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CHAPTER 1

Introduction

1.1 TheProkariotae

The Prokariotaeconsist of two big domains, tegchaeaand theEubacteria The last can be
divided in three big categories, Gram-negative, nGpsitive and the cell-wall-lacking
mycoplasmas (Holet al, 1994). The first two have in common, that abthe cytoplasmic
membrane exists a more or less complex cell wall #ilows them to be classified by the
Grame-staining technique, developed by Hans Chrisieam 1884.

1.2 The bacterial cell wall

1.2.1 The cytoplasmic membrane

The cytoplasmic membrane is a selectively permeaigimbrane that determines the uptake
and release of substances (Bretlal, 2002). Nutrients must pass and waste has t@ lése/
cell across this membrane. Water, dissolved gases as carbon dioxide and oxygen and
lipid-soluble molecules simply diffuse across theogpholipid bilayer. Water-soluble ions
generally pass through small pores with a diamletgs than 0.8 nm in the membrane. All
other molecules require either carrier or porigpecific or general - to transport them across
the membrane. Mechanisms by which materials movesacthe cytoplasmic membrane
include simple diffusion, catalysed diffusion, oo and transport of substances across the
membrane by transport proteins.

The periplasmic space exists in between the cysomta membrane and the peptidoglycan

layer. It is thin, sometimes not existent in Graosifive bacteria and quite large in Gram-
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CHAPTER 1 — Introduction

negatives. It contains hydrolytic enzymes requifed metabolism of large substrates and
binding proteins for nutrient processing and uptakeoteins that destroy potentially
dangerous foreign substances are also presentisinsplace. In a matter of fact, it is an

Important reaction site for many substances thitreand leave cell.

1.2.2 Peptidoglycan (Murein)

Eubacteria unlike theArchaeaand theEukarya, contain peptidoglycan. Peptidoglycan is a
single bag-shaped, highly cross-linked macromotedhlat surrounds the bacterial cell
membrane, provides rigidity and protects bacter@amf osmotic pressure (Schleifer &
Kandler, 1972; Benz, 1994).

Peptidoglycan has a glycan (polysaccharide) baakhmmsisting of N-acetylmuramic acid
and N-acetylglucosamine with peptide side chaingtaining D- and L-amino acids and in
some instances diaminopimelic acid (Bratkal, 2002; Albertset al, 2002) (see Figure 1).
The side chains are cross-linked by peptide bridgasare variable in structure among the
bacterial species. While the cross-linking in Graositive is mediated by pentaglycine
bridges, in Gram-negative the cross-linking is Idssquent and between the meso-
diaminopimelic and the D-alanine of the side chgptide itself.

In Gram-positive cells the peptidoglycan is verickhthe percentage of the cellweight is 50
% and 90 % of the total cell wall. In comparisoritie Gram-negative bacteria, it contains big
variations in structure and composition (Schle@8b3). It is shown in electron micrographs
that the peptidoglycan is about 20-80 nm thicks free permeable to most antibiotics.

The remainder of the cell wall consists of acidatysaccharides. These polysaccharides, the
teichoic acids, are repeating units of glycerolribitol joined by phosphodiester linkages.
They are located throughout the wall. The mechélgictrong cell wall of Gram-positive
bacteria is hydrophilic as well as negatively cleakgdue to the presence of the teichoic acids
(Brock et al.,2002). It is believed that it does not form a pealnlity barrier for hydrophilic
solutes up to a molecular mass of 100 kDa on thiaee of Gram-positive bacteria, because
it is rather porous (Nikaido, 1994).

The peptidoglycan in Gram-negative bacteria is antgrmittently cross-linked and much
thinner, the percentage of the cell wall is onlpath15-20 %. It can be 10-20 nm thick and
contains a middle layer of lipoprotein. It is seieely permeable to antibiotics. The backbone
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CHAPTER 1 — Introduction

of the peptidoglycan can be cleaved by lysozyme itharesent in animal serum, tissue,
secretions, and in the phagocytic lysosome (Inettal.,1972; Prageet al.,1974). Lysozyme
cleaves specifically the3-1,4-glycosidic bonds between N-acetylmuramic aaitd N-

acetylglucosamine.

® ® () N-acetylmuramic acid

Q Ob ’ ? ‘ N-acetylglucosamine

¢ L-Alanine

¢ D-Gutamate

’ Q’ ’6 Q ¢ Meso-diaminopimelic

acid

’

4 D-Alanine

q«’b

C*QOQ‘

Figure 1. Peptidoglycan structure of a Gram-negative bagateri

1.2.3 The outer membrane

The major difference between Gram-positive and Gnagative bacteria, regarding the cell
wall, is the restricted diffusion of hydrophiliclates across the membrane. This is the result
of a second permeability barrier besides the cgmplc membrane, the outer membrane of
Gram-negative bacteria (Glauert & Thornley, 196&anlo & Vaara, 1985) (see Figure 2B).

It contains phospholipids, mostly phosphatidyletiamine in its inner leaflet, whereas the
outer leaflet is composed of lipopolysaccharidePS). (Kamio & Nikaido, 1976; Benz,
1994). LPS is a lipid-like amphiphilic molecule cposed of lipid A, a diglucosamine
phosphate dimer, linked to 5 or 6 fatty acids (&isown as endotoxin (Galanesal., 1977)).
Oligosaccharides and a variable number of repeatetb pentasaccharide units called O-
antigen are attached to the endotoxin. In the oafiee enteric opportunist pathog8erratia
marcesceng is a virulence factor that contributes to théednce of the bacterium (Palomar
et al., 1995). Lipopolysaccharides carry net negative gémresulting in a strong negatively
charged cell surface (Galaneisal, 1977).
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CHAPTER 1 — Introduction

LPS is important for the function of most outer nieame proteins and it plays a special role
in assembly and maintenance of the outer membraaegarmeability barrier for hydrophobic
antibiotics, bile salts, detergents, proteasessép, and lysozyme (Benz & Bauer, 1988;
Vaaraet al, 1990; Plesiat & Nikaido, 1992). They interactiwthe LPS via hydrophobic
interactions and by noncovalent cross-bridging dfaeent LPS molecules with divalent
cations in such a way, that a tight network is piedi. In some bacteria it has been seen, that

LPS is the receptor for molecules such as phagestjia et al.,1991).

LPS contains tightly packed saturated fatty acittgreasing the mobility of the chains and
the fluidity of the lipid interior (Cullis & Hopea1985). For the permeation of small
hydrophilic molecules, the outer membrane contalmennel forming proteins, called porins,
that form non-specific diffusion channels withinettmembrane (Nikaido & Vaara, 1985;
Hancock, 1987; Benz & Bauer, 1988). But it may aisatain solute specific channels that
are specific for one class of solutes such as #nbobtydrate-specific channels LamB and
ScrY of enteric bacteria (Luckey & Nikaido, 1980erx et al., 1986; Schmicet al., 1991,
Schuleinet al., 1991). Because of the special surface structudetlaa tight packing of the
LPS, hydrophobic molecules are poorly permeableudin the outer membrane. Their
permeability is about 1 to 2 % of that of typicdyagprophospholipid bilayers (Vaast al.,
1990; Plesiat & Nikaido, 1992). In addition, the 3 ¥ considered as a virulence factor in
adhesion processes, in activation of the inflamnyat@sponse and in appearance of
resistance against a bactericidal serum (Tozhas, 1986).

In Figure 2 the schematic representation of thecsires of the cell wall envelope from

Gram-negative and Gram-positive bacteria are desdri
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Figure 2. Schematic representation from cell wall structuségA) Gram-positive andB) Gram-negative

bacteria. Notice the difference in thickness ofgbptidoglycan layer and the additional outer membnayer of
Gram-negative bacteria.

1.3 TheActinomycetales

The Gram-positive bacteria can be divided in twgombaranches, the high G+C content (> 50
%) actinomycetes and the low G+C content (< 50C36stridium, BacillusandStreptococcus
strains (Foxet al, 1980; Woese, 1987; Stackebraedal., 1997; ). The actinomycetes
comprise a number of major separate lineages (Wees¢, 2000). Despite they stain as
Gram-positive, they share the property of an obtarier with Gram-negative, formed by
their envelope, that is distinct from the plasmambeane. There is a large interest in
biotechnology for the actinomycetes. The gefieptomycess a potent producer of the
antibiotic streptomycin that inhibits translationitiation causing misreading of mRNA in
protein synthesis (Zierhwtt al, 1979). It belongs to the subordstreptomycineaand it
produces also other secondary metabolites, foanast, the sesquiterpene soil odour geosmin,
which confers the typical musty or earthy smellhte soil, but it also causes a health problem
in drinking water (Woodet al., 1983). In the subordeCorynebacterineagyou can find
pathogens which are responsible for deseases likerdulosis, leprosy or diphtheria.

Contrariwise, other organisms are the main productamino acids e.g. glutamate or lysine.
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Figure 3. Members of théActinomycetalesThe interest of this work was focused on the edmtlled suborder

and family, respectively.

One part of the actinomycetes of particular interescalled mycolata. This is a broad and
diverse group of mycolic-acid containing actinomgse and encloses the genera
Rhodococcus, Gordona, Tsukamurella, Dietzia, Myctdyaum Nocardia and a part of
Corynebacterium.

The relationship between these genera is furtharacterized by the chemical analysis of the
cell wall and lipid structures (Minnikiret al., 1978; Daffé & Drapper, 1998; Minnikin &
Goodfellow, 1980; Minnikinet al, 1984; Sutcliffe, 1997; Puecét al., 2001). All the
mycolata have in common that they have similarigegtycan structure, designated k-
Ala in positiony of the tetrapeptide) by the nomenclature of Séeand Kandler (1972).
This is formed by a thickmesodiaminopimelic acid-containing peptidoglycan covedlg
linked to arabinogalactan, which in turn is estedfby long-chair-alkyl, B-hydroxy fatty
acids. In all currently proposed models (Minniki§82; Rastogi, 1991, Liat al, 1995) the
outer membrane permeability barrier of mycobactenasists of a monolayer of mycolil
residues covalently linked to the arabinogalactaoh eptidoglycan complex (MAPc) (Crick
et al, 2001) and a polysaccharide-rich capsule-like rralte
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The arabinogalactan strands are coiled and perpdadito the plane of the plasma
membrane (Litet al, 1999, Nikaidcet al, 1993). In recent publications it has been ingida
that not only the arabinogalactan, but also thdigeglycan are perpendicular orientated to
the plasma membrane (Dmitriet al. 1999; 2000). This orientation is contradictorytwihe
classical ones, where the arabinogalactan and é¢pé&dpglycan layer are parallel to the
plasma membrane (Ghuysen, 1968; McNeil & Brenn@a1}.

A summary of the structures and other taxonomicadlgvant features of some coryneform

actinomycetes are listed in Table 1.

Peptidoglycan DNA Mycolic Acids
Type Muramic acid carbon doubl¢
Genus % G+C
group atoms bonds
Corynebacterium Alay acetyl 51-69 22-38 0-2
Mycobacterium Alay glycolyl 62-70 60-90 1-2
Nocardia Alay glycolyl 64-69 46-60 0-3

Table 1. Summary of chemical analysis of some corynefétinomycetesTaken from Schleifer and Kandler
(1972); Uchida and Aida (1979); Goodfellow and Gr983) an€ollinset al.,(1981).

The peptidoglycan is arranged parallel and the A&pendicular to the cytoplasmic
membrane, described by Liet al. (1999). In the case dCorynebacteriunthe bacterial
typical groups of N-acetylglucosamine and N-acetylimic are conserved but in
Mycobacterium the N-acetyl functions of the muramic acid of teaial peptidoglycan are
further oxidized to N-glycolyl functions (see Taldle Another unique feature from mycolata
IS, that the muramic acid residues are modifiedheytetrapeptide L-alanyl-D-isoglutaminyl-
meso-diaminopimelyl-D-alanine side chains (SchitefieKandler, 1972; Eggeling & Sahm,
2001) and the cross-linking can occur in betweem meso-diaminopimelic acids (DAP) as
well as between DAP and D-alanine residues (Wibtreat al, 1974).
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Figure 4. Schematic representation of the cell wall comp&&omCorynebacterineae.

1.4 The genugCorynebacterium

In the end of the ® century the genu€orynebacterium consisting of Gram-positive,
asporogeneous, pleomorphic bacteria, was firsbdioized to accommodate the type strain,
Corynebacterium diphteriagLehmann & Neumann, 1896). The morphology of these
microorganisms can fluctuate between rod and docois depending on growth conditions,
but generally it is club shaped and therefore @s@ derived from the Greek “coryne”. In the
process of cell divisionCorynebacteriumadopt a “V” shaped structure which undergoes a
characteristic snapping movement (probably duéhédr attachment by part of the cell wall

layers) during fission of the two daughter cells.
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Figure 5.“V” shaped structure a€orynebacterium efficiensaken and

modified with courtesy of Ajinomoto CO., INC.

The genus was first described by Collins and Curan{itf86) as facultatively aerobic
coryneform bacteria which contain meso-diaminopateglarabinose and galactose in the cell
wall, a DNA base composition in the range of 513 G+C content, and &Css
corynomycolic acids Corynebacteriumcan be differentiated from other coryneform taxa
based on the following criteria:

* major peptidoglycan diamino acid

* peptidoglycan type

* N-glycolyl glycan moiety of the cell wall

* mol % of G+C

e presence of mycolic acids, fatty acid type

e major menaquinone isoprenologue(s)

* phosphatidylinositol and phosphatidylinositol maside(s).

Most of the members dforynebacteriungenus require one or more vitamins, amino acids,
purines and pyrimidines. The range of temperatargte growth of most corynebacteria is
between 30-37 °C with the exception@fefficiengFudouet al.,2002) which can grow at 45
°C. This feature is beneficial from an economicnpaif view, since fermentation using this
bacterium reduce the need for a cooling systemdanstrial fermenters, decreasing the cost of
production for L-glutamic acidC. glutamicums together withC. callunaeandC. efficiensa
potent producer of glutamate, lysine and other ararids on industrial scale (see below).

In consequence of the application of modern taxoaenethods, it has been seen that species
previously classified in other genera, likethrobacter, BrevibacteriungndMicrobacterium

are true Corynebacterineae These include the glutamic acid producing baateBi
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CHAPTER 1 — Introduction

ammoniagenesB. divaricatum,B. flavumand B. lactofermentatunall of them have been
suggested to be synonyms @rglutamicum(Goodfellow & Cross, 1983).

The cell wall organisation and structures have tostribed in the general properties of the
Actinomycetes (see 1.3). Macromolecular componehftbe cell wall inCorynebacterineae
appear to be arabinogalactan, peptidoglycan, lipm@a, and lipoarabinomannan. Their
structure is only partially known because afteraotion with organic solvents, the cell wall
skeleton ofC. glutamicumremains consisting of covalently linked arabinagtdn and
peptidoglycan (Keddiet al.,1977).

The two major mycolic acid types presentGn glutamicumare 32:0 30H and 34:1 30H
(Collins et al, 1981). This nomenclature gives the total numkiecasbon atoms with the
degree of saturation and the fixed localizatiortr@ hydroxyl group in these special fatty
acids. Mycolic acids are branched fatty acids whi general structure R1-CH(OH)-CH(R2)-
COOH, with both, R1 and R2, representing alkyl obailt is not known which of the
structures of the 34:1 30H mycolic acid is presantvhere the double bond is localized.
There are traces of further species, but mycolidsain C. glutamicumhave a comparatively

simple structure. Their total carbon number ishim tange of 22-38 (see Table 1).

T
(CH, O

HO OH
(CH2m

Figure 6. The general mycolic-acid structure. CH3

In an electron transmission micrograph fr@nglutamicumthe cell wall has a thickness of
about 32 nm (Eggeling & Sahm, 2001; Puesthal., 2001; Marienfeldet al., 1997). The
peptidoglycan layer gives values in between 15+#H8Jepending on the way of preparing the
sample, freeze-substitution or conventional fixatiMarienfeld et al, 1997). Plasma
membrane and peptidoglycan are followed by an mledranslucent region of 8.5 nm
corresponding to a nonstainable outer layer, witiehld correspond to the mycolic acids
esterified with the arabinogalactan together witbn-govalently bound mycolic acid

derivates.
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Two findings indicate that the soluble mycolic acidlso belong to this layer. First, the
mycolic acids ofC. glutamicumare only about 2 nm in length, secondCinglutamicunonly
1/10 of the covalently bound mycolic acids Mf tuberculosisare present (Puecht al,
2001). Together with the electron microscopy petfsee Figure 7), this leads to the
assumption that large quantities of soluble lipgls;h as trehalose dimycolate and trehalose
monomycolate, are also localized in the outer lipiger. Figure 7 reveals an ultrastructural
cell wall envelope appearance similar to that foundhycobacteria (Daffé & Draper, 1998;
Draper, 1982; Paul & Beveridge, 1992; Rastegial., 1986). However, in contrast to
mycobacteria, where a space is observed betweepldsena membrane and the electron-
dense layer corresponding to a hypothetical pesipia space (Daffé & Draper, 1998), the
plasma membrane is tightly associated to the eleatense layer in thin sections of
corynebacteria (Pueddt al, 2001), corresponding to the previous report fidarienfeld et

al. (1997).

Figure 7. Electron microscopy picture from an
ultrathin section ofC. glutamicumprepared by
conventional embedding. OL, outer layer; ETL,
electron-transparent layer; EDL, electron-dense
layer; PM, plasma membrane. Bar, 200nf. &
Taken and modified from Pueetal, 2001. '

When grown on solid media, this region is followsdan outer layer, called surface layer (S-
layer) containing PS2, an S-layer protein (Chatnal., 1997). The S-layer of many bacteria
consistof a single (glyco)protein species that is assethbl® atwo-dimensional crystalline
array enveloping the cell (Slet al, 1996). The gene encoding tR82 proteindspB has
been characterized @. glutamicunm(Peyretet al, 1993). Furthermore, the formation of the
surface layer proteins is dependent on culture itiond (Chamiet al., 1995) and carbon
sources (Soual-Hoebele¢ al, 1999). Chamet al (1995) showed that €. glutamicumwas
grown on solid medium (34 mg PS2 protein/ (g baalelry weight)), the surface of cellsas

totally covered with a highly ordered, hexagonaffatelayer, whereas if it was grown in
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liquid medium (16 mg protein/ (g bacterial dry wally the cell andracture surfaces were
only partially covered by ordered arrays. This ipartovering was correlated with 1eBS$2
associated with the cell wall. This suggests &2 Productiordepends on the physiological

and metabolic state of the cell.

1.5 Porins inCorynebacterineae

Corynebacterineadeature a particular low permeable cell enveloper Mycobacterium
chelonaeit has been demonstrated that the permeabilithyofrophilic solutes is slightly
lower than that oPseudomonas aeruginosand E. coli (Jarlier & Nikaido, 1990; Trias &
Benz, 1994). As a result mycobacterial specie®algsusceptible to a few antibiotics.

The transport of ions, small solutes and macronubéscis an essential function of the
bacterial cell wall. In the plasma membraneCofglutamicum which is the most important
glutamate producer, there are several amino aeidsporters (Eggeling & Sahm, 2001).
Beyond the plasma membrane, the amino acids has@ss the hydrophobic barrier and they
may cross the cell envelope through the hydroplpéthway, formed by porins. In several
bacteria belonging to th€orynebacterineaeporins were identified (Triagt al, 1992;
Lichtinger et al, 1998; Niederweigt al, 1999, Ries®t. al, 1998). Recently found porins
from C. glutamicumare PorA gu: (Lichtinger et al, 1998) and Por8yu: (Costa-Riuet al,
2003b). PorA gt is formed by a an oligomer of a small 45 amino goidypeptide, the
channel is cation-selective with a conductancebou&5.5 nS in 1 M KCI. Porgy.t is a 99
amino acid long protein and forms anion-selectiieanmels with a single-channel
conductance of about 700 pS in 1 M KCI. The chamael be blocked by citrate, probably
because of positively charged groups in or nearctimnnel mouth that cause the anion
selectivity.

MspA, found inMycobacterium smegmatisliederweiset al, 1999), is the best characterised
and analysed outer membrane protein QGirynebacterineaelt is thought that porins
influence the drug efficiency, because the threpoirrant drugs isoniazide, ethambutol, and
pyrazinamide can easily permeate through the Msp@ncel (Lambert, 2002). A general
cylindrical shape of MspA was established by etacimicroscopy (Engelharét al, 2002).
The atomic structure of this protein show{-structure (Falleret al, 2004) that differs

completely from its counterparts in Gram-negatiaetbria (Weisset al, 1990; Schulz,
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2002). The porin represents a tightly interconmctetamer with eightfold rotation
symmetry. It is described as a goblet consisting tifick rim at the top, a stem consisting of
the widep-barrel, and a base at the bottom.

There is no significant sequence similarity betwdtspA and other known porins from the

suborderCorynebacterineae

Figure 8. Structure of the octameric porin MspA fravh smegmatisEach colour corresponds to one subunit.
(created by WebLab viewer)

1.6 Amino acid production

C. glutamicumandC. callunaeare used for industrial production of L-glutamatdysine and
other amino acids through fermentation processetakbl 1960; Gutmanet al, 1992,
Keilhaueret al, 1993, Sahnet al, 1996, Eggeling & Sahm, 1999). In the year 200@uab
1x1@ tons of L-glutamate and 5.5xLfbns of L-lysine were produced with. glutamicum
and used as a flavoring agent in food and animed fupplements (Leuchtenberger, 1996;
Hermann, 2003).

In addition, amino acids are important as seasenargl raw material for the synthesis of
cosmetics, toothpaste, shampoo and detergentsifMaral., 1987). The development of the
amino acid industry began 1908 in Japan. Kikuarkaeld isolated L-glutamic acid from
konbu, a kelp-like seaweed used for seasoning.dBasehis finding, Ajinomoto Co. initiated
the industrial production of monosodium L-glutambtethe hydrolysis of wheat gluten or

soybean protein (Hiroset al., 1979). In the 1950’s, two groups independentlyaisal
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microbial strains which accumulated considerablkengjties of L-glutamic acid when cultured
in synthetic media containing glucose and ammorkangshita et al., 1957). First
Micrococcus glutamicuflater renamedC. glutamicurp was successfully used for the direct
fermentative production of L-glutamic acid on intfied scale by Kyowa Hakko Kogyo Co.
Ldt.

Two independent factors are required for the ovedypction and excretion of L-glutamate
into the medium. The first is thaf. glutamicumfeatures a very littlen-ketoglutarate
dehydrogenase activity, although glutamate dehyairage activity is abundant (Kinoshita &
Tanaka, 1972). Thus the tricarboxylic intermediateketoglutarate, is predominantly
channelled to glutamic acid. Secondly, growth dfi@tin requiringC. glutamicumstrain in
growth-limiting biotin results in a permeability @hge that allows glutamate excretion into
the medium. Subsequent experiments demonstrateédhbaglutamate excretion could be
induced by a number of treatments that all affeetghospholipid content of the membrane
(Takinami et al., 1965; Demain & Birnbaum, 1968; Nunheimet al., 1970). Although
models suggesting a general increase in membrameepbility have been proposed, the
increased efflux is glutamate specific and eviddoncehe specific efflux carrier of glutamate
has been reported (Hoischen & Kramer 1990). Ungamal conditions this organism
converts glucose into high yields of L-glutamiccasiithin a few days. Currently about 1¥10
tons of this amino acid are produced annually agofing agent (Leuchtenberger, 1996). In
the past 40 years various mutant$ofglutamicurmhave been isolated which are also able to
produce significant high amounts of other L-amimoda. For example, nowadays L-lysine,
mainly used as a feed additive, is produced withamiis deregulated in the biosynthetic
pathway on a scale of 5.5%1@ns/year (Sahnet al., 2000). While the breeding of
overproducing strains by classical mutagenesisbeas quite successful (Rowlands, 1984),
the introduction of recombinant DNA technologyQo glutamicunmhas opened new ways to
the genetic manipulation of these bacteria (Katd¢arefal., 1984; Santamariat al., 1984;
Yoshihameet al.,1985; Sahnet al.,1995).

The improvement of cellular activities by manipidat of enzymatic, transport, and
regulatory functions of the cell with the applicatiof recombinant DNA technology is called
metabolic engineering (Bailey, 1991). Introductiaf genes into microorganisms via
recombinant DNA techniques is a most powerful métfay the construction of strains with

the desired genotypes.
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In Figure 9, the metabolism of amino acid produti®schematized in order to have a global
view of the pathways that are used and the poimtravlglucose metabolism fro@ callunag

C. efficiensandC. glutamicunis channelled to L-glutamate and the other amaidsa

Glucose
ADP ATP
Phe, Thr, Tip -—— PEP =—= Pymvate — Ala, Val, Leu
Asp
Acetyl -CoA
Aspanatelsemlaldehyde \
Lys, Hom, Met, Thr, Ile Oxalacetate ‘ Fatty Acids
Malate, o
7« Citrate
f Glpoylate e
Fumarate <

‘ |
\ - Isocitrate

. b £ - NAD+
Succinate.

L— _a-Ketoglutaratedehydrogenase vl ! NADH+CO:

NADH+CO2
NAD+ a-Ketoglutarate
I Glutamatedehydrogenase
Glu
Gln, Pro, Arg

Figure 9. Simplified view of the Tricarboxylic Acid Cycland the production of amino acids. Lysine and
several other amino acids are produced from agpawtdereas glutamate, proline and arginine arneetkfrom

a-ketoglutarate.

Beside producing amino acids, member€ofynebacteriunare furthermore utilized in other
biotechnological processes (Wohllehkstral., 1993), such as:
e production of nucleotides (Ogagtaal, 1976)
e production of antibiotics (Suzukit al, 1972)
» production of surfactants (Zajet al.,1977)
e production of Vitamin C precursors (Andersatral, 1985)
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cheese ripening (Lest al.,1985)

bioconversion of steroids (Constantinides, 1980)
terpenoid oxidation (Yamads al.,1985)

degradation of carbohydrates (Cardini & Jurtshi@k,Q).



CHAPTER 2

PorH, a new channel-forming protein present in the
cell wall of Corynebacterium efficiens and

Corynebacterium callunae

2.1 Summary

Corynebacterium callunaand Corynebacterium efficierare close relatives of the glutamate-
producing mycolataCorynebacterium glutamicumOrganic solvent extracts of whole
bacterial cells were used to study the permeabgiyperties of the cell wall of the two
bacteria. The cell extracts contained channel-fogrproteins that formed ion-permeable
channels with a single-channel conductance of abaat3 nS in 1 M KCI in the lipid bilayer
assay. The corresponding proteins from both comyctelbia were purified to homogeneity
and were named Pogdar and PorH . Electrophysiological studies of the channels
suggested that they are wide and water-filled. @GaEnformed by Porta are cation-
selective, whereas Poglds forms slightly anion selective channels. Both enmw were
partially sequenced. Multiple sequence alignmeataewithin the known chromosome ©f
efficiensdemonstrated, that it contained a gene that fitbetthe partial amino acid sequence
of PorH e+ The chromosome of. callunaeis not sequenced, but Perk shows a high
homology to Porldes PorH e is coded in the bacterial chromosome by a gent itha
localized within the vicinity of theporAce gene ofC. efficiens PorH: et has no signal
sequence at the N-terminus, which means thanibigxported by the Sec-secretion pathway.
The structure of PorH in the cell wall of the Caogbacteria is discussed.
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2.2 Introduction

In 2002, three glutamic-acid-producing coryneforrtraiss, belonging to the genus
Corynebacteriumwere isolated from soil and vegetable samplegldgenetic studies, based
on 16S rRNA analysis, demonstrated that the neamdstives of these strains were
Corynebacterium glutamicummnd Corynebacterium callunaevhich are known as glutamic-
acid-producing species. The most significant charatics of the newly found strains termed
Corynebacterium efficiensp. nov. was the production of acid from dextfiudouet al.,
2002). C. glutamicumis used for industrial production of L-glutamatelysine and other
amino acids through fermentation processes (Uded@0); Gutmanmt al, 1992; Keilhaueet
al., 1993; Sahnet al, 1996; Eggeling & Sahm, 1999). The range of temjpee for the
growth of most corynebacteria is between 30-37 @ the exception o€. efficiengFudou

et al.,2002) that can grow up to 45 °C. This featuredgndificial from an economic point of
view; the need for a cooling system in industreainfienters is reduced using this bacterium,
which means that the costs for the production gfutamic acid could be reduced.

C. efficiens C. callunaeandC. glutamicurmshare similar cell wall composition. The cell wall
contains in addition to the thick peptidoglycandaw second layer consisting of covalently
bound mycolic acids and extractable lipids (Barksdd981; Goodfellowet al., 1976;
Minnikin, 1987; Ochi, 1995). The mycolic acids &dranched, 3-hydroxylated fatty acids,
variable in chain length. The cell wall of Corynetsia contains mycolic acids with a chain
length of about 22-38 carbon atoms, whereas otlenlmrs of the mycolata contain much
longer mycolic acids (Minnikin, 1987; Yano & Saitb972; Minnikinet al., 1974; Dafféet
al., 1990; Holtet al., 1994; Brennan & Nikaido, 1995). Similar to the eumembrane of
Gram-negative bacteria, the mycolic acid layer espnts a permeability barrier (Lai al,
1995; 1996; Nikaideet al, 1993). To overcome this barrier, channel formgmgteins, so-
called porins, are necessary to allow the passédegydrophilic solutes. With respect to
transport of amino acids over this barrier it ispafrticular importance to characterize the
hydrophilic pathways in the cell wall of Coryneberc.

The first porin identified in the cell wall of a méver of the mycolata was a 59 kDa cell wall
protein with an average single-channel conductanh@:?7 nS in 1 M potassium chloride from
Mycobacterium chelona€lriaset al., 1992; Trias & Benz, 1993). For this bacteriumash
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been demonstrated that the permeability of the wall for hydrophilic solutes is slightly
lower than that oPseudomonas aeruginosand much lower than that &scherichia coli
(Jarlier & Nikaido, 1990; Trias & Benz, 1993). Thisuld explain why members of the
mycolata have a low susceptibility towards certatibiotics. Since the discovery of the first
cell wall channel, several porins have been ideatibnd characterized in members of the
mycolata (Riesst al., 1998; Lichtingeret al., 1998; 1999; 2000; 2001; Costa-Rati al.,
2003b). Common to most of them is the formationmade and water-filled pores that are
cation-selective caused by negative point charesaq & Benz, 1993; 1994; Riest al.,
1998; Lichtingeret al.,1998; 1999; 2001).

PorA from C. glutamicumwas the first pore-forming protein of Corynebaetehat was
characterized. The channel is cation-selective wilingle-channel conductance of about 5.5
nS in 1 M KCl and it is formed by an oligomer o$mall 45 amino acid long polypeptide that
is coded without leader sequence (Lichtingeal.,1998; 2001). Another porin, named PorB,
comprising 99 amino acids was found after delethmgporA gene from theC. glutamicum
chromosome (Costa-Ret al.,2003a; 2003b). PorB forms in lipid-bilayer expegims anion-
selective channels with a single-channel conduetafi@bout 700 pS in 1 M KCI. To extend
the knowledge on channel-forming proteins of Cobasteria we screened in this study the
cell walls of two closely related coryneform stia@. callunaeandC. efficiensfor channel-
forming proteins. Two homologous cell wall chanpebteins, Porldca and Porkt ¢ were
identified in both species. The former is highlyica-selective and Poidtiis slightly anion-
selective. Both are voltage-dependent and thegieichannel conductance is similar in 1 M
potassium chloride. The channel-forming proteingemgurified to homogeneity and their
biophysical properties were studied in detail. phateins were partially sequenced. Sequence
alignments search within the known chromosome Cof efficiens demonstrated that it

contained a gene that fitted to the partial amirid aequence of PogHs+

31



CHAPTER 2 —C. efficiens, C. callunae PorH

2.3 Materials and methods

2.3.1 Bacterial strains and growth conditions

C. efficiensAJ 12310 (obtained from DSMZ-Deutsche Sammlung Mikroorganismen und
Zellkulturen) was routinely grown in BHI-medium @n Heart Infusion, Difco
Laboratories),C. callunaeATCC 15991 (obtained from DSMZ) in double yeastptone
(2xYT, BIO 101 Inc.) medium, both at 30 °C.

2.3.2 Isolation and purification of the channel-foming proteins

For the isolation of the channel-forming proteirent C. efficiensAJ 12310 andC. callunae
ATCC 15991 a method was used that has been préyidescribed for the isolation and

purification of Por,%_glut of C. glutamicum(Lichtinger et al., 1999). It is based on the

extraction of whole cells with organic solvents aanbids the substantial loss of material
caused by sucrose density centrifugation of thé e®lelope to separate the cytoplasmic
membrane from the cell wall fraction. For the esti@n procedure 200 ml cells were grown
to an OD of 10 and harvested by centrifugation @00 rpm for 10 min in Beckman J2-
21M/E centrifuge). The cells were washed twice OmiM Tris-HCI (pH 8). The washed and
centrifuged cells were extracted two times with amig solvent, a 1:2 mixture of
chloroform/methanol in a proportion of 1 part celled 5 to 8 parts chloroform/methanol. The
duration of the extraction was about 3 hours ahrdaemperature under stirring in a closed
tube to avoid the loss of chloroform. Cells and octlorm/methanol solution were
centrifuged for 15 minutes (10 000 rpm in Beckmar2IM/E centrifuge). The pellet (cells)
was discarded. The supernatant contained the chormeng activity. It was mixed in a ratio
of 1 part supernatant to 9 parts ether and kept gt at -20 °C. The precipitated protein
was dissolved in a solution containing 0.4 % LDAMN{dimethyldodecylamin&l-oxide) and
10 mM Tris-HCI (pH 8) and inspected for channelpfiorg activity. The protein was
subjected to fast protein liquid chromatography LEP across a HiTrap-Q column

(Amersham Pharmacia Biotech, Freiburg, Germanyg dblumn was washed first with a

32



CHAPTER 2 —C. €fficiens, C. callunae PorH

buffer containing 0.4 % LDAO and 10 mM Tris-HCI (@), then the protein was eluted with
0.4 % LDAO in 10 mM Tris-HCI (pH 8) using a linegradient between 0 and 1 M NacCl.

2.3.3 SDS-PAGE

SDS-PAGE was performed with tricine containing géshagger & von Jagow, 1987). The
gels were stained with colloidal Coomassie brilliflue (Neuhoffet al, 1988) or silver
(Blum et al, 1987). Before separation, the samples weraeallbated for 5 minutes at 100 °C
with loading buffer (exempt preparative SDS-PAGE)eparative SDS-PAGE was used for
identification and purification of the channel-fang activity from the organic solvent
extracts of whol€. efficienscells.

2.3.4 Peptide sequencing

The precipitated protein pellet resulting from tietive FPLC fractions or preparative SDS-
PAGE was dissolved in 100 pl 70 % (by vol.) forramd containing 10 % (mass/vol.) CNBr
(Merck), and incubated in the dark at room tempeeator 14 hours (Gross, 1967). After
lyophilisation the CNBr peptides were dissolve®th% (by vol.) formic acid and separated
by Reversed-phase-HPLC (SYCAM, Furstenfeldbruckrn@@ay) applying a Luna C-18
column, 150 mm x 1 mm with a flow rate of 40 ul himsing a 120 min gradient from 100 %
A (0.1 % trifluoroacetic acid/water (v/v)) to 80 Bo(0.1 % trifluoroacetic acid in Acetonitril).
Collected fractions were subjected to amino aciqusace analysis on a 492 protein
sequencer (Applied Biosystems, Darmstadt, Germasiylg the conditions recommended by
the manufacturer. The major sequences for theptatad protein pellet of. callunaewere
DLSLLADNLDDYSTFGKNIGTAL and IPDLLKGIIAFFENFGDLAETT, the main
sequence for th€. efficiengprotein was DLSLLKDSLSDFATLGKN.

2.3.5 Lipid bilayer experiments

The methods used for black lipid bilayer experinsdrdve been described previously (Behz
al., 1978; Benz, 2003). The experimental set up steiof a Teflon cell with two water-
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filled compartments connected by a small circulalehThe hole had an area of about 0.4
mn?. Membranes were formed across the hole using a Hofation of diphytanoyl
phosphatidylcholine (PC; Avanti Polar Lipids, Alaler, Ala.) dissolved im-decane. The

temperature was maintained at 2D during all experiments. All salts were obtaineoinf
Merck (Darmstadt, Germany, analytical grade). Thayre used unbuffered. The electrical
measurements were performed using Ag/AgCl electrqadth salt bridges) connected in
series to a voltage source and a home-made cuoemitage converter made with a Burr
Brown operational amplifier. The amplified signaasvmonitored on a storage oscilloscope

(Tektronix 7633) and recorded on a strip charbpetrecorder.

The zero-current membrane potentials were measasqareviously described (Beetz al,
1979). The membranes were formed in a 100 mM K@ltm containing a predetermined
protein concentration so that the membrane condoetincreased about 100- to 1,000-fold
within 10 to 20 minutes after membrane formation.ts time the instrumentation was
switched to the measurements of the zero-curreeinpals and the salt concentration on one
side of the membrane was raised by adding smallata®mf concentrated salt solutions. The

zero-current membrane potential reached its finhlesbetween 2 to 5 minutes.

2.3.6 Effect of negatively charged groups attached the channel mouth

Negative charges at the pore mouth result in sobataionic strength-dependent surface
potentials at the pore mouth that attract cationsrapel anions. Accordingly, they influence
both, single-channel conductance and zero-curreembmane potential. A quantitative
description of the effect of point charges on timgle-channel conductance may be given by
the following considerations. The first one is lthea the Debeye-Hiickel-theory describing
the effect of point charges in an aqueous environintéhe second treatment was proposed by
Nelson & McQuarrie (1975) and describes the effi#fcpoint charges on the surface of a
membrane and does not consider charges attachadctmnnel. However, this does not
represent a serious restriction of its use and ssurae here that the point charges are
localized at the PorHhannel. In case of a negative point charge,in an aqueous
environment a potentia® is created that is dependent on the distancéom the point

charge:
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€0 (= 8.85 x 1012 F m") ande (= 80) are the absolute dielectric constant ofuuac and the

relative constant of water, respectively, &nas the so called Debeye length that controls the

decay of the positive potential (and that of theuaculated positively charged ions) in the
agueous phase:
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(2)
2F2 /C
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c is the bulk aqueous salt concentration, Bn@ andF (RT F* = 25.2 mV at 20 °C) have the
usual meaning. The potentia created by a negative point charge on the surtdca
membrane is twice that of eqn. (1) caused by tinerggion of an image force on the opposite
side of the membrane (Nelson & McQuarrie, 1975;Betnal., 1994). The concentration of
the monovalent cations near the point charge isedecause of the negative potential.
Their concentration is in both cases (Debeye-Huokéllelson-McQuarie) dependent on the
potentiale and given by:

-¢lF
CE)’:CE(E ROT 3)

Similarly, the anion concentratiag, near the point charge decreases according to:

c, =ceRIO (4)

In the following we assume that the negative poharge is attached to the channel. In such a
case its conductance is limited by the accumulatesitively charged ions and not by their

bulk agueous concentration. The cation concentra%’o at the mouth of the pore can now be

used for the calculation of the effective conducenoncentration curve:
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G(0) =G, [&; (5)

Gq is the concentration independent conductanceeotiannel.

2.4 Results

2.4.1 Purification of PorHc cay and PorHe «f

Proteins within the organic solvent extract of wh@l. callunaeandC. efficienscells were
precipitated with ether in the cold. The precigtatas dissolved in the detergent LDAO and
inspected for channel-forming activity using theidi bilayer assay. The detergent solution
had a high channel-forming activity and channekhaiconductance between 2 and 6 nSin 1
M KCI were formed under these conditions. Purifimatof the channel-forming proteins from
C. callunaeandC. efficienswas performed by FPLC across a HiTrap Q columguré 1,
lane 2 shows the protein composition of the orgaoivent extract oC. callunaethat was

applied to the column.

Figure 1. 10 % Tricine-SDS-PAGE according to (Schégger & vagoW, | kDa 1 2 3
1987) of the purification procedure of PorH @f callunae The gel was —
stained with colloidal Coomassie. [ad

Lane 1: Low Molecular mass marker 16.9 kDa, 14.4 ka2 kDa and 6.2

kDa.

Lane 2: 15 pl of ether precipitated extract dissblire0.4 % LDAO, treated| 16.9 .

for 10 min at 100 °C with 5 pl sample buffer. 13; p— .
Lane 3: 15 pl of the fraction 17 of the Hitrap-Q FPt®umn, treated for 10

min at 100 °C with 5 ul sample buffer. 62 -

The column was first washed with buffer and theumtezl with buffer supplemented with
increasing concentration of NaCl. Pure 6 kDa proteas eluted at a NaCl-concentration of

0.23 M. The 6 kDa protein of. efficienswas not completely pure after FPLC across a
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HiTrap Q column. Final purification was achieved pyeparative SDS-PAGE of the

precipitated organic solvent extract that contaitedchannel-forming activity (see Figure 2).

Figure 2. 12 % Tricine-SDS-PAGE according to (Schagger & vpn
Jagow, 1987) of PorH of. efficiensobtained by elution of the 6 kD4
band from preparative SDS-PAGE. The gel was stawéh silver 26.5
(Blumet al, 1987).
Lane 1: Low Molecular mass marker: 26.6 kDa, 17.@kD4.2 kDa, 6.5 1) . »
kDa, 3.5 kDa and 1.0 kDa. o
Lane 2: 15 ul of ether precipitated extract disswlie 0.4 % LDAO, 35 ‘ .
treated for 10 min at 100 °C with 5 ul sample buffe
Lane 3: 3 pg of the pure 6 kDa protein was soluddifor 10 min at 100 1.0 ’ e
°C with 5 pl sample buffer.

2.4.2 Single-channel analysis of Pordia and PorHc ey

Figure 3A shows a single-channel recording of dyli@noyl phosphatidylcholine membrane
in the presence of the pure 6 kDa proteinGof callunag which was added to a black
membrane in a concentration of about 10 ng.rfihe single-channel recording demonstrates
that PorH car formed defined channels. The single-channel caladhge of most channels
was about 3 nSin 1 M KCI.

3nS

1 min S

Figure 3. Single-channel recording of diphytanoyl phosphatidoline/n-decane membranes in the presence of
the pure 6 kDa proteins from (&). callunag and (B)C. efficiens The aqueous phase contained 1 M KCI (pH 6)

and 10 ng mt cell wall protein. The applied membrane potentiab\@0 mV; T = 20C.
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Only a minor fraction of channels with other conidunce was observed (see Figure 4A). It is
noteworthy that the channels formed by Peghiof C. callunaehad a long lifetime similar to
those that have been detected previously for pafimggam-negative (Benz, 1994) and gram-
positive bacteria (Lichtingeet al, 1999). All these porins form channels in lipidaper
membranes with long lifetimes at small transmemérpatential (mean lifetime at least 5
minutes). However, voltage-dependence closure Wwasreed for PorHcq0f C. callunaefor
voltages higher than about 30 to 40 mV (see bel®@kannels fromed by Pogdishad a very
similar single-channel conductance and lifetime parad to those formed by Parkl as the
single-channel recording of Figure 3B clearly irmd&s. The only exception was the
occurrence of two maxima in the histogram of tmgksi-channel distribution (see Figure 4B).
These two maxima (2.3 and 4.7 nS in 1 M KCI) refleost probably the reconstitution of
two channels at once, because the conductance oigiit side maximum was always twice

of that of the left side one.

PIG) A
Figure 4. Histogram of the probability P(G) C-4

for the occurrence of a given conductivity unit
observed with membranes formed of
diphytanoyl phosphatidylcholine/n-decane in
. 0.2 — 7_
the presence of the pure cell wall proteins of
(A) C. callunag and (B)C. efficiens P(G) is
the probability that a given conductance

increment G is observed in the single-channel g
0 ANV,

experiments. It was calculated by dividing the ' ' ' '

0 20 4-0 6-0 8-0
number of fluctuations with a given Single—channel conductance [nS]
conductance increment by the total number of
conductance fluctuations. The aqueous phase .4
contained 1 M KCI and 10 ng thicell wall B

proteins. The applied membrane potential Walzs’{G}
20 mV; T = 20 °C. The average single-channel ]
conductances was 3.0 nS for 139 single- >
channel events of PogHy and 2.3 nS for 126 -2
single-channel events (left-hand  side

maximum in Figure 4a) of Poddy (steps I

similar as those of Figure 3).

-

ol B WAH . . .

0 2-0 4-0 6-0 8-0
Single—channel conductance [nS]
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Single-channel experiments were also performed watlts other than KCI to obtain some
information on the size of the channels formed loyH2 o and Porkl e and their ion
selectivity. The results are summarized in Tabl&He conductance sequence of the different
salts within the channel formed by Peridiwas RbCl= KCI > K acetate > NaCl > LiCl >
N(CHs)4.Cl > N(GHs)4Cl, which means that the single-channel conductaiotlewed
approximately the aqueous mobility of the differeations in the agueous phase. This means
presumably that the influence of cations on thedoatance of the channel in different salt
solutions was more substantial than that of anfses Table 1) suggesting a cation selectivity
of the channel. Table 1 shows also the averagéesaignnel conductance, G of Perddas

a function of the KCI concentration in the aquepbsase. Similarly, as in the case of many
porin channels of gram-positive bacteria (Trias &nB, 1993; 1994; Riesst al, 1998;
Lichtinger et al, 1999) the conductance was not a linear funadiothe KCl-concentration,
which is characteristic for the presence of poit charges in or near the channel (Trias &
Benz, 1994; Lichtingeet al, 1999).

The single-channel conductance of the channelsddrby Porkd o was approximately the
same as that measured for Pggkl. However, it seems that the ion selectivity of Hggi
was somewhat different because the conductandesafitannels in LiCl was higher than that
in K-acetate (see Table 1). Furthermore, the caladiwe of salts containing
tetraalkylammonium ions was more or less indepenftem the size of the cation. These

results suggested that Pyt could form anion selective channels.
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PorHc call PorHc e+
Concentration
Salt Single-channel Single-channel
M conductanceG [nS] conductanceG [nS]
LiCl 1.0 1.25 1.50
NacCl 1.0 1.75 n.m.
KCI 0.01 n.m. 0.025
0.03 0.35 0.075
0.1 0.55 0.45
0.3 1.10 0.70
1.0 3.0 2.3
3.0 7.0 6.5
RbClI 1.0 3.0 n.m.
N(CHs).Cl 1.0 1.0 1.8
N(C;Hs).Cl 1.0 0.70 1.7
KCH3COO (pH 7) 1.0 2.0 1.0

Table 1. Average single-channel conductance, G, of Regrénd Pork o« in different salt solutiorts

aThe membranes were formed of diphytanoyl phosphatidjine dissolved in n-decane. The aqueous solsition
were unbuffered and had a pH of 6 unless otherinidieated. The concentration of Perl,and Pork . was
about 10 ng mi. Not that the average single-channel conductafi¢®uH. . corresponded always to the left
side maximum of the histograms. The applied voltage 20 mV, and the temperature was 20 °C. The geera

single-channel conductance, G, was calculated &bleast 80 single events. n.m. means not measured.

Zero-current membrane potential measurements wexfermed in presence of KCI gradients
to check such a possibility. Fivefold KCI gradientsO0 mM versus 500 mM) were
established across lipid bilayer membranes, whattained about 100 to 1000 Peykt or
PorH: can channels. The measurements with RogHesulted in an asymmetry potential of
about -6 mV at the more dilute side (average ofeasnrements). This result indicated some
preferential movement of chloride over potassiunsithrough the Pordtichannel at neutral
pH. Similar experiments with PogH, resulted in an asymmetry potential of about 28 aihV
the more dilute side. The zero-current membranesmeils were analyzed using the
Goldman-Hodgkin-Katz equation (Beret al, 1979; 1985). The ratio of the potassium
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permeability, R, divided by the chloride permeability.,Pwas about 0.7 and 7 for Paykk

and PorH a1, respectively, which indicated indeed a small argelectivity for Porld ¢ and

cation selectivity for Portcqi (see also Discussion).

2.4.3 Voltage dependence

In single-channel recordings channels formed byHRgf and Pork .« exhibited some
flickering at higher voltages, i.e. they showedidapansitions between open and closed
configurations. The voltage-dependent closure efdhannels was studied in detail in multi-

channel experiments (see Figure 5 for a multi-cekharperiment with Portes).

+90 mV

+80 mV

+70 mV
+60 mV \b‘;‘ \\\—\‘ 1nA‘

-90 mV

Figure 5. Study of the voltage dependence of Pggb00 ng milt of the cell wall channel protein was added to
thecis-side of a diphytanoyl phosphatidylcholine/n-decarembrane and the reconstitution of the channets wa
followed for about 30 min. Then increasing posit{@e® to 90 mV; upper traces) and negative voltdef3 to -

90 mV; lower traces) were applied to ttie-side of the membrane, and the membrane curreningasured as a

function of time. The aqueous phase contained 1@} K = 20 °C.

The channel-forming protein was added in a conaéntr of 500 ng mt to one side of a

black diphytanoyl phosphatidylcholine/n-decane membé (to the cis-side). After 30 min

about 50 channels were reconstituted into the mangbrAt that time different potentials

were applied to the cis-side of the membrane: @6tV (upper trace of Figure 5) and then -
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60 mV (lower trace of Figure 5). These experimemtse repeated with 70, 80 and 90 mV.
For both positive and negative potentials appleethe cis-side of the membrane the current
decreased in an exponential fashion. This resditated symmetric response of Peirto

the voltage applied to the membranes. Similar emparts were performed with Pogldy,
there a symmetrical response to the applied volaagealso observed (data not shown).

The experiment of Figure 5 and similar ones weralyaed in the following way: the

membrane conductance (G) as a function of voltegg, was measured when the closing of

channels reached an equilibrium, i.e. after theoegptial decay of the membrane current

following the voltage step ). G was divided by the initial value of the conduute (G,

which was a linear function of the voltage) obtainenmediately after the onset of the
voltage. The data of Figure 6 (closed circles agdases, for PorHes and Pork ca,
respectively) correspond to the symmetric voltagpeshdence of the two cell wall channels
(mean of four membranes) when the proteins werkisixely added to theis-side.

Figure 6. Ratio of the conductance G at a given

membrane potential () divided by the conductance B PorHc can
G/Gg |

Go at 10 mV as a function of the membrane potential ® PorHe g4

V. The closed squares indicate the measurements in
which Pork ., was added to the cis-side of a
membrane. The closed circles show results |of
measurements in which Pafkk was added to the

cis-side of membranes. The membrane potential

refers always to the cis-side of the membrane. The

aqueous phase contained 1M KCI, and 500 ng parin

per ml. The membranes were formed from—T—T—T—— — T T
) ) . . . -100-80 -60 -40 -20 0 20 40 60 80 100
diphytanoyl phosphatidylcholine dissolved in

Ul mV 1]

decane. T = 20 °C. Means of values obtained with

four different membranes are shown.

The results suggest that Perét exhibited a somewhat higher voltage-dependence tha
PorH-ca. The voltage-dependence of the data of Figure 6 waaalyzed assuming a

Boltzmann distribution between the number of opew @&losed channels, ;Nand N,

respectively (Ludwiget al, 1986). This analysis allowed the calculationtted number of

gating charges n (number of charges involved in gagéng process) and the midpoint
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potential \g (potential at which the number of open and closieghnels is identical) from a

semilogarithmic plot of the ratio MN¢, which is given by:

No/Nc = (G — Gmin)/(Go —G) (6)

whereG in this equation is the conductance at a given bmane potentiaV/y, Go and Gnin
are the conductance at zero voltage and very hotgngals, respectively. The open to closed

ratio of the channel®\,/N, is given by:

No/Nc = exp[-nF(Vin — Vo)/RT] (7)

where F (Faraday’s constantR (gas constant) and (absolute temperature) are standard
symbols, n is the number of gating charges moving through éhéire transmembrane
potential gradient for channel gating (i.e. a meagaor the strength of the interaction between
the electric field and the open channel), ads the potential at which 50 % of the total
number of channels are in the closed configurati@ No/N; = 1). Semilogarithmic plots of
the data given in Figure 6 (see Figure 7) showttiey could be fitted to straight lines with
slopes of about 20 mV (for an e-fold changeVepf becauseRT/F = 25 mY. This result
suggests that the number of charges involved ig#img process is approximately 1.5 for
PorH: ¢ and Pork a1 (see Figure 6). Whereas the voltage-dependenessi@gpe of the lines
of Figure 6) was approximately the same for bothnctels, the midpoint potenti& (i.e.
No/N. = 1) differed somewhat for Poddsi (Vo = £ 50 mV) and Pordcai (Vo = + 90 mV) (see
Figure 7).
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In[aNf/NC] u PorHC.caI]
Figure 7. Semilogarithmic plot of the ratidy,/N. as a ® PorHc g4
function of the transmembrane potentigl. The data 2
were taken from Figure 6. The slope of the straight

lines obtained by least squares fits is such that-fold 14
change oNy/N. is produced by a change\, of about
15 to 16 mV (Porldca) and about 14 mV (PogHy). , 0
The midpoint potential of thE,/N. distribution (i.e.N,
= N,) is about £ 80 mV for Porkl,, and about + 50

mV for PorH: o For further explanation see text.

-80 -40 0 40 80

2.4.4 Partial sequencing of the 6 kDa channel-formg proteins of C. callunae and C.

efficiens and identification of porHc e« within the chromosome ofC. efficiens

The 6 kDa channel-forming proteins ©f callunaeandC. efficienswere subjected to partial
sequencing from the N-terminal end of the maturetgins after CNBr treatment using
Edman-degradation. Three stretches of 22 and 2Baagtids C. callunag@ and 18 amino
acids C. efficieny were resolved. Multiple sequence alignments wesdormed with the
translated known nucleotide sequence of the comfleefficiensgenome (NCBI Reference
Sequence accession number NC_004369). The NCBI BLighslation tool (Basic Local
Alignment Search Tool, Zhang & Madden, 1997; Alidcét al., 1990) showed that the 18
amino acids long stretch @f. efficiends part of a 57 amino acid long hypothetical pirotef

C. efficiens(DDBJ/EMBL/GenBank accession number, AJ871586;Kgare 8), which we
named Pordes Interestingly, it exhibits only the inducer methine at the N-terminal end
but no N-terminal extension, which suggests thahdiation and assembly of the protein
could be very similar to that of PogAw: of C. glutamicum(Lichtingeret al, 2001). Its gene
porHc e comprises 174 bp and encodes for a 57 amino acid hcidic polypeptide (6
aspartic and glutamic acids as compared to 2 IgsinEhis means that Pogl is not
transported out of the cytoplasmic membrane udiegSec-apparatus as many other proteins

from gram-positive bacteria but not the channetier Porﬁt_glut(FreudI, 1992; Lichtingeet
al., 2001).
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C.eff: MDLSLILKDSLSDEFATLGKNLGPALQGIPTLLNSITAFFONFGDLAETTGDAAGNLS S
C.call: DLS DNLDDYSTEFGKNIGTALXXIPDLLKGIIAFFENFGDLAETT ———
+ — — — — — o — f—

C.glut: MDLSLLKETLGNYETFGGNIGTALQSIPTLLDSILNFFDNFGDLADTTGENLDNESS

Figure 8. Amino acid sequence of Poglk and its comparison with the partial amino aciduseges of the N-
terminus after CNBr cleavage derived peptide ofHqg and Porld g (See Discussion). The result of the
amino acid sequencing after CNBr cleavage of R@fHising Edman degradation of the N-Terminus is
underlined. The charged residues of the proteind &é specified on the top line. Conserved residneboth
homolog proteins are shown in bold. The sequendiénvithe vertical bars are supposed to folduihelices as
shown in Figure 11. The sequence of Ragthas been submitted to the DDBJ/EMBL/GenBank databasder

the accession number:; AJ871586.

Search within the chromosome ©f efficiensdemonstrates th@brHc s and the gene coding
for PorAc i Of C. efficiensare localized very close to one another (see Ei§yr The genes
coding for both proteins were only separated bybp7and there was no indication for a
transcription terminator between them. Thus it seeery likely that both proteins share a
common way of export to the cell wall 6f efficiensand presumably also &. glutamicum
because the chromosome of the latter containsaatneporHc g that has a high degree of

homology toporHc ¢+ of C. efficiens

CE2558 porA  port CE2561 CE2562 CE2563
I ﬁ?-l (| ﬁ?_m I

I T I 1 T I I T I ) I I l I T I I I l I I 1 I I I I I T I I l
500 1000 1500 2000 2500 3000 3500 4000 4500

Figure 9. Overview of theporHc ¢ gene locus and its flanking regions within teefficiensgenome Putative
transcriptional terminators are shown by stem-Isiwpctures, potential ribosome binding sites wlih $equence
AGGAG are shaded and a putative promoter is preddnyt a triangle. Gene names are specified, gen&&l1E2

encodes for the putative chaperonin GroEL2, CE2562&n#563 are encoding for hypothetical proteins.

Comparison of the two amino acid stretches (2228hdmino acids) derived from sequencing

of PorH can with the sequence of Poglds and Porkd i, sSuggests that the proteins are highly
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homologous (see Figure 8). PerH is also an acidic protein (8 aspartic and glutaauicls
as compared to 2 lysines of the partial sequended. interesting feature of the channels
formed by the two homolog proteins is the obseotthat one protein forms slightly anion-
selective channels (Pogld) and the other one highly cation-selective cha(Bbrit: cap).
This means presumably that their arrangement incti@nel-forming complexes may be

responsible for their selectivity (see Discussion).

2.5 Discussion

2.5.1 The cell walls ofC. efficiens and C. callunae contain ion-permeable channels

formed by the 6 kDa PorH proteins

In previous studies we identified different celllwghannels inC. glutamicum(Lichtinger et

al., 1998; 2001, Costa-Riet al, 2003a; 2003b). Poyu: forms a highly conductive cation-
selective channel. Its deletion resulted in a mhigfher resistance of this bacterium versus
neutral or positively charged antibiotics, whicklizates a lower permeability of the cell wall
of the deletion mutant (Costa-Rat al., 2003a). Nevertheless, growth of the mutant strain
was only little impaired, in particular in rich mad Search for another cell wall channel
revealed the existence of the anion-selective PgiBchannel (Costa-Riet al, 2003a;
2003b). This result indicates that the cell wallGf glutamicumcontains several types of
channels, as is the case in the outer membraneof-gegative bacteria (Benz, 2001) and in
the gram-positivdRhodococcus eguivhich is also a member of the genus mycolatasgte
al., 2003). In this study, we inspected the cell wafl€. efficiensandC. callunag which are
closely related t&. glutamicumfor the presence of cell wall channels using tpigl Ibilayer
technique. In organic solvent extracts of wholelsgethannels were observed for both
organisms that had a molecular mass of about 6kDavere not identical to the well-studied
PorAc gt channels. The channel-forming proteins @f efficiensand C. callunae were

purified to homogeneity and were named Reogfd and Porkd o4+ Partial sequencing of the

proteins from the N-terminus after CNBr cleavagsuled in three amino acid stretches that

allowed the identification of thporH gene within the chromosome Gf efficiens It codes
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for a 57 amino acid long polypeptide without lea@&tension but starts with the inducer
methionine, which is obviously cleaved during matiom. Porht ¢a is highly homologous to
PorH: e and the chromosome @f. glutamicumalso contains the gene of a similar protein
PorHc gt (See Figure 8 and Chapter 3). The lack of an Mital leader extension suggested
that PorH .«is not transported via the Sec-apparatus outeo€étl to reach the cell wall. This

is the same situation as for Perf\: and considering the genes within the flanking oagiof
porA andporH it seems likely that their gene products sharesdmme way of translation,
export and assembly, which represents a yet unkrsaeretion mechanism (Lichtinget al.,
2001).

2.5.2 Effects of negative point net charges on tlehannel properties of PorH: ca

The channels formed by Pagkly and by Porld . differ somewhat in the ionic selectivity.
PorH: es forms slightly anion-selective channels despite fiact that the protein is in total
acidic (6 negative charges as compared to 2 pesitnes). Thus it seems that the lysine in
position 6 of the mature protein plays a crucid¢ iia the selectivity of the channel because it
is absent in the primary sequence of the highly dlogous Porld ... The data of Table 1
demonstrate that the single-channel conductantdeeothannels formed by Paogkdy is not a
linear function of the bulk aqueous concentratiostead, we observed a dependence of the
single-channel conductance on the square rooteo$dltt concentration in the aqueous phase.
This means (i) that the cation specificity of Peghl is not related to the presence of a
binding site because saturation would be expected (&) that negative point charges are
involved in ion selectivity as we and others haeendnstrated previously for a variety of
membrane channels (Menestrina & Antolini, 1981; Beh al., 1989; Benz, 1994), which
includes also mycobacterial porins (Trias & Ber293; 1994, Lichtingeet al.,1998). When

we apply egs. (1) to (5) to the conductance of RegiHve receive a reasonable fit of the data
of Table 1 if the channel has a diameter of abdinn and that 1.6 negative point charggs (
= 2.4 10" As) are attached to the channel mouth. The res#iltisis fit are shown in Figure
10.
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1 D‘ 1 | 1 | !

FPorHg a1

1.6 elementary charges

r=11nmm
Gg = 28 nS

Single—channal conductance G [nS]
|

0.01 a1 i
KCl concentration [M]

Figure 10. Single-channel conductance of Pkl as a function the KCI concentration in the aqueohsse
(filled squares). The solid line represents theofithe single-channel conductance data with thisdweand

McQuarrie (1975) formalism (egs. (1) to (5)) assugnthe presence of negative point charges (1.6tivega

charges; g = -2.85 11(9) As) at the channel mouth and assuming a chanaeieder of 2.2 nm. ¢, concentration of
the KCI solution in M (molar); G, average singleanhel conductance in nS. The broken (straight) dimaws
the single-channel conductance of the cell wallncleh that would be expected without point chardes.
corresponds to a linear function between channadwectance and bulk aqueous concentration.

The solid line represents the fit of the singlerotel conductance versus concentration by
using the Nelson and McQuarrie (1975) treatment el parameters mentioned above

together with a single-channel conductanGg, = 2.8 nS at 1 M KCI. The broken line

corresponds to the single-channel conductance didg; without point net charges, i.e. it
shows a linear relationship between the aqueous cealcentration and single-channel
conductance. It is noteworthy, that the propertie®orAc g from C. glutamicumare also

controlled by point charges (2 negative point cbarg = -3.2 1(')19 As) using the same
treatment. Interestingly, the diameter of chanf@isied by Pora gt is very similar to those
of PorH: cai.

2.5.3 Arrangement of PorH: car and PorHe e+ in the cell wall

PorH cay and Pork esshave a rather small molecular mass of about 6 kibdas to that of

PorAc gt Or POrg giie In general, the molecular masses of cell wallngoare rather small as
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compared to those of gram-negative bacterial porrisch range between 30 and 60 kDa
(Benz, 1994; Riesst al, 1998). This suggests that the cell wall chanmeés formed by
oligomers. This has been demonstrated for the subbtithe cation-selective channel bf.
smegmatiswhich has a molecular mass of about 20 kDa (Nieeiset al.,1999; Stahekt al.,
2001) and forms an octamer in the cell wall (Fa#ieal, 2004). The monomers within the
3D-structure of the octamer are arranged in 3-séteetture similar to that of gram-negative
bacterial porins. However, such an arrangemendrighfe Porkd .oy and Porkd e oligomers
rather unlikely. Secondary structure predictiongggst, that a stretch of about 28 amino acids
(see Figure 8) of both proteins form amphipathitelices with about 8 windings and a
length of 4.2 nm in the mycolic acid layer (seeufggll). The arrangement is such, that all
hydrophilic amino acids are localized on one sifithe helix and all hydrophobic ones on the
other side. Comparison of the helical wheels framtivo organisms indicate, that positively
and negatively charged amino acids are balancedPéot: s, whereas the monomer of
PorH: carcontains an excess of two negatively charged amants. It is noteworthy that this

agrees nicely with the selectivity of both chanriske above).

C. efficiens C. callunae

Figure 11.Schematic prediction of the Parlland PorH . secondary structures. Both molecules can form
helices with 8 windings corresponding to an ovdeadlyth of 4.2 nm based on secondary structurdqireas of

the primary sequence shown in Figure 8 betweevtbevertical bars. Residues of the heptameric rspeare

labeled in the sequence as a-g. The hydrophohiduess are located at position a, e and d, indigatiat they

may be oriented towards the mycolic acids (indiddig oval rings). The hydrophilic residues are lizea at

the positions b, f, ¢ and g and may face the cHaonen. Created with help of Helical Wheel Javapksp

(http://www.site.uottawa.ca/~turcotte/resourcesiigheel/).
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This means that the arrangement of these cell erahnels is different to MspA d¥l.
smegmatigFalleret al, 2004). It is possible that the arrangement oHReg and Pork e
has to do with the thickness of the cell wall ahd kength of the mycolic acids of different
mycolata. Thus, especially long mycolic acids haween found in Mycobacteria and
Tsukamurellag60-90 carbon atoms); they are medium-sizeéardonag Nocardiae and
Rhodococci(about 36-66 carbon atoms), and small in Corynteliac(22-38 carbon atoms)
(Yano & Saito 1972; Minnikiret al., 1974; 1982; Minnikin 1987; 1991; Daft# al., 1990;
Holt et al., 1994; Ochi, 1995; Brennan & Nikaido 1995; latial., 1995; 1996; Yassiset al.,
1997). This means presumably that the cell wall€ofynebacteria are much thinner than
those of other mycolata, which is in agreement wgittuctural studies (Marienfeldt al.,
1997; Puechet al., 2001). Smaller polypeptides arranged afelices are presumably
sufficient to span the mycolic acid layer of Corlgaeteria. However, this may be tentative
and further investigation of the cell wall proteing actinomycetes may be necessary to
understand the structure and function of the celll wchannels of the mycolata.
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Identification and characterization of PorH, a new

cell wall channel of Corynebacterium glutamicum

3.1 Summary

The cell wall of the mycolat&€orynebacterium glutamicumontains the cation-selective
channel (porin) PorAqgu and the anion-selective channel Pgg for the passage of
hydrophilic solutes. Lipid bilayer experiments witiiganic solvent extracts of whole.
glutamicum cells cultivated in minimal medium suggested, thabther cation-selective
channel-forming protein, named P@§l: is present inC. glutamicum The protein was
purified to homogeneity by fast-protein liquid chratography across a HiTrap-Q column.
The pure protein had an apparent molecular masbaidft 12 kDa on SDS-PAGE. Western
blot analysis suggested, that the cell wall champtesumably formed by protein oligomers.
The purified protein forms cation-selective chasngith a diameter of about 2.2 nm and an
average single-channel conductance of about 2i6 &3/ KCI in the lipid bilayer assay. The
PorHc gt protein was partially sequenced and based ofebelting amino acid sequence, the
corresponding gene, which was designated@s$ic g, Was identified in the published
genome sequence 6f glutamicumATCC13032. It contains only the inducer methionig

no N-terminal extension, which suggests, that siexref the protein could be very similar to
that of PorA gt Of C. glutamicumwhich also does not contairsignal sequence. Poglgu: is
coded in the bacterial chromosome by a gene tHataized in the vincinity of theorAc giut
gene, within a putative operon of 13 genes. RT-P&Rl immunological detection
experiments revealed that both porins are cotrévextr They coexist in the cell wall &.

glutamicumtogether with PorBgi,: and Por@ g

51



CHAPTER 3 —C. glutamicum PorH

3.2 Introduction

In 1957 a bacterium was isolated, which was shawextrete large quantities of L-glutamic
acid into the culture medium (Kinoshitt al, 1957). This bacteriumCorynebacterium
glutamicum was described as an aerobic, nonsporulating, -p@sitive rod, capable of
growing on a variety of sugars or organic acidsglutamicums widely used for industrial
production of L-glutamate, L-lysine and other ametids through fermentation processes
(Udaka, 1960; Gutmanet al, 1992, Keilhaueet al, 1993, Sahnet al, 1996, Eggeling &
Sahm, 1999). During the year 2002 about £xb@s of L-glutamate and 5.5x1tbns of L-
lysine were produced witG. glutamicumand used as a flavoring agent in food and as dnima
feed supplements (Leuchtenberger, 1996; Hermar®8)2Qittle is known about the amino
acid efflux properties of corynebacteria (Nikaid895). Recently is has been shown that two
genes are implicated in the efflux process of ghaie inC. glutamicumKimuraet al, 1999;
Hirasawaet al, 2000), but their function is still unknow@. glutamicums a member of the
mycolic-acid containing actinomycetes, belongingthhe mycolata. It was shown by 16S
rRNA and inrpoB gene analysis that it is closed relate€tefficiensandC. callunae(Fudou

et al.,2002; Khamist al, 2004).

The mycolata have in addition to a thick peptidogly layer a second surface layer,
consisting of covalently bound mycolic acids andraotable lipids (Barksdale, 1981;
Goodfellow et al.,, 1976; Ochi, 1995). Ester bonds link the mycolicidacto the
arabinogalactan, which is attached to the mureithefcell wall (Minnikin, 1987). The chain
length of the mycolic acids varies considerably different taxa of the mycolata. In
Corynebacteria it consists of 22-38 carbon atom#iiMin, 1987; Yano & Saito, 1972;
Minnikin et al., 1974; Dafféet al, 1990; Holtet al., 1994; Brennan & Nikaido, 1995; Yague
et al.,2000; loneda, 1993). The outer layer of the mytedianctions as a permeability barrier
(Nikaido et al., 1993; Liuet al., 1996), it affords for example resistance to cgdid by egg
white lysozyme (Hirasawat al, 2001). This suggests that the cell wall of thecaotata has
probably the same function as the outer membra&arin-negative bacteria. This membrane
contains channel-forming proteins, the porins, Whare required for the passage of

hydrophilic solutes. Channels are also presenhenntycolic acid layer of the mycobacterial
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cell wall. With respect to transport of amino acidger this barrier it is of particular

importance to understand the pathways presentingh wall of Corynebacteria.

So far several types of cell wall channels of thgcotata have been identified and
characterized (RieBt al., 1998; Lichtingeret al., 1999; Niederweiset al., 1995; Lichtinger,
et al.,1998; Lichtingerget al.,2001; Costa-Riu, 2003a; 2003b). Similar to thanmof Gram-
negative bacteria, these channels allow the peromeaf hydrophilic solutes (Triast al.,
1992; Trias & Benz, 1993). Common to them is, tihat channels are wide and water-filled
and that they contain point charges, which resali®n selectivity. The research performed
with C. glutamicuncan be of a great value, because some of therésafitom these cell wall
channel-forming proteins can be expected for othgcolata. TheCorynebacterineadamily
comprises microorganisms that cause very importafdactions worldwide such a$/.
tuberculosisM. lepraeandC. diphtheriae

PorAcgue from C. glutamicum was the first investigated pore-forming protein of
corynebacteria. Poidy: is formed by an oligomer of a small 45 amino guatlypeptide and
the channel is cation-selective with a single-cleduconductance of about 5.5 nS in 1 M KCI
(Lichtinger et al., 1998, 2001). By deleting thporAc gt gene from theC. glutamicum
chromosome, an anion-selective pore-forming proteas discovered, named Porg:
(Costa-Riuet al.,2003a; 2003b). It is a 99 amino acid long proteid forms anion-selective
channels with a conductance of about 700 pS in K®IL Search for homologous genes
showed, that the chromosome@f glutamicumcontained also another gene for a RQyi&
like protein 138 bp downstream froporBec g, Which codes for Por&yu. The arrangement
of porBc gt andporCe giut SUggested that both genes belong to the samercI&St-PCR from
overlapping regions between both genes from wiftet§. glutamicumdemonstrated that
they are cotranscribed (Costa-Riual.,2003b).

In this study we report the search for an addifi@a#l wall channel ofC. glutamicumThe
organic solvent extract of whole cells cultivated minimal medium contained another
channel, which was found to be cation-selectivee Glannel-forming protein was purified to
homogeneity and biophysical properties were studiiedetail. The protein was partially
sequenced and multiple sequence alignments seaitthn whe known chromosome
demonstrated, that it contained a gene that fittedhe partial amino acid sequence of

PorH gt InterestinglyporHc giie can be found in th€. glutamicunchromosome next to the
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porAc g RT-PCR experiments from overlapping regions betworAc giir and porHe giut

demonstrated that they are cotranscribed.

3.3 Materials and methods

3.3.1 Bacterial strain and growth conditions

C. glutamicumATCC 13032 (DSMZ; Deutsche Sammlung von Mikrooligaren und
Zellkulturen, Braunschweig, Germany) was routinglpwn at 30 °C in minimal medium
composed of 40 g glucose, 20 g (M$Os, 5 g ureal g KH,PO,and 1.6 g KHPO,, 42 g
MOPS, 15 mg CaGl2 H,0, 0.25 g MgSQ7 HO, 10 mg FeS@ 10 mg MnSQ 2 H0, 1
mg ZnSQ 7 H0, 0.2 mg CuS®5 HO, 0.02 mg NiCl 6 HO and 0.2 mg biotin per 1 |
distilled water, adjustedith NaOH to pH 7.0. For RT-PCR and immunologicgberiments
C. glutamicumATCC 13032 cells were routinely grown in BHI-meghiu(Brain Heart
Infusion, Difco Laboratories).

3.3.2 Isolation and purification of the channel-foming proteins

For the isolation of the channel-forming proteinmethod was used that has been previously
devised for isolation and purification of Par\:of C. glutamicum(Lichtingeret al., 1999).
This method uses the extraction of whole cells wittanic solvents or detergents and avoids
the substantial loss of material caused by suateasity centrifugation of the cell envelope to
separate the cytoplasmic membrane from the cellfraaition. 200 ml cells were grown to an
OD of 10 and harvested by centrifugation (10,006 fier 10 min in Beckman J2-21M/E
centrifuge). The cells were washed twice in 10 miNs-HCI (pH 8). The final pellet (5 ml)
was extracted with a 1:2 mixture of chloroform:naatbl in a proportion of 1 part cells and 5
to 8 parts chloroform/methanol. The duration of theraction was about 3 hours at room
temperature under stirring in a closed tube to dvlmss of chloroform. Cells and
chloroform/methanol solution were centrifuged f&r rhinutes (10,000 rpm in Beckman J2-
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21M/E centrifuge). The pellet (cells) was discard€de supernatant contained the channel-
forming activity. It was mixed in a ratio of 1 patipernatant to 9 parts ether and was kept
over night at -20 °C. The precipitated protein wisolved in a solution containing 0.4 %
LDAO (NN-dimethyldodecylaminéN-oxide) and 10 mM Tris-HCI (pH 8) and inspected for
channel-forming activity. The protein was subjectedfast protein liquid chromatography
(FPLC) across a HiTrap-Q column (Amersham PharmBmgech, Freiburg, Germany). The
column was washed first with a buffer containing @ LDAO and 10 mM Tris-HCI (pH 8)
and the protein was eluted with 0.4 % LDAO in 10 mivs-HCI (pH 8) using a linear
gradient between 0 and 1 M NacCl.

3.3.3 SDS-PAGE

SDS-PAGE was performed with tricine containing géshagger & von Jagow, 1987). The
gels were stained with colloidal Coomassie (Neubofil, 1988) or silver stain (Blurat al,
1987). Before separation, the samples were allbaimd for 5 min at 100 °C with loading
buffer (exempt preparative SDS-PAGE). Preparat&-HAGE was used for identification
and purification of the channel-forming activitypfn the organic solvent extracts of wh@e

glutamicumcells.

3.3.4 Peptide sequencing

The precipitated protein pellet resulting from theraction was dissolved in 100 ul 70 % (by
vol.) formic acid containing 10 % (mass/vol.) CN@derck), and incubated in the dark at
room temperature for 14 h (Gross, 1967). After hjibgpation the CNBr peptides were
dissolved in 20 % (by vol.) formic acid and sepedaby reversed - phase - HPLC (SYCAM,
Furstenfeldbruck, Germany) applying a Luna C-1&col, 150 mm x 1 mm with a flow rate
of 40 pl/min using a 120 min gradient from 100 %0AL % TFA in water) to 80 % B (0.1 %
TFA in acetonitril). Collected fractions were sutigd to amino acid sequence analysis on a
492 protein sequencer (Applied Biosystems, Darmst&#rmany) using the conditions
recommended by the manufacturer. The major sequemase DLSLLKETLGNYE beside

small subsequences.
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3.3.5 RT-PCR

Total mMRNA was isolated from disrupted cells growmtil mid-exponential growth phase
using the RNeasy Kit according to the instructioghe manufacturer for the isolation of
total RNA from bacteria (Qiagen, Hilden, Germar®lrified RNA was eluted with 50 pl of
RNase-free water and treated with 2U of DNase | lffsm, Huntingdon, Cambridgeshire,
UK) in 0.1 volumes of 10x DNase buffer for 30 min3@ °C to remove the DNA. After this
treatment, DNase was inactivated with the inadvateagent and 5 pl of the treated RNA
were loaded in a 0.8 % agarose gel to test thgritye Two sharp bands (both rRNA, 23S
and 16S) were visible in each one of the samplees& samples reported A260/A280 ratios
in the range of 1.7, as measured in unbuffered rwdtee reverse transcription (RT) was
performed in a two-step reaction with the Enhan#edan HS RT-PCR kit (Sigma,
Deisenhofen, Germany). Random nonamers were usid4dwilg from total DNase-treated
RNA to transcribe it into cDNA for 50 min at 45°The cDNA product was used for PCR
reaction (Kohleret al, 1995) with all primers used for amplification @ferlapping regions
between genes of th#rAc gt andporHe gt cOntaining cluster (see Table 1). This putative
cluster comprises the region between 2886331 af@2Z of the chromosomal DNA &f.
glutamicum (NCBI Reference Sequence accession number NC5003Fhe minus strand
encodes for all genes inside this 20920 bp longnfient, which suggest that they could
belong to the same transcription unit. The anngakémperature was 64 °C and elongation
time with Tag polymerase was 2 min at 72 °C. For negative chriifd of the DNase treated
RNA was used for direct PCR with both specific mmnforporAc gt and porHe gt and the
same program used for PCR after RT reaction.
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Oligonucleotide Position in theC. Sequence
glutamicum genome | 5'’- -3’
Operon0-5’ 2886331-2886351 AGCATGCTCGACGTCTTGCTQ
Operon0-3’ 2887096-2887116 GCGCTAAGGAAGAGCAGTTCA
Operonl-5’ 2887601-2887621 CTTCAGCAGCTCGATCTGGAG
Operonl-3’ 2887999-2888020 CGGCTACGTCTTCGACTTCCTC
Operon2-5’ 2888040-2888060 GGACATCAAGGTTTCCAAGGA
Operon2-3’ 2888289-2888311 CCTCGGCAACTACGAGACCTTC
Operon3-5’ 2888260-2888280 CTCTGAAGAGCGGTACCGATG
Operon3-3’ 2888950-2888970 TGCTGACAAGCCACAGCCTG(
Operon4-5’ 2890501-2890521 CCACGACGTGCTTCCTCATCA
Operon4-3’ 2890801-2890821 CTGGATCGGCACTGGCATTGC
Operon5-5’ 2890890-2890910 AACCGCATCAAGCCTCACGCQ
Operon5-3’ 2892041-2892061 GATCCAGAAGCGACCTCATCA
Operon6-5’ 2892117-2892137 GGGTAAACATCAGGAGCGGTC
Operon6-3’ 2893079-2893099 GAACGTGATTCGACGGGATTG
Operon7-5’ 2892971-2892991 CGGTTGGTTTCTGTGGAAGGA
Operon7-3’ 2894000-2894020 CAGCACCTAAGGTGGAGCCTG
Operon8-5’ 2894909-2894929 GGGTCACCGTTTCAATATGAG
Operon8-3’ 2896201-2896221 CAGCACCGCGGCCGGGAGTALC
Operon9-5’ 2897400-2897379 GTAGTCGCCGCCAGGTTTGAG
Operon9-3’ 2898381-2898401 CAGCTCCGCATTCAAGTGGG(C
Operonl0-5’ 2900301-2900321 GGTGTCCTGCGAATAGGCGGC
Operonl0-3’ 2901390-2901410 CTTTACGGCGATGAAGTCCG(
Operonll1-5’ 2903881-2903901 GCACCTGAACCACCACAGCCG
Operonl1-3’ 2904850-2904870 GTGCTCGGACTGGATAGCAG
Operonl2-5’ 2906491-2906511 TGACGCTCCGGCCTCAACTGC
Operon12-3’ 2907088-2907108 GAATGGCTCGTTCGGCGGTTC

Table 1. Oligonucleotides used in this study. Sequencdabefl3 couples of primers used for the amplificatio

of regions that are overlapping two neighboring OfR#im the putativeporAc g, POrHcgu: Cluster. The
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sequences of the primers were derived from th@nelgétween 2886331 and 2907251 of the chromosoidAl D
of C. glutamicum(NCBI Sequence accession number NC_003450).

3.3.6 Lipid bilayer experiments

The methods used for black lipid bilayer experirsérdve been described previously (Behz
al., 1978; Benz, 2003). The experimental set up stesiof a Teflon cell with two water-

filled compartments connected by a small circulalehThe hole had an area of about 0.4

mmz. Membranes were formed across the hole using a kofgtion of diphytanoyl
phosphatidylcholine (PC; Avanti Polar Lipids, Alaler, Ala.) dissolved im-decane. The

temperature was maintained at 2D during all experiments. All salts were obtaineoinf
Merck (Darmstadt, Germany, analytical grade). Thayre used unbuffered. The electrical
measurements were performed using Ag/AgCl electrqadth salt bridges) connected in
series to a voltage source and a homemade cuoemtithge converter made with a Burr
Brown operational amplifier. The amplified signaasvmonitored on a storage oscilloscope
(Tektronix 7633) and recorded on a strip chart apet recorder. Zero current membrane
potentials were measured with a Keithley 617 ebeaéter 5-10 minutes after five-fold salt
gradients were established across the membraneg éal., 1979).

3.3.7 Effect of negatively charged groups attachdd the channel mouth

Negative charges at the pore mouth result in sobataionic strength-dependent surface
potentials at the pore mouth that attract cationsrapel anions. Accordingly, they influence
both single-channel conductance and zero-currentbrene potential. A detailed quantitative
description of the effect of point charges on thmgle-channel conductance was given in
previous publications (Trias & Benz, 1993; Costa-&ial.,2003b).

3.3.8 Immunological techniques

Synthetic polypeptides of part of the Peifa: sequence (KGEGFWTTQFPQIGD-WNEDQ),
part of the Porggu sequence (AHENSTRSELAANLRNSA) and part of the PRggH
sequence (DLSLLKETLGNYETFGGNIGTALQSIPTLL + SILNFFORGDLADTIGENL-
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DNFSS) were synthesized and polyclonal antibodgainst this peptides were raised in
rabbits using the GEBRU 100 (GERBU Biochemicalsib@ay) Adjuvant System. The pre-
immune serum was tested giving no reaction agaiebtextracts ofC. glutamicum The
antiserum was used for Western blots of the exdagirotein samples using standard
procedures (Towbiret al, 1979). The blotting time was 5 minutes at 350.niAe ECL
Western Detection kit (Amersham Pharmacia Bioteehy used to detect binding of the
antibody according to the instructions of the maotirer. The exposure time was 30
seconds. The antibodies were highly specific forBRgu, Por& gt and Porkd gt of C.
glutamicum The used Pordg: antibody was already described earlier (Lichtingerl.,
2001).

For electron microscopy analysis whole glutamicumATCC 13032 cells were fixed
overnight at 4 °C in freshly made 4 % formaldehyad’BS, pH 7. After dehydration a
graded series of ethanol, the cells were embeddé® White, filled in gelatin capsulesand
cured at 40 °C for 3 days. Ultrathin sections wel¢éained and incubated with antibodies
against PorAgu, POrBcgus, PorGgus or Porktgue After that 12 nm Colloidal Gold—
AffiniPure Goat Anti—Rabbit IgG antibodies were dse order to localize the porins.

3.4 Results

3.4.1 ldentification of a new channel-forming protéen in the cell wall extract of C.
glutamicum ATCC 13032

Membrane experiments with organic solvent extra€iS. glutamicumATCC 13032, grown

in minimal medium, suggested, that the extractstainad besides PogAy.: that forms
channels with a single-channel conductance of $5m1 M KCI also another channel-
forming protein that formed channels with a somewdmaaller conductance. To identify the
protein, which is responsible for the additionahichel-forming activity, the cell extracts were
precipitated with ether in the cold. The pellet vgaspended in 0.4 % LDAO, 10 mM Tris-
HCI (pH 7), and subjected to lipid bilayer studi&ébe precipitate that showed several bands
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on SDS-PAGE (see lane 1, Figure 1) contained tharai-forming activity. The purification
of the additional channel-forming protein frddn glutamicumATCC 13032 was achieved by
FPLC. The pellet from the ether precipitation af tirganic solvent extract was dissolved in 2
ml 0.4 % LDAO, 10 mM Tris-HCI (pH 8) and appliedadl ml HiTrap-Q FPLC column. The
column was washed with 5 ml of the same buffer thed eluted with a linear NaCl-gradient
between 0 and 1 M NaCl. The fraction eluted atM.BlaCl showed a high channel-forming
activity in black lipid bilayer membranes. SDS-PAGEhe corresponding fraction suggested
that a 12 kDa protein could be responsible ford@nnel forming activity that was different
to PorAc gt (See lane 3, Figure 1).

Figure 1. 12 % Tricine SDS-PAGE according t(l) kDa 1 2 3
Schéagger and von Jagow (1987) of the purificatipn - ¥
procedure of PorHgy: of C. glutamicum The gel was ;
stained with silver.

Lane 1: Molecular mass marker. 26.6 o—
Lane 2: 15 ul of ether precipitated organic solhexitact
dissolved in 0.4 % LDAO, 10 mM Tris-HCI; pH 7 treatefd 17
for 10 min at 100 °C with 5 pl sample buffer.

| | 14.2 | . -
Lane 3: 15 pl of the fraction 23 of the Hitrap-Q FPLIC

column, treated for 10 min at 100 °C with 5 pl sémg

buffer. 6.5 . -

To test whether the fraction containing the 12 kibatein was really pure and did not contain

another membrane active component, the pellet fre@rether precipitation was subjected to
preparative SDS-PAGE. The 12 kDa band was excisdceluted overnight at 4 °C with 1 %

Genapol. Channel formation was found only in thadb¢éhat corresponded to a molecular
mass of 12 kDa indicating that no channel-formimgpurities were present in the fraction of
the HiTrap-Q column, eluted at 0.3 M NaCl. The dak&nforming protein was named

PorHc giut

3.4.2 PorH gt increases conductance of lipid bilayer membranes

PorH gt mediated channel formation was studied in de@uhall amounts of the protein
were able to induce a substantial increase of fleeiic membrane conductance. About two
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minutes after addition of the protein, the membrameductance started to rise and increased
by several orders of magnitude in approximatelynifutes (data not shown). Only a small
further increase, as compared to the initial omeuoed after that time. The time course of
the conductance increase was similar irrespecfiwvehether the protein was added to one or
both sides of the membrane. Single-channel expetsmevealed that the membrane activity
of PorH: gt Was caused by the formation of ion-permeable obianfigure 2 shows a single-
channel recording of a diphytanoyl phosphatidyloteh-decane membrane where Pggid

was added to a black membrane in a concentratiabait 10 ng/ml.

r—-—‘
Figure 2. Single-channel recording of a PC/n-decane memhrang
the presence of pure Pathl: of C. glutamicum The aqueous ',r—' 2-5"S|
phase contained 1 M KCI (pH 6) and 10 ng/ml Ragid The p—

applied membrane potential was 20 mV; T = 20 °C. e

The recording demonstrates that the protein fordedthed channels. Their conductance was
on average about 2.5 nS in 1 M KCIl. Only a minaacfion of channels with other
conductance was observed (see the histogram, F&)ulé is noteworthy that the channels
formed by Porld g had a long lifetime similar to those that haverbdetected previously
for cell wall proteins (porins) o€. glutamicum(Lichtinger et al., 1998; Costa Riu et al.,
2003b) Mycobacterium chelonaélrias & Benz, 1993) antl. smegmatigTrias & Benz,
1994). All these proteins formed channels in lipihyer membranes with a long lifetime at

small transmembrane potential (mean lifetime adtl®aminutes).
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Single—channel conductance [nS]

Figure 3. Histogram of the probability P(G) for the occurrenaf a given conductivity unit observed with
membranes formed of PC/n-decane in the presenerbt .. P(G) is the probability that a given conductance
increment G is observed in the single-channel exparts. It was calculated by dividing the number of
fluctuations with a given conductance incrementhsy total number of conductance fluctuations. Theeaqs
phase contained 1 M KCI, pH 6. The applied membpatential was 20 mV; T = 20 °C. The average single-

channel conductance was 2.5 nS for 115 single-aéiawents.

Single-channel experiments also performed withssalther than KCI to obtain some
information on the properties of the channels fairbg Porkt g« The results summarized in
Table 2 suggested that the channel is cation-setecthis can be derived from single-
channel experiments, which demonstrated that tteeimce of the mobility of cations on the
conductance was more substantial. Table 2 shows Hie average single-channel
conductance, G, as a function of the KCI conceintnain the aqueous phase. Similarly, as in
the case of other cell wall channels (Trias & Bet293; 1994; Lichtinger et al., 1998), the
relationship between conductance and KCl-conceatravas not linear. Instead, the slope of
the conductance versus concentration curves omlaletgarithmic scale was approximately
0.5, which indicated the influence of point chargmsalized in or near the channel (see also

Discussion and Figure 11).
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Salt Concentration c | Single-channel conductancg
(M] G [nS]
LiCl 1.0 1.0
KCI 0.01 0.15
0.03 0.35
0.1 0.4
0.3 0.9
1.0 2.5
3.0 7.0
KCH3COO(pH 7) 1.0 1.5

Table 2. Average single-channel conductance, G, of Rggldin different salt solutions. The membranes were
formed of diphytanoyl phosphatidylcholine dissohiadh-decane. The aqueous solutions were unbuffeneld
had a pH of 6 unless otherwise indicated. The agplbltage was 20 mV, and the temperature was 20KE

average single-channel conductance, G, was cadclfedm at least 80 single events.

3.4.3 Selectivity of Pork giut

Zero-current membrane potential measurements @lewalculation of the permeability ratio
Peation divided by Rnionin multichannel experiments. Membranes were formedD0 mM KCl
solution and concentrated Pkl was added to the aqueous phase when the membranes
were in the black state. After incorporation of #001000 channels into a membrane, five-
fold KCI gradients were established by addition sofiall amounts of concentrated KCI
solution to one side of the membrane. For all erpents with Porld g, the more diluted
side of the membrane became positive, which indicareferential movement of potassium
ions through the channel. The zero-current membpatential for KCI was on average about
25 mV (mean of four measurements). Analysis ofzd®-current membrane potentials using
the Goldman-Hodgkin-Katz equation (Beetzal, 1979) revealed that Poglgyu: Wwas cation-
selective. On one hand it is possible that chlohide also certain permeability through the
PorH gt channels because the ratio of the permeabilityfic@nt Peaion divided by Rhion
was 5.1. On the other hand, the negative pointgasacould influence the permeability ratio,
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which means that cations could have a much higkem@ability than anions through the

PorH gt channels (see Discussion).

3.4.4 Partial sequencing of Pordg. and identification of porHcgu. within the

chromosome ofC. glutamicum

PorH gt of C. glutamicumwas subjected to partial sequencing from the N-teahrend of
the mature protein using Edman-degradation. Oregcstrof 13 amino acids was resolved.
Multiple sequence alignment was performed with tia@slated known nucleotide sequence
of the completeC. glutamicumgenome (NCBI Reference Sequence accession number
NC_003450). The NCBI BLAST-translation tool (Bakiacal Alignment Search Tool, Zhang
& Madden, 1997; Altschul et al., 1990) showed ttieg 13 amino acids long stretch ©f
glutamicumis part of a 57 amino acid long hypothetical protei C. glutamicun(see Figure
4), which is encoded by the geperHcqu comprising 174 bp. It has only the inducer
methionine at the N-terminal end but no N-termileglder extension, which suggests that
translation and assembly of the protein could bey \smilar to that of Por@g. of C.
glutamicum(Lichtinger et al., 2001). The total mass of théypeptide is 6.1 kDa, which led
to the assumption that the apparent molecular wias&2 kDa that was determined by SDS-
PAGE (see Figure 4) may represent protein dimdre. Mature protein contains 9 negatively
charged residues (6 aspartic and 3 glutamic aeidd)only 1 positively charged amino acid
(lysine) and has a calculated pl of 3.5. Its overdarge agrees well with the cation selectivity

of the channels formed by Pafki..

-— +_ - - - - - - -

PorH C.glut MDLSLLKETLGNYETFGGNIGTALQSIPTLLDSILNFFDNFGDLADTTGENLDNESS
- + - - + - - -
PorH C.eff MDLSLLKDSLSDFATLGKNLGPALQGIPTLLNSIIAFFONFGDLAETTGDAAGNLSS

Figure 4. Amino acid sequence of Poglgy and its comparison with the amino acid sequendRooft ¢« The
result of the amino acid sequencing of Pgghl using Edman degradation of the N-Terminus is uimet. The
charged residues of the proteins (+/-) are spekifie the top line. Conserved residues in both hoqa
proteins are shown in bold. The sequence of PggHhas been submitted to the DDBJ/EMBL/GenBank

databases under the accession number: AJ871585.
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Search within the chromosome Gf glutamicumdemonstrated thgiorHc giu: and porAc giut

are localized very close to one another (see FigurBoth genes are only separated by 83 bp;
there is no indication for a transcription termorabetween them. Thus it seems very likely
that both proteins share a common way of exporth& cell wall of C. glutamicumand
presumably also df. efficiensbecause the chromosome of the latter containsaadgme that
has a high degree of homologygorHc gt Of C. glutamicum Comparison of the amino acid
sequence of Poidtswith the sequence of Poglgu: suggests that the former protein is highly

homologous to the latter (see Figure 4).

porA

porH
Cgl2713 Cgl2714 1? groEL2

I (] (R |

2880961 2883093 2885226 2887359 2889491 .
0 12 3 4
2890961 2893093 2895226 2897359 2899491
5 6 7 8 9 10
2900961 2903093 2905226 2907359 2909491
11 12

Figure 5. Overview of theporHc 4, gene locus and its flanking regions within tie glutamicumgenome
Putative transcriptional terminators are showntieynsloop structures, potential ribosome bindingssiwith the
sequence AGGAG are shaded and a known promotaesemed by a triangle (Barreiet al, 2004). Gene
names are specified, ge@gl2714encodes for a putative RNA polymerase sigma fa€gl2713encodes for a
putative aldehyde dehydrogenase. Light-gray colgetes belong to the same putative operon. The éires
representing the regions amplified by the pair fnprs 0-12 designed in between overlapping regiees
Table 1).

3.4.5 RT-RCR

Analysis of the gene region coding for Peid: and PorAs gt SUggested thgiorHe gi,e and
porAc gt Of are part of a putative gene cluster that ipaasible for the transcription and
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translation of the channel-forming proteins in tedl wall. This putative cluster is localized
within the region from bp 2886331 to bp 2907251 tbé chromosomal DNA ofC.
glutamicum (GenBank Accesion number NC_003450). Interestingll genes of this 20920
bp long stretch are encoded by the minus strance€af the different genes are transcribed
together, total RNA was isolated frat glutamicumATCC 13032 and treated with DNase to
completely digest genomic DNA (data not shown). Mgerse transcription, the mRNA Gf
glutamicum wildtype was converted into cDNA with random nomas and afterwards
amplified with the primers specific for the diffetegenes within the putative cluster (see
Table 1). As shown in Figure 6, the mMRNA®f glutamicuncontained signals that indicated
amplification of the overlapping regions betweee genes of the putatiyeorH cluster with
the different primers. This result suggested thatHc g and porAc gt could be part of a
transcriptional unit that contains up to 13 genes.

2000 =g

600 =4

200

Figure 6. 0.8 % agarose gel from RT- PCR experiments. Fon @adr of primers from Table 1, a product is
shown. The length of the products is: 0: 790 bpi10 bp; 2: 250 bp; 3: 710 bp; 4: 280 bp; 5: 14806 1010
bp;7: 1030 bp; 8: 1310 bp; 9: 1020 bp; 10: 11001p 1000 bp; 12: 630 bp. M: 100 bp ladder. Takem
Costa-Riu, N. (2003), unpublished data.

3.4.6 Western blots of PorH g indicate its oligomeric form

PorHc gt is probably too small to account alone for a tragsibrane channel. To check
whether Porld gy« forms oligomers, we performed Western blots witfiedent crude cell
extracts ofC. glutamicum One of them was performed with 2 % LDAO; the oth&o
consisted of extraction of the cells for three Isoeither with 8 M urea or with a 1:2 mixture

of chloroform/methanol (see Material and method&iter extraction according to the
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different methods the cells were centrifuged for hutes at 14 000 rpm, and the
supernatant was subjected to SDS-PAGE followed bgstéfn blot with anti Portdu
antibodies. Figure 7 shows the results of the expets. Lane 1 demonstrates that Rogil
could form oligomers, possibly hexamers and otheis is extracted with the detergent
LDAO and solubilized at room temperature. Interegy, the oligomers seem to resist boiling
for 5 minutes in sample buffer (lane 2, Figure E}traction of the cells with 8 M urea or
organic solvent tends to destroy the oligomers amg monomers or dimers of Poglglu

were detected on the Western blot (see lanes & amrdpectively).

Figure 7. Western Blot analysis of Pogdw.. The

samples were separated on a Tricine containing 1( O/I)(Da 1 2 3 4
SDS-PAGE and blotted onto a nitrocelluloge
membrane. Proteins were visualized using anti-
PorH g« antibodies and a chemoluminescenge 95
reaction. 45
Lane 1: 15 pl supernatant of 2 % LDAO extraction pf
whole cells were solubilized with 5 pl sample buff¢ 35
without mercaptoethanol at room temperature; 25
Lane 2: 15 pl supernatant of 2 % LDAO extraction pf
whole cells were solubilized with 5 pl sample bufi¢ 15
100 °C;

Lane 3: 15 pul supernatant of 8 M urea extractipn 10
treated for 5 min at 100 °C with 5 pl sample byffer
Lane 4: 15 pl of ether precipitated organic solvgnt
extract dissolved in 0.4 % LDAO, 10 mM Tris-HCI
pH 7 treated for 10 min at 100 °C with 5 pl sanipléfer.

3.4.7 Immunological detection of PorA gut, PorHc giut, PorBe giut and PorCe giut

Immunological detection of the different cell wahannels was performed to check if they
were all expressed in the cell wall 6f glutamicum Whole cells, grown in BHI-medium,
were fixed with formaldehyde and incubated withilzodies against Pordyu, PorH gius
PorBc gt and PorG g Then the cells were treated with gold-labeled rfri? diameter) goat
anti rabbit antibodies. Figure 8 shows electronragaphs of cells treated with anti-Perd:
(A), anti- Porkt gt (B), anti- Porg gt (C) and anti- Porgqy: (D) antibodies. The immuno
gold particles were in all cases only visible i tiegion of the envelope @. glutamicum
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cells. The results indicated that the channelsisbéxtheC. glutamicuncell wall. However,
the labeling with immuno gold particles was differéor the different pore-forming proteins.
Whereas PorAgut (A) and Pork gt (B) were well labeled, only a few immuno gold peles
were visible in the case of PafBw (C) and Porggu (B). Possibly, the antigenic
determinants, chosen for the generation of theesponding antibodies, were not well

accessible from the surface of the cells.

Figure 8. Electron micrograph of. glutamicuncells, grown in BHI-medium, fixed with formaldehgdtreated
with anti-PorAc g, (A), anti-Porkt g (B), anti-Porg g, (C) and anti-Porgg, (D) antibodies and then with 12
nm colloidal Gold—-AffiniPure goat Anti-Rabbit IgG@bodies. Original magnification 63 000x.

SDS-PAGE of total cell extracts using organic sotviellowed by immunodecoration with
antibodies against all four channel-forming pratestemonstrated that they all were present in
the cells (see Figure 9). This provides evidenca fRorC g is also expressed ig.
glutamicumbesides the other porins because we could onlw sha previous publication

that the corresponding gene is transcribed (Coatafal.,2003b).
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kDa

55—

Figure 9. Western blot analysis of proteins obtained by
organic solvent extract of whol€. glutamicumcells. 35__
The ether precipitates dissolved in 0.4 % LDAO were
separated on a 10 % Tricin SDS-PAGE and blotted oh a
nitrocellulose membrane. Proteins were visualizeidgu
anti-Porg g« (lane 1) anti-Porgg, (lane 2), anti-
PorAc gut (lane 3) and anti-Port (lane 4) antibodies

10—

and a chemoluminescence reaction.

3.5 Discussion

3.5.1 The cell wall ofC. glutamicum contains another cation-selective channel beside
I:)c’rAC.glut

PorAc gut was the first pore-forming protein from the celhilivof C. glutamicumthat was
investigated in detail (Lichtingeet al., 1998; 2001). It is a small 45 amino acids long
polypeptide forming an oligomeric, cation-selectiigannel of very high ion permeability.
The deletion of PorAgy: allowed the discovery of another cell wall chani®rB g, of
much lower permeability that is anion-selective g@eRiuet al., 2003a; 2003b). This result
indicated that the cell wall d€. glutamicumcontains several types of channels similar to the
situation in the outer membrane of gram-negativadya (Benz, 2001) and also in the gram-
positive Rhodococcus equwhich is likewise a member of the genus myco(&esset al.,
2003). Here we were able to detect in organic sulextracts of whole cells an additional
cation-selective channel in the cell wall ©f glutamicumPorHc gt PorH gt Seems to be
particularly frequent when the cells are cultivatadminimal medium; it has an apparent
molecular mass of 12 kDa on SDS-PAGE and forms&énlipid bilayer assay highly cation-

selective channels with a single-channel conduetawicabout 2.5 nS in 1 M KCI. The
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channel-forming protein was purified to homogenemartial sequencing of the 12 kDa
protein resulted in a stretch of 13 amino acidsjctvhallowed the identification of the
porHe gt gene within the chromosome ©6f glutamicunthat codes for a 57 amino acid long
polypeptide (molecular mass 6.1 kDa) without leaglsjuence at the N-terminus for protein
sorting. This suggests that Peyji:is not transported via theecapparatus out of the cell to
reach the cell wall similar as in the case of RgyiA (Freudl, 1992; Lichtingeet al.,2001).

The existence of two cation-selective channelsigh lpermeability in the cell wall o€.
glutamicumseems to be contradictory. So far the role of Rgrand Pork gt is not clear.
However,E. coli also exhibits two cation-selective porins and ¢Rpression of these major
porins ofE. coliis regulated through the OmpR-EnvZ system (Ryia#tl, 1996; Waltherst

al. 2004). Under high osmotic strength and high tewrpee conditions, OmpC is expressed
and the OmpF expression is repressed whereas lmdesolute concentrations, OmpF is
expressed. OmpF produces a slightly larger chatimet OmpC, thus bigger substrates
diffuse far better through the channel. In consaqaeof the increased production of OmpF
under low-osmolarity condition&. coli will benefit by facilitating the influx of scarce
nutrients (Nikaido, 2003).

The situation inC. glutamicumis somewhat different because Pegd: and PorA gt Seem

to be cotranscribed and coexpressed, which meantghby are coexisting in the cell wall.
This has only qualitative significance. The quanivie ratio of the porins in the cell wall is
not known and may change dependent on unknownatgylmechanisms i€. glutamicum
and growth conditions. It is conceivable, that thenslation of the two porins and their
channel-forming activity is linked to the modifiaat of the proteins. For this we have to keep
in mind that synthetically produced Payfil: possesses only very low pore-forming activity
(see Chapter 4).

3.5.2 TheporHc gyt and porAcgut genes belong to the same putative operon

Interestingly,porHe gt can be found next tporAc g in the C. glutamicumchromosome,

both genes are separated by only 83 bp (see Fyjutde results of the RT-PCR experiments
suggests that they are cotranscribed and the imiogical detection experiments present
evidence, that the proteins are also expressedh&geinother interesting result of the RT-

RCR experiments was, thpdrAc gt andporHc giie could be part of a gene cluster comprising
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13 genes although putative transcriptional ternoirsamay be localized within the cluster (see
Figure 5 and Figure 6). It is possible that thedistalifferent transcripts, one may correspond
to the entire operon, and others related to thst@tucontaining only thgroEL2, porAc gt
and porHcgu genes, terminated at the stem loop structuresreBaret al. (2004)
demonstrated in Northern blot analysis that therst®inC. glutamicumagroEL2 transcript

of 1.8 kb that corresponds to theEL2 open reading frame of 1647 nucleotides. §raEL2
promoter is heat shock inducible because it caimdeced by a temperature shift from 30 °C
to 40 °C (Barreircet al, 2004). This result provides some indicationdapther promoter in
front of the porin genes. This stretch containe agotential ribosome-binding site with the
sequence AGGAG. Further investigation is needetesd which genes of this cluster are
transcribed together into a single mRNA. Northelat Bnalysis with specific probes against
PorAc gt POrHc g QroEL2 and the other gene transcripts of this putativestel could

provide more information about such a possibility.

When the export of Poid e and PorA g to the cell wall is considered, it is possiblettha
similar export mechanism may exist @ glutamicumas has been reported for the ESAT-
6/CFP10 gene families dflycobacterium tuberculosid37Rv (Pymet al, 2003). ESAT-6
and CFP10 are low molecular weight antigens thab dhck signal peptides, but are
transported to the cell surface. The genes encatimd=SAT-6 and CFP10 proteins lie in a
cluster of 12 other genes. Among them are genemgddr different proteins that could be
involved in export, such as putative ABC transpsitéTP-binding proteins, subtilisin-like
membrane-anchored cell-wall-associated serine g@sete and other amino-terminal
membrane-associated proteins. Rstal. (2003) provide evidence that the flanking genes ar
required for the secretion of the antigens. TheogenofM. tuberculosiH37Rv exhibits five
copies of this cluster and this cluster is alsoseoved in other mycobacteria like in the
genome ofCorynebacterium diphteriadt is possible that these membrane associated and
energy-providing proteins may function to secretemers of the ESAT-6/CFP10 protein
families, and the proteases may be involved inptioeession the secreted peptides (Gey van
Pittiuset al, 2001). Lichtingeet al (2001) described a modification for the serinpaition

15 of PorAs giuw, Which could fit in a similar export mechanismn8yetic PorAs gt has almost

no channel-forming activity (Costa-Riet al., 2003a). Interestingly, we found also some
evidence for a modification of Po#i: too. Porkt g Synthesized by solid phase synthesis
shows only low pore-forming activity in black liplailayer experiments (results not shown),

which suggests that the mature protein could beifiadd The possible functional similarity
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of the ESAT-6 gene cluster with the Perid, PorAcqu gene cluster is up to now only
hypothetical, but it cannot be excluded that a lsimivay of protein export may exist. The
putative gene cluster i€. glutamicumconsists of totally 13 genes. Pefg, PorH gus
GroEL2, a putative RNA polymerase sigma factor ampitative aldehyde dehydrogenase are
known from the proteins coded by these genesHeubthers remain still unknown.

3.5.3 Arrangement of Porkt gy in the cell wall

PorHc gt has a rather small molecular mass of about 6 kDelasi to that of Por g or
PorBec gt In general, the molecular masses of corynebattesll wall porins are rather small
as compared to those of Gram-negative bacterighg@owhich range between 30 and 60 kDa
(Benz, 1994; Lichtingeet al, 1998; Costa-Riet al.,2003b). This suggests that the cell wall
channels are formed by oligomers. A possibly hexamferm of Pork gu was found in
Western blot analysis with anti-Pagll.: antibodies (see Figure 7). Secondary structure
predictions for Pordgu: suggest that a stretch of about 42 amino acides@mphipathici-
helices with about 12 windings and a total lendtl6.8 nm (see Figure 10). This should be
sufficient to cross the mycolic acid layer. Theaagement of Porky in the putative
oligomer is such that all hydrophilic amino acide bbcalized on one side of the helix and all
hydrophobic ones on the other side. It is notewpotttiat this agrees nicely with the selectivity
of the channel, because the charged amino acideaatd to the channel lumen (see below).
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Figure 10. Scheme of the Pork« secondary structure. The upper panel shows hydghoindices of the
individual amino acids according to Kyte and Dat#if{1982). The molecule can form, according tcoseary
structure predictionsy-helices with 12 windings corresponding to an oldemgth of 6.3 nm. Amino acid
residues of the heptameric repeats were label#icisequence as a-g. The hydrophobic residues @atetbat
position a, e and d, (presumably oriented towdndsycolic acids; indicated by the oval ring). Hyelrophilic
residues are localized at the positions b, f, ¢ grahd may face the channel lumemsitive residues are

encircled, negative residues are framed.

It is noteworthy that the possibtehelical arrangement of Pogld,: does not agree with the
3D-structure of the cation-selective cell wall chahof M. smegmatiswhich is formed by an
MspA octamer (Falleet al, 2004). MspA monomers (molecular mass of aboukR2@;
Niederweiset al., 1999) contain in the mycolic acid layer spanniragt @3-sheet structure
similar to the structure of Gram-negative bactg@ins (Benz, 2001). On the other hand, the
latter porins form trimers with three individualainels, whereas MspA forms an octamer
with only one central channel. It is possible tthet arrangement of Poggu: has to do with
the thickness of the cell wall and the length o tinycolic acids of different mycolata.
Mycobacteria contain rather long mycolic acids @Dearbon atoms; Minnikin 1987; 1991,
Daffé et al., 1990; Ochi, 1995; Brennan & Nikaido 1995), wherg¢hgy are short in
Corynebacteria (22-38 carbon atoms; Yagtal.; 2000, loneda, 1993). On the other hand, it
is also possible that the arrangement of Rgfidhas to do with its biosynthetic pathway and
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its export to the cell wall. Export and assemblyhaf cell wall channels of Corynebacteria are
not well understood and further investigation @& firoteins are necessary to understand their

structure and function.

3.5.4 Effects of negative point net charges on tlebannel properties of PorH giut

Possible arrangement of Pkl in the cell wall and the data of Table 2 suggest; point
charges influence the conductance of the Rgiidchannel because the single-channel
conductance of Poid, is not a linear function of the bulk aqueous comi@ion. This
means, that the cation specificity of Perd:is caused by negative point charges and not by a
binding site, which has been demonstrated in a eurob studies (Menestrina & Antolini,
1981; Benzet al., 1989; Benz, 1994) including mycobacterial porimsl &orAc g of C.
glutamicum(Trias & Benz, 1993; 1994; Lichtinget al.,1998). A quantitative description of
the effect of point charges on the single-chanr@idoctance may be given with the
considerations of Nelson and McQuarrie (Nelson & QMarrie, 1975), as previously
described (Trias & Benz, 1993; Costa-Riual.,2003b). A best fit of the data of Table 2 was
obtained by assuming that 2 negative point chafges-3.2x10'° A-s) are attached to the
channel mouth and if the channel has a diametabofit 2.2 nm. The results of this fit are

shown in Figure 11.
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Figure 11.Single-channel conductance of Peg; of C. glutamicurras a function the KCl-concentration in the
aqueous phase (full squares). The solid line reptgedbe fit of the single-channel conductance ¢ste Costa-
Riu et al., 2003b for details) assuming the presence of negaibint charges (2.0 negative charges; q = -3.2 x
10"° A s) at the channel mouth on both sides of the bmane and assuming a channel diameter of 2.2 nm
(radius r = 1.1 nm). c, concentration of the KAuson in M (molar); G, average single-channel coctdnce in

nS. The broken (straight) line shows the single-nkhiconductance of Podd.: without the effect of point

charges and corresponds to a linear function betwkannel conductance and bulk aqueous concemtratio

The solid line represents the fit of the singlerotel conductance versus concentration by
using the Nelson and McQuarrie (1975) treatment doed parameters mentioned above

together with a single-channel conductanGg, = 2.3 nS at 1 M salt. The broken line

corresponds to the single-channel conductance eofcell wall channel without point net
charges, i.e. it shows a linear relationship betwd® cation concentration in the aqueous
phase and single-channel conductance.
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CHAPTER 4

Heterologous expression of corynebacterial

channel-forming proteins

4.1 Summary

The cell wall of the Gram-positive bacteriu@orynebacterium glutamicumontains the
cation-selective porins PogRi: and PorH gw as well as the anion-selective channel
PorBc gt for the passage of hydrophilic solutesQnefficienshe Porkt g, homologue porin
PorH: erwas identified and characterized in this work (Ebapter2).

Multiple sequence alignments search within the kmakromosomes of. glutamicumand

C. efficiensdemonstrated that both organisms contain the gEmeRorA, PorH and PorB.
Further search for homologous genes showed, thatctiromosome ofC. glutamicum
contains also another gene for a PorB-like proi&® bp downstream fromorB, this protein

is called Porggqu. The arrangement gforB andporC as well agporA andporH suggested
that both genes belong to the same cluster.

The aim of this work was to establish an heteralsgexpression system for corynebacterial
channel forming proteins. We could demonstrate wattombinant expression experiments in
E. coli that porBcett and porCeef encode for channel forming proteins. They aree lik
PorBec g @nion selective with a similar single-channel ductance of 1 nS in 1 M KCI. A
more precise characterization of the channel fogmpnoperties was not accomplishable
because of the low channel forming activity of theterologous expressed porins. Lipid
bilayer experiments with Pod4.: synthesized by solid phase syntheseye in accordance
with this results, only low channel-forming activiivas observed. It is conjecturable that the
recombinant, and the synthetic porin respectivatg, not right folded, perhaps because of a

missing translational modification, that is not ggeded irkE. col..

77



CHAPTER 4 — Heterologous porin expression

4.2 Introduction

4.2.1 Cell wall channels of mycolic-acid containingctinomycetes

A part of the actinomycetes of particular intenisstalled the mycolata. That is a broad and
diverse group of actinomycetes and encloses, theergeRhodococcus, Gordona,
Tsukamurella, Dietzia, MycobacteriyumNocardia and a part from the genera
Corynebacterium The relationship between these genera is furtstablished by the
chemical analysis of the cell wall and lipid stuwets (Minnikin et al., 1978; Daffé &
Drapper, 1998; Minnikin & Goodfellow, 1980; Minnikiet al, 1984; Sutcliffe, 1997; Puech
et al.,2001).

The mycolic acid layer on the surface of mycola&jaresents a permeability barrier (Jarlier &
Nikaido, 1990, Brennan & Nikaido, 1995) so that evdilled channels will be needed to
allow the permeation of hydrophilic solutes. In egnent with this, channels have been
identified in the cell wall of mycolata. Till presethe channel-forming proteins of the
organisms listed in Table 1 are identified and abtmrized. Among the displayed
microorganisms are ones that cause dangerous iorfedike Mycobacterium tuberculosis
and Corynebacterium diphtheriaand such that are potent producers of amino aoids
industrial scale likeC. glutamicumC. callunaeandC. efficiens M. smegmatiss used as
model-system for the research on pathogenisis loértwlosis. These channels are wide,
water-filled and contain point charges, which resin selectivity of the cell wall channels.
Our observations could mean that cell wall porirgynbe present in all members of the
mycolata. Whereas some cell wall channels have bbaracterised on functional basis by
reconstitution experiments in lipid bilayer memleanrelatively little is known about the

proteins forming the channels.
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G . Point
Selectivity
Cell wall porin; nS , charges Channel
P nS] Pc/Pain g
MW inl at the Diameter Reference
KCI
monomer/oligomer | M channel [nm]
0.05/3 M
KCI mouth
C. glutamicum o
12 Lichtingeret al.,
PorAc gius 5.50 8.10 -2.0 292"
1998
5 kDa/n.d.
C. glutamicum _
1 Costa-Riuet al,
POrBe giut 0,7 0,12 +1.5 1.4
2003b
10 kDa/n.d.
C. glutamicum
Huntenet al.,2005
PorHe gius 2.50 5.10 -2 2.2 _
this work
6 kDa/36 kDa
C. efficiens
Huntenet al.,2005
PorHc et 2.25 0.7 n.d. n.d. .
this work
6 kDa/n.d.
C. callunae
Huntenet al.,2005
PorHe ca; 3.0 7.1 -1.6 2.3 _
this work
6 kDa/n.d.
C. diphteriae .
2.2 1.2 n.d. n.d. unpublished dat
6 kDa/67 kDa
M. chelonae; 2.0t Trias and Benz,
2,7 6.3 -2.5
n.d./59 kD 2.22 1992; 1993
M. smegmatis 1 Trias and Benz,
1.8
MspA; 4.1 9.7 -4.0 , 1994
20 kDa/100 kDa 3.0 Niederweiset al,
1999
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M. bovis BCG
PorAw.bo; 4.30 >1 n.d. n.d.
n.d./100 kDa Lichtingeret al,
10 kDa/60 kDa 0.78 <1 n.d. n.d.
M. phlei 1 .
1.8 Riel3et al.,2001
MppA; 45 14.9 2.2 ,
2.0 Ddrneret al, 2004
22 kDa/135 kDa
N. farcinica; 14 _
3.0 8.2 -1.3 ) Riel3et al.,1998
20 kDa/87 kDa 1.6
N. asteroides 1 )
3.0 20.0 -1.0 1.3 Riel3et al., 1999
n.d./84 kDa
1
N. corynebacteroides 2.0 Riel3 and Benz,
5.50 3.80 2.7 )
23 kDa/134 kDa 29 2000
R. erythropolis; Lichtingeret al.,
yanrop 6.00| 11.80 27 50" J
8 kDa/67 kDa 2001
1
R. equi 4.00 9.0 -1.5 1.8
POrAg i 67 kDa 2.0° RieRet al., 2003
PorBreg 11 kDa 0.30 0.16 +1.5 1_412
T. inchonensis
4.5 4.0 2.2 2.0

33 kDa/n.d.

Dorneret al, 2004

Table 1. Comparison of the channel properties of the cell slzgannels from the mycolata that are known to

date @The channel diameters were estimated from liposowelliag assay. The channel diameters were

1
estimated from the single-channel conductancefasaion of the hydrated ion radior the effect of negative

2
point charges on single-channel conductan(b,econcentration from the beginning and at the endhef

experiment; n.d. not determined.

MspA, found in M. smegmatis(Niederweiset al, 1999), is the best characterized and

analysed outer membrane protein @brynebacterineaeThe protein was cloned and the

mspAgene sequenced. It is encoding a 184 amino adtkiprwith an N-terminal signal

sequence. MALDI mass spectrometry of the purifiedrprevealed a mass of 19 406 Da, in
agreement with the predicted mass of mature Mspiiyed important drugs, isoniazide,
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ethambutol, and pyrazinamide can easily permeaechannel MspA which leads to the
assumption, that porins influence the drug efficiefLambert, 2002). A general cylindrical
shape of MspA was established by electron micros¢Bpgelhardet al, 2002). The atomic
structure of this protein showsfastructure (Falleet al, 2004) that differs completely from
its counterparts in Gram-negative bacteria (Wessal, 1990; Schulz, 2002). The porin
represents a tightly interconnected octamer wightold rotation symmetry. It is described
as a goblet consisting of a thick rim at the togfeam consisting of the wid&barrel, and a
base at the bottom. There is no significant sequesilarity between MspA and other
known porins from differen€orynebacterineae
In the cell wall of the fast growing mycobacteriuM, phlei and in the slow growing
Tsukamurella inchonensishannel forming proteins were isolated and charesgtd with
similar properties to MspA (Rie8t al, 2001; Dorneret al, 2004). The genes of both cell
wall channels were cloned and sequenced. The soatesmhprising result was that the two
genegipA andmppA coding for the cell wall channels were found ®ibentical tomspA of
M. smegmatisThis means that the major cell wall channeT oinchonensigndM. phleiare
identical to MspA, which has previously been idied in M. smegmatigTrias & Benz,
1994; Niederweiset al, 1999). This means that tmespA gene appears to be specific for
mycolata with long mycolic acids as has alreadynbaiscussed by Niederweds al (1999)
and Ries®t al (2001). This has already been suggested by theradition that chromosomal
DNA of other mycolata, such &s inchonensi®r Nocardia farcinicacontains genes that are
very closely related tsmspA of M. smegmatigRiesset al, 2001).
Channel-forming proteins have also been identiiie@. glutamicum(Lichtingeret al,, 1998;
Costa-Riuet al, 2003b),C. efficiensandC. callunae(see Chapter 2). In this case the channel
subunits have a molecular mass of about 5-10 kibdchannel-forming oligomers have been
observed for Porkygy: of C. glutamicum(see Chapter 3). Since these values are unusually
small for a transmembrane channel this argues rfiool@omerisation. The proteins were
cloned and their genes sequenced. The sequendes chtion selective porins Pafhus
PorHc gt and PorH e are not containing any signal peptide that alloles rature proteins
to be exported by the Sec-system. This means teatekport of the proteins over the
cytoplasmic membrane and the insertion in thewall follows an other way as it takes place
in M. smegmatis Whereas the anion selective PggB: protein exhibits an N-terminal
extension of 27 amino acids, and is, as a resxppreed by the Sec system. While sequencing
the Porkgw protein problems in detecting position 15 assumemhly the
phenylthiohydantoin derivate of dehydroalanine @etermined (Lichtingeet al, 2001).
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The knowledge of the primary sequence of Rgjif Pork g, Porktcar and Porkd e
allowed also secondary structure predictions fergioteins (Lichtingeet al, 2001; Chapter
2 and 3). The search far-helical structures and for amphipatifiestrands suggested that
both are possible for PogA. Amino acids 9 to 37 can form a transmembranex hatid
amino acids 8 to 15 and 27 to 35 can form amphipgHstrands. But they are probably not
long enough to cross the mycolic acid layelCofglutamicum because its thickness is 6.2 +
1.7 nm according to electron microscopy analysisriphfeldet al, 1997). So far it is not
known how many Pordg,: monomers are needed to form a cylinder with anricimeter
of 2.2 nm (Lichtingeet al, 1998), but in correlation to Gram-negative baatgorins about
16 monomers would be sufficient to form such a dehnSecondary structure predictions for
PorHc gut, PorHcan and Porkd e suggest that part of the proteins forms amphipathic
helices with a length sufficient to cross the mycakid layer (see Chapter 2 and 3).

PorAc g, PorHe giie and PorB g, from C. glutamicumshow no homology to the first cloned
mycobacterial cell wall channel OmpATDb frdvh tuberculosigSenaratnet al, 1998) or the
subunit MspA of the cell wall channel froM. smegmatigNiederweiset al, 1999). There
the cell wall channel proteins have considerablyhbr molecular masses than Peg:
PorH giit and PorB g Furthermore, also no homology exists to the phdmino acid
sequence of the subunit of the cell wall channdRoérythropolis(Lichtingeret al, 2000),
although this protein has a similarly small molecuhass as PogAy,: and the thickness of
the mycolic acid layers of both bacteria are aksysimilar as judged from the length of their
mycolic acids.

Multiple sequence alignments search within the km@hromosomes of. glutamicumand
C. efficiensdemonstrated that both organisms contain the giEmeBorA, PorH and PorB.
Further search for homologous genes showed thatckitlemosome ofC. glutamicum
contained also another gene for a Rojiilike protein 138 bp downstream froporB, this
protein is called Por&yu: (see Figure 2; Costa-Ret al, 2003b). The arrangement pdrB
andporC as well agporA andporH suggested that both genes belong to the samerclush

alignment of the genes is shown in Figure 1 and 2.

C. glut. TTTCTTTG CTGGTCCTCT CAAGGAGATT TCTCATGGAT CTTTCCCTTC TCAAG
C eff. CTTATTTG CTGGTCCTCT CTAGGAGATT TCTCATGGAT CTTTCCCTTC TCAAG
C. glut. GAAACCCTCG GCAACTACGA GACCTTCGGT GGCAACATCG GTACCCGCTCT TCAGA
C eff. GACTCCCTGIT CCGACTTCGC TACCCTCGEC AAGAACCTGG GACCTGCTCT CCAGG
C. glut. GCATCCCAAC CCTGCTCGAT TCCATCCTTA ACTTCTTCGA CAACTTCGGA GATCT
C eff. GCATCCCGAC CCTGCTGAAC AGCATCATCG CCTTCTTCCA GAACTTCGGT GACCT
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glut. CGCTGACACC ACCGGCGAGA ATCTGGATAA CTTCTCTTCC TAAGAGAAAT CCGAT
eff. CGCTGAGACC ACCGGCGACG CTGCTGGCAA CCTGICCTCT TAA----TCC CCATT

glut. TTGGCTGATT GCCTAAAATC CACAGCCTTC CCCCTTCCCC CTCATCTCAA CTCTT
eff. CTTGCTCCTA GGGGATAAAC CTAGAAGCTG AGATTCCAAA CTTTTTCTTA ATCTC

C.

C.

C.

C.

C. glut. AATAGGAGAA TTT

C eff. TGAAGGAGAA CAT

C.glut.

C eff.

C.glut. TTAACT TCGCC
C eff. TTCCCA CCACG
C.
C.

glut. CACGGGCAAA
eff. CTCCGGCGTA

Figure 1. Alignment of theporH (shown in yellow) angborA (shown in green) gene cluster ©f glutamicum
(NCBI Reference Sequence accession number NC_003d§ion 2887853-2888368) arzl efficiens(NCBI
Reference Sequence accession number NC_004368n 2R 7449-2727840). The NCBI accession numbers of
the protein genes arporAc giye: AJ238703;p0rHc giue.: AJ871585p0rAc et is UP to now not listedporHce ef:
AJ871586; Homologues are shown in red.

C.glut. GTGAGTTATT CATATTACCC AAGGACTTAA ACCTTAA- - - AAGGAGCCCT AAAAA
C eff. CGCAGTCATC CAGCCAACCA TCCACCTGGA ACCACTACCG AAGGAGCCC- CTCCA
C. gl ut T

C. eff. T

C.glut.

C eff.

C. gl ut

C eff.

C.glut.

C eff.

C. gl ut

C eff

C. gl ut

C eff.

C.glut.

C eff.

C. gl ut AGGTTG --- --------- G GGGGTAACCC CAAA-
C eff. C TGGAAGCGAT GAGGAGGGEGG GGGATCACCC CCTCC
C. glut. - - AATCACTT AAGTCACAAC AGTCACATAA ATCACTTCAG TAACGTATGA TTTTG
C eff. CCAGTCGAAT GA- TCACAAA CGCCACACCA GICACATCAA TAACATATGA TGT- -
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C.glut.
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Figure 2. Alignment of theporB (shown in blue) anghorC (shown in grey) gene cluster &f glutamicum
(NCBI Reference Sequence accession number NC_003d§i0n 1032726-1033619) aril efficiens(NCBI
Reference Sequence accession number NC_004366n rH399197-1100062). The NCBI accession numbers of
the protein genes arporBc gu.: BK001251;p0rCe giu: BKO01268;p0rBc et : AJ555471p0rCe i : AJ555472;
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GACTGTTGIG GCTTTTGCCA T-------- A
CGCGEGTIGIG GCGITGGTCA TCCACCGECA

CTCTTAAGGA AACCC- ATGA AGAAACTACG
CAATCAAGGA CACCCCATGA ACCTCCGICG

GIT- - - GCCC TGACTGCGAG CCTTACCCC-
GICATGECCC TCACCGCCAC CATCGCGCCT

----- GATTT CAACCAAATC ATCGACAACT
TCAGCGGCAT CAACAACCTC ATCGACACCT

TATCTACACC ACCGGECCTGG CTCACGAGAA
CCTGACCCAG ACCGGTCTGG TCACCCCGGA

AATCTGCGCCA ACTCCGCAGC TGICGGCCAA
ACTCTGCCGA CCACCGCCAA CCTCGGTGAG

CTACCGGCTA CTCCGAGCGC ATCGCTAACC
GITCCGCCTA CGCAGGACGC ATCGCAGACC

GGAAGATCCA - - - CAGGACT TCCTCTCCCA
GCCAGACCCG GAGCAGGACA TCCTCACCCA

TCTTCTTCCT TCTTCACTGC TTAGTTTCTC
ICCIC----- - CTAAGC- GC ACCGACACCC

Homologues are shown in red.

The aim of this work was to establish an heteral@gexpression system for corynebacterial
channel forming proteins. It would provide the ogipoity to investigate the channel forming
properties of the up to now only hypothetical psriforAc e, POrBcer, PorG e from C.
efficiensand PorG g« from C. glutamicum On the basis of the homologies, identifiable in
Figure 1 and 2, it may be expected that the hom@agenes of th€. glutamicunporins vote
also for pore-forming proteins i€. efficiens Furthermore structural analyses would be

possible by the construction and expression oftpoutants, or if high amounts of the porins

are producible, by X-ray structure analysis.

84

TTTATTTCAT TTCCATCTCA GTGAT
CCCCACGCAA CCCCGACCCG TCAAA

TTTCGCCACC ATCGCTGCCG CTACC
CACCCTCGCT GICGCCGCCG CCTCC

------- CTC AGCTTCCGCA CAG -
GCGCAGGCTC AGAATGOGGA CATCG

TTGATTGCGG CATCCTTCAG ACCGC
TCGACTGCGA TCTTCTTCGC ACCGCG

CTCCACTCGC TCAGAGCTCG CCGCT
GACCACCCGC TCCGAGCTCG CCGCC

CTAGACTTCC CATTGAATAT CCGCGG
ATCGACGITG CCTTCGCCTT CGIGG

GCGCACTGAC CTGCGGAATC GTGAA
GCGCGCAGAC CTGIGGGATC GTCCA
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GCTGCAGAAC CTCTCCAGCA ACCTG

TTGGEECTTTT CCTTGAGCCC ACAGC
G- --GCCTTT CATTAA- CCC AGAGA



CHAPTER 4 — Heterologous porin expression

4.3 Materials and methods

4.3.1 Bacterial strains and growth conditions

E. coli Top 10F (Invitrogen, Karlsruhe, Germany) weredufa all cloning experiments. For
expression of the recombinant poriis coli BL21(DE3)Omp8 andE. coli ToplOF
(Invitrogen, Karlsruhe, Germany) cells were useldese strains were routinely grown in LB

(Luria Bertani) medium at 37 °C. Ampicillin was asehen required at a concentration of 25

pg/mi.

4.3.2 Construction of the expression vector

The porin gene sequences were obtained by polymerhain reaction (PCR) with the
corresponding primers (see Table 2) using a preafling polymerase, Easy-A (Stratagene,
Heidelberg, Germany). The assembling reaction veased out in a volume of 50 pl using
the following temperature profile: 3 minutes demation at 95 °C followed by 35 cycles 1
minute 95 °C, 1 minute annealing a P minutes elongation at 68 °C completed with 10
minutes extension at 68 °C. The annealing tempexdtus different for each primer-couple.

Position in the C. efficiens Sequence
Oligonucleotide and C. glutamicum 5. 9 3
genome respectively
ATGGAAAGCATCACTGACTTCCTGGC
PorAc e - fwd 2727543-2727578 CAACGTTTCC
POrAc of - rev 2797441-2727470 TTAGCCCAGGAgg:gGAGCAGCTTGC;
GTGTCATCCTCAGATGAACTGTCTGA
PorBe ef - fwd 1100006-1100038 CCGTTTC
POrBe o - reV 1099739-1099766 TTAGGAGGAAAG((:SSCTGCGAAGAAGT
POrGe of - fvd 1099472-1099501 CAGAATGCGGAC?AA;'SGTCAGCGGCAT
POrGe et - rev 1099202-1099232 TTAGGAGGACAGGTTGCTGGAGAGGT
TCTGC
PorHc ef - fwd 2727806-2727829 ATGGATCTTTCCCTTCTCAAGGAC
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PorH et - rev

2727656-2727679

TTAAGAGGACAGGTTGCCAGCAG(C

TCCGACTTCGCAAACCTATCCTCCACA

PorBe giut - fwd 1033536-1033565 AAC
TTAGGAAGAGAAGTTGGAGGACAGCT

PorBc gut - rev 1033266-1033303 CAGAAAGGTAGG

PorCe giut - fwd 1033030-1033050 CAGGATTTCAACCAAATCATC

PorCe giut - rev 1032757-1032779 CTAAGCAGTGAAGAAGGAAGAAG

PorHc gt - fwd 2888315-2888336 ATGGATCTTTCCCTTCTCAAGG

PorH gt - rev

2888163-2888184 TTAGGAAGAGAAGTTATCCAGA

Table 2. Sequences of the 7 couples of primers used foanh@ification of the porin gengsorA, porB, porC
andporH from C. glutamicunandC. efficiens

Two different plasmids were used for the followinbpning of the genes. First the PCR

products were cloned with the TOPO TA Clorfinit into the pCR2.1 vector (Invitrogen,

Karlsruhe, Germany). Then these plasmids were asedtemplate for a second PCR with the

following primers (see Table 3).

. . Sequence
Oligonucleotide
5'- -3
PorAc e - fwd + GCTGGAATGGATCCTTATGGAAAGCATCACTGACTTCCTG
BanH1 GCCAACG

PorAcefi - rev +

GATATCTGCAGAA TTCGCCCTTTTAGCCCAGGAGG

EcoR1
PorBeet -fwd + GCTGGAATGGATCCTTGTGTCATCCTCAGATGAACTGTCT]
BamH1 GACCG

PorBcesi - rev +

GATATCTGCAGAATTCGCCCTTTTAGGAGGAAAGGC

EcaR1
PorCeer -fwd + GCTGGAATGGATCCTTCAGAATGCGGACATCGTCAGCGG
BanmH1 CATC
PorCeefi- rev +
EcoR1 GATATCTGCAGAATTCGCCCTTTTAGGAGGACAGGTTGC
PorHc e - fwd + GCTGGAATGGATCCTTATGGATCTTTCCCTTCTCAAGGAC
BanmH1 TCCCTG
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PorH et - rev +
GATATCTGCAGAATTCGCCCTTTTAAGAGGACAGGTTG

EcoR1
PorBc gut- fwd + | GCTGGAATGGATCCTTTCCGACTTCGCAAACCTATCCTCC
BanH1 ACCAAC
PorBc giut - rev +
EcR1 GATATCTGCAGAATTCGCCCTTTTAGGAAGAGAAGTTGG
PorG gut- fwd + | GCTGGAATGGATCCTTCAGGATTTCAACCAAATCATCGAC
BantH1 AAC

PorCe giut - rev +
GATATCTGCAGAATTCGCCCTTCTAAGCAGTGAAG

EcoR1

PorHe giut - fwd + GCTGGAATGGATCCTTATGGATCTTTCCCTTCTCAAGGAA
BamH1 AC

PorH gut-rev + | GATATCTGCAGAATTCGCCCTTTTAGGAAGAGAAGTTATC
EcoR1 C

Table 3. Sequences of the 7 couples of primers used foartigification of the porin geng®rA, porB, porC
andporH from C. glutamicumandC. efficienswith restriction sites (bold letters).

The primers provid&anH| and Ecarl cloning sites (italic) for cloning the PCR pradsi in
frame with the glutathioné&-transferasg GST) of the pGEX-3X (Amersham Pharmacia
Biosciences, Freiburg, Germany) expression vector.

With the pGEX-3X vector, fusion proteins of the BBa glutathione S-transferase and the
respective porin are produced. The expression demoontrol of theac promoter, which is
induced by isopropyB-D thiogalactoside (IPTG). In addition an interdatl® gene is
engineered which encodes for a repressor proteinbinds to the operator region of ttae
promoter, preventing expression until inductionIBYG. The vector encodes a recognition
sequence for a specific protease, Factor Xa (AmaensRharmacia Biosciences, Freiburg,
Germany), that allows the removal of the affinags$ from the synthesized proteins.

After digesting the PCR fragments and the pGEX-3Xtor with the restriction enzymes
BanHI and EcdRl, the porin genes were ligated with TADNA ligg#4Bl Fermentas, St.
Leon-Roth, Germany) at 16 °C overnight into therespion vector. The obtained product
was transformed ik. coli Top 10F cells and plated on LB agar plates caonmai ampicillin

at a concentration of 25 pg/ml. Some of the growlories were picked, grown in LB

87



CHAPTER 4 — Heterologous porin expression

medium and the plasmid was isolated (Miniprep Kdiagen, Hilden, Germany). The

presence of corregtserts was confirmed by sequence analysis (SeGatingen, Germany).

Factor Xa
lle Glu Gly Arg! Gly lle Pro Gly Asn Ser Ser

ATC GAA GGT CGT GGG ATC CCC GGG AAT TCATCG TGACTG ACT GAC

BamH | g ECORI Stop codons

1 Tth111 |
A

pSj10ABam7Stop7
Pst |

pGEX

~4900 bp

BStE Il pBR322
® Miu | ori

Figure 3. pGEX-3X expression vector (Amersham Pharmacia Bioses, Freiburg, Germany). The fusion-
proteins are transcribed from ttec promoter under control of tHac operator. Theacl gene encodes for the
lactose repressor. The vector offers resistanaenacillin.

4.3.3 Porin-expression irk. coli

E. coli BL21(DE3)Omp8 and. coli Topl10F' (Invitrogen, Karlsruhe, Germany) cells wer
transformed with the expression vector pGEX-3X +impaand grown in LB medium
containing ampicillin at a concentration of 25 pb/At ODgoo of 0.8 the cells were induced
with a final concentration of 0.1 mM isopro/D-thiogalactoside (IPTG). At different times
samples were withdrawn from the culture. After girgyvovernight at 30 °C the cells were
harvested by centrifugation (6,000 rpm for 15 minBeckman J2-21M/E centrifuge) and
washed twice in 10 mM Tris-HCI (pH 8.0). The cedllipt was resuspended in 5 ml 10 mM
Tris pH 8 and passed three times through a Frenesspre cell at 900 psi. Unbroken cells
were removed by centrifugation at 12,000 rpm fomiiButes. The supernatant contained the
expressed GST-fusion protein.
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4.3.4 Purification and cleavage of the GST-fusionrptein

Two different purification methods were used toantthe fusion protein. Either the GST-
fusion protein containing supernatant was appliedfast protein liquid chromatography
(FPLC) for loading onto a 1 ml GSTrap FF (AmershBhmarmacia Biosciences, Freiburg,
Germany) column, or the fusion protein was cleamgdbatch purification with Glutathione
Sepharose 4B (Amersham Pharmacia Biosciences,ufrgeiBermany). The following buffers
were used for both methods:

e Binding buffer: 1 x PBS (140 mM NaCl, 2.7 mM KCIQ) InM NaHPQO,, 1.8 mM

KH,POy, pH 7.3)
e Elution buffer: 50 mM Tris HCL, 10 mM reduced glathione, pH 8

For column purification the following procedure wagplied: The column was equilibrated
with five column volumes of binding buffer, then ral of the centrifuged supernatant
(resulting from 200 ml cell culture) was loaded.xNéhe column was washed with binding
buffer until no protein appeared in the flow-thrbugnd finally the bound fusion protein was
eluted with 5-10 volumes of elution buffer. Thectrans containing the fusion protein were
afterwards enzymatically cleaved with factor Xatpese, to remove the GST carrier protein

from the fusion protein.

The following protocol was used for the batch paafion: 1.5 ml of the Glutathione
Sepharose medium was prepared by washing it 3 timis binding buffer. Then 10 ml
supernatant (resulting from 200 ml cell cultureyevadded and incubated gently shaking 30
minutes at room temperature. The medium was waabaih 5 times using binding buffer (1
% Genapol added), the supernatant was discardedrobeed, the GST carrier protein must
be removed from the fusion protein by enzymatiaeége with factor Xa. The sepharose was
washed before with factor Xa cleavage buffer (50 Mkt HCL, 150 mM NaCl, 1 mM
CaChb, pH 7.5), and then incubated for 2 hours at roemperature with 4 pl factor Xa
protease added to 200 pl cleavage buffer. Theiprofanterest was found in the supernatant
together with factor Xa. 20 pl of the supernatamrevcharged with loading buffer and
incubated 5 minutes at 100 °C before gel electrogsis.
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Preparative SDS-PAGE was used for separation ofeipgessed porins, the GST-carrier

protein and the factor Xa protease.

4.3.5 SDS-PAGE

SDS-PAGE was performed with tricine containing géshagger & von Jagow, 1987). The
gels were stained with Coomassie brilliant blueuingf et al, 1988) or silver (Blunet al,
1987). Before separation, the samples were albatmd for 5 minutes at 100 °C with loading
buffer.

4.3.6 Immunological techniques

Western blots of the expressed protein sampleggu$ia Anti GST antibody (Amersham
Pharmacia Biosciences, Freiburg, Germany) wereopedd following standard procedures
(Towbin et al, 1979). The blotting time was 5 minutes at 350 miAe ECL Western
Detection kit (Amersham Pharmacia Biotech, Freib@grmany) was used to detect binding
of the antibody according to the instructions & thanufacturer. The exposure time was 10
seconds.

4.3.7 Lipid bilayer experiments

The methods used for black lipid bilayer experirsdrave been described previously (Behz
al., 1978; Benz, 2003). The experimental set up stewiof a Teflon cell with two water-
filled compartments connected by a small circulalehThe hole had an area of about 0.4
mmz. Membranes were formed across the hole using a kofgtion of diphytanoyl
phosphatidylcholine (PC; Avanti Polar Lipids, Alaler, Ala.) dissolved im-decane. The
temperature was maintained at 20 during all experiments. All salts were obtaineoinf
Merck (Darmstadt, Germany, analytical grade). Thayre used unbuffered. The electrical
measurements were performed using Ag/AgCl electrqedth salt bridges) connected in
series to a voltage source and a home-made cuoemitage converter made with a Burr
Brown operational amplifier. The amplified signaasvmonitored on a storage oscilloscope
(Tektronix 7633) and recorded on a strip charbpetrecorder.
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4.3.8 Cell wall protein extraction ofC. efficiens

For the preparation of cell wall extracts frdn efficiensa method was used that has been
previously devised for isolation and purificatiohRorAc g, 0f C. glutamicum(Lichtinger et

al., 1999). This method uses the extraction of wholks egth organic solvents or detergents
and avoids the substantial loss of material cabgeslicrose density centrifugation of the cell
envelope to separate the cytoplasmic membranetteroell wall fraction. For this extraction
200 ml cell suspension was washed twice in 10 mi-HCI (pH 8). The final pellet (5 ml)
was extracted with a 1:2 mixture of chloroform:naatbl in a proportion of 1 part cells and 5
to 8 parts chloroform/methanol. The duration of #draction was about 3 h at room
temperature under stirring in a closed tube toichvoss of chloroform. Cells and
chloroform/methanol solution were centrifuged fds minutes (10,000 rpm in Beckman
LH20). The pellet (cells) was discarded. The sugtmt contained the channel-forming
activity. It was mixed in a ratio of 1 part supeara to 9 parts ether and was kept over night
at -20 °C. The precipitated protein was dissolved solution containing 0.4 % LDAO and 10
mM Tris-HCI (pH 8) and inspected for channel-forgniactivity.

4.3.9 Preparation of syntheticC. glutamicum PorH for the lipid bilayer assay

The PorH peptide of. glutamicumsynthesized by solid phase synthes#s produced by
Prof. Dr. Palm (Rudolf-Virchow-Zentrum, Wirzburg,efnany). For the lipid bilayer
experiments, the peptide was treated in differemtddions to allow the right folding of the
protein and obtain channel forming. 1 mg was resnded in:

* 1M NaCl, 10 mM Tris and 0.4 % LDAO

e 1 M NaCl, 10 mM Tris, 1 % mycolic acids fromMycobacterium tuberculosiSigma

Aldrich, Steinheim, Germany) and 0.4 % LDAO
* 1M NaCl, 10 mM Tris and 0.4 % LDAO, incubated 8t°€ for 5 min

and stored at 4 °C over night before the measurenen
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4.4 Results

4.4.1 Constructed expression vectors

Figure 4 displays the pGEX-3X expression vectohuwlite inserted porin gene. The following

porin genes have been cloned and transformef.ioli BL21(DE3)Omp8 andE. coli
ToplOF’ cells:

e C. glutamicum: pGEX-3X +porH
pGEX-3X +porB
pGEX-3X +porC

» C.éfficiens: pGEX-3X +porA
pGEX-3X +porH
pGEX-3X +porB
pPGEX-3X +porC

glutathione S-transfergse

lac I

1 BarmHI 9347

porin gene
PGER-3X cloning
vector, complete
SEQUENCE. EcoRl 12484
2
5 256kb
r
Amp

Figure 4. Map of glutathione S-transferase fusion vector p&xXshowing the main features and the inserted
porin gene.
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4.4.2 Expression analysis ift. coli

To express the porins fro@. glutamicumandC. efficiensin E. coli the porin genes without
signal sequence were cloned into the pGEX-3X eswasvector. In order to see whether the
porin expression took plac& .coli BL21(DE3)Omp8 ancE. coli ToplOF' (Invitrogen,
Karlsruhe, Germany) cells containing the plasmidenaduced with 0.1 mM IPTG at QB

of 0.8 and harvested after growth over night at@G0In Figure 5 the expression of Pey
(A) and PorG gt (B) in E. coli ToplOF’ is demonstrated, the expression patterthebther
porins look similar (data not shown). To achiewaikir amounts of protein, the cells were
diluted with loading buffer, depending on the reat©Dyoo and incubated at 100 °C for 5
minutesto be analyzed by SDS page.

A M 1 2 3 4 5 B
kDa : 3 ; e kDa
99 & 99
66 "
45 45
30
30
20.1
20.1
14.4 ‘
“3 144

Figure 5. Tricine SDS PAGE demonstrating the expressionawHP e andPorCe g, in E. coli Top10F'. (A) 12
% Tricine SDS PAGE; Vector pGEX-3X porHc e growth at 37 °C. Lane M: molecular mass marker;eLan
before induction; Lane 2: after 2 hours inductionn&a3: after 3 hours induction; Lane 4: after 4 hours
induction; Lane 5: after 5 hours induction; (B) 10M%cine SDS PAGE; Vector pGEX-3X porCe g1« Lane M:
molecular mass marker; Lane 1: before induction; LZneduction over night at 30 °C. The gels arénstd

with Comassie blue G 250. Similar amounts of prote¢re loaded in all lanes.

The expected molecular weight for the fusion prigeare about 32 kDa for PorH-GST and
about 36 kDa for the PorC-GST protein, this valbesome apparent in Figure 5.
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4.4.3 Purification and cleavage of the GST-fusionrptein

The method of fast protein liquid chromatographyPi(E) was applied first for the

purification of the fusion proteins. The cells wedésrupted by french press and the
supernatant after centrifugation was loaded ontonad GSTrap FF (Amersham Biosciences,
Freiburg, Germany) column. The fractions containihg fusion protein were likewise

analysed by SDS PAGE, the results are demonstiratéidure 6.

A B
kba m 1 2 3 4 kDa M 1 2 3 4
99 —
66
45 .. 45 g - -
% 30 4 4. g s
20-1 201 :
14.4 S
14.4 8
C D
kba M 1 2 3 4 kDa M 1 2 3 4
2 4 9 =
o8 66 i !
45 .
30 -
L & A v W . o
20.1 - - -
3 201
14.4‘ ,
3 14.4 .

Figure 6. Tricine SDS PAGE illustrating the expression of Pi#\ POrE: ¢t Port o and PorAs g, in E. coli
ToplOF cells (exept C, in this experimédnt coli BL21(DE3)Omp8 cells were used) after FPLC purifiati
with a 1 ml GSTrap FF column. To 15 pl of the fraci@ontaining the fusion protein 5ul loading buffesre
added, incubated 5 min at 100 °C. (A) 10 % Tricii@SSPAGE; Vector pGEX-3X #porAc.s Lane M:
molecular mass marker; Lanel: flow through; Lane8,2nd 4: fractions containing PorA + GST; (B) 10 %
Tricine SDS PAGE; Vector pGEX-3X porBe o+ Lane M: molecular mass marker; Lane 1: flow thrqugines

2, 3, and 4: fractions containing Per& + GST; (C) 12 % Tricine SDS PAGE; Vector pGEX-3XerHc e

Lane M: molecular mass marker; Lane 4: flow througimes 1, 2, and 3: fractions containing Pggit+ GST;
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(D) 10 % Tricine SDS PAGE; Vector pGEX-3XporHc gu» Lane M: molecular mass marker; Lane 1: flow
through; Lanes 2, 3, and 4: fractions containingH2gk: + GST; The gels are stained with Comassie blue G
250.

The presence of the expressed fusion proteinadilyedentifiable. The molecular weight of
the PorA- and PorH-GST fusion proteins is less thanPorB- and PorC—GST proteins, this
is cognizable in Figure 6.

To remove the glutathione S-transferase the veetmodes a recognition sequence for a
specific protease, Factor Xa, that allows the reaho¥ the affinity tags from the synthesized
proteins. Hence the FPLC fractions containing tiedn protein were cleaved with Factor Xa
protease, shown in Figure 7 for Perddand Porkt gu. The expression was performed with

coli Top1O0F’ cells, and after disrupting the cells whle French pressure cell, the supernatant
was subjected to FPLC using a 1 ml GSTrap FF coluph Factor Xa was added to 100ul

FPLC fraction and incubated at 37 °C for 5.3 hamnd over night.
3 4

-

kDa

M 1 2
Figure 7. 10 % Tricine SDS PAGE displaying th¢
cleavage with Factor Xa. Lane M: molecular maks 26.6
marker; Lane 1: GST-Pog{; digested 5.3 hours 17
—

at 37°C; Lane 2: GST—PogHrdigested over night 14.2
at 37 °C; Lane 3: GST-PogHj, digested 5.3 6.5
hours at 37 °C; Lane 4: GST-Perii,: digested
over night at 37 °C.

3.5

If large amounts of Factor Xa protease are used,b@nds appear on the gel, at 17-20 kDa
and 28-30 kDa, these can be observed in Figuree3idB these two bands the GST-fusion
protein with about 32 kDa and the 26 kDa glutateid®transferase can be found. The
cleaved PorH porins are localized around 6 kDajtaddl bands result from unspecific
cleavage. Similar cleaving results were obtaineth wsST-PorB and GST-PorC fusion
proteins.

In Figure 8 the purification and cleavage using tetch method is showrk. coli

BL21(DE3)Omp8 cells have been used for the expsasshfter disrupting the cells, the
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supernatant was purified as described (see Matmimethods). The SDS-PAGE in Figure
8 represents the cleavage of Geefficiengporins PorB efand PorG s

Figure 8. 12 % Tricine SDS PAGE

representing the recombinaakpressedC. kDa

efficiensporins PorB ¢ and PorG e Lane
M: molecular mass marker; Lane 1: Factor
Xa protease 0.4 units; Lane 2: PedB 26.6
cleaved over night at room temperaturg; 17
Lane 3: first washing step of the sepharoge 14,2

with PBS; Lane 4: Por&s cleaved over
6.5

—

night at room temperature; Lane 5: firg
washing step of the sepharose with PBS;
Lane 6: control,E. coli BL21(DE3)Omp8
cells without expression vector, treated like

transformed cells.

The bands deriving from Factor Xa protease arerlgledservable in lane 1 of Figure 8.
These bands must be substrated in the followingslamo recognise the clean purified

recombinanC. efficiengoorins PorB eand PorG s

4.4.4 Western blot experiments

The GST-fusion proteins were recognized in Weshtoh-experiments using Anti-GST HRP
Conjugate (Amersham Biosciences, Freiburg, Germamay)d visualized using a
chemoluminescence reaction (ECLplus detection sysfemersham Biosciences, Freiburg,
Germany). In the following Western-blot (see Fig@ethe detection of the glutathione S-
transferase tagged porins is visible.
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Figure 9. Western-blot of wholeE. coli

ToplOF' cells after 5 hours induction 1 2 3 4
transformed with: J

Lane 1: pGEX-3X HorAc«x; Lane 2: pGEX- h

3X + porBees Lane 3: pGEX-3X +porCe.f o= n

Lane 4: pGEX-3X 4porHc ¢ 10 % Tricine SDS — ::

PAGE, blotted onto a nitrocellulose membran
Anti-GST HRP Conjugate concentration 1:500(.

In all lanes similar amounts of protein we

)

(D

loaded.

In previous studies we have demonstrated that fmigt anti-PorB g, antibodies bound
highly specific to PorBgu: (see Chapter 3). In this study we checked if agaalvent cell
wall extract of C. efficiens contains protein that cross-reacts with the aotBR gu
antibodies, to do the same experiment with the mbooant expressed Paglkk from C.
efficiens The results are shown in Figure 10, both, thieveall extracts ofC. efficiensand the
recombinant expressed Per& from C. efficiensshows cross-reactivity with the anti-

PorBc gt antibodies.

Figure 10. Western blot of organic solvent extract Gf 1 2
efficiensand recombinant PoRBs+

Lane 1: PorB.s isolated fromE. coli BL21(DE3)Omp8 +
PGEX-3X + porBces; Lane 2: organic solvent extract 6f
efficiens 10 % Tricine SDS PAGE blotted onto r— -
nitrocellulose membrane, anti-P@f,; antibody concen- ‘
tration 1:200.

4.4.5 Single-channel experiments

Single-channel experiments have been performed thighrecombinant expressed porins.
After purification and cleavage of the GST-fusiawteins, preparative SDS-PAGE was used
for separation the GST-carrier protein, the fa¢tarprotease and the expressed porins. 1 %

genapol was added to allow the refolding of thegins and to keep them soluble.
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Expression experiments with. coli Top10F’ cells resulted in channel forming actiyibut
most of the observed channels resulted fEancoli membrane proteins. This was verified in
control experiments done with B coli BL21(DE3)Omp8 andk. coli Top10F’ cells without
the expression plasmids. The cells were passedghra French pressure cell, 1 % genapol
was added to the supernatant and subjected to Hifgdkbilayer experiments. The most
frequent observed single-channel conductance wast &8 nS folE. coli Top10F’ cells and

2 nS forE. coli BL21(DE3)Omp8 cells. These pore-forming activifyko coli Top10F’ cells
overlaied the channel-forming of the expressednsoB. coli BL21(DE3)Omp8 cells, which
lack all major porins, exhibited less activity ipitl bilayer experiments and were therefore
used for the following expression.

Channels deviating from the control experimentsehé&een observed for ParB: and
PorCe e expressed irfe. coli BL21(DE3)Omp8 cells. For Poddu, PorCe g, PorAc e and
PorH: eno single-channel conductance could be determined.

Figure 11 shows a single-channel recording of R@#B expressed inE. coli
BL21(DE3)Omp8 cells, added to a black membranedaracentration of about 10 ng/ml. The
single-channel recording demonstrates that theprédrmed defined channels.

1nS

30 sec

Figure  11. Single-channel recording of a  diphytano
phosphatidylcholine/n-decane membrane in the poesexf 20 ng/ml
expressed cell wall protein ParB: The aqueous phase contained 1 M

KCI. The applied membrane potential was 20 mV; T°Q0

The average single-channel conductance of moshefchannels formed by the cell wall
protein was 1 nS in 1 M KCI. Only a minor fractiohchannels with other conductance was

observed (see Figure 12).
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P (G)

0.5 1 1.5 2 25 3 3.5 4 4.5

Single Channel Conductance [nS]

Figure 12. Histogram of the occurrence probability of certamnductivity units observed with membranes
formed of PC dissolved in n-decane in the presef@d ng/ml of the recombinant cell wall proteinrBges:
P(G) is the probability that a given conductana@ement G is observed in the single-channel exparis It
was calculated by dividing the number of fluctuaiavith a given conductance increment by the tatahber of
conductance fluctuations. The aqueous phase centdirM KCI. The applied membrane potential was 20 mV

T: 20 °C. The average single-channel conductancelwé&sfor 149 single-channel events.

It is important that the channels formed by theorelinant expressed cell wall protein
PorBceif had a long lifetime similar to those that have bdetected previously for cell wall
proteins (porins) oC. glutamicum(Lichtingeret al., 1998),Mycobacterium chelona@rias

& Benz, 1993) and/. smegmati§Trias & Benz, 1994). All these proteins formed mhels in
lipid bilayer membranes with a long lifetime at dhteansmembrane potential (mean lifetime
at least 5 minutes).

Single-channel experiments were therefore performil salts other than KCI to obtain
some information on the selectivity of the chanrietsned by the recombinant expressed cell
wall protein PorB ¢ of C. efficiens Measurements with 1 M LiCl and 1 M KGEOO have
been performed, the results are summarized in #able
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Table 4. Average single-channel conductance, G| of Single-channel

o . Salt
PorB. ¢ in different salt solutionsThe membranes conductance G[nS]

were formed of PC dissolved in n-decane. The

1 M KCI 1
aqueous solutions of KCI and LiCl were unbuffergd
and had a pH of 6, the KGHOO solution was 1M LiCl 1
adjusted to pH 7. The applied voltage was 20 mV, 1M KCH3;COO 0.25/1.75

and the temperature was 20 °C. The average single-

channel conductance, G, was calculated from at 8hasingle-channel events.

The replacement of potassium by the less mobil@uht ion had no influence on the
conductance of the channels. The influence of thenaon the single-channel conductance in
KCH3;COO was more substantial, which suggests that #dllewall channel was anion-
selective. The conductance of 250 pS in KCBAO is equivalent to the value of Porg:
(Costa-Riu et al. 2003b), the 1.75 nS peak results assumedly fi®emcoli porin
contamination.

Zero-current membrane potential measurements, wlaltbw the calculation of the
permeability ratio Rion divided by Rnion in multichannel experiments, were not realisable.
There was no incorporation of channels into the brame, formed of PC dissolved in n-
decane, in 100 mM KCI solution. The pore-formingiaty of PorBc e Was generally low
thereby single-channel experiments were not easitpmplishable.

Expressed Porgesin E. coli BL21(DE3)Omp8 cells subjected to lipid bilayer enments
also resulted in pore-forming activity, but theiaty of PorCe e was even worse than the

pore formation of PorBes The obtained single-channel conductances arersiroWable 5.

Table 5. Average single-channel conductance, G, of Single-channel
I - Salt
PorC. e« in different salt solutionsThe membranes conductance G[nS]
were formed of PC dissolved in n-decane. The
1 M KCI 1

aqueous solutions of KCI was unbuffered and had a
pH of 6, the KCHCOO solution was adjusted to pH 1M KCHsCOO 0.5/1.25
7. The applied voltage was 20 mV, and the temperatas 20 °C. The average single-channel conducté&hce

was calculated from at least 90 single events.

The measurable single-channel conductances foraR@IKCHCOO (see Table 5) indicate
that PorC.r behaves like PorB.w More experiments to proof this assumption were
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conducted, but because of the low channel-formictg/ity of PorCe . N0 more expedient

datas could be obtained.

4.4.6 Interaction of PorHc g of C. glutamicum synthesized by solid phase synthesis with

lipid bilayer membranes

The measurements with the synthetic produced PgiHare in accordance with the results of
the single-channel experiments described before.

The channel-forming activity of Poddu: synthesized by solid phase synthesis with lipid
bilayers was studied by the addition of small antewrh peptide to the agueous phase bathing
black PC membranes. In these experiments we olzbargebstantial increase of the specific
membrane conductance in the presence of the simetH: g, peptide. About one minute
after addition of the protein, the membrane coralumd started to rise and increased by
several orders of magnitude (see Figure 13). Irajfiroaches the increase of conductance
could be observed, but defined channels were io&egto notice, in Figure 14 the channel
formation is demonstrated. The single-channel cotaohice from Portg., isolated fromC.
glutamicum is about 2.5 nS in 1 M KCI (see Chapter 3), thatue is agreeing with this
results. A histogram of the occurrence probabiligs impossible to create, because of the
undefined channels distinguishable in Figure 18 B.important that the channels formed by
the synthetic Portg.: peptide had a long lifetime if the concentrationswaw, similar to
those that have been detected previously for call proteins (porins) ofC. glutamicum
(Lichtingeret al.,1998),M. chelonagTrias & Benz, 1993) antil. smegmati§Trias & Benz,
1994). All these proteins formed channels in lipithyer membranes with a long lifetime at

small transmembrane potential (mean lifetime adtl®aminutes).
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Figure  13.

Single-channel recording of a  diphytanoy

phosphatidylcholine/n-decane membrane in the poesesf synthetic

PorH g« The aqueous phase contained 1 M KCI. The appliechbrane

potential was 20 mV; T: 20 °C. A: 1 pug/ml synthd®iorH dissolved in 1 M

NaCl, 10 mM Tris, 1 % mycolic acids frorvl. tuberculosis(Sigma
Aldrich, Steinheim, Germany) and 0.4 % LDAO; B: 16/ml synthetic
PorH dissolved in 1 M NaCl, 10 mM Tris and 0.4 % LOAincubated at

80 °C for 5 min.

2.5nS

10 sec

r J 25nS
10 sec

4.5 Discussion

With the heterologous expression of corynebacteoains we wanted to tap new possibilities
in porin research. Because of the biotechnolog&lavance ofC. glutamicumandC. efficiens

in amino acid production, it is important to undarsl, how the export across the outer
membrane takes place. It is speculated, that #resport across the cell wall is the limiting
step in industrial amino acid production (Eggeli&gSahm, 2001). Understanding the

molecular basis of the pore-forming proteins in theynebacterial cell wall is the clue for a

more effective production of amino acids.
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Since overexpression systems are not availabl€éoynebacteria, heterologous production
of corynebacterial proteins seem to be the onlgraditive. To achieve this goal, the porin
genes were cloned into the expression vector pGEXEXpression irE. coli yielded fusion
proteins with the Glutathione S-transferase (GS®iety at the amino terminus, and the pore-
forming proteins at the carboxyl terminus. GST isagurally occurring 26 kDa water soluble
protein and we expected that the fusion proteiiflsremain water soluble, in spite of the
hydrophobe porin part. The fusion proteins accutedlan the cell’'s cytoplasm and could be
purified from bacterial lysates by affinity chrorogtaphy using immobilized glutathione. It is
noticeable, that in Western blot experiments withtiASST antibodies different amounts of
expressed proteins are present. In all our expetsnthe amounts of expressed PorA and
PorH fusion proteins were less than PorB and Ptr@& possible that the expression is
hampered by the different codon usages of CoryriebacandE. coli as reflected by their
G+C contents of about 51 % f&t coli (Blattneret al. 1997), 63.4 % foC. efficiensand 53.8

% for C. glutamicum(Nishio et al, 2003). Differences in codon usage among organisan
lead to a variety of problems concerning heteralsggene expression. The percentage of
codons of the porin genes with a usage of less 20 inE .coliis displayed in Table 6. It

is cognizable that thporB andporC genes are more suitable for the heterologous ssjore

in E. coli.

C. glutamicum | C. efficiens

PorA 30 % 22 %
Table 6. The porin sequences have been splitted in codort |T_L,0rH 28 % 31 9%
and the fraction of codon usage B coli has been
0 0
calculated. Represented is the percentage of coditins PorB 22 % 19%
usage of less than 20 % coli PorC 30 % 17 %

Similar problems have been described by Heetzal 2003. They demonstrate the
overexpression ahspAfrom M. smegmatisn E. coli after synthesis of the gene with codons
preferentially used in highly expresséd coli genes. Lakeyet al 2000 also achieved an
enhanced production of recombinawt tuberculosisantigens inE. coli by replacement of
low-usage codons (Lakest al 2000). To attain higher amounts of expressed-foraing

proteins it is possible that this codon usage ad@pt would also be a promising attempt.
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In our approach we wanted to investigate the poreiihg activity of the heterologous
expressed pore-forming proteins, but single-chanea&periments were not easily
accomplishable. In all our black lipid bilayer exjpgents contaminations dE. coli porins
were present, even while usiig coli BL21(DE3)Omp8 cells, which lack all major porins.
By dint of control experiments we could distinguite E. coli porins from the expressed
porins. In Table 7 the acquired single-channel slatl@® summarized and compared to the

known datas.

Salt solution 1 M KCI 1 M LIiCI 1 M KCH3COO (pH 7)
Single-channel conductancé& [nS]
PorBe gt " 0.7 0.7 0.25
recombinant PorBes 1.0 1.0 0.25/1.75
recombinant Por&ef 1.0 - 0.5/1.3

Table 7. Average single-channel conductance, G, of RgB(taken from' Costa Riuet al 2003b), inE. coli
BL21(DE3)Omp8 heterologous expressed RasANd PorG «in different salt solutions

The membranes were formed of PC dissolved in n-decdre aqueous solutions were unbuffered and hatl a p
of 6 unless otherwise indicated. The applied voltage 20 mV, and the temperature was 20 °C. Theageer

single-channel conductances, G, were calculated &bleast 80 single events.

A contamination oE. coli porins is visible in the single-channel experinseoit recombinant
PorBceif and PorGess in 1 M KCH3;COO. There two values are mentioned, the expected
conductance for th€. efficiensporins should be 0.25 nS, respectively 0.5 nS.s\ggest
that the cell wall channels are anion-selectivehsab the influence of the anion on the single-
channel conductance is more substantial. The highetluctances argue f&: coli porin. In
control measurements in 1 M KCI solution we detgéctbannel forming activity with a
average single-channel conductance of 2 nS ingltéextracts oE. coli BL21(DE3)Omp8
cells. The conductances of 1.75 nS and 1.3 nSNhKICH3;COO solution argue for a cation
selective channel, because the anion has no stibktaffect on the single-channel

conductances.

On the basis of the homology of 42.4 % betweenatheo acid sequence of P/, and

PorBcett We expected similar single-channel conductancess HEssumption could be
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evidenced in our experiments, the comparison oathao acid sequences is shown in Figure
15.

10 20 30 40 50 60
| |
Por Be g1 ut VKL SHRI AAMAATAG TVAAFAAPASASDFANL SSTNKEL SPQYNW/ACG LEGGLKAAG
Por Bg ef VKI STRVAAI GAAAAL G TAFAGPASAV- - - - - - SSSDEL SDRFDW/GCPI VEASLAFYG
Por Cc et IVNL- RRTLAVAAASVVAL TATI APAQAQN- ADI VSG NNLI DTFD- - - CDLLRTGLTQTG
70 80 90 100 110 120
I I I I
Por Be g1 ut VLEEGQYNRELAEAI AAK- GEGFWI TQFPQ GDVWNEDQAAAL ADRAQT CGL VKADTYL SE
Por Bg ef L PEEGVRNNQLAAAL EEK- NANF- AAYFEGGGEDVWAQASADYADRAQKCG VEPNTAI EN
Por Cc et LVTPETTRSELAATLRTTANLGEl DVAFAFVG - - SAYAGRI ADRAQTCG VQPDPE- QD
130
I
Por Be g1 ut LSSNFSS- - - - - - -
Por Bg ef ASSNLNDFFAGLSS
Por Cc et | LTQLQNLSSNLSS
Identity:
PorBe giut : POrBe et 42.4 %
PorBc eft X PorG et 31.3%
PorBe giut : PorCe est 32.8 %

Figure 15. Amino acid sequence of Pajg and its comparison with Poggand PorG;. The signal sequence
is underlined, the conserved residues in at Iéasetof the four homologues are specified in rduk donserved
residues in two of the four homologues are markedyrieen. The NCBI GenBank Accesion numbers are:
porBe giue: BKO01251; porB esi: AJS555471; porgesn: AJS55472.

The homology between PagBu: and PorB e is higher than between PatBsand PorG es;

but in our single-channel experiments we determif@dboth the same single-channel
conductance.porCc gt IS localized only 138 bp downstream @brBc g, they are
cotranscribed, angdorCc gitis presumably the result of a gene duplication {€6duet al,
2003b). The same gene arrangement is prese@t efficiens porCe et is localized 160 bp
downstream oporBcerf (See Figure 2) and they are presumably cotrarestribo. Porges
forms anion-selective channels similar to Ro#3 and it is probable that PazGu: also
represents an anion selective channel. It is natéyahat both proteins, PorB and PorC, are
acidic and contain a smaller number of positiveharged amino acids than negatively
charged ones. It seems that the organization oB Rmd PorC in secondary, tertiary and

quaternary structure is responsible for its functio
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One major problem was the low channel forming dgtiof the heterologous expressed
corynebacterial porins. This leads to the assumptltat the recombinant porins are not right
folded, perhaps because of a missing translatiowalification, that is not proceeded n
coli. Lichtingeret al. described 2001 a similar attribute for Pegfy from C. glutamicum
While sequencing the Pogh: protein there have been problems in detecting iposit5,
there only the phenylthiohydantoin derivate of d#loalanine was determined (Lichtingstr
al., 2001). This supposition would also be in agregnwath the obtained results from the
channel forming experiments of synthetic Pgglt In all our approaches the increase of
conductance could be observed, but defined chamreglsinfrequent to notice.

The problems we had, caused by the different cagsage and the presumably missing
translational modification, resulted in the deamsito look for other possibilities of the
expression of corynebacterial porins. To creaténpgeficient mutants of€. glutamicumand

C. efficiengo express the pore-forming proteins in their lmvgnism would probably be the
best way to overcome the discussed problems. Oatlieg hand succeeded Hektzal. 2003

in the high-level expression of the mycobacter@iimp MspA inE .coli by using a designed
E. coliadapted gene of MspA. This, i coli expressed MspA protein, was used by Fadter
al. 2004 for X-ray analysis and the first structureaahycobacterial outer membrane protein
was demonstrated. It seems that the porin is inritffeé conformation but the evidence of
pore-forming activity is missing. It could be pddsi that the presumably translational
modification is not necessary for the right foldiroyt for the channel forming activity and

thus for the functionality of the porin.
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5.1 Summary

Corynebacterium glutamicums together withC. callunaeandC. efficiensa member of the
diverse group of mycolic-acid containing actinontgse the mycolata. These bacteria are
potent producer of glutamate, lysine and other anaoids on industrial scale. But beside
these microorganisms of industrial importance @ueynebacterineaéamily comprises also
microorganisms which cause the most dangeroustiofescworldwide likeMycobacterium
tuberculosis(TBC, at present 3 millions deaths/d), leprae (lepra), Nocardia farcinica
(nocardiosis) andC. diphteriae(diphtheria). The cell walls of most actinomycetastain
besides an arabinogalactan-peptidoglycan complege lamounts of mycolic acids. This
three-layer envelope is called MAP (mycolyl-aralgatactan-peptidoglycan) complex and it
represents a second permeability barrier besideyfoplasmic membrane similar to the outer
membrane of Gram-negative bacteria. In analogyhé¢osituation in the outer membrane of
Gram-negative bacteria, channels are present imgwlic acid layer of the mycobacterial
cell wall for the passage of hydrophilic solutes.

Molecular studies have provided far-reaching figdion the amino acid flux and its balance
in C. glutamicumn general, but the L-glutamate export still rensainknown. The properties
of the outer layers, typical of mycolata, seem ¢oob major importance in this process, and
diffusion seems to play a key role for this partloé cell wall. With respect to transport of
amino acids over this barrier it is of particulanportance to understand the pathways present
in the cell wall of Corynebacteria. Some of thetdeas from the cell wall channel-forming
proteins investigated in this thesis can be expleitie other mycolata and improve strategies
for example in antimicrobial drug design. Due t@ithheterogeneity, that on one hand
microorganisms which cause the most dangeroustiofecworldwide and on the other hand
organisms of high industrial interest are membdrghe Corynebacterineaethey have
evolved to an interesting and challenging reseabgéct.
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The major aim of this thesis was to identify anadgtnovel channel-forming proteins of the
amino acid producer€. glutamicumC. callunaeandC. efficiens Cell wall extracts of the
organisms were investigated and a novel pore-faympmotein, named PorH, that is
homologue in all three organisms, was detectecchadhcterized.

PorHc gt was isolated fronC. glutamicumcells cultivated in minimal medium. The protein
was identified in lipid bilayer experiments and ified to homogeneity by fast-protein liquid
chromatography across a HiTrap-Q column. The padifprotein forms cation-selective
channels with a diameter of about 2.2 nm and arageesingle-channel conductance of about
2.5nSin 1 M KCl in the lipid bilayer assay.

Organic solvent extracts were used to study theeability properties of the cell wall &.
callunae and C.efficiens The cell extracts contained channel-forming atgtiv the
corresponding proteins were purified to homogenbkityfast-protein liquid chromatography
across a HiTrap-Q column and named Rgiand Pork e Channels formed by Pogtda
are cation-selective with a diameter of about 28 and an average single-channel
conductance of 3 nS, whereas Pggiforms slightly anion selective channels with an
average single-channel conductance of 2.3 nS inKIOMin the lipid bilayer assay.

The PorH proteins were partially sequenced and dbeesponding genes, which were
designated agorH, were identified in the published genome sequafce glutamicumand

C. efficiens The chromosome df. callunaeis not sequenced, but Pgrk shows a high
homology to Porlder and Porkd g The proteins have no N-terminal extension, ohly t
inducer methionine, which suggests that secretidheoproteins could be very similar to that
of PorAc gt Of C. glutamicumPorH: g, is coded in the bacterial chromosome by a gerte tha
is localized in the vincinity of th@orAc qu gene, within a putative operon formed by 13
genes that are encoded by the minus strand. Bathspare cotranscribed and coexist in the
cell wall, which was demonstrated in RT-PCR and implogical detection experiments. The
arrangement gborHc giie andporAc giut 0N the chromosome is similar to thatpwirBc g1« and
porCe gt @and it was found that PogRyu, PorH gy POrBe gt and PorG giie coexist in the cell
wall of C. glutamicum

The molecular mass of about 6 kDa of the PorH cebfamming proteins is rather small and
suggests that the cell wall channels are formedligpmers. A possibly hexameric form was
demonstrated for Pod3: in Western blot analysis with anti- Paggh« antibodies.
Secondary structure predictions for Pegld, PorH caiand Pork e predict that a stretch of
about 42 amino acids of Paglfy: and 28 amino acids of Pogldy and Porkt e forms
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amphipathico-helices with a total length of 6.3 nm and 4.2 respectively. This should be

sufficient to cross the mycolic acid layer.

Another objective of this work was to establish lagterologous expression system for
corynebacterial channel-forming proteins, to iniggge the channel-forming properties of the
up to now only hypothetical porins PorA, PorB, Pdr@m C. efficiensand PorC frontC.
glutamicum We could demonstrate with recombinant expressiperiments irE. coli that
porBc e and porCe e €ncode for channel-forming proteins. They areg ROrg g, anion-

selective with a similar single-channel conductapické nS in 1 M KCI.

It is demonstrated in this thesis, that the poreafog proteins PorbHgu, PorH e and
PorH: cai Of the closely related Corynebacte€a glutamicumC. efficiensand C. callunae
have similar properties and are highly conservedn3lation of PorH, and also of PorA, is up
to now not known, but there is evidence that taaking genes are required. The presumptive
secondary structure of the PorH channediiselical, what is likewise a novelty for porins.
The mycolic acid layer spanning part of MspAMf smegmati®nd gram-negative bacterial
porins feature [3-sheet secondary structure. Itdcbalfurthermore confirmed in recombinant
expression experiments, that PedBand PoCc e Of C. efficiensrepresent like P8¢ giu: Of

C. glutamicum anion-selective channel-forming proteins, with ifam single-channel

conductance.
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5.2 Zusammenfassung

C. glutamicumgehort zusammen mi€. efficiensund C. callunae zu den bedeutensten
Aminosaureproduzenten weltweit. Industriell werdeauptsachlich Glutamat und Lysin
produziert und als Geschmacksverstarker bzw. FHuitielzusatz verwendet. Sie sind
Mitglieder der heterogenen Gruppe der mykolsautigfead Aktinomyceten, den Mycolaten.
Neben Mikroorganismen von industrieller Bedeutunginbaltet die Familie der
Corynebacterineaeauch solche, die weltweit die gefahrlichsten Itfakskrankheiten
auslosen, wieM. tuberculosis(TBC, 3 Millionen Tote pro Jahr)M. leprae (Lepra), N.
farcinica (Nocardiose) undC. diphteriae (Diphtherie). Die Zellwande der meisten
Aktinomyceten weisen neben einem Arabinogalactgstifheglycankomplex groRe Mengen
an Mycolsauren auf. Diese MAP (Mycolyl-ArabinogakaePeptidoglycan) genannte
dreischichtige Hiille stellt neben der Cytoplasmaimem eine zweite Permeabilitatsbarriere
dar, und Ubernimmt somit die gleiche Funktion wiee @ulere Membran der Gram-negativen
Bakterien was zur Folge hat, dass fur den Transgmrthydrophilen Stoffen kanalbildende
Proteine bendtigt werden. Analog zur Situation irarfG-negativen Bakterien sind in der
Mykolsaureschicht vonC. efficiens C. callunae und C. glutamicum porenbildende
Transmembranproteine vorhanden.

Es ist bisher vieles bekannt Uber den Aminosawsfiiber die Cytoplasmamembran und
dessen Regulation i@. glutamicumaber der Export von L-Glutamat ist noch ungeklare
besondere Beschaffenheit der &uferen Membran vorcol®tgn scheint in diesem
Zusammenhang eine wichtige Rolle zu spielen, da avammmt, dass die Diffusion im
Bezug auf den Transport Uber die Mycolsauresclacte Schlisselrolle einnimmt. Im Bezug
auf den Transport von Aminosauren Uber die Zellwammsh Corynebakterien ist die

Erforschung der Transportwege Uber diese Barrienebesonderem Interesse.

Das Ziel dieser Arbeit war es neue porenbildendeeifre der Aminosaureproduzentén
glutamicum C. efficiensund C. callunae zu identifizieren und zu charakterisieren. Bei
Untersuchungen von Zellwandextrakten wurde ein neue allen drei Organismen
homologer, Zellwandkanal, PorH, gefunden und charéasert.

PorHc gt wurde aus in Minimalmedium kultivierte@. glutamicumZellen isoliert. Das

Protein wurde in Lipid-Bilayer Experimenten gefundend mit Hilfe der lonenaustauscher-
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chromotographie Uber eine HiTrap-Q Saule aufgegeirfPork gie bildet in Black-Lipid
Bilayer Experimenten kationenselektive Kanale nrieen Durchmesser von 2,2 nm und hat
eine Einzelkanalleitfahigkeit von 2,5 nS in 1 M K@lus organischen Zellwandextrakten von
C. callunaeund C. efficienswurden Porld cai und Porhkt e isoliert. Porkt car bildet einen
kationenselektiven Kanal mit einem Durchmesser v&2 nm und einer Einzel-
kanalleitfahigkeit von 3 nS, Poddi hingegen bildet einen leicht anionenselektivend{amit
einer Leitfahigkeit von 2,3 nSin 1 M KCI.

Uber die Sequenzierung der PorH Proteine wurdeemtigprechendgmorH Gene im Genom
von C. glutamicumund C. efficiensidentifiziert. Das Genom voi€. callunaeist nicht
bekannt, jedoch weisen die PorH Proteinsequenzent@he Homologie untereinander auf.
Es ist keine Signalsequenz vorhanden, so dass maimmat, dass der Export Uber die
Plasmamembran ahnlich funktioniert wie bei Pogh ausC. glutamicumDas GerporHc giut
aus C. glutamicumbefindet sich in unmittelbarer Nahe porAcqgu in einem moglichen
Cluster das aus 13 Genen besteht. In RT-RCR Expaten und immunologischen
Reaktionen mit polyklonalen Antikdrpern konnte ggeaverden, dass die GeperAc g, und
porHc gt zusammen transkribiert werden und die Porine mZsglwand coexistieren. Die
Anordnung vonporAc giut und porHe giie im Genom vonC. glutamicumist ahnlich der von
porBe gt Und porCe g, UNA €s konnte gezeigt werden, dass die vier @anier Zellwand
gleichzeitig vorhanden sind.

Das Molekulargewicht von PorH ist mit 6 kDa seheiklflr Kanalproteine und man nimmt
an, dass die Kanale von Oligomeren gebildet wertteWestern Blots wurde eine mdgliche
hexamere Form von Pogdu: nachgewiesen. Sekundarstrukturvorhersagen fur Rageén
aus, dass 42 Aminosauren von Pgglt und 28 von PorHew und Porkt cai amphiphatische
a-Helices mit einer Lange von 6,3 nm, bzw. 4,2 nisbalden. Diese Lange wirde ausreichen,
um die Mykols&ureschicht zu durchspannen.

Ein weiteres Ziel dieser Arbeit war es, ein heteges Expressionssystem fir
corynebakterielle Kanalproteine zu erstellen, umkdinalbildenden Eigenschaften von bisher
nur hypothetischen Porinen wie Paré PorBce und PorGes von C. efficiens oder
PorCe gt von C. glutamicunmezu bestimmen. In rekombinanten Expressions-Expetiemein

E. coli konnte gezeigt werden, dass die G@uBcer und porCees flr Proteine mit
kanalbildender Aktivitdit kodieren. Die Kandle sin@nionenselekitv, mit einer
Einzelkanalleitfahigkeit von 1 nS in 1 M KCI, veegthbar mit den Eigenschaften von
PorBe giit ausC. glutamicum

111



CHAPTER 5 — Zusammenfassung

In dieser Arbeit konnte gezeigt werden, dass di@afi@oteine PorHgu: ,PorH e und
PorH: can der eng verwandten CorynebakteriénglutamicumC. efficiensund C. callunae
hoch konserviert sind und ahnliche EigenschaftdsehaDer Exportmechanismus von PorH
sowie von PorA Uber die Plasmamembran ist nochaunjddoch bestehen Hinweise darauf,
dass moglicherweise die Gene, die in der UmbebwmgpuwerA und porH lokalisiert sind, an
diesem beteiligt sind. Ein weiteres Novum ist die Porine ungewoéhnliche-helikale
Sekundarstruktur von PorH. Der die Mykolsauresahitirchspannende Teil von MspA aus
M. smegmatis sowie die Porine aus Gram-negativen Bakterien seveif-Faltblatt
Sekundarstrukturen auf. Es konnte weiterhin  mit fedil von rekombinanten
Expressionsexperimenten bewiesen werden, dasslessi PorB e und PorG e ausC.

efficiensebenfalls um porenbildende Proteine handelt.

Unter der Familie deiCorynebacterineaebefinden sich auch oben genannte pathogene
Mikroorganismen, und man kann davon ausgehen,alaig®e Eigenschaften der untersuchten
Kanalproteine auch auf andere Proteine der mykads@ltigen Bakterien tUbertragen werden
konnen und so zu Fortschritten im Bereich der Erkiving z.B. von neuen antimikrobiellen
Substanzen filhren. Diese Heterogenitat der Fantiée Corynebacterinege dass sich
einerseits Erreger der weltweit gefahrlichsten Khémskrankheiten und andererseits
Bakterien von grof3em industriellen Interesse uifteen befinden macht sie zu einem sehr

interessanten Forschungsgebiet.
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