiency. The labeled protein was sto20aC-in dark.

2.27 Purification of E.coli peptidoglycan

The murein sacculus (peptidoglycan) frdincoli was prepared by lysing
cells with SDS solution (68, 96, 18H. coli BN1071 was grown in 500 mL LB
at 37°C with aeration. When Qg reached 0.7~0.9, the cells were rapidly
chilled on an ice-salt-bath, then spun down at 4°C and resuspendeecaidice
water. The cell suspension was added dropwise to 10 mL of bd#ngodium
dodecyl sulfate (SDS) solution over a period of about 10 mins. Afténdpdor
30 mins, crude sacculi were collected by centrifugation at 100,000%@, fab
1.5 hours. SDS was washed out by repeated resuspension in 15 mlanhter
centrifugation for 4 times.

To digest high molecular weight glycogenamylase (100 ug/mL) in 10 mM
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Tris-HCI buffer (pH 7.0) was added and incubated at 37°C for 2 hours. Then
pronase (200 ug/mL) (pre-incubated at 60°C to inactive any Igsezy
contaminations) was added and incubated at 37°C for 2 hours to digest bound
lipoprotein and other protein contaminations. After addition of SDS to 1%, the
sacculi sample was boiled for 15 mins, and SDS was removed bye@pea
centrifugation-resuspension in water for 4 times. The purifiedusiagvere

stored in water with 0.05% Naht 4°C at a concentration of about 1 mg/mL.

2.28 Peptidoglycan binding of TonB C-terminus

2.28.1 Fluorescence quenching

2 mL of FM-labeled MalE-TonB69C (S222C) (0.992 uM) in column buffer
(20 mM Tris, 200 mM NacCl, pH 7.4) was added into a sample cuettali
peptidoglycan suspension (in the same buffer, at 2 mg/mL) was &oldbd
cuvette in 5 uL increments. Each time when peptidoglycan wasdadade
mixture was stirred at 25°C for 30 seconds, then the fluorescenasiiytef the
labeled protein was measured by an SLM-AMINCO 8000 fluorimeter

(Rochester, NY) upgraded to 8100 functionality, from 510 nm to 535Time.

70



background fluorescence and volume changes were accounted daththvas

analyzed with the bound @) versus total function of GraFit 5.0.

2.28.2 Co-sedimentation of MalE-TonB69C and peptidoglycan

Different amounts of purifiecE. coli peptidoglycan (from 2 to 20 uL, 2

mg/mL in TBS) were mixed witG0 uL purified MalE-TonB69C fusion proteins

in 20 mM Tris-Cl containing 100 mM NaCl, 1 mM EDTA and 0.01% Tw&6n

pH 8 (final volume of 100 pLpn ice for 30 mins. The mixtures were
centrifuged at 40,000 rpm for 30 mins at 4°C in a Beckman Optima TL
ultracentrifuge. The supernatants and the pellets were sepafdter adding
SDS-PAGE sample buffer and boiling for 5 mins, both supernatant died pe
samples were subjecteml SDS-PAGE and the gels were stained with Coomassie

blue.
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Chapter 3 Sequence Analysis and Mutagenesis of Gane hup

Operon

3.1 Sequence analysis of tHaeup Operon

The hup operon in the chromosome &f monocytogenes encodes three
structural geneshupD (Imo2431, from 2,500,179 bp to 2,501,150 bmpG
(Imo2430, from 2,499,169 bp to 2,500,179 bp) dngC (Imo2429, from
2,498,381 bp to 2,499,172 bp). 155 base pairs exist betwpbn the first gene
of hup operon, and its upstream neighboring gene, Imo2432. A conserved “fur
box” sequence (TGAAAATAATTCTCA) is located in this upstreamioa (-89)
obefore the start codon béipD (Figure 12). The existence of a “fur box” in the
promoter region ohup operon suggests that this gene cluster is Fur-regulated
and that the protein products of these three genes may be involves inon

acquisition byL. monocytogenes.
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o
: S9bp 972bp > 1011bp > 782bp :

155bp 113bp

Fiaure 12 Schematic renresentation ohun oneron of L. monocvtooenes

| obtained the protein amino acid sequences of HupC, HupG and HupD fr
the ListiList web server (http://genolist.pasteur.fr/Liss$ilj and compared these
sequences with the protein library by using BLASTP

(http://blast.ncbi.nlm.nih.ggv

The results showed that HupG likely belongs to the superfanfily o
“transmembrane subunit of Periplasmic Binding Protein (PBP)-depeAdsC
transporters”. HupC, which has Walker A and Walker B motifs for
nucleotide-phosphate binding, is likely a member of the “P-loop NTPase
superfamily”. HupD is probably a member of the *helical backbonealmet
receptor (TroA-like domain) superfamily”The members of these three

superfamilies were usually encoded by ABC-type operons and foAB&
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transporters for the uptake of siderophores, heme, vitamin B12 and otiaér me
ions, like Md* and Zri*. Some members in these three superfamilies are listed
in Table 3.1. Multiple sequence alignments of these three proteihsthveair
homologus proteins in different microorganisms were made by GMsta
(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and Jalview (187) (FEgur

13).
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Superfamily Protein Identity *

(%)
P-loop NTPase HupC_ Listeria monocytogenes
FhuC Bacillus subtilis 51
FecE Escherichia coli 47
FepC Escherichia coli 42
HmuV_Escherichia coli 38
FhuC_Escherichia coli 40
Transmembrane subunit | of HupG_Listeria monocytogenes
(PBP)-dependent ABC HmuU_Yersinia pestis 39
transporters FhuG Bacillus subtilis 33
FecD _Escherichia cali 42
IsdF_Saphylococcus aureus 31
BtuC_Escherichia coli 37
Helical backbone metal HupD_L isteria monocytogenes
receptor (TroA-like domain) SAE_Staphylococcus aureus 30
BtuF_Escherichia coli 28
FhuD_Bacillus subtilis 24
FeuA Bacillus subtilis 26
FatB_Listonella anguillarum 292

Table 5 Identity of HupC, HupG and HupD to their homologs
* Numbers from BLASTP (NCBI).
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3.2 Chromosomal deletion ohupG

3.2.1 Allelic replacement strategy

Site-directed deletion mutagenesis is a powerful experahamiproach to
study the function of a particular region in the genomk. shonocytogenes. A
popular strategy for disrupting a chromosomal gene is the insertioa of
transposon-mediated extraneous DNA or antibiotic resistant masseio the
target gene (30, 179). However, this method has several disadvantages and
sometimes unexpected problems happen after the insertion, farcesiolar
effect on downstream structural genes. Furthermore, in some ttesés)ction
of the target gene is not fully eliminated (42).

Another way to inactivate a target genelLinmonocytogenes is insertional
plasmid mutagenesis: inserting a plasmid into the target positiothe
chromosome just by a single cross-over (35). Like transposon emetsig, it is
a straightforward and fast method, but the major shortcomingllishstipolar
effect on the downstream genes (18).

When studying the function of iron-uptake gened..inmonocytogenes, we
want precise, in-frame chromosomal genes deletion mutants. ®hose the
allelic replacement method (84, 118). Compared with other straté@gitrame

allelic replacement maybe a little bit time consuming budffiérs stable and
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nonpolar mutants, and the inactivation of the structural gene is guaranteed.

Allelic replacement deletion begins with the amplification taio PCR
fragments flanking the target gene. These PCR fragmetigated to a suitable
thermosensitive shuttle vector and transformed insberia cells. Cells are
allowed to grow at a permissive temperature in the presenamntdiiotic
pressure, allowing intergration of the plasmid into the chromosome by
homologous recombination (first cross-over), which happens in one tivthe
homologous flanking fragments. After integration, the culture isched to the
restrictive temperature and cells are grown without antibiafier a number of
life cycles at this condition, the integrated vector sequenapastaneously
removed from the genome by a second homologous recombination (timel sec
cross-over). Depending on which side of the plasmid the cross-oeepliate,
the wild type or the deletion derivative will remain in the chromasd@Rigure
14).

Picking a good thermosensitive shuttle vector is key for @allelplacement
method. Several candidate vectors are known, such as pAUL-A (39NDC
(14), pKSV7 (163) and pMAD (5). We chose vector pKSV7 in our experiments
because it is relatively small, highly thermosensitive, and slmgtsfrequency

of chromosomal integration.
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3.2.2 Deletion ohupG

| designed primers and amplified two PCR fragments flankireg gene
Imo02430. First | tried “double ligation”, joining both fragments togethrevitro.
The band of the ligation product was cut from agrose gel and the DNA recovered
as described in Chapter 2. | inserted the product into pKSV7 andotmaesf it
in DH50 competent cell. Based on the result of colony PCR, | only got one
colony and the size of the insertion was not right. Then | did@é€' ligation”, |
digested the vector and two PCR products individually and ligated tihgether.
After ligation, aliquots of the reaction were transformed into @HGturned out
that the “triple ligation” was much more efficient then the doulgation.
After two allelic replacements and Cm-sensitive screeningot 8 mutant

colonies out of 20 Cm sensitive clones (Figure 15).
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Figure 15 Deletion of hupG

(A) lane 1, mini-prep of pKSV7; lane 2 and 3, upstream and
downstream fragments (0.54kb and 1.18kb). (B) LB plate (with
IPTG and X-gal) of DH& carrying pKSV7 and two PCR
fragments. White colonies are colonies containing pKSV7 with
DNA insertion. (C) Colony PCR to test the insertion of two
fragments in pKSV7 hosted by DHb5 Lane 1, 1 kb DNA ladder.
Primers used in the experiment were: lane 2, 3, 4, 5, M13
primers; lane 6, 7, 8, 9, 5’ primer of the upstream fragment and 3’
primer of the downstream fragment; lane 10, 11, 12, 13, primers
of upstream fragment; lane 14, 14, 16, 17, primers of
downstream fragment. In each primer group, the order of the
DNA templates (from left to right) was pKSV7 and three picked
DH5a colonies. The last colony showed correct bands with all
primer pairs. (D) Colony PCR to test 20 Cm sensitiv@eria
colonies. Colonies showing bigger band on the gel were wild

type EGD-e, others showing smaller band werepG mutants.
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3.2.3 Complementation oiAhupC and AhupG

In our lab, we had already constructed the deletion mutanhadC (84)
when | madeAhupG. We wanted to complement these two mutations by
introducing the wild type genes to confirm the roléhgpC andhupG in heme
and hemoglobin uptake.

First, we thought it could be possible to complement these dgnel®ning
the promoter region ohup operon and the structural genes into pKSV7. |
amplified the whole 155bp region betwe@m2432 andimo2431 by PCR and
ligated it to pKSV7,lmo2429 was also amplified and inserted into pKSV7
following the promoter region. The insertion of the promoter region and
Imo2429 was confirmed by colony PCR (Figure 16) and DNA sequencing.
Finally the vector was transformed inkbhupC competent cells, but the heme
and hemoglobin nutrition tests showed that the phenotype was not
complemented. Apparently, the cloned genes in pKSV7 do not lead to proper

expression of HupC ih. monocytogenes EGD-eAhupC.
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Figure 16 Complementation ofhupC in pKSV7

(A) Experimental design. (B) agarose gelhap promoter region (lane 2)
andhupC (lane 3). (C) Colony PCR to test pKSV7 carrying prombtg€
in DH5a using 5’ promoter primer and BupC primer. Lane 4 and lane 12
showed colonies with right insertion. (D) Colony PCR to test the insertion of
promoterhupC in pKSV7 hosted by DHb with different primers. Lane 2,
promoter region; lane HupC; lane 4-7, four picked colonies tested by
promoter primers; lane 8-11, same colonies testetiubZ primers; lane
12-15, 5’ promoter primer and BupC primer; lane 16-19, M13 primers.
The two colonies in the middle showed correct bands with all prifGeasd

6, 9 and 10, 13 and 14, 17 and 18).
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Becauselmo2429 was not be complemented by using pKSV7, we chose
another plasmid, pPL2 to try again. Plasmid pPL2 is a site-gpauiégration
shuttle vector. It has a listeriophage PSA integration site (21tam be
transformed intde.coli and transferred to listerial cells by conjugation (Figure

17). Once integrated into the listerial chromosome, pPL2 remagigs single

copy.

20 o
i
o E—
/ E.colidonor cell Listeria recipient cell
(Cmr) (Sm)

2.transform

4.Select colony on

1.ligate BHI+Cm+Sm plate

Figure 17 Complementation ofhupC and hupG

Promoter (blue bar) and coding regions (red bar) were ligated
pPL2 and transformed into the donor cells (SM10). After conjugation
betweerE.coli donor cells (CrY) andListeria recipient cells (S, the

integrants were selected from plates containing both antibiotics.
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| amplified the promotelnupC fragment from pKSV7 by PCR and inserted it
into pPL2, introducing the construct inocoli SM10 (Cmy). After conjugation
between SM10 (CHhandAhupC (Sm), pPL2 carrying the promoter region and
hupC integrated into the chromosome, as confirmed by colony PCR é-ig)r
and DNA sequencing. The complementatiorhghG (5 single-Cys mutants of
hupG see Chapter 5) followed the same procedure as tHafp@f, except that
the promoter and the coding region were inserted into pPL2 sdpdfatpre

19).
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Figure 18 Complementation ofhupC with pPL2

(A) Agarose gel of promotdmrpC (lane 1) and plasmid pPL2
(lane 2). (B) Colony PCR to test the insertion of prombtgC
in pPL2 (hosted by XL-1) with 5’ promoter primer andhBpC
primer, lane 2 showed the colony with the correct insertion. (C)
Colony PCR to test pPL2/ptwipC in E.coli SM10 with the
same primers that were used in (B), all colonies showed the
correct bands. (D) Colony PCR to test the integration of pPL2
into the chromosome afhupC (Si). Five colonies were tested
by LLO primers (lane 1-5) and NC16 and PL95 primers (lane

6-10), to verify the recipients &s monocytogenes.
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Figure 19 Complementation ofAhupG with single-cys hupG gene in pPL2

(A) PCR amplified 5hupG single-Cys mutants from pUC18. From lane 1 to
lane 5: A45C, A119C, S54C, S194C and S308C. The mutations were also
sequenced (data not shown) (B) Colony PCR to test the insertion of
promoterhupG in pPL2 with 5’ promoter primer and &upG primer. Lane 1
and 4, two correct insertions for A45C; lane 9, S54C; lane 11 and11BCA
lane 15 and 16, S308C; lane 20, S194C. (C) Colony PCR to test irdagrati
AhupG (Sm). Lane 1-7, NC16 and PL95 primers; lane 8-14, 5’ promoter and 3’
hupG primers; lane 15-21, LLO primers. In each group, from leftdbtrifour
colonies of A45C, two colonies of A119C and 1 colony of S54C. (D) Colony
PCR to test 8 S308 integrated colonies. Lane 1-8, NC16 and PL95qriarer
9-16, 5’ promoter and 3iupG primers. (E) colony PCR to test 8 S194 colonies.
Lane 1-8, NC16 and PL95 primers; lane 9-16, 5’ promoter ahap& primers.
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3.3 Conclusions

1.

In the genome oL. monocytogenes, the three genes in theip operon
encode an ABC transporter for metal uptake. Each of the threenprote
components shares significant homology to that of other metal ABC
transporters in different species.

Allelic replacement via shuttle vector pKSV7 is a feasiblg veamake
in-frame gene deletion mutantlin monocytogenes.

Two site-directed precise deletion mutanaupC and AhupG were

complemented by using the pPL2 system.
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Chapter 4 Hemin Uptake inListeria monocytogenes

4.1 Polymerization of hemin in different solvent

Hemin is the key compound in both qualitative and quantitative exeets
in this study. Due to the big, aromatic, planar ring structurl witerric iron
atom coordinated in the center, the chemical properties of hensiolution are
special and unlike many other iron chelating organic compounds, such as
siderophores. For my experiments, it would be ideal if hemin caultidgsolved
in an aqueous solution, which is safe and convenient for biological sindies
ViVo.

Hemin is solubilized by aqueous alkalies, such as NaOH. Hawéhis
hemin basic solution is unstable due to the quick formation eb®o-dimer
(Figure 20) at pH higher than 7 (157). When the hemin concentratioghs hi
further aggregation may occur that eventually precipitates herom the
solution. Therefore, an alkali solution of hemin is not optimal for bio&lg
assays or for long term storage. Clearly, when aqueous NaOHedsassthe
solvent, the hemin solution must be used immediately after preparation.

When | used 0.1 M NaOH as the solvent for nd]-hemin to do binding

and uptake experiments freshly made solution led to very consiegenitsy but
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the variation in the data increased more and more with storagelidg light
and storing at low temperature did not help to inhibit the aggregation of hemin.

| also tried some common organic solvents such agCGéhd CHOH, but
they both dissolve hemin very poorly. After searching the literaturkanged
the hemin solvent from aqueous NaOH to dimethyl sulfoxide (DMSO)SOM
is a polar aprotic solvent, which is miscible with water. It sdikgs a wide
range of organic compounds, including hemin. The solutions of hemin in
DMSO/H,O system had been studied by Grant Collier, et al (37). Tdayd
that hemin will stay as a monomer in the DMSgHmixture containing from
40% to 100% DMSO and that a homogeneous hemin solution could still be
obtained after diluting it from 100% DMSO to 0.01% DMSO in water.
DMSO/H,O was a good solvent system for my experiments. Although DMSO
may potentially affect membrane permeability, growth curvesyagdsaved that
Listeria cells grew normally with 1% (V:V) DMSO in the media. Forrtign

assays, cells grew normally even if 40% DMSO was applied on the paper disc.

92



~ Tea s
“K‘}‘t RS
[N ~ Pt
D <
S . i
o 2 N /
et ’ { o P S ot
~ S L
1 s PSS
ML) <1
-
NV
s P
AL r
> -\i.-s ’
> -
T ’ S < - It PN
N ! 7 ARl B
- -~
o S
/ e L= i
e < S

Figure 20 Hemin stays as a-oxo-dimer in alkali solution

4.2 Expression of HupC in iron-deficient media

4.2.1 Iron-deficient media forL. monocytogenes

The existence of a Fur box upstream of biop operon indicates that the
expression of this gene cluster is iron regulated, thus we wantegk an iron
deficient medium, in which the encoded proteins would be expressedigt a
level and the culture dfisteria will reach high cell density. In our lab, we have
used RPMI 1640 based minimal medium, KRM (84). But in my experiments,
sometimes the growth df. moncytogenes in KRM was not reproducible,
especially when cells were subcultured twice in KRM. orcoli, the
iron-deficient medium we used in our lab is MOPS (112). MOPS anisda

chemical defined synthetic minimal media for enterobact@hi@ components
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in MOPS medium are much simpler than RPMI1640 and its bufferirigyabi
stronger. | tried to use MOPS medium to graw monocytogenes but the
bacterium grew very poorly in it, with a long doubling time and fmal optical
density. The reason is that some key nutrition factor$ fononocytogenes are
missing in MOPS medium, as a result of metabolic differencéseke L.
monocytogenes and E.coli. It seemed like the MOPS medium must be adjusted
to promote the growth df. monocytogenes.

Studies on a chemical defined minimal mediumLigteria started as early as
1960s (59, 190). Research gradually revealed essential nutritenisstiwra
including carbon sources, amino acids, and vitamins. Several mininthh me
were developed based on these studies and among them, Welshidn@mme
was widely used (190). But these media, including Welshimer mediouhd c
not support good growth of dlisteria strains in sequential subcultures. In 1991,
R. Premaratneet al developed a new minimal medium, which was called MWB
medium forL. monocytogenes (133). This medium supported better growth for
more strains and adding iron compounds, including hemin and ferric citrate
stimulated the growth. In 2003, another minimal medium, HTM was developed
by H. Tsai, et al and they claimed HTM was the simplesthgtic minimal
medium forListeria and it also supported the growth of EGD-e strain (180). It
was also mentioned in that paper that cysteine was essemtiaGD-e strain
since it lacks thérans-sulfuration pathway.

After comparing all these four different media, KRM, MORBNB and

94



HTM, | modified MOPS as following: the basic MOPS medium anditall
inorganic components were kept unchanged. In addition, a solution of
supplements from KRM medium (Gold supplements) was added (1:100, V: V),
that contains four vitamins needed Ibymonocytogenes. Glucose was still the
carbon sources in the new medium but the concentration was incrfeased
0.4% to 1%. Cysteine and glutamine were also added to the medium. Althoug
there are conflicting reports in the literature concerning teed for
micronutrients (40, 59, 180), | still added MOPS micronutrients to traiume

and the final pH was adjusted to 7.4. All glassware used in theiepes was
prewashed by 0.1 M HCI. All components in the modified MOPS meditem
listed in Table 6.

L. monocytogenes grew much better in modified MOPS, which | called
MOPS (L). When subcultured from overnight BHI (1:100, V: V), EGD-& wi
type grew much faster in MOPS (L) than MOPS and HTM (Fi@dré). HTM
didn't support the growth of EGD-e well in my experiments. Addinghihe
(fresh made in 0.1 M NaOH) into thé& gubculture of MOPS (L) did not affect
growth; but when cells were subcultured again into MOPS (B0(1V: V), the
stimulation of the growth by adding 0.2 uM hemin was obvious (Figure 21 B)
When 0.2 uM hemin was added, it took EGD-e about 15 hours to reach an OD
of 0.6, but it took more than 24 hours to reach the same OD without hensn. Thi
data indicated that in thé®2subculture of MOPS (L), cells were iron starving

and ready to uptake hemin as iron source.
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Component Concentration in medium

KRM? MWB?  HTM® MOPS MOPSiisterial)

MOPS 100 mM 40 mM 40 mM
KoHPO, 482mM  482mM  1.32mM  1.32mM
NH4CI 9.52mM  9.52mM
MgCl, 0.523mM  0.523 mM
KoSO, 0.276 mM 0.276 mM
CaCl 5x10°mM  5x10’mM
NacCl 50 mM 50 mM
NaHPO, 1155 mM  11.55 mM

MgSOy 1.70mM  1.70 mM

KH,PO,

(NH4),SO, 0.6 mg/ml

NaHCGO; 0.2%

Ferric Citrate 360 uM

Glucose 0.4% 0.99% 0.99% 0.4% 1.0%
RPMI1640 1.04%

Thiamine 1.0 ug/ml 296 uM  2.96 uM 1.0 ug/ml
Riboflavin 0.5 ug/ml 1.33 uM 1.33 uM 0.5 ug/ml
Biotin 1.0 ug/ml 2.05 uM 2.05 uM 1.0 ug/ml
Lipoic acid 5x10%ug/ml  24.0pM  24.0 pM 5x10%ug/ml
Histidine 0.1 mg/ml

Tryptophan 0.05 mg/ml 0.1 mg/ml 0.05 mg/ml
Leucine 0.1 mg/ml

Isoleucine 0.1 mg/ml

Valine 0.1 mg/ml

Arginine 0.1 mg/ml

Cysteine 0.1 mg/ml 0.1 mg/ml 0.1 mg/ml
Methionine 0.1 mg/ml 0.1 mg/ml

Glutamine 0.6 mg/ml 0.6 mg/ml
Casamino acids 0.1% 0.1%
Micronutrients + + +

a. data from reference (118);

b. data from reference (133);

c. data from reference (180);

d. data from reference (112).
* Components in micronutrients ar@H4)sMorOz+4H0 (3 x 10’ M), CoCk-6HO (3 x 16°M), HBO: (4
x 10°M), CuSO-5HO0 (10°M), MnCl2(8 x 10°M), ZnCk (10°M).

Table 6 L. monocytogenes minimal media
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Figure 21 Growth of L. monocytogenes EGD-e in minimal medium

(A) EGD-e wild type was grow in BHI overnight and subculturgeb) into
MOPS, MOPS (L) and HTM. (B) EGD-e wild type was grown idlBvernight
and subcultured (1%) to MOPS (L). Cells at stationary phase subcultured
(2%) into MOPS (L) again, and QB was measured with or without 0.2 uM.

4.2.2 Expression of HupC in different media

I amplified hupC (Imo2429) from the EGD-e chromosome and cloned it into

pET28a(+). The 6H-HupC was expressedBncoli BL21 and purified by

Ni-NTA agarose. Mice werenmunized with purified 6His-HupC to generate

a-HupC sera (Figure 22).

| grew EGD-e and its mutants in differen

blot to evaluate the expression of HupC. By doing immunoblots, the detétion

HupC and the complementationtaipC in AH
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upC strain were confirmed. There



was no band detected in the cultureAbfupC, but the band showed up in the
complemented strain. Several media were tested in the exp&sjnrecluding
BHI, BHI containing 1 mM 2, 2’-bipyridyl, KRM and MOPS (L). 6HupC is a
soluble protein found in the cytoplasm of BL21, but according to the
immunoblots, after separating the listerial cell membrane atugplegm, HupC
was found in the membrane fraction, which indicated that HupC fams
complex with HupG, the membrane permease of the Hup ABC transparter
vivo. The expression level of HupC in iron deficient medium, such as KM a
MOPS (L) was almost the same as in BHI. There was aboutd deér
expression observed when 1 mM bipyridyl was added in BHI. The &sipreof
HupC in aAfur mutant, which could be taken as the maximum expression level

of HupC, is about 3 fold higher than that of wild type (Figure 23, 24).
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Figure 22 Purification of 6H-HupC

hupC was cloned into pET28a (+) and the 6H-HupC was expressed
in BL21. Lane 10-15: 6H-HupC was eluted from Ni-NTA column
by 250 mM imidazole.

The reason for the low expression level of HupC in iron-defiaieadium
probably is due to the promoter ladip operon. Although the thieup operon is
Fur regulated, the naturhup promoter is a weak promoter that cannot support
transcription of the genes in this operon at a high level. On the lndher since
hupC is the last gene in hup operon, therefore the farthest from theof@om
region, it may be transcribed less than the first two genes, angDupG. | also
tried to make his-tagged HupG, but after transformation into BL21, no
expression was observed. HupG is a transmembrane protein; it ni@yidé&o

the host strain. | changed the host strain from BL21 to CD43, whichore
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suitable for over-expression of membrane proteins, but HupG sl mot
expressed. | also tried to add the his-tag to the C-terminus of khgbéad of
the N-terminus, and to fuse HupG with MalE, however, all these agpes did
not help the expression of HupG. Therefore, untill now, there is-HopG

available for immunoblots.

100



Figure 23 a-HupC immunoblots |

(A) EGD-e WT, AHupC and complementedHupC cell lysates
analyzed by an anti-HupC immunoblotBacteria were grown in BHI
overnight, subcultured (1%) in BHI or BHI with 0.4 mM BP. After
centrifugation, cell pellets were resuspended in water to equivedl
densities and cytoplasmic and membrane fractions were separated.
Lane 1, purified 6H-HupC; lanes 2,3, cytoplasmic and membrane
fractions of EGD-e WT grown in BHI; lane 4,5, cytoplasmic and
membrane fractions of EGD-e WT grown in BHI+BP; lane 6,7,
cytoplasmic and membrane fractions AflupC grown in BHI+BP;
lane 8,9, cytoplasmic and membrane fractions of complemented
AHupC grown in BHI+BP. The bands for HupC are marked by arrows.
(B) AFur, EGD-e WTAHupC and complementetHupC were grown

in BHI overnight, then subcultured (1%) in BHI with 1 mM BP or
subcultured in MOPS(L) twice, and the cytoplasmic membrane
fractions were subjected to SDS-PAGE and transferred to
nitrocellulose for ana-HupC imminoblot. Lane 1, 2: membrane
fractions of AFur in BHI and MOPS(L); lane 3, 4, 5. membrane
fractions of EGD-e WT in BHI, BHI with ImM BP and MOPS(L);
lane 6, 7. membrane fractions AHupC in BHI with 1 mM BP and
MOPS(L); lane 8, 9: membrane fractions of complementadpC in

BHI with 1 mM BP and MOPS(L).
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Figure 24  -HupC immunoblots II

Cells of EGD-e WTAfur and AHupC were grown in BHI overnight

and subcultured twice in MOPS(L) and KRM. Cells were lyzed by
French press at 14,000 psi and the cytoplsma and membrane fractions
were separated by centrifugation at 14,000 rpm for 1 hour. Membrane
fraction of each strain was extracted by 1% SDS at 25fG@damin.

the volume of each sample was adjusted to contain '2x&ls
membranes/ml and 30 ul of each sample was subjected to SDS-PAGE
and then transferred to nitrocellulose membrane @@HupC
immunolblot. Lane 1 is purified 6H-HupC; Lanes 2-6: membrane
fractionsAHupC in MOPS(L) Afur in MOPS(L), EGD-e WT in BHI,
EGD-e WT in KRM and EGD-e WT in MOPS(L); lanes 7-11:
cytoplasm fractions of samples in the same order as lanelR2et®.

The bands for HupC are marked by arrows.
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4.3 Nutrition tests of AHupC, AHupG and their complemented

strains.

4.3.1 Growth of mutants when hemin was the only iron source

2, 2'-bipyridyl (BP) can form complexes with many tramsiti metals
including iron. It has been used in media to chelate iron and render it unavailable
to bacteria. Previous studies show that the complex of [Fg(BPannot be
utilized byL. monocytogenes as an iron source (118), so BP can be added to iron
replete medium, like BHI, to chelate free iron.

In BP treated BHI, the growth of EGD-e wild typahupC, AhupG,
complemented\hupC and complementedhupG were all inhibited due to the
low concentration of free iron in the medium. After adding 0.2 uM hdmihe
culture, the growth of WT, complementadhupC and complementethupG
started to accelerate and reached a higher cell density eanpath the
controls without hemin. The addition of hemin slightly enhanced thetgrofv
AhupC andAhupG. Especially forAhupG, it grew at almost the same rate with
or without hemin. These growth curves showed that the deletibmp® and
hupG in the hup operon impaired the uptake of hemin, and hemin uptake was
recovered when these genes were complemented. The growth pattexhs of

strains tested in the experiments were the same when hesilisgalved either
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in fresh made NaOH solution or in DMSO (Figure 25, 26).

ODsoo

0.1

Time (hours)

Figure 25 Growth of mutants in BHI with 2, 2’-bipyridyl |

Cells were grown in BHI overnight, then 2.5%1@ells were
subcultured into BHI containing 0.4 mM 2, 2’-bipyridyl. After 2
hours, hemin dissolved in 0.1M NaOH was added to a final
concentration of 0.2 uM. For each curve, a closed symbol means 0.2
uM hemin was added, open symbol means no hemin was added.
Symbols for each strain in this figure: EGD-e WD)( AhupC (),
complementedhupC (1), AhupG V), complemented hupGX).
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Figure 26 Growth of mutants in BHI with 2, 2’-bipyridyl Il

Cells were grown in BHI overnight, then 2.5%1d®lls were
subcultured into BHI containing 1 mM 2, 2’-bipyridyl. After

2 hours, hemin dissolved in 40% DMSO was added to a final
concentration of 0.2 uM. For each curve, closed symbols
means 0.2 uM hemin was added, open symbol means no
hemin was added. Symbol for each strain in this figure:
EGD-e WT Q©), AHupC (1), complementedAhupC (1),
AHupG (V), complemented Hup&X).

4.3.2 Nutrition tests

Siderophore nutrition test are qualitative method to evaluate takeupt iron
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by bacteria. If the bacteria in the agar medium are ablese the iron complex
applied on the paper disc, then after incubation, the bacteria will grownd
and disc, forming a round growth halo. Although no data is available to show the
diffusion pattern of nutrients (siderophores, hemin, hemoglobin) in the galid a
we can assume that the concentration of nutrient decrease quichty tae
diameter of the paper disc. If the bacterial cells haveyla &ifinity and uptake
rate, a dense, big halo will be seen around the disc. Low affinitglamduptake
rate usually result in a small and faint halo. However, sometimes a bigh&o
may show up even when the ability of cell to use the nutrient is ptas.
happens probably because there is more time for the nutrienfuseditirther
on the plate before it is used up by the cells close to the scthe same
reason, sometimes a small, but very dense halo also means tb@ithén the
plate has a good ability to utilize the nutrient applied on the disc.

In my nutrition tests (Figure 27), ferrichrome was a pasitontrol to show
that all the strains in BHI top agar were growing in an idahfeshion. All the
strains showed a big, dense halo around the disc with ferrichromeil&dype,
there were strong and big halos around hemoglobin and 50 uM hemin,llead sti
small, weak halo even if the concentration of hemin was as ldw5asM. As
expected, the two mutantshupC and AhupG, exhibited very different results
from the wild type. AhupC showed a very small and faint halo around
hemoglobin, no halo aroud 0.5 uM heme, a very small and weak halo around 5

uM hemin. No halos were observed around hemoglobin, 05 uM hemin and 5uM
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hemin on the plate afhupG. Both AhupC andAhupG have a small halo around
50 uM hemin indicating these two mutants still have can uptake herthinawi
lower affinity. It was noteworthy that the halos around 50 uM hemah15 uM
hemoglobin on the\hupC plate are bigger than those AifiupG, which means
the deletion of the transmembrane permease of the Hup ABC treerspor
impaired the uptake of hemin and hemoglobin more (Table 7). It is potsable
the ATPase in different ABC transporters can substitute e#obr, so the
deletion of HupC, the ATPase in Hup transporter affects hemin ugtakesser
extent. The complementation ahupC and AhupG restored both the uptake
hemin and hemoglobin, buthupC seemed to be better complemented. The
complementedupG was not the wild type gene; the residue A119 in the wild
type hupC was substituded by cysteine, which could be a possible reason for

this.
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Ferrichrom Hemoglobi Hemin Hemin Hemin
e (50uM)  (5uM)  (0.5uM)
(50 uM) (1 mg/ml)
EGD-e WT 175 D 7 D 7 D 6 M5 W
AhupC 17 D 45 W 5 W4 W - -
AhupC:pPL2WpC 42 5 7 D 7 D 6 M5 W
AhupG 7 D - - 6 W- - - -
AMUPGIPPL2WUPC 425 b 75 M 7 D 6 M6 W
ASITA 6 D 65 D 7 D 6 D 5 W
ASIB 17 D 65 M 6. D 5 M4 W
5
ASITAB 6 D 6 M 6 D5 M4 W
5
AlmoZI8SSPA) 17 b 5 W 6 D 5 W4 W
5

Table 7 Summary of hemin and hemoglobin nutrition tests

The diameters and appearance of growth haloes of each strain i

Figure 4.8 are summarized. Number represents the diameter of the

halos (mm, from the center of the disc to the eage of the hatibdgrs

represents the appearance of the halo: “D”, dense; “M”, medium;

“W”, weak. “-“means no halo was observed.

109



The sortase-dependent, putative heme/hemoglobin transport syatems
found in many Gram-positive bacteria. In these systems, cdllanahored
proteins may participate in the binding and uptake of heme on tleeswf the
cell. One well known example is the Isd syster&.iaureus.

Previous studies in our lab did not show that sortases and spriatens
anchored by them had an impact on the hemin/hemoglobin uptake in
monocytogenes. | also did nutrition tests on four sortase-related mutants in
monocytogenes, ASrtA, ASrtB, ASrtAB, and AImo2185, which was formerly
called "ASvpA”. The first three mutants were kindly provided by Dr. Pascal
Cossart. The deletion &6ho2185 was made by Dr. Sally Newton.

According to the nutrition tests, the deletion of sortase A didshotv any
effects on the uptake of hemin or hemoglobin. When sortase B or btabesér
and B were deleted, the uptake of hemoglobin occurred, but seemeet.veaak
the double deletiom\SrtAB, the uptake of hemin also looked decreased. When
it came to the deletion of gede02185, which encodes a surface protein
anchored by sortase B, it was quite obvious that the uptake of hemogiabin
impaired. These data suggested that the sortase B and the grateandhored
by it were probably needed for the utilization of hemoglobirr@s source iriL.
monocytogenes.

To further evaluate the uptake of hemoglobin by these mutantsnutiition
tests varying the concentration of hemoglobin from 0.15 uM to 150oNhe

plates. The results showed that removal of sortase B reduced tiee gt
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hemoglobin, and the deletion of Imo02185 had the most significant effect on
hemoglobin uptake. Deletion of sortase A did not show any effecir@-i2g).
When grown in BHI containing 1mM BP, the growth curves of EGD-e and
Almo2185 were very similar if no hemin was added to the medium. When 0.15
uM hemin was added, the growth of both were stimulated but the growtT of
was faster (Figure 29 B).

The protein encoded Hyno2185 is a surface protein, which was formally
called “SvpA” (Surface vrulence_potein A). It has an N-terminal signal pepide,
and a C-terminal sorting sequence for sortase B, and was andmtbd cell
wall and secreted out of the cell. The Fur-regulated “SvpAs®iBd locus had
been studied in our lab before. BLASTP showed that the protein encoded by
Imo2185 contains NEAT domain, which is found in cell surface proteins in
Gram-positive bacteria to scavage heme from host hemoproteinsprotesn
has 29% identity to IsdC i aureus. In my Listeria cell envelope fractionation
experiments, this protein was mainly found in the cell supernatatibiig118),
and strongly over expressed in iron deficient media, even wleninh
hemoglobin or ferrichrome was added (Figure 29 C). Based on tiae da
described here, | propose a hypothesis that this protein encodied2igs is a
surface heme receptor, that has affinity for both hemoglobin and Hewever,
nutrition test and growth curve data are not enough to make a conchlsut
the function of this protein. The role of this protein in heme/hemogigbiake

needs further investigation.
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Figure 28 Hemoglobin nutrition tests ofASrtA, ASrtB, ASrtAB
and Almo2185

Four paper dics were placed on each plate in the same order: disc
containing 50 uM ferrichrome was on the top. Bottom from left to

right were 0.15 uM, 1.5 uM and 15 uM hemoglobin.
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Figure 29 The Imo2185-SrtB locus and overexpression of tr
protein encoded bylmo2185 in iron deficient medium

(A) Schematic representation of theno2185-srtB locus of L.
monocytogenes. (B) Growth curves of EGD-e wild type and
Almo2185 in BHI with 1 mM BPO, WT without hemin;®, WT
with 0.2 uM hemin;J, Almo2185 without heminfl, AImo2185
with 0.2 uM hemin. (C) the protein encoded by Imo2185 was
overexpressed in KRM with BP. Lane 1, peptidoglycan (PG)
fraction of cells grown in BHI; lane 2, PG fraction of celewn in
KRM (before digestion by amidase); lane 3, PG fraction of cells
grew in KRM (after digestion by amidase); lane 4, PG foactf
cells grew in KRM containing 0.4 uM BP and 2.5 uM hemoglobin;
lane 5, PG fraction of cells grown in KRM containing 0.4 uM BP
and 5 uM hemin; lane 6, PG fraction of cells grew in KRM

containing 0.4 uM BP and 20 uM ferrichrome.
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All the deletion mutants used in nutrition tests and transport iexg&s are
spontaneous streptomycin-resistant mutants selected from BE$ glamtaining
100 ug/ml streptomycin. To ensure that these streptomycin-rasiststations
do not affect iron uptake, | did nutrition tests to compsmapC, AhupG with
AhupC (Sm), AhupG (Smi). These experiments confirmed that these
streptomycin-resistant mutants are exactly same as theintpstrains in the

tests (Figure 30).

Figure 30 Nutrition tests of streptomycin-resistant mutantsand their parent
strains

Five paper discs were placed on each plate in the same @édeft, 50 uM
ferrichrome; top right, 15 uM hemoglobin; bottom left, 0.5 uM hemin; central,

5 uM hemin; bottom right, 50 uM hemin.
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4.4 P°Fe]-hemin binding and uptake inL. monocytogenes

4.4.1 Synthesis of’fFe]-hemin

To quantitatively measure the hemin binding and uptake wbnocytogenes
wild type and its mutants, | synthesiz88e labeled hemin by insertifigFe into
the tetrapyrrole macrocycle ring gdrotoporphyrin IX. The insertion and
coordination of Fe and other metals, such as Mg and Co in porphyrinhasgs
been well studied due to their great biochemical interests.fdin@ation of
iron-porphyrin complexes is fast under enzymatic catalysigivio, but very
slow under non enzymatic, aqueous condition (125). Many factors affect the
insertion of a metal ion in porphyrin, including what kind of metal ®ide
chains of the porphyrin and solvents used in the reaction (52).

Some metal ions exhibit different reaction rates in diffeisolvents. It is
important to choose a solvent system in which both protoporphyrin 1Xhend
iron compound have good solubility. In the beginning, | synthesized
[°°Fe]-hemin using dimethylformamide (DMF) as the solvent (2, 184flBri
protoporphyrin IX and°FeCk (M: M=5:1) were dissolved in DMF and heated
at 150°C for 1 hour. The solution was cooled to room temperature and dried by

rotary evporation. The solid was redissolved in,ChHl and spotted on a
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preparative TLC plate, and developed by the mixture of 2, 6-lutidine atet w
(5:3, V: V). After developing, the band of hemin was cut from theepéeatd
hemin was extracted from silica gel by &Hb/water (1:1, V: V); the final
product of hemin was dried after the silica gel was filtevetd There are two
major problems for this protocol: first, only a small percentdge was inserted
to protoporphyrin IX, which can been see from the auto radiograph diLiie
Second, the extraction of hemin from silica gel usingClHand water was
inefficient. A significant amount of hemin still remained in tle causing a low
product yield.

The low percentage of insertion was due to thé* Fa *°FeCk.
Protoporphyrin IX prefers ferrous iron to form a complex, rather fiait iron.
The reaction rate for the insertion of ferrous iron is much hidgtaer the rate of
ferric iron. When FeGlwas substituted by FeCor FeSQ, the yield of hemin
was much higher with the same protocol. However, as a commercial
radioisotope,>°Fe is only available in°FeCk form. Therefore, the synthesis
protocol must be modified regarding the radioactive iron in ferradesto
improve the yield.

In order to do that, | switched to another protocol, in which ascaditt
(Vitamin C) was used as the reductant (58): protoporphyrin IX diyhester in
pyridine was added to glacial acetic acid at 50°C under nitrofyeosphere.
*FeCk in 17 mM ascorbic acid was added. After 1.5 hour, cold FéCl

methanol and acetic acid was added and reacted for another 2 haoershaif
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chloroform was added to the solution and acetic acid and pyridgéne washed
away by water. Unreacted protoporphyrin IX dimethyl ester reasoved by
HCI washing. The organic phase was dried and crude product was disperse
tetrahydrofuran (THF) and stirred with 3 N NaOH overnigfFé]-hemin was
precipitated from the NaOH solution by adding 10 N HCI and collebted
centrifugation. After changing to this protocol, the insertion *¥fe in
protoporphyrin was improved, but the specific activity was only about 1
cpm/pmol, which seriously limited our ablity to do binding and uptake
experiments. The reason was that a large portiorFefwas still left unreacted

in the reaction. Ascorbic acid is an antioxidant. In mitochondrias ithe
reducing agent for ferrochelatase to insert ferrous iron into prgtbopan in the
last step of heme biosynthesis pathway. In this protocol, it wasassibeé agent

to reduce”®Fe’ to *F*, but it seemed like the reduction was not efficient. The
purification steps in this protocol were time-consuming but the regook
hemin was much higher than the silica gel extraction in the first protocol.

To enhance the specific activity oFffe]-hemin, | finally used the method
mentioned in chapter 2. Instead of using ascorbic acid, thioglyationas the
reductant in the reaction. Thioglycolic acid proved to be a more pawer
reductant than ascorbic acid by the results of the synthesis. &samall
amount of thioglycolic acid was added t&eCk solution, the color of the
solution turned blue immediately. Most ¥Fe** was reduced to ferrous state

and incorporated into porphyrin (Figure 31). The specific activity of
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[*°Fe]-hemin by this method was about 100 to 140 cpm/pmole, which was high
enough to support binding and uptake experiments with hemin concentrations at

the nano molar level. The purification steps were quick, straighafoinand

efficient.
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Figure 31 P°Fe]-hemin TLC

(A) Synthesis of TFe]-hemin in DMF without reductant, Lane
1, standard hemin; lane 2%fe]-hemin; lane 3, auto radiograph
of lane 2. (B) Synthesis of%Fe]-hemin using ascorbic acid,
Lane 4, protoporphyrin IX; lane 5, standard hemin; lane 6,
[*°Fe]-hemin; lane 7, auto radiograph of lane 6. (C) Synthesis of
[*°Fe]-hemin using thioglycolic acid, Lane 8, protoporphyrin IX;
lane 9, standard hemin; lane 18%E]-hemin; lane 11, auto
radiograph of lane 10. The black spot on the top of lane 7 was
spotted after running of the TLC to indicate where the
radioactive hemin was. It could be seen from these pictures that
the insertion rate oPFe was improved by the use of thioglycolic

acid.
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4.4.2 Optimization of experimental conditions of TFe]-hemin binding and

uptake

The physical and chemical properties of hemin are different fsther iron
complexes, like ferric enterobactin and ferrichrome, becausdsofiriique
structure. The experimental conditions of siderophore binding and ugaaket
be simply transplanted to the experiments for hemin. Regardirgphhents for
heme, | already discussed it at the beginning of this chajmether special
property of hemin is its strong surface binding activity. Hemim liydrophobic,
low polarity molecule with big planar, aromatic ring. It is sgignabsorbed to
surfaces or to polymers. In early experiments, we found thatnhstrongly
bound to nitrocellulose fiters, which were used for siderophore binding
experiments in our lab. The binding of hemin to the filter gavéigh
background and distorted the results. We tested different filiectding
nitrocellulose, glass membrane, polycarbonate, cellulose acetase gpid
Duropore. Among these filters, hemin bound to cellulose acetate ampde
less than the other three, after washing with 0.9% LiCl. Sinceinhésn
hydrophobic, the adhesion of hemin to the filter could be largely contditiwyte
hydrophobic interactions with the polymer lattice of the filtastéad of using
0.9% LICl, we tried to use buffer containing detergent to wash fittes.
Tween-20, triton X-100 and SDS were tested and it turned out that 0.05%

Tween-20 reduced the binding the most. Based on these results, we chose
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Duropore filters to collect cells and 0.05% Tween in 50mM Trighasvashing
buffer (Figure 33).

Another important concern is “iron depletion”. If we want to use
Michaelis—Menten kinetic model to describe the transport of henma, t
concentration of hemin (substrate) must be high enough to makehstirall
transporters (enzyme) are saturated throughout the transport peridbe |
uptake experiments, to avoid iron depletion in low-hemin-concentration
reactions, we increased the reaction volume from 10 ml to 25nahlused 30
min instead of 1 hour as the time for uptake. In the experiments;otings
(CPM) of the cells on the filter are kept less than 10% oftdted possible

counts of the reaction.
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Figure 33 Effects of detergents in washing buffer

(A) 25 ml of 50 nM P°Fe]-hemin solution was filtered
on cellulose acetate (AC) filter and washed with 50 mM
Tris (pH 9.0) containing different detergents. (B) The
binding to cellulose acetate and Durophore filters, of 25
ml 50 nM [P°Fe]-hemin with different washing buffer was

compared.
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4.4.3 P°Fe]-hemin binding

| tested the *fFe]-hemin binding of EGD-e wild typeASrtA, ASrtB and
ASIrtAB. The mutanihup, a full deletion of théhup operon that was made by
Mr. Qiaobin Xiao was also included as a contrdiF¢]-hemin was incubated
with cells in MOPS (L) medium for 1 min on ice. EGD-e wild @ypas high
affinity for hemin: the K is about 21 nM and capacity is 111 pmoltes/min.
The deletion of wholéup operon had effects on binding of hemin. The capacity
of Ahup was about 40 pmol/feells, and the Kis 12 nM. The deletion of
sortase A seemed had no effects either, but it was potentiadiyworthy that the
affinity (Kq) of ASrtA was higher than wild type. The data revealed thaasert
B is crucial for hemin binding ih. monocytogenes. Once sortase B was deleted,
as inASrtB andASrtAB, both capacity and affinity of hemin binding dropped
significantly. Capacity decreased about 80% (Figure 34) (Tablea®o tested
the hemin binding oAlmo2185 (ASvpA), the result was similar the sortase B
mutant: the capacity was much less than that of wild type.

The P°Fe]-hemin binding experiments provided important information: first
of all, L. monocytogenes still can fully bind hemin even when all three genes in
hup region were deleted, which means another hemin binding component(s)
must exist in the cells membrane or cell wall. It is haréxplain whyAHupC

and AHupG seriously impaired the uptake in nutrition test if the cllscan
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bind with hemin when all three genes are gone. One explanation ishéhat
putative secondary hemin transport system has high capacity amty a€fibind
hemin, but has much lower affinity and rate to transport hemin sadres
cytoplasmic membrane compared to the Hup transporter, or probabherthe

binding by Imo2185 is not related to hemin uptake.
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Figure 34 P°Fe]-hemin binding

Second, sortase B and the protein anchored by it are absolutelgdntor

hemin binding. Considering the nutrition testsA&rtB andAlmo2185 (ASrtB
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and Almo2185 still transport hemin), it looks like there is probably arik&d
hemin/hemoglobin binding system inmonocytogenes. It is unlikely that the
Hup transporter is a part of this system since the distaneeedethup and
sortase B locus is very far. The SrtB-SvpA locus actually has an ABQdraers
gene cluster inside itself consisting witho2184, Imo2183 andImo2182. But
according to previous study, the deletionlmb2183 did not impact either the
uptake of hemin or hemoglobin. Th&¥He]-hemin binding data suggested the
function of the proteins encoded byo02182, Im02183, Imo02184 andImo2185

require further study.

(p?njﬁ??igﬁ) Std. Error K (nM) Std. Error
EGD-e WT 111.26 5.84 21.5 4.67
ASItA 94.14 30.12 1.32 1.19
ASItB 34.76 7.37 80.50 36.01
ASItAB 17.57 2.08 8.49 4.50
Almo2185 14.37 1.98 25.18 13.2

Table 8 Summary of P°Fe]-hemin binding
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4.4.4 P°Fe]-hemin uptake

L. monocytogenes EGD-e wild type transportedFe]-hemin with a Vax of
480 pmol/16cells /min and a K of 1.44 uM. Comparing with the FeEnt
transport inE.coli and hydroxamate siderophores transpott. imonocytogenes,
the Vinax Was quite high but the affinity was relatively low (micromdkwvel).
The deletion of the wholdup operon reduced the ¥x about 27% (Max Of
Ahup was 359 pmol/109cells/min) and increased thed<1.88 uM (Figure 35).

The fact that EGD-e still has over 70% uptake remaining after thisodedé
hup indicated that there was a secondary system (or maybe nxists i@ L.
monocytogenes, which can take over the uptake of hemin whep is absent.
The uptake rate ratio, WVanp decreased from 3.5 to 1.5 when the
concentration of hemin increased. The reason for this could be that Hup
transporter has a higher affinity for hemin and works at low coraténts of
hemin. When the hemin concentration goes up, the secondary transpanrt, sys
whose affinity for hemin is lower, starts to turn on. The secgnsggstem has
lower affinity than Hup but transports hemin at higher velocity, ptssiecause
more copies of this transporter are expressed in the celis tthe Hup

transporter.
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Figure 35 [°Fe]-hemin uptake of EGD-e wild type

Vmax and K, were calculated by GraFit 6 using “Enzyme
kinetics” method. The insert shows the uptake at lower

hemin concentrationS (from 0.5 nM to 100 nM).

One noteworthy thing in the chemistry of hemin uptake imonocytogenes
EGD-e is that the K (1.44 uM) is about 300 fold higher than (.68 nM). It
could be explained that the binding and transport of hemin are two teepara
processes that happen on the cell wall and cytoplasmic memiesgprectively:
hemin is first bound by a high affinity protein complex, that isbably

sortase-dependent, in the cell wall, then deliver it to the dosarsttransporters,
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like Hup or the unknow secondary transporter, but the process of transport is

much slower than hemin binding.

220 [ I I I I I I T ]
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Hemin(nM)
Km Std. Error Vhax Std.Error
(nM) (pmol/1Gcells/min)
EGD-e WT 2361.9 169.3 254.4 8.8
ASItB 5285.7 473.2 407.3 22.7
Almo2185 1597.0 205.4 188.4 10.5

Figure 36 P°Fe]-hemin uptake ofASrtB and Almo2185

| also checked thé¥e]-hemin uptake bySrtB andAlmo2185 (Figure 36).
Compared with EGD-e wild type, sortase B and the surface preteioded by
Imo2185 did not show significant effects on hemin uptake, but it was quiée cle

that the deletion of sortase B increased thedf the transport. It is still an
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interesting question what the function bho2185 is. Binding experiments
showed that it was needed tasteria to bind hemin.

One question for the hemin uptakelinmonocytogenes is if there were other
hemin transport systems turned on when Hup system was deleted. To answer this
guestion, | grew EGD-e wild type antiHup strain in BHI containing 2,
2'-bipyridyl and subjected the cytoplasm and membrane fractiorachfsrain
to SDS-PAGE gel. The SDS-PAGE results for the wild type #Hup showed
there were no new proteins present and no overexpressed protéms@ta

shown).

4.5 Fluorescence labeling of HupG iwivo

Besides using radioactive labeled hemin, | also tried tosiselirected

fluorescence-labeling approach to investigate the hemin of tmggorter. If
we could make single cysteine mutants on an approperate position Gnarddp
label it with a fluorophore, then we may be able to study the trangpbemin
though the transmembrane permease by fluorescence quenching. In our lab, Cao,
et al had used this method to study the FeEnt transport by FepA (31).

The crystal structure of HupG is not available. To choose thdid=ate
residues for site directed mutagenesis on HupG, we used thal styscture of
BtuC, the permease of vitamin;BABC transporter as the structure model.
HupG has 37% sequence indentity to BtuC. They share most siedldat the

arrangement of the transmembranéelix boundless. Five residues on HupG
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were chosen to make Cys mutants, they were A45, S54, A119, S194 and S308.
According to the sequence alignment and the structure of Btu@pthelogies
of these residues in BtuC were all located on the top of theimratkich were
most likely to be labeled by fluors (Figure 37).

Cysteine mutants were made on pUC18/Imo2430 and cloned into pPL2 with
hup promoter, then conjugated withupG. The expression (complementation)
of HupG(Cys) was tested by nutrition tests. Among five mutants, Al8@ot

complemeninhupG, but the other four did (Figure 38).
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CLUSTAL W (1.83) multiple sequence alignment ‘ ‘
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Figure 37 Cysteine mutants in HupG

The sequence of HupG anB.coli BtuC were aligned by

CLUSTAL W (1.83). Regions having the most homology were
labeled by colored bars. The residues for mutagenesis on HupG
were indicated by blue arrows. In the figure below the alignment
file, the positions of the five candidate residues on HupG were
showed based on the crystal structure of BtuC (the residure

number is the number in HupG). The colored regions on BtuC

corresponded to the regions that labeled by the bars in same color

in the alignment file.
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The labeling procedure was adapted from the FM labeling & Feyvo. At
the beginningL. monocytogenes cells were boiled for 5 min in SDS sample
buffer after labeling and subjected to SDS-PAGE, the gel waangd by
fluorescence scanner. Quite a few proteins were labeled butfaecedde of the
labeling patter nbetween WAhupG and the cysteine mutants. To enhance the
labeling, | increased the concentration of FM from 1 uM to 5uM; d use=ad
beater to break the cells before boiling in sample buffer and sexlethe
number of cells loaded on the gel to see more proteins bands. In some
experiments, after labeling, the membrane fraction of the wells separated
from cytoplasm and cell walls, and examined alone. After theskfications of
the experimental procedure, more labeled proteins were observechebut t
labeling pattern of the cysteine mutants were still as ss1bose of WT and

AHupG (Figure 39).

Figure 38 Nutrition tests of complemented\HupG(Cys)

Three paper discs were placed on each plate in the same order: top left: 15 uM
hemoglobin; top right: 50 uM hemin; bottom, 50 uM ferrichrome. (A) EGD-e
wild type, (B)AHupG, (C) A45C, (D) A119C, (E) S54C.
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To get more details about the labeling, | also did the FM lapalinthe
membrane fractionsn vitro. After separating the membrane and cytoplasm,
membrane proteins were extracted by 0.5% sarkosyl. The solutioanobrane
proteins was treated either with or without 1% SDS, and then thbglduM
FM at 37°C for 15 min. As expected, more proteins were labeledihieut
labeling pattern oAHuUpG and its cysteine mutants was still the same (Fiqure

40).
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Figure 39 FM labeling of Cys-mutants in HupG
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(A) Cells in lane 1-5 are labeled with 5uM FM, cells in lar&06are labeled
with 1uM FM. After labeling, cells were boiled in SDS sample buffer for 5 min
and subjected to SDS-PAGE. Lane 1, 6: S54C; lane 2, 7: A119C; lane 3, 8:
A45C; lane 4, %hupG; lane 5, 10: EGD-e wild type. (B) Cells in lane 1-5 are
labeled with 1uM FM. Cells in lane 6-10 are labeled with 5uM FWter
labeling, cells were broken by bead beater and boiled in SDS shoffde for

5 min and subjected to SDS-PAGE. Lane 1, 6: S54C; lane 2, 7: A119@, lane
8. A45C; lane 4, AHupG; lane 5, 10: EGD-e wild type. (C) Labeling of
S194C and S308C. Cells were labeling with 5uM FM. After labeliegs c
were broken by bead beater and boiled in SDS sample buffer fon &ndi
subjected to SDS-PAGE. Lane 1-4, 4%¥ls was loaded; lanes 5-8,
2x109cells were loaded. Lane 1, 5: EGD-e wild type; lane 2H6IpG; lane

3, 7: S194C; lane 4, 8: S308C. (D) Labeling of membrane fractions. ZAftér
FM labeling, cells were broken by bead beater. Membrane drectivere
separated by centrifugation and membrane proteins were exact@db%y
sarkosyl in TBS. Proteins of 4xX@lls were loaded to each lane. Lane 1 to

lane 5: EGD-e wild type, A119C, S54C, S194C and S308C, respectively.
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Figure 40 FM labeling of membrane fractionsin vitro with
or without SDS

Lane 1-5, membrane sample without adding 1% SDS; Lane 6-10,
membrane samples adding 1% SDS. LaneAHupG; lane 2, 7: A119C,;
lane 3, 8: S54C; lane 4, 9: S194C; lane 5, 10: S308C.

Overall, | got cysteine mutants on HupG and they were expkebse the
labeling of these mutantis vivo or in vitro was not successful. There was no
problem for FM to pass though the multiplayer peptidoglycan to getbnaem
protein labeled, which could be confirmed by the labeling of the proteins
membrane fraction. So the reasons for the unsuccessful labelirdy ®uhat

the cysteine residues were buried inside of the protein. Ists @ssible that
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since HupD, HupG and HupC form an ABC transporter, the membrane ahchore
lipoprotein HupD may cover the top of HupG, which causes the cystanest

be labeled by FM.

4.6 Conclusions

1. Proteins encoded lmap operon do not reach a very high level in the media
| tested. HupC associated with the cytoplasmic membrane/onshowing the
complex forming of Hup ABC transporter.

2. The deletion of HupC and HupG impair hemin and hemoglobin uptake and
they are complemented by pPL2 system, which confirms that A€ A
transporter encoded lbyip operon is in charge of hemin uptake.

3. EGD-e wild type has an overall affinity for hemin at nanomtgael.
Sortase B and the protein encoded by Imo02185, which was formdikdyg ca
“SvpA”, are involved in hemin binding ih. monocytogenes. Deletion of SrtB
and Imo2185 significantly reduce the capacity and affinity of hemidirogn
Sortase A has no effect on the binding.

4. EGD-e wild type transports hemin with an overall & the micromolar
level. Transport system(s) other than Hup exist(sl..monocytogenes, which

can transport hemin with lower affinity but high rate.
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Figure 41 Schematic representation of the proposed hemin tgke
pathway in the cell envolpe ot.. monocytogenes

The existence of surface hemoglobin receptor (A) or hemin @cép} is

still unknown, as well as the hemin pathway that labeled by “?”.
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Chapter 5 Study of the Function of TonB C-terminus

5.1 Overview of the TonB dependent outer membranesceptor

FepA

FepA is an outer membrane siderophore receptor. It binds and ttarfspac
enterobactin (FeEnt) with high affinity. FepA is also the remefur colicin B
and bacteriophage H8 to entércoli cells (134, 161). Like FhuA and FecA,
FepA also belongs to the “ligand-gated porin” (LGP) family. réhare two
domains in FepA (Figure 42). The C-terminal domain formed bg-8Rands
inserts itself in the outer membrane like a barrel. The Mitexl globular
domain is inside the barrel and blocks the channel like a plughéiop of the
barrel domain, there are 11 loops, which are important for FepA to recognize and
bind substrates. As other LGPs, FepA has a “TonB box” at tharbegiof the
N-terminal domain.

The function of FepA is TonB-dependent. Without TonB, FepA still binds but
cannot transport FeEnt. A lot of work has been done to elucidateettigamsm
of FepA in our lab and other labs as well (4, 31, 83, 86, 97, 102, 116, 140, 152);
however there are still two interesting questions about FepAnded to be

answered: First, what is the conformational change of N-tednpilug domain
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causing the channel to open during the transport? Secondly, howhéoeser
membrane-anchored TonB facilitate FepA to transport ferrierebactin across

the outer membrane?

Figure 42 Structure of FepA

FepA contain two domains, the C-termingdbarrel domain
(green) and N-terminal globular domain (yellow). The “TonB
box” (red) contacts the C-teminal domain of TonB during
transport. Structures showed in this figure are side view éett)

the view from periplasmic side (right).

5.2 FeEnt inhibits the transport of FeTrn through FepA

In order to answer the first question, Li Ma, et al construatedimber of

cysteine mutants in FepA by site-directed mutagenesis and igatest the
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fluorescein-5-maleimid€FM) labeling patterns of these mutantsviwo (102).
They found a mutant, G54C, on the surface of N domain that is normaigd bur
within the p-barrel was labeled by FM from the periplasm during transpbs.
labeling of G54C provided evidence that the N domain comes out from the
B-barrel, and a “ball-and-chain” mechanism was proposed. Before gndkin
conclusion, one thing need be confirmed: that G54C was labeled bydaM fr
the periplasmic side but not from the top side of FepA. To demonsiedtéEM
was not able to label G54C from top during FeEnt transport, we ddsane
inhibition experiment between ferric TRENCAM (FeTrn) and FeEnt.
TRENCAM (Trn), a synthetic analog of enterobactin, caneoegnized and
transported by FepA (Figure 43). The main structural differdmteeen Trn
and enterobactin is that the macrocyclic ester ring of entdinbaas
substituted by a tertiary amine in Trn (172). TheoKFeTrn binding to FepA is

about 1¢ M and the size of Trn molecule is similar to that of FM.

HO 1 N HO
HO o
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HO

Enterobactin TRENCAM

Figure 43 Enterobactin and TRENCAM
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We tested the uptake oiFeTrn byE. coli BN1071 (wild type) and OKN3
(fepA)). BN1071 transportyFeTrn at a Wax of 36 pmol/18cell/min, about half
of the Vinax Of *FeEnt. The I is 3.6 nM, which is about 5-10 fold higher than
that of>°FeEnt. As expected, OKN3 transpottBeTrn much slower (Ma=12.3
pmol/1Gcell/min, K,=56.9 nM) due to the missing of FepA in this strain (Figure
44). However, the uptake was not completely eliminated, which suggésted t

some other transporters other than FepA also can transport FeTrn at a lewer rat

|
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Q- - p—
—O0———
|
0 200 400 600
[5®*FeTrn] (nM)
—@— BN1071 —O— OKNS3
Km Std. Error Vhax Std. Error
(nM) (pmol/1Gcell/min)
BN1071 3.63 0.68 36.41 1.34
OKN3 56.90 25.96 12.30 1.52

Figure 44°°FeTrn uptakes by BN1071 and OKN3
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In the competitive inhibition experiments, the concentration®&Trn was
kept at 100 nM high to ensure that FeTrn could be transported at thamax
rate. Different concentrations of FeEnt varying from 0.05 nM to 500wave
added into the transport reaction and the transport ratéFefrn decreased
while increasing the concentration of FeEnt. The fGr the inhibition of FeTrn
uptake by FeEnt was 8.313.14) nM (Figure 45). This data showed that FeEnt
has a great affinity to occupy the ferric siderophore binding sites on Fefn
has affinity to FepA about oM, but 8 nM FeEnt was already capable to
strongly inhibited the uptake of FeTrn at a concentration of 100 nM. [Ekes
means when FeEnt was present during the transport, it efficieloitked the
access of other molecules to FepA even at nano molar levels. Copitiher
much lower affinity of fluorescein maleimide to FepA, it wasyvenlikely that
fluorescein maleimide could surpass FeEnt and labeled G54C froextréor.

If G54C was labeled, it should be labeled by the fluor moleculm ftioe
periplasmic side, and this required the N-terminal plug domaortee out from
the B-barrel, and allow this residue to be exposed. So these inhibition

experiments supported the “ball-and-chain” theory of FeEnt transport by FepA.
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5.3 Generation ofa-TonB polyclonal antibody

An o-TonB antibody is an important reagent for the study of the fomaif
TonB. In our lab, Dr. Newton cloned the 6His-tagged TonB and | purified the
6His-tagged protein by using Ni-NTA affinity column. On SDS-PAGH, the
purified 6H-TonB showed two major bands: One band with a size about 36 kD
and another one with a size about 27 kD. According to the amino acid sequenc
of TonB, the small band is monomeric 6H-TonB. The 36 kD product was smaller
than 6H-TonB dimer but close to the size of 6H-TonB monomer plien8
C-terminus (~7.8 kD). | cannot confirm what kind of aggregation of thi
product is, but interestingly, western blot showed that TonB in théysates of
BN1071 and OKN1/pT23 existed as this form (Figure 46).

The firsta-TonB immunoblot showed that there were also several other
antibodies in the rabbit sera due to the existence of contaminabitegngrin the
6H-TonB sample that | injected to the rabbit. | did antibody adsorgdiion
repeatly suspending BN1071 cells in the rabbit sera, and most of the
contaminating antibodies were taken away by the cells. Howavenajor
contaminant,a-OmpA was still remaining. To get rid @-OmpA, | coupled
purified OmpA to Sepharose 6B cellulose and let rabbit seratpamsyh the
resin. Most of the.-OmpA stayed with OmpA in the column, which was verified

by immunoblot (Figure 47).
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Figure 46 a-TonB immunoblots
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(A) a-TonB blot before adsorption. Lane 1-3: 0.04, 0.2 and 1 ug purified
6H-TonB, respectively. Lane 4-6: 1x10ells’ lysates of OKN1/pT23,
BN1071 and OKN1, respectively. The bands for TonB are pointed out by
arrows. (B)a-TonB blot with different amount of cells before adsorption.
Lane 1-3: 5x10cells of OKN1, BN1071 and OKN1/pT23; lane 4: 0.8
ug 6H-TonB; lane5-7: 1xI(cells of OKN1, BN1071 and OKN1/pT23:
lane 8: 0.2 ug 6H-TonB; lane 9-11: 0.2%H@lls of OKN1, BN1071 and
OKN1/pT23.
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Figure 47 -TonB immunoblots before and after the

adsorption of a-OmpA

(A) Before adsorption. Lane 1-4: purified 6H-TonB, OKN1/pT23,
BN1071 and OKN1. (B) After adsorption. Lane 5-8: purified
6H-TonB, OKN1/pT23, BN1071 and OKNL1.

5.4 Functional characterization of GFP-TonB hybridproteins

So far, two mechanisms have been proposed to describe the function of TonB
In the shuttle mechanism, once charged with the energy from pradtimem
force, TonB leaves the inner membrane to the periplasmicddidiee outer
membrane and transfers energy to the outer membrane receptodsschaeged

TonB shuttles back and associates with ExbB-ExbD complex in rther i
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membrane again. Unlike the shuttle mechanism, the rotary mechardposes
that, invivo, TonB is dimerized and associates with a single copy of EXHEEX
complex. The N-terminus of TonB remains in the inner membranagtine
whole transport cycle. Energy is transduced to the C-termindsrd® by the
spinning of rigid rod domain of the TonB dimer. The spinning C-termafus
TonB interacts with the receptors and transfers energy to them.

In our lab, Dr. Wallace Kaserer constructed GFP-TonB fusioreipsotto
investigate whether TonB disassociated with the inner membranet @luring
the FeEnt transport (86). The TonB promoter, enhanced GFP gene and TonB
gene were amplified by PCR and ligated into plasmid pHSG5pectegely to
give the final construct of pGT. In the second construction, & meer with a
sequence of “EAAAK” was inserted between GFP and TonB to givdiritak
construct of pGLT.

The expression of these two fusion proteins was tested bynoirtot using
a-TonB antibody and the molecular weight of the fusion proteins wemnect.
To evaluate the function of GFP-TonB fusion proteins, we tested thenbiadd
uptake of*FeEnt by the strains carrying these constructs and compared the
results with BN1071, which expresses wild type TonB. Even fuseld avit
protein with a similar size to itself, TonB is still functiorehd supports the
binding and uptake of FeEnt. The,Kapacity, Vhax and K, of OKN1/pGT and
OKN/pGLT are comparable to those of BN1071 and OKN1/pTS23 (Figure 48).

Since the GFP moieties in these fusion proteins stays in cytogfasrescent
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data and protein localization data by Dr. Kaserer), this dateatesi that TonB
does not leave the inner membrane and transfer to outer membrane e&ng F

transport, which argues against the shuttle mechanism.

pMol/10° cells

Kd Cap. Vmax Km
BN1071 044 373 206 1.9
OKN1/pT23 0.4 33 188 1.8
OKN1/pGT 0.31 26,5 130 14
OKN1/pGLT 0.28 232 165 2.1

pMol/10° cells/min

0 2 4 6 8 10
[®FeEnt]

Figure 48 **FeEnt binding and transport of GFP-TonB fusion
proteins

(A) a-TonB western blot showed that GFP and TonB were fused together.
Lane 2-3: wild type TonB; lane 5-6: pGT and pGLT. tBjeEnt binding of
BN1071 ©), OKN1 (@), OKN1/pT23 ¢), OKN3 () and strains expressing
GFP-TonB &) and GFP-L-TonB ¥). (C) **FeEnt transport of the same
strains in panel B. The®FeEnt binding and transport parameters of
BN1071, OKN1/pT23, OKN1/pGT and OKN1/pGLT were summarized in

the table under panel A.
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5.5 Study of the affinity between peptidoglycan andonB

C-terminus

5.5.1 TonB C-terminus has affinity for peptidoglycan

LysM motif was first found in the lysozyme @acillus phage (61). The
function of LysM is to bind to bacteria cell wall (peptidoglycdh)vas widely
found in peptidoglycan hydrolases, phage lysins and virulence factorngrotei
(27). The crystal structure of LysM motif i coli lytic murein transglycosylase
D (MItD) solved by NMR shows that LysM hagaof3 secondary structure (11).

TonB C-terminus has sequence homology to LysM motif. The laatrt8o
acids in the C-terminus of TonB has 19% identity and 77% homolodytinet
LysM domain in MItD. CLUSTALW and LSQMAN alignments between
C-terminus of TonB (RCSB 1lhr) and LysM (RCSB 1e0Og) indicated t
residues, D189 and E205 in the C-terminus of TonB were the potetemfai
peptidoglycan binding. These two residues correspond to the D11 on lysM,

which is one critical residue in the peptidoglycan binding sites (Figure 49).
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CLUSIAL 2.0.11 multiple sequence alignment

TonBesC RIEGOVEVEEDVIPDGEVINVOILSAKPANMEEREVEIAM
Lys@ =  ———— DSITYRVR-KG--DSLSSIAKRHG b

TonB&9C KINGITEID 69
LysH R 48

Figure 49 The strudure of LysM motif in MItD and amino acid
sequence alignment between TonB69C and LysM

The protein sequence of TonB69C and LysM were aligned by CLUSTAL

2.0.11. Putative PG binding sites were indicated by red arrows.

In Kaserer’s paper (86), co-sedimentation experiments showethé¢éhsoluble
MalE-TonB69C fusion protein associated with purified peptidoglycah veas
found in the pellet sample after centrifugation, but MalE, and thiplagmic
binding protein, FepB still stayed in the supernatant. These results aubtedt
MalE-TonB69C has specific affinity to peptidoglycan, while othextgins do

not.

5.5.2 Site-direct mutagenesis on MalE-TonB69C

Site-direct mutagenesis could be a desirable method for iautacterize the

binding property of TonB C-terminus to peptidoglycan. First, we cadectse
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appropriate residues on TonB69C and change them to cysteines, and then we can
label the mutated TonB69C by fluors and measure the affinity of TonB
C-teminus to peptidoglycan by extrinsic fluorescence quenchingudiygy
site-directed mutagenesis, we can also perform alanine scamimignB69C to

survey the binding site(s).

A B
kD
83
= — 621 -
’ 46
-
32
1 2 3 4 5 6 7 8

Figure 50 Immunoblots of MalE-TonB fusion proteins

(A) a-MalE blot. Lane 1-4: pSTonB, pSTonB104C, pSTonB69C,
pMalP2. (B) a-TonB blot. Lane 1-4: pSTonB, pSTonB104C,
pSTonB69C, pMalP2x-TonB could not recognize MalE-TonB69C,

which may because TonB was truncated too much.
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Dr. Daniel Scott cloned the whole TonB gene or part of it @iteal 69
residues of TonB into the plasmid pMALp2 and constructed pSTonB (MalE and
TonB), pSTonB104C (MalE and C-terminal 104 residues of TonB) and
pSTonB69C (MalE and C-terminal 69 residues of TonB) (86). | purifiedet
fusion proteins and tested them &yalE anda-TonB immuno blots (Figure
49). Based on pSTonB69C, | made three single-cysteine mutants o®9fonB
S222C, S195C and N227C (Figure 51). Serine is a good candidate foneystei
substitution since it has similar side chain as cysteine. Fuortdner serine and
cysteine have similar dihedral angles in polypeptide; Thegefchanging a
residue from serine to cysteine should not disrupt protein secondaoiustr If
the mutant sites are too close to the binding pocket, the fluoingbebuld
affect the binding interaction. S222, S195 and N227 have suitable distahee to t
putative binding sites, which is another reason that they were chdsenthe
two putative binding sites, E205 and D189, | made E205A and double mutant
E205A/D189A. | also tried to make single-alanine mutant, D189A, but hdi

obtain this mutant finally.
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Figure 51 Residues selected for sitirected mutagenesis on Ton
C-terminus

Five residues were mutated: S222, S195 and N227 (blue, in stick format)
were changed to cysteines; E205 and D189 (red, in stick format) were

changed to alanines.

5.5.3 Fluorescence quenching of MalE-TonB69C(S222C)-FM by

peptidoglycan

MalE-TonB69C(S222C) was purified and labeled by FM (Figure B25&).
The molar ratio of [FM]/[protein] was at least 5:1 to allavilyf labeling of the
cysteine residues. After labeling, the mixture was loaglec&mylose resin,
excess FM was washed away and MalE-TonB69C(S222C)-FM wgesd dby
maltose. The fluorescent scaning image of the gel showed thiab#leng was
very efficient and high yield. The purified peptidoglycan (P@hgle was also

subjected to SDS-PAGE to make sure that there were no contasngmateins
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in the sample (Figure 53 C). When adding increased amount of PGheto
protein solution, the fluorescence indensity of FM decreased andehasured
Kgq was about 0.75%£0.1) ug/ml (Figure 54). The level of the quenching of
S222C-FM was not very high (about 15% quenching after subtractingfiee b
background). It is possible that the location of S222 is too far filoen
peptidoglycan binding site, so the binding only causes a slight eitetttat
position: the chemical environment of FM was not changed signific
Therefore, more cysteine mutants in different position of TonBri@Heis need

to be tested in the future.
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Figure 52 Expression and purification of MalE-TonB69C (S222C)

(A) Five constructs of MalE-TonB69C (S222C) were induced by IPi&G a
the cell lysates were analyzed by SDS-PAGE. Lane 2, 4,1®; &ell lysates
without adding IPTG; lane 3, 5, 7, 9, 11: cell lysates with 0.5 mM IRB{
MalE-TonB69C (S222C) was purified with amylose resin. Lane 17-23

showed the fusion protein eluted by 10 mM Maltose.
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Figure 53 FM labeling of MalE-TonB69C (S222C) invitro

(A) After labeling, MalE-TonB69C (S222C)-FM was repurified by
amylose column. (B) The same SDS-PAGE gel in panel A was scanned by
fluorescent scanner and the image showed that the protein wagllabele
(C) Purified PG sample was subjected to SDS-PAGE with iscrga

amount (from lane 2 to 5). No contaminating proteins were observed in

each sample.
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Figure 54 Extrinsic fluorescence quenching
MalE-TonB69C(S222C)-FM

5.5.4 Co-sedimentation of TonB69C with peptidoglyaa

Peptidoglycan is a polymer of sugars and amino acids, not sotulblater,
and it is pelleted from water by centrifugation. If the TonB C-teuwmibinds to it,
then after high speed centrifugation, the water-soluble TonB C-terrsiraudd
be found in the pellet of peptidoglycan. Mr. Qiaobin Xiao and Dr. Klebba
established a protocol to co-sediment MalE-TonB69C with peptidaglyrom
buffer and | used this protocol to test my mutants. Based on pSTonB6&#del

MalE-TonB69C (E205A) and MalE-TonB69C (E205A/D189A). These two
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mutant fusion proteins were purified and mixed with peptidoglycan, whésh
carefully dispersed in Tris-HCI buffer by sonication. After cémgation, both
the supernatant sample and pellet sample were subjected to SEES-##d
stained by Coomassie blue. Unlike what was expected, afteringaB205 and
both E205 and D189 to alanine, MalE-TonB69C still bound with peptidoglycan:
when the amount of peptidoglycan was increased, the amount of tla fusi
protein also increased in the pellet. Meanwhile, the amount of tloe fpsotein

in the supernatant decreased (Figure 55 and 56).
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Figure 55 Affinity of MalE-TonB69C (E205A) for peptidoglycan

MaLE, MalE-TonB69C and MalE-TonB69C (E205A) were
mixed with increasing amount of PG. After centrifugation,
supernatants (A) and pellets (B) were subjected to SDS-PAGE.
Lane 2-5: MalE (the lower band) with 0, 5, 20, 40 ul of PG; lane
6-9: MalE-TonB69C with 0O, 5, 20, 40 ul of PG; lane 10-13:
MalE-TonB69C (E205A) with 0, 5, 20, 40 ul of PG.
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MaLE, MalE-TonB69C and MalE-TonB69C (E205A/D189A)
were mixed with increasing amount of PG. After centrifugation,
supernatants (A) and pellets (B) were subjected to SDS-PAGE.
Lane 2-5: MalE (the lower band) with 0, 5, 20, 40 ul of PG; lane
6-9: MalE-TonB69C with 0, 5, 20, 40 ul of PG; lane 10-13:
MalE-TonB69C (E205A/D189A) with 0, 5, 20, 40 ul of PG.

Instead of using a MalE-TonB fusion protein, it was desrabluse TonB
C-terminus alone to evaluate the binding between TonB and PG. In B&IGn
there is a factor-Xa cutting site between MalE and TonB69C clitieng site in
MalE-TonB69C was somehow buried inside after protein folding, so 0.05% SDS
was needed to slightly denature the protein to let the cuitmdpe accessible to

factor-Xa. | tried to use factor-Xa to digest the fusion protein, TomB69C
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cannot be fully cut even when 0.05% SDS was applied. | cloned the fusion
protein again with three cutting site in between MalE and TonB69Cthleut
digestion was not improved. So | employed an alternate approach Torggt
C-terminus. | cloned TonB69C into pET21a (+) with Ndel and Xhol sitesb
purified 6H-TonB69C (Figure 57). Co-sedimentation experiments shavatd t
6H-TonB69C also has affinity to PG (Figure 58). It will be alssirdble to
construct cysteine mutants on 6H-TonB69C to measure the binding by

fluorescence quenching.

.

12 3 4 5 6 7 8 9 10 11 12 13 14

Figure 57 Purification of 6H-TonB69C

6H-TonB was induced by IPTG and purified by Ni-NTA column.
Fractions were collected and analyze by 10-17% gradient
SDS-PAGE. Lane 2: cell lysate; lane 3-8: imidazole gradiexgh;
lane 9-14: 6H-TonB69C was eluted from the column by 250 mM

imidazole.
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Figure 58 Affinity of 6H-TonB for peptidoglycan

The experimental procedure was as same as that described
previously. The amount of 6H-TonB69C decreased in the
supernatants when increasing the amount of PG (lane 3-7)
while the amount of 6H-TonB69C in the pellets increased

(lane 8-11).

5.6 Conclusions

1. The binding of FeEnt to FepA efficiently excludes the accesgibil FM to
the N-terminal domain of FepA.
2. When GFP is fused to the N-terminus of TonB, the fusion proteilhs sti

facilitates the binding and transport of FeEnt by FepA.
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3. The C-terminus of TonB has affinity to peptidoglycan and changsigue

E205 and residue D189 to alanine does not eliminate the binding.
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