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CHAPTER 1 - Introduction

CHAPTER 1

1. Introduction

1.1. Gram-negative bacteria

The characteristic of Gram-negative bacteria is their cell envelope which is composed of two
membranes enclosing the peptidoglycan-containing periplasm (Figure 1.1). The cytoplasm or
inner membrane (IM) is a phospholipid bilayer, whereas the outer membrane (OM) is an
asymmetrical bilayer containing phospholipids and lipopolysaccharides (LPS) in its inner and
outer leaflet, respectively. The LPS molecules can be found exclusively in the outer leaflet of
the OM and are composed of three parts (Huijbregts et al, 2000): lipid A forms the
hydrophobic membrane anchor, to which the core region is linked, which consists of a
phosphorylated non-repeating oligosaccharide. The third component is the O-antigen, which
contains repeating oligosaccharides. Attached to the core region it builds the outer part of a
LPS molecule. Some Gram-negative bacteria lack the O-antigen (Raetz and Whitfield, 2002)
and therefore their LPS are called rough instead of smooth. The periplasmic leaflet of the
outer membrane contains, like the inner membrane, phospholipids. The phospholipids are the
major lipid class in most Gram-negative bacteria and consist of a glycerol backbone with two
fatty acid chains esterified at the 1 and 2 position. At position 3 a phosphate group is located,
to which a hydrophilic group is esterified (Huijbregts et al., 2000).

Both membranes include proteins that are inserted or anchored in the lipid bilayers. These
proteins are all synthesized in the cytoplasm and are guided towards the cell envelope, where
many of them have to cross at least the IM. After direction to their designated location, these
proteins fulfill various functions concerning bacterial life. The lipoproteins are acylated
proteins that are anchored in the IM or OM via an amino-terminal N-acyl-diacylglyceryl-

cysteine (Ichihara ef al., 1981). The major OM lipoprotein, Lpp (Braun’s lipoprotein), forms
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the connection of the OM to the peptidoglycan layer via a peptide bond (Braun et al., 1969;
Braun et al., 1970). The integral membrane proteins are inserted into the lipid bilayer and
display characteristical structures. The membrane located parts of IM proteins are composed
of a-helices, the ones of OM proteins of B-strands, forming a cylindrical B-barrel with

hydrophobic residues at the outside (Nikaido and Vaara, 1985; Wimley, 2003).

Environment LPS

Outer membrane protein
Periplasm

BB A BB B BB @@

Peptidoglycan

Phosphi)lipid

e

Cytoplasm

Inner membrane protein

Figure 1.1: Model of the cell envelope of Gram-negative bacteria.

1.2. Biogenesis of the Gram-negative bacterial outer membrane

As mentioned above, the OM is an essential and exclusive component of the cell envelope of
Gram-negative bacteria. It serves as an additional selective permeability barrier and provides
the cells with an increased resistance to antibiotics, digestive enzymes, detergents, and host-
defence proteins (Nikaido, 1996; Beveridge, 1999). The composition and biogenesis of the

OM is therefore subject for research since a long time.
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1.2.1. Phospholipids

The major phospholipids of Escherichia coli are Phosphatidylethanolamin,
Phosphatidylglycerol and Cardiolipin (Huijbregts et al., 2000). They are all synthesized of the
precursor Diacylglycerol-3-phosphate at the cytoplasmic side of the IM by integral proteins or
proteins that are attached to the IM (Shibuya, 1992; Cronan Jr. et al., 1996).

For transport to the OM the phospholipids have to traverse the IM using a “flip-flop”
mechanism. It was speculated that a specific flippase is necessary for this process. However,
the latest results suggest that the presence of typical a-helical membrane spanning regions of
some IM proteins is sufficient for transport and no distinct transporter exists (Kol et al.,
2003). The further transport of the phospholipids through the periplasm towards the OM and
the insertion into the inner leaflet of the OM is still obscure. No components of these
molecular mechanisms could yet be identified, but periplasmic transfer via proteins is a

favored model (Huijbregts et al., 2000).

1.2.2. Lipopolysaccharides

The constituents of the LPS are also synthesized at the cytoplasmic leaflet of the IM. The O-
antigen is transported by either of three different ways: the Wzy-, ABC-transporter- or
synthase-dependent pathway, all denoted according to their key component (Raetz and
Whitfield, 2002). In contrary, the transport of the lipid A-core moiety is mediated by the
ABC-family transporter MsbA. The inactivation of MsbA in E. coli leads to a reduction of all
major lipids in the OM of about 90% (Doerrler et al., 2001) and resulted in accumulation of
lipids at the cytoplasmic side of the IM (Doerrler ef al., 2004). However, the LPS transport
cannot be the exclusive function of MsbA, since there are homologues in Gram-positive
bacteria and a capacity to act as a multidrug transporter is reported (Reuter et al., 2003). For
E. coli it was suggested that MsbA is also one of the proteins assisting phospholipids to cross
the IM, since the lack of MsbA additionally results in decreased amounts of these lipid
molecules (Raetz and Whitfield, 2002). On the other hand, in Neisseria meningitidis a msbA
mutant was still viable and built a double membrane, suggesting that MsbA is not required for
phospholipids transport in this organism (Bos and Tommassen, 2004).

After transport across the IM the lipid A-core moiety is ligated to the O-antigen in a so far not
well understood process. Waal is the solely identified enzyme of this ligation. Probably
WaalL is part of an enzyme complex which binds the lipid A-core moiety and the O-antigen,

performs the linkage and releases a mature LPS molecule (Raetz and Whitfield, 2002). The
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next unsolved issue is the passage of the LPS molecules through the periplasm. Currently two
possibilities are favored, either a type I secretion system like pathway, or passage of the LPS
to the OM guided by a soluble protein (Bos and Tommassen, 2004). The first mentioned way
originates from the homology of MsbA to the ABC-transporter HlyB which is the IM
component of the type I secretion apparatus HlyBD/TolC. The latter suggestion was
supported recently by the finding of direct interaction between LPS and the periplasmic
chaperone Skp (Walton and Sousa, 2004).

For insertion of LPS into the OM the protein Imp (increased membrane permeability)/OstA
(organic solvent tolerance) is responsible. Imp is an essential protein in E. coli and a
conditional mutant of this protein displayed altered membrane permeability due to a changed
lipid: protein ratio of the OM (Abe et al., 2003). The exact role of Imp in OM biogenesis was
shown in N. meningitidis. Since Imp is a non-essential protein in this bacterial strain, imp
deletion mutants could be investigated. The mutants revealed that lack of Imp leads to a
decrease of the amount of LPS to less than 10% compared to wild-type level. Furthermore,
the synthesized LPS molecules were not accessible to LPS-modifying enzymes present in the
OM or external medium (Bos et al., 2004). Therefore, the role of Imp in LPS transport across
the OM to the cell surface is obvious. The highly reduced amounts of LPS in an imp deficient
mutant are most likely due to a feedback mechanism that inhibits further LPS synthesis. The
role of Imp is emphasized by the fact that it is highly conserved among Gram-negative
bacteria and absent in Gram-positives. A second candidate for LPS insertion into the OM was
discussed earlier by Genevrois and colleagues (Genevrois et al., 2003). The depletion of
Omp8S5 in N. meningitidis resulted in changes of the lipid composition. Afterwards, the group
of Tommassen has assigned Omp85 as the protein which is responsible for insertion of OM
proteins into the OM. Therefore, the effect of Omp85 on membrane lipids is most likely
indirect (Genevrois et al., 2003), caused by the lack of Imp in the OM (Voulhoux et al.,
2003).

1.2.3. Lipoproteins

All lipoproteins are transported, like other OM proteins, across the IM via the Sec- (secretion)
system (Bos and Tommassen, 2004). After translocation of the protein precursor, a cysteine
residue at the amino-terminus is linked to the lipid component diacylglycerol by a transferase.
After cleavage of the signal peptide turning the lipidated cysteine into the most amino-

terminal residue of the mature protein, this cysteine is amino-acylated as a final step of
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synthesis. The destination of the lipoproteins, whether they are attached to the inner or the
outer bacterial membrane via their lipid anchor, is determined by the residue directly
following the cysteine. If an aspartate is present at this position, the lipoprotein becomes
anchored in the IM, whereas other residues lead to transport to the OM (Narita and Tokuda,
2006). The transport is performed by the Lol system, which is composed of five components.
LolC, LolD and LolE form an ATP-binding cassette (ABC) transporter in the IM, which
detaches lipoproteins at the expense of ATP. The lipoproteins are transferred to the
periplasmic chaperone LolA and the formed LolA-lipoprotein complex moves through the
periplasm towards the OM. In the OM, the complex interacts with the lipoprotein LolB which
incorporates the delivered lipoproteins into the inner leaflet of the OM (Narita and Tokuda,
2006).

1.2.4. Integral outer membrane proteins (OMPs)

OMPs are also translocated across the IM using the well studied Sec-system (Thanassi and
Hultgren, 2000; van den Berg et al., 2004). Further steps after cleavage of the signal peptide
and release into the periplasm are not fully understood yet. OMPs all contain an even number
of amphipatic B-strands that form a barrel like structure when inserted into the OM (Wimley,
2003). This distinguishes OMPs from integral IM proteins. Many denatured OMPs are shown
to fold correctly in the presence of detergents in vitro, and spontaneous folding and insertion
into liposomes has been reported (Kleinschmidt, 2003). However, the structural specificity
and the very fast kinetics in vivo demand assistance for the transport of OMPs through the
periplasm and their insertion into the OM. The hydrophobic surface at the outside of the
barrel like structure makes a complete folding of OMPs in the periplasm unfavorable. Many
periplasmic proteins involved in the interaction and folding of OMPs are described. The
proteins DsbA and DsbC were shown to catalyze the formation of disulfide bonds which
precedes the insertion of OMPs (Kadokura ef al., 2003). The disulfide bonds suggest a partial
folding of the OMPs during their passage through the periplasm (Bos and Tommassen, 2004).
The peptidyl-prolyl cis-trans isomerase (PPlase) SurA was shown to act as periplasmic
chaperone specifically for OMPs (Behrens et al., 2001). The lack of SurA leads to a reduced
amount of the major OMPs OmpC, OmpF, LamB and OmpA (Rouviere and Gross, 1996).
Furthermore, it was shown to bind preferentially unfolded OMPs rather than folded OMPs or
other unfolded proteins of similar size (Bitto and McKay, 2004). The crystal structure of SurA
displays a potential peptide binding ability (Bitto and McKay, 2002) and confirmed that the
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two PPlase domains are not necessary for chaperone activity (Behrens et al., 2001), since the
PPIase domains did not contribute to the potential peptide binding cleft of the protein. Most
likely, SurA shares to some extent functions with another identified chaperone, Skp
(seventeen kilodalton protein), since inactivation of both genes surd and skp resulted in a
lethal phenotype (Rizzitello et al., 2001). The solely disappearance of Skp leads to a reduced
level of OMPs in the OM and their accumulation in the periplasmic space (Schifer et al.,
1999). Furthermore, in a Skp depleted strain, expression of the protease DegP increases
whose function is to degrade unfolded proteins in the periplasm (Missiakas and Raina, 1997).
Therefore, a role in prevention of premature folding and aggregation was suggested for Skp.
Crystallography revealed a jelly fish shape of the trimeric Skp including o-helical tentacles
protruding from a B-barrel body defining a central cavity (Walton and Souza, 2004). A model
suggests binding of unfolded OMPs in the cavity between the flexible tentacles, directly after
their release of the Sec-machinery at the IM followed by binding of LPS to a specific site at
the outside of the tentacles (Harms et al., 2001). Then the proteins are transported to the OM,
completely folded and inserted. The ability of Skp to interact with LPS and membrane lipids
might indicate a role of these molecules in the folding of OMPs. It was previously shown in
vitro that LPS molecules stimulate the folding of OMPs (deCock et al., 1999). On the other
hand, Steeghs and colleagues (Steeghs et al., 2001) have shown that a N. meningitides mutant
that is completely devoid of LPS has OMPs assembled correctly in the OM. Thus, in vivo,
LPS cannot play an obligatory role in OMP folding. The co-transport of LPS/lipids and the at
least partially unfolded OMPs via Skp to the outer membrane could be explained by the last
crucial step of OMP insertion. In recent times, members of the Omp85 protein family were
identified to be essential for OMP membrane insertion. The first identified protein, Omp85
from N. menigitidis, was initially shown to effect the composition of lipids and LPS in the
outer membrane (Genevrois et al., 2003). Afterwards, Voulhoux and colleagues reported
severe effects of Omp85 depletion on the OMP composition (Voulhoux et al., 2003).
Therefore, the effects observed by Genevrois and colleagues might be secondary, because
Imp is an OMP itself and most likely affected by Omp85 depletion. However, one cannot
exclude that Omp85 proteins might mediate LPS or lipid insertion. The effect of Omp85 on
OMP insertion was studied in a N. meningitidis strain with a chromosomal deletion of omp85
complemented by omp85 on a plasmid under an inducible promoter. When Omp85 expression
on the plasmid was not maintained and Omp85 was depleted, a decrease of integral OM
proteins was observed. Furthermore, the porins PorA and PorB accumulated in an untypical

monomeric state in the periplasm (Voulhoux et al, 2003). The chromosomal knock-out
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without compensation was lethal showing that omp85 is an essential gene. The importance of
Omp85 was confirmed by the Omp85 family member YaeT of E. coli. YaeT is also essential
and leads to a reduction of inserted OMPs (Doerrler and Raetz, 2005). Effects on folding and
OM insertion are described for the most important OMPs in Gram-negative bacteria, OmpF,
OmpC, OmpA, TolC and LamB (Werner and Misra, 2005; Wu et al., 2005). Co-purification
of YaeT together with three other proteins leads to the suggestion that Omp85 proteins are
part of a translocation-machinery (Wu et al., 2005). The proteins which interact with YaeT
are the OM lipoproteins YfgL, YfiO and NlpB. They are initially identified as suppressors of
defects in the function of Imp (Ruiz et al., 2005; Ruiz et al., 2006). YfiO is also shown to be
essential for viability. NIpB and YfgL are non-essential, but n/pB and yfgL knock-out strains
exhibit phenotypes which suggest that the proteins are also important for maintenance of the
integrity of the cell envelope (Onufryk et al., 2005). However, since YaeT is the only integral

OMP of this complex its major role in insertion of OMPs is reasonable.

Environment

Periplasm

Cytoplasm

Figure 1.2: Model of the biogenesis of the bacterial OM. Not yet solved processes are marked by a question
mark.

The interplay of processes in lipid and protein assembly during OM biogenesis is obvious
considering the genetical background of some of the components mentioned above. The genes
yvaeT, respectively omp85, belong to a highly conserved cluster which contains the skp gene

(Figure 1.3).
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Furthermore, fabZ and cdsA, genes that are involved in the fatty acid and phosholipid
synthesis are present (Raetz and Dowhan, 1990; Mohan et al., 1994), as well as IpxA, [pxB
and /pxD which code for important proteins in the lipid A biosynthesis (Raetz and Whitfield,
2002). YaeM is an enzyme in the isoprenoid synthesis and yael codes for an essential

protease located in the IM (Takahashi et al., 1998; Dartialongue et al., 2001).

) ) e ) ) ) () e ) B () () B

rpsB tsf pyrH frr yaeM yaeS cdsA yael yaeT skp IpxD fabZ IpxA IpxB

Figure 1.3: Schematic representation of yaeT gene cluster.

Furthermore, many of the above mentioned genes are part of the 6" regulon including among
others yaeT, imp, skp, surA, yfiO, etc. (Dartialongue et al., 2001; Ruiz et al., 2006). The
genetical background and the overlapping results in biochemical studies clearly indicate an
intimate connection of lipid and protein composition concerning the OM biogenesis. Whether
this reflects a co-transport and co-insertion or indicates a cross-talk between separate lipid and

protein pathways has to be elucidated in further studies.

1.2.5. The Omp85 protein family

Omp85/YaeT is an evolutionary conserved protein that is present in all Gram-negative
genomes sequenced so far, as well as in evolutionary related mitochondria and chloroplasts
(Bos and Tommassen, 2004). The mitochondrial Omp85 homologue, Sam50, was also shown
to be essential for cell viability and sorting of OMPs into the mitochondrial OM (Schleiff and
Soll, 2005). The Omp85 homolog Toc75 is present in chloroplasts and functions in the
chloroplast protein-import machinery. Toc75 forms a channel for translocation of
mitochondrial OMPs, whereas a function in OMP assembly and insertion is speculated, but
not yet elucidated (Schleiff and Soll, 2005). There are also proteins in Gram-negative bacteria
which belong to the Omp85 family transporting proteins across the OM. HMWIB in
Haemophilus influenzae, FhaC in Bordetella pertussis and ShIB in Serratia marcescens
transport specific substrates, adhesins and hemolysins, in an unfolded state across the OM.
These systems are known as “two-partner-secretion” (TPS) systems (Surana et al., 2004;
Jacob-Dubuisson et al., 2004). Considering the different functions, the Omp85 family
proteins could be grouped in six clusters (Yen et al., 2002). The proteins origin from a

common ancestor and differences in structure and function developed during evolution. For
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proteins that help to insert proteins into the OM, a more flexible structure is necessary, in
contrast to proteins that act as a conduit for secretion. If Omp85 or YaeT form themselves a
channel in the OM, the proteins should allow opening laterally for the release of OMPs into
the lipid bilayer (Bos and Tommassen, 2004). The carboxy-terminal half of Omp85 is
predicted to form a 12-stranded B-barrel with a long periplasmic extension. The carboxy-
terminal domain was suggested to serve as a translocation pore, whereas the amino-terminal
part could have chaperone like functions assisting the folding of OMPs in the periplasm
(Voulhoux et al., 2003). This amino-terminal half of the protein was denoted POTRA
(polypeptide-transport-associated) domain (Sanchez-Pulido et al., 2003). It was shown to

consist of repeating conserved sub-domains (Figure 1.4).

YaeT

Figure 1.4: Schematic representation
of the POTRA- (blue circles) and the
YtftM carboxy-terminal (red squares) domain
of different proteins of the Omp85
family: YaeT of E. coli, YtfM of E.
ShiB coli, ShIB of S. marcescens and Toc75
of chloroplasts. The signal sequence is
indicated as a black square.

Toc75

Omp85/YaeT and close relatives contain five repeating sub-domains, whereas in other
clusters proteins have just one or three (Figure 1.4). One cluster of the Omp85 family
including YtfM of E. coli contains three repeating units in the POTRA-domain. The function
of YtfM is completely unknown. Since YtfM is not able to compensate YaeT in a deletion
mutant and the fact, that the genetical background of YtfM is not related to lipid- or protein-
synthesis, a different function has to be considered.

In this study, the structure and function of the two Omp85 family members of E. coli, YaeT
and YtfM were investigated, using the previous mentioned predictions as a basic. For the
YaeT homologues Sam50 of mitochondria, Toc75 of chloroplasts and the TPS protein FhaC
of B. pertussis, pore forming activity is reported (Paschen et al., 2003; Moslavac et al., 2005;
Meli et al., 2006), which suggests investigation of YaeT and YtfM in electrophysical

experiments.
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1.3. Multidrug resistance

Compared to Gram-positive bacteria, Gram-negative show much higher resistance levels for
antibiotics and other harmful agents, due to their OM which is a second permeability barrier
for hydrophilic substances. One of the most frequently observed mechanisms of drug
resistance is mediated by multidrug efflux pumps, which expel intracellular noxious
compounds keeping their concentration at a sub-toxic level. Together with the fact, that re-
entry of those substances is slowed down by the less permeable OM, multidrug transporters
can mediate high resistance levels (Andersen, 2003). Multidrug efflux pumps in Gram-
negative bacteria are composed of three components including an OM channel protein, a
periplasmic adaptor protein and an energized IM transporter. After assembly of the system,
the substrates are recognized by the IM component and transported through the OM channel
to the cell exterior, driven by a proton gradient or ATP hydrolysis. Typical examples for
multidrug efflux pumps are AcrAB/TolC of E. coli and MexAB/OptM of Pseudomonas
aeruginosa, whose transporters, AcrB and MexB, use a proton gradient as driving force
(Andersen, 2003). The components of these two efflux pumps are highly homologue and will
be further described in more detail (Wong and Hancock, 2000).

1.3.1. The IM transporter (AcrB/MexB)

Murakami and colleagues solved the structure of the RND-transporter AcrB (Murakami et al.,
2002). AcrB forms a homotrimer with a jellyfish shaped structure (Figure 1.5). It contains a
transmembrane domain and a headpiece, protruding 70A into the periplasm. The periplasmic
headpiece is divided into the TolC-docking domain and the pore domain. A long hairpin
structure protrudes from the TolC docking domain of one protomer into the next protomer,
mediating a stable assembling of the headpiece. The TolC docking domain at top of the
periplasmic domain opens like a funnel with a maximal diameter of about 30A. The lower
part of the funnel is connected to a central extra-membraneous pore, which is formed by three
a-helices (Figure 1.5B). The pore is almost closed in the crystal structure, possibly due to the
lack of substrate. Further studies revealed that the central pore is important for drug efflux and
has to be opened for substrate transport (Murakami et al., 2003). The pore connects the funnel
with the central cavity of the headpiece. The cavity has lateral openings to the periplasm, the

so-called vestibules. These vestibules are located between the protomers at the periplasmic
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surface of the IM and serve most likely as entrances for AcrB substrates (Elkins and Nikaido,
2003).

The transmembrane domain is composed of 36 helices (12 of each monomer). It is about S0A
long and has a diameter of 100A. The helices seem to be loosely packed and form a, probably
phospholipid-filled, transmembrane pore with a diameter of approximately 30A. Helices 4
and 10 of each monomer are surrounded by the remaining ten helices (Figure 1.5C). Helix 4
contains two aspartates and helix 10 one lysine residue, whose ion pairs are candidates for the
proton translocation site. After disruption of the ion pairs the helices might undergo
conformational changes and mediate an opening of the pore by a remote conformational

coupling.

Transmembrane
domai&ws
(~50 A)

Figure 1.5: Structure of AcrB (Reprinted by permission from Macmillan Publishers Ltd: NATURE, Murakami
et al., 2002, Copyright ©2002). The three monomers are coloured green, red and blue, respectively.

A Side view of a ribbon representation. The periplasmic headpiece containing the TolC-docking and the pore
domain is at the top. At the bottom is the transmembrane domain; the IM is indicated as dashed line.

B Top view of a ribbon representation. The pore of AcrB, formed by three a-helices, is indicated by an asterisk.
C Structure within a slab of the transmembrane domain parallel to the membrane plane close to the periplasmic
surface. The numbers 1-12 indicate the 12 transmembrane helices per monomer.
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While an AcrB monomer consists of 1049 amino acid residues, MexB consists of 1046
resulting in a molecular weight of about 113 kDa. Its exact structure is not solved yet, but
topology models of MexB suggest a very similar shape. Overexpression and large scale
purification facilitated first attempts of the structural characterisation of MexB. It was shown
that MexB is also a homotrimer and therefore, models of MexB using AcrB as template could

be confirmed (Mokhonov et al., 2005).

1.3.2. The periplasmic adaptor protein (AcrA/MexA)

Whereas the IM and OM components could be crystallized in their native oligomerisation
state, the two members of the adaptor protein family AcrA and MexA crystallized not in the
native form of the protein (Akama et al., 2004a; Mikolosko et al., 2006). MexA crystallized
as a 13-mer composed of two subunits containing six and seven MexA monomers,
respectively, AcrA as a di-dimer. Since this is obviously not the native arrangement, the focus
lies on a single monomer (Figure 1.6).The structure of the 360 amino acid protein MexA was
solved in 2004 (Akama et al., 2004a; Higgins et al., 2004), except of its 28 amino-terminal
and 101 carboxy-terminal residues. The MexA monomer forms an elongated structure with a
length of 89A and a maximum width of 35A. The solved structure reveals three domains in a
linear arrangement: a B-barrel, a lipoyl domain and an o-helical hairpin with a length of 47A.
The B-barrel domain consists of six antiparallel B-strands with a single a-helix at the entrance
of the barrel. The second domain is, as predicted by Johnson and Church (1999), a structure of
eight B-strands that is structurally homologous to lipoyl- and biotinyl-domains. Between -
strand 4 and 5 are 64 residues building the third domain, the a-helical hairpin, which contains
residues that are conserved throughout the family of periplasmic adaptor proteins. The
carboxy-terminal helix of the hairpin is straight, whereas the amino-terminal one shows a left-
handed superhelical twist. The MexA hairpin has four heptadic repeats, which is one less than
AcrA (Figure 1.6). The hairpin of AcrA consists of 14 additional residues mediating an
additional length of 11A (Mikolosko et al., 2006). At both ends of the a-helical hairpin large
hydrophilic residues are situated, which have the potential to form hydrogen bonds.
Furthermore, there are small conserved residues at the exposed faces of the two helices
(Higgins et al., 2004). The lipoyl and the B-domains of AcrA are also highly similar to those
of MexA, which is not surprising given the 62% identities and 72% similarities of both

proteins, respectively. The AcrA crystal did also not reveal the complete structure of the
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protein since 44 amino-terminal and 85 carboxy-terminal residues had to be removed
(Mikolosko et al., 2006).

It should also be mentioned that AcrA and MexA contain both a lipid modification at their
amino-terminus anchoring the proteins in the IM. However, this lipid anchor was shown to be

non-essential for function in vivo (Zgurskaya and Nikaido, 1999; Yoneyama et al., 2000).

7
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1.3.3. The OM component (TolC/OprM)

The 3D structure of the 471 amino acid protein TolC was solved in 2000 by x-ray
crystallography (Koronakis et al., 2000). For crystallography the 43 carboxy-terminal residues
had to be removed. TolC appeared as cannon-shaped cylindric homotrimer with a length of
140A (Figure 1.7). The cylinder consists of a 40A long B-barrel (channel domain) in the OM,
a 100A long a-helical region (tunnel-domain) protruding into the periplasm and a mixed o/p-
domain (equatorial domain), which forms a “strap” around the midsection of the tunnel-
domain. The extracellular end of TolC is open with an inner diameter of about 20A (Figure
1.7B). This diameter is uniform for a length of about 100A and then becomes smaller
resulting in an almost closed periplasmic end. The interior of TolC is mostly solvent, filled
with a volume of approximately 43 000 A* (Koronakis et al., 2000). Each TolC monomer is
contributing four B-strands to the channel domain (S1,S2,S4,S5). The tunnel-domain consists
of two long (H3,H7) and four short (H2,H4,H6,H8) a-helices, whereas the equatorial domain
1s comprised of small B-strand and a-helical structures (S3,S6,H1,HS5,H9; Figure 1.7A).
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The membrane anchoring channel domain consists of 12 antiparallel B-strands forming a right
twisted barrel. The B-strands S1 and S2, as well as S4 and S5 are connected by loops of 8 and
21 residue, respectively, which are directed towards the cell exterior and allow interaction
with the TLS bacteriophage and colicin E1 (German and Misra, 2001). The a-helices H2, H3,
H6 and H7 of the tunnel-domain arrange also antiparallel and form the part of the tunnel with
the uniform inner diameter of about 20A (Calladine et al., 2001). The axes of the helices are
inclined approximately 20° relative to the molecule axis. The helices are bent in a way that
they do not move off tangentially of the curved surface of the cylinder. To maintain this
structure the helices must bend in a curve and untwist. The local packaging of the helices is
similar to the conventional coiled-coil, the knobs-into-holes interaction (Crick, 1953).
However, the helices do not wrap around each other, but form a barrel, meaning that one helix
has two interfaces. The barrel structure finishes with the equatorial domain, where the small
helices H2 and H6 end. Below the equatorial domain the helices H3 and H7 pair with helices
H4 and H8, respectively, in a manner that H4 bends around the straight helix H3, whereas H7
and H8 form a conventional coiled coil. The coiled coil bends inwards and is responsible for
tapering of the periplasmic end leading to an inner diameter at the periplasmic opening of just
3.9A (Figure 1.7B). Electrophysiological studies reveal that this is a very stable conformation
inducing a single channel conductance of 80pS in 1M KCI when inserted into a black lipid

bilayer (Andersen ef al., 2002b).

Figure 1.7: Structure of TolC (A,
Reprinted by permission from

NATURE Koronakis et al., 2000,
copyright ©2000; B by Christian
Andersen).
A Topology model of TolC. B-
strands (S1-S6) are coloured red, a-
helices (H1-H9) blue. The amino

secondary structure components
consist are given.

and views of the part above (top)
and below (bottom) the equatorial

channel domain (CD, yellow) is
approximately 20A; the tunnel-
domain (TD, red) is tapering
towards the periplasmic entrance

about 4A. The equatorial domain
(ED) is colored green.
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OprM was structurally elucidated via crystallography of 456 of its 468 amino acid residues in
2004 by Akama et al. (Akama et al., 2004b). An OprM monomer consists of four B-strands
and eight a-helices forming an overall structure similar to the TolC channel tunnel (Figure
1.8). The OprM trimer has a length of 135A and an inner diameter of about 25A at its widest
region (equatorial domain). The membrane anchoring B-barrel is constricted by three loops
near the end of the barrel, leading to a pore diameter of 6-8 A, whereas the periplasmic end is
almost closed. The cavity inside the OprM trimer is also solvent filled with a volume of about

2500043

Figure 1.8: Structure of OprM (by Christian
Andersen)

Ribbon representation of an OprM trimer. The
protomers are colored in green, red and yellow,
respectively. The amino-terminal (N) lipid
modification of one protomer is indicated by
FA (FA for fatty acid). The OM is schematized
via dashed lines.

The 35A long B-barrel is composed of 12 B-strands, four of each monomer, which arrange
antiparallel (S1-4) like the ones of TolC. Interestingly, the B-barrel is not the only membrane
anchor of OprM. OprM is a lipoprotein and the fatty acid at its amino-terminus is integrated
in the inner leaflet of the OM (Naskajima et al., 2000). The a-barrel is built by two long
helices H3 and H7, as well as four short helices H2, H4, H6 and HS8, of each monomer in the
antiparallel configuration. The barrel is narrowed towards the periplasmic end and equal to
TolC, H7/H8 are twisted inwards leading to the complete sealing of the periplasmic entrance
of OprM.

However, TolC and OprM have many features in common, there are some differences

concerning the two proteins. Besides the structural differences, like the already mentioned
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amino-terminal fatty acid of OprM, the compatibility should be mentioned. While OprM
transports only xenobiotic substances, TolC is also used for protein export (Andersen, 2003).
OprM is the exclusive OM component of MexAB (Poole, 2001), whereas TolC can act as OM
component of protein export systems and different drug efflux pumps (Andersen, 2003). The
mexAB/oprM genes comprise a transcriptional unit in P. aeuruginosa. On the other hand, t0l/C

belongs to the mar-sox regulon (Aono ef al., 1998) and is not part of an export operon.

1.3.4. Assembly and function of the drug efflux pumps

For modeling assemblies of efflux pumps known structures of the components are used. In the
case of AcrB and TolC, AcrA is modeled using MexA as template (Figure 1.9), whereas AcrB
substitutes MexB in a MexAB/OprM model.

The IM and OM components are trimeric proteins, whereas the oligomeric state of the
periplasmic adaptor protein is still not known. In solution the adaptor is monomeric and
oligomerization is suggested to be induced by interaction with the IM and/or the OM
component. In the literature there exist different models proposing trimers, tri-dimers,
nonamers and tri-decamers as oligomeric states of the adaptor protein (Fernandez-Recio et al.,

2003; Akama et al., 2004a; Eswaran et al., 2004).

Figure 1.9: Model of the assembled multidrug
efflux pump AcrAB/TolC (by Christian Andersen)
Side view of AcrAB/TolC. The TolC trimer is
colored blue, AcrB grey. AcrA monomers fitted to
AcrB-TolC. This model contains six AcrA
monomers, whose hairpins are colored yellow and
the lipoyl domains green. The B-domain with its
single a-helix (blue) is colored red, as well as the
carboxy-terminus.
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Since TolC could be cross-linked to AcrB showing that their large periplasmic domains are in
close proximity (Touze et al., 2004; Tamura et al., 2005), it is obvious that there is direct
contact between the channel tunnel and the RND transporter. In contrary, isothermal titration
calorimetry detected no interaction between purified AcrB and TolC proteins, suggesting that
the contact sites are not of large surface (Touze et al., 2004). This is also supported by an
unsuccessful co-purification of MexB and OprM in a MexA deficient strain (Mokhonov et al.,
2004). Therefore, the interaction of the IM and the OM component is not sufficient for a
stable and functional efflux pump showing the importance of the adaptor protein in vivo.

In contrast to previous models assuming that the assembly of the outer membrane component
with the inner membrane complex is transient, recent investigations show that the assembly
appears to be constitutive (Tikhonova and Zgurskaya, 2004; Touze et al, 2004), not
depending on energy or substrates. This leads to the question how the assembly occurs
resulting in conformational changes of the single components to form a functional efflux
machinery. It is obvious that the periplasmic entrances of TolC and OprM have to reach an
open state for substrate transport. The inner coiled coils (H7/H8) have to move outwards in an
iris like manner to open the tunnel (Koronakis et al., 2000; Akama et al., 2004a). The closed
state of the channel tunnels was shown to be very stable due to intra- and intermolecular
hydrogen bonds and salt bridges formed by certain residues of the different coiled coils
(Andersen et al., 2002a). Interactions of the adaptor proteins, most likely of their hairpins,
with the coiled coils of the channel tunnel could mediate the disruption of the hydrogen
bonds. Access through the periplasmic entrance of the channel tunnel could be the key event
in the function of efflux machineries, after several conformational changes induced after the
recognition of substrates by the IM transporters (Eswaran et al., 2004). A second possibility is
a permanent open state of the channel tunnel after efflux pump assembly and drug release
triggered by opening the pore of the RND transporters. However, the importance of the
interaction of the channel tunnel with its dedicated adaptor protein indicates the fact, that
MexAB cannot form a functional efflux pump together with TolC in E. coli (Tikhonova et al.,
2002), whereas on the other hand, OprM is not able to substitute TolC in a TolC-deficient
strain. These results are surprising to some extent concerning the homology of the respective
proteins.

In this study, the assembly and functionality of efflux pumps consisting of AcrB, TolC or
OprM, respectively, and a chimeric adaptor protein were investigated to reveal the importance

of the a-helical hairpin.
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CHAPTER 2

2. Characterisation of pores formed by YaeT (Omp85)

from Escherichia coli

2.1. Abstract

Proteins of the Omp85 family play a major role in the biogenesis of the bacterial outer
membrane, since they were shown to mediate insertion of outer membrane proteins. The
Escherichia coli Omp85 homologue YaeT is essential for viability, but its exact mode of
action is not yet elucidated. We could show that YaeT is composed of two distinct domains,
an amino-terminal periplasmic and a carboxy-terminal membrane domain. For in vivo
function the amino-terminal domain is necessary, whereas for pore formation the carboxy-
terminal domain is sufficient. Pores formed by YaeT exhibit a certain variability of
conductance indicating a flexible structure. We also demonstrated that YaeT pores attract
detergent molecules suggesting a hydrophobic area in the channel interior. The YaeT pore
properties support the idea of a lateral channel opening and a release of outer membrane

proteins into the bacterial outer membrane.

2.2. Introduction

The outer membrane (OM) is an essential component of the cell envelope of Gram-negative
bacteria. It serves as an additional selective permeability barrier and provides the cells with an
increased resistance to antibiotics, digestive enzymes, detergents and host-defense proteins

(Nikaido, 1996; Beveridge, 1999). The outer membrane is an asymmetric lipid bilayer formed
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by phospholipids in the inner and lipopolysaccharides in the outer leaflet. It contains two
major classes of proteins: B-barrel proteins, which are incorporated, and lipoproteins, which
are anchored in the OM. The proteins of the outer membrane are synthesized in the cytoplasm
and must traverse the inner membrane and the periplasmic space to reach their final location.
The translocation of proteins across the inner membrane is well understood especially after
solving the protein structure of the inner membrane translocation machinery (van den Berg et
al., 2004). However, the pathway of lipoproteins and integral -barrel proteins into the outer
membrane is different. Lipoproteins are transported and inserted into the OM by the LolA and
LolB proteins (Matsuyama et al., 1997; Tokuda and Matsuyama, 2004). The biogenesis of 3-
barrel proteins is more complex and has been extensively studied for years (for recent reviews
see: Bos and Tommassen, 2004; Mogensen and Otzen, 2005; Ruiz et al., 2006). A range of
proteins have been identified, which act as folding factors in the periplasmic space. These
include molecular chaperones, such as Skp, which stabilize the non-native conformations of
outer membrane proteins (OMPs) and facilitate their folding (Schéfer et al., 1999; Bulieris et
al., 2003). The periplasmic protease DegP might act under some physiological conditions also
as chaperone (Spiess et al., 1999). Other folding factors are folding catalysts like protein
disulphide isomerases or cis-trans peptidyl propyl isomerases, the former catalyzing the
formation and reshuffling of disulfide bonds and the latter catalyzing the cis-trans
isomerization of peptide bonds (Lazar and Kolter, 1996; Dartialongue and Raina, 1998;
Nakamoto and Bardwell, 2004). The crucial step in the biogenesis of OMPs is the insertion
into the OM. 1t is clear that this process occurs not spontaneously as observed in vitro. When
reconstituted in artificial membranes OMPs insert preferentially with the periplasmic site first
due to the large hydrophilic extracellular loops (Andersen ef al., 2002¢; Danelon ef al., 2003).
Therefore, OMP insertion in vivo must be mediated by a special mechanism.

In 2003, the OMP Omp85 of Neisseria meningitidis was characterised to be involved in
protein insertion into the OM (Voulhoux et al., 2003). It belongs to a highly conserved family
of proteins present in all domains of life, except archaea (Gentle et al., 2004). Depletion of
Omp85 in N. meningitidis as well as depletion of the orthologous protein YaeT from E. coli
leads to a defect in outer membrane integrity (Werner and Misra, 2005; Doerrler and Raetz,
2005). The OMPs accumulate transiently in the periplasm as soluble intermediates, which
imply that Omp85 and YaeT might assist insertion of soluble OMP intermediates. The failure
to construct yaeT and omp85 knock-out strains without complementation shows that the
proteins are essential for the cells (Voulhoux et al., 2003; Werner and Misra, 2005; Doerrler

and Raetz, 2005). Recently, it is shown that YaeT forms a multi-protein-complex with three
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OM lipoproteins YfgL, YfiO, and NIpB (Wu et al., 2005). All three belong to the SigmaE
regulon. YfiO is shown to be essential for viability, whereas NIpB and YfgL are non-
essential. However, nlpB and yfgL. knock-out strains exhibit phenotypes, which suggest that
the proteins are also important for maintenance of the integrity of the cell envelope (Onufryk
et al., 2005).

In this multi-protein complex YaeT is the only protein, which is an integral OM protein. This
suggests a central role in inserting OMPs into the membrane. In this study, we have
investigated the functionality of YaeT in vitro. Reconstituted in planar lipid bilayer
membranes, we show that YaeT has pore-forming ability and attracts detergent molecules
when inserted. Characterisation of an amino-terminal deletion mutant of YaeT shows that the
pore forming domain is located in the C-terminus and that the amino-terminal periplasmic

domain is essential for function in vivo.

2.3. Materials and Methods

2.3.1. Bacterial strains and construction of plasmids

All bacterial strains were grown in LB medium or on LB agar plates with appropriate
antibiotics (Sigma). For E. coli strains Topl0F" (Invitrogen), AG100 (Jellen-Ritter and Kern,
2001) and BL21DE3OmpS8 (Prilipov et al., 1998) 100 pg/ml ampicillin, 40 pg/ml kanamycin
and 25 pg/ml chloramphenicol were used for selection.

The cloning vector pET12a (Novagen) was upgraded by insertion of a DNA cassette, adding a
His10-Tag sequence directly after the OmpT leader sequence and a more variable multi
cloning site (Smal/BamHI/Ncol/Sacl/Xhol/BsrGI/Bpul 102I). The cassette was constructed of
oligonucleotides JS2 up and JS2 down leading to Sall and Bpul 1021 overhangs and ligated
into a Sall/Bpul102I digested pET12a vector using T4 DNA ligase resulting in p12JS2 (all
oligonucleotides are listed in Table 2.1). Due to the tighter control of the araBAD promoter
compared to the plac promoter of p12JS2, the araBAD promoter together with araC was
amplified by PCR using araBADC up/down as primers and pBADMyc/HisA (Invitrogen) as
template. The plac promoter of pl12JS2 was replaced by araBADC using Bglll/Ndel
restriction sites resulting in pARAJS2. yaeT was amplified by PCR using YaeT up and
YaeT down and cloned into Sacl/Bpul102I digested pARAJS2. The resulting pARAJS2yaeT
vector was used for expression of N-terminal His-tagged YaeT (HisYaeT). pARAJS2yaeT®
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expressing HisYaeT® was constructed using the primer pair YaeTQChalf up/down for
insertion of a stop codon followed by a Sacl restriction site by Quick Change PCR into the
vaeT gene. The N-terminal sequence part was cut off by Sacl digestion and the remaining
vector was re-ligated. The excised N-terminal yaeT fragment was inserted into a Sacl/CIAP
digested pARAJS2 vector leading to pARAJS2yaeTN expressing HisYaeT". The ligation
products were introduced into TOPIOF" and the correct plasmid recombinants were
determined by colony PCR using the primer pair pBADseq up and pETseq down.

For pARAyaeT yaeT was amplified using the primers YaeTHisC up and YaeT down and the
PCR product was inserted into pARAJS2 via Ndel/BpullO2l. For construction of
pARA21yaeT expressing the C-terminal His-tagged YaeTHis, pET21a (Novagen) was
supplied with the araBAD promoter together with araC as described above for pET12a
leading to pARA21a. yaeT was inserted after amplification using YaeTHisC up/down as
primers and Ndel/EcoRI as restriction endonucleases. For the construction of pNByaeT the
primers YaeTHisC up and YaeTBam down were used for yael amplification. yael was
inserted into pNB (Stegmeier et al., 2006, submitted; see Chapter 4) after Ndel/BamHI

digestion. All expression plasmids were confirmed by sequencing (Seqlab).

Table 2.1: Table of Oligonucleotides.

JS2_up TCGACGCATCATCACCATCACCATCACCATCACCACGGCGCCGAAGGCCGCCCCGGGATCCATGG
AGCTCGAGTGTACAGC

JS2_down AGTCGACATGTGAGCTCGAGGTACCTAGGGCCCCGCCGGAAGCCGCGGCACCACTACCACCACCA
CTACCACTACTACGC

araBADC_up GCGCGAGGCAGCAGATCTATTCG

CGAGCTCGGATCCATATGTAATTCCTCCTGTTAGCCC
CCACCGTATACGGAGCTCAAGGGTTCG
GTCAGCCGGCTCAGCAGAAGTTGC
GGCTGGGGTGAGCTCTGGTCGATCAGGGTAAG
CTTACCCTGATCGACCAGAGCTCACCCCAGCC

araBADC_down
YaeT up

YaeT down
YaeTQChalf up
YaeTQChalf down

pBADseq_up CCTGACGCTTTTTATCGC
pETseq down CCTCAAGACCCGTTTAGAG
YaeTHisC_up GGAAGAACGCATAATACATATGGCGATGAAAAAGTTGC

YaeTHisC_down

YaeTBam_down

YaeT-KO_up CTCTCGGTTATGAGAGTTAGTTAGGAAGAACGCATAATAACGATGATTGAACAAGATGGATTG
YaeT-KO_down GTGAAGTCGTCCGTTTTGAAGCTGTTATCCTGATCAGAGGTGCTCCGAACCCCAGAGTCCCGCTCA
YaeT-FR_up CGGGTAAATCCTTAGCGTTAG

YaeT-FR_down CGGCAGTGATGTCTTTTACA

YaeT610_up CCGTGGTGGAACGTGGTATGAGCTCGTAAATACCAG

CATTCCTTTGTGGAGAACGAATTCCAGGTTTTACCGATG
CGGCGATCTTATATGGATCCCCTAAAGTCATCG
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2.3.2. Protein expression and purification

For protein expression the respective expression plasmids were transformed in the porin
deficient BL21DE3Omp8 E. coli strain. The cells were grown in LB medium under
appropriate antibiotic selection at 37°C to an ODgg of 0.4-0.7. Then the cells were transferred
to room temperature (RT) and expression was induced after 30 min of adaptation by adding
0.02% arabinose. After 4-5 h cells were collected by centrifugation at 5000xg for 10 min at
4°C and resuspended in 10 mM Tris pH 7.5. Protease inhibitor cocktail (Calbiochem) was
added before disrupting the cells by a French pressure cell. Cell debris was collected by
centrifugation at 5000xg for 10 min at 4°C. The supernatant was ultra-centrifuged at
170000xg for 1h at 4°C revealing a membrane pellet. HisYaeT" was purified from the
supernatant as described later. For membrane protein extraction the membrane pellet was
resuspended in 10 mM Tris/ 0.5 % LDAO pH 7.5 and protease inhibitor cocktail was added
before incubating the suspension 30 min at 4°C or RT followed by ultra-centrifugation at
170000xg for 30 min at 4°C. The supernatant was applied to 50ul NiNTA Sepharose
resin/100ml cell culture and incubated overnight at 4°C. The resin was washed extensively
using 10mM Tris/ 0.5% LDAO/ 100mM imidazole pH 7.5 followed by washing with 10mM
Tris/ 0.5% LDAO/ 200mM imidazole pH 7.5. For elution 10mM Tris/ 0.5% LDAO/ 600 mM
imidazole pH 7.5 was used.

Protein purification under denaturing conditions was performed resuspending the previously
described membrane pellet in 8M urea/ 100mM NaH,PO4/ 10mM Tris pH 8. Extracted
membranes were collected by ultra-centrifugation at 170000xg for 30 min at 4°C and the
supernatant was applied to NiNTA spin columns (Qiagen). After extensive washing with § M
urea/ 100mM NaH,PO4/ 10mM Tris pH 6.3 and 10mM Tris/ 0.5% LDAO/ 100mM imidazole
pH 7.5 the protein was eluted in 10mM Tris/ 0.5% LDAO/ 300mM imidazole pH 7.5.
HisYaeT and HisYaeTC eluates containing degraded or denatured proteins were loaded on a
10% SDS gel and the band of the non-degraded protein was cut off and eluted in 10mM Tris/
0.5% LDAO pH 7.5 overnight at 4°C. The eluates were filled into an Amicon Ultra-15
30000MWCO (Millipore) filter device and washed intensively with 10mM NaH,PO./ 0.5%
LDAO pH 7.4 buffer.

2.3.3. Sucrose-step gradient and NADH-oxidase activity test

For the sucrose-step gradient experiment cell membrane pellets were prepared from TOP10F”

cells containing the expression plasmids as described above. Membrane pellets of 200 ml
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initial culture were carefully homogenized in 1 ml 10mM Tris pH 7.5 and loaded on a
sucrose-step gradient containing 3 ml 30%, 5 ml 50%, and 2 ml 70% sucrose. The gradient
was centrifuged at 114000xg at 4°C for 16 h using a Beckmann SW40Ti rotor. Afterwards
fractions of 1 ml were collected and investigated by immunoblot. Fractions containing the
outer membrane were allocated by the presence of the major outer membrane proteins
OmpC/F, OmpA, fractions containing the inner membrane were allocated by NADH-oxidase
activity test. NADH-oxidase activity was measured by detecting the decrease of absorbance at

340 nm as formerly described (Mizuno and Kagayama, 1978).

2.3.4. SDS-PAGE and western blotting

Prior to electrophoresis protein samples were mixed with sample loading buffer and if not
otherwise notated incubated for 10 min at 100°C. SDS-PAGE was performed according to the
Laemmli gel system (Laemmli, 1970). For immunodetection, a tank blot system (Amersham
Biosciences) was used as described previously (Towbin et al., 1979). The anti-His and the
HRP-linked anti-mouse antibodies were purchased from Amersham Biosciences as well as the

ECL Western Blotting Detection Reagents.

2.3.5. Electrophysiological experiments

All protein samples were diluted 1:20 in 10mM NaH;P04/2% LDAO pH 7.4 and stored at
4°C before being used in electrophysiological experiments. The methods used for black lipid
bilayer experiments have been described previously (Benz et al., 1978). The experimental
setup consisted of a Teflon cell with two compartments filled with electrolytes connected by a
small circular hole. The hole had an area of about 0.4 mm®. Membranes were formed across
the hole from a 1 % solution of diphytanoylphosphatidylcholine (Avanti Polar Lipids) in n-
decane. The temperature was maintained at 20°C during all experiments. All salts were
obtained from Merck or Applichem and buffered with 1-10 mM Tris pH 7.5 depending on the
salt concentration. The electrical measurements were performed using Ag/AgCl electrodes
connected in series to a voltage source and a home-made current-to-voltage converter. The
amplified signal was recorded on a strip chart recorder. The single- and multi-channel
experiments were performed applying a potential of 20 mV. Multi-channel experiments were
performed in 100 mM KCI with stirring to allow equilibration of added substances. The YaeT

samples were always added to the trans (negative) site of the Teflon cell, detergent molecules
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(sodium dodecyl sulphate (SDS), cetyltrimethylammonium bromide (CTAB),
dodecylmaltoside (DDM)) to both compartments after the current was stationary.

Zero-current membrane potentials were measured by establishing a 10-fold salt gradient
(30mM to 300mM KCI) across membranes containing at least 100 channels (Benz et al.,
1979). Detergent molecules were added to both compartments and changes in the measured

potential were recorded after they reached a constant value.

2.3.6. yaeT knock-out

The chromosomal yaeT knock-out in AG100 pNByaeT was performed basically as described
before (Datsenko and Wanner, 2000; Wu et al., 2005). The primer pair YaeT-KO up/ YaeT-
KO _down and pKD4 as template, were used for PCR to produce a yaeT knock-out fragment.
The knock-out fragment contained solely the two yaeT flanking regions and the kanamycin
resistance gene (kanR). AG100 pNByaeT pKD46 was grown at 30°C in SOC medium
supplemented with 0.2 % arabinose and 10uM IPTG for 4-5 hours before transformation of
the knock-out fragment. Correct transformants, with the first 1667 bases of the yaeT gene
substituted by kanR, were selected on LB agar plates containing 1uM IPTG. Deletion of yaeT
was verified by colony-PCR using primers that bind up- and downstream of yaeT: YaeT-
FR up and YaeT-FR down. The resulting strain was denoted AG100AyaeT.

AG100AyaeT pNByaeT was transformed with pARAyaeT, pARAJS2yaeT and
pARAJS2yaeTC, respectively. Correct transformants were selected on LB agar plates
containing the appropriate antibiotics and 0.02 % arabinose. To allow the cells to forfeit the
pNByaeT plasmid cultures and subcultures were grown for 40 h at 37°C with 0.02%
arabinose and ampicillin. After the cells were streaked out on LB agar plates containing
ampicillin and 0.02% arabinose, single colonies were checked for the loss of chloramphenicol
resistance by transferring on LB agar plates containing chloramphenicol and 0.02% arabinose.
Chloramphenicol sensitive colonies were used for colony PCR to verify the result. The primer
combinations pBADseq up/ pETseq down, pNBseq up/ pNBseq down and YaeT610 up/
pETseq down were used to check for pARA plasmids, pNBYaeT, and pARA plasmids

containing full length yaeT, respectively.
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2.4. Results

2.4.1. YaeT C-terminus is located in the OM

Topology predictions reveal that Omp85 proteins are composed of two domains of almost
equal size (Voulhoux et al., 2003; Gentle ef al., 2005). The amino-terminal half is predicted to
be located in the periplasm while the carboxy-terminal half forms a B-barrel like structure
embedded in the outer membrane. We have cloned the full length and the amino- and
carboxy-terminal halves in the pARAJS2 plasmid resulting in the arabinose inducible,

secreted, and amino-terminal His-tagged HisYaeT, HisYaeT" and HisYaeT® protein.

1 21 403 810

SS periplasmic membrane
domain domain

Figure 2.1: Schematic presentation of YaeT. Residues marking the border of the domains are given. The five
POTRA domains within the periplasmic domain are indicated by dark grey areas. SS stands for signal sequence.

Membrane fractionation by sucrose-step gradient revealed that HisYaeT and HisYaeTC are
localized in the outer membrane (Figure 2.2). This shows that folding and membrane
localization of the carboxy-terminal half is independent on the amino-terminal half. The
amino-terminal half of YaeT, HisYaeT", was not found in the membrane fractions (data not
shown). The protein is soluble and due to its signal sequence it is most likely located in the
periplasm. Interestingly, a full length version of YaeT with a carboxy-terminal His-tag was
also absent in the outer membrane fraction. This points towards an importance of the very
carboxy-terminus of YaeT for proper assembly in the outer membrane as observed before for

other outer membrane proteins (Struyve et al., 1991).
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Taken together, our data support the prediction that the carboxy-terminal half anchors YaeT

in the outer membrane, whereas the amino-terminal half is located in the periplasm.

Fraction 1234567891011

97 kDa =——p -
)
&
‘ ‘ | Figure 2.2: Immunoblot
| IM | OM of Sucrose-step membrane
A gradient fractions of cells

expressing HisYaeT (A)
. and HisYaeT¢ (B). For
Fraction1234567891011 detection of HisYaeT and
HisYaeT® an anti-HIS
antibody was used. The
inner (IM) and outer
50 kDa=—p . oD membrane (OM) fractions
were denoted after
NADH-oxidase activity
test and detection of

| I M | | O M | characteristic outer

B membrane proteins

2.4.2. YaeT is susceptible to proteases

For purification, the His-tagged YaeT constructs were expressed in E. coli. After French
pressure and ultracentrifugation HisYaeT" was in the supernatant, whereas HisYaeT and
HisYaeT® were in the pelletized membrane fraction and were solubilized by detergent
extraction. Proteins were bound to NiNTA affinity columns and eluted by imidazole.
HisYaeT" could be eluted as pure protein with a molecular weight of about 45 kDa. Although
low temperature during isolation and addition of protease inhibitor several protein bands with
lower molecular weight were visible on SDS-PAGE of eluted HisYaeT and HisYaeTC. As
shown for HisYaeT, the immunoblot with Anti-His antibodies identified the smaller proteins
as N-terminal fragments (Figure 2.3). Furthermore, amino-terminal sequencing confirmed that
the prominent 45 kDa band is the amino-terminal domain of HisYaeT. Various bands with

molecular weight higher than 45 kDa imply that membrane inserted C-terminal half of the
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YaeT protein is highly protease accessible. The same observations were made with HisYaeT®

(Figure 2.3, lane 3).

1 2 3

1 - 97 - 97
66 Figure 2.3: HisYaeT (lane 1 and 2) and HisYaeT® (lane 3) after
B =80 purification using NiNTA sepharose. Lane 1: Detection of HisYaeT
- - 45 -_, via silver nitrate staining. Lane 2 and 3: Immunoblot using an anti-
His antibody. Positions of molecular mass markers (in kDa) are
29 .__29 shown on the right. All samples were boiled for 10 min before

- - SDS-PAGE.
—20 -20

When purified HisYaeT and HisYaeT® were loaded unboiled on a SDS gel, a 97 kDa
(HisYaeT) and 50 kDa band (HisYaeT ) shifted to 75 kDa and 37 kDa, respectively (Figure
2.4A,B). This heat-modifiable mobility in SDS-PAGE is characteristic for B-barrel OMPs
(Beher et al., 1980; Arcidiacono et al., 2002). In contrast, the amino-terminal half of YaeT

showed no heat-modifiable mobility (Figure 2.4C).

Figure 2.4: Mobility of purified HisYaeT (A),

A B C HisYaeT (B) after extraction and NiNTA purified
—130 . —70 HisYaeT" (C) on SDS poly-acrylamid gels after

- incubation at room temperature (left lane) and 100°C

- =& =83 r — gg (right lane). The proteins were blotted to a
— 45 w— « — — 45 nitrocellulose membrane and detected using an anti-

ey — 35 L — 33 His antibody. Positions of molecular mass markers (in

kDa) are shown on the right.

Taken together we could show that the two halves of YaeT form independent domains. The
periplasmic domain forms a stable, protease inaccessible structure, whereas the membrane
domain shows on the one hand heat-modifiable mobility, on the other hand protease

accessibility.

2.4.3. YaeT forms pores in planar lipid bilayer membranes

For reconstitution in black lipid bilayer HisYaeT and HisYaeT® were further purified by gel

elution. Protein samples obtained after NINTA affinity chromatography were loaded unboiled

on a SDS-PAGE and a 75 kDa (HisYaeT) and 37 kDa (HisYaeT®) band, respectively
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corresponding to the undigested forms of the proteins were cut out. Protein were pure, devoid
of protease digestion and retained heat-modifiable mobility assuming that purification has no
influence on protein conformation (Figure 2.4A,B).

Purified HisYaeT was added to the aqueous compartment of a black lipid bilayer apparatus.
The protein induced a stepwise increase of membrane conductance meaning that it forms
water filled pores in black lipid membranes (Figure 2.5A-C). Thereby, most insertion events
lead to a significant increase of the conductance fluctuation. Measured in different KCl
concentrations, the size of the steps was not homogeneous varying from, e.g. 20 to 100 pS in
100 mM (Figure 2.6A). However, for every KCIl concentration a most frequent observed
single channel conductance could be detected (Table 2.2). Variation of the purification
protocol, potential, pH, ions, or ionic strength, or addition of divalent cations failed to reveal
more homogeneous single channel conductance. A significant decrease of the single channel
conductance was observed when K™ was exchanged against Li". Exchange of Cl against
acetate had no effect on the single channel conductance. This indicates that the YaeT pores
are cation selective. Another important feature of the pores is that there is no linear
dependence between single channel conductance and electrolyte concentrations, which means

that point charges must exist in the water filled channel.

A B C * D

Figure 2.5: Single channel recordings of diphytanoyl phosphatidylcholine/n-decane membranes in the presence
of 5 ng/ml HisYaeT (A-C) or HisYaeT (D) protein. The aqueous phase contained 100 mM (A) and 1 M KCI (B-
D), respectively. The applied voltage was 20 mV. Note that YaeT channels can adopt variable high conductance
states of different lifetime (marked by asterisks).
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Rarely, we observed very large conductance steps of, e.g. over 450 pS in 100 mM KCI. Most
of these highly variable conductance steps had a very short lifetime (Figure 2.5A-C)
indicating that this state is not stable. To exclude that insertion events originate from other co-
purified pore forming proteins, HisYaeT was purified extensively by repeated binding on
NiNTA columns under denaturing conditions (8M urea) eliminating attached proteins. Gel-
eluted and refolded HisYaeT revealed the same heat-modifiable mobility in SDS-PAGE.
Added to the lipid bilayer it induced the same conductance steps as purified under native

conditions (data not shown).
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Figure 2.6: Histogram of the conductance steps observed with diphytanoyl phosphatidylcholine/n-decane
membranes in the presence of 5 ng/ml HisYaeT (A) and HisYaeTC (B) protein. The single channel conductance
varied in a range between 20 and 80 pS with a main peak observed at 60 pS. P (G) is the probability that a given
conductance increment G is observed in the single channel experiments. The aqueous phase contained 100mM KCl,
the applied voltage was 20 mV.

Reconstitution of HisYaeT in lipid membranes results in the similar conductance steps and
shows similar characteristics as observed for full length HisYaeT (Figure 2.5D, 2.6B), with
the exception that very high conductance steps were recorded less frequently. In contrast,
HisYaeT" had no pore forming activity in black lipid bilayer membranes (data not shown).
Taken together, we show that YaeT forms cation selective pores with variable conductance
states. The pore forming ability resides clearly in the carboxy-terminal half confirming that

the membrane domain functions independent of the periplasmic domain.
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Table 2.2: Single channel conductance of HisYaeT in different electrolytes and electrolyte concentrations

Electrolyte Conductance peak (pS) Conductance range (pS)
30mM KCl 30 10 - 35
100mM KCI 60 20 - 80
300mM KCl 125 75-175

IM KCl 400 100 - 600

3M KCI 700 400 - 800
100mM LiCl 20 5-40
100mM KAc 60 20 - 80

2.4.4. Detergents change conductance and ion selectivity of YaeT pores

By chance, we observed that YaeT interacts with detergent molecules in a way that the
electrophysiological properties of the pores changed. Purified HisYaeT protein was added to
the trans (negative) compartment of the Teflon cell and after the conductance reached a
constant level, detergents were added. Interestingly, we detected a rapid increase of the
conductance after addition of SDS (Figure 2.7A). To exclude that the increase originates from
newly inserted YaeT pores, we investigated the phenomenon with only a few channels
inserted. After addition of SDS the conductance increased continuously and not stepwise as
one would expect for insertion of new channels (Figure 2.8). This lets us conclude that SDS
interacts with the inserted pores resulting in an increased conductance. It should be
mentioned, that the effect was independent on the side of detergent addition, which means
that detergent molecules can enter the pore from both sides. Further experiments were
performed adding detergent molecules to both compartments.

Additional experiments support, that detergent molecules could influence conductance of
YaeT. When cetyltrimethylammoniumbromid (CTAB) was added, the conductance decreased
(Figure 2.7B). The decrease was not as rapid as the increase observed by addition of SDS.
This can be explained by the much lower concentration of CTAB compared to SDS. Higher
CTAB concentration could not be used because of membrane breakdown. Almost no effect
had the addition of dodecyl-maltoside (DDM) (Figure 2.7C). Control experiments with E. coli
porins OmpF and LamB showed that this behaviour is specific to YaeT. We exclude also that
destabilization of the protein induce the effects because of the very low detergent
concentrations used in the experiments and the specific reactions observed for different

detergents. An experienced specialist also confirmed that this characteristic was not described
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before for other pore forming proteins (R. Benz, personal communication). It is normal that
detergent molecules bind to outer membrane proteins. However, this binding is generally
restricted to the hydrophobic outside of the barrel. In the case of YaeT one has to claim that
interactions of the detergent molecules occur inside the channel, otherwise the effects would
not have been observed. It should be mentioned that YaeT pores are reconstituted in the lipid
membranes with detergent molecules already present. Therefore, a potential detergent binding
site might be occupied already by LDAO molecules and the effects of the second detergent
needs to be discussed as competition between the two detergents for the binding site.

The fact that the tested detergents influence YaeT conductance differently, could be explained
by the charge of the polar head group of the detergent molecules. The head group of SDS is
negatively charged, whereas that of DDM and CTAB is neutral and positively charged,
respectively. As mentioned above, YaeT is a cation selective channel, which means that
negatively charged residues line the aqueous pathway through the pore. Interaction of SDS
with the inside of the YaeT channel leads to additional negative charges, which attracts more
cations resulting in a higher channel conductance. In the case of interaction with CTAB the
negative net charge is reduced, which explains the decrease of the conductance. The neutral

DDM has no influence of the charges making clear why it has almost no effect on

conductance.
A B
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Figure 2.7: Influence of detergents on membrane conductance induced by HisYaeT. The membrane was formed
from diphytanoyl phosphatidylcholine/n-decane. The aqueous phase on both sides of the membrane contained
100 mM KCIl. 2-5ul protein sample (5 ng/ml) were added to the trans site. A stable conductance was reached
with approximately 200 (A), 200 (B), and 2700 (C) inserted HisYaeT channels. 0.7uM SDS (A), 0.01uM CTAB
(B), and 0.4pM DDM (C) were added to both sides of the membrane. A relative conductance increase of about
60% (A) and decreases of 12% (B) and 3% (C) were recorded. The applied voltage was 20 mV.
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Figure 2.8: Influence of detergents on membrane conductance induced
by HisYaeT on single channel level. The membrane was formed from
diphytanoyl phosphatidylcholine/n-decane. The aqueous phase on both
sides of the membrane contained 100 mM KCIl. 0.1 pl protein sample (5
ng/ml) were added to the trans site. About six single HisYaeT pores were
reconstituted before 0.7uM SDS were added to both sides of the
membrane. After a short lag time conductance increased steadily and
came to a standstill after a relative increase of about 80%. The applied
voltage was 20 mV.

To prove this explanation, we determined the ion selectivity of HisYaeT pores by applying an
ion gradient across the membrane. Under zero current conditions a 10-fold KCI gradient
revealed a potential of 33.5 £ 7.0 mV, positive on the diluted side, which means that the pores
are cation selective with a permeability ratio pK/pCl of 5.7. Addition of SDS to both
compartments increased the potential to 40.5 + 3.5 mV (pK/pCl 9.2) indicating higher cation
selectivity. As expected, CTAB had the opposite effect and caused a decrease of the potential
to 29.0 £ 5.7 mV (pK/pCl 4.3). DDM had only a minor effect (32.3 £7.6 mV, pK/pCl 5,3).
The same effects concerning changes of conductance and cation selectivity could be observed
for HisYaeT® (data not shown).

Summarized, we show that YaeT interacts with detergent molecules influencing cation
selectivity, which results in changes of the conductance. Hereby, the charge of the head group
is the major determining factor. As far as we know, YaeT is the first channel forming protein,

for which such interaction with detergent molecules is reported.

2.4.5. The periplasmic domain of YaeT is essential for function in vivo

Since the C-terminus is sufficient for pore forming we studied its abilities in vivo. We have
constructed the conditional yaeT knock-out strain AG100AyaeT. The chromosomal yaeT gene
was deleted as described before (Wu et al., 2005). To get mutants it was necessary to
complement the strain by the plasmid pNBlyaeT encoding yaeT under the plac promoter. In
order to exchange the leaky plac promoter with the tightly regulated pARA promotor and to
study variants of YaeT, we transformed AG100AyaeT pNBlyaeT with either pARAyaeT
encoding YaeT wild-type, pARAJS2yaeT encoding HisYaeT, or pARAJS2yaeTC encoding
HisYaeT . After 40 hours selecting just for pARA plasmids in the presence of arabinose, we
checked for the loss of pNBlyaeT. 16 out of 34 (pARAyaeT) and 10 out of 34
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(pARAJS2yaeT) had lost the pNB1yaeT plasmid as confirmed by PCR and by sensitivity for
chloramphenicol. Growth experiments with AG100AyaeT pARAyaeT and AG100AyaeT
pARAJS2yaeT show that growth was indistinguishable from AG100 wild-type when YaeT
expression was induced, whereas without induction growth became reduced after several
generations (data not shown). These observations are identical to the results reported recently
by two independent groups (Werner and Misra, 2005; Doerrler and Raetz, 2005). Our results
show additionally that the amino-terminal His-tag did not disturb the functionality of YaeT.

Experiments trying to exchange the YaeT wild-type with the mutant HisYaeT® were not
successful. 7 out of 34 colonies had lost the chloramphenicol resistance gene as shown by
chloramphenicol sensitivity and PCR, but all seven colonies had gained the yaeT wild-type
gene. We could confirm by PCR that a gene transfer occurred from pNBlyaeT to
pARAJS2yaeTC replacing the gene for the carboxy-terminal variant with the wild-type gene.
This lets us conclude that the carboxy-terminal pore forming domain of YaeT is not sufficient

to replace the wild-type YaeT.

2.5. Discussion

In recent times, the family of Omp85 protein came into the focus of researchers investigating
biogenesis of outer membranes of Gram-negative bacteria or organelles in eukaryotes (Gentle
et al., 2005; Ruiz et al., 2006). The bacterial Omp85 proteins are shown to be essential for
insertion of membrane proteins into the permeability barrier. YaeT, the Omp85 ortholog from
E. coli, forms a multi-protein complex together with three outer membrane lipoproteins (Wu
et al., 2005). However, YaeT is the sole integral membrane protein in the OM multi-protein
complex. Therefore it might be the crucial component for membrane insertion of OMPs.
Omp85 proteins are predicted to consist of two domains, an amino-terminal periplasmic
domain and a carboxy-terminal membrane domain (Voulhoux ef al., 2003). We confirm that
the carboxy-terminal half anchors the protein in the OM.

The amino-terminal half can be expressed separately as a stable, protease resistant, soluble
protein in the periplasm. This means that YaeT indeed consists of two independent domains.
We have determined two features of the membrane domain, which seems to be contradictory.
On the one hand, we could show that the membrane domain shows heat modifiable mobility.

Higher mobility in SDS-PAGE is a feature often observed for outer membrane proteins as e.g.
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OmpA or OmpF trimers of E. coli (Beher et al., 1980; Arcidiacono et al., 2002). It could also
be shown for the secretion component FhaC of the two partner secretion system of Bordetella
pertussis, which belongs to the Omp85 family (Guedin et al., 2000). The higher mobility in
SDS-PAGE implies that the membrane domain adopts a compact, SDS stable structure. On
the other hand, we observed that the membrane domain becomes degraded during
purification. This seems to conflict with the image of a compact structure. Protease
degradation is not typical for membrane domains of integral outer membrane proteins. Solved
structures of diverse outer membrane proteins show that they form exclusively beta barrels
(Wimley, 2002). The compact folding of B-barrels protects proteins generally from protease
degradation during purification. YaeT behaves differently. This might be explained by the
fact that YaeT is natively part of a multiprotein complex and might be stabilized and protected
by the interaction with the three corresponding lipoproteins (Wu et al., 2005). One can
imagine that YaeT is affected by unbalanced expression of the proteins of the complex
leading to a protease accessible conformation.

For reconstitution in black lipid membranes only non-degraded, extra-purified proteins were
used, which show heat modifiable mobility. When reconstituted in artificial membranes YaeT
induces stepwise increase of conductance suggesting that it forms a hydrophilic pathway
through the permeability barrier. The mutant protein HisYaeT®, lacking the periplasmic
domain, induces the same conductance steps, which also shows that the membrane domain
functions independently of the periplasmic domain. This experiment also excludes that the
temporarily observed high conductance states originate from a gating-like process with the
periplasmic domain acting as a plug. Switches into the unstable high conductance state are
therefore an intrinsic behaviour of the membrane domain.

Thus, this is the first report showing that the bacterial Omp85 proteins form pores in the outer
membrane as suggested previously (Bos and Tommassen, 2004; Gentle et al., 2005). The
bacterial Omp85 proteins belong to a major superfamily separated in six clusters (Yen et al.,
2002). In parts, sequence similarity is very low and is restricted partially to short regions close
to the carboxy-terminal end (Moslavac et al., 2005). However, for a few representatives of
three clusters pore formation was shown previously. Among these is the cluster comprising
outer membrane components of the two-partner secretion (TPS) systems, which mediate
translocation of large proteins across the outer membrane (Konninger et al., 1999; Jacob-
Dubuisson et al., 1999). Another cluster of pore forming Omp85 homologues comprises
proteins in the mitochondrial outer membrane. In contrast to proteins of the TPS system, these

proteins are not involved in the transfer of proteins across the membrane but are necessary for
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the insertion of proteins into the membrane (Paschen et al., 2003). The third cluster comprises
proteins found in the outer membrane of cyanobacteria or chloroplasts. For these proteins
both functions, transport into and transport across the membrane, is reported (Hinnah et al.,
1997; Tu et al., 2004; Ertel et al., 2005). Interestingly, for almost all Omp85 homologous
pore forming proteins transitions into higher conductance states are reported (Hinnah et al.,
1997; Konninger et al., 1999; Jacob-Dubuisson et al., 1999; Ertel et al., 2005), which
suggests that this is a general feature of this protein superfamily. It should be mentioned that
in contrast to YaeT, the periplasmic domain of FhaC from the two partner secretion system of
B. pertussis and of Toc75, the Omp85 protein from chloroplasts of Pisum sativum, was shown
to affect pore properties (Ertel et al., 2005; Meli et al., 2006).

Compared to well characterised bacterial outer membrane porins, YaeT pores behave
differently. The conductance steps observed with reconstituted porins like OmpF, PhoE,
LamB, etc. are uniform differing only about 10-20 % (Benz and Bauer, 1988). Higher
variability of single channel conductance is only seen with porin mutants, having major
structural elements deleted (Andersen et al., 1999; Srikumar ef al., 1997). In the case of YaeT,
the single channel conductance varies. The reason for this might originate from the distinct
function of YaeT. Contrary to porins, which transport substances across the OM, bacterial
Omp85 proteins are predicted to transport proteins into the membrane.

There exist two distinct models about this process. One model suggests that YaeT forms a
closed B-barrel, which assembles to homo-oligomers. The nascent OMP assembles in its
centre and is released in the membrane plane by a gap between the YaeT protomers. Several
reasons speak against this model. Until now, no oligomers are detected for proteins of the
YaeT family. Furthermore, it is difficult to imagine, how the centre of such an oligomer
remains free of lipids and forms a water filled channel. A water filled pathway in each YaeT
protomer would have no physiological relevance. We favour a second model with single
protein forming a functional transport unit. However, this model makes a lateral opening
towards the membrane plane necessary. The membrane domain is predicted to consist of 12
amphipatic B-strands (Voulhoux et al., 2003). We believe that the B-strands do not form a
closed barrel. Breaking up the hydrogen bonds of the antiparallel B-strands within a B-barrel
to provide a lateral opening would be energetically unfavourable. We assume that the 3-
strands within the C-terminal domain form a flexible barrel like assembly, which can open
towards the membrane plane by a gap in the barrel. Thus, the variable conductance states
might have physiological relevance and could be explained by the special architecture. The

observed transient high conductance states might represent the unstable conformation of a
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YaeT pore with the maximal diameter. Nevertheless, the protein adopts a compact structure as
the OMP typical heat modifiable mobility shows. The flexible structure would allow
membrane insertion of B-barrels of different size. OMPs consisting between 8 and 22 (-
strands are found in the OM of Gram-negative bacteria. The hydrophilic interior of the barrel
might provide the pathway for extracellular loops of OMPs bypassing thus an energetically
highly unfavourable direct transfer through the lipid phase.

We observed that the YaeT channel interior has a high affinity to detergents. This means that
there exist hydrophobic sites, which attract detergent molecules. This is in accordance with
the function of YaeT, namely mediating transfer of OMPs into the OM. The outside of the -
barrels is covered by hydrophobic residues, which might bind transiently to the hydrophobic
region inside the YaeT channel before released into the membrane.

As mentioned above, the periplasmic domain is not needed for pore formation. However,
attempts to substitute full length YaeT by a variant lacking the amino-terminal domain failed,
which shows that the periplasmic domain is essential for viability of the cells. It is composed
of five repeated units, the so-called POTRA (polypeptide-transport-associated) domain
(Sanchez-Pulido et al., 2003; Gentle et al., 2005). The size of the extramembraneous domain
within the Omp85 superfamily is variable and the number of repeats ranges from one (TPS
and mitochondrial Omp85 homologues) to five (bacterial Omp85 proteins). For TPS proteins
it could be shown that the domain is important for folding of the substrates in their active
form but not for secretion (Yang and Braun, 2000), whereas the extramembraneous domain of
Omp85 homologues found in chloroplasts, functions as a substrate recognition and complex
assembly unit (Ertel ef al., 2005). A similar chaperon like function could be postulated for the
YaeT periplasmic domain. It is most likely that the YaeT periplasmic domain is the assembly
site for the three lipoproteins YfgL, YfiO, and NpIB to form the multi-protein complex. One
can imagine that this periplasmic assembly serves as recognition site for OMPs, which are
transferred from the inner membrane secretion apparatus bound to periplasmic chaperons.
Released from the chaperons the partly folded OMPs become then thread into the YaeT pore
assisted by the periplasmic domain. We could imagine an additional function of the
periplasmic domain. A structure often neglected in models of OM biogenesis is the
peptidoglycan layer. With a mesh size of about 2 nm it exhibits a major barrier for globular
hydrophilic molecules of about 25 kDa (Demchick and Koch, 1996; Pink et al., 2000). The
periplasmic domain could provide a pathway for the OMP through the peptidoglycan layer on
their way to the OM.
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However, further experiments need to be done to elucidate the biogenesis of the outer
membrane. In this study, we could show that YaeT can be reconstituted into artificial
membranes investigating the electrophysiological properties of this essential OMP. In future,
it will be possible to study mutant proteins and interaction with other components involved in
the OMP membrane insertion. A detailed understanding of this vital process will be the basis

to design antibacterial drugs targeting the Omp85 protein family.

-44 -



-45 -



- 46 -



CHAPTER 3 - YttM

CHAPTER 3

3. Characterisation of YtfM, a second member of the

Omp85 family in E. coli

3.1. Abstract

The family of Omp85 proteins is an ubiquitous protein family found in all Gram-negative
bacteria. Omp85 of Neisseria meningitides and YaeT of Escherichia coli are shown to be
essential for outer membrane biogenesis. Interestingly, there exists a homologue to YaeT in E.
coli and many proteobacteria, denoted YtfM, which function is not described yet. Like YaeT
YtftM is predicted to consist of an amino-terminal periplasmic domain and a membrane
located carboxy-terminal domain. In this study, we present a first characterisation of YtfM by
comparison to YaeT concerning structural, biochemical and electrophysiological properties.
Furthermore, a knock-out strain revealed that y#fM is a non-essential gene and lack of the
protein had no effect on outer membrane composition and integrity. The only phenotype was

a strongly reduced growth indicating an important role of YtfM in vivo.

3.2. Introduction

In recent times, the family of Omp85 proteins came into the focus of researchers investigating
biogenesis of outer membranes of Gram-negative bacteria or organelles in eukaryotes (Gentle
et al., 2004). Omp85 of N. meningitidis was the first member, for which the role in membrane
insertion of outer membrane proteins was described (Voulhoux et al., 2003). This function
could be confirmed by studies of the close homologue YaeT of E. coli (Werner and Misra,

2005; Doerrler and Raetz, 2005). The presence of Omp85 homologues in all Gram-negative
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bacteria shows the importance of this protein family and the failure to knock-out the genes
without complementation shows that they are essential (Werner and Misra, 2005; Doerrler
and Raetz, 2005). Omp85 and YaeT belong to one out of six clusters, which were
characterised by bioinformatical analysis (Yen et al., 2000). Two clusters comprise eukaryotic
proteins located in the outer membrane of mitochondria or chloroplasts and cyanobacterial
proteins (Paschen et al., 2003; Reumann et al., 1999; Ertel et al., 2005; Schleiff and Soll,
2005). For the mitochondrial Omp85 homologues a similar function is described as for the
bacterial YaeT homologous proteins (Kozjak et al., 2003; Paschen et al., 2003), whereas
homologues in chloroplast and cyanobacteria do not only transport proteins into but also
across the membrane (Hinnah et al., 1997; Tu et al., 2004). The remaining four clusters
comprise exclusively bacterial proteins. One of those four is a small cluster with exclusively
Chlamydial proteins. The other three clusters include proteins found in almost all
proteobacteria. Beside the already described cluster of YaeT homologous proteins, one cluster
represents the outer membrane translocation component of two partner secretion systems
(TPS) exemplified by the FhaC of Bordetella pertussis and ShiB of Serratia marcescens
(Jacob-Dubuisson et al., 1999; Konninger et al., 1999). These outer membrane components
mediate translocation of large proteins across the outer membrane. The protein studied in this
work, YtfM, belongs to the last cluster, for which no function is described yet.

In our study, we represent an initial characterisation of YtfM in comparison to its homologue
in E. coli, YaeT. First of all, the sequence homology as well as the proposed structural
similarity were carefully investigated. Since, representatives of other clusters form pores, we
tested YtfM for pore forming activity. Furthermore, an y#/M knock-out strain was constructed
to get insight into the relevance of YtfM in vivo, revealing ytfM as non-essential but affecting

growth when deleted.

3.3. Materials and Methods

3.3.1. Bacterial strains and construction of plasmids

All bacterial strains were grown in LB medium or on LB agar plates with appropriate
antibiotics (Sigma). For E. coli strains Topl0F" (Invitrogen), AG100 (Jellen-Ritter and Kern,
2001) and BL21DE30Omp8 (Prilipov et al., 1998) 100ug/ml ampicillin, 40pg/ml kanamycin

and 25pg/ml chloramphenicol were used for selection.
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ytfM was amplified by PCR using YtfM up and YtfM_ down (for all oligonucleotides see
Table 1) and cloned into pARAJS2 (Stegmeier and Andersen, 2006, submitted) after digestion
with Ncol/Bsp14071. The resulting pARAJS2ytfM vector was used for expression of N-
terminal His-tagged YtfM (HisYtfM). pARAJS2YtIM® (HisYtfM®) was constructed using the
primers YtfMCterm up/YtfM_down for cloning the C-terminal y#/M into a Sacl/Bsp14071
digested pARAJS2. The ligation products were introduced into TOF10F" and the correct
plasmid recombinants were determined by colony PCR using the primer pair pBADseq up
and pETseq_down.

For pARAytfM ytfM was amplified using the primers YtfMNdel up and YtfM_down and the
PCR product was inserted into pARAJS2 via Ndel/Bspl1407. For the construction of
pNByttM ytfM was cut off pARAytfM using Ndel/Bsp1407 and inserted in a likewise
prepared pNB2 (Stegmeier et al., 2006, submitted) vector.

3.3.2. Protein expression and purification

For protein expression the respective expression plasmids were transformed in the porin
deficient BL21DE3Omp8 E. coli strain (Prilipov et al., 1998). The cells were grown in LB
medium under appropriate antibiotic selection at 37°C to an ODggp of 0.4-0.7. Then the cells
were switched to room temperature (RT) and after 30min of adaption expression was induced
by adding 0.02% arabinose. After 4-5h cells were collected by centrifugation at 5000xg for 10
min at 4°C. The pellet was resuspended in 10mM Tris pH7.5 and a protease inhibitor cocktail
(Calbiochem) was added before disrupting the cells by a French pressure cell. Cell debris was
collected by centrifugation at 5000xg for 10min at 4°C and then the supernatant was ultra-
centrifuged at 170000xg for 1h at 4°C. For membrane protein extraction the membrane pellet
was resuspended in 10mM Tris/ 0.5% SDS/ 1mM EDTA pH7.5 and protease inhibitor
cocktail was added before incubating the suspension 30 min RT followed by ultra-
centrifugation at 170000xg for 30 min at 4°C. The supernatant was applied to 50ul NiNTA
Sepharose resin/100ml cell culture after adding 10mM MgSO,4 and incubated overnight at
4°C. For HisYtfM (HisYtfM®), the resin was washed 8x using 10mM Tris/ 0.5% DDM/
100mM imidazole pH7.5 followed by twice washing with 10mM Tris/ 0.5% DDM/ 200mM
imidazole pH7.5. For elution 10mM Tris/ 0.5% DDM/ 600 mM imidazole pH7.5 was used.
Buffers for HisYaeT (HisYaeTC) purification contained 0.5% LDAO instead of 0.5% DDM.

For structural analysis and electrophysiological experiments HisYaeT, HisYtfM, HisYaeT®

and HisYtfMC eluates were loaded on a 10% SDS gel and the band of the desired protein was
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cut off and eluted in 10mM Tris/ 0.5% LDAO pH7.5 overnight at 4°C in the case of HisYaeT/
HisYaeT and 10mM Tris/ 0.5% DDM pH7.5 for HisYtfM/ HisYtfM". The eluates were
filled into an Amicon Ultra-15 30000MWCO (Millipore) filter device and washed intensively
with 10mM NaPO, pH 7.4 containing 0.2 % LDAO or DDM, respectively.

Table 3.1: Stains, Plasmids and Oligonucleotides

STRAIN CHARACTERISATION REFERENCE

Topl0F" Invitrogen

BL21DE30mp8 porin deficient Prilipov et al., 1998

AG100 Jellen-Ritter and Kern, 2001
AG100AyttM AvtfM: :kan This study

PLASMID CHARACTERISATION REFERENCE

pARAIJS2 araBAD promoter, His' tag, Amp® Stegmeier and Andersen, 2006, submitted
PARAJS2yttM This study

pPARAJTS2ytfM© This study

pARAytfM This study

pNB2 lacl’, tac promoter, Cm® Stegmeier et al., 2006, submitted
pNByttM This study

pARAIJS2yaeT Stegmeier and Andersen, 2006, submitted
PARAJS2yaeTC Stegmeier and Andersen, 2006, submitted
pKD4 Datsenko and Wanner, 2000

pKD46 Datsenko and Wanner, 2000

OLIGONUCLEOTIDES

YtfM_up GCTTACTCTGCTTAAGCGGATCTGCCCATGGCGCGAACGTCC
YtfM_down CGCCGAGGCTGATTTTTGTACATAAACTCATAATTCTGG
YtftM_Ndel_up GGATATTCAGGAGAACATATGCGCTATATCCGACAG
YtfMCterm_up CGATGAGTACGAATCGAGAGCTCTGGCAGAACTG

YtfM-KO-up CGGCGTTCCAGGGGCAGGAAAAAAGGATATTCAGGAGAAAATATGGAGAAAAAAATCACTGG
YtfM-KO-down GTCGAAATCACCGGTTTCAATCCAGCCCAGCGTGCCGCGTGCGAACCCCAGAGTCCCGCTCA
YttM-FR up GCGGGGGAAACCAGATGC

YtfM-FR_down CAAGCCCGACAGCCAGATG

pBADseq_up CCTGACGCTTTTTATCGC

pETseq_down CCTCAAGACCCGTTTAGAG

3.3.3. CD and FTIR spectroscopy

Protein samples used for structural analysis had a concentration of 3-20 mg/ml in 10mM

NaPO4 pH 7.4/ 0.2% LDAO for YaeT and 10mM NaPO4 pH 7.4/ 0.2% DDM for YttM. A

-50 -


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=11302812

CHAPTER 3 - YttM

JASCO J 720 spectropolarimeter was used to record the CD spectra in range of 190-260 nm.
The spectral band width used was 1 nm, response time of 1 sec with standard sensitivity.
Before the measurement of the sample spectra, the spectra of air and buffer were also
recorded. Each spectrum was recorded by accumulating 4 scans with a speed of 50 nm per
minute. All data were analyzed using several spectrum analysis programs (Whitmore and
Wallace, 2004). IR spectra were measured with a Bruker VECTOR 22 FTIR spectrometer
equipped with a MCT detector (Mercury Cadmium Telluride). The detector was cooled using
liquid nitrogen. The background spectra recorded was air (no protein on the diamond). The
protein was then spread on the crystal and was allowed to dry for few a minutes before
measuring the spectrum. 50 interferograms were averaged, apodized with a Blackman-Harris-
4-term function, zero-filled and Fourier-transformed to yield a nominal spectral resolution of
2 cm’ with an encoding interval of 1 cm™. The spectra were processed and visualized using

windows OPUS version 3.1 software.

3.3.4. Sucrose-step gradient and NADH-oxidase activity test

For the sucrose-step gradient experiment cell membrane pellets were prepared of TOP10F’
cells containing the expression plasmids in the same manner as described previously.
Membrane pellets of 200ml initial culture were carefully homogenized in Iml 10mM Tris
pH7.5 and loaded on a sucrose-step gradient containing 3ml 30%/ 5Sml 50%/ 2ml 70%
sucrose. The gradient was centrifuged at 114000xg at 4°C for 16h using a Beckmann SW40Ti
rotor. Afterwards fractions of 1ml were collected and investigated by immunoblot. The
fractions containing the inner respectively outer bacterial membrane were allocated by
NADH-oxidase activity test. NADH-oxidase activity was measured by detecting the decrease
of absorbance at 340 nm as formerly described by Mizuno and Kageyama (1978).

3.3.5. SDS-PAGE and western blotting

Prior to electrophoresis protein or whole cell samples were mixed with sample loading buffer
and if necessary incubated for 10 min at 100°C. SDS-PAGE was performed according to the
Laemmli gel system (Laemmli, 1970). For Western blots, a tank blot system (Amersham
Biosciences) was used as described previously (Towbin et al., 1979). The anti-His and the
HRP-linked anti-mouse antibodies were purchased from Amersham Biosciences as well as the

ECL Western Blotting Detection Reagents.
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3.3.6. Electrophysiological experiments

YtfM protein samples were stored in 10mM NaPO./ 1% DDM pH 7.4 and stored at 4°C
before used in electrophysiological experiments. The methods used for black lipid bilayer
experiments have been described previously (Benz et al., 1978). The experimental setup

consisted of a Teflon cell with two water-filled compartments connected by a small circular

hole. The hole had an area of about 0.4 mmz. Membranes were formed across the hole from a

1 % solution of diphytanoylphosphatidylcholine (Avanti Polar Lipids) in n-decane. The

temperature was maintained at 20°C during all experiments. All salts were obtained from
Merck or Applichem and buffered with 1-10mM Tris pH 7.5 depending on the salt
concentration. The electrical measurements were performed using Ag/AgCl electrodes (with
salt bridges) connected in series to a voltage source and a home-made current-to-voltage
converter. The amplified signal was recorded on a strip chart recorder. The single- and multi-
channel experiments were performed applying a potential of 20mV. Multi-channel
experiments were performed in 100mM KCI with stirring to allow equilibration of added
substances. The YtfM samples were always added to the trans (negative) site of the Teflon
cell, 1M citrate to both compartments after the current was stationary. After citrate addition
samples were taken for pH measurement.

Zero-current membrane potentials were measured by establishing a 5-fold salt gradient
(100mM to 500mM KCI) across black lipid bilayer membranes containing at least 100
channels (Benz et al., 1979).

3.3.7. ytfM knock-out

The chromosomal y#fM knock-out in AG100 pNBytfM was performed as described for yaeT
(Datsenko and Wanner, 2000; Stegmeier and Andersen, 2006, submitted). An YtfM-KO up
primer, an YtfM-KO down primer and pKD4 as template were used for PCR to produce an
ytfM knock-out fragment. The knock-out fragment contained solely the two y#fM flanking
regions and the kanamycin resistance gene (kan") leading to a substitution of the first 1339
bases of the chromosomal y#fM. AG100 pNBytfM pKD46 was grown at 30°C in LB medium
supplemented with 0.2% arabinose and 1uM IPTG for 4-5 hours before transformation of the
knock—out fragment. After transformation the cells were immediately added to LB medium

and left at room temoerature (RT) overnight. Correct transformants were selected on LB agar
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plates supplemented with 1uM IPTG at RT. The loss of ytfM was verified by colony-PCR
using primers that bind up- and downstream of y#fM: YtfM-FR up and YtfM-FR down. The
resulting strain was denoted AG100AytfM.

To allow the cells to forfeit the pNBytfM plasmid cultures and subcultures were grown for
40h at 37°C with kanamycin as selection antibiotic. After the cells were streaked out on LB
agar plates containing kanamycin, single colonies were checked for the loss of
chloramphenicol resistance by transferring on LB agar plates containing chloramphenicol.

Chloramphenicol sensitive colonies were used for colony PCR to verify the result.

3.3.8. Growth experiments

Overnight cultures of AG100 pARAIJS2, AG100AytftM and AG100AytfM pARAytfM grown
under selective conditions and 30nM arabinose for AG100AytftM pARAytfM were diluted
1:10, grown for further 3h, and then used for the growth curve. The cultures were diluted to
an initial number of 2x10’ cells/ml into 50ml fresh LB (for AG100AytftM pARAytfM
supplemented with 30nM arabinose) and cultivated at 37°C in baffle and round-bottomed
flasks. The ODgop was measured every hour. For electron microscopy and SDS-PAGE,

bacteria samples were taken from cultures in exponential phase.

3.3.9. Electron microscopy

Pelleted bacteria were fixed with 2.5% buffered glutardialdehyde followed by a fixation with
2 % osmiumtetroxid according to standard procedures (Priifert et al., 2004). Ultrathin sections
of Epon 812 embedded specimens were stained with uranyl acetate and lead citrate. Electron
micrographs were taken with a Zeiss EM10 transmission electron microscope (Carl Zeiss,

Oberkochen, Germany).

3.3.10. Mobility test

After adjusting all cell cultures to 1 x 10° cells/ml, 2pl of culture were dropped in the centre
of a Petri disc containing 20 ml 0.3% LB agar and incubated at 37°C for 18h. The halos
formed by mobile cells were documented with a digital camera. For verification of growth

whole Petri disc contents were melted and ODggo was checked.
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3.3.11. Bioinformatics

Using the text search tool of the Protein Information Resource (PIR,
http://pir.georgetown.edu/pirwww/search/textsearch.shtml) searching in the iProClass
database for the PFAM IDs PFAMO07244 and PFAMO01103, and for the text strings YaeT and
YtfM revealed together 447 hits. By sequence alignment about 100 proteins were identified,
which belong to the closest homologues to the E. coli YtfM. A search for PFAM ID PF04357
revealed 122 proteins, which belong to the family of YtfN proteins. A search for YtfP and
PFAM ID PF03486 revealed 282 proteins. Sequence aligment was performed with Multalin
program from Poole bioinformatique Lyonnaise PBIL (http:/npsa-pbil.ibcp.fr) (Corpet.,
1988).

3.4. Results

3.4.1. Sequence homology of YaeT and YtfM

YtfM is beside YaeT the second member of the Omp85 superfamily found in Escherichia
coli. A databank search revealed about 100 YtfM homologous proteins, which can be
separated in subfamilies according to their phylogenetic origin (see Appendix 3.6). Sequence
alignment of the YtfM family with selected representatives of YaeT homologous proteins
revealed that both protein families could be well distinguished by the length of the amino-
terminal end. Proteins of the YaeT family have around 760 - 840 residues, YtfM homologous
proteins are about 150 residues shorter. Repeating POTRA (polypeptide-transport-associated)
subdomains were identified at the amino-terminus in both families (Sanchez-Pulido et al.,
2003). In the case of YaeT homologues there are five, whereas YtfM homologous proteins
comprise just three POTRA repeats. The sequence alignment shows highly conserved regions
within the POTRA subdomains, which makes a proper alignment of the amino-terminal
domains possible. Following the POTRA domains there is a region of about 100 residues with
no similarity between YtfM and YaeT families. Moreover, even between the individual YtfM
subfamilies the variability is significant. In contrast, the carboxy-terminal end following this

variable region is highly conserved in YaeT and YtfM families (Figure 3.1).
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~ Figure 3.1: Schematic presentation
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3.4.2. Localization and purification of YtfM

For YaeT we could show that amino-terminal half comprising the five POTRA subdomains is
located in the periplasmic space whereas the carboxy-terminal half is integrated in the outer
membrane (Stegmeier and Andersen, 2006, submitted). Membrane fractionation by sucrose-
step gradient revealed that YtfM is also an outer membrane protein. The YtfM mutant YtfM©
lacking the amino-terminal POTRA repeats could also be located in the outer membrane (data
not shown), which shows that the carboxy-terminal 325 amino acids anchors YtfM in the
outer membrane independent on the amino-terminal POTRA repeat domain.

Amino-terminal His-tagged versions of YtfM and YtfM® (HisYtfM and HisYtfM®) were
expressed in E. coli and extracted by detergent from cell envelopes obtained by French
pressure of cells. Proteins were purified by Ni-NTA affinity chromatography and analysed by
SDS-PAGE for heat-modifiable mobility, which is characteristic for outer membrane proteins
(Beher et al., 1980). Interestingly, for boiled and non-boiled samples of HisYtfM (Figure 3.2)

as well as HisYtfM® (data not shown) no distinct mobilities were observed.

100=—
70 ==
- - i
o95= Figure 2: HisYtfM after purification using NiNTA sepharose
detected via silver nitrate staining. Protein samples on a SDS
polyacrylamid gel after incubation at 100°C for 10min (lane 1) or
45 room temperature (lane 2). Positions of molecular mass markers
o 1 2 (in kDa) are shown on the left.
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3.4.3. Structure comparison of YaeT and YtfM

By two independent methods, CD and FTIR-spectroscopy, we have evaluated roughly the
portion of secondary structure for YtfM, YaeT and of mutants of both proteins, YtfM and
YaeTC, lacking the POTRA domains except the last 20-30 amino acids of the last domain
(Table 3.2). The secondary structure composition of both full length proteins shows that the -
sheet content of YaeT is a little higher than that of YtfM (Table 3.2 and Figure 3.3).
Interestingly, both methods reveal a clear difference between the carboxy-terminal domains of
YaeT and YtfM. In the case of YaeT® the B-sheet content is about 45-55%, which can be seen
by the typical minimum at 218 nm in the CD spectra and the dominant peak at 1630 cm™ in
the FTIR spectra (Figure 3.3;3.4; Jackson and Mantsch, 1995). This is in accordance with
models of Omp85 suggesting that the membrane domain is composed of 12 or 16 B-sheets,
respectively (Voulhoux ez al., 2003; Ertel et al., 2005). For YtfM® the spectra reveal that the
secondary structure composition is not changed compared to the full length protein. This
means that the B-strand content of YtfMC is about half of that of YaeT® and suggests that the
folding of the carboxy-terminal domain of YtfM is different to YaeT. For the a-helical
contents one should notice that the given ranges may differ to some extent from the effective
values. The region for a-helical structures in FTIR spectra (around 1652-1660) and CD (205-
210 nm) are in close proximity to regions which indicate random structures and may cause

some errors during evaluation.

Table 3.2: Composition of secondary structure of YtfM, YaeT, YtfM® and YaeT analysed by CD and FTIR
spectroscopy. Ranges are given, which cover the output of both methods.

Protein Residues % alpha % beta % random
HisYaeT 812 15-20 25-35 45-60
HisYtfM 578 15-25 20-25 50-65
HisYaeT® 430 10-15 45-55 30-45
HisYtfM© 378 15-25 20-25 50-65
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Figure 3.3: FTIR spectra showing the proteins YtfM, YtfM®, YaeT and YaeTC. Protein solutions of 3-20 mg/ml
protein in NaPO, buffer containing 0.2% DDM or0. 2% LDAO, respectively, were used. Peak positions for -

strands (1630nm, 1695nm) and a-helices (1658nm) are indicated in the spectra.
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Figure 3.4: CD spectra of the secondary structure conformation of YtfM and YaeT. Protein solutions of 3-20
mg/ml protein in NaPO, buffer containing 0.2% DDM or 0.2% LDAO, respectively, were used. The spectrum for
YaeTC shows the distinct minimum at 218nm indicating a high p-strand content.
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3.4.4. Bilayer experiments

Purified HisYtfM and HisYtfM® were added to a black lipid bilayer apparatus to test pore-
forming ability. Both proteins induced a stepwise increase of membrane conductance meaning

that they form water filled pores in black lipid membranes (Figure 3.5).

st
Figure  3.5: Single channel recordings of  diphytanoyl
e phosphatidylcholine/n-decane membranes in the presence of 10 ng/ml
”W‘L HisYtfM protein. The aqueous phase contained 1M KCI. The applied
p— 2min voltage was 20 mV.

However, insertion events were not homogenous and often accompanied by strong increase of
conductance noise. Measured in 1M KCl, conductance steps between 200 pS and 500 pS were
most frequently observed. Histograms showing the distribution of induced conductance steps
document the high variability of single channel conductance for HisYtfM and HisYtfM®
(Figure 3.6). However, distribution of the single channel conductance is similar for both
proteins, which means that the carboxy-terminal domain comprises the pore forming domain
and that the amino-terminal POTRA repeats have no influence on the characteristic of the
induced pores. YtfM pores were similar to that observed for YaeT (Stegmeier and Andersen,
submitted). However, very large conductance steps of e.g. over 6 nS observed with YaeT

under the same conditions were absent in YtfM measurements.

A B
25+ 25
20 2004 [
@15- | 615
& o ] o 0
5+ _—_ 51
ol lm—rm = 0 e [

02 04 06 08 10 12 14 16 18 20 22 02 04 06 08 10 12 14 16 18 20 22
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Figure 3.6: Histogram of conductance steps observed for 208 and 166 reconstituted HisYtfM (A) and HisYtfM®
(B) channels in membranes formed by diphytanoyl phosphatidylcholine/n-decane. The single channel
conductance is highly variable in a range between 0.1 and 2.3 nS in both cases. P(G) is the probability that a
given conductance increment G is observed in the single channel experiments. The aqueous phase contained 1 M
KCl, the applied voltage was 20 mV.
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By multi-channel experiments applying a KCI gradient across the membrane, we could
determine slight anion selectivity. Under zero current conditions a 5-fold KCl gradient
revealed a potential of 16.9 = 3.1 mV, negative on the diluted side, which means that the
pores are anion selective with a permeability ratio Px/P¢; of 0.35. This is a clear difference to
YaeT, which is cation selective (Px/Pc; = 5.7; Stegmeier and Andersen, submitted).
Furthermore, another difference between YtfM and YaeT is the pH dependence of the
channels. Lowering pH from 8.0 to 4.6 by adding citrate to both compartments leads to a
conductance decreased of about 20-25% in the case of YtfM (Figure 3.7) and 70-75% in the

case of YaeT (data not shown).

phosphatidylcholine/ n-decane. The aqueous
phase on both sides of the membrane contained
pH7.9 f ' IM KCL 5pl protein sample (5 ng/ml) were
pH5.6 added to the trans site. A stable conductance was

pH4.9 pH4.6 reached with approximately 200 inserted

) HisYtfM channels. pH was lowered by adding

citrate pH 3 to both sides of the membrane. The

baseline is indicated before and after addition of
25nS citrate. The applied voltage was 20 mV.

—_ 2min

Figure 3.7: Influence of pH on membrane
_ ’.f—ﬂ ' }FTF}# r ! conductance induced by HisYtfM. The

ﬂ“ ’ membrane was formed from diphytanoyl

3.4.5. Chromosomal deletion of ytfM

We have constructed the conditional y#fM knock-out strain AG100AytfM. To get y#fM knock-
out mutants we complemented the strain by the plasmid pNBytfM encoding y#f/M under the
plac promoter. Furthermore, it was necessary to incubate the Petri dishes for selection of the
yifM knock-out mutants for 48 hours at room temperature since incubation at 30°C or 37°C
never resulted in a single knock-out colony. Interestingly, the y#/M gene did not turn out to be
essential since knock-out mutants that were allowed to forfeit pNBytfM, lost the plasmid and
AG100AyttM cells were still viable. However, several attempts to knock-out y#fM without
complementation by pNBytfM failed, which shows the importance of YtfM.
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3.4.6. Growth experiments

For studying the phenotype of the y#fM-knock-out, wild-type, y#/M knock-out and
complemented y#fM knock-out cells were grown in baffle flasks and round-bottomed flasks. It
is not surprising that wild-type cells grow faster and reaches higher cell densities in baffle
flasks compared to round bottomed flasks. Surprisingly, the effect of the yftM knock-out was
dependent on the growth conditions. In baffle flasks a drastic effect was observed comparing
AG100 and AG100AytfM cells (Figure 3.8). The growth rate of the knock-out strain was
strongly reduced and cell density in the stationary phase was also smaller compared to wild-
type. When grown in round bottomed flask the difference was not so pronounced. This result
indicates that the knock-out strain is more affected when forced to grow fast. The growth
defect of the knock-out strain could be complemented by the pARAytfM plasmid. After a
longer lag-phase compared to the wild-type strain, AG100AytfM pARAytfM showed similar
growth when expression of YtfM was induced by 30 nM arabinose. The growth rates were not
as high as that of wild-type. However, cells reached maximal cell densities comparable to
wild-type. The successful complementation of y#fM let us conclude that no polar effects due to

the chromosomal deletion are responsible for the growth defect of the knock-out strain.
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Figure 3.8: Growth curves of the wild-type (square), y#fM knock-out (triangle) and complemented y#/M knock-
out (circles) grown in round-bottomed flasks (A) and baffle flasks (B) at 37°C.

3.4.7. Effects of ytfM knock-out on outer membrane composition

To check if the ytfM knock-out has any effect on the topology of the cells, AG100 and
AG100AytfM cells were visualized by electron microscopy. Cells taken from exponentially
grown cultures were fixed with glutardialdehyde and osmiumtetroxid and prepared for

electron microscopy. The micrographs did not show any difference concerning the cell
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envelop of AG100 and AG100AytfM (Figure 3.9). Additionally, western blots with antibodies
against OmpF and TolC revealed no difference in the amount of the major E. coli porins.
Also, on Coomassie stained gels no difference was observed for prominent OMP like OmpA
between the wild-type and the knock-out strain (data not shown). Furthermore, we tested the
sensitivity towards antibiotics and noxious compounds. MIC tests for vancomycin,
novobiocin, erythromycin, rhodamine 6G, benzalkonium chloride and SDS revealed the same
results for AG100 and AG100AytfM. All these experiments demonstrate that the y#fM knock-
out has no influence on the topology and the OM composition and OM permeability of the

cell.

Figure 3.9: Electron micrographs of a section of E. coli cells AG100 (A) and AG100AytfM (B). Cells were
grown in LB medium to exponential phase, then fixed with glutardialdehyde and osmiumtetroxid and prepared
for electron microscopy. Original magnification: 63 000x.

3.4.8. Mobility test

To test whether YtfM depleted cells are still mobile, we performed a mobility test on agar
plates. It can be seen that AG100AytfM forms a halo indicating that the cells are still mobile
(Figure 3.10). In comparison to AG100 the halo was obviously smaller. This can be explained
to some extent by the reduced growth of the knock-out mutant. Standardised measurements of
the OD600 of the melted agar plates revealed more than 2-fold more AG100 cells compared
to AG100AytfM. Nevertheless, we can not entirely exclude an effect of the y¢/M knock-out on
cell mobility.

Figure 3.10: Mobility test of AG100
(left) and AG100AytfM (right) cells. 2ul
cell culture were dropped into the centre
of 0.3% agar plates and incubated 18
hours at 37°C. Afterwards the amount of
cells was determined by measuring
OD600 of the melted agar plates. AG100
(OD600 = 0.358) grew more than 2-fold
better than AGI100AytftM (OD600 =
0.148).
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3.5. Discussion

The discovery that Omp85 of N. meningitidis plays a crucial role in the biogenesis of the
outer membrane was an important step in understanding this vital process (Voulhoux et al.,
2003). Several studies were published recently dealing with the Omp85 homologous protein
YaeT from E. coli (Werner and Misra, 2005; Doerrler and Raetz, 2005; Stegmeier and
Andersen, submitted). It could be shown that YaeT is an essential outer membrane protein,
which is part of a multi-protein complex required for membrane insertion of outer membrane
proteins. Omp85 homologues are widespread in bacteria and are also found in eukaryotes.
Beside transport into membranes Omp85 homologues mediate also transport across
membranes as e.g. the Omp85 homologues involved in two partner secretion systems (Jacob-
Dubuisson et al., 1999; Konninger et al, 1999). Among the six clusters of Omp85
homologous proteins is a cluster, for which no function is described yet (Yen et al., 2000).
One representative of this cluster is YtfM of E. coli.

The presence of two genes coding for an YtfM or a YaeT homologous protein in a single
chromosome suggests that both proteins provide, although similar, but different functions. We
could show that YtfM can not substitute for YaeT and vice versa, which confirms this
suggestion. Like YaeT is YtfM also an outer membrane protein. Using the YtfM mutant
YtfM® with the amino-terminal 243 residues deleted we prove that the lack of amino-terminal
domain comprising the three POTRA repeats does not affect membrane insertion. This
confirms topology predictions and own studies on YaeT that the POTRA repeats form an
independent domain located in the periplasm, whereas the carboxy-terminal domain is located
in the outer membrane (Voulhoux ef al., 2003; Stegmeier and Andersen, 2006 submitted).

We have reconstituted purified YtfM and YtfM® in black lipid membranes and observed that
both proteins have channel forming activity. However, the induced conductance steps were
inhomogeneous and insertion events are often accompanied by an increase of the conductance
noise. Similar observations are made for YaeT and the corresponding carboxy-terminal
domain of YaeT (Stegmeier and Andersen, submitted). Although the single channel
conductance of YtfM and YaeT is in the same range, there is a major difference concerning
the ion selectivity of the channels. YtfM is shown to be anion selective whereas YaeT
channels are cation selective. Ion selectivity originates from fixed charges in the lumen of the
pores. Therefore, our measurements imply that the net charge composition of membrane
spanning B-strands of YtfM and YaeT is different. Another difference is the pH sensitivity of

both channels. Whereas acidic pH leads to a strong reduction of YaeT-induced conductance,
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an effect, which is also observed with other outer membrane pore forming proteins (Andersen
et al., 2002b; Muller and Engel, 1999; Andersen et al., 2002c), the changed pH has less
influence of YtfM induced conductance.

Beside these electrophysiological differences, YaeT and YtfM show also different heat
modifiable mobility in SDS gels. YaeT band shifts to a smaller molecular weight, when
loaded unboiled on the gel, which means that it adopts an SDS stable, compact structure.
YtfM does not show this behaviour. A further difference is, that YaeT becomes degraded
during purification (Stegmeier and Andersen, submitted), which is not observed for YtfM.
Our structural analysis of the membrane domains of YtfM and YaeT confirms also differences
between both proteins. CD and FTIR data reveal that the carboxy-terminal half of YaeT is
mainly composed of B-sheets. In contrast, the B-sheet portion of the corresponding part of
YtfM is about half as much. This speaks against a similar folding as suggested for Omp85 or
YaeT assuming that 12 or 16 B-strands form the membrane domain (Voulhoux et al., 2003;
Ertel et al., 2005). The sequence alignment shows that the carboxy-terminal half of the
membrane domains of YtfM and YaeT are highly conserved in contrast to the remaining part.
This suggests that the conserved parts adopt similar structures in both proteins. Based on
structure predictions, sequence alignments and published Omp85 models we have built a
topology model for this part of the protein showing eight B-strands. Interestingly, when
counting the charges, which face to the channel lumen, it becomes obvious that there is a net
positive charge in YtfM, which supports our electrophysiological measurements. Therefore,

we conclude that these parts contribute to the membrane spanning domain.

Figure 3.11: Topology model of the
carboxy-terminal 133 residues of YtfM. The
model was built based on structure
predictions, sequence alignments and
published Omp85 models. Residues facing to
the channel lumen are surrounded by bold
boxes. Boxes of charged residues are shaded
light grey (negatively charged residues) and
dark grey (positively charged residues),
respectively.
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The inhomogeneous and noisy single channel conductance of YaeT and YtfM suggests that
the membrane inserted parts do not form a rigid structure. It could well be that the instability
is caused by a partly unfolding of the protein possibly due to the lack of interacting proteins.
For YaeT it is known that it is part of a multiprotein complex (Wu et al., 2005). For YtfM
interacting proteins are not known.

An analysis at the chromosomal environment of the E. coli ytfM gene suggests that it forms a
potential operon with two other genes, y#fN and y#fP. A genome wide screening revealed that
there exist 95 operons in 78 different species comprising genes coding for YtfM and YtfN
homologous proteins, whereas operons comprising genes for YtfM, YtfN, and YtfP are
restricted to E. coli and Salmonella and Shigella species. Therefore, we conclude that YtfM
and YtfN form a functional unit independent on YtfP. YtfN homologous proteins are very
large proteins varying in length between 710 and 2078 residues. For none of these proteins a
function is described. Several proteins are annotated as exported, periplasmic, or outer
membrane protein, which originates from the presence of a signal sequence at the amino-
terminal end. Therefore, one just can speculate about the function of YtfM and YtfN. It is
known from several transcriptomic and proteomic analysis that both genes are transcribed and
expressed (Taoka et al., 2004; Corbin et al., 2003; Gevaert et al., 2002 Champion, et al.,
2003). Because YtfN possess a signal sequence, which means it is secreted into the
periplasmic space, it seems likely that YtfM and YtfN interact in the cell envelope.
Considering the function of YtfM homologous proteins we propose two possible scenarios:
firstly, YtfM acts as a transport protein, like e.g. the TPS proteins, and transports YtfN across
the outer membrane into the surrounding medium. The second possibility is that YtfN is also
an outer membrane protein, which is inserted specifically by YtfM. It is also thinkable that
both protein remain in contact and form an outer membrane complex. However, to prove
these speculations further experiment needs to be done.

The construction of an YtfM knock-out strain allowed us to investigate the function of YtfM.
YtfM showed to be not essential as YaeT, although construction of the chromosomal yt/M
knock-out was only possible in the presence of a plasmid encoded copy. We could show that
lack of YtfM did not affect the amount of major proteins in the outer membrane or the
appearance of the cell envelope, all phenotypes observed in Omp85 or YaeT, respectively
knock-out strains (Voulhoux et al., 2003; Werner and Misra, 2005; Doerrler and Raetz, 2005).
We further tested susceptibility against noxious compounds as well as effects on the mobility
of the cells may be due to disarrangements in the outer membrane, but no differences were

found comparing knock-out and wild-type strain. The only phenotype we observed was
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reduced growth. Interestingly, this phenotype was more pronounced, when cells were grown
in optimal growth conditions. Reasons for reduced growth could have various origins, as e.g.
limited uptake of essential nutrients or negative effects of YtfN lacking its in vivo partner.
However, the function of YtfM remains to be elucidated. We assume that it is most likely
linked to YtfN. Further studies concerning the localization of YtfN and its interaction with
YtfM will help to understand the function of the y#/MN operon. The wide distribution of
VifMN operons suggests that it plays an important role.
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3.6. Appendix

3.6.1 Sequence alignment of YtfM homologous proteins

For clarity only one sequence of each genus or species was used (Table 3.3 shows the other
sequences). Deltaproteobacteria, Bacteroidetes and Spirochaetes were omitted for clarity. For
comparison YaeT from E. coli, Omp85 from Neisseria gonorrhoe, D15 of Haemophilus
influenzae and seven other sequences of YaeT homologous proteins representing Alpha- Beta-
and Gammaproteobacteria are included in the alignment.

Sequences were aligned using the MULTIALIN-platform of PBIL (Pole Bio-Informatique
Lyonnaise) (Corpet, 1988). The matrix used is BLOSUMG62 with variable parameters for gap
length and gap penalty. At few positions, multialignments are manipulated subsequently by
eye. The colour code was applied for separate alignment of each group (from top to bottom:
Gamma-, Beta-, Alphaproteobacteria and YaeT-homologue).

On the top the hydrophatie index of each residue of the YtfM sequence is presented as

histogram.

Table 3.3: Sequences that are not considered in the alignment

Sequence in alignment Similar protein of the same genus/species

Q5NNB2_ZYMMO
Q8UC83_AGRTS5
Q8YEI3_ BRUME
Q44718 9BURK
Q3JUY6 BURPS
Q7CP88_SALTY
QS83IL2_SHIFL
YTFM_ECOLI
Q66F88 YERPS
Y698 HAEIN
Q8DES5 VIBVU
Q9EY32_XANOR
Q9PDZ7 XYLFA
Q5ZUJ2_LEGPH

Q9X3V8 ZYMMO
Q7CWM5_AGRTS5

Q8G3A2 BRUSU

Q4M089 9BURK

Q62LE4 BURMA; Q63W94 BURPS ; Q2T092 BURTH
Q5PJ80 SALPA; Q8XELS5 SALTI ; Q57GH2 SALCH
Q3YUC7 SHISS; Q31TG0_SHIBS; Q328B7 SHIDS
YTFM_ECO57; Q8CVG8 ECOL6

Q8ZB95_YERPE

Q4QMM2 HAEIS

Q7MPD6_VIBVY

Q5GUR4 XANOR; Q8PEY4 XANAC

Q87E20 XYLFT

Q5X4B1 LEGPA; Q5WVP5 LEGPL
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Q4ZTK5_PSEU2
Q481F4_PSE14
Q881Y2_PSESM
Q4K9Q7_PSEF5
Q881V7_PSEPK
Q910U1_PSEAE
Q41ZH1_AZOVI
Q5QXU5_IDILO
Q87SW5_VIBPA
Q8DES5_VIBVU
Q9KP31_VIBCH
Q5E819_VIBF1
Q6LV64_PHOPR
Q6D152_ERWCT
Q66F88_YERPS
Q831L2_SHIFL
YTFM_ECOLI

Q7CP88_SALTY
Q7MYW2_PHOLL
Q493V1_BLOPB
Q9CK26_PASMU
QB5VWS_MANSM
Y698_HAEIN

Q7VL30_HAEDU
Q8D271_WIGBR
Q4UP09_XANCS
Q8P316_XANCP
Q9EY32_XANOR
Q9PDZ7_XYLFA
Q5ZUJ2_LEGPH
Q83EW0_COXBU

Q82VX0_NITEU
Q5P7F9_AZOSE
Q471W2_DECAR
QBXWT6_RALSO
Q474Y0_RALEJ
Q44718_9BURK
Q4B7FO0_BURVI
Q3JUY6_BURPS
Q5F5HO_NEIG1
Q9JXB7_NEIMB
Q9JWM5_NE IMA
Q7PON3_CHRVO

Q4TKC8_9SPHN
Q5NNB2_ZYMMO
Q5NQ85_ZYMMO
QOATW6_CAUCR
Q40G35_9RHOB
Q5LV34_SILPO
Q6G573_BARHE
Q6G116_BARQU
Q8YEI3_BRUME
Q8UC83_AGRTS5
Q98K30_RHILO

Q8YHHO_BRUME
QBUFL6_AGRT5
Q9A711_CAUCR
Q63T20_BURPS
Q7VYC2_BORPE
P95359_NEIGO
QOHXY4_PSEAE
Q9KPWO_VIBCH
D151_HAEIN

YAET_ECOLI
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—————————————————————— MAGSASPATSRTGWCAAPP INARQRA--LAGPRSSARQASL IAGSLHWAATLALALPSQLAAQQSQQQ
————————————————————— MLFRHYFRQIHRICLLSVGL I SLSAHAEDVSTPKTDSGNKAASPNPAIDPFDPSFFDHLPTLSQPSIEA

MTASSKFFGAASALAMSVALVASGTAGFSLASVSVAEAAVVSRIEVRGNTRVDAQT IRDNIDIRPGKAFTSAD I DAAVKRLFAMGLFSDV
MKAGSRFLNAVSAVALSAGVSSVAGLGV-LASAGVANAAV I SKIDVRGAERSGADSVRSNITIAPGKNFSNSD IDESVKRLYATGYFSNV
——————————————— MALLLGSTALVAPQQAFAQAAQTGVVQRILVQGNERIEQGTVLSYLPIQPGDTVDSQRLDLALKTLARTDLFADV
——————— MLFKPHRFVPKTVAAAALAAHGLAAHATAPF-VVQD IKIEGLQRVEAGSVFAYLP IKQGDTFTDDKASEAIRALYATGFFNDV
——-MSLRRMFHHKKGV IPGLLAAALLAPALA-HAFEPF-VVRDIRVEGIQRTDAGTVFGYLPVKVGEKFTDEEATEAVRRLYGTGFFSDV
——————————————— MKLKQUIASALMMLG ISPLAFADF-TIQDIRVEGLQRTEPSTVFNYLPVKVGDTYNDTHGSAI IKSLYATGFFDDV

—----MKRFLLPALLSALMIAEVHAESF-TVSD IRVNGLQRVSAGSVFAALPLNVGET IDDQALVQATRSLFKTGFFQDI
--MAMKQILLATLLAT-SVSANGAEKF-VVQD I1QIDGLQRVALGAALLKMPVRVGDSVDSQDVANT IKALYSSGNFEDV
——-—-=-MKKLLIASLLFGTTTTVFAAPF--VAKD IRVDGVQGDLEQQ IRASLPVRAGQRVTDNDVANIVRSLFVSGRFDDV
————————————— MAMKKLL FASLLFS-SATVYGAEGF-VVKD IHFEGLQRVAVGAALLSMPVRTGDTVNDED ISNT IRALFATGNFEDV
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Q4ZTK5_PSEU2
Q481F4_PSE14
Q881Y2_PSESM
Q4K9Q7_PSEF5
Q881V7_PSEPK
Q910U1_PSEAE
Q41ZH1_AZOVI
Q5QXU5_IDILO
Q87SW5_VIBPA
Q8DES5_VIBVU
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Q7VL30_HAEDU
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Q83EW0_COXBU
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Q5F5HO_NEIG1
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Q5NNB2_ZYMMO
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--------------------------------------------------------------- MTAFR IHALLRLWFVALCLGLSSGTVF
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--------------------------------------- MGGRQI IASAL
------------------------------------------------------------------- MNLTGPLGARLRGLVTA
MVYQTGVFLKSGTTRSVL I GFCLVLAFPKSLAAFELFG IPLFGHKK INSSSNVDG
MVYQAGVLLKSGT IRSVL IGLCL IFTFPQPLAAFEFFG I PFFGQKK INSSSNGSG
------------------------------------------------------------ MAFE I FG IHLWGKDKKQDPD I 1D~
----------------------------------------------------- MTFALYPAFARDAFAFKLFGMRLWGSEEPE-VEV IN-
---------------------------------------------------- MLCATALVAESRPAAAFELFGIKLWGSSNDEDAD IVD-

RIHQSGSTL IVQVKERSVVNNVLFQGNKK1KDPDLARAVQ---LKPRAPFDMATMEADKEA IKAAYSHIGRSDATVNARTVDLGQGRVNV
SMRVSGSTLVVTVNENQLVNQVVFENGNRKIKDDKLAG 1VQ---TQPMGPFNQAIVTADIARIKEAYSAIGRSDVEITTQTVSVGQGRVNI
KTEMLGGDLVVKVVENP I INQVVFEGNSSLKEDKLKDEVQ---1RPRGIFTRAKVQADVQRIIELYRRSGRISATVTPKVVELPQKRVDL
RIATQGGVVIVQVQERPAIAS IDFTGIKEFDKDNLNKALKAVGLSQGRYYDKALVDKAEQELKRQYLTRGFYAAEVSTTVTPVDANRVSI
QIQTDNNVVVVVVQERPT IAS ISEFNGMREFDSKAI TKSLAQVGFGEGR I FDQSMLERAEYELKEQYLAKGKYGVEVTATVTPLPRNRVGY
RVETADGLLLLTVIVCPTIGSLNITGAKMLQNDAIKKNLESFGLAQSQYFNQATLNQAVAGLKEEYLGRGKLNIQITPKVTKLARNRVDI
QLGRDGNVLVVTVVERPSISSIEIEGNKA I SKEDLLKGLKQSGLAEGE IFQRATLEGVRNELQRQYVAQGRYSAE INAEV IPQPRNRVAL
KVLRDGNTLMVQVKERPTIASVSFSGNKAIKEEQLKQNLEASS IRVGEALDRTTLSNIEKGLEDFYYSVGKYNATVKAVVTPLPRNRADL
KAHQEGDVLVVSVVAKSI ISDVKIKGNSV IPTEALKQNLDANGFKVGDVL IREKLNEFAKSVKEHYASVGRYNATVEP IVNTLPNNRAEI
RVLRDGDTLLVQVKERPTIASITFSGNKSVKDDMLKQNLEASGVRVGESLDRTT IAD IEKGLEDFYYSVGKYSASVKAVVTPLPRNRVDL
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VAANVRLQVEGLSG----QLEKNVRAQLST IES—--—— DEVTP-——-—— DRRFRARVDDAIREGLKALGYYQPT I EFDLRP-PPKKG-—~-
190 200 210 220 230 240 250 260 270
| | | | | | | | |
AQARLDVR IKPANP- - - -QLKANVEGYVGDLGE--—-— RDAQA-—--—— LRNFSLGAEQQAEKAAQALGYYQAQ I DSE IKDGDQ-——--~-
AQARLDVR IKPANP- - - ~ELKANVEGYVGDLGE--—-— RDVQA-——-—— LRNFSLGAEQQAEKAAQALGYYQAQIDSEI KDADQ-—---—
AQARLDVR IKPANP- - - -DLKSNVEGYVGDLGD--—-— RDAKA-——-—— LRNFSLGAEQQAEKAAQALGYYQAQ I DSE IKDGED-——---
AQSELDVRVKPAND- - --ELKANVEGY 1GSVGD--—-— RDEEA-—---- LLRFSRGAEEQAKKAAQALGYYQPH I QSDVRGGDK—-——-—~—
GQSELLVKVKPANK----ALKANVEGY I GTLGD-—--~- RDEEA-—---— LLRFSRGAEEQARKAAQALGYYQAQ I DTEVKPASDADHP - -
AESQLSVRVTPANA----ALKANIEAYVGSLGE--—-— RDEAA-—---— LQRFRRNAEAQAEKAAQALGYFQAQ I DSEVKDGKP-——--~-
AQAKLEVRVEPAEA----SLKENIEGY 1GDLGE--—-~ RDEQT------ LRRLAPALEEQARSAAEALGFYHAR I SSEVRPGAS-————~—
ASVEVAVSGVEGDE- - --YANVMALLQIARLDK--—-— DKSYA---DYRVRYLHRQAPAD I KKALRPYGYYQVEVNAQLET I EGG---——
YA-DVSLKLKG 1DG----ALEDNVKAYLSS I PE-—--~- KDYST-—---- SLRFQARLDQS I TEALNALGYYHAKISYSISEGND---—-—
AAPQVSLSLEGVSG----AVEENIEAHLTS IDE--—-— KDYST-—---- SLRFQSRLDG I INGALNALGYYHAQIDYQISDDQE---—-~—
YA-DVKLEITG1SG----AEKDNVEAYLSS I AA-———~- QDYST--———- SLRFQSQLERSMTEALNALGYYHPS I DFTVSEDNQ-----~
ALAETELE IEGLEG----PLLSNVEAY 1SGIPE--—-- EDYSV-——-—- SLRFQARLQES I TDALKALGYYQSTTTFVWEGDTS---—-—
A--NTSLTIKGLKG----NLQDNVDAYVSAIPK--—-— DDYST-—---- TLRFREQLEDE I ENALKALGYYQP I FTYE IKDDDK—---——
QAASVRLQVMGLEG----QLQKNVRAGLST IAV-—--~- DEVNA-——-—— DGRFRSRVDEAIRQGLRALGYYDPQIGFEFRPAVNGG-—-—
YAANVRLQVEGLSG----DLERNVRARLST IGT----~- DEVTA-——-—— DGRFRSRVDEAIRQGLRALGYYDPT I TFELQNRPAPA-—-—
VAANVRLQVEGLSG----QLEKNVRAQLSTIES--—-- DEVTP-——-— DRRFRARVDDA IREGLKALGYYQPT I EFDLRP-PPKKG--—
VAANVRLQVEGLSG----QLEKNVRAQLSTIES--—-— DEVTP-————- DRRFRARVDDA IREGLKALGYYQPT I EFDLRP-PPKKG--—
VAANVRLKVEGLSG----ELEKNVRAQLST1QS--—-— DEVTP-————- DRRFRARVDDA IREGLKALGYYEPT IKFDLLP-PPAKG--—
HSANLRLK IEGLTG----KLEKNARIHLSTIST---—— DEVAP-————— DGRFRSRVDKAIREGLRPLGYYEP I IEFTYQENRPPA-———
CNSSINLQVEGLNS--——ELDYNVRQKLLNIHT-—--—— NVKYV—-———- DSDLKKK IDNAIRTGLRPLGYYAPTL I FFPLKSLNKN-—-—
AQ-QLELQVKGIQ---NTQLNNNVR I YVGMIDK--—-— EEADG-——-—-— SERHKQLVREAIDKALRAYGYYQSEVEFQIESQKPPK—-—-—
ES—AVELKVEG I A-——NEKLRENVQLYLATLDK----— EDADG-—--—— SERYQNKVKEN IDKALRVYGYYGSTVAFN-QQPRSNA-—-—
EQ-TVDIEVQG IR---GFRAVRNTDLNVNL INK----— EEMDG-—--—— SERYQHLVTKAVDRGLRVFGYYESSVRFE-RKQRQGK-—-—
TK1AVDLDVKG I K-EKDEDAWQNVQIYLAQ INN-—-—- EYADG-—---— SERYQYLVQTTVDKALRAKGYYNSQYQFVKTVSAEQK-—-—
HGN I F IVKTKSSNK—-—-— 1 IKNK1 INCLYD IKN---—— EDILD-—--—- K1 1FKKKTEKIVKNCLRS 1GYYYPK INIKYSSPKKN-—---
RGT IDK1E IKGLDGDDDAEMIEN 1 EVSLSLYEAVGKEQGESR---———- LEYLLAQAERQTREALEPFGYYSPT IDI1AAPRDGE-——--~—
RGT IDK1E IKGLDGDDDAEMIEN 1 EVSLSLYEAVGKEQGESR---———- LEYLLAQAERQTREALEPFGYYSPT ID1AAPRDGE-——---
QAT IDKIE I1KGLDDGDDAEMIEN1QVSLSLYEAVGKEQGESR-—---—-— LEYLLAQAERQTREALEPFGYYSPT I TLAAPRAGD-—-—--~—
NGTVDK 1Q I KGLDKGDDVEMMKN 1 TVSLSLYSVVGKEQGEFR---———~- LEYLLSQAEFQTRQALEPFGYYAPT IR 1DAPRQND-——-—~—
GL----LEIDGIKG----KVLANVETRLGELSQIKPLSQFTPT—--——=—————— ELQDQINKAIQPFGYFNAETS-~ INNLNNK---——
ATNTLEVQIAGLPP----TPLENVFKRLSEKHET IKHDFVPAT-—---— IRKFYEE I PKE 1 EEG IKPYGYFKPH IHGY IRHPYPH-—- -
KPDPVDVTITAP---—--— ASLKKLLEKHMTL--PAKPFRDE I D----QAAY-ARK IR-QES I ELLATEGYFTPE | EFDEKK-GNGKA-——
AQVPLQVELDAP-——--- DSVRPLLERYLRILEPDGQVLPEVQAD---RVALARRTR-REATELLATEGYFTPE IRLQREPDG---—-—~-
GELDLQ----AP=——-—— DNITKLLAPYL————————mm—mm— PD---EAGSPGKLQ-GLLSE I LATEGYFSPVFEFAEKGDG-—---——
ARAAYEVR I EAP-————~- RPLRDLLERHLDLARYQD--RKD1TDD---QLQYMVET IGEQVTKLTATEGYFVPKATAQLEGPPE--—-—~-
AQAAYKVEVEAP-————~— KPLRE I LENHLDLSRYKD--RTDLSPN---QFAYMVETVGDQVRQFASTEGYFDPVTTARVEGEGD--—-—~-
AHAKYDVD I DAP--—-—~- RSIRKLLKTHLD IARFAK--RDD1SDD---QFDFLVTATPQQVRDLTATAGYFSPVVRTDVRTRDG--—--~-
AYAKYDVD I DAP-—=-—~— RAIRKLLGAHLD I ARFAK--RDD1SDD---QFDFLVTATPQQVRDLTATAGYFSPVVRTDVRSRDG--—-—~—
AFAKYAVE I DAP--—--~— RSVRSLLKQHLD I ARFAK--REDLSED---QFEFLVTATPQQVRELAATAGYFSPVVRTDVRTTGG--—-—~-
LKPKFPVRIDTQD----~- SEIKDMVEEHLPL 1 TQQQ--EEVLDKE---QTGFLAEEAPDNVKTMLRSKGYFSSKVSLTEKDG-=---—-—
LKPKFPVLIDTQD----~- SE IKDMVEEHLPL 1 TQQQ--EEVLDKE---QTGFLAEEAPDNVKTMLRSKGYFSSKVSLTEKDG-—-—-—-—
LKPKFPVRIDTQD----~- SE IKDMVEEHLPL 1 TQQQ--EEVLDKE---QTGFLAEEAPDNVKTMLRSKGYFSSKVSLTEKDG-—-—-———
AGIEYSVDIDAP--—-—— SDLAQLLRDNLELVEGQK--DPDVDPG---WLDALVKSTPDEAKKLLETEGYFGARVDASLEGGN----———
VE ITDSLVLAFPAQDEGFTVRNEFVER-FDALSN I KAFDDGETNVAQL -—AARAAADEELLNNLLRNYGFYDGLY--—————- VRTLGEI
AKESDDLRYKVDVKGLSN I DTDQAFKN-YSVLLSNKNKAD---SLSV I -—GARATNDQEL INRILRSQGYYDGKA———————-— ALSITPI
SVSENNLGYHYTVK I TGLPPREHTWQSSFNGLSTLYMTRRKRAN 1AQI --RRR IRDDSENLTALLQSGGYYDASY-——————— ESRLTPI
WLSASAAWADEPMAQ I QGGVEDRALRDA I QRALSDSKQPPR---SRSEA--RRRARQAGEDA I AVLRAEGYYAYTV--—————— EPDVTEG

VACALAGAGQAQD IQLSAPGVDEDLTDRLRASSLLLQETEEVRTAQ-DL-IAAARADYGRLVAALYDAGHFSPVVRIDVDGREAARIPPF
GLLLVPVNASALEAVLTAPGASEELQDRLRQSSAALSASARGQDSPLEL-LSSALSDYRTLVQVLYDAGHFSPVVHIRLDGREAAAIDPF

AEKFYNVDVVAS-——--- PGASSEGVKIVKAVSSLVIDRDKALSSSSGL-LAKARSDYRAILSALYAEGYYGGVISIKINGLEAADLSPV
TEKFYKVDVVAS-—---- PGASAEGVKIVKAVSSLVADQDKALPSSSGL -LAKARSDYRVILSALYADGRYGGVISIRINGLEAADLSPV
-PKTYSVDVTTTGDRKNADGKEADLKSV IEGASGLVSDADKPASGSAGL -LAKARGDYRRILSALYGEGRYGGT ISIKVDGREAND IPPD
-PVKYAVTLDA----—-- ADADKSLKSSLENSSLLLADKDKPASGDLGL -L IKARDDRDRL IAALYENARYGG IVNVTVAGKNVDDLPPN
-PLRYAVTITA-—————- PDADKDLVKRLENASALKGDEDRPVSGSLGL-MAKARSDREQLVAALFADARYEGVVTITIDGKPLDELPPD

VYEINEGSRTKIANIEFVGNQAFSGRRLRDV ISTKRSNPLSWLTRNDVYDEGRLQADEETLRRFYYNRGYADFRVLSSNAVLDPSTNEY -
AFVINEGERTKIGRIDFIGNNSYSDGRLAAV INTKKSNMLSFLTRKDVYNEDKLRADEEALRQFYYNRGYADFRVVSSDAVLDESKNEY -
VFEINEGAKSGVLG INFLGNAEYSDNDLRDV IVTKESRWYKILTSNDNYDPDRIEYDREQLRKHYRNRGYFDFRV ISSVAELAPDKNGF-
LFAVAEGPSAKIRQINFIGNKAFKTSTLRDEMQLSTPNWFSWYTKNDLYSKEKLTGDLENVRSYYLNRGYLEFNIESTQVS1SPDKKDM-
SFDVFEGEVAKIRE IRVVGSKAFSEGELLDQFDLTTPGWLTWYTNTDKYSREKLEGD IERLRSFYLDQGYLEFTVEPPQVTISPDRKDI -
DITIDEGKSAKITDIEFEGNQVYSDRKLMRQMSLTEGG IWTWLTRSDRFDRQKFAQDMEKVTDFYQNNGYFDFRILDTDIQTNEDKTRQ-
KININEGTVAAISHINVVGNTVFSEEDLTDLFELKTTNWLSFFKNDDKYAREKLSGDLERLRSYYLDRGY INMDIASTQVSITPDKKHV-
KFVFTEGVSAKIQQINFIGNQVFSDEELLSRFNLNVDVAWWNFLADDKYKKQVLAGD IEALRTYYLDRGYLKFQVDSTQVAISPDKKGV-
LIQINEDDKAKLASLTFKGNESVSSSTLQEQMELQPD-SWWKLWGN-KFEGAQFEKDLQS IRDYYLNNGYAKAQ I TKTDVQLNDEKTKV-
KLVFQEGVSAEIQQINIVGNHAFTTDEL ISHFQLRDEVPWWNVVGDRKYQKQKLAGDLETLRSYYLDRGYARFNIDSTQVSLTPDKKG I -
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————— RQVLIAKVTPGVPVLIGGTDVVLRGGARTDKDYLKLL-=----DTRPAIGTVLNQGDYENFKKSLTSIALRKGYFDSEFTKAQLG
280 290 300 310 320 330 340 350 360

| [ | | | [ | | |

—————— PSLVINIQPGEP IHLRNVV IRVEGPAAAMKAFR-VPS-----SDALKTGAVLNHGNYEDAKRL IQNQASRYGFFSGHFTRQRLA
—————— PRLVINIQPGEP IHLRKVV IRVEGPAASLKAFR-VPK-----SDALKTGAVLNHGNYEDAKRL IQNQASRYGFFSGHFTSQRLA
—————— PRLIINIQPGEP IHLRNVVIRVDGPAAALQAFK-VPK-----SDALKTGAVLNHGNYEDAKRL IQNQASRYGFFSGRFTRQRLA
—————— PRLTLRIDPGEPVHLRNVTVRVEGPAASLKSFR-LPD-----GDQLKPGAVLNHGHYEDAKRL IQNQASRYGFFSGRFTQQKLS
—————— PKLIISINPGEP IRLRNVTVRIEGPASEMKAFR-VPD-----SKALRPGEQLNHGHYEDAKRL IQNQASRYGFFSGRFSSQRLA
—————— PKLTLKVVPGEPVRLRQVNIQVLGEAASLESFR-LPS-----GKQLKPGAKLNQGVYEDAKRL IQNQASRYGFFQGRFSTQRLS
—————— PTLVLRVVPGEPVRLRRVE IRVEGPAARLEAFR-VPQ-----SSRLRPGAQLNHGRYESVKSS IKSQASRLGFFSGHFTRQHLF
—————— WSAAYQ IELNDPVKIAKNMWE IRGDAAEDEAFENT 1E-----NNSLKEKQRF IHSTYEQVKSRLLSLASQRGYHDARF IKHNVE
————— E--LIVNIHKGLPVKIKVMDVV I SGEAKEDEEFTNL IA-----KSPLKVGR I LNQGEYDSLKSG IRNLALQRGYFNGDFKLNKLE
————— E--LTAHITLGEPVRVETFDVRIEGEASNDKDFLQLLE-----KSPLKQGAILNHGDYDTLKSS IRNLALQKGYFKGDFIETRLE
————— R--LRAAVTLGEVTRLSEVDIVIRGEAEGDRDFQRL IR-----RSGLRVDAPLNHSLYDNLKSG IRNLALQKGYFNGDFQASRLE
————— DRTLLVNIDAGQPVI1YVSDIVISGEAAADEDF INAVD-----NSGLNLGQV INHGRYESLKSTLQNLALRKGYFDGDFTTNRLE
————— KSSTAVTVEKGP ITHIAKSHIVLLGMAESDPDF IGLVK-~-~---GSGLGLGESLNHGKYESLKSSLSSLALRKGYFDASLTKSVME
————— RPVLIATVTPGEPVKIAGVNITLRGGAHDDKDYQQLVK-----DDRPEIGSVLNHSDYDRFKSGLNGLSLRKGYFDARFQQSQLG

————— RSVLIAKVVPGEPVLIAGVDIVLQGGAKTDPDYQALVR-
————— RQVLIAKVTPGVPVLIGGTDVVLRGGARTDKDYLKLL--
————— RQVLIAKVTPGVPVLIGGTDVVLRGGARTDKDYLKLL--
————— RQVLIARVTPGQPVLIGGTEVILRGGARTDKDYLALL--

--RDTPKIGSVLNHGDFDNFTSSLTGLALRRGYFDANMIKSQLG
--DTRPAIGTVLNQGDYENFKKSLTSIALRKGYFDSEFTKAQLG
--DTRPAIGTVLNQGDYENFKKSLTSIALRKGYFDSEFTKAQLG
--KTRPAIGTVLNQGDYDNFKKSLTSVSLRKGYFDSEFIKSQLG

————— RSVLTAKVTVGEPVRIADVNVVLEGGAKTDGDYAKLVK-----SKSPKKGT ILNHDEYENLKGSLTGLAIRKGYFDAVMKKSQLG
————— SDLLVIKVEPGDPVVVTEVNVVIRGDGVKDVDYQK I IK-----DSKSF I GKRLNHNDYEQFKNKLYNLALCKGYFDAKFQSSQL I
————— KDQL IAHVKIGKPVKITADVDFVLQGEATQDPEFIAVTK----—-NIPEKGSILNHETYDNYKSH IQKIALSRGYFDGDFLVSRLE
————— PDLLIARVDIGKPTLIEDTDIVITGDALHDEYFKRLEK------KVPAKGTVLDHETYEDYKTELQKLAVQRGYFDADFPVHQLQ
————— RDLLIAHVTPGEPTKIAGTDVQIEGEAAQDENFNALRK--—----NLPKDGVLVEHQTYDDYKTAISRLALNRGYFDGNFKISRLE
————— PLLTLNVQLDNQKVT IDEVD IQLQGDANTDEDF IELKK------TAPNQGDSLAHNAYDDFKSH I EGLAFKKGYFDGQWLYHRLE
————— RNTITIYVVQGDFIKMLDSK 1 ILNGDSKNDTDYNAWIK-----NNFPK1GSQLNHYKYEKFKQGLLD ISIKKGYFDADFEVSELQ
————— RLTVVITVNRGEPVRVRQSHIS I TGWAEQDRYLGQDLK-----QFEPREGQVFSHPQYEASKVR I TRRLAERGYFDADFTQRRVA
————— RLTVVITVNRGEPVRVRQSHISITGWAEQDRYLGQDLK-----QFEPREGQVFSHPQYEASKVR I TRRLAERGYFDADFTQRRVA
————— KVTVVITVDRGEPVRVRTSHISITGWAEQDRYLGQDLK-----QFEPREGQVFSHPQYEASKVR I TRRLAERGYFDADFTQRRVA
————— HITVVIYVDKGEPVRVRQAHVAMTGAAAQDHYLQRDLE-----DFKPKLGE IFNHPTYEASKVR I TRRLAERGYFDADFTHRRVE
————— 111---KVQPGSQIRIASIKAMLTGEGAQNPLLRKTLK-----ELPLHIGDPLFSEQYEKAKQN I INTAENMGYLHGVFKKAEIL
————— FWFGHFTVNPGPRMQFTQVKLQ I TGPGAYDRAFLHLYE-----NFPVKAGDFFDSEKYESAKNDLFNVAAGRGFFKARMIRNQIL

----KAKAYELRITPGPRTRVAAVTIEFQGALAADEPAYRARAEQLRAEWPLTPGKVFRSARWEDAKSALLSS IANRDFATARIVESQAK
——————— RWQLSVEPGPRASIAAVELLFDGDLAGDGETRAERRAALRQAWALAPGESFRQSAWDDAKARLLDGVAVRDYAAAR I IDSRAE
——————— L-KLTLDPGLRTTINSLDLL IDGPV------EAGTRKAL IDDWALPVGQPFRQEGWNTAKQQILSRLLAVEHADARLLDSEAS
————— RRTVRVKVEAGPRTT IDSVALDFTG-ATAQEP---KR IDALKKAWGLPQGAPFRQSGWDKAKEDSLAALQSKRYYAARQTASQAR
————— KRVVHVTVDPGART I IRNVD IKVDGPAATRSP---EQVAEVQKKWGLPVGDPFRQEDWDKAKEDALVTLQSRSYFGARLAQSQAR
————— KRDVHIAVDPGKQTVVSTVDLTFKGPVETEDP---KQETATRFAFSMKPGDPFTQSDWDDAKGAALRQLQSRRYLGAKIVSSEAR
————— KRDVRVAVDPGPQTVVSAVDLTFKGPVDAEDP---KQEAATRFAFSLKPGDPFTQSDWDGAKSAALKQLQSRRYLGAKIVSSEAR
————— ERRVTVSVDPGAQTLVSAVDLKFDGPVASEDP---KQETATRLAFSLKPGDPFTQAGWDDAKNAALKQLQSRRYLGAKITASEAR
——————— AYTVHITPGPRTKIANVGVAILGD ILSDGN-LAEYYRNALENWQQPVGSDFDQDSWENSKTSVLGAVTRKGYPLAKLGNTRAA
——————— AYTVHITPGPRTKIANVGVAILGD ILSDGN-LAEYYRNALENWQQPVGSDFDQDSWENSKTSVLGAVTRKAYPLAKLGNTQAA
——————— AYTVHITPGPRTKIANVGVAILGD ILSDGN-LAEYYRNALENWQQPVGSDFDQDSWENSKTSVLGAVTRKAYPLAKLGNTRAA
——————— RVRVKVSPGEPVL IDDVTIRLDGD IRQQDD-YQQRLAQVLEAWTLPMGAPYRQADWDAGKRAVLRKVQADRFPKAR IVSSEAR

QEADEIPAVRFDIVPGPRYRFGV IDLGSLVTAPDAN-——-—--— E-LRAAFEIESGDPLDNDRI IAEQLDLDIALGETGYPFAEIAAPSLL
EKGQY--NVRYDVNAGS I YKLGQINLTGSEEEP-LR-- -ARVALNLHRGDP I IATHIEQAENNILITLPHYGYPFAKIGDRTIL
1EKHKV-VIEFKVNAGQLYRFTDVKVNGLDKEDTPQ-------LGLQK1YP IHKDDPVDQAAT I SADQDLEKQLGHLGFPFAQITQPDIV
DPPRAI--VRITPGPAFLLADPHIDWSGSPPDEGVR------- QRAVAAMRLTEGEPGRSADVVGAEGR I VAQVAKLGYADVAAEPREVV
GGPRSVNQITIRVEPGPVFQLGTAEIAPLAP-———————————— DTELPGEFRPGGAVTTGLLRDTASAAIGAWRDNGYATAEVSDQQIT
STPARIERIEIAVDPGPAFRFGTARVEPLSA-—————- ----ETRLSDAFAPGQPATTGAIRDAAQTG I LGWREAGYAKARIGDQRIV
TQLPKQSKIVITIDAGPQYVFSVAG IDKVAPFVKDK----SNKMPTVEELGYKVGFVAKSET ILKTEQWATEGWRRQGYAKAKV IKSEVV
TQLPAQSHIVITIDAGPRY IFSFAG IDKVAPFLKDK----TNRMPT IEELGYKVGAVAKSETVLKAERWATEGWRRQGYAKAKIVKSEVI
TEIPNNAKVAITVDPGPQFLFSRTAISNIAPPPGNR----RDKVQTPEEAGFAPGQEAKSGT I LKAERLAVEAWRQEGYAKARVTGEDVV
PVFDHSTPVPMVITVTPGPKFTLGNVRLEGDVTG----------RNLDEYGL IAGGDAGSLAT IRAGNKL IDDLKAEGRPLAKLTKREAV
AEFKGPQPIPVTINIAVGPKFTLGT IRLEGDAAG---==—---- LMSADYGL I SGGDAGSGAVLKAEAL IVRTLKEQGRPLAKVTDRRIV

——————— TITITVDEGPRYTFGDVSVESTVDGVDTQ-------ALDRLVK-TRTGKPYSAKE IEDSVLSVTESVAGSGYAFAKVEPRG-D
---ELQGLVE-TRQGASYSAKEVQQSMEA I SKRVAGEGYPFARVTPRG-D
LLAQILP-VRTGQLYEDERIEQATDALTFAAGAAGFAFVDVRPRY -V
ELEKLVK-IKPGDRFSAEKLQQTTKAIVDKLGQYGYAFATVNAQP-E
-—--EINNLVE-1KPGEVFSAAKANNSAKAITNYLGDLGYAFANVNPNP-Q
——-ELEKLLT-MKPGKWYERQQMTAVLGE IQNRMGSAGYAYSEISVQP-L
---EVKRLLL-VQKGQVFSRKVMTTTSDL ITRRLGNEGYTFANVNGVP-E
-—-EFTSLIP-FEIGETYNGSAVTRLEESVKKVLGESGYAYPQVRTIP-E
—-—-ELEPLLSALHLNDTFRRSD IADVENAIKAKLGERGYGSATVNSVP-D
——————— YVTVNITEGDQYKLSGVEVSGNLAGHSA--------EIEQLTK-1EPGELYNGTKVTKMEDD IKKLLGRYGYAYPRVQSMP-E
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CHAPTER 3 - YttM

TALGLHKAFWD IDYNSGERYRFGHVTFEG-SQ1---RDEYLQNLVPFKEGDEYESKDLAELNRRLSATGWFNSVVVAPQFDKARETK -~~~
370 380 390 400 410 420 430 440 450

| | | | | | | | |
IDPRAGVADIELVYESGPRYTLGKVMFSGDAPF-~--DDDLLKRMVPFKENTPYDSQL IAELTQAMQGSGYFEGVRVDAAPTAAE-—---—
IDPRAGLADIELVYDSGPRYSLGKVMFSGNAPF---DDDLLKRMVPFKENTPYDSQL IAELTQAMQGSGYFEGVRVDAAPTAAD-—---—
IDPRAGVADIELVYDSGLRYSLGKVMFSGNTPF---DEDLLKRMVPFKENTPYDSQMIAELTQAMQASGYFEGVRVDAAPTAAE-—---—
VDPQAGVAD IDLVYDSGPRYALGKVSFSGDSLF---DEDLLRRMVPFKAGAPYDSEL IAELNQALQSSGYFEGVRVDAAPTAAD-----—
VDPQAGVADIELVYQSGPRYRLGAVTFGGDTPL---DEDLLQRMVSFKPGTPYDSELVAELNNDLQSSGYFEGVRVDAAPTAAV ——————
IDPRAGIADIDLVYDSGQRYTFGKVSFDGDS I I ---EEELLRRMVPFKAGQPYDSEL IAELNQNLQSSGYFEGVRVDAAPTQAQ---ADG
IDPVANVADIELVYASGPRYRLGDVTFQGETPF---DEAFMRRVVPFQAGDPYDSGQ I AKLQDNLQTLGYFEGVRVDADPAGVS—-----
IDVAENTADIEVIFDSGKRYEYGQVTFEQD-IL---DDELLHRFVPFEHGEGYSTQELSQLQVALGDSGYFSQVQVSPDWGNAE--—--—
VIPELNEANVRLHYDSGIRYHFGPVEITG-SQI---WENRVESMRPFEIGEPYLVSDVGEYNQNLSNTDWFSSVFVEPDLSKLEDGR--~-
VAADLNQAFVRLHYDSGMRYHFGQTT ITG-SQ I ---EENRVRSLQPFKAGDPYLVAKVGEYNQNLSNTDWFSSVFVEPDLSSLDDTR--~-
VIPELNQARVILHFDSGIRYLFGATTVEG-SQ I ---DENRVMSLRPFKQGEPYLVSQVGEFNQNLSNTDWFSSVFVEPDLSQLDEGR--~-
TAPGRHQAIVRIHYDSGKRYSFGETSIDG-SQ I ---EEKRVRS I IPFQAGDPYLASQVGELNQYLSNTEWFSSVYVEPD IDAVGKTY---
VAPSRNEAF I TIEFSSGRRYNFGDTTFTG-SQ I ---DEDRLQSL IPFEKDDPYLASKLGEFNQRLSTVGWFSS IFVGGDVQHLDDG---—
VMREEREAFWD IDFDSGERYRFGAVNFQG-AQ I ---RDDYLQNLVPFHEGDVYTSEDLGELNRRLSASGWFNSVVVSPNFEQSKSTK--—
VAAQLHEAFWD IDFDSGQRYRFGKV IFQG-SQ I ---REDYLQNLVPFHEGEFYTSDELAELNRRLAATNWFNSVVVSPDFQDAKESK--—
TALGLHKAFWD IDYNSGERYRFGHVTFEG-SQ I ---RDEYLQNLVPFKEGDEYESKDLAELNRRLSATGWFNSVVVAPQFDKARETK--—
TALGLHKAFWD IDYNSGERYRFGHVTFEG-SQ I ---RDEYLQNLVPFKEGDEYESKDLAELNRRLSATGWFNSVVVAPQFDKARETK--—
IALGRHQAFWD IDYDSGERYRFGPVTFEG-SQ I ---RDEYLQNLLPFKEGDEYESKDLAELNRRLSATGWFNSVVVAPEFEKSRKTK---
VAKERHEAFWDFVFNSGERYHFGQVRYRG-SQ I ---REDYLNHLVPFSEGDFYTSEQLAELNRRLAETGWFNSAVVSPDFNSARKNGDG—-
VIPSRCQS IWNIDFYSGQRYVFERIKFHG-SQ1---KEDYLKNISNIRSGEYYSATSVMELNRRFNYTNWFESVS 1SSDYMRFQQKK—-~-—
VRPSTQQAWWRLDYDSGERYRFGEVTFEN-AQI---REDYLRNMINFNKGQPYL INDLSTLTNNYTSSNWFSSVLMQPVLDEEHK----~
VMPSTRQAWWRMDFNSGSRYRYGE ISFEH-SQ 1 ---REDYLRNMLE IKSGDEYL INDVSNMTNNFSSSGWFQSVLVRPELHEDSK----—
ISPETHQAWWRMLFDSGVRYHYGNITFSH-SQI---RDDYLNNILNIKSGDPYLMNNLSDLTSDFPSSNWFSSVLVQPNVNHKSK----—
VYPQNHSVDWRLAYDSGKRYRYGEINFID-NQI---KEEYLTNILKIAPQQYYYASDLSLMTADYLSSNWFSSVLVEPKLNEKAK----—
VFPNYNVARWF IVFNSGYRYRFGKINFYG-SKI---HKSYLKNISNNYYNKLYNIEL ISDLNNKL ISTNWFNSVTVSPD1YNNSKYKN--
VTRAEHAAD IDLNWDSGRRYDMGTVRFDYDYF----RPGLFEPLVYWDEGSYYHEGKLDRLRESLTKLDYFST IDI1QPKPEEADDQG-~--
VTRAEHAAD IDLNWDSGRRYDMGTVRFDYDYF----RPGLFEPLVYWDEGSYYHEGKLDRLRESLTKLDYFST IDI1QPKPEEADDQG---
I TRAEHAAD IDLNWDSGRRYDMGKVRFDYDYF~----RDGLFDPLVYWDEGSYYHEGKLDRLRESLTKLDYFST ID1QPKPEEADDQG-~--
VTRAAHAAD IDL IWESGRRYDMGPVRFHYDYF----HEGLFNPLVYWDEGSYFHEGKLDRLRESLTKLDYFSS1DI1QPKPEEADPEG---
IDEHKKSAQITLIFDTGPQYYFGQVQFDPTY I ----SPQLLHRFVPFDPGQPYATDQVLKLNDYLSNSGYFSSVLVKPQITDAQT----—
VDLKNYRSTVIIVFDTGPRFLFGTTDFSATPF----HESFLHRFLQYRKGHYFSQDKVRRTREGLANSDYFSTVVVTPEPQKAQGL----

VDPDTAQATLSITIDSGPAFRYGELQITGLERY--KPDVVQNSV-PFRPGDPYRREQLLAFQAALQNSQLFNAAAVTVKPDPMQ-—----
VDPDNATVQLSVTVDSGPRFFLGPLEVSGLQDL--PPDFVERFNM-LEPGEPFDQERLLALQTVLQNSPQFGSVVVDIERDPALA--—--—
IDTEAHRADLRAHYDAGPRYRFGPLHVEGLQNY--SPEL IERYNRSVQPGQPYREDKLNALQTTLQSTPYFASVQTMLDRDAVEVHDDGT

VDPDENKADLSVAYDSGPAYTLGPLDVQGLSRY---PRS 1 I1DHVNPLIVGEDYSADRLQALAAATQGQPYFANAIVDL-———--- GDDPN
IEPDELRADLSARYDSGPAYLLGPLRVSGTRRY---PEQI I'YNVNPLNEGEPYRVERLLELQRATQNQPYFSNVQVDLVTPEGTAANPPD
IDPRTQRATLAVAFDSGPTFTIGKVDVDGVRRY---PEKIVTNVNPLSEGE I YDVQRIAELQRQLQONTPYYASVAIDV--——--- GDDTS
VDPRTQRATLAVTFDSGPTFTIGKLDVDGVRRY---PEKIVTNVNPLSEGE I YDAQRIAELQRQLQONTPYYASVAIDV--——-—- GDDTS
IDPRTRAATLALMLDSGPTFTIGALDVSGVRRY ---PEKIVHDVNPLAAGE I YDAKRITELQRQLQNTPYYASVAIDV--——--- ADDVA

VNPDTATADLNVVVDSGRP IAFGDFEITGTQRY---PEQTVSGLARFQPGTPYDLDLLLDFQQALEQNGHYSGASVQADFDRLQ-----—
VNPDTATADLNVVVDSGRP IAFGDFEITGTQRY---PEQIVSGLARFQPGMPYDLDLLLDFQQALEQNGHYSGASVQADFDRLQ-----—
VNPDTATADLNVVVDSGRP IAFGDFEITGTQRY---PEQIVSGLARFQPGTPYDLDLLLDFQQALEQNGHYSGASVQADFDRLQ-----~
IDPATRRATLEVKLDSGPMIGFGKITVNGVKRY ---PEKVALGMADFNPGSPYSQDKVLAYQSALEQDPHFSSVIVSADFDHIV-----—

IDHDRSEGDLTLPVEPNGKYAFGQV I --SDRPEF-LSSRHLQRIARFEAGDVYQRSLQLDLRRAITATGLVSRVSIDVQEVQPPADGDV-
LDDETHTGDYTLPVNAGNVGSYGS 1 1VSNNKH 1V-LDAKH I SHIARFKEGQRYDSQMVDDLRQALAATSLFSHVSVEP IATGRKREDGS -
VDHSNFTGSLVMNVETGKPQKFGE I IL-NKNSQP-LDTHHLNEIARFHPGTPYDSVLLDDLRRAVIQTSLVST IQLKPV----PDPDHP-
VDHADRTVRPTFRIMAGELVRLNGVDVVTKGRT---NPEWVGRLAPWVAGDVYDPEDVAELERRLRDTAVYDS ISVSLAGTDKASAEGY -
ARNGDAVLDVRVRVEPGQIVQFGTLVPRGQER---MRVERILAITAGLPQGETFSPDTLDRVEGRLQDTGVFSAIALQEGD-VGPD----~
VRHAPAELDAE IRLLPGPKLRFGQMVVQGDSD---VRPEATARIAGFPSGQVYSPDQVQRVGTRLRRTGAFALVSLTEHENPNPD-~--—
ADHVARL IDAQITVDPGRQAYYGPLSVRNVSKKPAVDSAY IAWMTGLKLGQRYDSEAVTKANERLVRLDVFRAVNIHEAET INPN----—
ADHAARLVDAQIAVDSGREAYYGPLSVRNVSKRPRVDSAY IAWMTGLKPGQKYDSDGLAKANERLARLNVFRAVNIREAET INPD----—
ADHADNRVSAD IALDPGRKAYYGPVSVVGTAR---MDPQFVAWMTGLKPGQEYDPDD I ENAKKRLGRMEVFRAMTFEEADKIEPD----~
ANHATNTVD I TMAAEGGPVAPLGAVTVTGEKT---VDGDF IRRYSRLNGGEPYSPEKLRKAADRLRQLGVFSSLT IKEAGTLARD----—
ADHATSTLDVTLTVAAGPVAGYGATTVEGTEK---VDRDFTEYMTGLKRGKQYSPQE I SDARDRLLALEVFNSVTFKEADKLDAD-—--—

RNFENHT ISVVYSVDQGPRAY IQR IEITRGNDK---TRDYV IRREFDLNEGDAFNQVMVQRAKRRLEVLDFFQTVNISTAPGSEP------
RDMSGNT IGVTY 1VDQGERAYVER IEIRGNTR---TRDYVIRREFD ISEGDAFNQT I ITAAKRRLEALGYFSKVNISTAGGSAP-—---—
PNRETKTVDVVFQVREGPRVYVDRIDIVGNTR---TLDYVLRRELEVAEGDAYNRVLVDRSKNNMRRLGFFKEVE IEDAPGSAP-——--—
IDQATHKVGLTLVVDPSRRVYVRRINIVGNTR---TRDEVVRREMRQLESSWFDSSRLALSKDRVNRLGYFTDVDVTTVPVEGTN-----
LDRAKHEADVTFYVDPSRRVYVRR1QIGGNTR---TRDEVVRREMRQQEAAWYDAGD IKVSRDRVDRLGYFNEVNVKTDPVPGSP-—--—
PNAGTKTVDFVLHIEPGRKTYVNEIHITGNNK---TRDEVVRRELRQMESAPYDTSKLQRSKERVELLGYFDNVQFDAVPLAGTP-—---
AHDDDKTVSVTFVVDPGKRAYVNR INFRGNTK---TEDEVLRREMRQMEGGWASTYL IDQSKARLERLGYFKEVNVETPAVPGTD----—
FDDEKQQVSLVVHVEAGKRVYVRD IRFVGNNS---TRDEVLRREMRQMEGSWLNSKD IETGKTRLNRLGFFETVEVQTVRVPGSE-----
FDDANKTLAITLVVDAGRRLTVRQLRFEGNTV---SADSTLRQEMRQQEGTWYNSQLVELGKIRLDRTGFFETVENRIDP INGSN-----
INDADKTVKLRVNVDAGNRFYVRKIRFEGNDT---S KDAVLRREMRQMEGAWLGSDLVDQGKERLNRLGFFETVDTDTQRVPGSP-----
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CHAPTER 3 - YttM

---VLPLTGVVSPRTENTIETGVGYS---TDVGPRVKATWKKPWMNSYGHSLTTSTS ISAPEQTLDFSYKMPLLKNPLEQYYLVQGGFKR

460 470 480 490 500 510 520 530 540

| | | | | | | | |
-NQVIPVTVQLETRKPRTMGLGLGYS~---TDVGPRGKANWTRHWANPQGHSYGFESE 1 SAPRONIGLWYDVPL-DPPLTDKLRYAGGYQY
-HQVIPVTVQLETRKPRTMGLGLGYS~---TDVGPRGKANWTRHWANPQGHSYGFESE I SAPRQNVGLWYDVPL-DPPLTDKLRYAGGYQY
-NQVIPVTVQLETRKPRTMGLGLGYS---TDVGPRGKANWTRHWANPQGHSYGFESE I SAPRQNVGLWYDVPL-DPPLTDKLRYAGGYQY
-HEVIPVAVQLETRKPRTMGLGLGYS---TDVGPRVKANWTRHWVNPQGHSYGWEAEVSAPRQNVGLWYD IPL-DPPLTDKLRFAGGYQN
-GEEVPVDVHLETRKPRTMGLGLGFS~---TDVGPRGKANWTRHWVNPQGHSYGWETELSAPRQNVGLWYD IPL-DPPLTDKLRFAGGYQN
ARQAITPVAVRLEARKPRTMGVGLGFS~---TDVGARARFNWTRHWVNAEGHSLGFESE ISAPRQNVGAWYE I PL-DPPLTDKLRFTSGYQF
-GEMVPVLVHLQMRKPRSFGIGVGFS---TDVGPRGRANWTRHWANPQGHSYGVEMELSQPKQNVGLWYD I PL-DPPMTDKLRFVGGYQY
-EHTVPISVSSEPNFRNQYQYGVGYG---TDTGAR I SASLNRRWVNTQGHQLRGMTQLSEVESRVGANY I IPG-QNPQSDYYQIRAEASD
-——ELPIKVSLAPAAKNQIETGIGYS---TDTGVRGTLKWKKPWVSARGHSFNTALSLSKPEQTITAGYKIPL-DDVLREYYQLQFGLKH
-—-ELPMKVSLAPQAKNQIETGIGYA---TDVEFRGTLKWKKPWVNELGHSFDSSLS I SKPEQTVTAGYQIPL-EDVLHDYYRIQYAMKH
-——ELPIKVTLAPQARNQLETGLGYS~---TDVGVRGSLKWKKPWVNSQGHSFDSSFSLSIPEQTITAGYKIPL-EDALNEYYRIQYGMKH
-—-QLPMKVHLSPQVRNQLETS IGYA---TDVGARGK IRWKKPWLNPEGHSLDTALS I SKPEQEAT ISYKIPL-EQVLKDYYVVKYGLKN
-—=TVPIAVNLAPQVRNQIETGIGYS---TDVGMRLKLNWKKPWLNSAGHSLS IKTELSKVQPKIEAAYKIPL-DDVLNDYYQVIGGIRY
—-—=VLPLDAVVTPRTRNRIETGVGYA---TDVGPRFKTTWNKPWVNSRGHSLESSLSVSAPEQSLDFSYKIPLLKNPLEQYYLLQGGFKR
-——ILPLDAVVTPRTENTVELGGGYA---TDVGPRLTASWRKPWMNSFGHSLTTTTALSAPEQTLDFSYRIPLLRNPLEQYYLIQGGFRR
-—-VLPLTGVVSPRTENTIETGVGYS---TDVGPRVKATWKKPWMNSYGHSLTTSTS I SAPEQTLDFSYKMPLLKNPLEQYYLVQGGFKR
-—-VLPLTGVVSPRTENTIETGVGYS---TDVGPRVKATWKKPWMNSYGHSLTTSTS I SAPEQTLDFSYKMPLLKNPLEQYYLVQGGFKR
-——ILPLKGVVSPRTENTIETGVGYS---TDVGPRVKASWKKPWMNSYGHSLTTSTS I SAPEQVLDFSYKMPLLKNPLEQYYLVQGGFKR
-—-MLPLEAVLTPRSKNYVELGGGYG---SDVGPRVKAKWTKPWLNSRGHSLSAS INLSAPEQV IDATYKMPLKVNPLEQYYALQTGYKR
———KIILDIFLYPCAKNNFATGSGYT---I1DTGPRTK I IWKKPWINAYGHSLETNCSLSKPEQAFDLSYKVPLFSNPLEEYYLLQGGL IH
-—--1VNVDVLLQPRKKNSMEVG I GWA---SDVGPRLQLGWTKPWINNRGHSFRTNLYVSAPKQTLEATYKMPLLKNPLNYYYEYSAGLEN
——-TIDLHLLMYPKKKNAMEVGLGYS---SDVGARAQIGWTRPWINNRGHSLHSDLYVSSPKQTFEITYKMPLLKNPMRYYYEFSTGIEN
---TVDVEI ILYPRKKNAMELGVGFS---TDGGVHGQIGWTKPWINSRGHSLRSNLYLSAPKQTLEATYRMPLLKNPLNYYYDFAVGWEG
—-—--LVDLKIFFQPKKKNKVE I GAGFA---TQLGARLQLNWKKPWLNERGHS IDSRTYLSLPEQTLELGYNVPLRQNPLHYYYQFSGSLEH
——==VVPLNVILSPNNKNRLEVGLGYN---SRNKFHITSYLEIPWINSLGHSIKNKLYFSTYEKIFNLKYKIPTIKNPINEYYLLQSQIKN
—---RVPVDVKLTRAKRTVYTSGLSYG---SESGAGVRGGVERRYVNSRGHKMDTQLDYAQNRKSLTTSYRVPAFR-WLDGWYTASARLYD
---RVPVDVKLTRAKRTVYTSGLSYG---SESGAGVRGGVERRYVNSRGHKMDTQLDYAQNRKSLTTSYRVPAFR-WLDGWYTASARLYD
---RVPVDVKLTRAKRTVYTAGLSYG---SESGAGVRGGVERRYVNARGHKMDTQLDYAQNRKSLTTSYR I PAFR-WLDGWYTASARLYD
---NVPVDVKLERAKSKIYTAG I SYG---SESGAGLRAGVERRYMNARGHKMNARLDYAQNLKSLTTAYQ I PAFK-WLDGWY IFFARAYD
--==VPVIVHLQPVPKYSYSFGLGYG---TDTGVRGKAALHV IPVNRQGHKFNAVAQGSFRQNALQAQYV IPG-KNPVTDQYALTGNFSN
---YVPVKIHLDMQPKKQYNFGLGFG---TDTGPRALVSTNLRWINPYGHRFNAYLRASPSNSALVANY I IPG-SNPATDLYTFSAAFLD

-HEAVPVIVTLTEAQSKHIGAGLGYS---SNNGARGEVNYRDYNFLGRAWNLSSLLRLEQKRQTFSTRVDTL----PDANHFQYSSGVRV
--AAVPIRVQVTEAQSRYLGFGVGYS---TNTGFRTEMSWRDVNFFDRGWELATGLRLEQRRNAAYADVFLP----PAPAGHRDSFGAAI
--ATAPILVRVRERSPHRVSFGAGAS---SNTGARVEFNYHTPNLFAQAWELDSGLRLEQKRQTAYADVFLP----PDERNRRHSVGVMA
NPVAAPVRVRVREYPPNRITSGVGYS---TDTGAQVEGRYQYLNLFDKAWVLDTQARIEQRRQYLFGSVTLP----PDGKRYVNSLYGSL
GVVTAPVSVKVREYPEHRLNSGVGFT---TDTGAQVEGRYSYYNLFNRAWVFDSQAR IEQKRSYLFAETAMP----PDRSTFRNS1YSSY
KPERTPVHVKVSEFPYNNIRGGVGFA---TDTGPHVQGSYTYLDTFGAAWPLTVSGRLDQ1QQYGQVQLSMP----PGEKGWTNSVLASY
KPERTPVHVKVSEFPYNSIRGGVGYA---TDTGPHVQGSYTYLDTFGAAWPLTVSGRLDQ 1QQYGQVQLSMP----PGQKGWTNSVLASY
HPLDSP IHVKVSEYPYNSVRGGIGYA---TDTGPHIQGSYTYLDTFGAAWPLSVSGR IDQ1QQYGQVQLSMP----PGPRAWTNS I LASY
-GDRVPVKVSVTEVKRHKLETGIRLD---SEYGLGGKIAYDYYNLFNKGY IGSVVWDMDKYETTLAAGI SQP----RNYRGNYWTSNVSY
-GDRVPVKVSVTEVKRHKLETGIRLD---SEYGLGGKIAYDYYNLFNKGY IGSVVWDMDKYETTLAAGI SQP----RNYRGNYWTSNVSY
-GDRVPVKVSVTEVKRHKLETGIRLD---SEYGLGGKIAYDYYNLFNKGY IGSVVWDMDKYETTLAAGI SQP----RNYRGNYWTSNVSY
-DNRVPVTVDVVEMPRQKVELGLTYD---SVEGPGVRVGYDHYNIFRRGYTGSLLLDWKRDQQAVSFGLGFP----RQSDGYSHSITSSF

--GVVDLNVAMTPAPLRT IAGAVGYG---SEEGFRVQASWEHRNLFPPEGSLRVRG ILGTREQLAGVTFRKNNFRKRDQILTLDAYASDL
—--EIVDLDVRQGRGKKHSTAVTGGYG---TGEGFKAQGSWISRNYFPPEGSLTFSGILGTRQQQLSALFNRNNAGARDRVIQIGLTAGRE
-=NVTNIAITTEKAPLHTIAGTVGYG---NGEGVRSDVSWTHRNMIKPEGAVTFSGILGTRDQGVGASLRQGNKGARDHILSSSLSVLHT
--RPVVVTLSDRRA--RTIELGAGYS---TSEGAGVDARWIRYNRQKRADTTTYALRFAKLEQRLGAE I SLPHWRRPQQTLKLNSSVFRN
--GVMNIEATLVESEPRRFGFGAEVS---TDDGASLSAYWLHRNLFGGAERLRIEGE1SGIGSEGLNVEDVEGIDASVGLRYSRPATFTP
--GTLDFNATFEDLPKRRITFGAELS---SRDGLDLSAIWIHRNLFGAAERLRLEATVRNIGG-=-----~ TEDIDGRIGFRLDRPDRLGP
--GSLPLTLVVQERKPRRFGAGGSYS---TLDGAGFEAYWMHKNLFGHAERLKIETKINGVGGNKNQSYDFKSFNYLLGSTFIKPGILTP
--SSLPVTLVLQERKPRRFGVGVSYS---TLDGAGFETYWMHNNLFGHAERLKIETKISGVGSNKERSYNFKNFDYLFGGTFIKPGIFTP
--GSLPITLNVQERKPRRFGFGAEYS---TIDGFGVTSYWMHRNLLGRGERLRFDAKVSGIGGSQDNSFDPKNYTYLLGASFAKPGVYTP
--GTIPLTIEVSEGKHRYFGVGAQYS---TTEGIGLQGYWGHRNLFGQAESLRIEGSVSRIAEASSVE----GMDYSAG I TFTKPGMFNP
--GNIPIGVQVSERKPRYFGLGGTFS---NTEGLGLEGYWGHRNLFGHAEKLR IDGAISG1G-SNNLS----DLNYNAG IMFEKPGVIGP

--DQVILVVDVVEKSTGEFSIGGGYTTGGESPGAQVEAAITERNFLGRGQY IRISAGAGQDDMRNYGLSFTEPYFLGYRLSAGFDVFRRS
--DRVVIVVDVEDQSTGSFGIGAGYS---QNDGVLLEASVEEKNFLGRGQY IRVAAGAGEDDARTYSLSFTEPYFLGYRLAAGFDLFKNQ
--DRTSLRVKVEEQPTGELSFSAGYS---SIDKLVLDVG I TERNFRGRGQNLRARASVGSL-RQQIDFGFSEPRFLGRNLVAGVNLYTFR
--DQVDVNVKVAEKPTGAITLGAGFS---STDKVVLSAG I SQDNVFGSGTSLAVNVNTAKS-YRTLTVTQVDPYFTVDGIKRITDVFYRT
--DQVDVNVDVKEKPTG I INLGVGYG---SSEKAILSAGISEDNVFGSGTNLTLQLNTSKT-NRAVVLSHTDPYFTKDGISRTTSAYYRV
—--DKVDLNMSLTERSTGSLDLSAGWV---QDTGLVMSAGVSQDNLFGTGKSAALRASRSKT-TLNGSLSFTDPYFTADGVSLGYDYGKA
--DQVDVNYSVEEQPSGS I TASVGFA---QSAGL ILGGS I SQNNFLGTGNKVSIGLTRSEY-QTRYNFGFVDPYWTVDGVSLGYNAFYRK
—--DQVDLVYSVKEANSGNVNFGVGYG---TESGVSFQVGLQQDNFLGSGNRVGVNAMINDY-QKNLTLEYRDPYWNLDGVSLGGKVFYNQ
—--DEVDVVYKVKERNTGS INFGIGYG---TESGISYQASVKQDNFLGTGAAVSIAGTKNDY-GTSVNLGYTEPYFTKDGVSLGGNVFFEN
--DQVDVVYKVKERNTGSFNFGIGYG---TESGVSFQAGVQQDNWLGTGYAVGINGTKNDY-QTYAELSVTNPYFTVDGVSLGGRLFYND
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0 JES LNDTESDSTTLVASRYWDLSSGWQRAINLRWSLDHFTQG -~~~ —————-———~— EITNTTMLFYPGVMISRTRS
550 560 570 580 590 600 610 620 630

| | | | | | | | |

EEIA-—— - GTDSLSKLLTAGPEWHSKLPSGWERV I SLKWQREEYRLG -~~~ -——=~———— DDAGLSTLLMPGISYSYLRS
EEIA-—— - GTDSLSKLLTAGPEWHSKLPSGWERV I SLKWQREEYRLG -~~~ -——=————— DDSGLSTMLMPGISYSYLRS
-—--NDEGLSTLLMPGISYSYLRS

-—--DDSGLSNLLMPGLTYSYLRS

------------- GTDTLSKLLTVGPEWHSKLPSGWQRV I SLKYQREEYRLG-—-———---—-—----DDSGLSNLLMPGVSFSFLRS
--------------- DTESKLLTLGGEWHSKRPDGWQRVVSLNWMREEYKL G~~~ —---——-----DDSGLSSFLMPG IGYSLLET
——-DTDTLSRLLKVGPEWHRRLDNGWQQ I FSLKWQREEFRYG-— ———-DDNGLSNLLLPGVAYSYLES
-—-G--QTNRLYRFGASSVVAMGK-WQREYGLNWQRDDFE 1G-— ~ESSGTSQFL IPQASWNYVTA
——-NRDTESLESNLAVERHWLTDGGWHKTVYVRHLYENFSQGL - - --QDDGVQFVLPGATFSRTRV
——-SRDTKSLESNLAVERHWLLDNRWHRTVFVRYL IENYEQGL - --QDDVAQFVLPGVSFSRSRV
———KRDTESLESNLSLERHWQLDGGWHRTVF IRYLLENYRQGL -—-- ~-QDDNSQFLLPGMTYTRTRT
--------------- NNDTDSLESNLAFERHWVYDSGWHRT I YTRFLYEEFTQGV--———=———-—-—-QDGTAWLVLPG I SFSKSRS
--------------- NHDTQS IEYNIGLERHWRLESDWKRVASLRWLYEDYKQGVDKEGNG-~-—---—-EKGILSMI IPGITYSKTRA

——--LNDTKSDGTTVNVARYWDLSSGWQRAINLRWSLDHFTQA----——-—
——-LNDTNSDTTTLNVARFWDLSSGWQRAINLRWSLDHFTQG-~-
——————————————— LNDTESDSTTLVASRYWDLSSGWQRAINLRWSLDHFTQG-----==—===—=--—

——————————————— LNDTESDSTTLVASRYWDLSSGWQRAINLRWSLDHFTQG---—-=======-—

-—--LNDTEQDSTTLAVSRYWDLSSGWQRAINLRWSFDHFTQG-- -—-NVTNTTMLFYPGVMISRTRS
———INDTVSDTATVNFSRNWDLSTGWQYG INMRWSLSHFTQA-- -—-NVTNTAMLLYPGANVSRIRQ
——-THNVQSSVTT INIARYWNCSHKWQRS INVHWHFNHCSNN-- -—=YHIKNIMLIYPGINISRIRK

---KNDTESFASSLSAIRYWNHEAGWQHSLGLRVRYDSF I1QA-- ---NVKDKTLLVFPTASVRRTRL
———-KTDTKSLAATFAALRYWNNATGWQYSLGTKIRYDEFTQA-- ---DQEHKTFLLYPTTSVSRSRI
——————————————— ENDTNTRVLTLSALRYWNNAHGWQYFGGLRMRYDSFTQA--~~=====~--—-DITDKTLLLYPTVGFTRTRL
——————————————— QQDTKS IAGSFGLQRFWTHETGWSFSAGIKSRYDSFTQA-—---=-~-----——--NDKHKTLLVYPTAALNRTQT

———FKIKKKILTYPSFQINKINY
—-—--TEYIDLRNVKLTGSRSGQ INERWSAIAS INALRERWRFSSGSDFTD- -—-AVYETSTLI1YPQLQANYVNV
——————————————— TEY IDLRNVKLTGSRSGQ INERWSAIAS INALRERWRFSSGSDFTD-------AVYETSTL I YPQLQANYVNV
——————————————— TDY IDLRNVKLTGSRSGQ INERWSAIAS INALRERWRFSSGDDFEG-------AVYETSTL I YPQLQANY INV
——-TKYIDLRNVKLSAARSGQ INRHLTATASLNALRGRWRYRADDGTNT- ---VAYQQSTLVYPQLEASYVDV
———-YNAGYSNATLLSLSQLHNVNQFQRALSLNALYESFHYSL------- ---QPNTDQFLLYPKANITFSKT

________________ QDTGKGRSGRLSVSYQTNVGNWQQI ISLTALRERYNLRD---~-~~----——-LPRTNAGVLYPSISWEHRHA
ERT-—————— o DIKNLQTFNQRVDFSRIRTTANS ILQVGVNWQREQREPSGAP-——-————————— KTTNETLALDLWYRYHDI
ERS--- ——-TVEGLTLMTQAVGVARTRTRGN I DTRLALRLQHEQRDPDGAP-- -—-STSRNSLTANWTWIRRRV
EAT--- —---DIQNLKTERYAFGAQT IQQRGSVEQRLSLNWQNEKRDPDGAS -~ -—-PVTSRALVPNGTWTWRHV
DRT--- —---NLSGTDTRSYRSGFKQTRVRGIYETSFTIDFYYDDLRPEGAA-- -—--RELSKALVPGFAWTRRDV
ERTI-- —--DLENTDTTSWRAGLKRSRSREKYD I TMSLDFYYDNLLPEGQQ-- -—-AQISKALVPAFAWTRRDV
TNT—=—— e NVSDTRIYSARVGVQRTRTGQF IDYAYSLMYYQDRLDQNGAG--=-—=—=—=—=—= PTTSRALVPQWAWTRRNV
TNT—=—— e NVSGTRIYSARVGAQRTRSGQF IDYAYSLMYYQDRLDQNSAG--——-——=—=—=—= PTTSRALVPQWSWTRRNV
TNT--- —---NVSDTRIYSARVGAQRTRTGQF IDYSYSLMFYQDRLDQNGAG-- -—-PTTSRALVPQWAWTRRNV
NRS--- —---TTQNLEKRAFSGG IWYVRDRAG I DARLGAEFLAEGRK 1PGSDVD--~ -—-LGNSHATMLTASWKRQLL
NRS—=—— e TTQNLEKRAFSGGVWYVRDRAG I DARLGAEFLAEGRKIPGSAVD--—-————-—— LGNSHATMLTASWKRQLL
NRS—=—— oo TTQNLEKRAFSGG IWYVRDRAG I DARLGAEFLAEGRKIPGSDID--~-—=-—-—— LGNSHATMLTASWKRQLL
KSE—=———————om——— TVQGLKTNTVDAGVWR IRSRGN I EARMGVEFLKESAEAGG--VL--=-—=——-—— TSDTHVTQLVYGWTQRAV

—-—--AVDART IALRGTFERVSNLLFQKDFSWLVGAEVLATDERNVVRAAQTPNPLPR---ETFFIGSIFGEATI--DDT
————AYNGYSFSLGGSLSRQSTQLWQKRWTYSIGAELTQTNERSYDFSRS--ERLTR----SYLIAALPGQLGY--DRS
————AYDARTATLSASFERETN I INQKKWVWS I GGQF IGSDERDNGYYTY ---GAGH---HQYL I AALPGQLGY--DSS
IAG---RKLNLATLAGLAAYAWDFS
——————————— AYLELGLNYFDDPAFTFTNVGAEVGVEHRFDRRLTGTLGLAVDYYDI---QTPFGNDQI I -VLSTPLGMTW--DRR
-—-IFYIGEAERRNRTHYQITRAVLGIGARRTFSDTLYAEAGVGFNYGDA---DDAYGSGRKFRYFGLRSTVEW--DKR
-FRAELK--VQQDVLENYTTKAIRGRLGITHIFNNNLSGQIAVEVSKGYS---RDIYFGNRDFTTIGLPFGL1Y--DSR
————————— FGAELK--1QQDVLDNYTTKAIRAKLGITHIFNSNLSGQTAVEGSNGYS---SDVYFGSRNFTTIGLPSGL1Y--DSR
————————— FVATLD--AKREVLDAYTETSINAKTGFTQIFSDELSGALYANASQGHF--VDDVFGK-RDFTTAGLEGNLLY--DSR
————-FKTSLI1--AKTENPDTYRAKTLTGTAGFAYELNDTDTAAAGLEVQWADT---EDAFGK-NEYLTTSIPLEFVR--DTR

ASK-==mmmmmm FFAGFK--TVLEHPDAYDHFSVKGSTGLSYELDKQQTVSAEVALDYSRI---TDAFGK-HTYLIASVPLQYVY--DNR
YRVNDD-----~ YDVEQTGGT IRFGLP ITDNFSAGIAYSLVQEKYDLFRGDAENY --YAPA—-——-— LLEAAENSPWLRSSVSYSLTYSSI
SKSEDY------ YNYDEQGFALRVTAPITENLSTTFKYTYKQINYE-GKGDWQNNANLAEP--—-- YQAL IRGEDWTQSILSNTLNYNTL
YDLSEF----AAYDTKSVGGDVRFGFPLTNDSSMSLRYTVRQDEVSVADSLCASG---SVS——--~ QILCLQRGAYITSLIGYGLRIDKR
YQPLYYSTN-SSFRIITAGGNLKFGIPFSETDTVYFGAGFEQNRLDVDSNTPQSYQDYVNE--FGRVSNT - == ==——~ VPLTIGWSRDAR
TEP-WDNND-GDYRVKAMGLGMNFGVP ISEYDRIFLGGTFERNQ IDLYNNSPQAYRDFVDQ--YGNSTNA--—————~ LIFNTGWSKDTR
FDPRKASTSVKQYKTTTAGGGVRMG IPVTEYDRVNFGLAAEHLTVNTYNKAPKRYADF IKQ--YGKTDGADGSFKGLLYKGTVGWGRNKT
TDYDELDVDVASYSVNSLGAGMSIGYPISETSRLTYGLSVQRDQIDTGRYTVDEIYDF----=---- LDKEGDNFTN-FKASIGWSESTL

FEASEAGIV--DYTNESYGTSLTWGFPFDELNRFEFGIGYTHNKIGNLTPYLQVENFLAAQA---SNIDSGGNLLTDDFD INLSWTRNNL
YDNSKSDTSS-NYKRTTYGSNVTLGFPVNENNSYYVGLGHTYNKISNFALEYNRNLY 1QSM—-—---— KFKGNG IKTNDFDFSFGWNYNSL
FQADDADLS--DYTNKSYGTDVTLGFP INEYNSLRAGLGYVHNSLSNMQPQVAMWRYLYSMGEHPSTSDQDNSFKTDDFTFNYGWTYNKL
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RGGL-MPTWGDSQRYS IDYSNTAWGSDVD-FSVFQAQNVWIRTLYD--RHRFVTRGTLGWIETGDFDK-—---- VPPDLRFFAGGDRS IRG
XXXXXXXX XXXXXXXXX XX

640 650 660 670 680 690 700 710 720

| | | | [ | | | |
DNRI-DPHQGYRLQFDTQVAKEGMLSDAN-LVHANVLLKGLTTVAQ--NHRFLGRVQFGGNLTDGYTS----- I1PPSLRFFAGGDQSVRG
DNS1-DPHQGYRLQFDTQVAKEGMLSDAN-LVHANVLLKGLTTVAQ--NHRFLGRVQLGGNLTDGYTS----~- IPPSLRFFAGGDQSVRG
DNRI-DPHQGYRLQFDTQVAKEGMLSDAN-LVHANVLLKGLTTVAQ--NHRFLGRVQFGGNLTDGYTS----- IPPSLRFFAGGDQSVRG
DNRI-DPHNGYRIQFDTKLAKEGVGSDTN-LLYGTVLLKGLTTVWD--NHRFLGRVQFGGSATNGYKS—---- IPPSLRFFAGGDQSVRG
DNRI-DPHNGYRLQFDVQGAKEGLVSDTN-LLHGNVLLKGLTTLGH--NHRFLGRVQFGGSATNGFKNN----1PPSLRFFAGGDQSVRG
DNKV-DPSHGYRLQFNVKGAKEGLLADAD-VLHVDAMAKGLTSFAG--GHRLLGRLQVGGIATNDYKS----- IPPSLRFFAGGDQSVRG
DHPL-DPSRGYRLQVEMAAASEALLSDAN-L1YSSVMLKGLTTLAG--RHRLLGRLQFGGNFTDEYTT—---~ VPPSLRFFAGGDQSVRG
DGRL-NIDKGFRFDVTLKAASEAVLSDAD-LASVELGFKAVVPVTD--NIRFLARAEAGATY IDDFNQ----- LPPSLRFFAGGDNSVRG
RGGS-MPMWGDKQSVTVEYGDPALLSETR-VLRLLGRSSWIRGIGE--NHRGLFRLEGGANITEEFEK----- LSPSLRFFAGGDNNIRG
RGGS-MPSWGDKQSITFEYGDDNLLSETR-VLRVQGRTTWIRSLGE--NHRGLARLEAGANLTEEFEK----- LSPSLRFFAGGDNNLRG
RSNSGLLTWGDKQTITLEYGDPALLSETR-VLRLQTGSSWLRTYAR--NHRALVRVDGGANLVDEFDQ----~- LSPSLRFFAGGDNNLRG
RGGT-MPMWGDKKAFT IEATDQALTSDVK-LLRLQAQGAIVRSIGE--NHRGVARADIGAIYTDDFYK----~- LPPSIRFFAGGDNSIRG
RGGA-MPTWGDKQL ISVEYADPALGSDTR-LARFRGRSAWIRSAGE--NHRGILRLDGGAIVADRIED----- VPPSMRFFAGGDNS IRG
RGGL-MPVWGDTQRYSIDISDTTWGSD ID-FAVVQAQNVWIRTLAD--KHRFVARGNLGWIETNNFSR-—--- VPPSLRFFAGGDRSIRG
RGGA-MPVWGDSQRYS IDVSDTTWGSDVD-FG IFQAQNVWIRTLGE--KNRFVARGNVGWIETNNFDR-——-- VPPSLRFFAGGDRSIRG
RGGL-MPTWGDSQRYSIDYSNTAWGSDVD-FSVFQAQHVWIRTLYD--RHRFVTRGTLGWIETGDFDK-—--~ VPPDLRFFVGGDRSIRG
RGGL-MPTWGDSQRYSIDYSNTAWGSDVD-FSVFQAQNVWIRTLYD--RHRFVTRGTLGWIETGDFDK-—--- VPPDLRFFAGGDRSIRG
RGGL-MPTWGDSQRYSVDYSNTAWGSDVD-FSVLQAQNVWIRTLYD--RHRFVMRANLGWIETGDFDK-—--- VPPDLRFFAGGDRSIRG
RGGT-MPYWGDSQRYSIDISDTLWGSDVD-FLVLQAQNVWIRTYWD--NHRFVARGNLGWIETNAFEK-——-- VPPDLRFFAGGDHSVRG
RGDI-1PYWGDSQRYS INISNNCWKSDVN-F IAVQVONIWVRTLLK--KHRILARGNLSWIDTNNFSS——--- VDLMLRFFSNVNNG IRG

IPPALRFFAGGDRSIRG
IPPALRFFAGGDRSVRG
IPPTLRFFAGGDRSVRG
IPPTLRYFAGGDMSIRG
IPSSMKFFAGGDKS IRG

QGGL-FPTWGDTQKLT IDLGRTWWLSDVD-FLKMQGSSLWVRTYLQ--HHRIVTRLELGWLHTKNIER-----
SGGL-FPIRADTVSATVDLGRKLWLSDVD-FFRVRANAGWIKTFAP--NHRFLTRGEIGYLHTNELER-----
RGGS-FATWGDVQKITFDLSKRIWLSESS-F IKVQASSAWVRTYAE--NHRVVARAEIGYLHTKGIEK-----
DGNR-FPLWGDSQRITVNWGAK I FGSDVS-FYSWKASSTWVRTYLD--RHRLFLRGEVGQVHTKDFHQ-----
DEIS-FPFFGLNONYEFNLSNKIFGSSVN-FFMLKVNNTFINTYLE--KHRY FIRNNIGY IFTNFSND-----

DDRL-FPRSGVSGQMF IRGGAEGAGSDTN-FGQLYGQLRWFLGAGD--NGRV ILRGEGGTTWTSDLVA----- MPPSLRFFAGGPNSIRG
DDRL-FPRSGVSGQMF IRGGAEGAGSDTN-FGQLYGQLRWFLGAGD--NGRVILRGEGGTTWTSDLVA-—---- MPPSLRFFAGGPNS IRG
DDRL-FPRSGVSGQMF IRGGAEGAGSDTN-FGQVYGQLRWFLGAGD--NSRLILRGEGGTTWTSDLVA-—---- MPPSLRFFAGGSNS IRG
DDAT-FPRNGSAATVLLRGGASALGSKSN-FTQLHGQLRWFHGLGA--SSRLILRGEAGTTWASDLVA----- MPPSLRFFAGGVNS IRG
KNLL-FSPSGYNITFNALGANKAVLSHLN-FGQLSLDAKAALTLDSL-HLRLYGHTIQGITAINDINE----- LPLSLALLLGGTDNLKA
DNTP-NPSRGHSIVAT I SGASESVLSKTS-FLQTRLDTRFLFTAWE--RTRFI IRASVGYTAIKNILN-=--- LPLSLQFFAGGAQSMRG
DDPV-NVRRGFVSEVRLGGGSSYVLSDQD-FIRSYLRHQHWLP I --GRRDTLYFRAEAGYTLASS----- RQGIPQEYLFRAGGIQSIRG
DDLL-DPRRGDVLQFDIGGGAKAVLSDQD-FLRLYGRYVRYLPF--VERDVLILRVEGGATLAPS----- RDGVPHDFLFRTGGTQTVRG
DSLI-EPRNGTVLQGQIGGGSKAALSDQON-FIRFHARFQHY IPL--GRVDTLTLRGEIGYTLADS----~ RQRIPQDYLFRTGGASSVRG

DDPL-FPRRGNILTTQIGAAVKGLLTDQS-FVRSYSRIRQYVPV--GQRDIFVARAELGAVLTAG----AADGVPATLRFRTGGTQSIRG
DNPV-FPRRGNVISTQLGVAAKGLLSDAT-FFRMYGRIRQYVPV--GNRDLFVARLELGANMTTA----DSSKIPATLRFRAGGTDS IRG
DDPL-FPRSGNL IHAEAGFAVKGVLADES-F IRGYARGQQYLP I --GKRDLFVFRAELGGVFTSG----SSTGVPASLLFRAGGSNSVRG
DDPL-FPRSGNL IHAEAGFAIKGVLTDQT-FIRGYARGQQYLP I --GRRDLFVFRAELGGVFTSG----SSAGVPASLLFRAGGSNSVRG
DDPL-FPRSGNL IHAEAGFAVKGVLTDQT-FIRGYARGQQYVPV--GKRDLFVFRAELGGVFTSG----GSSGIPASLLFRAGGSNSVRG

NNVL-HPENGHYLDGKIGTTLGTFLSSTA-L IRTSARAGYFFTPENKKLGTF I IRGQAGYTVARD----- NADVPSGLMFRSGGASSVRG
NNVL-HPENGHYLDGKIGTTLGTFLSSTA-L IRTSARAGYFFTPENKKLGTF I IRGQAGYTVARD----- NADVPSGLMFRSGGASSVRG
NNVL-HPENGHYLDGKIGTTLGAFLSSTA-L IRTSARAGYFFTPENKKLGTF I IRGQAGYTVARD----- NANVPSGLMFRSGGASSVRG
DDLM-RPRSGYLLDGRLSGSVGQFGSTTS-LVRAYGRAVGYWSPF-PKYGTLVARVELGQVWARD----- GAQVPSTLLFRAGGANSVRG
DSLL-DPTKGFRLRGFAAPEVSRTQGSQYFYLRAQVDGS I YQRVT--DNVVLAGRLTAATITGA----- PRFAIAPSRRLYAGGGGSVRG
NNLM-NPTKGYRLNMRLSPETS IGSGLRG-YVRMLFDASGYYPVA--DNVVLAGRFRVASIEGA----- SVQELAPSRRIYAGGGGSVRG
DNLL-NPTKGFRLSAHASPEISFLHKTVP-Y IRTQIDASGYQPLG--HNIVLAGRVRMGS I 1GS—---- DSSDLAPSRRYYVGGGGSVRG
DDIL-DPKRGWRLETRAEPTYVAGDTSVP-YLKLAGQGSAYLPFGKQDSTVLAARVKLGAILGA----- GLLDVPASRRFFSGGGGSVRG
DDPL-DARELFYLNGTATPFITDQGG-A--GSRVYVDGRVYLGFGETRASRIAVRGQLGSVFGG----- ELSDIPPDFLFFSGGVGTVRG
DNKV-SATRGFYLNAGLDPFIGLSGSKS--GARLTADGRAYWDFNTEGRFVLAGRLQIGSVLGP----- SQSEISPELLFFSGGAGTVRG
NNKF-NATKGLYGEVLLEPFYEMRFSNC--VSKMTLEGRSYWALDEKERF I FAARAKLGT IVGS—---~- DTAQIPSDTLFFAGGGGSVRG
DNKL-NAKRGWYGEAIVEPFYEMRFNNF--VTKMAVEGRSYWALDEKDHFVFAARAKFGT 1 1GS—---~- DTAHLPSDTLFFAGGGGSVRG
NNKP-DPSSGFYLVGNIQPFYEFHYGNF--ATRFTAEGRTYHGFGQTDRVVLAGRLKVGS IVGG—----~- SIADLPPSQLFLAGGGGSVRG
DDKL-NPTEGFRASLAAKPSYEALNGTF--FSSFEGSITGYKGLGAEDRL IMAGKLSGGVLVGG----SDLQDIPTTRRFFAGGGGSVRG
DSRL-NPTRGFRVLAYAEPSYD IMSGAA--FLKLKGEGSAYQSLDTASKFVLAERVAIGSIVG----~— TGLQNVPADRRFYSGGGGSVRG
DDIK-NPHDGLYGKF IQEFAGLGGDAK---YVKTTFKGNYYQTLSQEAD IVGLLGVGAGY IHEFG----- DDGVRIFDLFKNSS-DIIRG
DDRN-MPREGWQAALTNEFAGLGGDSE---YYKIYAKARYYYTLSDEYDVIGSLTGQAGHVMPTG -~~~ DN-LLVFDQFKFGG-RQVRG
NDP I-NPTRGWFADLNQDLAGVGGDVK---YLKTEADAGWYWGFTK--DLVFSATGSFGY IEGWG---~-- GDNVRINDRFYRGG-TSFRG

DSAL-IPSRGYFTQANAEYGVPVGK 1Q---YYKMDVQGQYYYSFARG--FILGLNFQAGYGNG IG----N--PYPIFKNYYAGGIGSVRG
DSAL-APTKGAYTRLKGDFSTM--DLK---YYLLTAQQQYYLPLGRS--YTLALNGMIDYGRSYG----GL-DYPVIKNVYAGGIGTVRG
DSAL-WPTRGYLTGVNAEIALPGSKLQ---YYSATHNQTWFFPLSKT--FTLMLGGEVGIAGGYG----RTKEIPFFENFYGGGLGSVRG
NKGV-LATRGHSQSLTLETTLPGSDLS---FYKIDYRGQVFAPLTDN--YTMRFHTELGYGDGYG----STERLPFYENYYAGGFNSVRG
NNSY-FPTAGNHQRAFYKMTVPGSDAQ---YFKLQYDVRQYFPLTKKHEFTLLLRGRLGYGNGYGQTDGKDNLFPFYENFYAGGFTSLRG
NRGY-FPTKGVKASLGGRVT IPGSDNK---YYKLSADVQGFYPLDRDHLWVVSAKASAGYANGFG----- NKRLPFYQTYTAGGIGSLRG
DRGY-FPTDGSRVNLTGKVTIPGSDNE---YYKVTLDTATYVP IDDDHKWVVLGRTRWGYGDGLG---GKE--MPFYENFYAGGSSTVRG

-74 -



YTFM_ECOLI

Q4ZTK5_PSEU2
Q481F4_PSE14
Q881Y2_PSESM
Q4K9Q7_PSEF5
Q881V7_PSEPK
Q910U1_PSEAE
Q41ZH1_AZOVI
Q5QXU5_IDILO
Q87SW5_VIBPA
Q8DES5_VIBVU
Q9KP31_VIBCH
Q5E819_VIBF1
Q6LV64_PHOPR
Q6D152_ERWCT
Q66F88_YERPS
Q831L2_SHIFL
YTFM_ECOLI

Q7CP88_SALTY
Q7MYW2_PHOLL
Q493V1_BLOPB
Q9CK26_PASMU
QB5VWS_MANSM
Y698_HAEIN

Q7VL30_HAEDU
Q8D271_WIGBR
Q4UP09_XANCS
Q8P316_XANCP
Q9EY32_XANOR
Q9PDZ7_XYLFA
Q5ZUJ2_LEGPH
Q83EW0_COXBU

Q82VX0_NITEU
Q5P7F9_AZOSE
Q471W2_DECAR
Q8XWT6_RALSO
Q474Y0_RALEJ
044718 9BURK
Q4B7F0_BURVI
03JUY6_BURPS
Q5F5HO0_NEIG1
Q9JXB7_NEIMB
Q9JWM5_NE IMA
Q7PON3_CHRVO

Q4TKC8_9SPHN
Q5NNB2_ZYMMO
Q5NQ85_ZYMMO
Q9A7W6_CAUCR
Q40G35_9RHOB
Q5LV34_SILPO
Q6G573_BARHE
Q6G116_BARQU
Q8YEI3_BRUME
Q8UC83_AGRT5
Q98K30_RHILO

Q8YHHO_BRUME
Q8UFL6_AGRTS
Q9A711_CAUCR
Q63T20_BURPS
Q7VYC2_BORPE
P95359_NEIGO
QOHXY4_PSEAE
Q9KPWO_VIBCH
D151_HAEIN

YAET_ECOLI

CHAPTER 3 - YttM

YKYKSTAPKY == == m e e e e ey ANGDLKGASKLITGSLEYQYNVTGK------- WWGAVFVDSGEAVSDIRR--
XXXXX XXXXXXXXXXX D,9,0,0,0,0,0,0,0,0,0,¢
730 740 750 760 770 780 790 800 810
| | | | |
YDYQKLSPTN=====—— e WRLATF IDQGNSFNSLDK--
YDYQKLSPTN-- WRLATFIDQGNSFNSLDK--
YDYQKLSPTN=====— = WRLATFVDQGNSFNTLDK--
YDYQTLSPEN-====———— e WRIATFVDQGNSFNKLEL--
YDYQTLSPKN-- WRVATFVDQGNSFNDLEL--
YDYRTLSPEN-- WRLATFVDQGNAFNSLDF--
YEYQTLSPTN-- WRVATFVDQGNAFNSKSS--
YAYEQLGPED-- WRVALFTD IGNAMIEPN---
YGYESISPVD-- WWAATFYD IGDAFNDT----
YGYESISPKD=====———— = m oo WWAAAFVDYGDAFNDA----
YGYKSISPQD-—————————————— == ————— WWAAMFMDVGDAFNDN----
YGYEEVSPKD-- WWVATFVDYGDAWLDT----
YGYESIAPRN-- WWGAVFYDYGSAWISD----
YKYKSISPRD-———————=—————— e ——— WWSAVFVDSGEAVND IKR--
YKFRNISPRD-————————————— e ——— WWGAVFVDSGEAVNNFSK--
YKYKSIAPKY-- WWGAVFVDSGEAVSD IRR--
YKYKS IAPKY -- WWGAVFVDSGEAVSDIRR--
YKYKS I SPKD-- WWGAVFVDSGEAVSDIRR--
YRYQKISPKD-- WWSAVFVDTGEAINDVRK--
YKYKSLYPYDN- WWGATFIDAGEITND IKW--
YGYKKIAPKN= === === e e e WWLATFADTGLAANQFTT--
YGYKKISPRN-==== === e e e WWLATFADAGLAANSYST--
YGYKKIAPKN-- WWAATFADSGLAADNYTA--
FAYKSISPKE-- WWAATFYDTGLVSDKFDH--
FKYKTLSSLD===== e e e e e e e e LWFALFVDNGDASDSLNY --
YAFREVGPRTP-===——— e e e e e WGGAVFVDSGSAFDDT----
YAFREVGPRTP-—==——— e e e e e KPDEFALGAKNVVTASAEYEHYLKGGP---—--- WGGAVFVDSGSAFDDT----
YAFREVGPRTP-===——— e e e e e KPDKFALGAKNVVTASAEYEHYLNGGP------ WGGAVFVDSGSAFDDR----
YAFREVGPRTA-—————— e e KPDAFALGAKHVFSAGAEFEYYYKGGP-——-—--- FGGAVFVDSGSAFNRY -—-—
YSFNSIGP——==—— == GKIITYGGFEIQKEFKKN—-=----- WYLVGFYDAGDVYNPSV---
FSFNSIGP-—=—————— oo GRGLFVGSFEIQEKIVKN-=--—-—— IYLASFIDVGNVSDRLFN--

EGDAIVGGRVLATGTAEYVHWLTND—=———-- WGAAVFTDVGDAADSLKQ--
EGDATVGGRYLATLSAEYVRWFLPQ---——-- WGAAAFVDAGDAADSRDT -~
EGNATVGGRYLGIASAEVTHWLDEA-————-- WG IAAFVDAGDAVDSLQD--
VNGSTLPTKFLVTGGVEYQRWFLPQ--—---- WGAAVFWDTGTATDNWTQ--
SGSSVLPAKYLATGGLEYQYWFKPE------- WGVAVFWDAGTAADALND--
VDGSVLPTKYLMTGTAEYQHWFNRD-——---- WGAATFFDIGTATDAWGE--
VDGSVLPTKYLMTGTAEYQHWFNHD-——---- WGAATFFDIGTATDAWGE--
VDGSVLPTKYLMTGTAEYQHWFNRD--—---- WGAATFFDIGTATDAWGE--
PNGSVLPERALLVGSLEYQLPFTRT-—-——-- LSGAVFHDMGDAAANFKR-—

YELDSIGLAG-- LSGAVFHDMGDAAANFKR -~
YELDSIGLAG-- LSGAVFHDMGDAAANFKR -~
YDYQSLGLPG-————mmmmmmm oo WYLALFTDAGNAGDSWKG-—-
YGFQAIGPY—m—— oo DQFD I PLGGRSLVEGSVEARVQTGFMDGA----VSVVPFLDFGSVSTSS IPDF
YGYQQLOPK———— oo DPY KDAVGGLSEEELAFEVR----YRFGN---—-FGLVPFIDAGQVYEDAIPTF
FSYQAIGNL—=———m—m o mm oo NANRKPLGGSSLAEFSIETR----FRFGD----LGLVPFLDAGNLYTSTLPRM

LSDNTPQGGISLVETSFEVRQ---KITDR----WSGVAFVDAGAIGTHETPQR
IQNGIDDGGRSFAGLSTEFRQD--1GETN----FGLVAFADAGFIGTDATGGE

QPYESLGL-=——=——mmmmmm oo mm e PVGGN IAGGKSFVGLSTEVRGK--VTE-K---- I SLVGFYDFGTVGASSFITS
YAYRNIG K= === ——m oo 1GVVSFLDGG IVGDKARFDF
YAYRNIGIK--- 1GFVSFLDGGLVGEKARFDF
YGYRNIGVS--- 1GAVAFVDAGYVGEKSFPDF
YSYQEISPY--- I1GLVPFFDAGVVSDGVTPDF
YAYQGI GPK——— = mm oo 1GIVPFVDAGTVSTKSVPNF
FKFNG 1 GPYQDAK—— === ——m oo NGKRYWMGGTTYFSGTAEVQFPMPVLPE--SLGYRGAFFADAATL ————————
FKNDG 1 GPRIGSD——= === == === ——mm oo S I1GGTTYFAASAEVTAPMPGVPE--DFGLRLAGFVDAGTM-——————-

FEIAGIGPRDISS--
YEPSSLGPR---D--

SFNS--MGAKLYAISTFELTVPT-FLPE--QYGIKAALFSDVGTAGLLDDVDR
TKTNDP IGGSKMVVGNIELTFPLPGTGY--DRTLRVFTFLDGGNVWGNAPGGT

YEGASLGPR---D---——=—————— e ——— RLTGDY I GGSRRMVANAQLYLPFPGASK--DRTLRWFVFTDAGQVAAGSGMSC
YESGTLGPKVYDE---——=—————————————————— YGEK1SYGGNKKANVSAELLFPMPGAKD--ARTVRLSLFADAGSVWDGRTYTA
FKDSTLGPRSTPSVARNPDGTPMKNQGPDSKGRYTDPDQDPEAFGGN IL ITGGAELLFPLPFVKD--QRQLRTVLFWDVGSTFDTDCPTK
FGSNSAGPKAVYRDYSGSNNGSD---—-————————-— TATDDSVGGNATALASVEL IVPTPFASEEARNQIRTS IFYDMASVWDTEFDY -
FAYGSIGPNAIYAEYGNGSGTGTFK-——————————- K1SSDVIGGNAIATASAEL IVPTPFVSDKSQNTVRTSLFVDAASVWNTKWKSD

FQSNT IGPKAVYFPHQASNYDPDYDYECATQDGAKDLCKSDDAVGGNAMAVASLEF I TPTPFISDKYANSVRTSFFWDMGTVWDTNWD-—

-75 -



CHAPTER 3 - YttM

YTFM_ECOLI ————— oo SDFKTGTGVGVRWESP-VGP IKLDFAVPVADKDE---HGLQFY IGLGPEL -
KXXXXXXXXX XXXXXXXXX XXXXXXXXXXX
820 830 840 850 860 870 880
| | | | | | |
Q4ZTK5_PSEU2  ———-———— oo e e PDLKTGVGFGVRWVSP-VGPLRLDLAHALDD-DG-~~~GIRLHFSMGPEL -
Q481F4_PSE14  ———-——-——mmmmm oo PDLKTGVGFGVRWVSP-VGPLRLDLAHALDD-DG-~~~GIRLHFSMGPEL -
Q881Y2_PSESM  ——————-— o PDLKTGVGFGVRWVSP-VGPLRLDLAHALDD-DG-~~~GIRLHFSMGPEL -

Q4K9Q7_PSEF5  ———-
Q88IV7_PSEPK ~ —-—-
Q9IOU1_PSEAE  ---—-

—————————————— PNLKTGVGVGVRWVSP-VGP IRVDLAHAMND-DG----GIRLHFSMGPEL -
—————————————— PSLKTGVGFGVRWVSP-VGPLRLDLAKALDD-EG----GIRLHFSMGPEL -
—————————————— PSIKTGVGFGVRWVSP-VGPLRLDLAHALDD-DG----GFRLHFSMGPEL -
Q41ZH1_AZOVI e PSLKTSAGFGVRWVSP-VGPLRVDLAHG I -D-DG----SFRLHFSMGPEL -
Q5QXUS_IDILO e EKLKQSVGFGIRWISP-1GSVRLDLAQAIDEPDK----PWRLHFTLGPDL-
Q87SW5_VIBPA - ———— oo —— PEWKSGAGVG IRWASP-VGPVSFDFAWGLDEKPN---NEFRIHFSLGPEL -
Q8DE85_VIBVU PDWKTGTGLGIRWASP-VGP IRIDFAWGLDAKPG---DEFRLHFTLGPEL -
QO9KP31_VIBCH PEWKKGVGTGIRWISP-VGP IRLDFAWGLDAAPG---DEFKIHFTLGPEL-
Q5E819_VIBF1 PDWKMGTGVG IRWASP-VGPVRLDFAWGLDAEPG---DEFKIHFTLGPEV-
Q6LV64_PHOPR PEWYSGTGVGVRWASP-VGP ISIDFAWGLEKET----DKFQLHFTLGPEL -
Q6D152_ERWCT  ——————————mmmmmm oo SNFKTGTGVGVRWASP- I GPVKLDVAMP I GDAEKK--NDVQFY I ALGPEL -
Q66F88_YERPS SDLKTGAGVGVRWASP-VGP IKLD IAAP IGDNET---HGVQFY IGLGPEL -
Q831L2_SHIFL SDFKTGTGVGVRWESP-VGP IKLDFAVPVADKDE---HGLQFY IGLGPEL -
YTFM_ECOL1 SDFKTGTGVGVRWESP-VGP IKLDFAVPVADKDE---HGLQFY IGLGPEL -
Q7CP88_SALTY SDFKTGTGVGVRWASP-VGPVKLDFAVPVGDKDE---HGLQFY IGLGPEL -
Q7MYW2_PHOLL SNFKTGVGIGVRWASP-VGP IKFDLARP IGDSES---RNIQFY IGLGSEL -
Q493V1_BLOPB NSFKSGIGIGVRWQLP-1GP IKLDVATPLIHKGKINHHFLYLYVSLGPDL -
Q9CK26_PASMU KELRYGAGMGVRWASP-VGAIKFDIATPVRDKDNS--KNIQFY I GLGAEL -
Q65VW8_MANSM SELRYGAGMGVRWASP-VGAIKFDIATP IRDKDDS--KNIQFY IGLGTEL-
Y698_HAEIN KELRYGTGVGVRWASP-VGAITKFDIATP IRDKDNS--KNIQFY IGLGTEI -
Q7VL30_HAEDU RALHSGAGVGVRWISP-1GATKFDIATPVKSPNNK--RGVQFY IGLGSEL -
Q8D271_WIGBR KNLHTGIGLGIRWPAN-FGTIKLDIAKP I SFFKE---NSLEFY IGLGSEL -
Q4UP09_XANC8 PDWRTGIGFGLRWRSP-VGPVRVD IAHGLNDPDS----QFQLY IDIGANL -
Q8P316_XANCP PDWRTGIGFGLRWRSP-VGPVRVD IAHGLNDPDS----QFQLY IDIGANL-
Q9EY32_XANOR PDWHTGIGFGLRWRSP-VGPVRVD IAHGLNDPDA----QFQLY IDIGANL-
Q9PDZ7_XYLFA = —— PDWHTGVGIGLRYRSP-VGPVRVDIARGLNSPDS----KIQLY IDIGANL-
Q5ZUJ2_LEGPH KNIQYDIGGGLMWVSP-1GP IKVGLAQSVDNKMER I GHNPRLV I SMGPDL -
Q83EW0_COXBU EKLKIGVGPGIVLLTP-VGMFELT IANAISEPKKPWV----1QFSMGSVL-

Q82VX0_NITEU
Q5P7F9_AZOSE
Q471W2_DECAR
Q8XWT6_RALSO
Q474Y0_RALEJ
Q44718_9BURK
Q4B7F0_BURVI
Q3JUY6_BURPS

LRLHFSIAVAF-
LRLHFGIAIAF-
VQLHFSLAIPF-
FRPSVALGIAF-
FRPHISLGVAF-
VRPYLTLGIAF-
VRPYLTLGIAF-
VRPYLTLGIAF-

Q5F5HO_NEIG1L IRWHISLGTRF-
Q9JXB7_NEIMB IRWHISLGTRF-
Q9JWMS_NEIMA IRWHISLGTRF-
Q7PON3_CHRVO IRWNLSLGLAF-

Q4TKC8_9SPHN
Q5NNB2_ZYMMO
Q5NQ85_ZYMMO
QOA7TW6_CAUCR
Q40G35_9RHOB
Q5LV34_SILPO
Q6G573_BARHE
06G116_BARQU
Q8YEI3_BRUME

TVKFGAGLGLRYATG-FGP IRFDVGVPLNPGPN--DSSVAVYVSLGQAF-
NLRFGTGLGARYYTA-FGPFRIDLATPIARQPG--ESRISVY ISIGQAF-
GLRLGTGLGLRYYTS-FGPMRVDLGTPLHRHAG--ENRIGVYVSLGQAF-
DFRAGAGLGVRYDLG-FGP IRAD IAAPLGRRKG--DPKFQI'YLSIGQSF-
DWHAGAGLGVRYDTP-FGP IRVDLATPVRGEGV--GEDVY I Y 1GIGHAF-
SDSHAGAGLGIRYDLGGLGPLRLDLAYPTSGNTD--G-GLQFYLGIGQAF-
KKMKWGTGIGGRYMTN-LGPLR IDLAFPLKREKG--DPRIGFYVGIGQAF-
QKMKWGAGLGGRYMTG-LGPLRIDLAFPLKREKG--DPRVGFYVGIGQAF-
EQMRVGVGGGLRYLTS-LGP IRLDVAVPLNRRSG--DPNYGFYVG IGQAF-

Q8UCB3_AGRTS5  S-—--—-——mmmmmmmo - —— DIRAGAGIGLRYATP-FGPLRLDVAMPLEKYDG--GNNFG I YAGIGQSF-
Q98K30_RHILO  S-—--—-——mmmmmmmo - —— DVKVGAGVGLRYVTP-FGPLRIDAAVPLNRDPN--DPHFG I YAG I GQAF-
Q8YHHO_BRUME YGN--DTPDISGDD------ KKLRASVGVSLMWASP-FGPLRFDYAFPVAKADT--DKVQNFNFGVSTKF-
Q8UFL6_AGRTS5 YGNKVSTSQTVKDD------— NSIRASAGIGVMWASP-FGP IRVDYAIP IAKEDY--DEEQRFRFGMSNTF-
Q9A711_CAUCR QRSPGVFDPNIKDN-—---- LGLRASAGISIDWKSP-MGPIRFDISRILSKEDY--DRTETFRFSTSTRFQ
Q63T20_BURPS STGAN-——————— Gmmm LRYGYGIGLAWISP-1GPLKLSLGFPLQKHEG--DQYQKFQFQIGTAF-
Q7VYC2_BORPE  TAGKPDSEVEDPCG-------- WRFSAG IGLSWQSP-LGPLQLSYARPLNSKSG--DDTQAFQFQIGTGF-
P95359 NEIGO  AENGNNKSVYSENAHKSTFTNELRYSAGGAVTWLSP-LGPMKFIYAYPLKKKPE--DEIQRFQFQLGTTF-
QOHXY4_PSEAE  TTTNCDGIKT-----—---- DNLASSVGVGLTWITA-LGPLSFSLATP IKKPDN--AETQVFQFSLGQTF-
QOKPWO_VIBCH -RGKADYGNQYYYDYSDP--TNYRSSYGVALQWVSP-MGPLVFSLAKP IKKYEG--DDEEFFTFTIGRTF-
D151 _HAEIN KNGLESDVLKRLPDYGKS--SRIRASTGVGFQWQSP-1GPLVFSYAKP IKKYEN--DDVEQFQFSIGGSF-
YAET_ECOLI ---SSQYSG--YPDYSDP--SNIRMSAG IALQWMSP-LGPLVFSYAQPFKKYDG--DKAEQFQFNIGKTW-

-76 -



-77 -



-78 -



CHAPTER 4 - Efflux Pumps

CHAPTER 4

4. Chimeric adaptor (membrane fusion) protein reveals
importance of hairpin domain for functionality in

multidrug efflux pumps

4.1. Abstract

Drug efflux pumps are tripartite export machineries in the cell envelope of Gram-negative
bacteria conferring multidrug resistance. Protein structures of all three components are solved,
but the exact interaction sites are still unknown. We could confirm that the hybrid system
composed of the Pseudomonas aeruginosa channel tunnel OprM and the Escherichia coli
inner membrane complex, formed by the adaptor protein (membrane fusion protein) AcrA and
the transporter AcrB of the resistance nodulation cell division (RND) family, is not
functional. However, cross-linking experiments show that the hybrid exporter assembles.
Exchange of the hairpin domain of AcrA by the corresponding hairpin from the adaptor
protein MexA of P. aeruginosa restored functionality. This shows the importance of the
MexA hairpin domain for functional interaction with the OprM channel tunnel. Based on
these results we have modeled the interaction of the hairpin domain and the channel tunnel on
a molecular level for AcrA and TolC as well as MexA and OprM, respectively. The role of

this interaction for functional efflux pumps is discussed.

4.2. Introduction

MultiDrugResistance (MDR) becomes an increasing problem in medical treatment of

pathogenic bacteria (Cosgrove and Carmeli, 2003). In Gram-negative bacteria multidrug
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efflux pumps play an important role in resistance by expelling antimicrobial agents and thus
reducing their concentration in the cells (Zgurskaya and Nikaido, 2000). Hence, they may
raise antibiotic resistance by several orders of magnitude, rendering antibiotics clinically
useless (Poole, 2001). An important group of multidrug efflux pumps is based on a tripartite
assembly, which is composed of an outer membrane exit duct of the TolC family, an
energized inner-membrane transporter and a periplasmic adaptor protein, also known as
membrane fusion protein (Andersen et al., 2001; Andersen, 2003). These subunits, each
members of an extensive protein family, are assumed to assemble into a transporter unit
during export of the substrates to span both the inner and outer membrane and create a bridge
across the periplasm. Crystal structures of proteins belonging to any of the involved families
are known. The trimeric outer membrane proteins TolC of E. coli and OprM of P. aeruginosa
are representatives of channel tunnels, forming a canon shaped hollow conduit, which is
anchored in the outer membrane by a [ barrel, the channel domain and protrude into the
periplasm with a 100 A long a barrel, the tunnel domain (Koronakis et al., 2000; Akama et
al., 2004b). AcrB of E. coli is the first crystallized member of the RND transporter family
(Murakami et al., 2002). It also forms trimers, which look like a jellyfish. The 50 A thick
membrane embedded part has a diameter of 80 A, Periplasmic loops form the headpiece
protruding 70 A into the periplasm. The headpiece is divided into two stacked parts. The
bottom part is called the pore domain. In its centre is a cavity, which is connected laterally
with the periplasm by three openings, which might serve as conduits for substrate entry. The
upper part of the cavity is linked by a central pore with a funnel like structure characterizing
the top part of the headpiece. Recently, a direct interaction between the rim of the funnel and
the periplasmic end of the channel tunnel could be detected by site directed disulfide cross-
linking (Tamura et al., 2005). The third component, the adaptor proteins, is also essential for a
functional efflux pump. Whereas the inner and outer membrane proteins could be crystallized
in their native oligomerisation state, the first member of the adaptor protein family MexA of
P. aeruginosa crystallized as tri-decamer, which represents most likely not the native form of
the protein (Akama et al., 2004a; Higgins et al., 2004). However, in parts the structure of the
monomers verified the former structural model of adaptor proteins (Johnson and Church,
1999) showing a 47 A long a-helical hairpin domain connected to a flattened B-sandwich
domain folded like the already known lipoyl domain from biotinyl/lipoyl carrier proteins.
Beside these already predicted domains, a third domain, the o/ domain could be solved
showing a six-stranded B-barrel with a short a-helix. It is expected that there exists at least a

fourth domain comprising the N- and C-terminus of the protein because the structure of the 28
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N-terminal and 101 C-terminal residues could not be solved (Higgins et al., 2004). Recently,
the structure of AcrA comprising the residues 45 to 312 of the 397 amino acid protein was
also solved by crystallography in a non-native oligomerisation state (Mikolosko et al., 2006).
The solved structural domains were highly similar to those of MexA with the exception that
the o-helical hairpin has a length of 58 A.

All models of multidrug efflux pumps propose that adaptor proteins mediate contact of the
RND transporter with the outer membrane channel tunnel (Akama et al., 2004a; Higgins et
al., 2004; Fernandez-Recio et al.; 2004). Biochemical experiments have supported this
hypothesis showing that AcrA and TolC can be cross-linked, independent of the presence of
any externally added substrate (Husain et al., 2004). For the AcrAB-TolC and the MexAB-
OprM efflux pumps it could be shown by pull-down assays that all three proteins form a tight
association (Mokhonov et al., 2004; Tikhonova and Zgurskaya, 2004). Concerning the
assembly of drug efflux pumps, it is still an open question, which domains of the adaptor
protein are necessary for functional interaction with the channel tunnel. Gerken and Misra
have shown that point mutations in the o/ domain of AcrA could reverse the hypersensitive
phenotype of a TolC mutant, which suggests that this region might have direct contact to the
channel tunnel (Gerken and Misra, 2004).

In the present study, we have investigated the impact of the hairpin domain for the interaction
of the periplasmic adaptor protein and the outer membrane channel tunnel. We have
established a genetic background uncoupling the expression of multidrug efflux compounds
from cellular regulation. By chemical cross linking we could show that a hybrid efflux pump
assembles even when it is not functional. Functionality could be restored by the exchange of
the hairpin domain of the adaptor protein. A model for the interaction of adaptor proteins with

channel tunnels is presented.

4.3. Materials and Methods

4.3.1. Bacterial strains, plasmids and culture conditions

All bacterial strains were grown at 37°C in LB medium or on LB agar plates with appropriate
antibiotics (Sigma). 100png/ml ampicillin, 50pg/ml kanamycin and 40pg/ml chloramphenicol
were used for selection of plasmids in the E. coli strains Top10F" (Invitrogen), AG100, DC14
(Jellen-Ritter and Kern, 2001). The E. coli tolC-knock-out strains AG100TC, DC14TC (this
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work) were grown with reduced antibiotic concentrations (50pg/ml ampicillin, 25pg/ml
kanamycin and 10pg/ml chloramphenicol).

The t0lC knock-out in AG100 and DC14 was performed following the method of Datsenko
and Wanner (2000) using a knock-out fragment produced by PCR with the primer pair TolC-
KO up and TolC-KO_down and pKD3 as template (for all primers see Table 4.1). The loss of
tolC was verified by PCR. The resulting strains were denoted AG100TC and DCI14TC,

respectively.

Table 4.1: Table of Oligonucleotides

TolC-KO_up CGCGCTAAATACTGCTTCACCACAAGGAATGCAAATGAAGAAGTGTAGGCTGGAG
CTGCTTC

TolC-KO_down CCGTTACTGGTGTAGTGCGTGCGGATGTTTGCTGAACGACTGCATATGAATATCCT
CCTTA

pGEX Nde QC up
pGEX Nde QC_down

CACACAGGAAACAGTACATATGTCCCCTATACTAGGTTATTGG
CCAATAACCTAGTATAGGGGACATATGTACTGTTTCCTGTGTG

NB_ACYC_up GCATTAAAGCTTGTCGACGATAAGCTGTCAAACATGAG

NB_ACYC_down CTATTTAACGACCCTGTCATGAACCGACGACCG

NB_Gex_up CGTTATCCCCTGATTCCATGGATAACCGTATTACC

NB_Gex_down CATTTATCAGGGTTATTGTCTCGAGAGCGGATACATATTTG

MCS_NB_up CCGGTCGACTGCAGAGCTCGAGATCTTAAGCTTGTACAC

MCS_NB_down CCGGGTGTACAAGCTTAAGATCTCGAGCTCTGCAGTCGA

TolC_up CCACAAGGAATGCTCATGAAGAAATTGC

TolC_down GTCGTCATCAGTTACGGAATTCGTTATGACCG

TolC_NB_up GCTAACAGGAGGAATTACATATGAAGAAATTGCTCCCC

TolC_NB_down CAGCCAAGCTCGAGACCGTTTAAACTC

OprM_up GGGGCAATCATATGAAACGGTCC

OprM_down GCGATCAAGCTTGGGGATCTTC

AcrAB_up CTCGAGGTTTACTCATGAACAAAAACAGAGG

AcrAB_down GGCATGTCTTAACGGCTCGAGTTTAAGTTAAGACTTGG

AcrA_down CGGCTCCTGTTTAAGTTAAAGCTTGGACTGTTCAGGCTG

dHPup GGTGTCTCTCTCTATCAGATTGATCCGGGGCTTGCGTACACCAAAGTCACCTCTCC
GATTAGCGG

dHPdown CCGCTAATCGGAGAGGTGACTTTGGTGTACGCAAGCCCCGGATCAATCTGATAGA

GAGAGACACC

AcrAMexAHP up
AcrAMexAHP_down

GTGTCTCTCTCTATCAGATTGATCCCGCCACCTACGAGGCCGAC
GACTTTGGTGTAAGCCAGGTTGATCCGCGCCTGCTCCAC

Plasmids were constructed using standard recombinant DNA techniques (Sambrook et al.,
1988). PCRs were performed using Pfu Turbo DNA polymerase according to the
manufacturers’ manual and DNA was purified using the Nucleospin Extract Kit (Macherey &

Nagel). Plasmids were isolated using the Nucleospin plasmid Kit (Macherey & Nagel). All
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DNA modifying enzymes were supplied by MBI Fermentas or New England Biolabs. All
constructed plasmids were verified by DNA sequencing (SEQLAB).

Initially, a Ndel cutting site was introduced into pGEX-3X (Amershan Biosciences) in front
of the GST gene by Quick Change PCR using the primer pair pPGEX Nde QC up/down. The
vector pNB-pre is the product of the ligation of the Sall and Pagl digested PCR product using
the primer pairs NB_ ACYC up and NB_ ACYC down and pACYC184 as template and the
Ncol and Xhol digested PCR product using the primer pairs NB_Gex up and NB_Gex down
and pGEX-3XNdel as template. A multi cloning site (MCS) cassette with 5° CCGG overhang
formed by MCS NB up and MCS NB down was inserted in Xmal/CIAP (calf intestine
alkaline phosphatase) digested pNB-pre vector. The orientation of the MCS cassette was
verified by DNA sequencing and the resulting plasmids were denoted pNB1 and pNB2,
respectively. These expression vectors comprise the origin of replication (p15rep) and the Cm
resistance gene (cat) of pACYC184 (Rose, 1988), the lacl? gene, the tac promoter and the
glutathione S-transferase (GST) gene of pGEX-3X (Amersham Biosciences) as well as a
MCS following the GST gene with cutting sites for Sall, Pstl, Sacl, Xhol, Bglll, AfIII,
HindIII and Xmal (order corresponds to the orientation in pNB1).

The pNB vectors are used to express the channel tunnels. The #0/C gene was first amplified
using the primers TolC up and TolC down and cloned into pBADMyc/Hisc using
Ncol/EcoRI. The resulting vector pPBADtolC was used as template for amplifying t0/C linked
to the Myc/His sequence using the primers TolC NB up and TolC NB down. tolC-
(Myc/His) was cloned into pNB1 and pNB2 using the restriction endonucleases Ndel and
Xhol. pNB2oprM was constructed after amplification of oprM with primers OprM_up and
OprM_down and ligated into a Ndel/HindIII digested pNB2tolC vector leading to oprM
connected to the Myc/His sequence.

The primers AcrAB_up/down were used to amplify acrAB and the Pagl/Xhol digested PCR
product was inserted into the Ncol/Xhol digested pPBADHisc vector resulting in pPBADacrAB.
For constructing AcrA mutants, acr4 was cloned into a AflIII/HindIII digested pUC18 vector
using the primers AcrAB_up and AcrA_down for Ncol/HindIII restriction sites.

pUC18acrA serves as template for the one step hairpin sequence deletion of acrd via Quick
Change PCR using the primers dHP _up and dHP down (Geiser et al., 2001). For exchange of
the AcrA hairpin against the MexA hairpin the hairpin sequence of mex4 was amplified using
AcrAMexAHP up and AcrAMexAHP_down as primers. The PCR product itself was used as
a primer pair for a Quick Change PCR of pUCI18acrA. The acrAAHP and AcrAMexAHP
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sequences were excised by Bpull02I digestion and inserted into the Bpull02I digested
pBADacrAB vector resulting in pPBADacrABAHP and pBADacrABMexAHP, respectively.

4.3.2. Determination of minimal inhibitory concentration

The bacterial strains were grown overnight in LB media supplemented with 50pg/ml
ampicillin and 10pg/ml chloramphenicol. Afterwards, the cultures were diluted into Sml fresh
LB media supplemented with 50pug/ml ampicillin, 10pg/ml chloramphenicol, 0.1uM IPTG
and 0.01% arabinose and grown for 3 hours at 37°C. The cultures were diluted and added to a
96-well-plate (Cellstar) using an initial concentration of 100 cells/ well. In every well
25pg/ml  ampicillin, 5Spg/ml  chloramphenicol, 0.1uM IPTG, 0.01% arabinose and
antimicrobial agents in following concentrations were given: novobiocin 0, 2.5, 5.0, 7.5, 10,
15, 20, 40, 60, 80, 100, 120, 150, 180, 210, 240, 270 ng/ml — erythromycin 0, 4.7, 9.4, 18.8,
25, 37.5, 50, 75, 100, 150, 200, 300 pg/ml — rhodamine 6G 0, 7.8, 15.6, 31.3, 62.5, 93.8, 125,
187.5, 250, 375, 500, 750 pg/ml — benzalkonium chloride 0, 0.6, 1.3, 2.5, 4.1, 5, 8.1, 10, 16.3,
20, 32.5, 40 pg/ml — sodium dodecyl sulfate (SDS) 0, 1.25, 2.5, 5, 10, 12.5, 20, 25, 40, 50, 80,
100 mg/ml. The 96-well-plates were incubated for 24h at 37°C without shaking and growth
was verified using an ELISA Reader (Molecular Devices). The MIC was determined using at

least seven MIC tests per strain.

4.3.3. Cross-linking experiments and protein purification

The cross-linking experiments were performed as previously described (Zgurskaya and
Nikaido, 2000; Balakrishnan et al., 2001) with minor changes. The bacterial strains were
grown to ODggp 0.5 in LB with appropriate antibiotic selection (50 pg/ml ampicillin, 10 pg/ml
chloramphenicol) and cultivated for further 3 hours after induction of the expression plasmids.
Cells were washed with 150 mM NaCl, 20 mM phosphate buffer pH 7.4, concentrated 10-fold
and treated with 1 mM dithiobis succinimidyl propionate, DSP (Fluka) cross-linker at 37°C
for 30 minutes. The reaction was stopped with 40 mM Tris-HCI pH 7.4. The cells were spun
down and freeze thawed repeatedly in 10 mM Tris-HCI pH 7.4, | mM EDTA and 1 mM
PMSF. Lysed cells were centrifuged 10 minutes at 16,000 g after adding 10 mM MgSOs,.
Pellets were solubilised in 8 M urea, 10 mM Tris-HCI, 100 mM NaH;POy4, 1 % Triton-100,
0.2 % Sarkosyl, pH 8.0 and incubated for 1 hour at RT. After an ultracentrifugation step at
149,000 g for 30 minutes the supernatants were mixed with 50 pl Ni-NTA Sepharose resin
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(Amersham)/10 ml culture and incubated overnight at 4°C. Ni-NTA Sepharose resin was
washed extensively with 8 M urea, 10 mM Tris, 100 mM imidazole, 100 mM NaH,PO4, 1 %
Triton-100, pH 6.3 and 500 mM NaCl, 20 mM Tris, 100 mM imidazole, 0.1 % SDS, pH 8.0.
Proteins were eluted with 8 M urea, 50 mM Tris, 2%SDS and 700 mM imidazole pH 4.5. The
cross-linker was reduced with 80 mM dithiothreitol (DTT) for 30 minutes at 37°C. As a

control, the same protocol was performed in parallel without adding DSP.

4.3.4. SDS-PAGE and western blotting

Prior to electrophoresis equal numbers of cells or aliquots of purified proteins were incubated
in sample loading buffer for 10min at 100°C. SDS-PAGE was performed according to the
Laemmli gel system (Laemmli, 1970). For Western blots, a tank blot system (Amersham
Biosciences) was used as described previously (Towbin et al., 1979). The anti-His and the
HRP-linked anti-mouse, respectively HRP-linked anti-rabbit antibodies were purchased from
Amersham Biosciences, the AcrA specific antibody from rabbit was produced by Pineda
Antibody Services, Berlin. ECL Western Blotting Detection Reagents (Amersham

Biosciences) were used for detection.

4.3.5. Growth curve

The bacterial strains were grown overnight in LB medium supplemented with 50pg/ml
ampicillin and 10pg/ml chloramphenicol. Afterwards, the cultures were diluted into 50 ml
fresh LB media supplemented with 50pug/ml ampicillin, 10pg/ml chloramphenicol, 0.1uM
IPTG and 0.01% arabinose and the initial number of cells was adjusted to 5x10”/ml by
measuring the ODggo. The ODgop was measured frequently and novobiocin (final concentration

20pg/ml) was added when ODg reached 0.3-0.4.

4.3.6. Protein modeling

AcrA and MexA structures were shown using the Homology module of Insightll-software
package (Accelrys) based on their structures (Mikolosko et al., 2006; Akama et al., 2004a).
The binding sites of the channel tunnels with adaptor proteins were first identified by
bioinformatical approach (see text) and then supported by molecular modeling using the

CharmM module of the InsightIl software package (Accelrys).
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Table 4.2: Strains and Plasmids

Strain Characterisation Reference
AGI100 Jellen-Ritter and Kern, 2001
AGI100TC AtolC this work
DC14 AacrAB::kan Jellen-Ritter and Kern, 2001
DCI14TC AtolC, AacrAB: :kan this work
Plasmid Characterisation Reference
pKD3 Datsenko and Wanner, 2000
pACYC184 Rose, 1988
pGEX-3X Amersham
pGEX-3XNdel Ndel cutting site in front of GST gene this work
pNB-pre pl5 origin of replication, cat from pACYCI184 this work
(Cm™), lacl, tac promoter, GST gene from pGEX-
3X
pNBI pNB-pre + MCS (Sall-Pstl-Sacl-Xhol-BgIII-AfIII-  this work
HindIII-Xmal)
pNB2 pNB-pre + MCS (Xmal-HindIII-AflII-BglII-Xhol-  this work
Sacl-PstI-Sall)
pBADMyc/Hisc pBR322 origin, araBAD promoter, araC, Myc/His  Invitrogen
sequence
pBADtolIC pBADMyc/Hisc + t0lC this work
pNBIl1tolC pNB1 + t0lC, Myc/His sequence, GST gene this work
excised
pNB2tolC pNB2 + tolC, Myc/His sequence, GST gene this work
excised
pNB2oprM pNB2 + oprM, Myc/His sequence, GST gene this work
excised
pBADHisc pBR322 origin, araBAD promoter, araC, Amp" Invitrogen
pBADacrAB pBADHisC + acrAB this work
pUCI18 Yanisch-Perron et al., 1985
pUCl18acrA pUCI18 + acrd this work
pUC18acrAAHP pUC18acrA without acr4 hairpin sequence this work
pUC18acrAMexAHP pUCl18acrA, acrd hairpin substituted by mexA this work
hairpin sequence
pBADacrABAHP pBADacrAB without acrA hairpin sequence this work
pBADacrABMexAHP pBADacrAB, acrA hairpin substituted by mexA this work

hairpin sequence
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4.4. Results and Discussion

4.4.1. Construction of a bacterial strain with an inducible, cellular regulation
independent AcrAB/TolC multidrug efflux pump

The AcrAB/TolC multidrug efflux pump is responsible for high resistance levels of E. coli
strains against various noxious components (Sulavik et al., 2001). However, it is known that
expression of the three compounds is regulated by diverse factors like growth rate, cell
density, or the presence of noxious compounds (Miller and Sulavik, 1996; Rahmati et al.,
2004; Rand et al., 2002; Rosenberg et al., 2003). Therefore, investigation of the interaction
between components of bacterial multidrug efflux pumps by determination of the minimal
inhibitory concentration (MIC) requires a genetic background, which uncouples the
transcription of the three genes t0l/C, acrA, and acrB from cellular regulation mechanisms. We
have constructed two plasmids, pPBADacrAB with the genes acrA and acrB under the control
of an arabinose inducible araBAD promoter, as well as pNB1tolC with t0o/C under the control
of the IPTG inducible tac promoter. Both plasmids were transformed into DC14TC, an E. coli
K12 strain with chromosomal deletions of acr4B and folC. In MIC tests we determined
susceptibility of strains against the antibiotics novobiocin and erythromycin, the detergents
sodium dodecyl sulphate and benzalkonium chloride as well as the dye rhodamine 6G, all
substances shown to be substrates of the AcrAB/TolC efflux pump (Sulavik ef al., 2001).

First, the amount of IPTG and arabinose were varied to find conditions in which MIC test
revealed similar resistance levels for DC14TC pBADacrAB pNBtolC as obtained with wild-
type strain AG100 pBAD pNB. The concentration of arabinose and IPTG for induction were
set to 660 uM (=0.01%) and 0.1 uM, respectively, revealing MIC values for the reconstituted
wild-type system identical to the wild-type strain AG100 pBAD pNB. Increase of the
arabinose concentration to e.g. 1320 uM resulted in higher resistance levels (>300 pg/ml for
novobiocin), which is in accordance with results observed before when over expressing efflux
pump components (Augustus ef al., 2004). For novobiocin we show that the absence of either
TolC or AcrA and AcrB leads to high susceptibility as observed for the strain with all three
proteins missing (Table 4.3). Interestingly, cells expressing TolC but not AcrAB were slightly
more resistant to novobiocin compared to cells lacking TolC. The explanation for this is that
TolC could also interact with other inner membrane complexes to form efflux pumps, which
are able to expel novobiocin to a certain extent. The data from Sulavik and coworkers

(Sulavik et al., 2001) support this interpretation, because they found that deletion of acr4B
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together with genes of four other inner membrane complexes, resulted in a further reduction
of resistance against novobiocin compared to single acrAB knock-out strains. It should be
mentioned that in contrast to the araBAD promoter, which is tightly regulated, the tac
promoter is leaky, which means that the presence of the plasmid pNB1tolC was sufficient to
mediate resistance to a certain level even without IPTG induction. However, we induced the
channel tunnel expression with 0.1 uM IPTG to have a defined expression of the protein.
Thus, the strain DC14TC pBADacrAB pNBtolC with genes coding for the efflux pump
AcrAB/TolC under control of inducible promoters provide an appropriate genetic background

for studying the functionality of the protein components by MIC tests.

Table 4.3: Minimal inhibitory concentrations (MIC) of five antimicrobial agents for E. coli DC14TC expressing
efflux pump components in various combinations (CT, channel tunnel; AP, adaptor protein; Nov, novobiocin,
R6G, rhodamine 6G; Ery, erythromycin, Benz, benzalkonium chloride; SDS, sodium dodecyl sulphate; n.m., not
measured)

MIC (pg/ml)

CT AP Nov R6G Ery Benz SDS

- - 2.5 4.7 7.8 1.3 1250

TolC - 7.5 n.m n.m n.m n.m

- AcrA 2.5 n.m n.m n.m n.m

OprM - 2.5 n.m n.m n.m n.m

- AcrAMexAHP 2.5 n.m n.m n.m n.m

TolC AcrAAHP 7.5 4.7 7.8 1.3 1250
TolC AcrA 210 200 500 16 100000
TolC AcrAMexAHP 120 150 500 16 100000

OprtM AcrA 2.5 4.7 7.8 1.3 1250
OprtM AcrAMexAHP 80 100 375 10 50000

4.4.2. Components of the hybrid efflux pump AcrAB/OprM interact but are not
functional

To study the interaction between the inner membrane complex and the outer membrane

channel we expressed a hybrid multidrug efflux pump. Previous results show that the
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MexAB/OprM efflux pump of P. aeruginosa can be functionally expressed in E. coli
(Srikumar et al., 1998). Thus, we used OprM to replace the channel tunnel TolC in E. coli.
Immunoblots show that the amount of OprM is slightly reduced compared to TolC
independent on the presence or absence of AcrAB (Figure 4.1). This could be explained by
the fact that OprM is not a native E. coli protein. Cells expressing the hybrid multidrug efflux
pump AcrAB/OprM were susceptible against the tested drugs with MIC values comparable to
the TolC deficient strain. Even higher induction of OprM did not increase resistance of the
cells (data not shown). This shows clearly that OprM is not functional with AcrAB, which
supports previous reports (Tikhonova et al., 2002).

Figure 4.1: Expression of components of multidrug -— ~— = | anti His
efflux pumps. Equal amounts of cells 3 hours after ,

L i
induction at 0.5 ODgy, with 0.01% arabinose and 0.1 L - - @mp ™ | anti AcrA
uM IPTG of E. coli DC14TC expressing different TolC
combinations of drug efflux components were o _;_ h oo :r :r oo ™
subjected to SDS-PAGE and blotted. Proteins were . P A(E)r A
detected by anti-His or anti-AcrA antiserum. I .+ - + AcrAMexAHP

In the next step we tried to find out, if the hybrid efflux pump is not functional because the
inner membrane complex AcrAB of E. coli and the channel tunnel of P. aeruginosa did not
assemble. Co-purification of AcrA with OprM after chemical cross-linking shows that the
hybrid efflux pump components are in contact (Figure 4.2). This means that the inner and
outer components of the hybrid efflux pump can interact, but that this interaction is not

sufficient to form a functional efflux pump.

AcrA MexAHP AcrA MexAHP
TolC TolC OprMm OprMm
Figure 4.2: Interaction of channel tunnels and adaptor
proteins proven by cross-linking. Purification of His- ‘ ~— ‘ — ‘ — anti AcrA
tagged channel proteins in presence and absence of
DSP. Co-purified adaptor proteins were released by
addition of DTT before SDS-PAGE and Western Blot. -“ -\-| — _‘ — " anti His
Proteins were detected by anti-His or anti-AcrA
antiserum. AcrAMexAHP is abbreviated MexAHP. + = 4+ = + = + = DSP
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4.4.3. Exchange of the AcrA by MexA hairpin confers functionality of the AcrAB/OprM
hybrid efflux pump

Almost all models of efflux pumps assume that the hairpin subdomain of the adaptor protein
provides contact with the outer membrane component (Akama et al., 2004a; Fernandez-Recio
et al., 2004; Eswaran et al., 2004). The importance of the hairpin was shown by an AcrA
mutant. 74 residues (97-170), forming the hairpin, were replaced by the tri-peptide DPG
resulting in the AcrAAHP mutant. When expressed together with AcrB and TolC, the amount
of AcrAAHP detected by immunoblot was over 100-fold lower compared to AcrA wild-type
(data not shown) and the construct failed to mediate resistance (Table 4.3). This suggests that
deletion of the hairpin domain destabilizes the protein explaining why the efflux pump is not
functional. However, we can exclude that contact with the outer membrane component is
necessary for correct folding of the adaptor protein. The protein level of AcrA wild-type is not
reduced in a TolC deficient background (Figure 4.1).

Based on the observation that interaction of AcrAB with OprM is not sufficient to form a
functional drug efflux pump, we constructed an AcrA adaptor protein with the hairpin
replaced with the MexA hairpin. We used a 218 bp long PCR fragment comprising the MexA
hairpin and the adjacent regions of the lipoyl domain of AcrA as primers in a Quick Change
PCR. It allowed a precise exchange of the hairpin without introducing new residues. This
showed to be important because initial attempts of hairpin exchange, by ligation of mex4
hairpin sequence into self created restriction sites in acrA, lead to point mutations resulting in
a less stable protein and reduced MIC levels (data not shown). Western blot analysis shows
that the amount of mutant protein (denoted AcrAMexAHP) is slightly reduced compared to
AcrA wild-type protein, independent on the presence or absence of TolC or OprM (Figure
4.1). Unexpectedly, the hybrid protein had an apparently higher molecular weight. However,
we confirmed that it is the mature form of AcrAMexAHP by over-expressing the proteins,
which revealed an additional band with higher molecular weight corresponding to the
unprocessed form (data not shown). Interaction of the chimeric protein with TolC as well as
OprM was proven by co-purification after chemical cross-linking (Figure 4.2).

Although it is known that the hybrid efflux pump MexAB/TolC is not functional in E. coli
(Srikumar et al., 1998; Tikhonova et al., 2002), co-expression of the AcrAMexAHP mutant
with AcrB and TolC establishes a resistance phenotype. This means that TolC tolerates the
exchange of the AcrA hairpin with the MexA hairpin. When the chimeric adaptor protein
AcrAMexAHP was expressed with AcrB and OprM, the MIC values for all tested compounds
were significantly increased compared to cells expressing the hybrid efflux pump
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AcrAB/OprM (Table 4.3). The resistance level did not reach that of the AcrAB/TolC efflux
pump. This might be explained to a certain extent by the slightly smaller amounts of OprM
and AcrAMexAHP compared to TolC and AcrA, respectively. However, the experiment
clearly shows that the exchange of the AcrA hairpin with the MexA hairpin makes OprM
useful for a functional efflux pump.

This result was also further confirmed by susceptibility test in liquid culture. When
novobiocin was added to an exponential culture expressing AcrAB/OprM (final concentration
20 pg/ml), the growth stopped immediately as observed for cells lacking at least one efflux
pump component (Figure 4.3). In contrast, the addition of novobiocin to cells expressing
OprM and AcrB with AcrAMexAHP led to a short lag time followed by continuous growth.
Taken together, our results show that the exchange of the AcrA hairpin with that of MexA is
sufficient to revert the hybrid efflux pump AcrAB/OprM from a non functional into

functional export machinery.

1.8 -
1.6 1
AcrAMexAHP/OprM
1.4 -
1.2 4
g10 20 pg/ml
8 08 novobiocin Figure 4.3: Effect of novobiocin
on growth of cells expressing
0.6 1 ‘ OprM in combination with AcrA
wild-type or AcrAMexAHP.
0.4 AcrA/OprM Protein expression was induced
w—— by 0.1luM IPTG and 0.01%
0.2 arabinose from the beginning.
Novobiocin was added to final
0.0/

concentration of 20pg/ml when

c 1 2 3 4 5 6 7 8 9 10 1 Oopg,reached 0.3-0.4.
time (h)

4.4.4. Model for MexAHP/OprM interaction

The crystal structure of OprM shows that the periplasmic entrance of OprM is almost closed
(Akama et al., 2004b) and it is obvious and already shown for TolC that it is necessary that it
is open to allow export (Eswaran et al., 2003). It is believed that opening is induced by
specific interaction with the inner membrane complex (Koronakis et al., 2000; Andersen et

al., 2002a). Our results show that the exchange of the MexA hairpin is sufficient to convert
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the non functional hybrid efflux pump AcrAB/OprM into functional export machinery.
Therefore, we assume that the MexA hairpin inheres the quality to open OprM tunnel
entrance, whereas interaction of AcrA hairpin with OprM is not able to induce opening. Since
structural information of OprM and MexA is available several models of efflux pumps are
proposed. Exceptional is the model of Gerken and Misra suggesting that the position of the
adaptor protein is shifted towards the outer membrane in a way that the o/f domain of the
adaptor protein interacts directly with the tunnel (Gerken and Misra, 2004). This assumption
supports their interpretation of a direct interaction of these two domains. However,
experiments performed by isothermal titration calorimetry speak against a direct interaction of
the o/ domain with the tunnel (Touze et al., 2004). Another argument against the model of
Gerken and Misra is that the hairpins include the equatorial domain, therefore making a direct
interaction of the hairpins with the tunnel forming helices impossible. All other models agree
that the hairpin interacts with the tunnel helices. However, the models differ in the oligomeric
state of the adaptor protein proposing trimers, hexamers, or nonamers (Akama et al., 2004a;
Fernandez-Recio et al., 2004; Eswaran et al., 2004). Based on a detailed analysis of the
structures, we describe the first model for interaction between the channel and the adaptor
protein on a molecular level. We assume that six adaptor proteins interact with the tunnel
domain. This assumption is supported by biochemical evidence for a 2:1:1 stoichiometry for
the MexAB/OprM efflux pump components (Narita ef al., 2003). Channel tunnels are evolved
most likely by gene duplication events, deduced from sequence homology between the amino-
and carboxy-terminal halves (Gross, 1995; Andersen et al., 2000). In order to characterise
residues, which are involved in interaction with MexA, we have determined the amino acids
at the tunnel domain of OprM, which are conserved at both halves of the protein indicating
that they are part of the MexA binding site (coloured light yellow in Figure 4.4). It is not
surprising that leucine and valine residues at the interface between two adjacent helices are
conserved, since they play a role in maintaining the tunnel structure. However, there are also
conserved hydrophobic residues facing outwards. A region close to the periplasmic end
comprises conserved aromatic residues located at helix H3 and H7. Conserved valine and
leucine residues further contribute to a hydrophobic surface of H7 and H8 and H3 and H4,
respectively. Charged residues, which are conserved, are rather rare. There are just three
residues, all located at the more outward-facing helices H3 and H7. When looking at the
residues on the MexA hairpin, it is striking that the surface of the downwards helix (Hdown)
on the opposite side to the lipoyl and B-barrel domain is covered by small residues like

glycine, alanine, or serine (coloured black). These residues are often found in helices with
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close contact to other proteins. The only charged residues at this side of the MexA hairpin are
two aspartate residues. Bringing the MexA hairpin and the OprM structure together in a way
that Hdown interacts with the hydrophobic patch between the helix pairs H7/H8 and H3/H4,
respectively, the structures fit perfectly in both cases. Salt bridges can be formed between the
conserved positively charged residues at helix H3 and H7 and the negative charges at the
hairpin surface. An arginine residue at the side of Hup comes in close vicinity to the
negatively charged conserved residue at helix H3 and H7, respectively and could also form a
salt bridge (Figure 4.4, circled residues). Other charged residues on the surface of the OprM
tunnel come in close vicinity to asparagine and glutamine residues, allowing interaction via
hydrogen bonds. It should be noted that no equally charged residues would face each other in
this model, which means that there are no repelling forces. We assume that this perfect
assembly of the hairpins with the tunnel helices is prerequisite to induce the conformational
change which opens the tunnel entrance. Primarily, the proper interaction of MexA hairpin
with the binding site formed by H7, HS, and H3 might be important to induce the outwards

movement of the inner coiled coils formed by H7 and HS.

4.4.5. AcrA structure explains incompatibility with OprM

In contrast to MexA hairpins, AcrA hairpins are not able to functionally interact with OprM.
To get a structural insight as to why the interaction is not functional, we first checked the
compatibility of AcrA with the natural partner, TolC (Figure 4.4). Generally, the surface of
AcrA hairpin is characterised by more charged residues compared to MexA. When looking at
the charge distribution of the AcrA hairpin, it fits perfectly to residues at the TolC tunnel
surface of helices H7, HS8, and H3. Six salt bridges can be formed, when AcrA hairpin
assembles with this part of the TolC tunnel (circled residues). Like Hdown of MexA, the
surface of Hdown of AcrA is covered by small residues, which agrees well with the
hydrophobic area between H7 and H8 of TolC. The mode of interaction of AcrA hairpin with
the second binding site formed by H3, H4, and H7" is slightly different. In contrast to H3,
there are no charged residues at H7", which could interact with AcrA. However,
corresponding charged groups are found at H4, which could form salt bridges with the
residues in the middle of Hup. Small residues at the surface of H7" and at Hup allow a close
contact of the two proteins. As in the assembly of AcrA with TolC H7/H8/H3, there are no
electrostatic conflicts in the assembly with H3/H4/H7", which means that the AcrA model

seems reasonable.
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There are two major differences between the hairpin of MexA and AcrA, which could be
responsible for the fact that AcrA hairpin is not able to interact functionally with OprM.
Firstly, the surface of AcrA, which interacts most likely with the tunnel helices, is covered by
three more charged residues compared to MexA. The additional charges do not conflict when
AcrA is assembled with the H3/H4/H7" hairpin binding site of OprM. This might explain why
even AcrA and OprM interact as shown by cross linking experiments. When trying to model
the binding of AcrA to the H7/H8/H3 hairpin binding site of OprM, which might be crucial
for opening the tunnel entrance, there is a conflict due to repelling charges (marked by a green
asterisk). The second difference between the AcrA and MexA hairpins is the size of the
hairpin. The AcrA hairpin is 11 A longer due to seven additional residues per helix. Assuming
that at least the H3/H4/H7" hairpin binding site of OprM binds AcrA, the longer extension of
the AcrA hairpin leads to a gap between the end of the tunnel and the top of the transporter.

Recently, it was shown for TolC and AcrB by disulfide cross-linking that there is close
contact between the two proteins (Tamura ef al., 2005). Because it might be possible that the
interaction between the channel and the RND transporter is also necessary for a functional
efflux pump, the missing contact between OprM and AcrB could also contribute to the failure

of the AcrAB/OprM hybrid efflux pump.

4.4.6. TolC is compatible with AcrAMexAHP

The interaction between the RND transporter and the channel tunnel could also explain why
the hybrid efflux pump MexAB/TolC is not functional (Tikhonova et al., 2002). However, in
our hybrid efflux pump AcrAMexAHP/AcrB/TolC there is functional interaction between the
MexA hairpin and TolC. This could be explained by the fact that the MexA hairpin is covered
by very few charged residues, which do not conflict with charges on the potential hairpin
binding sites of TolC, even though the hairpin is two helical turns shorter than that of AcrA.
One must also consider that TolC serves as outer membrane component of diverse export
machineries, requiring an interaction site which is compatible with very distinct hairpin
domains. Additionally, comparing the tunnel domains of TolC and OprM it is obvious that
OprM is tighter closed compared with TolC. Therefore, a less specific interaction with the
hairpin could be sufficient for a functional efflux pump. Furthermore, in this hybrid efflux
pump the channel tunnel TolC assembles with its native RND transporter AcrB, which might
facilitate tunnel opening mediated by MexA hairpin.
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OprM MexA OprM
H7 H8 H3 Hup Hdown H3 H4 H7#

AcrA TolC
H3 H4 H7#

Figure 4.4: Structures of channel tunnel helices forming the tunnel domain below the equatorial domain and
adaptor protein hairpins. The channel tunnel structures are split for clarity. The helix pairs H7/H8 and H3/H4 are
shown with the adjacent helix of the same protomer (H3) and of the adjacent protomer (H7"). The adaptor
protein hairpins are shown in an orientation with lipoyl and B-barrel domain facing backwards. Side chains of
residues, which are conserved in both halves of channel tunnels, are coloured in light yellow. The helices are
coloured black at positions with small side chains (glycine, alanine, and serine), red at positions with negatively,
and blue with positively charged residues. The circles point out residues, which might form salt bridges for
channel tunnel/adaptor protein interaction. Residues, which conflict in the assembling of AcrA with OprM, are
marked by green asterisks. For further explanation see text. PDB files used: 1WP1 (OprM), 1EK9 (TolC), 1VF7
(MexA), 2FIM (AcrA).
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4.5. Conclusion

We have elucidated the role of the hairpin domain for the assembling and function of efflux
pumps. However, the mechanism of drug efflux remains yet to be elucidated. Prerequisite is
the understanding of the efflux pump assembly. Integrating our experimental data and
structural analysis we have presented the first detailed model of the interaction between the
adaptor protein and channel tunnel of two different efflux pumps. This will help to design
mutants, which will covalently link outer and inner membrane components making co-
purification and crystallization of the complete drug efflux machinery possible. Knowledge of
the binding sites will also help to design efflux drug inhibitors needed to combat multi-

resistant bacterial strains.
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CHAPTER 5

5. Summary

5.1. Summary

In recent times the family of Omp85 proteins came into the focus of research, since Omp85 of
Neisseria meningitidis and its ortholog YaeT of Escherichia coli were shown to be essential
for outer membrane biogenesis. Both proteins belong to one of six clusters which comprise
the Omp85 family and mediate insertion of outer membrane proteins into the outer
membrane. Interestingly, there exists a homologue to YaeT in E. coli and almost all
proteobacteria, denoted YtfM. These proteins of the Omp85 family belong to a separate
cluster and their function is unknown until today.

In this study YaeT and YtfM were investigated by using biochemical and electrophysiological
methods as well as bioinformatical and structural analysis. In addition, knock-out strains were
constructed to further study the relevance of these proteins in vivo. The prediction that Omp85
proteins are composed of two domains, a periplasmic amino-terminal POTRA (polypeptide
translocation associated) domain and a carboxy-terminal domain anchoring these proteins in
the outer membrane, was confirmed by the construction of mutants. It could be shown that the
carboxy-terminal part of the proteins is able to insert into the outer bacterial membrane, even
if the POTRA domain is removed. Furthermore, pore-forming activity in the black-lipid
bilayer was observed for both full-length proteins as well as their carboxy-terminal membrane
located parts. The channels formed by both proteins in the black lipid bilayer showed variable
single channel conductance states rather than a defined value for conductance. In 1M KClI,
e.g. YaeT forms pores with a channel conductance of 100 to 600 pS containing a most

abundant value at 400 pS. This variability is at least reasonable for YaeT due to a prerequisite
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flexibility of its channel for OMP insertion. YaeT was identified to form a cation selective,
YtfM an anion selective channel, which is less pH dependent than YaeT. Another feature of
the YaeT channel is that its selectivity and conductance is influenced by charged detergent
molecules indicating an accumulation of these molecules in hydrophobic pockets inside the
compact channel. YaeT revealed heat-modifiable mobility in SDS-PAGE which is
characteristic for B-barrel OMPs, whereas YtfM did not show this behaviour. This result
could be explained by sequence alignment and structural comparison of YaeT and YtfM via
CD and FTIR spectra displaying much higher B-strand content for the carboxy-terminal part
of YaeT compared to YtfM.

Since the carboxy-terminal parts were shown to have pore forming ability and are inserted in
the OM in vivo, the substitution of the essential protein YaeT by its carboxy-terminal mutant
was attempted in a yael knock-out strain. The carboxy-terminal half of YaeT was not
sufficient to compensate depletion of the full-length protein indicating an important role of the
amino-terminus for cell viability. In contrary, YtfM is shown to be a non-essential protein and
lack of YtfM had no effects on the composition and integrity of the OM. However,
chromosomal deletion of y#fM remarkably reduced the growth rate of cells.

This study provides the first detailed investigation of the structure of YaeT and describes its
electrophysiological behaviour, which could be a basis for further studies of YaeT and its
substrate proteins. Furthermore, YtfM was characterised and its in vivo function was

investigated revealing YtfM as the second Omp85 family protein of importance in E. coli.

In a second part of this study assembly and function of multidrug efflux pumps were
investigated. Drug efflux pumps are tripartite export machineries in the cell envelope of
Gram-negative bacteria conferring multidrug resistance and therefore causing severe
problems for medical treatment of diseases. Protein structures of all three efflux pump
components are solved, but the exact interaction sites are still unknown. Assembly of a hybrid
exporter system composed of the Pseudomonas aeruginosa channel tunnel OprM, the E. coli
adaptor protein AcrA and its associated transporter AcrB could be shown by chemical cross-
linking, even though this efflux pump is not functional. Exchange of the hairpin domain of
AcrA by the corresponding hairpin from the adaptor protein MexA of P. aeruginosa restored
functionality tested by antibiotic sensitivity assays. This shows the importance of the MexA
hairpin domain for functional interaction with the OprM channel tunnel. Interestingly, the
hybrid protein was also able to assemble with TolC as outer membrane component to form a

functional efflux pump indicating a higher flexibility of TolC compared to OprM concerning
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interaction partners. Based on these results, an interaction model of the hairpin domain and
the channel tunnel on molecular level for AcrA and TolC as well as MexA and OprM,
respectively, is presented. This model provides a basis for directed mutagenesis to reveal the

exact contact sites of the hairpin of the adapter protein and the outer membrane component.
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5.2. Zusammenfassung

Seitdem vor kurzem gezeigt wurde, dass die Proteine Omp85 aus Neisseria meningitdis und
YaeT aus Escherichia coli essentiell fiir die Biogenese der Aulenmembran Gram-negativer
Bakterien sind, riickte die Familie der Omp85 Proteine ins Zentrum des wissenschaftlichen
Interesses. Beide Proteine gehoren zu einer von sechs Untergruppen der Omp85
Proteinfamilie und vermitteln den Einbau von integralen Proteinen in die dulere Membran. In
fast allen Proteobakterien existiert ein weiteres Protein der Omp85 Familie. Dieses Protein, in
E. coli YtfM genannt, gehort zu einer anderen Untergruppe und seine Funktion ist bis heute
génzlich unbekannt.

In dieser Arbeit wurden YaeT und YtfM biochemisch und elektrophysiologisch
charakterisiert, sowie bioinformatisch und strukturell analysiert. Des Weiteren wurden
Bakterienstimme mit chromosomalen Deletionen der beiden zugehdrigen Gene hergestellt,
um die Relevanz der beiden Proteine in vivo zu untersuchen. Fiir Omp85 aus N. meningitdis
wurde vorhergesagt, dass das Protein aus zwei strukturellen Untereinheiten besteht, einer
periplasmatischen amino-terminalen Doméne, der POTRA - (,,polypeptide-transport-
associated -) Domine und einer carboxy-terminalen Doméne, die das Protein in der
AuBenmembran verankert. Diese Vorhersagen wurden fiir die Omp85 Homologen YaeT und
YtfM mit Hilfe von geeigneten Mutanten bestitigt. Es konnte gezeigt werden, dass der
carboxy-terminale Teil beider Proteine, YaeT und YtfM, auch bei Fehlen der amino-
terminalen Doméne noch in der duleren Membran zu finden ist. Bestétigt wurde dieses
Ergebnis durch ,,Black Lipid Bilayer* Experimente. Fiir beide nativen Proteine, sowie deren
carboxy-terminale Mutanten, konnte der FEinbau in eine kiinstliche Membran und
Porenbildung gezeigt werden. Anders als bei herkémmlichen Porinen, die normalerweise eine
sehr gut definierte Leitfdhigkeit haben, musste man den beiden untersuchten Proteinen eher
eine Leitfdhigkeitsspanne zuordnen. Bei Messungen in 1M KCI wurden fiir YaeT
beispielsweise Poren mit einer Leitfahigkeit von 100 bis 600 pS aufgezeichnet, wobei 400 pS
der am hiufigsten vorkommende Wert ist. Diese Variabilitdt ist bei YaeT zumindest dadurch
begriindbar, dass fiir den Einbau anderer Proteine in die dulere Membran ein flexibler Kanal
mit einer moglichen lateralen Offnung notwendig ist. Die YaeT Poren sind kationenselektiv,
fiir YtfM wurde ein anionenselektiver Kanal nachgewiesen, welcher zusétzlich im Vergleich
zu YaeT weniger pH anfillig ist. Weiterhin haben die elektrophysiologischen Experimente

gezeigt, dass die lonenselektivitdt und Leitfdhigkeit von YaeT durch Detergenzmolekiile
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beeinflussbar ist. Dies ldsst hydrophobe Bereiche im Kanalinnern vermuten, an denen sich die
Molekiile mit ihrem unpolaren Teil anlagern und dann durch ihre polaren Kopfe die
Nettoladungen im Kanalinnern verdndern. Mittels Gelelektrophorese konnte fiir YaeT das
typische Laufverhalten von AuBBenmembranproteinen gezeigt werden. Wenn YaeT ungekocht
auf ein SDS-Gel aufgetragen wurde, wanderte es schneller, als wenn man es vorher auf 100°C
erhitzte, was fiir eine kompakte Struktur spricht. Fiir YtfM wurde dieses Verhalten nicht
festgestellt. Die Erkldrung fiir diesen Unterschied lieferten ein Sequenzvergleich beider
Proteine, sowie die strukturelle Untersuchung mittels CD- und FTIR-Spektroskopie, welche
im Vergleich zu YtfM einen deutlich hoheren B-Faltblatt-Anteil fiir den carboxy-terminalen
Teil von YaeT ergaben.

Da der carboxy-terminale Teil der Proteine in der AuBenmembran zu finden ist und
porenformende Aktivitdt besitzt, wurde versucht, YaeT durch seine carboxy-terminale
Mutante in einem Knock-out Stamm zu ersetzen. Dies schlug jedoch fehl, was auf eine
bestimmte Funktion der amino-terminalen Halfte in vivo hindeutet. Im Vergleich zu YaeT ist
YtfM kein essentielles Protein und sein Fehlen beeinflusst die Zusammensetzung und die
Funktion der duBBeren Membran nicht. Die chromosomale Deletion von y#fM fiihrte jedoch zu
einer deutlichen Reduktion der Wachstumsrate.

Diese Arbeit zeigt die erste genaue Untersuchung der Struktur von YaeT, sowie dessen
elektrophysiologische FEigenschaften, und kann als Grundlage fiir weitere Studien der
Wechselwirkung von YaeT mit anderen Proteinen dienen. Weiterhin wurde YtfM
charakterisiert und auf seine Funktion in vivo untersucht, was die Wichtigkeit eines zweiten

Omp8S5 Proteins in E. coli veranschaulicht.

Im zweiten Teil der Arbeit wurde der Zusammenbau und die Funktionalitdt von Multidrug
Efflux Pumpen untersucht. Efflux Pumpen sind dreiteilige Exportapparate in der Zellhiille
von Gram-negativen Bakterien, die den Organismen Resistenz gegen diverse Stoffe verleihen
und somit grofle Probleme bei der Behandlung von Infektionskrankheiten schaffen.
Mittlerweile sind die Strukturen aller drei Pumpenkomponenten gelost, ihre
Interaktionsstellen sind allerdings noch nicht bekannt. Mit einem chemischen ,,Cross-linker
konnte der Zusammenbau eines hybriden Exportsystems bestehend aus der
AuBenmembrankomponente OprM aus Pseudomonas aeruginosa, dem Adapterprotein AcrA
aus E. coli, sowie dessen zugehdrigem Innenmembrantransporter AcrB, nachgewiesen
werden. Der Zusammenbau ist insofern erstaunlich, da diese hybride Effluxpumpe nicht

funktionell ist. Die  Funktionalitit dieser Effluxpumpe, nachgewiesen durch
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Antibiotikasensitivititstests, konnte jedoch durch den Austausch der ,,Hairpin“-Doméne von
AcrA durch den ,Hairpin“ von MexA wieder hergestellt werden. Dieses Ergebnis zeigt
deutlich die Wichtigkeit dieser Haarnadelstruktur fiir die funktionelle Interaktion mit der
AuBlenmembrankomponente OprM. Interessanterweise konnte das hybride Adapterprotein
eine funktionelle Effluxpumpe mit TolC als Aulenmembrankomponente bilden, was fiir eine
hohere Flexibilitidt von TolC im Gegensatz zu OprM beziiglich der Interaktionspartner spricht.
Aufgrund der oben genannten Ergebnisse wurde ein Interaktionsmodell der ,,Hairpin®-
Domine von AcrA bzw. MexA mit den Auflenmembranproteinen TolC und OprM auf
molekularer Ebene erstellt. Dieses Modell kann nun als Vorlage fiir zielgerichtete Mutationen
dienen, um die Interaktionsstellen des Adapterproteins mit der zugehorigen

AuBenmembrankomponente genau zu beschreiben.

-104 -



- 105 -



- 106 -



CHAPTER 6 — References

CHAPTERG6

6. Appendix

6.1. References

1.  Abe, S., Okutsu, T., Nakajima, H., Kakuda, N., Ohtsu, I., and Aono, R. (2003) n-Hexane
sensitivity of Escherichia coli due to low expression of imp/ostA encoding an 87 kDa
minor protein associated with the outer membrane, Microbiology 149, 1265-1273.

2. Akama, H., Matsuura, T., Kashiwagi, S., Yoneyama, H., Narita, S., Tsukihara, T.,
Nakagawa, A., and Nakae, T. (2004a) Crystal structure of the membrane fusion protein,
MexA, of the multidrug transporter in Pseudomonas aeruginosa, J Biol Chem 279,
25939-25942.

3. Akama, H., Kanemaki, M., Yoshimura, M., Tsukihara, T., Kashiwagi, T., Yoneyama,
H., Narita, S., Nakagawa, A., and Nakae, T. (2004b) Crystal structure of the drug
discharge outer membrane protein, OprM, of Pseudomonas aeruginosa: dual modes of
membrane anchoring and occluded cavity end, J Biol Chem 279, 52816-52819.

4.  Andersen, C., Bachmeyer, C., Tauber, H., Benz, R., Wang, J., Michel, V., Newton,
S.M., Hofnung, M., and Charbit, A. (1999) In vivo and in vitro studies of major surface
loop deletion mutants of the Escherichia coli K-12 maltoporin: contribution to maltose
and maltooligosaccharide transport and binding, Mol Microbiol 32, 851-867.

5. Andersen, C., Hughes, C., and Koronakis, V. (2000) Chunnel vision. Export and efflux
through bacterial channel tunnels, EMBO Rep 1,313-318.

6.  Andersen, C., Hughes, C., and Koronakis, V. (2001) Protein export and drug efflux
through bacterial channel tunnels, Curr Opin Cell Biol 13, 412-416.

7. Andersen, C., Koronakis, E., Bokma, E., Eswaran, J., Humphreys, D., Hughes, C., and
Koronakis, V. (2002a) Transition to the open state of the TolC periplasmic tunnel
entrance, Proc Natl Acad Sci USA 99, 11103-11108.

8.  Andersen, C., Hughes, C., and Koronakis, V. (2002b) Electrophysiological behavior of
the TolC channel tunnel in planar lipid bilayers, J Membr Biol 185, 83-92.

-107 -



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

CHAPTER 6 — References

Andersen, C., Schiffler, B., Charbit, A., and Benz, R. (2002¢) PH-induced collapse of
the extracellular loops closes Escherichia coli maltoporin and allows the study of
asymmetric sugar binding, J Biol Chem 277, 41318-41325.

Andersen, C. (2003) Channel tunnels: outer membrane components of type I secretion
systems and multidrug efflux pumps of Gram-negative bacteria, Rev. Physiol Biochem.
Pharmacol 147, 122-165.

Aono, R., Tsukagoshi, N., and Yamamoto, M. (1998) Involvement of outer membrane
protein TolC, a possible member of the mar-sox regulon, in maintenance and
improvement of organic solvent tolerance of Escherichia coli K-12, J Bacteriol 180,
938-944.

Augustus, A.M., Celaya, T., Husain, F., Humbard, M., and Misra, R. (2004) Antibiotic-
sensitive TolC mutants and their suppressors, J Bacteriol 186, 1851-1860.

Balakrishnan, L., Hughes, C., and Koronakis, V. (2001) Substrate-triggered recruitment
of the TolC channel tunnel during type I export of hemolysin by Escherichia coli,
Journal of Molecular Biology 313, 501-510.

Beher, M.G., Schnaitman, C.A., and Pugsley, A.P. (1980) Major heat-modifiable outer
membrane protein in gram-negative bacteria: comparison with the ompA protein of
Escherichia coli, J Bacteriol 143, 906-913.

Behrens, S., Maier, R., De Cock, H., Schmid, F.X., and Gross, C.A. (2001) The SurA
periplasmic PPlase lacking its parvulin domains functions in vivo and has chaperone
activity, EMBO J 20, 285-294.

Benz, R., Janko, K., Boos, W., and Lauger, P. (1978) Formation of large, ion-permeable
membrane channels by the matrix protein (porin) of Escherichia coli, Biochim Biophys
Acta 511, 305-319.

Benz, R., Janko, K., and Lauger, P. (1979) Ionic selectivity of pores formed by the
matrix protein (porin) of Escherichia coli, Biochim Biophys Acta 551, 238-247.

Benz, R. and Bauer, K. (1988) Permeation of hydrophilic molecules through the outer
membrane of gram-negative bacteria. Review on bacterial porins, Eur J Biochem 176, 1-
19.

Beveridge, T.J. (1999) Structures of gram-negative cell walls and their derived
membrane vesicles, J Bacteriol 181, 4725-4733.

Bitto, E. and McKay, D.B. (2002) Crystallographic structure of SurA, a molecular
chaperone that facilitates folding of outer membrane porins, Structure 10, 1489-1498.

Bitto, E. and McKay, D.B. (2004) Binding of phage-display-selected peptides to the
periplasmic chaperone protein SurA mimics binding of unfolded outer membrane
proteins, FEBS Lett 568, 94-98.

Bos, M.P., Tefsen, B., Geurtsen, J., and Tommassen, J. (2004) Identification of an outer
membrane protein required for the transport of lipopolysaccharide to the bacterial cell

surface, Proc Natl Acad Sci USA 101, 9417-9422.

- 108 -



23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

CHAPTER 6 — References

Bos, M.P. and Tommassen, J. (2004) Biogenesis of the Gram-negative bacterial outer
membrane, Curr Opin Microbiol 7, 610-616.

Braun, V. and Rehn, K. (1969) Chemical characterisation, spatial distribution and
function of a lipoprotein (murein-lipoprotein) of the E. coli cell wall. The specific effect
of trypsin on the membrane structure, Eur J Biochem 10, 426-438.

Braun, V. and Wolff, H. (1970) The murein-lipoprotein linkage in the cell wall of
Escherichia coli, Eur J Biochem 14, 387-391.

Bulieris, P.V., Behrens, S., Holst, O., and Kleinschmidt, J.H. (2003) Folding and
insertion of the outer membrane protein OmpA is assisted by the chaperone Skp and by
lipopolysaccharide, J Biol Chem 278, 9092-9099.

Calladine, C.R., Sharff, A., and Luisi, B. (2001) How to untwist an alpha-helix:
structural principles of an alpha-helical barrel, J Mol Biol 305, 603-618.

Champion, M.M., Campbell, C.S., Siegele, D.A., Russell, D.H., and Hu, J.C. (2003)
Proteome analysis of FEscherichia coli K-12 by two-dimensional native-state
chromatography and MALDI-MS, Mol Microbiol 47, 383-396.

Corbin, R.W_, Paliy, O., Yang, F., Shabanowitz, J., Platt, M., Lyons, C.E., Jr., Root, K.,
McAuliffe, J., Jordan, M.I., Kustu, S., Soupene, E., and Hunt, D.F. (2003) Toward a

protein profile of Escherichia coli: comparison to its transcription profile, Proc Natl
Acad Sci USA 100, 9232-9237.

Corpet, F. (1988) Multiple sequence alignment with hierarchical clustering, Nucleic
Acids Res 16, 10881-10890.

Cosgrove, S.E. and Carmeli, Y. (2003) The impact of antimicrobial resistance on health
and economic outcomes, Clin Infect Dis 36, 1433-1437.

Crick FHC. (1953) The packing of alpha-helices - simple coiled coils. Acta
Crystallographica 6:689-697.

Cronan Jr, JE, Rock CH, in; Neidhardt FC (Ed.). 1996. Escherichia coli and Salmonella:
Cellular and Molecular Biology. ASM Press, Washingtin DC. pp. 612-636.

Danelon, C., Brando, T., and Winterhalter, M. (2003) Probing the orientation of
reconstituted maltoporin channels at the single-protein level, J Biol Chem 278, 35542-
35551.

Dartigalongue, C. and Raina, S. (1998) A new heat-shock gene, ppiD, encodes a
peptidyl-prolyl isomerase required for folding of outer membrane proteins in
Escherichia coli, EMBO J 17, 3968-3980.

Dartigalongue, C., Loferer, H., and Raina, S. (2001) EcfE, a new essential inner
membrane protease: its role in the regulation of heat shock response in Escherichia coli,
EMBO J 20, 5908-5918.

Datsenko, K.A. and Wanner, B.L. (2000) One-step inactivation of chromosomal genes
in Escherichia coli K-12 using PCR products, Proc Natl Acad Sci USA 97, 6640-6645.

- 109 -



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

CHAPTER 6 — References

De Cock, H., Schafer, U., Potgeter, M., Demel, R., Muller, M., and Tommassen, J.
(1999) Affinity of the periplasmic chaperone Skp of Escherichia coli for phospholipids,
lipopolysaccharides and non-native outer membrane proteins. Role of Skp in the
biogenesis of outer membrane protein, Eur J Biochem 259, 96-103.

Demchick, P. and Koch, A.L. (1996) The permeability of the wall fabric of Escherichia
coli and Bacillus subtilis, J Bacteriol 178, 768-773.

Doerrler, W.T., Reedy, M.C., and Raetz, C.R. (2001) An Escherichia coli mutant
defective in lipid export, J Biol Chem 276, 11461-11464.

Doerrler, W.T., Gibbons, H.S., and Raetz, C.R. (2004) MsbA-dependent translocation of
lipids across the inner membrane of Escherichia coli, J Biol Chem 279, 45102-45109.

Doerrler, W.T. and Raetz, C.R. (2005) Loss of outer membrane proteins without
inhibition of lipid export in an Escherichia coli YaeT mutant, J Biol Chem 280, 27679-
27687.

Elkins, C.A. and Nikaido, H. (2003) 3D structure of AcrB: the archetypal multidrug
efflux transporter of Escherichia coli likely captures substrates from periplasm, Drug
Resist Updat 6, 9-13.

Ertel, F., Mirus, O., Bredemeier, R., Moslavac, S., Becker, T., and Schleiff, E. (2005)
The evolutionarily related beta-barrel polypeptide transporters from Pisum sativum and
Nostoc PCC7120 contain two distinct functional domains, J Biol Chem 280, 2828]1-
28289.

Eswaran, J., Hughes, C., and Koronakis, V. (2003) Locking TolC entrance helices to
prevent protein translocation by the bacterial type 1 export apparatus, J Mol Biol 327,
309-315.

Eswaran, J., Koronakis, E., Higgins, M.K., Hughes, C., and Koronakis, V. (2004)
Three's company: component structures bring a closer view of tripartite drug efflux
pumps, Curr Opin Struct Biol 14,741-747.

Fernandez-Recio, J., Walas, F., Federici, L., Venkatesh, P.J., Bavro, V.N., Miguel, R.N.,
Mizuguchi, K., and Luisi, B. (2004) A model of a transmembrane drug-efflux pump
from Gram-negative bacteria, FEBS Lett 578, 5-9.

Geiser, M., Cebe, R., Drewello, D., and Schmitz, R. (2001) Integration of PCR
fragments at any specific site within cloning vectors without the use of restriction
enzymes and DNA ligase, Biotechniques 31, 88-90, 92.

Genevrois, S., Steeghs, L., Roholl, P., Letesson, J.J., and van der, L.P. (2003) The
Omp85 protein of Neisseria meningitidis is required for lipid export to the outer
membrane, EMBO J 22, 1780-1789.

Gentle, 1., Gabriel, K., Beech, P., Waller, R., and Lithgow, T. (2004) The Omp85 family
of proteins is essential for outer membrane biogenesis in mitochondria and bacteria, J
Cell Biol 164, 19-24.

- 110 -



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

CHAPTER 6 — References

Gerken, H. and Misra, R. (2004) Genetic evidence for functional interactions between
TolC and AcrA proteins of a major antibiotic efflux pump of Escherichia coli, Mol
Microbiol 54, 620-631.

German, G.J. and Misra, R. (2001) The TolC protein of Escherichia coli serves as a
cell-surface receptor for the newly characterised TLS bacteriophage, J Mol Biol 308,
579-585.

Gevaert, K., Van Damme, J., Goethals, M., Thomas, G.R., Hoorelbeke, B., Demol, H.,
Martens, L., Puype, M., Staes, A., and Vandekerckhove, J. (2002) Chromatographic
isolation of methionine-containing peptides for gel-free proteome analysis: identification
of more than 800 Escherichia coli proteins, Mol Cell Proteomics 1, 896-903.

Gross, R. (1995) Domain structure of the outer membrane transporter protein CyaE of
Bordetella pertussis, Mol Microbiol 17, 1219-1220.

Harms, N., Koningstein, G., Dontje, W., Muller, M., Oudega, B., Luirink, J., and De
Cock, H. (2001) The early interaction of the outer membrane protein phoe with the
periplasmic chaperone Skp occurs at the cytoplasmic membrane, J Biol Chem 276,
18804-18811.

Hertle, R., Brutsche, S., Groeger, W., Hobbie, S., Koch, W., Konninger, U., and Braun,
V. (1997) Specific phosphatidylethanolamine dependence of Serratia marcescens
cytotoxin activity, Mol Microbiol 26, 853-865.

Higgins, M.K., Bokma, E., Koronakis, E., Hughes, C., and Koronakis, V. (2004)
Structure of the periplasmic component of a bacterial drug efflux pump, Proc Natl Acad
Sci USA 101, 9994-9999.

Hinnah, S.C., Hill, K., Wagner, R., Schlicher, T., and Soll, J. (1997) Reconstitution of a
chloroplast protein import channel, EMBO J 16, 7351-7360.

Huijbregts, R.P., de Kroon, A.L., and de Kruijff, B. (2000) Topology and transport of
membrane lipids in bacteria, Biochim Biophys Acta 1469, 43-61.

Husain, F., Humbard, M., and Misra, R. (2004) Interaction between the TolC and AcrA
proteins of a multidrug efflux system of Escherichia coli, J Bacteriol 186, 8533-8536.

Ichihara, S., Hussain, M., and Mizushima, S. (1981) Characterisation of new membrane
lipoproteins and their precursors of Escherichia coli, J Biol Chem 256, 3125-3129.

Jackson, M. and Mantsch, H.H. (1995) The use and misuse of FTIR spectroscopy in the
determination of protein structure, Crit Rev Biochem Mol Biol 30, 95-120.

Jacob-Dubuisson, F., El Hamel, C., Saint, N., Guedin, S., Willery, E., Molle, G., and
Locht, C. (1999) Channel formation by FhaC, the outer membrane protein involved in
the secretion of the Bordetella pertussis filamentous hemagglutinin, J Biol Chem 274,
37731-37735.

Jellen-Ritter, A.S. and Kern, W.V. (2001) Enhanced expression of the multidrug efflux
pumps AcrAB and AcrEF associated with insertion element transposition in Escherichia

-111 -



65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

CHAPTER 6 — References

coli mutants Selected with a fluoroquinolone, Antimicrob Agents Chemother 45, 1467-
1472.

Johnson, J.M. and Church, G.M. (1999) Alignment and structure prediction of divergent
protein families: periplasmic and outer membrane proteins of bacterial efflux pumps, J
Mol Biol 287, 695-715.

Kadokura, H., Katzen, F., and Beckwith, J. (2003) Protein disulfide bond formation in
prokaryotes, Annu Rev Biochem 72, 111-135.

Kleinschmidt, J.H. (2003) Membrane protein folding on the example of outer membrane
protein A of Escherichia coli, Cell Mol Life Sci 60, 1547-1558.

Kol, M.A., van Dalen, A., de Kroon, A.l., and de Kruijff, B. (2003) Translocation of
phospholipids is facilitated by a subset of membrane-spanning proteins of the bacterial
cytoplasmic membrane, J Biol Chem 278, 24586-24593.

Konninger, U.W., Hobbie, S., Benz, R., and Braun, V. (1999) The haemolysin-secreting
ShiB protein of the outer membrane of Serratia marcescens: determination of surface-
exposed residues and formation of ion-permeable pores by ShIB mutants in artificial
lipid bilayer membranes, Mol Microbiol 32, 1212-1225.

Koronakis, V., Sharff, A., Koronakis, E., Luisi, B., and Hughes, C. (2000) Crystal
structure of the bacterial membrane protein TolC central to multidrug efflux and protein
export, Nature 405, 914-919.

Kozjak, V., Wiedemann, N., Milenkovic, D., Lohaus, C., Meyer, H.E., Guiard, B.,
Meisinger, C., and Pfanner, N. (2003) An essential role of Sam50 in the protein sorting

and assembly machinery of the mitochondrial outer membrane, J Biol Chem 278,
48520-48523.

Laemmli, U.K. (1970) Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature 227, 680-685.

Lazar, S.W. and Kolter, R. (1996) SurA assists the folding of Escherichia coli outer
membrane proteins, J Bacteriol 178, 1770-1773.

Matsuyama, S., Yokota, N., and Tokuda, H. (1997) A novel outer membrane
lipoprotein, LolB (HemM), involved in the LolA (p20)-dependent localization of
lipoproteins to the outer membrane of Escherichia coli, EMBO J 16, 6947-6955.

Meli, A.C., Hodak, H., Clantin, B., Locht, C., Molle, G., Jacob-Dubuisson, F., and
Saint, N. (2006) Channel properties of TpsB transporter FhaC point to two functional
domains with a C-terminal protein-conducting pore, J Biol Chem 281, 158-166.

Mikolosko, J., Bobyk, K., Zgurskaya, H.I., and Ghosh, P. (2006) Conformational
flexibility in the multidrug efflux system protein AcrA, Structure 14, 577-587.

Miller, P.F. and Sulavik, M.C. (1996) Overlaps and parallels in the regulation of
intrinsic multiple-antibiotic resistance in Escherichia coli, Mol Microbiol 21, 441-448.

-112 -



78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

CHAPTER 6 — References

Missiakas, D. and Raina, S. (1997) Protein folding in the bacterial periplasm, J
Bacteriol 179, 2465-2471.

Mizuno, T. and Kageyama, M. (1978) Separation and characterisation of the outer
membrane of Pseudomonas aeruginosa, J Biochem (Tokyo) 84, 179-191.

Mogensen, J.E. and Otzen, D.E. (2005) Interactions between folding factors and
bacterial outer membrane proteins, Mol Microbiol 57, 326-346.

Mohan, S., Kelly, T.M., Eveland, S.S., Raetz, C.R., and Anderson, M.S. (1994) An
Escherichia coli gene (FabZ) encoding (3R)-hydroxymyristoyl acyl carrier protein
dehydrase. Relation to fabA and suppression of mutations in lipid A biosynthesis, J Biol
Chem 269, 32896-32903.

Mokhonov, V., Mokhonova, E., Yoshihara, E., Masui, R., Sakai, M., Akama, H., and
Nakae, T. (2005) Multidrug transporter MexB of Pseudomonas aeruginosa:
overexpression, purification, and initial structural characterisation, Protein Expr Purif
40, 91-100.

Mokhonov, V.V., Mokhonova, E.I., Akama, H., and Nakae, T. (2004) Role of the
membrane fusion protein in the assembly of resistance-nodulation-cell division

multidrug efflux pump in Pseudomonas aeruginosa, Biochem Biophys Res Commun
322, 483-489.

Moslavac, S., Mirus, O., Bredemeier, R., Soll, J., von Haeseler, A., and Schleiff, E.
(2005) Conserved pore-forming regions in polypeptide-transporting proteins, FEBS J
272, 1367-1378.

Muller, D.J. and Engel, A. (1999) Voltage and pH-induced channel closure of porin
OmpF visualized by atomic force microscopy, J Mol Biol 285, 1347-1351.

Murakami, S., Nakashima, R., Yamashita, E., and Yamaguchi, A. (2002) Crystal
structure of bacterial multidrug efflux transporter AcrB, Nature 419, 587-593.

Nakajima, A., Sugimoto, Y., Yoneyama, H., and Nakae, T. (2000) Localization of the
outer membrane subunit OprM of resistance-nodulation-cell division family

multicomponent efflux pump in Pseudomonas aeruginosa, J Biol Chem 275, 30064-
30068.

Nakamoto, H. and Bardwell, J.C. (2004) Catalysis of disulfide bond formation and
isomerization in the Escherichia coli periplasm, Biochim Biophys Acta 1694, 111-119.

Narita, S., Eda, S., Yoshihara, E., and Nakae, T. (2003) Linkage of the efflux-pump
expression level with substrate extrusion rate in the MexAB-OprM efflux pump of
Pseudomonas aeruginosa, Biochem Biophys Res Commun 308, 922-926.

Narita, S. and Tokuda, H. (2006) An ABC transporter mediating the membrane
detachment of bacterial lipoproteins depending on their sorting signals, FEBS Lett 580,
1164-1170.

Nikaido, H. and Vaara, M. (1985) Molecular basis of bacterial outer membrane
permeability, Microbiol Rev 49, 1-32.

-113 -



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

CHAPTER 6 — References

Nikaido, H. (1996) Outer Membrane, in Escherichia coli and Salmonella typhimurium:
cellular and molecular biology (Neidhardt, F.C., Curtiss III, R., Ingraham, J.L., Lin,
E.C.C.,, Low, K.B., and Magasanik, B., eds.), pp. 29-47, ASM Press, Washington, D.C.

Onufryk, C., Crouch, M.L., Fang, F.C., and Gross, C.A. (2005) Characterisation of six
lipoproteins in the sigmaE regulon, J Bacteriol 187, 4552-4561.

Paschen, S.A., Waizenegger, T., Stan, T., Preuss, M., Cyrklaff, M., Hell, K., Rapaport,
D., and Neupert, W. (2003) Evolutionary conservation of biogenesis of beta-barrel
membrane proteins, Nature 426, 862-866.

Pink, D., Moeller, J., Quinn, B., Jericho, M., and Beveridge, T. (2000) On the
architecture of the gram-negative bacterial murein sacculus, J Bacteriol 182, 5925-5930.

Poole, K. (2001) Multidrug resistance in Gram-negative bacteria, Curr Opin Microbiol
4, 500-508.

Prilipov, A., Phale, P.S., Van Gelder, P., Rosenbusch, J.P., and Koebnik, R. (1998)
Coupling site-directed mutagenesis with high-level expression: large scale production of
mutant porins from E. coli, FEMS Microbiol Lett 163, 65-72.

Prufert, K., Vogel, A., and Krohne, G. (2004) The lamin CxxM motif promotes nuclear
membrane growth, J Cell Sci 117, 6105-6116.

Raetz, C.R. and Dowhan, W. (1990) Biosynthesis and function of phospholipids in
Escherichia coli, J Biol Chem 265, 1235-1238.

Raetz, C.R. and Whitfield, C. (2002) Lipopolysaccharide endotoxins, Annu Rev
Biochem 71, 635-700.

Rahmati, S., Yang, S., Davidson, A.L., and Zechiedrich, E.L. (2002) Control of the
AcrAB multidrug efflux pump by quorum-sensing regulator SdiA, Mol Microbiol 43,
677-685.

Rand, J.D., Danby, S.G., Greenway, D.L., and England, R.R. (2002) Increased
expression of the multidrug efflux genes acrAB occurs during slow growth of
Escherichia coli, FEMS Microbiol Lett 207, 91-95.

Reumann, S., Davila-Aponte, J., and Keegstra, K. (1999) The evolutionary origin of the
protein-translocating channel of chloroplastic envelope membranes: identification of a
cyanobacterial homolog, Proc Natl Acad Sci USA 96, 784-789.

Reuter, G., Janvilisri, T., Venter, H., Shahi, S., Balakrishnan, L., and van Veen, H.-W.
(2003) The ATP binding cassette multidrug transporter LmrA and lipid transporter
MsbA have overlapping substrate specificities, J Biol Chem 278, 35193-35198.

Rizzitello, A.E., Harper, J.R., and Silhavy, T.J. (2001) Genetic evidence for parallel
pathways of chaperone activity in the periplasm of Escherichia coli, J Bacteriol 183,
6794-6800.

Rose, R.E. (1988) The nucleotide sequence of pACYC184, Nucleic Acids Res 16, 355.

-114 -



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

CHAPTER 6 — References

Rosenberg, E.Y., Bertenthal, D., Nilles, M.L., Bertrand, K.P., and NIKAIDO, H. (2003)
Bile salts and fatty acids induce the expression of Escherichia coli AcrAB multidrug

efflux pump through their interaction with Rob regulatory protein, Mol Microbiol 48,
1609-1619.

Rouviere, P.E. and Gross, C.A. (1996) SurA, a periplasmic protein with peptidyl-prolyl
isomerase activity, participates in the assembly of outer membrane porins, Genes Dev
10, 3170-3182.

Sambrook, J., Fritsch, E.F., and Maniatis, T. (1988) Molecular Cloning - A Laboratory
Manual, 2nd edn. Cold Spring Harbor Laboratory Press.

Sanchez-Pulido, L., Devos, D., Genevrois, S., Vicente, M., and Valencia, A. (2003)
POTRA: a conserved domain in the FtsQ family and a class of beta-barrel outer
membrane proteins, Trends Biochem Sci 28, 523-526.

Schafer, U., Beck, K., and Muller, M. (1999) Skp, a molecular chaperone of gram-
negative bacteria, is required for the formation of soluble periplasmic intermediates of
outer membrane proteins, J Biol Chem 274, 24567-24574.

Schleiff, E. and Soll, J. (2005) Membrane protein insertion: mixing eukaryotic and
prokaryotic concepts, EMBO Rep 6, 1023-1027.

Shibuya, 1. (1992) Metabolic regulations and biological functions of phospholipids in
Escherichia coli, Prog Lipid Res 31, 245-299.

Spiess, C., Beil, A., and Ehrmann, M. (1999) A temperature-dependent switch from
chaperone to protease in a widely conserved heat shock protein, Cell 97, 339-347.

Srikumar, R., Dahan, D., Arhin, F.F., Tawa, P., Diederichs, K., and Coulton, J.W.
(1997) Porins of Haemophilus influenzae type b mutated in loop 3 and in loop 4, J Biol
Chem 272, 13614-13621.

Srikumar, R., Kon, T., Gotoh, N., and Poole, K. (1998) Expression of Pseudomonas
aeruginosa multidrug efflux pumps MexA-MexB-OprM and MexC-MexD-Opr] in a
multidrug-sensitive Escherichia coli strain, Antimicrob Agents Chemother 42, 65-71.

Steeghs, L., De Cock, H., Evers, E., Zomer, B., Tommassen, J., and van der, L.P. (2001)
Outer membrane composition of a lipopolysaccharide-deficient Neisseria meningitidis
mutant, EMBO J 20, 6937-6945.

Struyve, M., Moons, M., and Tommassen, J. (1991) Carboxy-terminal phenylalanine is
essential for the correct assembly of a bacterial outer membrane protein, J Mol Biol 218,
141-148.

Sulavik, M.C., Houseweart, C., Cramer, C., Jiwani, N., Murgolo, N., Greene, J.,
DiDomenico, B., Shaw, K.J., Miller, G.H., Hare, R., and Shimer, G. (2001) Antibiotic
susceptibility profiles of Escherichia coli strains lacking multidrug efflux pump genes,
Antimicrob Agents Chemother 45, 1126-1136.

-115 -



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

CHAPTER 6 — References

Surana, N.K., Grass, S., Hardy, G.G., Li, H., Thanassi, D.G., and Geme, J.W., III (2004)
Evidence for conservation of architecture and physical properties of Omp85-like
proteins throughout evolution, Proc Natl Acad Sci U S A 101, 14497-14502.

Takahashi, S., Kuzuyama, T., Watanabe, H., and Seto, H. (1998) A 1-deoxy-D-xylulose
5-phosphate reductoisomerase catalyzing the formation of 2-C-methyl-D-erythritol 4-

phosphate in an alternative nonmevalonate pathway for terpenoid biosynthesis, Proc
Natl Acad Sci U S 4 95, 9879-9884.

Tamura, N., Murakami, S., Oyama, Y., Ishiguro, M., and Yamaguchi, A. (2005) Direct
interaction of multidrug efflux transporter AcrB and outer membrane channel TolC
detected via site-directed disulfide cross-linking, Biochemistry 44, 11115-11121.

Taoka, M., Yamauchi, Y., Shinkawa, T., Kaji, H., Motohashi, W., Nakayama, H.,
Takahashi, N., and Isobe, T. (2004) Only a small subset of the horizontally transferred

chromosomal genes in Escherichia coli are translated into proteins, Mol Cell Proteomics
3, 780-787.

Thanabalu, T., Koronakis, E., Hughes, C., and Koronakis, V. (1998) Substrate-induced
assembly of a contiguous channel for protein export from E. coli: reversible bridging of

an inner-membrane translocase to an outer membrane exit pore, Embo Journal 17, 6487-
6496.

Thanassi DG, Hultgren SJ. (2000) Multiple pathways allow protein secretion across the
bacterial outer membrane. Curr Opin Cell Bio. Aug;12(4):420-30. Review.

Tikhonova, E.B., Wang, Q., and Zgurskaya, H.I. (2002) Chimeric analysis of the
multicomponent multidrug efflux transporters from gram-negative bacteria, J Bacteriol
184, 6499-6507.

Tikhonova, E.B. and Zgurskaya, H.I. (2004) AcrA, AcrB, and TolC of Escherichia coli
Form a Stable Intermembrane Multidrug Efflux Complex, J Biol Chem 279, 32116-
32124.

Tokuda, H. and Matsuyama, S. (2004) Sorting of lipoproteins to the outer membrane in
E. coli, Biochim Biophys Acta 1693, 5-13.

Touze, T., Eswaran, J., Bokma, E., Koronakis, E., Hughes, C., and Koronakis, V. (2004)
Interactions underlying assembly of the Escherichia coli AcrAB-TolC multidrug efflux
system, Mol Microbiol 53, 697-706.

Towbin, H., Staehelin, T., and Gordon, J. (1979) Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some applications,
Proc Natl Acad Sci USA 76, 4350-4354.

Tu, S.L., Chen, L.J., Smith, M.D., Su, Y.S., Schnell, D.J., and Li, H.M. (2004) Import
pathways of chloroplast interior proteins and the outer-membrane protein OEP14
converge at Toc75, Plant Cell 16, 2078-2088.

Van den, B.B., Clemons, W.M., Jr., Collinson, 1., Modis, Y., Hartmann, E., Harrison,
S.C., and Rapoport, T.A. (2004) X-ray structure of a protein-conducting channel, Nature
427, 36-44.

- 116 -


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=10873830&query_hl=85&itool=pubmed_docsum

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

CHAPTER 6 — References

Voulhoux, R., Bos, M.P., Geurtsen, J., Mols, M., and Tommassen, J. (2003) Role of a
highly conserved bacterial protein in outer membrane protein assembly, Science 299,
262-265.

Walton, T.A. and Sousa, M.C. (2004) Crystal structure of Skp, a prefoldin-like
chaperone that protects soluble and membrane proteins from aggregation, Mol Cell 15,
367-374.

Werner, J. and Misra, R. (2005) YaeT (Omp85) affects the assembly of lipid-dependent
and lipid-independent outer membrane proteins of Escherichia coli, Mol Microbiol 57,
1450-1459.

Whitmore, L. and Wallace, B.A. (2004) DICHROWEB, an online server for protein
secondary structure analyses from circular dichroism spectroscopic data, Nucleic Acids
Res 32, W668-W673.

Wimley, W.C. (2002) Toward genomic identification of beta-barrel membrane proteins:
composition and architecture of known structures, Protein Sci 11, 301-312.

Wimley, W.C. (2003) The versatile beta-barrel membrane protein, Curr Opin Struct
Biol 13,404-411.

Wong, K.K. and Hancock, R.E. (2000) Insertion mutagenesis and membrane topology
model of the Pseudomonas aeruginosa outer membrane protein OprM, J Bacteriol 182,
2402-2410.

Wu, T., Malinverni, J., Ruiz, N., Kim, S., Silhavy, T.J., and Kahne, D. (2005)
Identification of a multicomponent complex required for outer membrane biogenesis in
Escherichia coli, Cell 121, 235-245.

Yang, F.L. and Braun, V. (2000) ShIB mutants of Serratia marcescens allow uncoupling
of activation and secretion of the ShIA hemolysin, Int J Med Microbiol 290, 529-538.

Yanisch-Perron, C., Vieira, J., and Messing, J. (1985) Improved M13 phage cloning
vectors and host strains: nucleotide sequences of the M13mp18 and pUC19 vectors,
Gene 33,103-119.

Yen, M.R., Peabody, C.R., Partovi, S.M., Zhai, Y., Tseng, Y.H., and Saier, M.H. (2002)
Protein-translocating outer membrane porins of Gram-negative bacteria, Biochim
Biophys Acta 1562, 6-31.

Yoneyama, H., Maseda, H., Kamiguchi, H., and Nakae, T. (2000) Function of the
membrane fusion protein, MexA, of the MexA, B-OprM efflux pump in Pseudomonas
aeruginosa without an anchoring membrane, J Biol Chem 275, 4628-4634.

Zgurskaya, H.I. and Nikaido, H. (1999) AcrA is a highly asymmetric protein capable of
spanning the periplasm, J Mol Biol 285, 409-420.

Zgurskaya, H.I. and Nikaido, H. (2000) Multidrug resistance mechanisms: drug efflux
across two membranes, Mol Microbiol 37,219-225.

-117 -



CHAPTER 6 — References

147. Zgurskaya, H.I. and Nikaido, H. (2000) Cross-linked complex between oligomeric
periplasmic lipoprotein AcrA and the inner-membrane-associated multidrug efflux
pump AcrB from Escherichia coli, Journal of Bacteriology 182, 4264-4267.

-118 -



-119 -



-120 -



6.2. Curriculum vitae

CHAPTER 6 — Curriculum vitae

Personal Data

Name

Adress

Date/Place of Birth
Nationality
Gender

Johannes F. Stegmeier

Spiegelstrale 21, 97070 Wiirzburg, Germany
May 11" 1978/Crailsheim, Germany
German

Male

Schooling

08/1984 — 06/1988
09/1988 — 06/1997

Primary School, Stimpfach, Germany

Grammar School, Albert-Schweitzer Gymnasium, Crailsheim,

Germany
06/1997 Abitur
Academical Career
10/1999 Pre-Diploma
04 —08/2000 Erasmus exchange student at the Université Paul-Sabatier Toulouse

10/1997 — 01/2002

05/2001 —01/2002

01/2002

03 -07/2003

II1, practical training at the Institut de Pharmacologie et de Biologie

Structurale (IPBS), Toulouse, France

Study of Biology at the Bayerische Julius-Maximilians University
of Wiirzburg, Germany

Major subject: Biotechnology

Minor subjects: Biochemistry, Cell- and Developmental Biology

Diploma thesis at the Department of Molecular Biology, University
of Umea, Sweden
Subject: “Functional analysis of the type III secretion system of

Yersinia pseudotuberculosis.”
Diploma

Marie Curie Fellow at the University of Leeds, UK
Work shop: ,,Modern Methods in Structural Molecular Biology*

-121 -



-122 -



CHAPTER 6 — Acknowledgements

6.3. Acknowledgements

Herzlichen Dank an...

Dr. Christian Andersen fiir...
...die Moglichkeit, meine Doktorarbeit in einem so angenehmen Rahmen durchfiihren
zu konnen; ...die vielen Freiheiten und Kompetenzen die ich bekommen habe; ...seine
standige Diskussionsbereitschaft, seine frohliche Art, seinen Enthusiasmus und nicht

zuletzt seine Unterstiitzung beim Erstellen dieser Arbeit.

Prof. Dr. Roland Benz fiir...
... die Bereitschaft mich zu priifen; ...das Bereitstellen eines Arbeitsplatzes, vieler
Geridte, Gebrauchsmaterialien und des Kaffeeraums; ...sein stets offenes Ohr
beziiglich wissenschaftlicher Fragen; ...die vielen Abende im Biirgerspital, die

Weinproben und Symposien.
PD Dr. lvaylo Gentschev fiir...
...die Bereitschaft Zweitgutachter und Priifer dieser Arbeit zu sein, sowie die

Materialen zu Beginn dieses Projekts.

Prof. Dr. Peter Henderson und seine ganze Arbeitsgruppe fiir. ..

... die schone und lehrreiche Zeit in Leeds.

-123 -



CHAPTER 6 — Acknowledgements

Bettina (Butzi) M. fiir...
...ihre tatkriftige Unterstiitzung im Labor; ...ihr Engagement beim Geschenke, Feiern
etc. organisieren; ...manch kleine Auseinandersetzung im Labor, die stets
willkommene Abwechslung war, mit all den Schreien, Hebefiguren, Wasserspritzern
etc.; ...den DKNY Schliipfer und natiirlich die besten ,,Love Handles* (auch ,,Hiift-
Erker* genannt) der Welt.

meine Diplomanden,
,»Chris® Hotz (dem Héschen mit dem Superbody), Andi (Gliickopolidis, ein
Augsburger Topstiirmer) und Nico (Nicolette die Rasur-Expertin) fiir...
...die gute Zusammenarbeit (Hat wirklich sehr viel Spal gemacht!!!), all die
Aktivititen auBerhalb des Labors und, nicht unwesentlich, dass sie all meine

Dummheiten ertragen haben.

Georg (Schorsch) fiir...
...so manche Hilfe wihrend der Arbeit; ...die lustigen Geschichten, die er zu erzihlen
weil}; ...sein Durchhaltevermdgen bei Franko Raetia ,,Veranstaltungen® und guten

Pfeifenrauch.

Pit, den deutschen Zizou, fir...
...das gemeinsame Interesse am FuBball, unzihlige Standard-Abende, die etwas

andere Sicht der Dinge und seine Hilfe bei so vielen Dingen.

meine beiden ,,Feierabend-Diplomanden®,
Klacktus, dem Zauderer und Schnutenzicher, sowie Molinsky aka Chinansky, fiir...
...eben jene Feierabende und andere umwerfende Geschichten (Briider im Geiste und

in der Leiste..., Terrier-Einsatz ..., Hotel-Police ...).

die Kollegen der AG Benz,
allen voran Bettina S. fiir die gute Zusammenarbeit im Labor, manche gute Feierei
und die dazugehorigen Bisse; Elke fiir stete Hilfsbereitschaft und die flotten Spriiche;
Ursel, meiner Kurzzeitmitbewohnerin fiir ihr immer positives Wesen; Enrico fiir seine
Ruhe im Labor und seine Aggressivitit beim Kicken; Tobi fiir seine Kochkiinste und

sein tolerantes Wesen; Michl fiir so manches Feierabendbier und den Sonntagskaffee;

-124 -



CHAPTER 6 — Acknowledgements

der fast aktuellen Borrelia-Kellerbesatzung mit Katrin, Marcus, Anna und Maite,
sowie der Intech-Crew, im speziellen natiirlich Arno (Karner ist ... und ...) und

Bernd fiir die Zockerei, sowie umfangreiche Infos von der AuBenstelle.

die ehemaligen Kollegen der AG Benz,
Pedro fiir viele gemeinsame Unternchmungen auBerhalb des Labors, u.a. Fuliball
schauen, Volleyball, Schafkopf und so manches Bierchen; Oli, der mir fiir erste
chirurgische Ubungen diente und des Ofteren eine Mitfahrgelegenheit bot; Emir, dem
Baron, fiir die vielen kulinarischen Leckereien, seine Leidenschaft fiir Fuf3ball,
beaucoup des Grillades und die beste Abschiedsparty ever (Space Lord m........... D;
Jorge, yeah yeah, fiir viele witzige Stunden und seine ,,Lasso“-Shows; Martini fiir
unbdndige Weggehlust und unser ganz besonderes Verhiltnis; Maja fiir Super-
Hauspartys und dafiir, dass Lurch 6fter mal in Wii war; Frank fiir seine Besonnenheit
und Vorbildlichkeit beim Vermitteln von Wissen; Noelia fiir die spanischen

Schimpfworte; alle andern, die ich in meiner Zeit im Labor kennen lernen durfte.

alle aktuellen und ehemaligen Mitarbeiter des Lehrstuhls fiir Biotechnologie,
fiir die all die interessanten Geschichten, die gute Arbeitsatmosphdre, Weihnachts- und
Geburtstagsfeiern und vieles mehr. Im speziellen ein Dank an die Rotationsgruppe, vor
allem an Killermuller und Kiesel(chen), sowie den verlorenen Sohn Brunni fiir eine

Menge Spal.

meine Kumpels auflerhalb der Uni,
Vox fiir die literarischen Tips, das Zocken (,,...so arm!*) und viele Diskussionen iiber
den Sinn des Lebens; Artur, dem Chefschafkopfer; Fab, fiir so manches Freigetriank
im Brauhaus; Oli ,,Royal Reuss®, Lisa fiir's Mitnachhausenehmen und Hormi, dem

Spitzenmitbewohner.
meine Familie und die Kumpels in der Heimat,

fiir ihre Unterstiitzung und willkommene Abwechslung zum wilden Wiirzburger

Leben.

-125 -






	PUBLICATIONS 
	CONTENTS 
	 
	CHAPTER 1 
	1. Introduction 
	 
	1.1. Gram-negative bacteria 
	1.2. Biogenesis of the Gram-negative bacterial outer membrane 
	1.2.1. Phospholipids  
	1.2.2. Lipopolysaccharides 
	1.2.3. Lipoproteins 
	1.2.4. Integral outer membrane proteins (OMPs) 
	1.2.5. The Omp85 protein family 

	1.3. Multidrug resistance 
	1.3.1. The IM transporter (AcrB/MexB) 
	1.3.2. The periplasmic adaptor protein (AcrA/MexA) 
	1.3.3. The OM component (TolC/OprM) 
	1.3.4. Assembly and function of the drug efflux pumps 


	 
	CHAPTER 2  
	2. Characterisation of pores formed by YaeT (Omp85) from Escherichia coli  
	 
	2.1. Abstract 
	2.2. Introduction 
	2.3. Materials and Methods 
	2.3.1. Bacterial strains and construction of plasmids 
	2.3.2. Protein expression and purification 
	2.3.3. Sucrose-step gradient and NADH-oxidase activity test 
	2.3.4. SDS-PAGE and western blotting 
	2.3.5. Electrophysiological experiments 
	2.3.6. yaeT knock-out 

	 
	2.4. Results 
	2.4.1. YaeT C-terminus is located in the OM 
	2.4.2. YaeT is susceptible to proteases  
	2.4.3. YaeT forms pores in planar lipid bilayer membranes 
	2.4.4. Detergents change conductance and ion selectivity of YaeT pores 
	2.4.5. The periplasmic domain of YaeT is essential for function in vivo  

	2.5. Discussion 


	CHAPTER 3 
	3. Characterisation of YtfM, a second member of the Omp85 family in E. coli 
	3.1. Abstract 
	3.2. Introduction 
	3.3. Materials and Methods 
	3.3.1. Bacterial strains and construction of plasmids 
	3.3.2. Protein expression and purification 
	3.3.3. CD and FTIR spectroscopy 
	3.3.4. Sucrose-step gradient and NADH-oxidase activity test 
	3.3.5. SDS-PAGE and western blotting  
	3.3.6. Electrophysiological experiments 
	3.3.7. ytfM knock-out 
	3.3.8. Growth experiments 
	3.3.9. Electron microscopy 
	3.3.10. Mobility test 
	3.3.11. Bioinformatics 

	3.4. Results 
	3.4.1. Sequence homology of YaeT and YtfM  
	3.4.2. Localization and purification of YtfM 
	3.4.3. Structure comparison of YaeT and YtfM 
	3.4.4. Bilayer experiments 
	3.4.5. Chromosomal deletion of ytfM 
	3.4.6. Growth experiments 
	3.4.7. Effects of ytfM knock-out on outer membrane composition 
	3.4.8. Mobility test 

	3.5. Discussion 
	 3.6. Appendix 
	3.6.1 Sequence alignment of YtfM homologous proteins 



	CHAPTER 4 
	4. Chimeric adaptor (membrane fusion) protein reveals importance of hairpin domain for functionality in multidrug efflux pumps 
	4.1. Abstract 
	4.2. Introduction 
	4.3. Materials and Methods 
	4.3.1. Bacterial strains, plasmids and culture conditions 
	4.3.2. Determination of minimal inhibitory concentration 
	4.3.3. Cross-linking experiments and protein purification 
	4.3.4. SDS-PAGE and western blotting 
	4.3.5. Growth curve 
	4.3.6. Protein modeling 

	4.4. Results and Discussion 
	4.4.1. Construction of a bacterial strain with an inducible, cellular regulation independent AcrAB/TolC multidrug efflux pump 
	4.4.2. Components of the hybrid efflux pump AcrAB/OprM interact but are not functional 
	4.4.3. Exchange of the AcrA by MexA hairpin confers functionality of the AcrAB/OprM hybrid efflux pump 
	4.4.4. Model for MexAHP/OprM interaction 
	4.4.5. AcrA structure explains incompatibility with OprM 
	4.4.6. TolC is compatible with AcrAMexAHP 

	4.5. Conclusion 


	CHAPTER 5 
	5. Summary 
	5.1. Summary 
	5.2. Zusammenfassung 


	CHAPTER 6 
	 
	 
	 
	6. Appendix 
	 
	6.1. References 
	6.2. Curriculum vitae 
	6.3. Acknowledgements 




