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INTRODUCTION

2. INTRODUCTION

2.1. SUPERBUGS — WHY PENICILLIN WAS NOT ENOUGH

Only twelve years after the discovery of penicillin and years before its mass production
Abraham and Chain were the first to provide evidence for “An Enzyme from Bacteria

able to Destroy Penicillin™:

“FLEMING! noted that the growth of B. coli and a number of other bacteria
belonging to the coli-typhoid group was not inhibited. This observation has been
confirmed. [. . .]. This extract [B. coli] was found to contain a substance destroying
the growth-inhibiting property of penicillin. [. . .]. The conclusion that the active
substance is an enzyme 1s drawn from the fact that it is destroyed by heating at 90° for

5 minutes and by incubation with papain [...].” [1]

The enzyme described in the publication of Abraham and Chain was referred to later
as penicillinase or B-lactamase. Further investigations in following years revealed that,
indeed, some bacteria are naturally resistant against Penicillin while others such as
staphylococci, although widely considered to be susceptible, are able to acquire
resistance easily [2]. In 1944, Kirby provided the first evidence of a penicillinase-
producing Staphylococcus aureus strain [3]. However, these findings did only apply to a
relatively limited number of isolates and laboratory strains, while community strains
were still considered to be susceptible to Penicillin. In World War II, Penicillin was
first used in large amounts to prevent post-surgical wound infections in soldiers. The
good tolerability in conjunction with few side effects made it an increasingly popular
drug and let Penicillin become a standard treatment in hospitals worldwide in the late
1940s and early 1950s. Staphylococci, e.g. S. aureus and Staphylococcus epidermidis, are
natural habitants of the human skin and the mucous membranes and as such are in
particular subject to the increased selection pressure in hospitals. Resistances spread

and made the development of a new class of antibiotics necessary.

In 1959, Methicillin was introduced, a Penicillin derivative with a sterically protected
B-lactam ring that is insensitive to f-lactamase. However, as early as 1961 M. P.

Jevons reported the first case of hospital acquired methicillin-resistant staphylococci:
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“Between the beginning of October and the end of November, 1960, 5,440 strains
have been tested. [. . .]. Of the 5,440 strains only three showed significant [methicillin]

resistance by the paper-disk method. All three were received from the same hospital,

[..]7 [4]

M.P. Jevons was well aware that hospitals environments in particular favor the

propagation of multi-resistant bacteria:

“It is well known that patients with infected skin can be dangerous sources of infection
in hospitals, and the finding of just such a patient infected with celbenin- [methicillin]

resistant strain in this instance adds an additional warning.” [4]

The upcoming rise of methicillin-resistant staphylococci (MRSA), starting in the late
1960s, had strong similarities with the epidemiology of penicillin-resistant strains.
Although derivatives of Methicillin were developed to keep up with the pace of
resistance formation, the entire class of B-lactam antibiotics became almost useless
against certain strains. In 2009, the European Centre for Disease Prevention and
Control reported that, among participating countries, in average approx. one fifth of
all clinical staphylococcal isolates are resistant to antibiotics of the Methicillin class

(Figure 2.1).
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Figure 2.1: Proportion of methicillin-resistant S. awureus (MRSA) isolates in
European countries in 2009. (European Centre for Disease Prevention and Control,
http://ecdc.europa.eu/en/Pages/home.aspx)
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There are four main mechanisms of antibiotic resistance [3]:

* Altered target sites, e.g. Penicillin Binding Protein (PBP) (B-lactam resistance)

* Decreased uptake of the drug, e.g. Multidrug efflux systems, reduced
permeability

* “Bypass” systems, e.g. overproduction of dihydrofolate reductase
(Trimethoprim resistance)

* Enzymatic inactivation or modification, e.g. 3-lactamase (B-lactam resistance)

Resistances can be natural/intrinsic. However, mutation and dissemination of
resistance genes by transposons, plasmids and phages are the main cause for the

emergence of multidrug resistance. They are referred to as acquired resistances.

Today Vancomycin is the only effective compound left to successfully treat MRSA
infections, and still this compound is only used after all other treatments have failed.
Its structure and mode of action are considerably different from B-lactam antibiotics,
although both antibiotics prevent crosslinking of peptidoglycan (PGN). PGN is the
major compound of the bacterial cell that serves to protect bacteria from
environmental stress. It 13 a macromolecule in which several layers of glycan strands
are crosslinked by short peptides. Crosslinkage is crucial in that it is accounts for the
high rigidity of the cell wall. While B-lactam antibiotics inactive PBP, a key enzyme in
PGN biosynthesis, to prevent crosslinking of PGN, Vancomycin has the same effect by

forming a complex with a PGN precursor molecule.

Despite sensible use of Vancomycin, the first S. aureus strain with a reduced
susceptibility appeared in Japan in 1996 [6]. Six years later the first entirely resistant
clinical isolate was reported in the United States [7]. Vancomycin-intermediate S.
aureus (VISA) and vancomycin-resistant S. aureus (VRSA) strains do not show the same
epidemiology as [-lactam resistant strains did earlier, but their appearance clearly
demonstrates that there is not just one superdrug against multiresistance. New strains
with unique combinations of virulence factors such as community-acquired
methicillin-resistant S. awreus (cMRSA) pose another emerging threat [8] and

emphasize the strong need for a continuous development of new drugs.
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2.2. STAPHYLOCCCI

Staphylococci are Gram-positive, catalase and oxidase producing bacteria that are
typically arranged in clusters of cocci and can thereby be distinguished from chain-
forming streptococci. The genus Staphylococcus comprises more than 40 species and
subspecies. Biochemical identification is provided by the coagulase test. Coagulase is a
staphylococcal pathogenesis factor, which causes clotting of the blood. Coagulase-
positive staphylococci (CPS) are S. aureus, S. intermedius, S. pseudintermedius, S. delphina, S.
lutrae and S. schleifer: subsp. coagulans. Coagulase-negative staphylococci (CNS) are
generally regarded to be less pathogenic. S. epidermudis, S. saprophyticus, S. haemolyticus

and S. xplosus are the most important species belonging to this category.

2.2.1. STAPHYLOCOCCUS AUREUS AND STAPHYLOCOCCUS EPIDERMIDIS
- PATHOGENESIS AND CLINICAL SIGNIFICANCE

S. aureus and S. epidermidis are the most common species of the genus occurring in
humans where they mainly colonize the skin and the mucous membranes. They are
also among the main causes of nosocomial infections. While most of these infections
are averted by a working immune system, they can be life threatening especially in

immunocompromised hosts.

S. aureus, in particular, expresses a large spectrum of virulence factors that account for
its pathogenicity. The bacterium is the cause of various acute diseases such as
endocarditis, meningitis, pneumonia, septicaemia and toxic shock syndrome [9].
Adherence is a prerequisite for successful colonization of host structures. Proteins such
as Protein A, fibrinogen-, fibronectin-, and collagen-binding proteins play an
important role in this step where they are responsible for host cell interactions and
adherence to artificial surfaces. Another source of virulence are secreted enzymes and
toxins. Haemolysins, leukocidin, hyaluronidase and other lipases, proteases and
nucleases can cause necrotic lesions and persistent wound infections [10]. They
degrade tissue and participate in the invasion of skin and mucous membranes.
Secreted toxins (Toxic shock syndrome toxin 1, Exfoliative toxins, Enterotoxins A-E
etc.) are mostly associated with specific systemic diseases such as the toxic shock

syndrome, the staphylococcal scaled skin syndrome or food poisoning [10].
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While S. aureus is the most important and best-studied staphylococcal pathogen, the
significance of CNS in hospital-acquired infections has long been neglected. Among
CNS, S. epidermidis has been reported to be the most common cause of infections (70-
80%) [11]. Its emergence as a pathogen is closely connected to the now widespread
use of implants such as intravasal catheters, prostheses, pacemakers or artificial heart
valves [12]. Upon primary attachment to a polymer surface, S. epidermidis produces a
multilayered polysaccharide matrix that shields the pathogen from host immune
defense mechanisms. Biofilm formation is also seen in S. aureus and certain other
species, but is best studied and mostly associated with S. epidermidis derived infections.
Mack et al. proposed a two-step model [13,14] in which the first step, the primary
adherence, 1s mainly mediated by surface associated proteins such as the major
autolysin E (AtlE) [15]. Surface charges and hydrophobic interactions are also being
discussed in this process [16,17]. The second step, the accumulation phase, is
characterized by production of PIA, a polysaccharide intercellular adhesin that links
bacteria in the biofilm. PIA consists of B-1,6-linked glucoseaminoglycan subunits and
is encoded by the ia-operon [18], which is also present in S. aureus. Ica mutants

showed primary adhesion but were lacking the accumulation phase [19,20].

Multiresistance of S. aureus as described earlier (Section 2.1) is a widespread problem
known for almost 50 years. However, this does not seem to be an exclusive feature of
S. aureus anymore. Over the last two decades an increasing number of infections
caused by S. epidermidis strains with Methicillin resistance (MRSE) [21,22] or even
elevated Vancomycin tolerance were reported [23,24,25]. In conjunction with its
ability to evade host defense mechanisms by biofilm formation, this clearly emphasizes

the urge to develop new therapeutic strategies to treat S. epidermidis infections.

2.2.2. COMPONENTS AND COMPOSITION OF THE GRAM-POSITIVE
CELL WALL

The cell wall of Gram-positive bacteria (Figure 2.2) stains dark violet in the Gram
reaction. In comparison to the cell wall of Gram-negative bacteria, the Gram-positive
wall retains the stain since it is approx. ten times thicker. The bacterial cell wall
primarily functions as an exoskeleton protecting the cell from osmotic stress, but 1s also

allowing communication with the environment. Its main component, surrounding the
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entire cell is PGN, a reticular macromolecule supplemented with accessory molecules

such as teichoic acids, teichuronic acids and other glycopolymers [26,27].
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Figure 2.2: The cell wall of Gram-positive bacteria. (A) Schematic drawing. (B) Structure of S.
aureus PGN in detail. Modified from [11,28].

2.2.2.1. Peptidoglycan

PGN is a highly crosslinked polymer consisting of glycan strands and short peptides.
The glycan strands form the backbone of the PGN layer. Depending on the species,
they comprise 5 to 30 repeating subunits of N-acetylmuramic acid- (B1,4)-N-
acetylglucosamine (MurNAc-GlcNAc) disaccharides [29,30]. The D-lactyl moiety of
MurNAc is linked via an amide bond to a four amino acids long peptide stem, which
is mostly further crosslinked by an interpeptide bridge to the stem of a neighbouring
strand. In contrast to the uniform structure of the repeating disaccharide that is part of
every bacterial PGN structure, composition of the peptide part can vary significantly
among species [31]. The peptides stem is unusual in that it consists of L- and D-amino
acids. In Staphylococci and most other Gram-positive bacteria the sequence L-Ala, D-
150Gln, L-Lys, D-Ala can be found, with the terminal alanine being removed by the
action of the caboxypeptidase PBP during incorporation of the pentapeptide
precursor molecule into the PGN matrix. Nevertheless, other combinations are

possible (Table 1).
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Position Residue encountered Examples

1 L-Ala Most bacteria
Gly Mpycobacterium leprae, Brevibacterium imperiale
L-Ser Butyribacterium rettger

2 D-Isoglutamine Most Gram-positive species, Mycobacteria
threo-3-Hydroxyglutamate Microbacterium lacticum

3 meso-Aspm Most Gram-negative species, Bacilli, Mycobacteria
L-Lys Most Gram-positive species
L-Lys/L-Orn Bifidobacterium globosum
LL-Agpm Streptomyces albus, Propionibactertum petersonii
L-2,4-Diaminobutyrate Corynebacterium aquaticum
L-Homoserine Corynebacterium poinsettiae
L-Ala Erysipelothrix rhusiopathiae
L-Glu Arthrobacter J. 39
Amidated meso-Aopm Bacillus subtilis
L-5-Hydroxylysine Streptococcus pyogenes
N'-Acetyl-L-2,4-diaminobutyrate Corynebactertum insidiosum

4 D-Ala All bacteria

5 D-Ala Most bacteria
D-Ser Enterococcus gallinarum
D-Lac Lactobacillus ~ caser, Enterococci with acquired

resistance to Vancomycin

Table 1: Amino acid variations in the peptide stem of Gram-positive bacteria. Modified from [32].

Notably, Gram-positive bacteria show a much broader spectrum of variations than
Gram-negative ones [33]. The largest variability can be found at amino acid position
three. For example, in most Mycobacteria and Bacillus species lysine is changed to
meso-diaminopimelic acid, an amino acid that is otherwise common in Gram-negative
bacteria. Although less common, modifications may also occur at the second position,
where the a-carboxyl group of D-glutamic acid may either be free or amidated (D-
iGln) [31,32]. The interpeptide bridge accounts for the great rigidity of the murein
structure. It links the e-amino group of L-Lys (or any other amino acid in the third
position) to the D-Ala carbonyl of another glycan strand. Much more than the peptide
stem, this bridge is prone to modifications in length and composition. In S. aureus it is

composed of five glycines. However, serine and alanine substitutions can be found in
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S. epidermidis, but may vary depending on environmental conditions [33]. The
interpeptide bridge can also be shortened (L-Ala-L-Ala in S. pyogenes) or absent (L.
monocyogenes) [31].

Although variations in the PGN structure mainly affect the peptide fraction,
modifications of the glycan-strand, such as acetylation of the MurNAc C6 hydroxyl
group, have also been reported [34]. To date, this modification has been found in S.
aureus and only few other human pathogens [35]. The additional acetyl-group renders
these bacteria resistant against lysozyme cleavage. This modification is important in
that it does not only prevent cell lysis, but also results in a reduced host response due

to a decreased release of immune-stimulatory PGN fragments [35].

2.2.2.2. Teichoic acids

Gram-positive bacteria incorporate various classes of glycopolymers into their cell
envelope and these differ significantly in structure and composition depending on
species or strain. Although showing variations in their sugar moiety, net charge and
decoration of the repeating units, teichoic acids represent the most defined class of
glycopolymers and can be found in most species [27]. According to their attachment
point in the cell envelope, one distinguishes PGN-anchored wall teichoic acids (WTA)
and membrane-anchored lipoteichoic acids (LTA) (Figure 2.3). Teichoic acids are
involved in most different processes. They are crucial for protection of the cell
envelope, regulation of autolysin activity, participate in colonization processes and

interact with host immune defense mechanisms.

Wall teichoic acid

Figure 2.3: Schematic drawing of
S. aureus wall teichoic and
lipoteichoic acid structures. A, D-
alanine; Gle, glucose; GlcNAc, N-
acetylglucosamine;  Gro,  glycerol;
ManNAc¢, N-acetylmannosamine; P,
phosphate; Rto, ribitol. Modified from
[271.

18-50
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a) Wall teichoic acids

Wall teichoic acids are bound to the glycan backbone of the PGN layer via an
anchoring structure, made up of the disaccharide N-acetylglucosamine- (GlcNAc)
(B1,4)-N-acetylmannosamine (ManNAc) and two or three glycerolphosphate units. In
this structure, GlcNAc is covalently linked to the hydroxl-group of the MurNAc C6
carbon via a phosphodiester bond, while the glycerolphosphate units connect to a long
polyolphosphate backbone. In S. aureus, WTAs are best studied. They contain approx.
40 ribitolphosphate subunits, further supplemented with GIcNAc and D-alanine at the
2’ and 4’ hydroxyl group [36,37,38,39]. The positively charged amino group of the
latter modification confers a zwitterionic character onto the otherwise polyanionic
WTAs. In contrast to S. aureus, the WT'As of most CNS such as S. epidermidis, contain
glycerol instead of ribitol [36]. Supplementation with glucose and GlcNAc [36] as well
as alanine [40] have also been reported for S. epidermidis. However, these investigations
are based on different strains. Modifications may generally also vary with the
availability of these components in the surrounding medium.

Due to their tremendous structural diversity and the lacking availability of appropriate
mutants in the past, it has been difficult to assign specific functions to teichoic acids.
Yet, recent constructions of such mutants and subsequent investigations have shed

light upon such functions.

The characterization of an S. aureus WIT'A/LTA mutant that is devoid of positively
charged alanine substituents (Ad/tA) revealed an increased susceptibility to cationic
antimicrobial molecules compared to the wildtype [41]. The ability to regulate alanine
incorporation does therefore imply an important mechanism to adapt to hostile
environments such as the host immune system. Furthermore, alanine modifications
play a crucial role in colonization. Weidenmaier et al. reported that the AdltA mutant
exhibits a significantly reduced ability to adhere to epithelial and endothelial cells and
was consequently less infectious [42,43]. Despite such important roles, WTA seems to
be dispensable under laboratory conditions [27]. This could be shown with a WTA
deficient S. aureus mutant (AtagO) that is not impaired in viability compared to the
wildtype. However, the AtgO mutant behaved similar to the AdIfA mutant and
showed a reduced affinity to epithelial cells in an animal colonization model [42].
Another import property of the AtagO mutant is its increased autolysis susceptibility.

Based on this observation, Schlag et al. demonstrated an important role for WTAs in
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targeting the major autolysin Atl, a key enzyme in cell division. In S. aureus wildtype
cells, WT'As prevented binding of the autolysin to the cell wall and directed it to the
cross-wall section to perform the separation of daughter cells. In this region, the
concentration of WTAs is low. In the AtqgO mutant this avoidance strategy could not
take place and resulted in an autolysin distribution over the entire cell wall [43].
Furthermore, WTAs display receptors for phage binding [44]. This was confirmed in
S. aureus AtagO, where comparative analysis revealed that the lack of WTAs renders

the mutant strain resistant against infections with phages 3A52 and ¢11 [42].

b) Lipoteichoic acids

Lipoteichoic acids and wall teichoic acids possess different structures in all Gram-
positive bacteria except Streptococcus pneumoniae [31]. However, both are similar in that
they are long polyanionic polymers that extend through the cell wall to the surface. In
S. aureus L'TA, the polyolphosphate backbone comprises 18-50 subunits of 1,3-linked
glycerolphosphate, which are tethered to a diglycosyl diacylglycerol (Glco-DAG) lipid
anchor [43]. The LTAs of S. epidermidis also belong to the glycerolphosphate type, but
have been reported to be longer than in S. aureus [46]. Supplementation with alanine
at the 2° hydroxyl group is common in S. awreus as well as in S. epidermidis. Further

glycosylations (e.g. glucose) are possible, but less abundant [47,48].

Not much 1s known about the specific function of LTAs. Yet, recently a conditionally
LTA deficient S. aureus mutant became available [49]. The phenotype of this mutant is
severely impaired, showing distorted cell shapes and multiple division planes. This is
in accordance with previous findings, which suggest a pivotal role for LTAs in binding
and positioning of autolysins, key enzymes of the cell division machinery. Fischer ef al.
reported that preincubation of L'TAs with autolysins inhibits autolysis. However, this
effect was highest for alanine-free LTAs. The increasing content of positively charged
alanine substituents compensates the negative charges of the phosphate backbone. As
a result, saturation of the extracellularly applied autolysins could not be achieved
anymore and the inhibitory activity of the LTAs decreased exponentially [50].
Bierbaum and Sahl pursued the idea that an interaction between autolysins and L'TAs
might be driven by charge. They could show that autolysins being bound to L'TAs can
be displaced by addition of cationic peptides [51]. Peschel et al. provided further

10
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evidence on this topic by demonstrating that autolysins with cationic C-terminal
domains exhibit a higher affinity to cell walls of the alanine devoid S. aureus AdltA
mutant than to cell walls of the wildtype [52]. However, the molecular details of an

interaction between L'T'As and autolysins are still not known.

2.2.3. MUREIN HYDROLYZING ENZYMES AND THEIR ROLE IN CELL
WALL TURNOVER

Cell division is a complex and in detail not fully understood process that requires the
spatial and temporal regulation of cytoplasmatic and extracellular proteins. Briefly, a
cell division cycle 1s started by midcell polymerization of FtsZ, which is conserved in
all bacteria (except Chlamydia) and eukaryotic organelles [53]. Polymerized FtsZ
forms a ring like structure, the Z-ring, which is tethered to the membrane. Gradual
constriction of the Z-ring and simultaneous peptidoglycan synthesis lead to
invagination of the septum and finally membrane fusion. At this stage the cells still
stick together via newly synthesized PGN. The separation into two daughter cells is
then completed by the action of murein hydrolases. In staphylococci the new division

plane lies perpendicular to the previous one (Figure 2.4) [31].

1 ‘ 3 Membrane
— . I . Cell wall
2 == 4 . .
== Region of active cell wall growth
| | I | I
) 0@ ...

Figure 2.4: Schematic drawing of a cell division cycle in S. aureus. 1. Cell prior to division.
2. Septum formation due to Z-ring constriction. Simultaneous PGN synthesis. 3. Membrane fusion.
PGN remains contiguous. 4. Daughter cell separation. Murein hydrolases degrade PGN. Modified
from [53].

The structural complexity of PGN, consisting of different glycans, D- and L-amino
acids, requires the action of various hydrolases that degrade the cell wall during

growth and division. This process, in the course of which PGN is continuously excised

11
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from the cell wall and newly synthesized, is defined as cell wall turnover [54]. In
Gram-positive bacteria murein hydrolases can be grouped into four classes according
to their enzymatic activities [31]. Figure 2.5 shows the corresponding sites of

hydrolysis in the PGN layer.

*  Muramidases hydrolyze the glycosidic bond between MurNAc and GlcNAc.
Example: Mutanolysin

* Glucosaminidases hydrolyze the glycosidic bond between GIcNAc and

MurNAc. Example: AtlE glucosaminidase

* (Endo)Peptidases hydrolyze the amide bonds between amino acids in the

peptide stem or the interpeptide bridge. Carboxypeptidases remove the
terminal alanine residue from the pentapeptide precurser molecule before its
incorporation in the PGN matrix. However, this is not part of the degradation
process during cell division. Examples: Lysostaphin, ¢11 hydrolase (LytA-DL)

* (N-Acetylmuramyl-L-alanine) amidases hydrolyze the amide bond between the

lactyl moiety of MurNAc and the amino group of the first amino acid in the

peptide stem. Examples: AtlE amidase, ¢11 hydrolase (LytA-A)

Glucosaminidase

l \ Muraminidase
—GN MN=—GN=——=MN=—
Amidase | |
L-Ala GN=—MN GN=—MN=—
I I

D-iGIn . L-Ala
| Lysostaphin |
-Gly;-L-Lys D-1GIn

D-Ala - Gly — Gly — Gly — Gly - Gly - L-Lys

¢ 11 hydrolase —T I

D-Ala-Gly;-

Figure 2.5: Cleavage sites of murein hydrolases in S. aureus PGN. Modified from [31].

N-Acetylmuramyl-L-alanine amidases occur widely in bacteria as important enzymes
of the cell division machinery. Many species encode several enzymes of the amidase
class such as AtlE/Aae (S. epidermidis) [15,55] or AmiA-D (Escherichia coli) [56,57].

However, the fundamentals for the temporal and spatial coordination of their

12
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activities are not yet fully elucidated. Bacterial amidases are modular enzymes with a
catalytic domain being a zinc-dependent metalloenzyme, and a cell wall binding
region (CBR) that comprises one or more small, repetitive domains, fused to the N- or
C-terminus.

Over the last decade, several structures of the catalytic domains of amidases have been
described [58,59,60,61,62]. These revealed that the amidase fold is not only conserved
in bacteria, but does also occur in eukaryotes. Peptidoglycan recognition proteins
(PGRPs) are pattern recognition molecules that are found both in vertebrates and
invertebrates as part of the innate immune system. In insects, PGRPs mainly activate
antimicrobial pathways, while mammalian PGRPs are bactericidal by interfering with
PGN synthesis. A third group, PGN-hydrolyzing PGRPs, has been found in insects
and mammals [63]. Although soluble and membrane-bound variants of PGRPs with
different molecular weights exist, all PGRPs possess a domain that closely resembles
the bacterial amidase fold. This high degree of conservation depends on the
interaction with PGN substrates of high similarity. Although there are species-specific
variations of the peptide part, the structure of PGN never shows major deviations
from its general schematic.

The amidase repeat domains are biochemically and structurally less well
characterized. They likely have a higher structural diversity since possible cell wall
associated ligands, such as teichoic acids [50], often have a species- or even strain

specific composition [27].

2.2.4. THE ATLE AMIDASE

The major autolysins AE (S. epidermidis) and AtlA (S. aureus) belong to the class of N-
Acetylmuramyl-L-alanine amidases (Figure 2.5) that play a pivotal role in the
degradation of the bacterial cell wall [64]. They also mediate adhesion to polystyrene
surfaces and interact with proteins of the extracellular matrix such as fibronectin and
vitronectin [15]. Most recent results also report binding of AtlE to Hsc 70, which may
function as a receptor in internalization [65]. During cell division, the major
autolysins are responsible for splitting the equatorial septum between two dividing
daughter cells [66,67]. Deletion mutants showed a disordered division pattern with

large cell clusters and lost their ability to form biofilms [15,64].
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AtlE and AtA exhibit high sequence homology and share the same multidomain
structure consisting of the signal peptide (pre-), the pro-peptide, the N-acetylmuramyl-
L-alanine amidase, six repeats domains and the C-terminal N-acetylglucosaminidase
[15,68] (Figure 2.6). Pre-pro-Atl is secreted and processed extracellularly. Three
distinct protein species are generated upon proteolytic cleavage: The mature amidase,
the glucosaminidase and the pro-peptide, whose function has not yet been
determined. Cleavage between the catalytic domains (AmiE and AmiA, respectively)
occurs C-terminal of the fourth repeat. It is worth noting that literature refers to the
CBR as three repeats instead of six as mentioned here. However, recent structural
data revealed that each of the three repeats can be split into two SH3b (bacterial, SH3
related) domains. Within the CBR, the sequence and structral similarity between

every second repeat is higher than between adjacent ones.

/ / cat Rl R2 R3 R4 /RE) R6 cat

SP «——PP—» «———Amidase ——————» ¢——Glucosaminidase—»

Figure 2.6: Domain arrangement of the bifunctional pre-pro-AtlE. Arrows indicate the post-
translational cleavage sites. SP, signalpeptide; PP, pro-peptide; cat, catalytic domain; R, repeat
domain.

As part of this work, AmiE was structurally characterized [69]. The catalytic domain
of the AtE amidase is a zinc-dependent metalloenzyme that requires a
muramylpeptide with at least three amino acids as a PGN minimal motif for
hydrolysis. The C-terminal repeats of the amidase domain do not contribute to the
lytic activity. However, they are required for anchoring the amidase along the
equatorial septum at the future division site [67,68,70]. Lipoteichoic acids have long
been discussed as potential ligands on the cell surface [50,51,71]. The work of
Yamada et al. supported this theory. They demonstrated that the amidase is associated
with cellular components protruding from the membrane of S. awreus protoplasts

(Figure 2.7) [67].
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Figure 2.7: Distribution of the AtlA amidase at the surface of an §. aureus protoplast
determined by gold labeling. Cells were treated with anti-Atl IgG and subsequently with gold-
labeled protein A. Arrows indicate the position of the Atl amidase. (A) Scanning electron microscopy.
(B) Transmission electron microscopy; bar=100 nm. Modified from [67].

Recent unpublished results that are part of this work further support the idea that
LTAs might serve as anchoring points for the major autolysins AtlE and AtA. The
crystal structure of repeats three and four (Rs4) of the CBR reveals distinct and
conserved patches of positive charge that would be suitable for accommodating a
negatively charged ligand such as LTA. Furthermore, R34 reveals structural homology
to the repeat domains of InlB from Listeria monocytogenes, which has been shown to bind

to LTAs [72].

2.3. X-RAY CRYSTALLOGRAPHY

The electromagnetic spectrum covers electromagnetic radiation of all wavelengths,
including visible light that has a wavelength of 350-750 nm. As light hits an object,
diffraction occurs and the object becomes visible to us. However, this applies only to
macroscopic and microscopic structures being larger than the wavelength of light. To
visualize smaller entities, electromagnetic radiation with a shorter wavelength such as
x-rays must be utilized. In x-ray diffraction experiments, macromolecules arranged in
a regular array, a crystal lattice, are typically exposed to x-ray radiation in the
wavelength of 0.5-2 A (0.05-0.15 nm), which is well suited to resolve carbon-carbon
bonds of 1.5 A length.
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2.3.1. THE PRINCIPLES OF DIFFRACTION

For protein structure determination x-rays are commonly generated with copper
anodes, which, upon bombardment with accelerated electrons, emit radiation at
specific wavelengths. Since only monochromatic radiation can be used, a filter
eliminates the less intense Kg-radiation, leaving only K,-radiation with a wavelength
of 1.54178 A. When such an x-ray beam impinges on a molecule, it diffracts by
interacting with electrons surrounding the nuclei of the atoms. This gives information
about the electron distribution in the molecule, finally resulting in an electron density
map. However, a single molecule would be a poor source to obtain useful diffraction
data from. It is far too weak a scatterer, letting most x-rays pass through, while the
ones being scattered would be barely distinguishable from noise. Furthermore,
radiation damage would destroy a single molecule rapidly. A prerequisite for
obtaining a protein structure is the growth of crystals of adequate size (50-800 um), in
which a large number of identical molecules are arranged in the same orientation. In
this sense, a crystal works as an amplifier by adding up diffraction waves and making

them measureable.

The smallest, identical repeating unit in a crystal is the unit cell with three defined
axes and three defined angles between them. As a mental construct for understanding
the principles of diffraction, one might imagine the unit cell being dissected by sets of
evenly spaced planes. These sets of planes are given three numbers according to their
intersection points with each cell axis, the AMiller indices (h,k]). In the Bragg model of
diffraction, diffraction is treated as reflection on such a set of parallel planes. Each set,
containing a certain number of atoms 1.e. density of electrons, acts hereby as a single
diffractor, producing one reflection [73]. X-ray radiation 1s an electromagnetic wave
with an amplitude and a phase. X-rays emerging from different planes can be out of
phase and interfere destructively, resulting in a wave with a smaller amplitude or
complete extinction. However, some waves add up constructively and produce a
reflection. This condition is described in Bragg’s law, which relates the path difference
between two x-rays to a multiple of the utilized wavelength A [74]. The path
difference is hereby dependent on the interplanar lattice spacing dna and the angle 0

under which the x-rays impinge on successive lattice planes (Figure 2.8, Equation 2.1).
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Figure 2.8: Bragg’s law. d, distance

between lattice planes; @ angle of
incidence. Modified from [75].

-
d

==

==

nA=2d,,,sinf (2.1)

The lattice observed upon diffraction 1s inversely related to the real lattice of the
crystal, and therefore called reciprocal lattice. Each lattice point (i.e. reflection) in
reciprocal space 1s linked to a set of parallel, real-space diffraction planes. In reciprocal
space Bragg’s law can be explained by construction of a reflection sphere with a radius
of 1/X around the crystal (Figure 2.9 A, B). This sphere is called Ewald sphere, after its
inventor Paul Peter Ewald [76]. Only reciprocal lattice points that lie on the surface of
the Ewald sphere under a given angle 6 meet Bragg’s law and can be recorded as
reflections on a detector. While a crystal is exposed to x-rays, it 1s constantly rotated
on an axis perpendicular to the beam. With the changing angle, more and more
reciprocal lattice points fulfil Bragg’s law and come in contact with the Ewald sphere.
These can then be observed as a typical diffraction pattern on a detector (Figure 2.9

Q).

Detector

Figure 2.9: The Ewald sphere. (A) Ewald sphere in two-dimensional representation; r, radius of
the sphere; A, x-ray wavelength; (h,k,l), coordinates of the reflection; d*=1/d. (B) Ewald sphere with
intersecting reciprocal lattice (red) and detector. (C) Section of a diffraction image. A, B modified from

[75].
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From the positions of the recorded reflections, the geometric parameters of the unit
cell can be determined. The intensities (I) are directly related to the amplitude of the
diffracted wave and contain information about the unit cell content (i.e. the number
and structure of the macromolecule). However, a reflection does not contain any
phase information. Thus, its structure factor (F), which describes the amplitude and
the phase of a diffracted wave, cannot be calculated. This 1s known as the phase problem.
The phases have to be obtained in a different process. Only then can an electron
density map be calculated by application of a Fourier transformation. A molecular

model is then built into this map.

2.3.2. METHODS OF PHASE DETERMINATION

Phases carry the bulk of structural information. They dominate the Fourier synthesis
and are therefore a prerequisite for the calculation of an electron density map.
However, starting phases obtained from a molecular replacement or derivatized
crystals might provide enough information to built a preliminary electron density map
that can then be further improved. Initial maps are often difficult to interpret due to

errors derived from poorly determined phases.

With more and more protein structures becoming available, molecular replacement is
a convenient method to obtain starting phases. It relies on a phase relationship to the
diffraction pattern of a similar (>30% sequence identity), already known structure,
which can be used as a search probe to fit the position of the target molecule in the
unit cell. Generally, molecular replacement is prone to phase bias caused by the phase

differences between probe and target.

A second, widely used method to obtain initial phase information 1s experimental
phasing. Experimental phasing is based on intensity differences in the diffraction data
of one or more datasets. We distinguish between anomalous/dispersive and
isomorphous difference data. The basics of this phasing approach are explained
easiest by the latter method, where we deal, in the simplest case, with two datasets
derived from two crystals, which have to be isomorphous. This is called single
wsomorphous replacement (SIR). One crystal is native, the other one soaked with a heavy
metal compound. The heavy atoms provide an additional source of diffraction and

give therefore rise to different reflection intensities in the native (Ip) and derivative
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data sets (Ion). The additional heavy atoms can be thought of as a substructure,
comprising only a few atoms. The phase of this substructure can therefore be
determined separately from intensity differences (I,u — Ip) by using phase independent
Patterson functions. The corresponding difference map, then, contains information
about the interatomic distances between the substructure atoms, represented as
contour peaks. This allows determination of the heavy metal positions in real space
and, consequently, calculation of the phase of the structure factor Fu. The structure
factor of the heavy atom derivative (Fpu) i1s the vector sum of the substructure
structure factor (Fu) and the structure factor of the native data (Fp) (Equation 2.2).
Knowing Fpn, and the reflection intensities Ipy and Ip makes it then possible to solve

the vector equation for Fp and to establish the starting phases of the native data.

F, =F+F, 2.2)

The correlation between Fpy, Fp and Fu can be visualized graphically with a Harker
construction (Figure 2.10). However, the initial phases obtain by SIR are still ambiguous
(Figure 2.10 C) and need to be further improved. This can be achieved by narrowing
down the phase angle using density modifications or multiple isomorphous replacement (MIR).

The latter method requires the preparation of further derivatives.

Figure 2.10: Vector diagram (A) and Harker construction (B, C). Vector lengths correspond
to reflection intensities, directions to the phase angle. (A) The structure factor Fpy for the heavy atom
derivative is the sum of contributions from the heavy atom substructure (Fu) and the native structure
(Fp). (B) The phase angle of Fu can be determined from the positions of the substructure atoms. All
points on the red circle equal the vector sum | Fpy |- Fu. (C) Equation (2.2) is fulfilled at points where
the green circle, drawn around a possible origin vector | Fp|, intersects with the red circle. The solution
from a single derivative is ambiguous; the intersections show two possible phase angles of Fp. Modified
from [73].
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The ability of atoms to absorb x-rays displays a second source for intensity differences
in diffraction data and can be used in phase determination. Hard x-rays (short
wavelength) with a high energy are less likely to be absorbed than low energy, soft x-
rays (long wavelength). When an atom absorbs x-rays of a certain wavelength it
oscillates, and resonance occurs. Energy transfer is then possible, and an electron can
get ejected from one of the atoms shells. This point is called absorption edge and specific
for every atom. The closer the shell is to the nucleus, the tighter an electron is bound
and the higher the energy that is required to eject it. The departing electron leaves a
gap 1n the electron configuration of the respective shell and transfers the atom into an
lonized, excited state, which can be relaxed by filling up the gap with an electron from

a higher shell. This results in characteristic x-ray emissions.

Especially heavy elements possess several, higher shells and absorption edges in the
range of x-ray wavelengths commonly used in diffraction experiments. They are
therefore particularly useful in experimental phasing. X-ray emissions at or close to
the absorption edge are partially altered in phase. This adds a contribution to the
normal, angle-dependent atomic scattering factor: The anomalous, wavelength-
dependent scattering factor. As a consequence, Friedel’s law is violated and Friedel pairs
are no longer equal in intensity. Friedel pairs are symmetry related (inversion through
the origin) Bragg reflections and according to Friedel’s law equal in intensity and
opposite in phase under normal scattering. These anomalous differences are utilized
in a single anomalous diffraction (SAD) experiment, where diffraction data is collected at
the absorption edge of a specific heavy atom present in the crystal. If diffraction data
1s collected at several wavelengths in a multiple anomalous diffraction (MAD) experiment
dispersive differences are additionally present. Due to the influence of the wavelength-
dependent scattering factor, data collected at, close to and beyond the absorption edge

differ in individual reflection intensities.

Anomalous/dispersive difference data can also be used in conjunction with
isomorphous difference data to overcome the phase ambiguity. Such combinations are

single isomorphous replacement anomalous signal (SIRAS) and multiple isomorphous replacement

anomalous signal (MIRAS).
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3. AIMS

Peptidoglycan, the unique component of the bacterial cell wall, is a highly dynamic
structure that continuously needs to be degraded and synthesized during bacterial
growth and division. Autolysins, such as AtlE from S. epidermidis play a pivotal role in

this process and therefore display appealing targets for drug design.

At the beginning of this project, functional data on AtlE, which mainly based on
characterization of deletion mutants, was already available. It was further known that
the AtlE amidase consists of an N-terminal catalytic domain and a CBR, which is
necessary for targeting to the septum region. In 2006, the work of Biwas et al. revealed
crucial insights in the enzymatic function [64]. They determined the exacted PGN
cleavage site of AmiE and laid thereby the foundation for further, more detailed
investigations of the enzyme-substrate interaction. However, not much was known
about an interaction partner of the repeat domains R4 that is likely to be present
exclusively in the septum region. Lipoteichoic acids were under discussion, but no
direct proof had been carried out. Detailed, atomic level information on an enzyme-
substrate complex is a prerequisite for the design of specific inhibitors and x-ray

crystallography is a suitable tool to gain such insights.

The aim of this work was to define the substrates of the AtlE. amidase as well as to
determine its crystal structure both alone and in complex with putative interaction
partners. The experiments conducted in the course of this thesis, attempted to answer

the following questions:

* No structural homologues can be predicted form the primary sequences. What
are the tertiary structures of AmiE and Rj.4?

*  What are the molecular details of AmiE driven PGIN hydrolysis? How does the
catalytic mechanism work?

* Do teichoic acids bind to Rj.4?
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* Peptidoglycan and teichoic acids are highly diverse structures. What are key
motifs of the ligands, accounting for species-specific recognition?

* The putative interaction partners of the AtIE amidase are polymeric
molecules. How can we design ligands suitable for crystallization?

* The AtE amidase comprises several domains of different function. Do these
domains interact? Could this display a mechanism to regulate the enzymatic

activity?

Answering these questions will provide the basis for the formulation of a mechanism
that contributes to the elucidation of the molecular processes during cell division.
Detailed insights into these processes will promote the approach of rational drug

design and eventually lead to the development of a new class of antibiotics.
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4. RESULTS AND DISCUSSION

4.1. DEVELOPMENT OF A NOVEL FLUORESCENT SUBSTRATE
FOR AUTOLYSIN E, A BACTERIAL TYPE II AMIDASE

Lutzner N, Pitzold B, Zoll S, Stehle T, Kalbacher H (2009)
Development of a novel fluorescent substrate for Autolysin E, a bacterial type
IT amidase. Biochem Biophys Res Commun. pp. 554-558.

Autolysin activity measurements commonly rely on zymograms, PGN turbidity assays
or whole cell lysis assays. These methods are reliable and produce satisfactory results if
a qualitative argument regarding presence or absence of activity is required. However,
the above methods are time consuming, insensitive and particularly unsuitable for

quantification of educt turnover.

Based on the structure of a PGN fragment, a synthetic substrate with the sequence
Mca!-Ala-D-iGIn-Lys(Dnp)?-D-Ala-Arg-OH was designed. The fluorophore Mca
replaced hereby the disaccharide MurNAc-GIcNAc, which was considered negligible
for specific binding based on the previous finding that the GIcNAc moiety is not
essential for binding and the MurNac moiety only engaged in few contacts [77].
Furthermore, disaccharide linked peptides are notoriously difficult to synthesize. The
Mca-group is connected to the first amino acid of the peptide stem via an amide bond,
thereby mimicking the configuration of the native structure. Internal quenching of the
fluorescence is achieved by the Dnp-group, which is located in close vicinity, linked to
the e-amino group of lysine. The latter design was chosen for two reasons: Firstly, the
proximity to the fluorescence reporter leads to high quenching efficiency and
secondly, with the lysine g-amino group also further linked in native PGN, a
modification at this position was likely to be tolerated. The arginine present at the C-
terminus of the fluorescent substrate is absent in the native form, but had to be added
for practical reasons. Initial designs, lacking the terminal arginine, showed good

fluorescence, but suffered from low solubility.

L (7-Methoxycoumarin-4-yl)-acetyl
2 2,4-dinitrophenyl
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This substrate was used in digestion assays together with AmiE, the catalytic domain
of the AtIE amidase. Following excitation at 325 nm, enzymatic activity was
monitored by fluorescence of the cleaved reporter group at 392 nm. The substrate
turnover within a given time frame could then be quantified by the amount of
fluorescence emission. An important advantage of the developed fluorescent substrate
1s its usability in continuous measurements. Such measurements can be conducted in a
fast, eflicient manner while the turnover of conventional substrates has to be analyzed
at distinct time points. This was demonstrated in various assays. A pH profile of AmiE
revealed a broad activity range with over 80% residual activity between pH 5.7 and 9.
Autolysin E 1s an extracellular enzyme and has to face changing environmental
conditions. A broad tolerance spectrum is therefore mandatory.  Further
measurements in continuous mode were undertaken with inhibitor substances. EDTA
and phenantroline are known zinc-chelating inhibitors of metalloenzymes that
completely blocked the activity of AmiE at millimolar concentrations. However, with
Benzoyl-Arg-pNOg-aniline a new type of inhibitor could be identified. A significantly
reduced enzymatic activity was already observable at 1 mM, while a ten-fold higher

concentration resulted in complete inhibition.

By replacing the sugar moiety and adding a quencher group and a terminal arginine it
became clear that AmiE tolerates vast modifications of its natural substrate. To further
define the substrate specificity of AmiE, the established fluorescence assay was
conducted with several substrate derivatives differing in the composition of their
peptide stems. Interestingly, it was found that modifications of the second amino acid
have a profound impact on substrate recognition. While changing D-iGIn to D-1Glu
only resulted in reduced affinity, the presence of a standard glutamine (D-Gln)
completely abolished binding. Gram-positive bacteria show many variations in their
peptide stem depending on species, strain and environmental conditions. However,
(almost) no variations occur at the second position (table 1), rendering the isoform of
glutamine one of the most conserved features of PGN. The extended backbone of the
isoform 1s likely to be essential for proper positioning in the active centre of AmiE.
Changing it to the standard conformation results in a major structural rearrangement
that cannot be tolerated by the enzyme. Surprisingly, substrates with one or two
glycine residues, C-terminal of the alanine in the fourth position, were also not

recognized by AmiE. Although this arrangement is also present in the native PGN
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substrate, it might well be that the enzyme only accepts substrates that were pre-
processed in a specific way. Such substrates could have glycine residues attached to
the lysine in third position or completely lack the contribution of the interpeptide
bridge. Another possible explanation could be that the longer glycine derivatives

adopted an unfavorable conformation that prevented recognition by AmiE.

The quenchable fluorescent substrate described here is a powerful tool for
quantitative, sensitive and fast activity measurements of N-Acetylmuramyl-L-alanine
amidases. Its easy modification makes it also particularly useful in screening derivative
libraries to test upon enzymatic specificity. However, absolute kinetic parameters
obtained with this substrate have to be treated with care due to the named

substitutions.

4.2. ROLE OF STAPHYLOCOCCAL WALL TEICHOIC ACID IN
TARGETING THE MAJOR AUTOLYSIN ATL

Schlag M, Biswas R, Krismer B, Kohler T, Zoll S, Yu W, Schwarz
H, Peschel A, Gétz F (2010) Role of staphylococcal wall teichoic acid in
targeting the major autolysin Atl. Molecular Microbiology. pp. 864-873.

The major autolysins from S. epidermidis (AE) and S. aureus (AtlA) are key enzymes of
the cell division machinery and have as such been objects of extensive studies over the
last decades. It was shown that autolysins are exclusively present in the septum
marking the future division site, and that the C-terminal repeat domains Ri.4 are
responsible for the targeting [67,70]. However, the mechanisms that underlie these

observations have remained unknown.

Teichoic acids have long been discussed as potential interaction partners and
regulators of autolysin activity. The WTA deficient S. aureus SA113 mutant AtagO
therefore displayed a valuable tool for a detailed investigation of autolysin regulation.
In comparative cell lysis assays a significantly faster lysis rate was observed for the
AtagO mutant after induction of autolysis. Furthermore, the mutant did also reveal

significant differences in cell morphology and size compared to the wildtype. In
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scanning and transmission electron microscopic images many bobble- and hairy-like
protrusions could be observed on the entire surface of the mutant, suggesting a
massive degradation of the cell wall. Especially, AtagO cells isolated at later time
points after induction of autolysis were showing pronounced phenotypes. The
observed phenotypes were consistent with the results from HPLC profiles showing
decreased amounts of highly crosslinked PGN in the AtqgO mutant. In comparison,
the wildtype cell wall appeared to be completely smooth and had a normal degree of
crosslinking. These findings lead to the hypothesis that the lack of WTAs in the AtagO
mutant might be connected to an increased activity of cell wall degrading enzymes
such as autolysins. However, it cannot be ruled out completely that the decreased
PGN crosslinking observed in the WTA deficient mutant was a side effect of the

knockout.

The question remained whether the increased lysis rate and cell wall degradation
observed in the AtagO mutant resulted from a higher susceptibility towards autolysins
or a higher binding capacity. To answer this, the binding of externally applied,
fluorescence-labeled repeat domains (Rj.4) to living cells was investigated. Indeed, a
1.6-fold higher fluorescence emission compared to the wildtype suggested an
increased presence of repeats on the cell surface of the WTA deficient mutant. It
could be shown that this finding resulted from an altered spatial distribution of the
Cyb-labled repeats. While Cy5-R.4 clustered in the wildtype, as expected, exclusively
in the septum region, the protein was evenly distributed over the entire cell envelope
in the WTA deficient mutant. In wildtype S. aureus cells, WT'As are ubiquitously
present on the surface. This likely prevents autolysins from binding randomly and
directs them to the only region that is lacking WT'As, the septum. The same result was
obtained with endogenously expressed amidase, which confirmed the hypothesis that
targeting of autolysins is based on an avoidance strategy towards WTAs. However, for
immunofluorescence detection of the native amidase, protein A deficient mutants
(Aspa and Aspa/AtagO, respectively) had to be used in order to avoid unspecific
antibody binding.

Incorporation of WTAs occurs preferentially at sites of high PGIN biosynthesis such as
the septum at the future division site. This contradicted the hypothesis that septum
localization of autolysins 1s the result of WTA avoidance. To confirm that WTAs are

indeed absent in the septum region, localization studies with a fluorescence-labeled
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lectin that recognizes teichoic acids were conducted. Unfortunately, the Concanavalin
A-fluorescein conjugate (ConA-FITC) binds WTAs as well as L'TAs. Therefore, the
removal of LTAs by SDS treatment was crucial to obtain conclusive results. ConA-
FITC fluorescence visualized the distribution of WTA on the surface of wildtype cells
as two crescents with a gap in the septum region. The fluorescence gradually
increased then with distance from the septum. These findings clearly confirmed that
the septum is either completely devoid of WTAs or exhibits a WTA content that 1s to
low to result in detectable fluorescence. As expected, the ConA-FITC treated AtagO

mutant did not show any fluorescence.

The results described here provided for the first time evidence that teichoic acids
regulate autolysin activity. However, WT'As do not interact directly with autolysins.
They prevent binding of autolysins and thereby direct the enzymes to the WTA-
devoid septum. A specific interaction partner 1s likely to be located here, but still has

to be 1dentified.

4.3. STRUCTURAL BASIS OF CELL WALL CLEAVAGE BY A
STAPHYLOCOCCAL AUTOLYSIN

Zoll S, Pitzold B, Schlag M, Gotz F, Kalbacher H, Stehle, T (2010)
Structural basis of cell wall cleavage by a staphylococcal autolysin. PLoS
Pathog. pp. e1000807

Structural information is a prerequisite for a detailed and comprehensive
understanding of enzymatic function and the basis for the design of specific inhibitors
that can be applied in treatment of infectious diseases. AmikE, the catalytic domain of
the major autolysin E was crystallized and its structure determined at 1.7A resolution.
In conjunction with functional studies, the molecular model of AmiE did not only
provide crucial insights into the mechanism of PGN recognition and cleavage, but

also revealed an unpredicted homology to PGRPs.

AmiE adopts a globular fold with a central, six-stranded B-sheet, surrounded by seven

a-helices. The centre of the B-sheet forms the bottom of a large, solvent exposed
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groove, which measures about 28 by 10 A and harbors a zinc ion. The presence of the
zinc 1on in the centre of this area was visualized by utilizing the anomalous scattering
contributions of zinc at a specific wavelength to calculate an anomalous difference
Fourier map. A water molecule and the side chains of residues H60, H165 and D179
enclose the zinc ion in a tetrahedral coordination sphere, an arrangement that is
common 1in the active centre of zinc-dependent metalloenzymes. The side chains of
H177 and E119 are 4.5 A and 4.9 A, respectively, apart from the zinc ion. Both
amino acids are not part of the coordination sphere but take over pivotal roles in a
probable model of catalysis. Here, the carboxyl-group of the E119 side chain would
act as a proton shuttle and facilitate a water-mediated nucleophilic attack on the
amide bond between the lactyl moiety of MurNAc and L-Alanine. The protonated
side chain of H177 might then serve to stabilize the developing negative charge of the
transition state. All amino acids participating in the catalytic cycle cluster in the centre
of the solvent exposed groove and are strictly conserved based on a multiple sequence
alignment with 28 homologous proteins. Altogether, only 10 out of 213 amino acids in
AmiE are strictly conserved. Together with amino acids that possess a lower degree of
conservation these residues delineate the entire groove while the remaining surface of
AmiE is almost completely devoid of conserved patches. The significantly high
conservation of amino acids, the presence of the zinc ion and the overall topology
were strong arguments to consider the mentioned groove to be the binding area of a
PGN derived substrate. This insight that was later used to define the starting point of

a molecular docking approach.

In order to verify the proposed critical roll of the zinc ion in catalysis, inactive mutants
of AmiE were generated. The coordinating amino acids H60 and D179 as well as
H177 were separately mutated to alanine and the purified proteins subjected to
activity tests using PGN lysis assays and zymograms. In comparison to the native
enzymes, all three mutations resulted in a loss of activity. This result could be
confirmed in @ wvwo studies. The H60A, DI79A and HI77A mutations were
introduced into the pRC20 plasmid that encodes the native amidase and is used to
complement the S. aureus SA113AatlA mutant. The Aat/A mutant has a severe growth
defect, resulting in large cell clusters that quickly sediment. S. aureus cells that carried
the H60A and DI179A mutation on the complementation plasmid matched the

phenotype of the deletion mutant, suggesting that the expressed proteins are not
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functional. The H177A mutation had a milder effect i vwo. The expressed amidase
could partially restore the Aat/A phenotype to wildtype. The results obtained in  vitro
and i vwo studies clearly confirmed the structure-based postulated roles of amino
acids H60, D179 and H177 in the catalytic cycle of AmiE. H60 and D179 are zinc-
coordinating residues. Their mutation led to a loss of the zinc-ion and, consequently,
to a complete loss of enzymatic activity. H177 is not part of the zinc coordination
sphere and its mutation did therefore not result in a loss of the zinc. However, due to
its possible role in stabilizing the transition state, the enzymatic function of the H177A
mutant was impaired i vwo. The in vitro assay was most likely not sensitive enough to

distinguish between a loss of activity and decelerated reaction kinetics.

The introduction of amino acid mutations may cause conformational changes in a
protein. In order to rule out that the lack of activity observed for the mutant enzymes
was the result of impaired substrate binding, affinity measurements with biotin-labeled
N-acetymuramyl-L-alanyl-D-iso-glutamyl-L-lysine  (Muramyltripeptide, MTP), a
PGN-fragment, were conducted. The ELISA assay showed that all catalytically
inactive enzymes are still able to recognize a PGN substrate. The H60A and D179A
mutants showed a slightly lower affinity to M'TP than the native enzyme while binding
of the H177A mutant resulted in a higher signal. A possible explanation could be that
the absence of the bulky histidine side chain reduced conformational stress on the

substrate and thereby allowed for a facilitated binding.

PGN is a large, reticular macromolecule and as such unsuitable for crystallization of
an amidase-substrate complex. It was therefore pivotal to define a PGN minimal
substrate that is still recognized by AmiE. What are key determinants of binding? It
was already known that AmiE does not tolerate a glutamine in a standard
conformation at the second position of the peptide stem [78]. The isoform (D-iGln) is
essential for binding. However, it could be demonstrated that, besides the specific
orientation of the second amino acid, the presence of a third amino acid is crucial for
binding. Neither N-acetylmuramyl-L-alanyl-D-iso-glutamine (Muramyldipeptide,
MDP) nor N-acetyl-D-glucosaminyl-(f1,4)-N-acetylmuramyl-L-alanyl-D-iso-
glutamine (Glucosaminyl-muramyldipeptide, GMDP) were processed as could be
judged by HPLC and ESI mass spectrometry. A cleavage product was only detected
after incubation with MTP. MTP was not available commercially and had to be

synthesized as part of this work.
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To further investigate the influence of the side chain of the third amino acid on
binding, digestion assays with M'TP derivatives were performed. Substrates with one,
two or three glycine residues attached to the lysine side chain were prepared as well as
a substrate in which the lysine is replaced by an alanine. For each derivative the sugar
moiety was replaced by a Mca-group that was known to have little effect on substrate
recognition. A Lys-substrate without additional glycines served as a reference. All
substrates were cleaved by AmiE. Surprisingly, the Lys-substrate was cleaved
significantly faster than the Lys(Gly)s-substrates, which were all processed equally well.
Although the exact number of glycine residues tethered to the amino-group of lysine
in a native PGN substrate is not known, the Lys(Gly)s-substrates matched the native
state far better than the charged amino-group present in the Lys-substrate. The
additional charge might have led to an artificially enhanced binding that resulted in
the increased cleavage rate. The number of glycine residues, however, did not
influence the cleavage rate, which pointed to a minor role of the interpeptide bridge in
substrate recognition. The Ala-substrate showed the slowest rate of cleavage. In
comparison to the Lys(Gly)s-substrates only half of the educt was cleaved within the
same time. The lysine side chain enhanced binding but its absence in the Ala-
substrate did not prevent it. This suggested only a minor impact of the lysine side
chain on substrate recognition and raised the idea that the main chain atoms of third

amino acid could be mainly responsible for key interaction with AmikE.

Molecular docking of M'TP supported the findings of the digestion assay and provided
further evidence for a crucial role of D-iGln in substrate recognition. In the model, D-
1GIn forms 6 out of the total 10 hydrogen bonds with the enzyme. Main chain atoms
at both ends of the residue as well as side chain atoms are engaged in contacts.
Equivalent contacts would not be possible with a standard glutamic acid residue,
which stresses the importance of the isoform for substrate recognition. The strictly
conserved N112 forms hydrogen bonds to the side chain nitrogen and the two main-
chain carbonyl oxygen atoms of D-iGln and L-Lys. N112 is not only structurally
conserved in bacterial amidases, but also in all catalytic and non-catalytic PGRPs
sharing the amidase fold, which suggests highly similar modes of substrate recognition.
In the model, no hydrogen bonds are present between the lysine side chain of the
substrate and residues of the AmiE binding groove, supporting the assumption that

key interactions are restricted to the main chain atoms of the third amino acid. The
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lysine side chain 1s held in place by van der Waals interactions with the aromatic ring
of W105. The model also indicates the possibility for a cation-t bond between the
charged e-amino group of the lysine side chain and W105, which would provide an
explanation for the enhanced binding of the Lys-substrate observed in the digestion

assay.

The structural and functional characterization of AmiE revealed the determinants of
enzyme-substrate recognition and established a plausible model of AmiE in complex
with a PGN-fragment. However, the data did not explain how species-specific binding
of the amidase is ensured. Only a few PGN consensus motifs, present in the cell walls
of most bacteria, are required for recognition by AmiE and structurally related
proteins. It is therefore likely that a highly selective binding of autolysins is associated

with the C-terminal domain R 4.

4.4. THE STRUCTURAL BASIS OF STAPHYLOCOCCAL CELL
WALL RECOGNITION BY SH3B DOMAINS

Zoll S, Schlag M, Gotz F, Stehle T. The structural basis of staphylococcal
cell wall recognition by SH3b domains. To be published.

Many cell wall associated bacterial enzymes contain small, repetitive domains that
target them to specific receptors on the surface [79]. These repeat domains vary in
number and orientation relative to the catalytic domains they are attached to [79].
Although being present in a number of well-characterized murein hydrolases, only
few structures of repeat domains are available and little i1s known about their

interaction partners [80].

The cell wall binding region of the AtlE amidase comprises four repeat domains that
connect C-terminal to the catalytic domain. The sequence and structural similarity
between every second repeat is higher than between adjacent ones, which are
connected via an extensive network of hydrogen bonds. Ri9 and R34 form tandem-

domains and are connected to each other and the catalytic domain via spacers that

32



RESULTS AND DISCUSSION

are approx. 15 amino acid long. The crystal structure of repeat three and four (Rs4)
was solved at 2.9 A. Both domains have a half open beta-barrel conformation and
belong to the family of prokaryotic SH3 related domains (SH3b). A superposition of
Rs3 and R4 revealed that structural differences are most evident in the loop regions.
The structurally conserved [-sheets represent central platforms of the fold and are
roofed by the large, projecting RT-loops. Conserved surface patches are present at
contact points between the tips of the RT-loops and the central sheets. Interestingly,

these areas lie on opposite sites of the protein and show different topologies.

In staphylococci no evidence has been provided for an interaction between amidase
repeats and cell wall associated substrates such as LTAs. To address the question
whether such interactions occur, binding-impaired mutants of the repeat domains
were generated in which putative substrate bindings pockets are inaccessible. These
mutants are currently being tested for their ability to attach to staphylococcal cell

walls. However, conclusive results from these studies are not yet available.

33



SUMMARY

5. SUMMARY

S. aureus and S. epidermidis are among the main causes of nosocomial infections.
Treatment of hospital-acquired infections became a challenge since the number of
staphylococcus strains with multiple antibiotic resistances increased steadily over the
last decades. This emphasized the need for a new class of antibiotics that act on new
targets. The major autolysins AtIE and AtlA of S. epidermidis and S. aureus, respectively,
represent such targets. Both enzymes are crucial for cell viability. They take over key

roles in cell division where they are responsible for the separation of daughter cells.

The high-resolution structure of AmikE revealed for the first time detailed insights into
the enzymatic function of a staphylococcal murein hydrolase and thereby provided
the basis for the formulation of a likely mechanism of catalysis. PGN, the substrate of
AmiE, is a large, polymeric macromolecule and as such not well suited for
crystallization or affinity measurements. Although smaller fragments can be isolated
from staphylococcal cell walls, their length and composition is highly dependent on
the specific cleavage sites of the different murein hydrolases being used in this process.
Furthermore, such purifications may not be completely monodispers. With the
synthesis of PGN fluorescent substrates, however, a method was established that
offered the possibility to produce substrates of defined length and high purity. Easy
modifiability of the synthetic substrates also allowed probing the influence of amino
acid substitutions on substrate recognition. In this thesis, a library of synthetic PGN
substrates was constructed. The availability of a large range of substrates differing in
length and composition of the peptide stem made it possible to define key motifs of
PGN. It could be demonstrated that the presence of a third amino acid in the peptide
stem as well as the isoform of glutamine in the second position are essential for
recognition by AmiE. The carbohydrate moiety and the side chain of the third amino
acid play only minor roles. These findings could be confirmed in a docking model.
Structural comparisons with other proteins sharing the amidase-fold revealed
common features in the substrate grooves, which points to an evolutionary conserved

mechanism of PGN recognition.
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Contrary to previous assumptions according to which the CBR of the AtlE amidase
contained only two repeat domains, the crystal structure of R34 suggests the presence
of four domains that belong to the family of SH3b domains. The sequence and
structural similarity between every second repeat in the CBR is higher than between
adjacent ones, which are connected via an extensive network of hydrogen bonds. A
distinct patch of conserved residues could be located on opposite sides of each repeat
in the R34 molecule. Both patches cover recessed areas with a strong electropositive
potential, which might serve as binding pockets for negatively charged ligands such as

teichoic acids.

However, WTAs are not interaction partners of the repeat domains. It could be
demonstrated that targeting of the AtlE amidase to the septum region is driven by an
avoidance strategy towards W'TAs, which are absent in this region. In the WTA-
deficient S. aureus AtagO mutant, binding of autolysins could be observed on the entire
cell surface. The spatial distribution of L'TAs on staphylococcal cell walls 1s not known
so far. However, based on the position of the LTA synthase LtaS, Schirner et al.
proposed a septum localization of L'TAs for Bacillus subtilis [81], a finding that could
also apply to Staphylococci. The putative septum localization, the charge
complementarities between repeats and L'TAs and the fact that binding of LTA was
demonstrated for the InlB CBR [72], a structural homologue of the autolysin CBR,
are pieces of evidence indicating that L'TAs might serve as anchoring points for the
major autolysins in the septum. Nevertheless, it has to be clarified if such an
interaction would be specific and how autolysins are able to distinguish between

molecules that are chemically and structurally as similar as WTAs and LTAs.
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6. ZUSAMMENFASSUNG

S. aureus und S. epidermidis gehoren zu den Haupterregern nosokomialer Infektionen.
Die Behandlung dieser Infektionen wurde in den letzten Jahrzehnten zu einer
ernstzunehmenden Herausforderung, da die Zahl multiresistenter
Staphylokokkenstamme stetig anstieg. Diese Tatsache betont die Notwendigkeit eine
neue Klasse von Antibiotika zu entwickeln welche sich in ihrer Wirkungsweise von
bisherigen Praparaten unterscheidet. Die Autolysine AtE und AtIA von S. epidermidis
und S. auwreus ibernehmen wichtige Rollen in der Zellteilung und stellen somit
mogliche Ansatzpunkte fiir neue Antibiotika dar.

Die hochauflésende Kristallstruktur von AmikE ermoglichte zum ersten Mal einen
detaillierten Einblick in die enzymatische Funktion einer Staphylokokken-
Mureinhydrolase. Basierend auf diesen Erkenntnissen konnte ein wahrscheinlicher
Katalysemechanismus formuliert werden. Peptidoglykan (PGN), welches von AmiE
als Substrat verwendet wird, ist ein polymeres Makromolekiil welches sich aufgrund
dieser Eigenschaften nicht fir die Kristallisation oder Affinitatsmessungen eignet.
Obwohl eine Isolierung kleinerer Fragmente aus der Zellwand von Staphylokokken
moglich 1ist, ist die Lange und Zusammensetzung dieser Fragmente von den
spezifischen Spaltstellen der Mureinhydrolasen abhdngig, die hierfir verwendet
werden. Dariiber hinaus sind solche Reinigungen nicht vollstandig monodispers. Die
Synthese von PGN Fluoreszenzsubstraten ermoglichte es hingegen, Substrate
definierter Lange und hoher Reinheit herzustellen. Die Modifizierbarkeit dieser
Substrate erlaubte es auBerdem den Einfluss von Substitutionen im Peptidanteil auf
die Substraterkennung zu untersuchen. Im Verlauf dieser Arbeit wurde eine Vielzahl
von Substraten synthetisiert welche sich in Lange und Zusammensetzung ihres
Peptidanteils unterscheiden. Unter Verwendung dieser Substratderivate konnten
schlieBlich PGN Motive definiert werden die eine Schliisselposition einnehmen. Es
konnte gezeigt werden, dass die Anwesenheit einer dritten Aminosaure im Peptid
sowie ein Glutamin-Isomer in der zweiten Position essentiell fiir die
Substraterkennung sind. Der Kohlenhydratanteil und die Seitenkette der dritten

Aminosaure sind hingegen von geringerer Bedeutung. Diese Ergebnisse konnten in
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einem Docking-Modell bestatigt werden. Strukturelle Vergleiche mit anderen
Proteinen welche eine ahnliche Tertiarstruktur aufweisen lieBen auBerdem
gemeinsame Merkmale in der Substrattasche erkennen, was auf einen evolutionidr
konservierten Mechanismus der PGN Erkennung hindeutet.

Entgegen fruheren Annahmen, beziiglich welcher die Zellwandbinderegion (ZBR)
der AtlE Amidase nur zweil Repeat Domanen umfasst, lasst die Kristallstruktur von
R34 die Anwesenheit von vier Doméanen vermuten, welche zur Familie der SH3b
Domainen gehoren. Die Aminosauresequenzen jedes zweiten Repeats in der ZBR sind
hierbei ahnlicher zueinander als die Sequenzen benachbarter Repeats, welche
miteinander tiber ein ausgedehntes Wasserstoffbriickennetzwerk verbunden sind. Ein
definierter =~ Bereich  konservierter = Aminosauren  konnte auf  einander
gegeniiberliegenden Seiten jedes Repeat im R s.-Molekiil identifiziert werden. Beide
Bereiche liegen in Vertiefungen der Molekiiloberfliche und weisen zudem ein hohes,
elektropositives Potential auf. Es ist daher denkbar, dass diese Regionen als
Bindungstaschen fiir stark negativ geladene Liganden wie z.B. Teichonsauren dienen
konnten.

Es konnte allerdings gezeigt werden, dass Wandteichonsauren (WTS) nicht als
Interaktionspartner der Repeat-Domanen in Frage kommen. Die zielgerichtete
Bindung der AtE Amidase in der Septumregion ist das Resultat einer
Vermeidungsstrategie gegenitber WT'S, die in dieser Region fehlen. In der WTS-
defizienten S. aureus AtagO Mutante konnte die Bindung der AE Amidase hingegen
auf der gesamten Zelloberfliche beobachtet werden. Uber die raumliche Verteilung
von Lipoteichonsduren (LTS) auf Staphylokokkenzellwidnden ist bisher nichts
bekannt. Allerdings schlugen Schirner et al., basierend auf der Position der LTS-
Synthase LtaS, eine Septumlokalisation von LTS fir Bacillus subtilis vor [81]. Eine
entsprechende Lokalisierung ist auch in Staphylokokken vorstellbar wo LTS dazu
dienen konnten Autolysine in der Teilungsebene zu positionieren. Die
Ladungskomplementaritat beider Molekiile sowie der Nachweis einer Interaktion
zwischen LTS und der Zellwandbinderegion von InlB [72], welche homolog zur ZBR
von AtlE ist, unterstiitzen diese Annahme. Es bleibt jedoch zu kliren ob eine
Interaktion zwischen Autolysinen und LTS spezifisch ist und wie es Autolysinen
gelingt zwischen chemisch und strukturell ahnlichen Molekilen wie WT'S und LTS zu

differenzieren.
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The bifunctional Autolysin E from Staphylococcus epidermidis, contains a Zn?*-dependent N-acetylmura-
moyl-L-alanine amidase AmiE (EC 3.5.1.28). This enzyme hydrolyzes the amide bond between the carbo-
hydrate chain and the peptide stem of bacterial peptidoglycan. Since peptidoglycan is the mayor
component of bacterial cell walls, type Il amidases like Autolysin E play an essential role in the bacterial
life cycle. Therefore bacterial amidases are appropriate drug targets in the development of antibiotics.

?ey";o;ds" dormidi The drug discovery process relies on sensitive enzyme assay systems to test possible lead candidates
Bti‘;%lym gcocms eptdermudis for enzyme inhibition. However, specific determination of bacterial amidase activity is complicated

because a simple and accurate enzyme assay is currently unavailable. In this study we developed a sen-
sitive fluorescent substrate for the type Il amidase Autolysin E from S. epidermidis, which is suitable for
quantifying amidase activity in a high throughput compatible fashion. Using derivatives of the substrate
Mca-Ala-p-isoGIn-Lys(Dnp)-p-Ala-Arg-OH, we were further able to characterize the amidase substrate

Peptidoglycan
Biomaterial-related infection
Antibiotics

Amidase enzyme assay

N-acetylmuramoyl-i-alanine amidase
Autolysin E (EC 3.5.1.28)

specificity of Autolysin E.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Since the discovery of Penicillin in the year 1928, antibiotics be-
came quickly one of the mayor weapons in the fight against bacte-
rial infections. However, bacteria have become resistant to some of
these antibiotics and there are a large number of multi-resistant
bacteria strains today. The first Staphylococci strains being resistant
to antibiotics were discovered in 1968 [1,2] and are now frequently
found in hospitals. Especially Staphylococcus epidermidis is the
cause for complicated infections after implantation of artificial
prostheses, central venous catheters, pacemakers and cerebrospi-
nal fluid shunts [3]. One reason for this is its ubiquitous presence
on human skin, another is its ability to adhere to biomaterials
and form stable biofilms [4-6]. In microbial biofilms adherent bac-
teria are encased by a polymeric matrix, which protects them from
antibiotic action and from the immune system. Therefore, treat-
ment of a bacterial infection is extremely difficult when a biofilm
has been formed. Cells lacking type Il amidases like Autolysin E

Abbreviations: AmiE, amidase domain of Autolysin E; AtIE, Autolysin E; Dnp, 2,4-
dinitrophenyl; Mca, 7-methoxycoumarin-4-yl-acetyl
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sity of Tiibingen, Ob dem Himmelreich 7, 72074 Tiibingen, Germany. Fax: +49 7071
294507.
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URL: http://www.kalbacher.uni-tuebingen.de (H. Kalbacher).
1 These two authors contributed equally to this work.

0006-291X/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2009.01.140

(AtIE), or its homolog Autolysin A from Staphylococcus aureus, form
large clusters and are hindered in biofilm formation [7]. This sup-
ports not only a specific role of AtlE in proliferation and primary
adhesion, but also validates AtIE as an appropriate drug target.

AItE is the major peptidoglycan hydrolase from S. epidermidis
and comprises a signal peptide, a pro-peptide, an amidase domain
(AmiE), which is linked by three consecutive repeat domains to a
glucosaminidase domain [9]. AmiE is a Zn?*-dependent N-acetylm-
uramoyl-L-alanine amidase, an enzyme that is involved in bacterial
cell wall metabolism. Polymeric peptidoglycans are the main com-
pounds of the bacterial cell wall, consisting of alternating N-acetyl-
glucosamine and N-acetylmuramic acid glycan chains, which are
cross-linked via short peptide stems. The carboxyl group of N-acet-
ylmuramic acid forms an amide bond with the L-Ala residue of the
peptide stem [8]. This amide bond is hydrolyzed by type Il ami-
dases like AtIE.

Although bacterial type Il amidase inhibitors have been pro-
posed as antibacterial agents and the drug discovery process relies
on sensitive enzyme assay systems, specific determination of bac-
terial amidase activity is complicated because a simple and accu-
rate enzyme assay is currently not available. Known substrates,
like peptidoglycan itself or disaccharide linked peptides, are diffi-
cult to synthesize and purify. Moreover, they do not offer the pos-
sibility of a continuous measurement, and are therefore not high
throughput compatible. This prohibits the screening of large com-
pound libraries. In this study we present for the first time such an
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assay system, allowing the quantification of amidase activity and
inhibitory effects in a high throughput compatible fashion. The
newly designed fluorescent substrate is based on the sequence
Mca-Ala-p-isoGIn-Lys(Dnp)-p-Ala-Arg-OH, which shows a single
cleavage site between Mca and Ala. The fluorescence of the N-ter-
minal Mca is quenched by the Dnp group. Such internally
quenched fluorescent substrates are normally used to study prote-
ase activity [10], but have never been used to study amidase activ-
ity. Using derivatives of the described substrate and determining
their kinetic constants, we were further able to characterize the
amidase substrate specificity of AtlE. We find that the sugar part
of peptidoglycan-like substrates is not essential for the amidase
activity of AtIE and could therefore be replaced by the fluorescent
Mca group. On the other hand, amino acid substitutions and exten-
sion of the substrate length result in complete blockade of the
hydrolysis.

Materials and methods

Substrate synthesis: Chemicals were obtained from commercial
suppliers and used without further purification. All peptides were
synthesized by a solid-phase technique, using the fluoren-9-
ylmethoxycarbonyl (Fmoc) strategy on a Syro II synthesizer (Mul-
tiSynTech, Witten, Germany). Fmoc-amino acids were purchased
from Novabiochem (San Diego, CA, USA), from MultiSynTech or
from Iris Biotech (Marktredwitz, Germany). Mca was from Sigma
(Deisenhofen, Germany). 2-(1H-benzotriazole-1-yl)-1,1,3,3-
tetrametyluronium-tetrafluoroborat (TBTU) and 1-hydroxybenzo-
triazole (HOBt) were from MultiSynTech. The final deprotected
peptides were purified by semi-preparative reversed phase (RP)
HPLC, using a Reprosil C-8 column (5pum particle size,
150 x 10 mm) from Dr. Maisch GmbH (Tuebingen, Germany) and
a two solvent system: (A) 0.055% (v/v) trifluoroacetic acid (TFA)
in water and (B) 0.05% (v/v) TFA in 80% (v/v) ACN in water. Purity
and molecular mass of the collected fractions was analysed by ma-
trix-assisted laser-desorption ionization-MS (MALDI-MS), using a
MALDI time-of-flight system (Reflex IV, Bruker Daltonics, Bremen,
Germany). Substrates were dissolved in DMSO and stored as 2 mM
stock solutions at —20 °C.

Expression and purification of the Autolysin E amidase domain:
The fragment encoding the catalytic amidase domain AmiE resi-
dues 302-515 of the AtIE gene was cloned in the pGEX-4T-3 vector
(Invitrogen). The Escherichia. coli strain BL21(DE3) (Invitrogen) was
used as expression host. AmiE was expressed under control of the
lac promoter as a fusion protein in frame with an N-terminal GST-
Tag. After overexpression and lysis, the enzyme was immobilized
onto a GST-column (GE Healthcare), cleaved on column using
thrombin (GE Healthcare) and further purified using a Superdex
75 gelfiltration column (GE Healthcare). Washing and gelfiltration
was performed with 50 mM Tris/HCI at pH 8.0 with 150 mM NacCl.
During lysis of the bacteria 1 mM PMSF was added to the gelfiltra-
tion buffer.

Continuous fluorescent enzyme assays: The substrate Mca-Ala-p-
isoGIn-Lys(Dnp)-p-Ala-Arg-OH at a concentration of 20 uM was
processed by 5.2 uM Autolysin E in digestion buffer (50 mM so-
dium phosphate buffer, pH 7.2, containing 5 mM zinc acetate) at
37 °C. Formation of the fluorescent product was recorded over
4 h, using a fluorimeter (SLT Spectra Fluor, Tecan, Crailsheim, Ger-
many) run in kinetic mode at 37 °C (Jex = 340 nm, Aep, = 405 nm).
The final DMSO concentration in the reaction mixture was 1%. All
experiments were performed in triplicates.

Determination of kinetic constants: Substrates at ten different
concentrations between 1 and 200 uM were processed by 5.2 uM
AmiE in digestion buffer at 37 °C as described above. After 1 h,
the reaction was stopped by adding TFA to a final concentration
of 1%. The reaction mixtures were analysed by analytical RP-HPLC,

using a binary HPLC system (Shimadzu, Tokyo, Japan) with an SPD-
10AV UV/vis detector (Shimadzu), an RF-10AxI fluorescence detec-
tor (Shimadzu), a Reprosil C-8 column (5pum particle size,
150 x 2 mm) from Dr. Maisch GmbH (Tuebingen, Germany) and
a two solvent system: (A) 0.055% (v/v) trifluoroacetic acid (TFA)
in water and (B) 0.05% (v/v) TFA in 80% (v/v) ACN in water. The
product concentration after 1 h was quantified by fluorescence
emission of the N-terminal Mca at 392 nm, following excitation
at 325 nm. The molar product concentration was calculated by
multiplying the fluorescent peak area of the N-terminal Mca-frag-
ment with a proportional factor, which was calculated based on a
Mca standard curve. The kinetic parameters K, and V;,.x were cal-
culated by nonlinear regression based on the Michaelis-Menten
function using the EKI3 software version 1.3 (Wiley-VCH, Wein-
heim, Germany) which uses the regression analysis described in
[11]. All experiments were performed in triplicates.

Results and discussion
Design and properties of the fluorescent substrate
While the glycan chains of peptidoglycan are mostly conserved

among different bacterial species, they vary in peptide stem com-
position and crosslinking. Peptidoglycan, the natural substrate of
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Fig. 1. (A) Structure of the novel Autolysin E amidase substrate Mca-Ala-p-isoGIn-
Lys(Dnp)-p-Ala-Arg-OH. The fluorescence of the N-terminal Mca group is quenched
by the side chain attached Dnp group. Amidase enzyme activity can be detected by
hydrolysis induced increase in Mca-fluorescence emission. (B and C) HPLC analysis
of the substrate at a concentration of 20 uM after incubation with 5.2 uM AmiE for
1 h in digestion buffer at pH 7.2 and 37 °C. Digestion products were detected by
their UV absorbance at 220 nm (B) and their fluorescence emission at 392 nm
following excitation at 325 nm (C). Black lines represent the chromatograms of the
digestion mixtures, while grey lines are chromatograms of the undigested negative
controls. The fragments Mca (Mca) and Ala-p-isoGIn-Lys(Dnp)-p-Ala-Arg-OH (Dnp-
Peptide) are generated by the AmiE catalyzed hydrolysis of the substrate Mca-Ala-
p-isoGIn-Lys(Dnp)-p-Ala-Arg-OH (Educt).
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AmiE is divided into two major classes, the meso-diaminopimelic
acid type and the Lys-type peptidoglycan, depending on the third
residue of the peptide stem. Because cell walls of all known staph-
ylococci strains contain Lys-type peptidoglycan, we used the Lys-
type peptide stem as a scaffold to design a fluorescent substrate.
X-ray structures from homologous proteins like the peptidoglycan
recognition proteins [12-16] helped us to identify general peptido-
glycan substrate recognition patterns. In naturally occurring pepti-
doglycan of S. epidermidis the e-amino group of the lysine is
connected to a pentaglycine bridge. According to the structural
data available this glycine bridge is directed to the outside of the
protein. Therefore, a modification of this part of the peptide, like
the linkage of the Dnp group to the g-amino group of the lysine,
should be tolerated. We further replaced the sugar moiety of nat-
ural peptidoglycan by Mca, which is used as a fluorescent reporter.
Mca has a kink similar to that of muramic acid after the amide
bond, connecting it to the peptide stem and therefore was an ideal
replacement for the sugar moiety.

Based on these conclusions we synthesized the tetrapeptide
Mca-Ala-p-isoGIn-Lys(Dnp)-p-Ala. Although this substrate showed
a strong fluorescence signal when incubated with AmiE, its solubil-
ity and ionization properties in MALDI and ESI-MS were low. To
improve these properties we added an additional Arg residue at
the C-terminus. This novel substrate Mca-Ala-p-isoGln-Lys(Dnp)-
p-Ala-Arg-OH, exhibited excellent solubility and ionization in mass

spectrometry. It has a single cleavage site between Mca and Ala
and the fluorescence of the N-terminal Mca group is quenched
by the Dnp group (Fig. 1A). The close proximity between Mca
and Dnp results in a very high quenching efficiency, providing a
very low fluorescent background emission. As shown by HPLC
analyses, the fluorescent light emission of the undigested educt
is drastically reduced compared to free Mca (Fig. 1C). While the
educt is clearly visible in the UV spectra, it yields only a small peak
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Fig. 3. pH activity profile of AmiE. Initial velocities of AmiE catalyzed Mca-Ala-p-
isoGIn-Lys(Dnp)-p-Ala-Arg-OH hydrolysis at 37 °C and a concentration of 20 uM in
50 mM buffer were determined by a continuous fluorescence measurement. Buffers
used were sodium acetate (pH 4-5.75), sodium phosphate (pH 6.5-8.25) and
glycine (pH 9.0-10.5).
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Fig. 2. Time-progress curves of the hydrolysis of the internally quenched fluorescent substrate Mca-Ala-p-isoGln-Lys(Dnp)-p-Ala-Arg-OH at a concentration of 20 uM
catalyzed by AmiE. 5.2 pM AmiE were pre-incubated for 30 min at 37 °C: (A) Without inhibitor, (®); or with different inhibitors, (¢ and «); (B) 1 mM EDTA, (C) 1 and 10 mM
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mixture without enzyme the negative control. Progress of product formation was recorded over 400 min by fluorescence emission of the N-terminal Mca group at 405 nm,
following excitation at 340 nm. Figure shows one out of three representative experiments performed at 37 °C in 50 mM sodium phosphate buffer (pH 7.2).
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Table 1

Kinetic parameters of substrate derivatives. Amino acid changes compared to the original peptide are highlighted in bold.

Substrate K [MM] Kear [1/s] Keat/Km [1/(s M)]
Mca-Ala-p-isoGln-Lys(Dnp)-p-Ala-Arg 284.90 £7.36 1.59 x 102 £3.24 x 107> 5.60
Mca-Ala-p-isoGlu-Lys(Dnp)-p-Ala-Arg 360.07 + 38.09 1.63 x 102 +£1.19 x 10~* 4.52
Mca-Ala-GIn-Lys(Dnp)-p-Ala-Arg No activity

Mca-Ala-p-isoGln-Lys(Dnp)-D-Ala-Gly-Arg No activity

Mca-Ala-p-isoGln-Lys(Dnp)-p-Ala-Gly-Gly-Arg No activity

Mca-Ala-p-isoGln-Lys-p-Ala-Gly-Lys(Dnp)-Arg No activity

at 392 nm (Fig. 1B). Cleavage of the substrate allows diffusion of
the fluorophore from the quencher, resulting in a rapid increase
of fluorescence (Fig. 1C). After 1 h substrate hydrolysis, the Mca
peak area at 392 nm is approximately 30 times higher than the
peak area of the undigested educt, although at this time point only
1.5% of the substrate has been digested. Therefore the substrate al-
lows very sensitive detection of AmiE enzyme activity by hydroly-
sis induced increase in Mca-fluorescence emission. We found that
the replacement of the sugar residue of a peptidoglycan monomer
by Mca does not prevent AmiE substrate digestion. Since known
AmiE substrates, like peptidoglycan itself or disaccharide linked
peptides are difficult to purify or to synthesize, the novel substrate
significantly simplifies the synthesis of peptidoglycan-like
substrates.

Continuous fluorescent measurement and inhibition

Another advantage of the developed substrate compared to al-
ready existing substrates is that it offers the possibility of a contin-
uous activity measurement. While turnover of peptidoglycan-like
substrates with carbohydrate residues is normally analysed by
mass spectrometry and HPLC after a distinct time point [17], we
could show that our assay is suitable for quantifying amidase activ-
ity in continuous measurement (Fig. 2A). By testing various known
Zn?*-dependent-amidase inhibitors (Fig. 2B-E), we could demon-
strate that the substrate can be used to identify and characterize
novel inhibitors. Chelating agents like EDTA (Fig. 2B) and phenan-
throline (Fig. 2C) at millimolar concentration completely blocked
the amidase activity. Zinc acetate at low concentrations (10 mM)
activated the enzyme, but inhibited AmiE at high concentrations
(100 mM), (Fig. 2E), while a general inhibition of AmiE by high zinc
concentrations has been described previously [18], we further
identified Benzoyl-Arg-pNO,-aniline as an unknown inhibitor for
AmiE. Benzoyl-Arg-pNO,-aniline inhibits moderately at 1 mM
and completely at 10 mM concentration (Fig. 2D).

Although bacterial type Il amidase inhibitors have been pro-
posed as antibacterial agents and are believed to attack bacterial
biofilm formation, high throughput compatible tests for drug dis-
covery are unavailable. Our novel microtiter plate assay permits
a rapid screening of large compound libraries to identify lead can-
didates for amidase inhibition.

pH activity profile of AmiE

The novel assay is furthermore suitable to characterize enzyme
properties such as the pH activity profile. The pH optimum of AmiE
was found to be at pH 7.2, but interestingly the enzyme showed
over 80% residual activity at a broad pH range between 5.7 and
9.0 (Fig. 3). This broad pH optimum makes AmiE relatively insensi-
tive to environmental pH changes.

Characterization of amidase substrate specificity

As shown above, AmiE tolerates several modifications of its nat-
ural substrate. The most prominent is the exchange of the chair like

muramic acid to the flat ring system of the Mca fluorophore and
the addition of the Dnp group to the lysine. Using a series of 5 pep-
tide derivatives, we could further identify key features for sub-
strate recognition and digestion (Table 1). On the one hand we
found that the substitution of p-isoGln by p-isoGlu was tolerated,
but on the other changing the p-isoGln to an L-Gln result in com-
plete loss of amidase activity. One reason for this could be that
the extension of the substrate backbone by p-isoGIn compared to
normal Gln is essential for substrate recognition. Although both
substrates with iso-amino acids were hydrolyzed and showed sim-
ilar ke, values, the p-isoGlu substrate had a higher K;;, and a lower
kcat/Km value, suggesting a lower binding affinity to AmiE. Sur-
prisingly the insertion of one or two glycine residues before the
Arg at the C-terminus blocked the amidase activity completely.
One reason for this could be an unfavorable interaction that hin-
ders proper substrate recognition and therefore hydrolysis. An-
other explanation might be that the amidase is only accepting
preprocessed peptidoglycan monomers having a linear peptide
stem not longer than five residues.

Taken together we have not only established a powerful en-
zyme assay, but also characterized the substrate specificity of
AmiE. Our substrate offers new possibilities to identify antimicro-
bial drugs and elucidate the complex mechanism of S. epidermidis
biofilm formation. It needs to be tested in the future how far the
substrate is also hydrolyzed by other type Il amidases, for example
by peptidoglycan recognition proteins.
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Summary

Staphylococcal cell separation depends largely on
the bifunctional autolysin Atl that is processed to
amidase-R;, and Rs-glucosaminidase. These murein
hydrolases are targeted via repeat domains (R) to the
septal region of the cell surface, thereby allowing
localized peptidoglycan hydrolysis and separation of
the dividing cells. Here we show that targeting of the
amidase repeats is based on an exclusion strategy
mediated by wall teichoic acid (WTA). In Staphylococ-
cus aureus wild-type, externally applied repeats (R )
or endogenously expressed amidase were localized
exclusively at the cross-wall region, while in AtagO
mutant that lacks WTA binding was evenly distributed
on the cell surface, which explains the increased fra-
gility and autolysis susceptibility of the mutant. WTA
prevented binding of Atl to the old cell wall but not
to the cross-wall region suggesting a lower WTA
content. In binding studies with ConcanavalinA-
fluorescein (ConA-FITC) conjugate that binds prefer-
entially to teichoic acids, ConA-FITC was bound
throughout the cell surface with the exception of the
cross wall. ConA binding suggest that either content
or polymerization of WTA gradually increases with
distance from the cross-wall. By preventing binding
of Atl, WTA directs Atl to the cross-wall to perform the
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last step of cell division, namely separation of the
daughter cells.

Introduction

The major autolysin of Staphylococcus aureus (AtlA,
137 kDa) (Oshida et al., 1995) and of Staphylococcus
epidermidis (AtlE, 148 kDa) (Heilmann et al., 1997) is
involved in cell separation of daughter cells after cell
division. Atl is a bifunctional protein that consists of a
propeptide region, an amidase (AM) and an endo-beta-N-
acetylglucosaminidase domain (GL). AM and GL domains
are separated by three direct repeated sequences (Ri-s),
each about 165 aa long. Through proteolytic processing
by a so far not characterized process, Atl generates two
major extracellular murein hydrolases, Ami-R;, (62 kDa)
and R;-GL (*+ 52 kDa), which are attached to the cell
surface of S. aureus or S. epidermidis, and can be
released by high salt treatment. Ami-R;, comprises the
amidase and two C-terminal located repeats (Ri2); the
50 kDa GL protein has the third repeat (Rs) at its
N-terminal region (Heilmann et al., 1997). Atl homologues
are very likely present in all staphylococcal species such
as the food grade S. carnosus where it is named Bph,
bifunctional peptidoglycan hydrolase (Rosenstein et al.,
2009).

atl deletion mutants form huge cell clusters, which indi-
cates that the cell separation is severely affected (Heil-
mann et al., 1997). The cell clusters of the mutants can
be resolved by adding the purified Ami-R:, externally.
Besides the role in cell separation at/ mutants are
impaired in biofilm formation because adherence to glass
and plastic surfaces is severely affected (Bera etal.,
2006). Furthermore, it has been demonstrated that Ami-
R also binds strongly to vitronectin and fibronectin (Heil-
mann et al., 1997; Heilmann et al., 2005). Vitronectin is an
abundant glycoprotein found in serum and extracellular
matrix and promotes cell adhesion and spreading.
Fibronectin is a large extracellular matrix protein that trig-
gers invasion of S. aureus by binding to integrins (Sinha
etal., 1999).

Although the amidase is already known for some time,
it was not until recently that the cleavage site of purified
Ami-R, has been determined and been shown that it
cleaves the amide bond between N-acetyl muramic acid



and L-alanine in peptidoglycan (PGN) (Biswas etal,
2006). It has been also shown that the separately
expressed and purified repeat domains (Ri.) exhibited
high binding affinity to isolated PGN and contributed to the
targeting of the amidase to its substrate. Ami and Ami-R »
revealed a broad substrate preference as they can hydrol-
yse PGN lacking WTA, O-acetylation, or both (Biswas
et al., 2006).

As the autolysins are involved in the separation of
daughter cells it has been important to know where the
Atl-derived enzymes are localized on the cell surface. This
has been investigated by immune electron microscopy
using o-62-kDa amidase or a-51-kDa glucosaminidase
IgG. Immunogold labelling of ultrathin sections revealed
that both amidase and glucosaminidase localize at the
equatorial ring on the staphylococcal cell surface that
marks the future cell division site (Yamada et al., 1996). It
has been assumed that such a preferred localization
facilitates partitioning of daughter cells without affecting
the entire murein sacculus (Giesbrecht et al., 1998). By
fusion of repeat domain (R2) with enterotoxin B (Seb-R,),
it has been demonstrated that R, was sufficient to direct
the hybrid protein to the cell wall (CW) envelope and
preferentially to the equatorial ring (Baba and Schnee-
wind, 1998), which led to the proposal that there is a
specific receptor that is positioned at the equatorial ring
on the staphylococcal surface.

Here we addressed the question by which mechanism
the Atl-repeats are targeted to the equatorial surface ring
in staphylococci. We provide evidence that there is prob-
ably not a specific receptor at the septum region for
binding the Atl repeats. The targeting is rather based on
an avoidance strategy by wall teichoic acid (WTA), which
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Fig. 1. Autolysis assay and zymogram.
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prevents binding of Atl. As WTA is abundant in the old CW
but not at the cross-wall region Atl can only bind to this
latter region. This is demonstrated by both endogenously
expressed Atl or externally applied R1.. We identified the
mechanism behind the long suspected influence of WTA
in autolysis.

Results
Wall teichoic acid protects S. aureus from autolysis

To investigate the contribution of WTA in autolysis, Triton
X-100 induced autolysis assays were performed with
wild-type (wt) cells (SA113), the WTA-lacking mutant
(SA113AtagO), the complemented mutant [SA113AtagO
(pRBtagO)] and the autolysin mutant (SA113A atlA). Lysis
was significantly faster in the mutant lacking WTA, while
the wt and complemented mutant showed similar autoly-
sis profiles (Fig. 1A). SA113AatlA showed almost no
autolysis, which confirms that indeed Atl is the major
player in autolysis.

S. aureus strain SA113AtagO has more Atl derivatives
bound at the surface

The question is why the WTA-deficient mutant is more
susceptible to autolysis than the wt. One possible
explanation is that WTA affects the binding of amidase
to the CW. To address this question, we detached
CW-associated proteins with SDS from SA113 (wt),
SA113AtagO, SA113AtagO(pRBtagO) and SA113AatlA,
and performed a zymogram containing embedded heat-
inactivated SA113 cells with the detached proteins. Bands
with lytic activity were observed as clear zones in the

B
kDa 12 3 4
Pro-Atl (138) —y
At (113) =
PP-AM (87) —>

AM (65)
AM(62)

Aaa (36)

A. Exponentially growing cells of SA113 (O), AtagO (@), AtagO (pRBtagO) (M) and AatlA () were harvested by centrifugation and allowed to
autolyse in PBS buffer (pH 7.2) containing 0.05% Triton X-100. Decrease of optical density was measured at 578 nm.

B. Bacteriolytic enzyme profiles on a 10% SDS-PAGE gel containing heat inactivated S. aureus SA113 cells as substrate. The SDS-PAGE
was loaded with proteins released from the cell surface of SA113 (lane 1), AtagO (lane 2), AtagO(pRBtagO) (lane 3) and AatlA (lane 4). Dark
bands represent cell lysis zones (the clear zones appear as dark bands with a black background). The sizes of the bacteriolytic surface
proteins are indicated. Aaa, 36 kDa S. aureus autolysin; AM (62 kDa), amidase with two repeats (AmiR;2); AM (65 kDa) AmiR;. with very likely
portion of the propeptide; PP-AM (87 kDa), AmiR; . with full-length propeptide; Atl (113 kDa), amidase together with glucosaminidase; Pro-Atl

(138 kDa), Atl with full-length propeptide.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 75, 864—873
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opaque gel (Fig. 1B); the clear zones appeared as dark
bands after photography against a dark background.
Apart from the 36 kDa band of Aaa (autolysin/adhesion
protein of S. aureus) (Heilmann et al., 2005), all other
bands must represent differently processed Atl forms,
as in the at/ mutant the corresponding autolysis
bands were missing (Fig. 1B, lane 4), and SA113 and
SA113AtagO(pRBtagO) show a similar lysis pattern.
However, the lysis pattern of the SA113AtagO released
proteins differs in so far as there are two predominant lytic
proteins in the range of 66 and 87 kDa. The 87 kDa
protein represents the propeptide-amidase portion (PP-
AM), the 66 kDa protein very likely comprises a differently
processed amidase (AM) form. In conclusion, more pro-
cessed amidases bound to the CW in the absence of
WTA, which explains, to some extent, the increased
autolytic activity of the fagO mutant.

Binding of amidase repeat domains (R; ) to the cell wall
is increased in SA113AtagO

Atl is processed to various lytic protein forms. One pro-
cessed product comprises the amidase with two repeat
domains (Ami-R1 ). Recently, we showed that Ry, have a
high binding affinity to isolated PGN, thus contributing to
the targeting of the amidase to the substrate (Biswas
et al., 2006). Here we labelled R, with the fluorescence
dye Cy5 (Cy5-Ri.2) and determined its binding to living
cells (taken from exponential growth phase) of wt and its
AtagO mutant as well as the complemented mutant. The
extent of Cy5-R;, binding was determined by fluores-
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cence measurement. Indeed, the fluorescence of AtagO
mutant was 1.6-fold higher than in the wt or the comple-
mented mutant in four independent experiments (Fig. 2A).
Cyb5-labelled bovine serum albumin (Cy5-BSA) served as
a negative control. Amidase without repeats (Cy5-AmiE)
showed a similar low binding as Cy5-BSA (data not
shown). We also investigated the impact of O-acetylation
and alanylation of LTA on Cy5-R;, binding by performing
the same experiment in SA113AoatA and SA113AdIA;
these two mutants behaved like the wt (data not shown).
These results indicated that AtagO mutant binds more
autolysins by recruiting more repeat domains, which is in
concert with our previous finding that the targeting of
amidase to the cell surface was directed by the repeat
domains R (Fig. 1A).

All loses its selective localization to division sites in the
absence of WTA

The observation that Cy5-R;, binds better to CW of the
AtagO mutant than to wt prompted us to examine the
spatial surface distribution of Cy5-Ri,. Previous work
showed that Atl is localized preferentially at the septum
region of the staphylococcal surface (Yamada et al.,
1996). Similar studies with S. aureus AtagO have not
been done so far.

We compared the surface distribution of Cy5-R;, on wt
and the tagO mutant cells harbouring pCtufgfp for consti-
tutive GFP expression. In epifluorescence microscopy we
saw a clear difference regarding the localization of Cy5-
R12. While Cy5-R;, is clustered exclusively at the septum

Fig. 2. In vitro binding of amidase repeats
(Ri1.2) with staphylococcal cells.

A. SA113 wild-type, wall teichoic acid-deficient
AtagO mutant and the complemented strain
were incubated with Cy5-R;,. Cell wall bound
Cy5-Ri2 was extracted using 10% SDS and
fluorescence was measured in four
independent experiments. Cy5-BSA was used
as a control.

B. In vitro binding of Cy5-R; . with SA113 and
AtagO. Staphylococcal cells expressing green
fluorescent proteins from plasmid pCtufgfp

C were incubated with Cy5-R; . and visualized

using fluorescence microscopy.

C. Binding of Cy5-R;. with 10% TCA treated
Cy5-Ry, wt.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 75, 864—873
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Fig. 3. Visualization of amidase on the cell surface of SA113 and
AtagO mutant by immunofluorescence microscopy. Cell envelope of
staphylococcal cells was labelled green with Wheat Germ
Agglutinin-FITC (WGA-FITC). Cells surface localization of amidase
was detected using first rabbit a-amidase antibody and second
Alexa Fluor 594 conjugated goat anti-rabbit IgG.

region in the wt, it appears evenly distributed all over the
surface in the AtagO mutant (Fig. 2B). GFP fluorescence
alone shows that tagO mutant cells are significantly larger
than the wt. In the merged green/red fluorescence picture
the septum localization of Cy5-R;, in the wt is more
pronounced. When wt cells were treated with 10% TCA for
16 h to remove CW-bound WTA Cy5-Ri. binding was
distributed all over the cell surface like in the tagO mutant
(Fig. 2C). These results suggest that in wt cells an even
distribution of the amidase repeat domains (R:.) to the
cell surface is excluded by WTA; consequently Cy5-Ri is
forced to bind at the septum region, which suggests that
the content of maturated WTA must be low at this site.
Directing the repeat domains to the septum site guaran-
tees that murein hydrolysis preferentially occurs at this
part and not at the entire CW, which could weaken the CW
integrity and result in increased autolysis as seen in
Fig. 1A.

So far we have shown that externally added Cy5-R
binds in wt cells preferentially to the septum region. The
question is whether natively expressed amidase is
located there too. To answer this question by immuno
fluorescence we created marker-less spa (protein A) dele-
tion mutants to avoid antibody interference with Spa. The
strains used were SA113Aspa and the double mutant
SA113Aspal/AtagO. Cell envelope was labelled with
Wheat Germ Agglutinin-FITC (WGA-FITC) that binds to
GlIcNAc structures to visualize the cell shape. The local-
ization of natively expressed amidase was visualized with
rabbit anti-amidase antibody and Alexa Fluor 594 conju-
gated goat anti-rabbit IgG as secondary antibody. As
shown in (Fig. 3) amidase was accumulated at the
septum region of SA113Aspa, and in some cases
amidase was already found at the beginning of the
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second division plane, while in SA113Aspa/AtagO cells
amidase was evenly distributed around the cell surface. In
summary, natively expressed amidase is targeted to the
same site as the externally applied Cy5-R ..

The cross-wall (septum site) of dividing S. aureus cells
is devoid of WTA

We proposed that Atl preferentially binds to the cross-wall
region because it lacks WTA. To support this hypothesis
binding studies with ConcanavalinA-fluorescein conjugate
(ConA-FITC) were carried out; ConA is a lectin that binds
to teichoic acids (Umeda, 1987). As ConA also recognizes
LTA, a crucial step was the removal of LTA by extensive
SDS treatment. In the wt strain ConA-FITC was preferen-
tially bound to the old CW, whereas the cross-wall
(septum) region was free, giving dividing cells the shape
of two facing crescents (Fig. 4). The fluorescence inten-
sity of bound ConA-FITC increased gradually with dis-
tance from the cross-wall. In the tagO mutant ConA-FITC
did not bind to the cells, indicating that the observed
exclusion of Atl binding in the old CW area of the wt was
really WTA mediated. As a further control WTA was
removed in the wt by hydrofluoric acid treatment; there
was no binding observed like in the tagO mutant (data not
shown). These results clearly show that in the cross-wall
region WTA is not accessible by ConA-FITC, either
because WTA is not present or it is not yet fully
polymerized.

Size and cell morphology of the SA113AtagO differs
from the wt

The growth behaviour of SA113 and its AtagO mutant in
complex medium was very similar. However, a closer look

Phase contrast ConcanavalinA-FITC
SA113 wit ¢ 4
e
-
=
SA113Atag0
f

Fig. 4. Visualization of WTA by on the surface of SA113 and
AtagO by ConA-FITC. After removal of contaminating compounds,
surface bound WTA were stained with concanavalinA-fluorescein
(ConA-FITC) conjugate and localization of fluorescent lectin was
determined. Arrows indicate sites of cell division.

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 75, 864—873
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SA113wt

SAAtagO

Fig. 5. Comparison of SA113 and its AtagO mutant by scanning
electron microscopy (SEM). Mid-log phase cells were fixed and
examined SEM.

to cell morphology disclosed some differences. Scanning
electron microscopy (SEM) analysis of mid-exponential
grown cells revealed that both cell size and cell surface
structure is altered in the AtagO mutant (Fig. 5). Cells of
the AfagO mutant were significantly larger compared
with wt cells. The average cell diameter of wt cells was
635 = 15 nm (n = 30), while for the AfagO mutant it was
751 = 18 nm (n = 30). The surface morphology of the two
strains looked also different in SEM microscopy. While the
wt was characterized by a smooth surface, the surface of
the AtagO strain appeared rough, with bobble- and hairy-
like protrusions.

As shown in Fig. 1 autolysis of the AtagO mutant in PBS
buffer is much faster than with the wt. We compared the
morphological changes during the autolysis process by
transmission electron microscopy (TEM) analysis over
time (0, 2 and 4 h). As one can see in Fig. 6, the CW of the
AtagO mutant is much less electron dense compared with
the wt, even immediately after resuspending the cells in
PBS (time 0). Furthermore, the surface morphology of the
two strains was different. The wt is characterized by a
smooth surface and an intact CW, which looked hardly
disintegrated after 4 h. In contrast to the wt the CW of the
AtagO mutant got frazzled with time and many bobble-like
protrusions appeared, suggesting massive degradation
and destruction of CW (Fig. 6A).

PGN cross-linking is decreased in WTA-deficient
Staphylococcus aureus

To analyse differences in the degree of cross-linking in
SA113 and SA113 AtagO, PGN of these strains was
hydrolysed with mutanolysin and soluble PGN fragments
were separated by high-performance liquid chromatogra-
phy (HPLC). The poorly resolved part of the HPLC profile
eluting with retention times of greater than > 100 min con-
tains highly cross-linked oligomeric components. The
amount of highly cross-linked PGN was 1.4 times lower in
the tagO mutant compared with the wt (Fig. 6B), indicat-
ing that the loss of WTA affected cross-linking in S.
aureus. Similar results have been obtained with selective

staining of unlinked stem peptides with vancomycin FITC-
conjugate as an indicator for the degree of cross-linkage
(data not shown).

Discussion

Wall teichoic acid plays an important role in staphylococci
and other Gram-positive bacteria in various aspects
(Weidenmaier and Peschel, 2008). A breakthrough in
research of the role of WTA in staphylococci came with
the isolation of a tagO (TagO is the first enzyme in WTA
biosynthesis) deletion mutant (Weidenmaier et al., 2004).
Comparative analysis with wt revealed that the mutant is
resistant to several S. aureus phages such as 3A52 and
@11 that employ WTA as a receptor for infection of bac-
terial cells. AtagO mutant was affected in nasal coloniza-

SA113 SAAtagO
—— .8 1
A
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4 h
B
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Fig. 6. Transmission electron microscopic (TEM) images of
staphylococcal strains during autolysis and changes in PGN
cross-linking in staphylococcal strains.

A. Changes in CW during gradual autolysis of SA113 and its AfagO
mutant cells in PBS (see Fig. 1A) were monitored by TEM.
Samples were taken at 0, 2 and 4 h intervals.

B. HPLC analysis of mutanolysin digested PGN of and SA113 and
AtagO. Black line: SA113wt, grey line: SA113AtagO. The black
frame represents the area of highly cross-linked PGN (oligomer).

© 2010 Blackwell Publishing Ltd, Molecular Microbiology, 75, 864—873



tion, a major risk factor in nosocomial infections
(Weidenmaier et al., 2004) and it was affected in biofilm
formation particularly adherence to polymer structures
(Gotz, 2002; Vergara-lrigaray etal., 2008). WTA also
contributes to lysozyme resistance as a tagO/oatA double
mutant is highly susceptible to lysozyme (Bera et al.,
2007). Recently, it has been shown that WTA protects S.
aureus against antimicrobial fatty acids from human skin
(Kohler et al., 2009).

In the course of studying the role of the major autolysin
in staphylococci (Bera et al., 2006), we observed that the
AtagO mutant was more susceptible to autolysis than the
wt. This observation was the origin of this study as we
asked the question, ‘why is in AtagO mutants autolysis so
much increased?’

To investigate the contribution of WTA in autolysin activ-
ity we performed autolysis assays with wt cells (SA113),
the WTA-lacking mutant (SA113AtagO), the comple-
mented mutant [SA113AtagO (pRBiagO)] and the autol-
ysin mutant (SA113Aat/A). Lysis was significantly faster in
the mutant lacking WTA compared with the wt and
complemented mutant that showed similar autolysis
profiles. We supposed that WTA must play an important
role in controlling autolysin activity.

However, we did not know if this phenomenon is due to
higher binding capacity of autolysin or increased suscep-
tibility of the AfagO mutant to autolysins. To get an answer
to this question we performed zymogram gels with CW
released proteins from SA113 wt, AtagO, AtagO
(pRBtagO) and the autolysin mutant Aat/A. Indeed, the
lysis pattern of the various processed forms of AtlA
revealed that two lytic Atl-derived amidase proteins in a
size of 65 and 87 kDa were predominant in the AtagO
cells, indicating that the mutant has bound more amidase.
The Atl-derived glucosaminidase that we also isolated
showed no activity in the zymogram with heat-inactivated
staphylococcal cells. We are therefore pretty sure that all
lytic bands seen in the zymogram are due to the amidase
activity. The question is why particularly these two forms
predominantly adhere to the mutant. A possible answer is
that in the mutant Atl processing is retarded and therefore
these incompletely processed forms are accumulated.
With the exception of the lytic 36 kDa band of Aaa (Heil-
mann et al., 2005), all other lytic bands must have derived
from Atl processing as they were absent in the Aat/A
mutant (Fig. 1B). The corresponding lytic proteins were
previously sequenced N-terminally; they all contained the
amidase domain with its repeats (Heilmann et al., 1997).
In this zymogram we do not see the lytic 51 kDa glu-
cosaminidase band, as this enzyme hardly lyses S.
aureus cells but it can lyse Micrococcus luteus cells (Heil-
mann et al., 1997). This result led us to the conclusion that
in the absence of WTA more autolysins were bound to the
CW. In Bacillus subtilis a similar observation was made
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with endopeptidase LytF and its CW binding domain
LysM. Here too it was found that LytF binding was
increased in TagB, TagF or TagO depleted cells (Buist
et al., 2008; Yamamoto et al., 2008). For LysM containing
proteins there are different CW modifications described
that control localized binding (Buist etal, 2008).
However, a LysM motif is not present in Atl.

In SEM studies the AtagO mutant showed characteristic
differences compared with wt. The cell size was larger
and the surface morphology appeared rough, with bobble-
and hairy-like protrusions (Fig. 6). Although there is not
much difference in growth rate in complex medium we
think that the AtagO mutant has all the time to struggle
against the increased autolytic vulnerability. In TEM the
difference in the CW during the beginning of lysis in buffer
is even more pronounced. Already at time 0 the CW of the
AtagO mutant has a much lower electron density which
could be due to the absence of WTA or to a lower degree
of PGN cross-linking as shown by HPLC analysis.

To further analyse the binding of Ami-R; », we dissected
this protein and expressed and purified only the amidase
portion (Ami) and the repeat portion (R ). First we carried
out binding studies with Cy5-Ri,. The AtagO mutant
bound significantly more Cy5-R; > than wt and the comple-
mented mutant (Fig. 2A). What was even more thrilling
was that in wt Cy5-R;, was accumulated on the cell
surface at the site of cell division, while in WTA-less cells
such as the AtagO mutant or TCA treated wt it was evenly
distributed on the cell surface (Fig. 2B). These results
confirm earlier reports (Baba and Schneewind, 1998;
Biswas et al., 2006) that the repeat domains essentially
mediate the binding of autolysins to CW structures.
However, we still do not know which PGN structures are
recognized by autolysin. It is shown here that in the
absence of WTA significantly more Cy5-R;, was bound to
the cell surface in an untargeted mode, which suggests
that WTA hinders binding of the repeat domains. This is
most likely the explanation for the higher susceptibility of
the AtagO mutant to autolysis. However, we cannot rule
out the possibility that increased autolysis susceptibility of
AtagO is due to decreased degree of PGN cross-linking.
Recently, it has been shown that sublethal concentrations
of penicillin, which decreases in PGN cross linking, led to
an increased lysozyme susceptibility (Bera et al., 2005).

The next question was whether the endogenously
expressed amidase is also differently localized in wt and
the AtagO mutant like the external applied Cy5-R ..

In order to answer this question by using florescence-
labelling techniques with anti-amidase antibody we had to
construct respective clones in a protein A negative back-
ground (Aspa) to avoid unspecific IgG binding. We saw
here essentially the same distribution as observed with
the externally applied repeat domains. In SA113Aspa
amidase was clustered in the septum region; in
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SA113Aspan/tagO mutant amidase could not be specifi-
cally targeted to the septum region, it was evenly distrib-
uted on the cell surface (Fig. 3). This loss of targeting
amidase to the septum region is very likely the explana-
tion for the increased susceptibility of the AtagO mutant to
autolysis.

From the results so far it is clear that WTA prevents
binding of Atl-derived autolysins. As these autolysins are
directed and concentrated at the septum region one must
assume that the WTA in this region is very low. This is
contradictory to the general assumption that WTA is pre-
ferentially incorporated at sites with high PGN biosynthe-
sis, which is the septum region. However, we were able to
visualize the distribution of WTA on the bacterial surface
with the aid of ConA-FITC that binds to teichoic acids.
Indeed, in dividing wt cells ConA was not bound at the
cross-wall region only at the old CW. Our hypothesis is
therefore that even if WTA is incorporated at the septum
site it is not yet fully polymerized to the mature form and
does therefore not prevent binding of endogenously
expressed amidase or externally applied Cy5-R ..

In conclusion, we have shown here that WTA plays a
crucial role in targeting the Atl-derived autolysins. The
binding specificity of the autolysins lies in the repeat
regions. As the repeats hardly bind to WTA containing CW
regions the mechanism of targeting the amidase to the
septum region is based upon an elimination process. Our
results suggest that the outer wall zones of the septum
region does either not contain, or contains only prema-
ture, WTA thus allowing Atl binding.

Table 1. Strains and plasmids.

Experimental procedures
Bacterial growth conditions

Escherichia coli strains were grown in Luria—Bertani medium
at 25°C. Staphylococcal strains were grown in BM broth (1%
tryptone, 0.5% yeast extract, 0.5% NaCl, 0.1% K,;HPO,, 0.1%
glucose) with shaking at 37°C supplemented with appropriate
antibiotics. Media were supplemented with ampicillin
(100 ug ml™"), erythromycin (2.5 ug mi™'), chloramphenicol
(10 ug ml™") where indicated.

Strain and plasmid construction

Construction of S. aureus strain lacking WTA
(SA113AtagO::ermB) was described earlier (Weidenmaier
etal., 2004). The SA113 AtagO::ermB mutant was comple-
mented using plasmid pRB473tagO containing the tagO
gene with its putative promoter (Table 1). For electron micro-
scopic studies a markerless protein-A deletion mutant was
constructed using temperature-sensitive plasmid pKORHT.
For its construction the upstream and downstream regions
of spa were PCR amplified by primer-pairs Spa-del
attB2; GGGGACCACTTTGTACAAGAAAGCTGGGATCAG
CAAGAAAACACACTTCC / Spa-del rev Bglll; AAAAGATCT
AACGAATTATGTATTGCAATAC and Spa-del for Bglll;
GTCGAGATCTATAAAAACAAACAATACACAACG / Spa-del
attB1; GGGGACAAGTTTGTACAAAAAAGCAGGCCAATAT
TCCATGGTCCAGAACT, respectively. The resulting PCR
products were subsequently restricted with Bglll and ligated
in equimolar amounts. The resulting ligation product was
integrated into pKOR1 via in vitro recombination (clonase mix
from Invitrogen) and the recombination mix was transformed
into E. coli DH5a. Plasmid from a positive clone was trans-

Strain or plasmid Description Source or reference
E. coli
DH5a. ©80d/acZAM15, A(lacZYA-argF)U169, deoR, recAl, endA1, hsdR17(rk-, mk?), Laboratory Strain

phoA, supE44, )\, thi-1, gyrA96, relA1
Rosetta 2 (DE3)

F- ompT hsdSg(res” ms") gal dem (DE3) pRARE2 (Cam®)

Novagen

Heilmann et al. (2005)

S. epidermidis
SE 047 Clinical Isolate
S. aureus
SA113 Derivative of NCTC 8325
RN4220 Derivative of NCTC 8325
SAAatl SA113 AatlA::spc
SA113 AtagO SA113 AtagO::ermB
SA113 AoatA SA113 AoatA::km
SA113 AdItA SA113 AdltA::spc
SA113 Aspa SA113Aspa markerless deletion
SA113 Aspa/AtagO SA113Aspal/AtagO markerless deletion of spa; tagO::ermB
Plasmids
pGEX-Ami Overexpression plasmid for GST-Ami fusion protein in E. coli; Amp"
pGEX-R1-2 Overexpression plasmid for GST-R; » fusion protein in E. coli; Amp®
pKOR1 Knockout plasmid
pKOR1-Spa Knockout plasmid for markerles replacement of tagO
pRB473 E. colilS. aureus shuttle vector; Amp®, CmFR
pRB473tagO E. colilS. aureus shuttle vector carrying the tagO gene; Amp®, CmR
pCtufGFP pCX19 carrying gfp gene under control of the promotor tufA; Cm?

lordanescu and Surdeanu (1976)

Kreiswirth et al. (1983)
Biswas et al. (2006)

Weidenmaier et al. (2004)

Bera et al. (2005)
Peschel et al. (1999)
This work

This work

Lutzner et al. (2009)
This work

Bae and Schneewind (2006)

This work

Briickner (1997)
This work

Biswas et al. (2006)
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formed into RN4220 and subsequently to SA113. Spa dele-
tion mutants were constructed using standard methods
(Leibig etal., 2008). Aspa mutation was transduced into
SA113AtagO::ermB.

Construction of pGEX-Amidase derivates

For this study we constructed three constructs for the heter-
ologous expression of amidase regions Ami-R; . Ami and R, »
in E. coli. Restriction sites and stop codons were introduced
in the oligonucleotides (italics and underlined respectively).
The amidase repeat regions were PCR amplified from
S.epidermidis O47 chromosomal DNA using the primer pairs
Ami 5 (CGGGATCCGTATCTAGTCAAAA)/Ami 3(GGCTC
GAGTCAGCCCCAAGGTGCTAC) for Ami (629 bp) and
R;-BamHI(AAATTAAATGGATCCACAACATCTA CAAAAC
CGTCAC)/R-Xhol ~ (TAAATCTCGAG TCATGCAGTTAAAT
AGTATTTACTAATCCAACC) (990 bp) for the CW binding
region (Ri2). PCR products were digested with BamHI and
Xhol and ligated into the BamHI/Xhol pre-digested vector
pGEX 4T-3 (Amersham). The resulting plasmids were desig-
nated as pGEX-Ami and pGEX-R;, and subsequently trans-
formed in E. coli Rosetta 2 (Novagen).

Purification of GST fusion proteins

Escherichia coli strains described above were used for induc-
tion of expression of proteins. One-litre cultures were grown
at 24°C to an optical density of 0.5 at 578 nm. At this point,
IPTG was added to 0.3 mM final concentration, and cells
were allowed to grow for 5 h at 20°C. Cells were then har-
vested by centrifugation and resuspended in 20 ml PBS and
broken using a French pressure cell. Cell lysates were cen-
trifuged for 30 min at 23 000 g to remove cell debris. GST
fusion proteins were purified using AKTA protein purifier
system. Briefly, clear lysates were loaded on pre-equilibrated
Glutathione Sepharose column (Novagen) and washed with
PBS until the absorbance measured at 280 nM did not
change. On-column cleavage of fusion proteins was
achieved with 1 U Thrombin/100 pg fusion protein overnight
at 22°C. Subsequently, target protein was eluted with PBS.
Thrombin was removed in the same step using a Benzami-
dine Sepharose FF column (Amersham) in series with the
Glutathione Sepharose column. Fractions containing target
protein were pooled and analysed for purity in 12% SDS-
PAGE. Purified proteins were stored at —20°C.

Conjugation of dye to protein

The repeat region alone (Ri,) was purified as described
above prior to labelling with Cy5 bis-reactive Dye [Cy5-Bis-
NHS ester, GE Healthcare (PA15002)]. Proteins to be conju-
gated were dissolved at 5mgml™ in 50 mM sodium
carbonate buffer (pH 9.0). Protein solution was added to
1 mg dry dye, and mix thoroughly without foaming of the
protein solution. The reaction mix was incubated for 5 h at RT.
Labelled protein was separated from the unconjugated dye
by desalting in the Akta purifier system (Amersham) using
2 x5 ml columns in series using 50 mM sodium phosphate
buffer (pH 6.8) as mobile phase. Coupled protein and
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unbound dye eluted as separate turquoise bands. As a
control protein bovine serum albumin and AmiE alone was
conjugated to Cy5 bis-reactive Dye (Cy5-BSA) with the
method described above. The labelled proteins were stored
at —20°C without further manipulation.

Autolysis assay

Cells were cultivated to mid-exponential phase, washed twice
with phosphate buffer saline (pH 7.2) and once with ice-cold
ultrapure water. Cells were resuspended in phosphate buffer
(pH 7.2) containing Triton X-100 (0.05%) and autolysis was
monitored at 37°C for 5 h as the decrease in ODss.

Zymogram

Bacteriolytic enzyme profiles were obtained on a 10% SDS-
PAGE with embedded heat inactivated (100°C for 10 min)
SA113 cells as substrate. For preparation of CW associated
proteins cells were grown to mid-log phase (OD 0.6) and the
proteins of 1 ml culture were released by treatment with
100 mM PBS (pH 7.2) containing 2% SDS for 15 min at 37°C.
Cells were pelleted and the clear supernatant with the
surface released proteins of SA113, SA113AtagO, AtagO
(pRBtagO) and AatlA were subjected to electrophoresis. The
gel was washed with water for 30 min and then incubated for
16 h in PBS (pH 7.2) at 37°C. The clear zones appeared as
dark bands against black background.

Cell wall binding assay

To investigate binding of fluorescent protein to the intact cell
surface, cells were grown to mid-exponential phase. Some
200 ul exponential phase cells (ODsz 1.0) of SA113 and the
corresponding mutants were incubated with 3 ug of Cy-5
labelled R;, for 1 min at RT. After washing with 1 ml 50 mM
sodium phosphate buffer (pH 6.8) the CW bound proteins
were released with 200 ul of 10% SDS. Fluorescence of the
supernatant was determined in a Tecan fluorescence reader
(excitation of 630 and emission of 670 nm) as the ratio of
fluorescence of 3 ug Cy5-Ri ..

Localization of amidase

For immunofluorescence microscopy, staphylococcal strains
were grown until mid-exponential phase, then harvested by
centrifugation, and washed twice with PBS (Sigma). Cells
were blocked with 3% BSA in PBS for 30 min, followed by
incubation with rabbit a-amidase primary antibody (1:200) for
1 h, washed twice with PBS and incubated with Alexa Fluor
594 conjugated goat anti-rabbit IgG (1:1000) for 1 h. Cells
were then washed twice with 1 ml of PBS, and suspended in
200 ul PBS. Cell suspensions (10 ul) were applied to glass
slides and viewed with a Leica DMRE fluorescence
microscope. For epifluorescence microscopy cells harbour-
ing the plasmid pCtufgfp for cytoplasmatic expression of GFP
were grown to exponential phase, washed once with PBS
and incubated with 20 ug ml~' Cy5-R;, for 5 min at RT. After
washing twice with PBS, 15 pl of cell suspension was applied
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on 1% agarose-coated glass slides and distribution of
fluorescence was examined in a Leica epifluorescence
microscope. To prove the effect of WTA, glycopolymers were
removed by treatment with 10% TCA for 16 h as negative
controls. To remove TCA cells were washed six times with
PBS.

Localization of WTA

To examine the localization of WTA on the cell surface, sta-
phylococcal cells were grown to exponential phase, har-
vested by centrifugation and boiled in 10% SDS in order to
remove LTA and other possibly contaminating compounds.
After washing with deionized water, cell pellets were resus-
pended in 50 mM Na-phosphate buffer (pH 6.8). Cells were
then incubated with 100 ug ConA-FITC conjugate (Sigma-
Aldrich) containing Ca?" as cofactor for 30 min. To remove
unbond ConA-FITC, cells were washed twice with PBS and
examined as described above.

High-performance liquid chromatography separation
of muropeptides

To illustrate the degree of PGN cross-linking in SA113 and
SA113AtagO, PGN was isolated from exponentially grown
SA113, SAAtagO as described before (Bera et al., 2006). To
remove the WTA, purified peptidoglycan was incubated with
10% TCA at room temperature for 24 h. Approximately 2 mg
purified peptidoglycan was digested with 100 U mutanolysin
in 12.5 mM phosphate buffer (pH 5.5) in a total volume of
500 pl. Digestions were terminated by heating the samples at
90°C for 5 min. Insoluble muropeptides were removed by
centrifugation, and soluble fractions were dried in a rotary
evaporator. The dried muropeptides were resuspended in
water and reduced with sodium borohydride. Excess borohy-
dride was destroyed by adding 20% phosphoric acid.
Muropeptides were analysed on an Agilent 1200 HPLC with
Prontosil 120, 3 um, 250 x 4.6 mm C18 column (Bischoff
Chromatography, Leonberg, Germany) using a linear gradi-
ent of 10 mM sodium phosphate buffer (pH 2.5) to 30%
methanol for 150 min. Muropeptides were detected at
210 nm.

Scanning electron microscopy

For SEM bacterial cells were grown until mid-logarithmic
phase in BM medium, harvested by centrifugation, washed
twice with PBS (pH 7.2) and fixed using 2.5% glutaraldehyde
for 1 h onice. Cells were post fixed with 1% osmium tetroxide
in PBS for 1 h on ice, dehydrated in ethanol and critical-point-
dried from CO,. The samples were sputter-coated with 8 nm
gold-palladium and examined at 20 kV accelerating voltage
in a Hitachi S-800 field emission scanning electron
microscope.

Transmission electron microscopy

To monitor the bacterial lysis, exponentially grown cells were
resuspended at 37°C in 6 ml PBS at OD of 0.5 at 578 nm

where cells gradually start to autolyse; 2 ml samples were
taken at time points of 0, 2 and 4 h. Samples were processed
for TEM as described previously (Biswas et al., 2006). Briefly,
cells were fixed using the glutaraldehyde/OsO, method.
Fixed cells were covered with 2% agarose and blocks were
cut out. After washing, agar blocks were dehydrated in an
ethanol series beginning with 50% ethanol and finally placed
in water-free acetone. Samples were then embedded in
Spurr’s resin and polymerized at 60°C for 2 days. Ultrathin
sections were cut with an ultramicrotome with a diamond
knife. Samples were post-stained with 1% uranyl acetate for
5 min and lead citrate for 3 min and examined with a Philips
CM10 electron microscope.
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Introduction

Effective treatment of staphylococcal infections remains a
worldwide challenge. In the United States alone, Staphylococci
are responsible for about 19,000 deaths per year, a number that is
higher than that associated with HIV [1]. The ubiquity of
Staphylococci contributes to the constant emergence of new
strains that are resistant to antibiotics. In particular, staphylococcal
infections of immunocompromised individuals can lead to
endocarditis, meningitis, pneumonia, septicemia and the toxic
shock syndrome. Although many such infections are caused by S.
aureus, the ability of the closely related S. epidermuidis to form biofilms
upon attachment to polystyrene surfaces poses serious problems
during transplantation of medical prostheses [2]. The major
autolysin AtlE (autolysin S. gpidermidis) acts as key virulence factor
in this process by mediating the initial attachment in catheter-
associated infections [3]. It also binds to vitronectin, suggesting a
role in colonizing host factor coated materials and host tissue [4].

Together with the autolysin AtIA (autolysin S. aureus), AtlE
belongs to a group of peptidoglycan (PGN)-hydrolases that play a
pivotal role in the degradation of the bacterial cell wall [5,6,7].
During cell division, these autolysins are responsible for splitting
the equatorial septum between two dividing daughter cells [8,9].
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Deletion mutants show a disordered division pattern with large cell
clusters and were biofilm-negative [4,7,10]. The highly similar
AtIA and AtE proteins consist of a signal peptide, a pro-peptide, a
catalytic domain with N-acetylmuramyl-L-alanine amidase activ-
ity, three repeats (R1-R3), and a C-terminal catalytic domain with
N-acetylglucosaminidase activity (Figure 1B). After secretion, the
precursor protein is processed extracellularly to yield the mature
amidase (containing the catalytic domain and repeats R1R2) and
glucosaminidase (containing repeat R3 and the catalytic domain)
proteins. The amidase repeats R1R2 are responsible for attaching
the enzyme to the cell wall but do not contribute to lytic activity
[7,11]. The catalytic domain, referred to as AmiE in S. epidermidis
and AmiA in S. aureus, cleaves the amide bond between the lactyl
moiety of N-acetylmuramic acid (MurlNAc) and L-alanine in the
PGN structure [7].

To provide a structural basis of autolysis function in .
epidermidis, we crystallized the catalytically active AmiEl domain
and solved its structure at 1.7 A resolution. Using structure-based
mutagenesis experiments and PGN digestion assays, we show that
AmiE is a zinc-dependent metalloenzyme that requires a
muramylpeptide with at least three consecutive amino acids as a
substrate, while the side chain of the third amino acid can vary.
Molecular docking provides evidence for extended contacts
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Author Summary

Although Staphylococci are common habitants of the
human skin and the respiratory tract, a number of highly
pathogenic strains are a major cause of hospital-associated
infections and can be life threatening especially in
immunocompromised patients. Moreover, an increasing
number of strains has acquired resistance against com-
monly used antibiotics, which makes treatment of
infections a challenge. Therefore, antibacterial drugs that
act on new targets are needed to counteract the further
spread of multiresistent staphylococci. The autolysins,
which are cell wall associated enzymes that are essential
for cell proliferation, represent one promising such new
target. We used x-ray crystallography to solve the structure
of a catalytically active region of the autolysin of
Staphylococcus epidermidis, AmiE, at atomic resolution.
Our studies reveal a defined binding groove for a specific
cell wall component on the protein surface. Using in silico
calculations in combination with biochemical studies, we
are able to identify key motifs that are required for the
recognition of the cell wall by autolysins. Our data further
indicate that, besides these core motifs, species-specific
alterations of bacterial cell walls are responsible for the
unambiguous identification of ligands. Knowledge of the
interactions in an enzyme-substrate complex, as well as
information about the mechanism of catalysis, are
prerequisites for the successful development of antimicro-
bial drugs. Our results therefore provide a platform from
which a new class of inhibitors can be launched.

between the D-iso-glutamine (D-iGln) residue of the substrate and
conserved residues in the putative ligand-binding groove of AmikE.
These findings indicate an essential role of the glutamine isoform
for substrate recognition. The structure therefore provides a
framework for understanding substrate recognition, selectivity and
catalytic mechanism of all staphylococcal amidases. It also reveals
a striking and unexpected homology to the family of peptidoglycan
recognition proteins (PGRPs), some of which also possess amidase
activity. The AmiLE fold closely resembles the PGRP-fold,
including a conserved location of the active site and an asparagine
in a conserved position likely to contact the second and third
amino acid of the substrates peptide stem.

Results

Overall structure

The AmiE protein adopts a globular, mixed o/ fold, with a six-
stranded, central B-sheet surrounded by seven a-helices
(Figure 1A,C). The rear of the B-sheet packs against helices o4
and o7 and is shielded from solvent, while its front forms the
bottom of a recessed area that is largely exposed and solvent-
accessible. The recessed area, measuring about 28 A by 10 A, is
walled off by helices a2, a3, a5, and several loops. Located at the
center of the recessed area is a zinc ion that is held in place with
contacts to side chains of residues H60 (B2), H165 (a5) and D179
(5-06 loop). The tetrahedral coordination sphere of zinc is
completed by a water molecule, an arrangement often seen in the
active sites of zinc-dependent metalloenzymes. Our structure
revealed six additional bound zinc ions per monomer, which
probably originated from the high concentration of zinc acetate
present in the crystallization solution (see Materials and Methods).
All six ions are located at or near surface loops. In order to verify
that the zinc ion coordinated by residues H60, H165 and D179 is
physiologic, we determined the structure of AmiE in a second
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crystal form grown without the addition of zinc-containing salts. In
this crystal form, AmiE contains only the single zinc ion
coordinated by H60, H165 and D179. The identity of this ion
was confirmed by calculation of an anomalous difference fourier
map (data not shown).

Ligand binding site and enzymatic activity

Alignment of the AmiEl sequence with 28 homologous bacterial
proteins (Figure 2A) shows that only 10 out of 213 residues are
strictly conserved in all sequences. Some of these are buried and
likely contribute to the stability of the protein fold. However, the
remaining residues cluster at the center of the recessed area, near
the zinc ion (red residues in Figure 2B), and include the three zinc-
coordinating residues H60, H165 and D179 (Figure 3A). Residues
conserved to a lesser degree also cluster in this region, while the
remaining AmiE surface is almost completely devoid of conserved
amino acids. The conserved residues delineate a groove that runs
along the recessed area, extending from the zinc ion to both the
top and the bottom of the domain. The shape of the groove and its
high degree of conservation indicate that it is the site of interaction
with the PGN substrate. Moreover, the presence of zinc at the
center of the groove suggests that AmiE functions as a zinc-
dependent amidase. Residues E119 and H177, which are near the
zinc ion but do not contact it, are likely to be involved in catalysis
by facilitating a water-mediated nucleophilic attack at the peptide
bond and stabilizing the transition state, as shown in Figure 3B.

In order to determine whether amino acids in the vicinity of the
zinc ion are required for enzymatic activity, residues H60, H177
and D179 were separately mutated to alanine. All three mutant
proteins were expressed and purified to homogeneity. None of
them has lytic activity in zymogram gels with heat-inactivated S.
aureus cells, whereas the wild type (wt) protein is able to lyse cell
walls efficiently (Figure 4A). Similar results were obtained with lysis
assays using purified S. awreus PGN (Figure 4B). Our results
therefore provide evidence for a critical role of the zinc ion and its
surrounding residues in catalysis. These findings are consistent
with previous studies showing that treatment of the wt amidase
with chelating agents such as EDTA or phenanthroline, which
likely remove the zinc ion, results in loss of activity [12].

In order to assess the roles of amino acids H60, H177 and D179
in vivo, we expressed the wt gene coding for AmiE and repeats R1
and R2 (amiE-R;9) as well as three mutated amiE-R, o genes
carrying H60A, H177A and D179A substitutions in an S. aureus
strain that lacks the autolysin (SA113Aatl4, [7]) using the shuttle
vector pRC20 [4]. The SA113AasA strain has a severe growth
defect, forming large cell clusters that quickly sediment in liquid
medium. In contrast, the wt SA113 strain grows homogeneously
and does not form such aggregates. As shown in Figure 4C, only
the wt amil-R; 5 gene is able to fully complement the Aatid
mutant. The amidase mutants H60A and D179A are unable to
complement the Aatl4 mutant, suggesting that these mutants are
not functional i vivo. In comparison, the H177A mutant shows a
milder phenotype i viwo and partially complements the Aatld
mutant to wt phenotype. Residues H60 and D179 both coordinate
zinc and play critical roles in catalysis (Figure 3). The H177 side
chain is not part of the zinc coordination sphere, but most likely
functions to stabilize the transition state during catalysis
(Figure 3B). Our results thus indicate that only mutations directly
in the active center are sufficient to abolish enzymatic activity,
resulting in a phenotype that matches the deletion mutant. The
H177A mutation possibly results in decelerated reaction kinetics,
thus producing a less severe phenotype compared to those of the
H60A and D179A mutants. The i viwvo assay can be regarded as
more sensitive since cells were grown for 10 h. The small time
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Figure 1. Crystal structure of the catalytic domain of AmiE. (A) Cartoon representation of the AmiE crystal structure. Two views differing by
90° are shown. Helices and strands are colored blue and orange, respectively. The zinc ion bound in the active center is shown as a grey sphere. (B)
Domain arrangement of the bifunctional AtIE precursor protein. Arrows indicate the post-translational cleavage sites. SP signalpeptide, PP pro-
peptide, cat catalytic domains, R1 R2 R3 repeat domains. (C) Topology diagram of the AmiE structure, with helices and strands represented with
cylinders and arrows, respectively. Numbers of amino acids are given in rectangles.

doi:10.1371/journal.ppat.1000807.9g001

frame of the i vitro assay is not sufficient to discriminate between
an enzyme with a reduced activity and no activity.

The lack of lytic activity in the three mutant proteins could be
due to conformational changes that would adversely affect their
interaction with ligand. To test this possibility, we generated the
PGN-derived N-acetylmuramyl-L-alanyl-D-iso-glutamyl-L-lysine
(MTP) ligand as previously described [13] and labeled it by
attaching biotin to the €-amino group of L-lysine via a short linker
(MTP-Biot) (see Methods). Affinity measurements using an ELISA
assay clearly show that all three catalytically inactive mutants are
still able to bind MTP-Biot (Figure 4D). Compared with the wt
protein, the H177A mutant even shows significantly increased
binding. The most likely explanation is that the H177A mutation
leads to a smaller structural change in or near the active site that
facilitates binding. As with many enzymes, the AmiE active site is
probably designed to preferentially bind and stabilize the
transition state. Since HI177 is likely to participate in this
stabilization (Figure 3B), its replacement with alanine may reduce
conformational stress on the substrate, allowing for better binding
of the native conformation. It is also possible that the wt protein
partially cleaves M'TP-Biot, which would result in a lower signal.
However, as variation of the incubation time does not affect the
value for the wt protein (data not shown), we consider this latter
possibility unlikely.
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Ligand specificity

To determine the minimal PGN sequence that can still be cleaved
by AmiE, we performed cleavage assays with three PGN-derived
compounds: MTP, N-acetylmuramyl-L-alanyl-D-iso-glutamine
(MDP), and N-acetyl-D-glucosaminyl-(1,4)-N-acetylmuramyl-L-al-
anyl-D-iso-glutamine (GMDP). MDP and GDMP were purchased
from Sigma and Calbiochem, respectively, whereas MTP was
synthesized as described [13]. All ligands were incubated with the wt
protein for 72 h at 37°C, followed by analysis of products with
HPLC and ESI mass spectrometry. These experiments demonstrate
that neither MDP nor GMDP are cleaved by the wt enzyme (data
not shown), whereas MTP is cleaved into two fragments. The
H177A mutant, which still binds to M'TP, does not cleave MTP and
therefore serves as a negative control in this experiment. The m/z
profile of the H177A mutant is dominated by peaks at m/z 621 and
649 (Figure 5, right). The latter peak represents the MTP educt plus
an unknown additional mass, which probably originates from the
synthesis. Both peaks are replaced by peaks at m/z 346 and 374 in
the profile for the wt protein (Figure 5, left). The first peak
corresponds to the expected mass of the cleaved peptide stem while
the second one is the digestion product of the compound with the
higher mass. We conclude that cleavage by AmiE requires the
presence of a third amino acid in the peptide stem. As the lysine is
quite distant from the active site, it is most likely not required for the
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Figure 2. Conserved AmiE residues map to a single ligand-binding groove. (A) Sequence alignment of AmiE and 28 homologous proteins.
Alignments were calculated with the programs ClustalW2 [34], MUSCLE [35] and MAFFT [36] and combined into a single output using COMBINE
[37,38]. Conserved amino acids are color-coded according to their degree of conservation, ranging from white (not conserved) to red (fully
conserved). Residues participating in zinc-binding and catalysis are marked with rectangles and triangles, respectively. Abbreviations are as follows:
S.e Staphylococcus epidermidis, S.ca. Staphylococcus caprae, S.h. Staphylococcus haemolyticus JCSC1435, S.a. Staphylococcus aureus RF122, S.w.
Staphylococcus warneri, S.x. Staphylococcus xylosus, S.co. Staphylococcus cohnii, S.si Staphylococcus simulans, S.sa. Staphylococcus saprophyticus,
L.d. Lactobacillus delbrueckii subsp. bulgaricus ATCC 11842, P.p. Pediococcus pentosaceus ATCC 25745, L.b. Lactobacillus brevis ATCC 367, O.o.
Oenococcus oeni PSU-1, L.w. Listeria welshimeri serovar 6b str. SLCC5334, L.i. Listeria innocua Clip11262, L.m. Listeria monocytogenes, L.r.
Lactobacillus reuteri F275, B.c. Bacillus cereus subsp. cytotoxis NVH 391-98, E. faecalis Enterococcus faecalis V583, L.a. Lactobacillus acidophilus NCFM,
E. faecium Enterococcus faecium DO, L.s. Lactobacillus sakei subsp. sakei 23K, B.sp. Bacillus sp. B14905, S.pn. Streptococcus pneumoniae, S.mi.
Streptococcus mitis, S.ps. Streptococcus pseudopneumoniae, S.l. Staphylococcus lugdunensis, S.mu. Streptococcus mutans UA159, D.h.
Desulfitobacterium hafniense Y51. (B) Conservation pattern of amino acids on the surface of AmiE, shown in three different views. Amino acids
are colored according to their degree of conservation using the color scheme of panel A. The majority of conserved residues, including residues with
the highest degree of conservation, clusters in a distinct region around the catalytic zinc ion. Underlined letters mark amino acids of the coordination

sphere (H60, H165 and D179) as well as H177 and E119, which have roles in catalysis.

doi:10.1371/journal.ppat.1000807.9002

catalytic reaction itself but likely serves to anchor the ligand in the
binding site. Similar cleavage results have previously been obtained
for the catalytically active PGRP-L protein, which also requires
MTP for cleavage [14].

Structure-based molecular docking of MTP

Efforts to obtain a crystal structure of AmiE with a bound PGN
fragment, either through co-crystallization or soaking, were
unsuccessful. We therefore undertook molecular docking studies
to establish a plausible mode of interaction for the MTP ligand
with  AmiEl (see Methods). The available biochemical and
structural data served as constraints for this approach. The best
docking solution, which combines the highest docking score with a
sensible orientation in the binding groove, is shown in Figure 6.
The solution places the carbohydrate moiety in a relatively open,
surface-exposed region at one end of the groove, and the tripeptide
stem into the groove. Residues in the active site near the zinc ion,
which are likely to play a role in catalysis, are positioned near the
bond that is cleaved by AmiE. A nucleophilic attack of this bond
by an activated water molecule, as shown schematically in
Figure 3B, would therefore easily be possible.

Main chain and side chain atoms of residues in the second and
third position of the peptide stem are able to make favorable
contacts with residues in the AmiE groove. In particular, the
model indicates a significant role for the D-iGln residue in
substrate recognition as this residue forms 6 of the total 10
hydrogen bonds with the protein (Figure 6). Main chain atoms at
both ends of the residue as well as side chain atoms are engaged in
contacts. As equivalent contacts would not be possible with a
standard glutamic acid residue, our model presents evidence for
the importance of the glutamine isoform for substrate recognition.
Asparagine 112 is strictly conserved among proteins that likely
share the amidase-like fold (Figure 2) and occupies a position in the
short o6 helix that allows the formation of hydrogen bonds
between the side chain nitrogen and the two main-chain carbonyl
oxygen atoms of D-iGln and L-Lys (see below).

We also note that, in our model, the L-lysine side chain fits into a
surface pocket. The hydrophobic portion of its side chain forms
extensive van der Waals interactions with the aromatic ring of
W105. A prolonged lysine side chain with additional glycines of the
interpeptide bridge would most likely run along the mainly
hydrophobic chute that starts near W105 (Figure 6B, yellow circles).

The influence of substrate modifications on catalysis

In agreement with the docking model, digestion assays with M'TP
suggest an important role of the third amino acid in the peptide
stem. In order to further investigate the role of the lysine side chain
for substrate recognition we performed additional digestion assays
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with MTP derivatives. For each of those, the sugar moiety
(MurNAc) was replaced with a cleavable fluorescent (7-Methox-
ycoumarin-4-yl)-acetyl (Mca) reporter group since this group is
known to have little effect on substrate recognition [12]. Substrates
with one, two or three glycine residues attached to the lysine side
chain were prepared (Mca-Ala-D-iGIn-Lys(Gly)-D-Ala-Arg-OH, Mca-
Ala-D-iGIn-Lys-(Gly),-D-Ala-Arg-OH, Mca-Ala-D-iGIn-Lys(Gly)s-D-
Ala-Arg-OH), as well as a compound in which the lysine is replaced
with an alanine (Mca-Ala-D-iGln-Ala-D-Ala-Arg-OH). The exact
number of glycines tethered to the lysine side chain of the natural
PGN substrate recognized by Amik is still unknown. Nevertheless,
the chosen compounds match the iz viwo conditions better than a
terminal lysine side chain with a charged amino group. The Lys-
substrate (without glycines) served as a reference.

Our results clearly show that all five substrates can be cleaved by
AmiE (Figure 7). However, reaction kinetics are rather slow, which
might be due to the fact that the substrates lack the N-acetyl-D-
glucosaminyl and N-acetylmuramyl sugar moieties. Approximately
10 percent of the Ala-substrate is cleaved after 6 h. All of the Gly-
substrates were processed similarly, with about 20 percent cleaved
after 6 h. The Lys-substrate shows the fastest rate of cleavage, with
almost half of the educt being digested within the same time.
Comparison of the cleavage efficiencies between the Lys(Gly),-
substrates and the Ala-substrate reveals that the lysine side chain
does not appear to have a significant impact for substrate
recognition as the mutation of Lys to Ala only slows cleavage but
does not prevent it. Furthermore, the negligible differences among
the Lys(Gly)-substrates show that an increasing number of glycines
does not result in enhanced binding to AmiE. As our docking model
shows, the charged €-amino group of the Lys-substrate could easily
form a cation-pi bond with W105 at the end of the PGN-groove
(Figure 6A), leading to enhanced binding and perhaps accounting
for the increased cleavage rate observed for this compound. Such an
interaction would however not occur  vivo.

Structural relationships

Although the amino acid sequence of AmiE does not exhibit
significant homology to other structurally known proteins, we were
surprised to find that its fold is strikingly similar to that observed in
other zinc-dependent amidases. A DALI analysis [15] shows that
the closest structural homolog of AmiE is the N-terminal domain of
PlyL, a prophage endolysin encoded by the Bacillus anthracis genome
(Z-score=18.4, rmsd=2.1) [16]. Like AmiE, PlyL is an N-
acetylmuramyl-L-alanine amidase, cleaving PGN at the same site.
Interestingly, the domain organization of PlyL, which contains an
N-terminal catalytic domain and a C-terminal cell-wall binding
domain, mirrors that of AtlE, which also has an N-terminal amidase
followed by repeats that are reported to interact with components of
the staphylococcal cell wall [7].
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Figure 3. Close-up view of the AmiE active center and
mechanism of catalysis. (A) Architecture of the active site. Side
chains of H60, H165, D179 (blue) and a water molecule (red) coordinate
a ceptral zinc ion. Side chains of H177 and E119 (green) are 4.5 A and
4.9 A, respectively, apart from the zinc. E119 likely acts as a proton
shuttle while the protonated side chain of H177 probably serves to
stabilize a transition state. (B) Proposed mechanism of catalysis. The free
enzyme is shown in (l). Upon docking of a PGN-fragment the Michaelis-
Menten complex is formed (ll). Acting as an electrophilic catalyst, the
zinc ion accepts an electron pair from the carbonyl oxygen of the lactyl
moiety, which becomes wedged between the water molecule and the
side chain of H177. This results in a pentacoordinated zinc ion and a
displacement of the water molecule towards the E119 side chain. The
strong polarization between the positively charged zinc ion and the
negative carboxylate of E119 leads to a nucleophilic attack of the water
oxygen on the carbonyl carbon, which is in close vicinity. In this process,
E119 serves as a proton shuttle by transferring the accepted proton to
the nitrogen of the peptide bond. This results in the formation of a
transition state (lll), in which the former carbonyl carbon is now
tetrahedral. The negative charge on the carbonyl oxygen in this state is
stabilized by the protonated side chain of H177. In the next step (IV),
E119 acts again as a proton shuttle by transferring the second proton.
Thus, it promotes cleavage of the peptide bond and subsequent release
of the peptide stem. In this state, MurNAc is still attached to the zinc ion
via the lactyl carboxyl-group. Replacement against an incoming water
molecule closes the catalytic cycle and reconstitutes the initial state (I).
doi:10.1371/journal.ppat.1000807.g003

The AmiE structure is also highly homologous to the PGRP
family of proteins (Figure 8). PGRPs are pattern recognition
molecules that are conserved both in vertebrates and invertebrates
and recognize PGN, the unique cell wall component of bacteria.
In insects, PGRPs mainly activate antimicrobial pathways.
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Mammalian PGRPs are not involved in signaling pathways,
but are bactericidal by interfering with PGN synthesis. A third
group, PGN-hydrolyzing PGRPs, has been found in insects and
mammals. Although soluble and membrane-bound variants of
PGRPs with different molecular weights exist, all PGRPs possess a
domain that closely resembles the AmiE fold. To date, structures
of this domain from Drosophila melanogaster (PGRP-LB and PGRP-
SA) and Homo sapiens (PGRP-IoC and PGRP-S) are known. All
four PGRPs can be superimposed with Amili with low r.m.s.
deviations (Figure 8). Only PGRP-LB functions as a PGN-
hydrolyzing amidase, whereas the other structurally known
PGRPs can bind PGN but are unable to cleave it. Non-lytic
PGRPs lack zinc-coordinating residues in the active site. They
likely interfere with bacterial growth by enclosing parts of the PGN
layer and thereby preventing further crosslinking [17].

The superposition of AmiE with PlyL. and the PGRPs shows
that the best agreement is seen around the putative PGN-binding
groove and the active site (Figure 8B,C). The coordination of zinc
in the amidases PGRP-LB and PlyL. closely resembles the zinc-
binding site in AmiE. The histidines surrounding the zinc ions are
in equivalent positions, while D179 is replaced with cysteines in
PGRP-LB and PlyL. Both aspartates and cysteines can ligate zinc.
In addition, the carboxylate groups of E119 in AmiE and E90 in
PlyL occupy similar positions. E90 has been suggested to act as a
proton shuttle in the catalytic cycle of PlyL, similar to the proposed
role of E119 in AmiE (Figure 3B). This role is taken over by the
deprotonated side chain of Y78 in PGRP-LB, which protrudes
from the adjacent 02-B3 loop, bringing its phenol oxygen in close
proximity to the E119 carboxylate in the superposition (Figure 8B).
The side chain of AmiE residue H177 lies near the side chain of
K135 in PlyL. Both residues in the same position are predicted to
stabilize a transition state during substrate cleavage.

All six structures also have a conserved asparagine at the end of
their putative PGN-binding sites (Figure 8C). For the non-catalytic
amidases, it has been shown [18] that an asparagine in this
position contacts the carbonyl oxygens of D-iGln and L-Lys
(PGRP-IaC, PGRP-SA) of MTP via hydrogen bonds. In the
docking model of PGRP-S, only L-Lys is contacted by the
corresponding asparagine. Our docking model of AmiE and MTP
shows that N112 1s engaged in hydrogen bonds with the D-1iGIn
and L-Lys carbonyls (Figure 6). Both hydrogen bonds are likely
critical for anchoring the substrate as we find that compounds that
lack the third amino acid cannot be processed by AmikE.

As expected, regions more distant from the substrate-binding
groove are structurally more diverse. AmiE and the N-terminal
PlyL. domain are modular proteins that are connected to
additional domains that mediate interactions with the cell wall.
AmiE mainly differs from PlyL by a unique 20 residue N-terminal
extension, including helix ol. As this helix lies close to the C-
terminus of AmiE (Figure 1A), it likely interacts with the repeats
R1 and R2, probably forming an adapter between the catalytic
domain and the cell wall binding domain. The PGRPs differ in
number and arrangement of o-helices at their C-terminus from
AmiE and PlyL. They also all have an additional 3;( helix, which
is absent in the bacterial amidases. This helix is located in the so-
called PGRP-specific segment, near the N-terminus, which serves
to bind different non-PGN substrates such as effector molecules or
molecules involved in signaling pathways.

Discussion

We have solved the crystal structure of the AtIE amidase AmiE
from Staphylococcus epidermidis at high resolution. This is not only the
first structure of a staphylococcal amidase, but also of an amidase
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Figure 4. Activity and binding assays of amidase mutants. (A) Coomassie staining of the purified proteins after SDS-PAGE (left) and the
corresponding methylene blue stained zymogram (right) with embedded heat-killed S. aureus cells. Lanes: 1. wt AmiE, 2. AmiE D179A, 3. AmiE
H177A, 4. AmiE H60A, 5. AmiE-R1R2 (control). (B) Digestion of S. aureus peptidoglycan in sodium phosphate buffer (100 mM, pH 7.0) at 37°C with
20 pg of the respective enzymes. Lysis of peptidoglycan was measured as the decrease in optical density at 578 nm. (C) Complementation of the S.
aureus SA113Aat/A mutant. SA113 wt and SA113Aat/A mutant strains carrying different point mutations in the complementation plasmid pRC20
were grown for 10 h in B-broth. Sedimentation (aggregation) of cells was observed as a consequence of the inability of the cells to separate
SA113 wt, SA113AatlA, SA113AatlA (pRC20_wt), SA113AatlA (pRC20_H60A), SA113AatlA (pRC20_H177A), and SA113AatlA (pRC20_D179A). (D)
Binding affinities of biotin labeled MTP to inactive mutants. ELISA assay after 60 min of incubation with Streptavidin horseradish peroxidase at
different MTP-Biot. concentrations. The best signal to noise ratio was obtained at a concentration of 12.5 ug/ml MTP-Biot.
doi:10.1371/journal.ppat.1000807.9004

from any bacterium with a gram-positive cell wall architecture.
Comparison with related bacterial enzymes reveals few conserved
residues. Almost exclusively, these map to an elongated groove on

one side of the protein. Architecture and size of the groove
indicate that it is likely to serve as the binding site for a portion of
PGN. A tetrahedrally coordinated zinc ion at the center of the
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Figure 5. MTP digestion assay. ESI-MS spectra of MTP digest with AmiE wt and H177A. The wildtype enzyme and an inactive mutant (H177A)
were incubated for 72h with MTP. ESI-MS spectrum of AmiE wt + MTP (left). Arrows indicate the masses of the digestion products. The main peaks are
at m/z 346 and 374, which correspond to the cleaved peptide stem. ESI-MS spectrum of MTP + H177A (right). The m/z peaks at 621 and 649
correspond to MTP as synthesized.

doi:10.1371/journal.ppat.1000807.9005
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Figure 6. Results of docking of AmiE with the MTP ligand. (A) Putative interactions between AmiE (grey) and MTP (orange) in the docking
model. AmiE residues forming hydrogen bond are colored green, residues making three or more van der Waals interactions are colored blue.
Hydrogen bonds are indicated with dashed lines. (B) Surface representation of AmiE with MTP docked into the binding groove. Residues forming
hydrogen bonds and van der Waals interactions were calculated using the PISA server (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.html) [39]. The
putative locations of glycine residues, which would be attached to the lysine side chain in the natural ligand, are indicated with yellow circles. (C)
Schematic representation of interactions between AmiE and MTP. Van der Waals interactions are represented with arcs. The same color scheme for
contacting residues was used in panels A, B and C. (D) Summary of the observed hydrogen bonds in the model.

doi:10.1371/journal.ppat.1000807.9006

groove marks the active site of the enzyme. Mutagenesis
experiments at this site provide strong evidence that AmiE
functions as a zinc-dependent metalloprotease.

Currently, fourteen protein structures that share the N-
acetylmuramyl-L-alanine amidase-like fold observed in AmiE
have been deposited in the Protein Data Bank. Five of these
structures show catalytic activity, but so far none of the
catalytically active enzymes has been crystallized in complex with
a ligand. Therefore, the principles that guide the interaction of
these enzymes with their substrates remain undefined. In order to
provide a basis for understanding their ligand-binding and activity
properties, we first defined MTP as the minimal ligand that can
still be cleaved by AmiE, and then performed docking studies with
this ligand. Our results indicate that the carbohydrate moiety plays
a minor role in binding. However, the glutamine isoform in the
second position and presence of a third amino acid in the peptide
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stem are key determinants of binding, needed to position the
ligand in the binding groove. Furthermore, mutation of lysine in
the third position to an alanine does not abolish substrate
recognition by the enzyme, indicating that contacts with the third
amino acid are restricted to the main-chain of the peptide stem.
This finding is consistent with our docking results. The digestion
assays, using substrate derivatives with one, two and three glycines
residues attached to the lysine side chain, show that all three
substrates are processed equally well, but show a significantly
higher binding affinity than the alanine derivative, which is likely
due to additional van der Waals interactions with either the lysine
side chain or the first glycine residue.

What are the key requirements for successtul PGN binding and
cleavage by Amill? Replacing MurNAc with a fluorophore,
changing the amino acid in the third position, and absence of the
D-iGln amidation [12] clearly do not prevent binding, and thus
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variations and extensions at these positions can likely be tolerated
by the enzyme. However, the presence of the glutamine isoform at
position two of the peptide is likely critical for binding. It was
previously shown that a three amino-acid substrate with a
glutamine in its standard configuration is not recognized by AmiE
[12]. Our docking experiments clearly show that the D-iGln
residue forms the majority of hydrogen bonds with Amik,
supporting a critical role for this residue. Moreover, a standard
glutamic acid at the equivalent position would not be accommo-
dated by AmiE, as its side chain would clash with residues lining
the groove. The results from our docking studies are also consistent

Structure and Function of Staphylococcal Autolysin

with structural information on a complex of PGRP-IaC with PGN
and docking models of PGRP-S and PGRP-SA. All of these show
extensive contacts with D-iGln [18]. The digestion assay with an
alanine substrate clearly showed that the absence of the lysine side
chain has only a minor impact on substrate recognition when
compared to the Lys(Gly), substrates. Our docking model, in
which the main chain of the third amino acid is primarily involved
in interactions, supports these data. The main chain of the third
amino acid can therefore be described as a minimal motif that is
essential for recognition of the substrate.

N112, which is located towards the lower end of the groove, is
strictly conserved in bacterial amidases (Figure 2A). We were
surprised to find an asparagine at an equivalent position in
catalytically active as well as inactive PGRPs (Figure 8C). This
residue is the only conserved amino acid among bacterial and
eukaryotic amidases that participates in PGN binding. Its
conservation therefore indicates that it is required for the
recognition of a muramylpeptide with a three-peptide stem. In
our docking model, the 82 nitrogen of N112 forms hydrogen
bonds with the main chain carbonyl oxygens of D-iGIn and L-Lys.
We therefore postulate that a common PGN binding mode is
shared by all proteins with an N-acetylmuramyl-L-alanine
amidase-like fold.

Our data show that only a small number of PGN consensus
motifs are required for recognition by AmiE. Such motifs are
present in many different types of cell walls. How does the amidase
then ensure species-specific binding to the bacterial cell wall, and
how does this compare with other amidases that have similar
catalytic activities but act on different cell wall types? It is likely
that AmiE uses a dual strategy to ensure species-specific substrate
recognition with high affinity. In the first step, the repeating units
that follow AmiE in sequence (Figure 1B) likely mediate cell wall

H177 D179 ¢
1129

B AmiE

PGRP-LB

PGRP-laC
PGRP-SA non-catalytic

Figure 8. Structural comparison of AmiE with homologous proteins. (A) Representation of the overall fold. Helices are shown as cylinders,
strands as arrows. Zinc ions in the active centers are shown as spheres. R.m.s. deviations and Z-scores were calculated by the DALI server [15]. PlyL (B.
anthracis prophage) has the strongest structural homology to AmiE (Z-score=18.4, rmsd=2.1). This is followed by D. melanogaster PGRP-LB (Z-
score =124, rmsd = 2.3), H. sapiens PGRP-S (Z-score =12.4, rmsd = 2.4), H. sapiens PGRP-la.C (Z-score =12.3, rmsd = 2.3) and D. melanogaster PGRP-SA
(Z-score=12.1, rmsd = 2.4). Alignments were calculated with the program Isgkab from the CCP4 suite [23]. (B) Close-up view on the superimposed
active sites. Zinc-coordinating residues and residues participating in catalysis are labeled and color-coded. (C) Superimposition of structurally
conserved asparagine residues making contacts with the second and third amino acid in the peptide stem of MTP.

doi:10.1371/journal.ppat.1000807.g008
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binding and help to position the catalytic domain correctly. Such a
cell wall anchoring function has been described for the S.
epidermidis AtlE repeats RIR2 [7] as well as for the repeat domains
of PlyL from a B. anthracis prophage [16]. The repeat domains are
highly positively charged and might interact with the zwitterionic
backbone of lipoteichoic acids on the cell surface [19]. Upon initial
attachment via the repeat domains, the catalytic domain would
then be close enough to the PGN substrate to bind and cleave it at
the appropriate location.

All bacterial cell walls share common PGN motifs recognized by
amidases, while other motifs are more variable among different
species. Among those are the amidation of the D-iGln side chain,
the variable third amino acid in the stem, and the number and
type of amino acids in the interpeptide bridge. All these variations
likely increase amidase affinity to specific cell walls. It has
previously been shown that lack of the D-iGIn amidation results
in a lower binding affinity to AmiE [12]. Nothing is known about
either the mode of interaction between repeat domains and
lipoteichoic acids or the influence of the interpeptide bridge on
binding of the PGN-substrate. This bridge, which consists of five
glycines in S. aureus and various other staphylococcal species, links
the third and fourth amino acids of two neighboring PGN-strands
and is responsible for crosslinking. Number and type of amino acid
are highly variable among different species and could therefore
play a crucial role for species-specific recognition. Further
mvestigations will be necessary to complete the picture concerning
the interactions between AmiE, the repeat domains and their
substrates.

It has been clearly demonstrated that proper function of
autolysins 1s essential to allow for normal cell division and
therefore growth of Staphylococci. We show here that alterations
in the active center of AmiE directly affect cell proliferation and
therefore are likely to prevent spreading of a Staphylococci
infection. The structure-function analysis presented here therefore
provides the framework for understanding a key step in the
function of all staphylococcal autolysins: the recognition, selectiv-
ity, and catalytic mechanism of cleavage of a PGN fragment. This
information should therefore guide efforts to design specific
inhibitors that can block autolysin function and thus prevent
staphylococcal growth.

Materials and Methods

Protein expression and purification

A DNA fragment coding for amino acids 303 to 516 of the at/E
gene product was amplified via PCR from S. epidermidis O-47 [20]
genomic DNA and cloned into the pGEX 4T-3 expression
plasmid (GE Healthcare) using BamHI and Xhol restriction sites.
The protein was expressed in FEscherichia coli BL21 (DES3)
(Stratagene) fused to a thrombin cleavable N-terminal GST-tag.
Bacteria were grown at 37°C in LB-medium supplemented with
50 ug ml! ampicillin until the ODgo had reached ~0.4.
Expression of the fusion protein was induced with 1 mM
isopropyl-p-D-1-thiogalactopyranoside (IPTG). The temperature
was then reduced to 25°C, and growth of the culture continued for
6 h. Cells were harvested and resuspended in lysis buffer (50 mM
Tris/HCI pH 8.0, 150 mM NaCl, 1 mM Phenylmethylsulfonyl-
fluoride (PMSF). After lysis, the mixture was centrifuged for
30 min at 50000xg to remove insoluble material. The soluble
fraction was passed through a 0.45 um filter and applied to a 5 ml
GSTrap FF column (GE Healthcare). After washing, the protein
was released from the GST-tag by on-column cleavage with 10
units thrombin/mg fusion protein. The eluate was concentrated
and applied to a Superdex 75 16/60 gel filtration column (GE
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Healthcare), again using the lysis buffer (without PMSF). The
purified enzyme was >95% pure as judged by SDS-PAGE, and
was used for crystallization.

Crystallization and structure determination

Purified AmiE (20 mg/ml) was mixed in a 1:1 ratio with
crystallization buffer containing 22% (v/v) 1,4-butanediol, 0.1 M
imidazole pH 7.0 and 0.15 M zinc acetate. Crystals grew at 4°C
using the hanging drop method. Prior to freezing in liquid
nitrogen, the crystals were placed in crystallization solution
supplemented with 20% glycerol as cryoprotectant. For phase
determination, crystals were soaked for 5 min in crystallization
solution supplemented with 10 mM samarium chloride before
cryoprotection and freezing. Crystals of AmiEl belong to space
group P432,2 with two molecules in the asymmetric unit (Table 1).
Native data were collected at beamline X06S at the Swiss Light
Source (Villigen, Switzerland) using a Mar225 CCD detector.
Data collection of derivatized crystals was performed using a
Rigaku Micromax 007 HF rotating anode X-ray generator and a
Mar345 dtb detector. Data were indexed, integrated and scaled
using the XDS package [21] and the HKL software package [22].
Phases were determined by single isomorphous replacement.
Native and derivative data were scaled with Scaleit [23]. Heavy
atom sites were identified by manual inspection of difference
Patterson maps calculated with fft [23] and refined using
MLPhaRe [23]. The initially obtained phases were improved by
density modification as implemented in DM [23]. At this point,
secondary structure elements could clearly be identified in the
electron density map. Non-crystallographic averaging (DM & O)
[23,24] further improved the density. Model building was
performed manually using Coot [25]. The structure was refined
to 1.7 A resolution with CNS [26,27] and Refmac5 [23]. The final
model comprises amino acids 7-214. Although present in the
purified protein, the six N-terminal residues are not visible in the
electron density map and were therefore not built. The structure
also contains 14 zinc ions per monomer. Coordinates and
structure factors have been deposited with the Protein Data Bank
with the accession code 3LAT. A second crystal form, which could
be obtained from a zinc free crystallization condition, contains
only the zinc ion in the active site. Data for this crystal form were
collected at the ESRF (Grenoble, France).

Construction of amidase mutants, and complementation

assay

Amino acids H60, H177 and D179 were each mutated to alanine
by site directed mutagenesis using the QuikChange II XL Kit
(Stratagene) with primer pairs H60A_5" (5'-GAAGGTATCGTT-
GTTGCTGATACTGCAAATGATA-3"), HG0A_3' (5'-TATCAT-
TTGCAGTATCAGCAACAACGATACCTTC-3"), H177A_5" (5'-
GGAGGT ACTGATGCTGCTGACCCTCACC-3"), H177A_3'
(5"-GGTGAGGGTCAGCAGCAT CAGTACCTCC-3'), D179A_5’
(5'-CTGATCACGCTGCTCCTCACCAA TATTTAAG-3'), and
D179A_3" (5'-CTTAAATATTGGTGAGGAGCAGCGTGATC-
AG-3"). The pGEX 4T-3 expression plasmid carrying the amiE
gene fragment was used as the template. The mutated plasmids
were then used for protein overexpression in . coli. In addition, the
mutated amidase genes were assayed with respect to their ability to
complement the S. aureus SA113AatlA mutant in vive. Therefore, the
same mutations were introduced into the E. coli/Staphylococcus sp.
shuttle vector pRC20 [4]. Briefly, pRC20 containing the mutated
amil-R o gene was isolated from FE. coli DH5ar and transformed
first into S. awreus RN4220 and subsequently into S. aureus
SA113Aatid by electroporation. Transformants in S. aureus were
selected with chloramphenicol. The DNA sequence was verified
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Table 1. Data collection and structure refinements statistics.
Native SmCl;
Data collection
Space group P452,2 P432,2
Cell dimensions (A) 99.45, 99.45, 148.78  99.57, 99.57, 149.15
Wavelength (A) 0.9999 1.5418
Resolution (A) 40.0-1.70 (1.76-1.70)  40.0-2.30 (2.38-2.30)
Reym * 0.09 (0.33) 0.08 (0.32)
I/ol 19.6 (2.40) 18.8 (1.92)
Completeness (%) 99.4 (99.4) 80.2 (78.2)
Redundancy 10.0 (6.2) 1.8 (1.9)
Total reflections 824913 50047
Unique reflections 82089 27285
Refinement
Resolution (A) 30.8-1.7
Ruork/Riree” 0.143/0.167
Number of atoms
Protein 3408
Ligand/ion 28/15
Water 523
B-factors (A2)
Protein 258
Ligand/ion 33.4/25.7
Water 46.7
r.m.s. deviations
Bond lengths A) 0.009
Bond angles (°) 1.150
Ramachandran plot (%)
Most favored region 96.01
Additionally allowed region 3.99
r.m.s, root-mean-square. Values in parentheses correspond to highest
resolution bin.
*Rsym=2| |Fobs(hk|) | - |Fcalc (hkl) | VE |Fobs (hkl)
#Rfactor=X | | - <I> |/Z/
doi:10.1371/journal.ppat.1000807.t001

using amidase-specific primers. For the complementation assay,
mutant cells were allowed to grow for 10 h in 50 ml liquid medium
at 37°C under shaking. Aliquots were transferred into plastic tubes,
allowed to settle for 2 min and photographed against a dark
background.

ELISA assay

ELISA assays were carried out with MTP-Biot. Greiner
Microcolon plates were incubated for 24 h with 100 pl protein
solution at a concentration of 10 ug/ml in PBS (pH 7.3) at 4°C.
All following steps were done at 20°C. All washing steps were
repeated three times with 250 pl wash buffer (0,05% (v/v) Tween
20 in PBS). Surfaces were blocked for 1 h with 250 ul milk powder
(4% (w/v) in PBS), followed by a wash step. The coated plates
were then incubated for 30 min with 100 pl of MTP-Biot solution
(12,5 ug/ml in PBS). After washing, the wells were incubated for
1 h with Streptavidin linked to horseradish peroxidase solution.
Unbound Streptavidin was removed by washing. For detection,
100 ul of 3,3, 5,5’ -tetramethylbenzidine solution was added to the
wells for 3-5 min until a slight blue color appeared. The reaction
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was stopped by adding 100 ul 1 M HySO,4. Products were
detected at 450 nm using an ELISA-reader (Thermo Multiscan).

Synthesis of MTP compounds

Compounds MTP and MTP-Biot were synthesized as previ-
ously described [13] using standard solid phase synthesis protocols.
Protection groups that rely on strong acids for cleavage were
avoided. All peptides were synthesized by a solid-phase technique,
using the fluoren-9-ylmethoxycarbonyl (Fmoc) strategy on a Syro-
II-synthesizer (MultiSynTech). Fmoc-amino acids were purchased
from Novabiochem, from MultiSynTech or from Iris Biotech. 2-
(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  hexa-
fluorophosphate (Applied Biosciences) was used as a coupling
agent. The sugar moiety was obtained as Benzyl N-acetyl-4,6-O-
benzylidenemuramic acid (Sigma). The benzyl group was removed
by incubation with ammonium formiate at 40°C for 24 h in the
presence of 10% Pd on charcoal (Acros organics). Purity and
molecular mass of the product was analyzed by liquid chroma-
tography mass spectrometry (LCMS) using a reversed phase C8
column for separation and ESI-MS for mass determination.

MTP digestion assays

For each assay, 10 ng of wt or mutant protein and 0.1 mg of the
appropriate ligand were incubated in 10 pl gel filtration buffer
(50 mM Tris/HCI pH 8.0, 150 mM NaCl). The reaction was
stopped after 72 h by adding 100 ul acetonitrile with 0,05% (v/v)
formic acid. The sample was then frozen at -20°C until used for

ESI-MS.

Docking

The Schrodinger Suite [28,29,30] was used to perform docking
simulations. In order to obtain a starting point for the docking, the
only two available PGRP structures with a bound ligand (PDB
codes: 2aph, ltwq) were superimposed onto the AmiE wt
structure. The structure ltwq contains MTP as a ligand, while
2aph contains an M'TP-based compound that is extended by two
D-alanine residues at the C-terminus. Superposition was in each
case performed using a least-squares fit algorithm in Chimera [31].
The superimposed structures were used to define a starting
position and the boundaries of the docking grid. Since our own
studies had shown that MTP is the minimal ligand for AmiE, we
generated 64 MTP conformers using the docking algorithm
implemented in the program Glide [28,29] in the Schrodinger
Suite. The docking was performed in two steps. A constrained
nitial docking using the XP algorithm was performed first,
followed by an unconstrained QM-polarized docking protocol
[32]. During the initial docking, the carbonyl atom in the peptide
bond linking N-acetylmuramic acid to alanine was constrained to
stay near the zinc ion in the active site. All solutions from this
initial docking were then redocked using the unconstrained QM-
Polarized Ligand Docking protocol. All results from the second
docking protocol were similar with regard to their energy values.
Therefore, each solution was inspected visually. Eight out of the
ten reported solutions showed twisted conformations or unrea-
sonable orientations in the binding cleft, and they were therefore
not considered further. The remaining two solutions differ
primarily in the orientation of the carbohydrate. The solution
presented here has more hydrogen bonds and was therefore
considered to be more likely.

Synthesis of substrate derivatives

All peptides (Mca-Ala-D-1GIn-Lys-D-Ala-Arg-OH, Mca-Ala-D-
1GIn-Lys(Gly)-D-Ala-Arg-OH, Mca-Ala-D-iGIn-Lys-(Gly)2-D-Ala-
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Arg-OH, Mca-Ala-D-iGIn-Lys(Gly)3-D-Ala-Arg-OH, Mca-Ala-D-
1GIn-Ala-D-Ala-Arg-OH) were synthesized by a solid-phase tech-
nique, using the fluoren-9-ylmethoxycarbonyl (Fmoc) strategy on a
Syro II synthesizer (MultiSynTech, Witten, Germany). Peptide
synthesis was performed according to Liitzner et al. [12]. In contrast
to the original protocol, the fluorescence of the N-terminal Mca-group
is not quenched. Since the side chain of the alanine substrate is not
long enough to bring an attached quencher-group in close proximity
to the fluorophore it was left also left out for the other peptides. The C-
terminal arginine was attached for reasons of solubility.

For the incorporation of the glycine at the side chain of lysine, a
Fmoc-Lys(Dde)-OH protected derivative was used. After the final
deprotection of the Fmoc group, the free amino group was reacted
with di-tert-butyl-dicarbonate. The Dde group was cleaved with
3% of hydrazine and then manually coupled with glycine. Fmoc-
amino acids were purchased from Novabiochem (San Diego, CA,
USA), from MultiSynTech or from Iris Biotech (Marktredwitz,
Germany). Mca was obtained from Sigma (Deisenhofen, Ger-
many). 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium-—tet-
rafluoroborate (I'BTU) and 1-hydroxybenzotriazole (HOBt) were
from MultiSynTech. The final deprotected peptides were purified
by semi-preparative reversed phase (RP) HPLC, using a Reprosil
C-8 column (5 um particle size, 150x10 mm) from Dr. Maisch
GmbH (Tuebingen, Germany) and a two solvent system: (A)
0.055% (v/v) trifluoroacetic acid (TFA) in water and (B) 0.05% (v/
v) TFA in 80% (v/v) ACN in water. Purity and molecular mass of
the collected fractions was analyzed by matrix-assisted laser-
desorption ionization—-MS (MALDI-MS), using a MALDI time-
of-flight system (Reflex IV, Bruker Daltonics, Bremen, Germany).
Substrates were dissolved in DMSO and stored as 2 mM stock
solutions at -20°C.

Digestion assays with substrates derivatives

The five substrates, each at a concentration of 70 uM, were
processed by 7.2 uM AmiE at 37°C in digestion buffer (50 mM
sodium phosphate buffer, pH 7.2). After 1, 3 and 6 h, the reaction
was stopped by adding trifluoroacetic acid to a final concentration
of 1%. Decrease of the initial substrate and formation of the Mca
product were analyzed by analytical RP-HPLC using a binary
HPLC system (Shimadzu, Tokyo, Japan) with a UV detector, a
Nucleosil C-18 column (5 um particle size, 150 X2 mm) from Dr
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Introduction

The major autolysin AtIE form S. epidermidis plays a key role in the
degradation of the cell wall during cell division and is therefore an appealing
drug target. AtIE is secreted as a bifunctional precursor and cleaved
extracellulary, yielding the mature N-Acetylmuramyl-L-alanine amidase and
the glucosaminidase. The amidase is made up of the catalytic domain AmiE
and a C-terminal cell wall binding region (CBR). The latter comprises four
repeat domains, which are necessary for directing the amidase to the septum

region that forms between dividing daughter cells [1].

Cell wall binding domains are widespread modules of surface-associated
peptidoglycan hydrolases that connect either N- or C-terminally to the catalytic
domain. Several different classes such as the LysM domain, the choline
binding domain, the FtsN-peptidoglycan-binding domain and the SH3b
domain are known and have been structurally characterized [2,3,4,5]. Cell
wall binding domains are similar in that they are rather small and organized as
repeating segments. The repeat domains of the AtIE amidase belong to the
family of SH3b (bacterial SH3) domains that exhibit structural homology to the
well-studied eukaryotic SH3 (Src Homology 3) domains. These 50-80 amino

acid long domains are mainly involved in signal transduction pathways where



they mediate protein-protein interactions by recognition of proline-rich
consensus sequences [6]. However, also DNA- and RNA-binding can be
associated with the SH3-fold [7,8]. Although SH3b domains are larger than
their eukaryotic counterparts, they share common structural features such as
the RT-loop, the distal loop and the n-src loop. Similar to SH3 domains, SH3b
domains show large variations in their loop regions, which might indicate

similar substrate promiscuity.

It is widely accepted that SH3b domains bind cell wall components [9,10]. To
date, such an interaction could only be demonstrated for the repeat domains
of InIB from Listeria monocytogenes, which bind to lipoteichoic acids (LTA)
[11]. In order to investigate substrate preferences of the amidase repeat
domains, we determined the structure of the Rz 4 tandem-repeat of the CBR
and designed binding-impaired mutants to be tested for their ability to attach

to staphylococcal cell walls.

Materials and Methods

Protein expression and purification

A DNA-fragment encoding AtIE residues 516 to 845 was PCR amplified from
S. epidermidis O-47 genomic DNA and cloned into the pGEX 4T-3 expression
plasmid using BamH1 and Xhol restriction sites. These residues were
predicted to encode the Ri.4 segment [12]. Overexpressing of R4 fused to a
thrombin cleavable, N-terminal GST-tag was done in Escherichia coli BL21
(DE3). After induction of protein expression, bacteria were grown for 12 h at
22°C. Soluble fusion protein was purified by GST affinity chromatography on
GSTrap FF. After cleavage of the tag by incubation with thrombin, the protein
was subjected to size exclusion chromatography to remove GST and
thrombin. Subsequently, lysine residues of the purified protein were
reductively methylated to improve its crystallization properties [13]. For the
methylation reaction 1 ml of the protein solution (< 0.5 mg ml™") was mixed
with 40 pl of 1 M formaldehyde and 20 uyl of 1 M DMAB (Dimethylamine



borane complex) as a reducing agent. The reaction was kept at 4°C and
repeated twice every two hours. In the last step only 10 yl of DMAB was
added. The reaction was incubated for additional 12 hours. A size exclusion
chromatography on Superdex 75 was conducted to remove aggregates.
Successful methylation was judged by a shift in molecular weight relative to
the unmethylated protein in SDS-PAGE.

Crystallization and structure determination

Purified and methylated R4 was concentrated to 12 mg/ml and mixed with
crystallization buffer (1.2 M NaH;POg4, 0.8 M K;HPO4, 0.2 M LiSO4 and 0.1 M
CAPS pH 10.5) in a 1:1 ratio. Crystals grew at 20°C within 4 days using the
hanging-drop method. Prior to data collection, the crystals were soaked in
crystallization buffer supplemented with 20% (v/v) glycerol and flash frozen in
liquid nitrogen. Native data collection was carried out at beamline ID14-1 at
the ESRF (Grenoble, France) using an ADSC Quantum Q210 detector. To
prepare two derivatives for phase determination, crystals were soaked in
crystallization solution supplemented with either 10 mM HgCl, or 5 mM
KoPtCls. After 5 minutes, the crystals were cryoprotected and frozen.
Derivative data sets were collected on a Rigaku Micromax 007 HF rotating
anode X-ray generator equipped with a Mar345 detector. X-ray data were
indexed, integrated and scaled using the XDS package [14]. Experimental
phases were determined by multiple isomorphous replacement. The programs
HYSS, SOLVE and RESOLVE implemented in the AutoSol routine of the
PHENIX software suite [15] were used for heavy-atom site identification, initial
phases calculation and density modification. A preliminary model of R3; and R4
was then manually built into the experimental map using Coot [16].
Crystallographic refinement at 2.9 A resolution was carried out using PHENIX
(simulated annealing and rigid body refinement) and Refmac5 (individual

coordinate and B-factor refinement) [17] (Table1).

The expressed protein comprised all four repeats (R1.4) of the amidase CBR.
The final electron density map for repeats R3 and Ry is of excellent quality and

confirms the placement of all main chain and most side chain atoms, including



many methylated lysine residues. These two repeats also form a well-defined
three-dimensional crystal lattice in space-group P6:22. By contrast, the
electron density for repeats Ry and R, was not visible. Ry > most likely projects

into a large, solvent-filled cavity close to the N-terminus of Rs.

Construction of repeat domain mutants

The QuikChange Il XL Kit (Agilent Technologies) was used to introduce point
mutations into the CBR encoding pGEX 4T-3 expression vector. Two mutants
were constructed, carrying point mutations at two (R1_A63L/R3_A227L) and
four positions (R2_Y114R/R2_S162E/R4_H278R/R4_S326E), respectively.

The purification of both mutants was conducted similar to the wildtype protein.

For in vivo studies, the same mutations were introduced into the CBR
encoding region of the E. coli/ Staphylococcus sp. pRC20 shuttle plasmid.
These mutants were tested on their ability to complement the S. aureus
SA113AatlA phenotype in vivo. Plasmids carrying the correct mutations were
isolated from E. coli XL10-Gold, transformed into S. aureus RN4220 and
subsequently into S. aureus SA113AatlA. Transformants in S. aureus were

selected with chloramphenicol.

The following primer pairs were used to introduce mutations in both,
expression and shuttle plasmid: R1_K61A FOR (5-CTCTATCCGTTACT-
GCAACTGCAACATTAGG-3’), R1_K61A REV (5-CCTAATGTTGCAGTTG-
CAGTAACGGATAGAG-3), R3_A227L_FOR (5-CAGTGACGAAAGCTCTC-
ACACTTGGTGAT-3’), R3_A227L_REV (5-ATCACCAAGTGTGAGAGCTTT-
CGTCACTG-3), R4_H278R_FOR (5-CCTGGTGTTAAATTACGCACAGTA-
CCTTGGGGC-3’), R4_H178R_REV (5-GCCCCAAGGTACTGTGCGTAA-
TTTAACACCAGG-3’), R4_S326E_FOR (5-GTAAATCTGGTTGGATTGAGA-
AATACTATTTAACTGC-3’), R4 _S326E_REV (5-GCAGTTAAATAGTATTT-
CTCAATCCAACCAGATTTAC-3), R2_Y114R_FOR (5-CAGGGTCAACACT-
TCGCACAGTTCCTTGGGG-3), R2 Y114R_REV (5-CCCCAAGGAACT-
GTGCGAAGTGTTGACCCTG-3’), R2_S162E_FOR (5-GTAAATCTGGTTG-
GATTGAGAAATATTACTTAACTAC-3), R2_S162E_REV (5-GTAGTTAAG-
TAATATTTCTCAATCCAACCAGATTTAC-3).



Results and Discussion
Overall structure

Repeats three and four of the AtIE amidase CBR belong to the family of
prokaryotic SH3 related domains (SH3b). Contrary to previous assumptions,
which were solely based on sequence alignments, the structure of R34
revealed that the CBR comprises four shorter instead of two longer repeating
units (Figure 1B). R12 and R34 form tandem-domains and are connected to
each other and the catalytic domain via spacers that are approx. 15 amino
acid long. Unfortunately, only the domains Rz and R4 of the second amidase
tandem-repeat are visible in the electron density map while R1, protrudes into
a solvent channel and is disordered in the crystals. However, the high
sequence identity between R4 and R3 and between R, and R4 allows us to

predict the structure of the R4 2 segment with good accuracy.

All four repeats of the S. epidermidis CBR share common sequence and
structural features such as the GW-motifs that are located in the centers of
the central B-sheets. However, the conservation between every second repeat
in the CBR is higher than between adjacent repeats, which are connected via
an extensive network of hydrogen bonds. A similar arrangement is seen in L.
monoytogenes SH3b domains [5]. R; and R4 have an r.m.s deviation of 2.3 A
(over all Ca). A superposition of both repeats shows that structural differences
are most evident in the loop regions (Figure 1C). For simplification, these
were named after corresponding regions in eukaryotic SH3 domains, which
share the same fold. In addition, the loop region that lies C-terminal to the RT-

loop has been named SU-loop by the authors.

R3 and R4 adopt a similarly shaped, half open beta-barrel conformation
(Figure 1A). The structurally conserved B-sheets formed by strands p1-4 in Rs,
and $6,9-11 in R4 represent central platforms of the fold in both domains.
They are capped by the projecting RT-loops, which bend inward around 5
and B12, respectively.

The almost parallel orientation of the R; RT-loop relative to the central sheet

creates a shallow, hydrophobic groove, whose base formed by the side



chains of A227 of B2 and V206 of the RT-loop. The walls of the groove are
generated by residues of strands 1, B3 and the tip of the covering RT-loop.

The R4 RT-loop is distinct from its counterpart in Rs. It is wedged between the
two half open B-barrels and stabilized by an extensive hydrogen bonding
network with residues of the neighboring SU-loop/strand 2 and the R distal
loop which is significantly longer than in R4. This results in the R4 RT-loop
having the lowest B-factors in the entire crystal structure. The tip of the R4 RT-
loop is bent 90° downwards and packs against the outside of the barrel-like -
sheet, formed by strands 9-11. The barrel-like B-sheet in R4 is even more
twisted than the one in R3. This conformation creates a deep cavity on the
opposite side of the protein. The bottom of the cavity is formed by W324 and
walled by the tip of the RT-loop, p10,11 and the short 3'° helix.

Unlike all other loop regions of Rs and R4, which vary in length and
orientation, the n-src loops are rather short in both domains and not engaged

in any contacts.

Structural basis for construction of binding impaired mutants

Binding regions of the eukaryotic SH3-fold have been defined quite well [6].
Although domains possessing this fold interact with a variety of substrates, a
proline-rich region with a PXXP consensus motif could be identified as a
common feature [6]. Bacterial SH3b domains resemble the eukaryotic fold,
but are less well characterized, as fewer structures are available [5,18,19]. It
is widely accepted that SH3b domains interact with cell wall components while
they anchor enzymes on the cell surface. However, the structural
determinants of this process are currently not understood, as complexes with

ligands are not available for any of these domains.

In order to localize putative substrate binding areas, conserved residues,
which were derived from a multiple sequence alignment between AtIE repeats
and repeat domains from seven other staphylococcal amidases, were
mapped onto the surface of Rs4. Most of the strictly conserved residues of

both repeat domains cluster in recessed areas with strong electropositive



potential. Interestingly, these areas lie on opposite sites of the protein and
show quite different topologies. While the R; groove is rather wide and

shallow, the conserved residues line a deep cavity in R4 (Figure 3).

The conserved R3 patch covers a total solvent accessible area of approx. 230
A2, which is mainly made up of hydrophobic residues. The side chains of
V206 and A227 form the bottom of a groove, which is confined by a wall-like
elevation. This wall is made up by T205 in the upper part, L184 and V186 in
the lower part and the bulky side chains of Y207 and W248 at the sides.

Another continuous patch of conserved residues can also be found at the
interface between R3; and R4 where Y240, N241 and Q287 participate in a

hydrogen-bonding network that promotes pairing of the tandem-repeat.

The side chain of W324 provides the base of the deep hydrophobic pocket on
the downside of R4 that is walled by the large side chains of H278, W282 and
Y313. The histidine residue present at position 278 in R4 is replaced with a

tyrosine in Rz and all other repeats in the sequence alignment.

Both conserved regions lie at the contact points between the tip of the RT
loop and W248 and W324, respectively. Both tryptophan residues are located
at equivalent positions in R3 and R4 in the innermost strand of the barrel-like
B-sheet and are likely to take over pivotal roles as integral parts of the putative
binding areas. The GW-dipeptide represents the consensus motif of all
staphylococcal autolysin repeat domains in the alignment and is also present
in the InIB targeting domain of L. monozytogenes (PDB: 1m9s) [5], the closest
structural homologue of R34 that was identified by a DALI search (Z-
sore=10.3) [18].

In staphylococci, LTAs have long been discussed as substrates of the AtIE
amidase repeat domains [19,20]. However, no experimental proof has been
obtained yet. To gain further insights on this topic, we generated binding
impaired mutants in which putative substrate bindings pockets are
inaccessible and studied their ability to attach to staphylococcal cell walls.
Due to the different topology and position of the putative binding grooves in R3

and R4, two different mutants with inaccessible binding grooves were



generated. These carry the same mutations in each of the sequence and
structurally related domains R1/R3 and Rz/R4, respectively. In the first mutant,
two conserved alanine residues that form the bottom of the putative binding
groove in Ry and Rs; were mutated to leucines. These mutations aim to create
a shallower groove with a conformation that is unfavorable for accommodation
of the substrate. The second mutant carries four point mutations, two in Ry
and two in Rs. Each of the mutated residues pairs H228R/S316E and
Y114R/S162E is predicted to form a salt-bridge that closes the binding pocket

in the respective domain and thereby constrict its accessibility.

The different topologies and orientations of the putative binding grooves
render it likely that each tandem repeat might recognize two different
substrates or two different motifs on the same substrate. A putative substrate
would most likely show repetitive elements since the segments of the AtIE
amidase CBR are also repetitive. This supports the hypothesis that
glycopolymers such as LTAs, rather than cell wall associated proteins, might
display interaction partners of the repeat domains. However, for the CBR of
ALE-1, a glycylglycine endopeptidase, a specific interaction with residues of
the PGN interpeptide bridge was postulated [21]. The putative binding region
of the ALE-1 SH3b domain exhibits a topology that is significantly different
from the putative binding regions of the amidase repeats. The projecting RT-
loop and a loop connecting N-terminally to the first B-strand of the central,
barrel-like p-sheet create a narrow channel that might be suitable to
accommodate a pentaglycine-peptide. Variation of the length of the RT-loop
and its position relative of the central p-sheet might therefore display an

important mechanism to modulate substrate-specificity.

The number of repeat domains within a CBR varies among cell wall
associated enzymes. While the AtIE amidase contains four repeat domains,
only two are present at the N-terminus of the AtIE glucosaminidase, which is
part of the bifunctional AtIE precurser [22]. Other examples are the L.
monocytogenes invasion protein InIB (three SH3b domains) [5] and
NpPCP/AvPCP endopeptidases from Anabaena variabilis and Nostoc
punctiforme (one SH3b domain) [9]. In S. aureus, Baba and Schneewind

demonstrated that GST-fusionproteins with four amidase repeats exhibit a



higher binding affinity towards the cell surface than fusionproteins with only
two repeats [1]. The attachment of additional SH3b domains to extracellular
enzymes might therefore display a mechanism to enforce binding to a

potential cell wall associated substrate.



Figure 1: Crystal structure of R;, of the cell wall binding domain of the AtIE
amidase. (A) Cartoon representation of the crystal structure of R;4 in two orientations.
(B) Domain arrangement of the bifunctional AtIE precursor protein. Arrows indicate the
post-translational cleavage sites. SP signalpeptide, PP pro-peptide, cat catalytic
domains, R repeat domains. (C) Structural comparison of R3; and R4, which have an
r.m.s deviation of 2.3 A (over all Ca).



B1 RT loop SU loop B2 n-Src loop [33 Distal loop [54 BS

—e—-

S. epidermidis/R1/ 17- 93 LTV Q G TVYD KTATL YLVEDYN GW
S. epidermidis/R3/181-257 LTV Q GLYTTVYD KAATL YLVGDYN GW
S. aureus/R1/446-522 LTV Q GLYTTVYD KTATL YLVODYN (e}
S. aureus/R3/615-691 LTV 0 GLFTTVYD KEASL YLVKDYN GW
S. caprae/R1/564-639 LTV Q G TVYD KSATL YLVEDYN' GW
S. caprae/R3/723-809 LTV Q GVYTTVYD KSATL YLVEDYN GW
S. capitis/R1/643-720 LTV Q G TVYD KSATL YLVEDYN GW
S. capitis/R3/816-892 LTV o] GVYTTVYD KSATL YLVEDYN (e}
S. warneri/R1/543-619 LTV o] GLYTTVYD KTATL YLVODYN (&)
S. warneri/R3/712-788 LTV Q GVYTTVYD KTATL YLVODYN GW
S. lugdunensis/R1/458-534 LKV Q GLFVTVYD KOATL YLVNDYN GW
S. lugdunensis/R3/624-702 LNV Q G TVYD KKATL YLLADFN GW
S. haemolyticus/R1/554-630 LTV Q G TVYD KSATL YLVSDYN: GW
S. haemolyticus/R3/719-797 LKV Q G TVYD KKATL YLISDYN GW
S. hominis/R1/559-635 LTV o] GLYTTVYD KSAOL YLVSDYN GW
S. hominis/R3/718-796 LNV Q G TVYD KKATL YLISDFN GW
Conservation (%)
1 H 1
524%6*46-4678+%9434+5%597****45891+2373-677499*3%8*53559**93*9%76334*%*944576564
pistal B11 3'°B12
B6 B7, KTl BB Suiop BQ nsrcioop B10. D B B
S. epidermidis/R2/ 94-166 PW Q YLYGTVNI GW
S. epidermidis/R4/258-330 PW Q YLYGTVN! GW
S. aureus/R2/523-595 PW 0 YLYGSVNGKSGW
S. aureus/R4/692-764 PW Q YLYGTVNGKSGW
S. caprae/R2/640-712 PW Q YLYGTVN GW
S. caprae/R4/810-882 PW Q YLYGTVN GW
S. capitis/R2/721-793 PW Q YLYGTVN GW
S. capitis/R4/893-965 PW o) YLYGTVNGKSGW
S. warneri/R2/620-692 PW Q YLYGSVN GW
S. warneri/R4/789-861 PW Q YLYGTVN GW
S. lugdunensis/R2/535-607 PW Q YLYGTVN GW
S. lugdunensis/R4/703-773 PW Q YLHGSIN GW
S. haemolyticus/R2/631-703 PW Q YLYGSLN GW
S. haemolyticus/R4/798-869 PW Q YLHGVIN GW
S. hominis/R2/636-708 PW o] YVYGSVNGLTGW
S. hominis/R2/797-868 PW Q YLHGVINNVWGW

Conservation (%) i
8477457358685367595546*98*69*346**935349

H [ ]
915645544-44979667666847**8525%44

Figure 2: Sequence alignments of R{/R; and R,/R; with repeat domains of seven
different staphylococcal amidases. Alignments were calculated with the programs
Clustalw2 [23], MUSCLE [24] and MAFFT [25] and combined into a single output using
COMBINE [26]. Conserved amino acids are color-coded according to their degree of
conservation: Grey (<80%), pink (80-90%), red (100%).



Figure 3: Conserved residues cluster in distinct regions of high electrostatic
potential. (A) Electrostatic potential on the surface of R34 shown in two different views.
(B) Conservation pattern on the surface of R34 shown in two different views. Amino acids
are colored according to their degree of conservation using the color scheme of Figure 2. A
distinct patch of conserved residues is present on the surface of each repeat in the tandem-
domain. Amino acids with green labels were mutated. (C) Close-up views of the putative
substrate binding sites with mutated amino acids labeled and colored in green.



Native HgCl, K2PtCl4
Data collection
Space group P6422 P6422 P6422
Cell dimensions (A) 95.36, 95.36, 94.07,94.07, 95.01, 95.01,
233.67 233.21 231.87
Wavelength (A) 0.934 1.5418 1.5418
Resolution (A) 30.0-2.90 30.0-3.70 30.0-4.1
(2.98-2.90) (3.79-3.70) (4.21-4.10)
Rsym* (%) 6.5 (38.8) 15.9 (49.3) 25.2 (45.1)
l/ol 15.3 (2.6) 15.3 (5.6) 12.7 (6.3)
Completeness (%) 98.9 (99.8) 98.9 (98.8) 99.1 (100.0)
Redundancy 3.6 (3.7) 13.1 (12.8) 11.2 (10.2)
Total refelections 51923 160036 102264
Unique reflections 14514 12231 9113
Refinement
Resolution (A) 25.7-2.9
Rwork/Rfree” (%) 26.3/29.8
Number of atoms
Protein 1217
Water 18
B-factors (A?)
Protein 55.6
Water 43.9
r.m.s deviations
Bond lengths(A) 0.01
Bond angles (°) 1.23

Ramachandran plot (%)
Most favored region 98.6
Additionally allowed region 1.4

Table 1: Data collection and structure refinements statistics. r.m.s, root-mean-square.
Values in parentheses correspond to highest resolution bin.

#Rsym = Zl |Fobs(hk|) | - |Fcalc (hkl) | | Iz |Fobs (hk|),

*R-factor=2 | - </> |/ ZI



References

1. Baba T, Schneewind O (1998) Targeting of muralytic enzymes to the cell division site of
Gram-positive bacteria: repeat domains direct autolysin to the equatorial surface ring
of Staphylococcus aureus. EMBO J. pp. 4639-4646.

2. Bateman A, Bycroft M (2000) The structure of a LysM domain from E. coli membrane-
bound lytic murein transglycosylase D (MItD). J Mol Biol 299: 1113-1119.

3. Fernandez-Tornero C, Garcia E, Lopez R, Gimenez-Gallego G, Romero A (2002) Two new
crystal forms of the choline-binding domain of the major pneumococcal autolysin:
insights into the dynamics of the active homodimer. J Mol Biol 321: 163-173.

4. Ursinus A, van den Ent F, Brechtel S, de Pedro M, Holtje JV, et al. (2004) Murein
(peptidoglycan) binding property of the essential cell division protein FtsN from
Escherichia coli. J Bacteriol 186: 6728-6737.

5. Marino M, Banerjee M, Jonquieres R, Cossart P, Ghosh P (2002) GW domains of the
Listeria monocytogenes invasion protein InIB are SH3-like and mediate binding to
host ligands. EMBO J. pp. 5623-5634.

6. Kishan KVR, Agrawal V (2005) SH3-like fold proteins are structurally conserved and
functionally divergent. Curr Protein Pept Sci. pp. 143-150.

7. Nakagawa A, Nakashima T, Taniguchi M, Hosaka H, Kimura M, et al. (1999) The three-
dimensional structure of the RNA-binding domain of ribosomal protein L2; a protein at
the peptidyl transferase center of the ribosome. EMBO J 18: 1459-1467.

8. Gao YG, Su SY, Robinson H, Padmanabhan S, Lim L, et al. (1998) The crystal structure of
the hyperthermophile chromosomal protein Sso7d bound to DNA. Nat Struct Biol 5:
782-786.

9. Yamada S, Sugai M, Komatsuzawa H, Nakashima S, Oshida T, et al. (1996) An autolysin
ring associated with cell separation of Staphylococcus aureus. J Bacteriol 178: 1565-
1571.

10. Vollmer W, Joris B, Charlier P, Foster S (2008) Bacterial peptidoglycan (murein)
hydrolases. FEMS Microbiology Reviews. pp. 259-286.

11. Jonquieres R, Bierne H, Fiedler F, Gounon P, Cossart P (1999) Interaction between the
protein InIB of Listeria monocytogenes and lipoteichoic acid: a novel mechanism of
protein association at the surface of Gram-positive bacteria. Molecular Microbiology.
pp. 902-914.

12. Heilmann C, Hussain M, Peters G, Gotz F (1997) Evidence for autolysin-mediated
primary attachment of Staphylococcus epidermidis to a polystyrene surface.
Molecular Microbiology. pp. 1013-1024.

13. Walter TS, Meier C, Assenberg R, Au KF, Ren J, et al. (2006) Lysine methylation as a
routine rescue strategy for protein crystallization. Structure 14: 1617-1622.

14. Kabsch W (2010) XDS. Acta Crystallogr D Biol Crystallogr 66: 125-132.
15. Adams PD, Afonine PV, Bunkoczi G, Chen VB, Davis IW, et al. (2010) PHENIX: a
comprehensive Python-based system for macromolecular structure solution. Acta

Crystallogr D Biol Crystallogr 66: 213-221.

16. Emsley P, Lohkamp B, Scott WG, Cowtan K (2010) Features and development of Coot.
Acta Crystallogr D Biol Crystallogr 66: 486-501.



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Collaborative Computational Project, Number 4 (1994) The CCP4 Suite: Programs for
Protein Crystallography. Acta Cryst D 50: 760-763.

Holm L KS, Rosenstrom P, Schenkel A. (2008) Searching protein structure databases
with DaliLite v.3. . Bioinformatics: 2780-2781.

Bierbaum G, Sahl HG (1985) Induction of autolysis of staphylococci by the basic peptide
antibiotics Pep 5 and nisin and their influence on the activity of autolytic enzymes.
Arch Microbiol. pp. 249-254.

Fischer W, Rosel P, Koch HU (1981) Effect of alanine ester substitution and other
structural features of lipoteichoic acids on their inhibitory activity against autolysins of
Staphylococcus aureus. J Bacteriol 146: 467-475.

Lu JZ, Fujiwara T, Komatsuzawa H, Sugai M, Sakon J (2006) Cell wall-targeting domain
of glycylglycine endopeptidase distinguishes among peptidoglycan cross-bridges. J
Biol Chem. pp. 549-558.

Heilmann C, Hussain M, Peters G, Gotz F (1997) Evidence for autolysin-mediated
primary attachment of Staphylococcus epidermidis to a polystyrene surface. Mol
Microbiol 24: 1013-1024.

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W: improving the sensitivity of
progressive multiple sequence alignment through sequence weighting, position-
specific gap penalties and weight matrix choice. Nucleic Acids Res 22: 4673-4680.

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Res 32: 1792-1797.

Katoh K, Misawa K, Kuma K, Miyata T (2002) MAFFT: a novel method for rapid multiple
sequence alignment based on fast Fourier transform. Nucleic Acids Res 30: 3059-
3066.

Poirot O, O'Toole E, Notredame C (2003) Tcoffee@igs: A web server for computing,
evaluating and combining multiple sequence alignments. Nucleic Acids Res 31:
3503-3506.



	Dissertation (UB)
	Sammelmappe1
	Biochem Biophys Res Commun 2009 Lützner
	Development of a novel fluorescent substrate for Autolysin E, a bacterial type  II amidase
	Introduction
	Materials and methods
	Results and discussion
	Design and properties of the fluorescent substrate
	Continuous fluorescent measurement and inhibition
	pH activity profile of AmiE
	Characterization of amidase substrate specificity

	Acknowledgments
	References


	Molecular Microbiology2010Schlag
	PLoS Pathog2010Zoll.pdf

	Repeats_paper_diss (UB)

