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Part one: The bacterial cell wall and lytic transglycosylases 

The vast majority of organisms, except animals and protozoa, have a cell wall that 

provides structural integrity, allows protection of the cell interior and organizes and 

maintains the specific shapes of cells. The essential function of a cell wall is to resist the 

internal turgor pressure caused by passive uptake of water, preventing osmotic lysis while 

allowing exchange of small molecules into and out of the cell. Cell walls are composed of 

a variety of materials, which differ from species to species and which are also dependent 

on the growth stage of the organism. For survival, cell wall containing organisms depend 

on the activities of various enzymes, which participate in the biosynthesis, maintenance, 

restructuring and recycling of the cell wall components. Part of this thesis describes the 

structure and action of such a cell wall metabolic enzyme, the lytic transglycosylase MltE 

from Escherichia coli. This enzyme plays a role in the maintenance and recycling of 

peptidoglycan, the major constituent of the bacterial cell wall. Here, an overview is 

presented of our current knowledge of the structure and metabolism of various cell walls, 

with a focus on the structure, biosynthesis, cleavage, and recycling of peptidoglycan and 

the structure and function of lytic transglycosylases in E. coli. 

 

1.1 The cell walls of different organisms 

The cell wall of plants, yeast and algae — In plants, the cell wall may consist of up to 

three layers, i.e. middle lamella, primary cell wall and secondary cell wall (Figure 1) (1). 

The middle lamella layer, which is located on the outermost part of the cell, primarily 

consists of pectins, a family of complex polysaccharides that contains 1,4-linked α-D-

galactopyranosyluronic acid residues (2). Following this layer is the primary cell wall. The 

primary cell wall contains layers of cellulose, which is a polymer of D-glucose residues 

linked by β-1,4 glycosidic bonds, forming a microfiber-like structure. The linear 

polysaccharide chain may consist of hundred to more than ten thousand sugar residues (3). 

The cellulose layers are reinforced by a surrounding matrix that is comprised of pectins 

and hemicelulloses (cross-linking glycans), which further increases the tensile strength of 

the cell wall (4, 5). This primary cell wall must be strong enough to protect the cell against 

mechanical stress, but it should also allow expansion during cell growth and division. At a 
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later stage, after the cell has stopped to grow, it builds a much thicker and stronger cell 

wall, known as secondary cell wall. The secondary cell wall has a thicker layer of cellulose 

that associates with lignin, an insoluble, complex polymer of phenolic residues (1, 6, 7).  

 

 

Figure 1. Plant cell wall structure. The cell wall consists of cellulose microfibrils, hemicellulose, 

lignin, pectin, and proteins. Adapted from Sticklen et al. 2008 (8). 

 

In yeast, the cell wall also shows a layered structure which is composed mostly of 

β−glucan (β-1,3-glucan, 50%; β-1,6 glucan, 10%), mannoprotein (40%) and a small 

amount of chitin (~1%) (Figure 2) (reviewed in Lipke et al. (9)). The exterior of the wall is 

decorated with mannoproteins (10, 11). Chitin chains are mostly found adjacent to the 

plasma membrane, but interestingly, some of them are also linked to short-chains of β-1,6-

glucan (12). Two types of covalently linked proteins have been identified on the external 

layer, i.e. glycosylphosphatidylinositol-anchored cell-wall proteins (GPI-CWPs) (13-15) 

and cell-wall proteins with internal repeats (Pir-CWPs)(16). GPI-CWPs are connected to 

β-1,6-glucan located just beneath this layer, via a glycosylphosphatidylinositol anchor 

containing five α-linked mannosyl residues. The β-1,6-glucan is connected to β-1,3-glucan 
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via β-1,4 or β-1,2 linkages (17, 18). In contrast to GPI-CWPs, Pir-CWPs appear to be 

covalently bound to β-1,3-glucan chains without participation of the β-1,6-glucan (16).  

 

 

Figure 2. Cell wall structure of Saccharomyces cerevisiae. The skeletal structure consists of 

mainly β-1,3-glucan molecules that form a continuous three-dimensional network surrounding the 

entire cell. This network is stabilized by hydrogen bonding between locally aligned segments of β-

1,3-glucan molecules. On the outer side of this structure, cell wall proteins (CWP) are attached to 

β-1,3-glucan in two ways: directly (proteins with internal repeat-CWP domains, Pir-CWP) via a 

glycosyl phosphatidylinositol (GPI) linker, or indirectly (CWP) to β-1,6-glucan via an alkali-

sensitive linker (ASL). Adapted from Smits et. al., 1999 (19). 

 

In algae, similar to plants, cellulose is present as one of the structural elements of 

the cell wall. Unlike in plants, however, where cellulose is the only polysaccharide that 

provides mechanical strength to the cell wall, in algae the cellulose is present in a lower 

abundance with a final content that varies from species to species (20). For example, the 

cellulose content in red and brown algae is rather low, only ~1- 9 % of the dry weight (21), 

whereas it can be up to 70% of the dry weight for Cladophorales and Ulvales (22). Other 

species, such as Caulerpa, Udotea, Halimeda, Penicillus, and Dichotomosiphon, are even 

completely cellulose deficient. In these algae, the structural polysaccharide is replaced by 

β-1,3-linked xylan (23). Similarly, algae of the Codiaceae and Dasycladaceae genera, 
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including Codium and Acetabularia, possess β-1,4-linked mannan instead of cellulose (24, 

25). Other types of polysaccharides such as alginic acid, a copolymer of β-1,4 linked β-D-

mannuronate and its C-5 epimer α-L-guluronate, and fuccidan, a β-1,2 linked fucose with 

addition of sulfate bound via an ester bond, can be found in Fucus algae (Phaeophyceae) 

(26, 27). 

 

The bacterial cell wall — In bacteria, the cell wall shows a layered structure in 

which the layer arrangement and composition is different between Gram-positive and 

Gram-negative bacteria (Figure 3). The main constituent of the bacterial cell wall is a 

unique biopolymer known as peptidoglycan (PG) or murein. PG is composed of glycan 

strands and peptide cross-bridges, together creating a mesh-like structure which completely 

surrounds the cell (the PG layer or murein sacculus). Gram-positive bacteria posses a thick 

layer of PG which is located extra-cellularly next to the cytoplasmic membrane (28). In 

addition, the cell wall matrix of Gram-positive bacteria contains lipoteichoic acid (LTA) 

polymers which protrude to the cell surface and show antigenic properties (29, 30). The 

polymeric chain of LTA is built from alternating units of a polyhydroxy alkane (e.g. 

glycerol, ribitol or other saccharides), which are connected via phosphodiester bonds and 

anchored to the cytoplasmic membrane through a glyceride residue (31, 32). Gram-

negative bacteria, in contrast to Gram-positive bacteria, have a thin PG layer, which is 

located in the periplasmic space in between the cytoplasmic membrane and the outer 

membrane (33). The outer membrane of Gram-negative bacteria is composed of 

phospholipids and lipopolysaccharides (LPS). The LPS consist of three parts: O-antigen, 

core oligosaccharide and Lipid A (34). The O-antigen is a repetitive glycan polymer that is 

covalently linked to the core oligosaccharide. It is located on the exterior part of LPS and 

acts as antigen determinant (35, 36). The core oligosaccharide is further connected to Lipid 

A, which consists of two glucosamine units with attached lipid chains and one phosphate 

group per sugar unit (37).  

As explained above, the cell wall structure of bacteria is unique because of the 

presence of PG. The following sections describe the architecture and biosynthesis of PG, in 

particularly of the Gram-negative E. coli bacterium. 
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Figure 3. Schematic diagram of the cell envelopes and cell wall structures of Gram-negative 

(upper panel) and Gram-positive (lower panel) bacteria. 

 

1.2 Architecture of peptidoglycan 

PG is composed of linear glycan strands that are cross-linked by short peptides (38, 

39). The linear glycan strands are composed of alternating β-1,4-linked N-

acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc) residues. The short 

peptides are attached via an amide linkage to the D-lactyl group of each MurNAc residue 

(Figure 4A). The peptides are unique as they contain amino acids of the uncommon D-
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enantiomer form, as well as modified amino acid residues. The initial composition of the 

peptides in immature PG is most often L-Ala-γ-D-Glu-m-Dap (or L-Lys)-D-Ala-D-Ala (m-

Dap, meso-2,6-diaminopimelic acid). In the mature form, as observed in isolated murein 

sacculi of E coli, most pentapeptides have undergone proteolytic degradation to 

tetrapeptides (L-Ala-γ-D-Glu-m-Dap-D-Ala), tripeptides (L-Ala-γ-D-Glu-m-Dap) and 

dipeptides (L-Ala-γ-D-Glu) (40). On average, E coli cells are surrounded with a total of 

approximately 3 x 106 disaccharide peptide subunits in its PG layer with the average length 

of the glycan strands being about 25 to 40 disaccharide units (41-43). In the PG of Gram-

negative bacteria like E. coli, the glycan strands are terminated with a 1,6-anhydroMurNAc 

residue. This a non-reducing, modified MurNAc residue with an internal ether-linkage 

between the C-1 and C-6 carbon atoms (44, 45). 

On average, about 40-60% of the peptides in the PG of E. coli (43), and other 

Gram-negative bacteria (45), are cross-linked with adjacent peptides to form a mesh-like 

structure. Two major types of cross-links can be found: (i) DD-type, formed between the 

carboxyl group of D-Ala at position 4 of one peptide stem and the amino group of the D-

center of m-Dap at position 3 of the other peptide stem; (ii) LD-type, formed between the 

L-center of m-Dap of one peptide stem and the D-center of m-Dap of the other peptide 

stem (Figure 4B). In addition to these dimeric peptide cross-linkages, there is a low 

percentage of trimeric and tetrameric peptide structures that contain three or four cross-

linked peptides (43). These structural features of the PG are commonly present in all 

Gram-negative bacteria species known to date. In Gram-positive bacteria, similar features 

can be found, however, with certain variations in the peptide stem, in the glycan strands, or 

in the position or composition of the interpeptide bridge (39). For example, in 

Staphylococcus aureus, an interpeptide bridge that consists of pentaglycine residues is used 

connecting an L-Lys residue of one stem and a D-Ala residue from another stem. In 

Corynebacterium pointsettiae a D-ornithine bridge connects a D-Glu residue of one stem 

and with a D-Ala residue of another stem. 

As mentioned previously, the cell envelope of Gram-negative bacteria consists of 

an inner membrane, a thin PG layer and an outer membrane. The outer membrane is 

connected to the PG layer via a lipoprotein (Lpp) known as Braun’s lipoprotein (Figure 3).  
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Figure 4. The PG structure of Escherichia coli. (A) The sugar chains consist of alternating β-1,4-

linked GlcNAc and MurNAc residues, and are terminated by a 1,6-anhydroMurNAc residue. The 

box indicates a single PG subunit consisting of a GlcNAc and MurNAc residue and a tetrapeptide 

attached to the lactyl moiety of the MurNAc residue. (B) Different peptide stems (monomeric, 

dimeric DD- and LD-cross-links, trimeric cross-link) present in PG. Adapted from Mengin-

Lecreulx and Lemaitre, 2005 (46) and Vollmer and Bertsche, 2008 (B) (46, 47). 
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At the N-terminus, Lpp is anchored to the outer membrane via a lipoyl-carrying 

cysteine residue, while its C-terminal region is covalently attached to the peptide stems of 

PG. The C-terminal part of Lpp contains regions with basic amino acids, which form the 

sequence Lys-Tyr-Arg-Lys (Figure 4B). About one third of the Lpp molecules are attached 

to PG by a peptide bond between the ε-amino group of the C-terminal Lys residue and the 

L-carboxyl group of a peptidyl m-Dap residue (48, 49). The covalent linkage of Lpp to the 

PG layer serves to firmly stabilize the cell envelope. 

 

1.3 Biosynthesis of peptidoglycan 

Biosynthesis of PG in E. coli requires a total of approximately 20 consecutive 

reactions which take place in three different compartments of the cell: in the cytoplasm 

(synthesis of UDP-activated GlcNAc and MurNAc-peptide units), in the inner leaflet of the 

cytoplasmic membrane (synthesis of lipid-linked GlcNAc-MurNAc-peptide units), and in 

the outer leaflet of the cytoplasmic membrane and in the periplasmic space (polymerization 

of glycan strands, peptide cross-linking, PG maturation).  

Synthesis of UDP-activated GlcNac and MurNac-peptide units — The biosynthesis 

pathway of PG in the cytoplasm consists of four sets of reactions: (1) synthesis of UDP-

GlcNAc from fructose-6-phosphate, (2) synthesis of UDP-MurNAc from UDP-GlcNAc, 

(3) synthesis of the D-glutamic acid residue, m-Dap residue, and the dipeptide D-alanyl-D-

alanine, and (4) attachment of the peptide stem to UDP-MurNAc.  

The first set of reactions, conversion of fructose-6-phosphate to UDP-GlcNAc, 

requires four enzymes: glucosamine-6-phosphate synthase (GlmS), phosphoglucosamine 

mutase (GlmM), glucosamine-1-phosphate acetyltransferase, and N-acetylglucosamine-1-

phosphate uridyltransferase (Figure 5). GlmS is an amidotransferase which converts D-

fructose-6-phosphate into D-glucosamine-6-phosphate and requires L-glutamine as 

nitrogen source (50). The enzyme is a dimer of identical subunits, which contain an N- and 

C- terminal domain (51, 52). The N-terminal domain catalyzes the hydrolysis of glutamine 

into glutamate and ammonia. The ammonia product is subsequently delivered to the C-

terminal domain via an intramolecular nitrogen channel, where it is used for the conversion 

of  fructose-6-phosphate  into  glucosamine-6-phosphate  (53-55). The  reaction  product  is  
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Figure 5. The cytoplasmic steps of PG biosynthesis. Adapted from Barreteau et. al., 2008 (56) 
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further processed by GlmM, which, in its phosphorylated state, catalyzes the isomerization 

of glucosamine-6-phosphate and glucosamine-1-phosphate (57). The isomerization 

reaction follows a ping-pong bi-bi mechanism in which glusosamine-1,6-diphosphate is 

formed as a reaction intermediate (58). The last two reactions in the biosynthesis of UDP-

GlcNAc, as occurring in E. coli, are catalyzed by a single enzyme, GlmU (59). This 

bifunctional enzyme participates in both the acetyl transfer and uridinyl transfer steps 

during the conversion of glucosamine-1-phosphate to UDP-GlcNAc. The reaction 

catalyzed by GlmU starts with acetyl transfer from AcCoA to glucosamine-1-phosphate to 

produce GlcNAc-1-phosphate. In the presence of Mg2+, this reaction is followed by 

uridinyl transfer from UTP to GlcNAc-1-phosphate to give inorganic pyrophosphate and 

UDP-GlcNAc (59, 60). Trimerization is crucial for GlmU to be active as acetyltransferase 

(61, 62): the first reaction is catalyzed by the C-terminal domain of GlmU at a catalytic site 

which is composed of residues from three adjacent monomers. The N-terminal domains of 

the GlmU subunits catalyze the second reaction in a large open pocket, which is located 

between two lobes present in each subunit. Different from GlmS, the reaction mechanism 

of GlmU does not involve substrate channeling between the two domains (61, 63).  

At this stage, the product UDP-GlcNAc is used to create UDP-MurNAc, the other 

building block of the peptidoglycan polymer, UDP-MurNAc. Two enzymes, MurA and 

MurB, are required to convert UDP-GlcNAc to UDP-MurNAc (Figure 5).  The reaction 

catalyzed by MurA is a unique biochemical process in which the enolpyruvate moiety of 

phosphoenolpyrucate (PEP) is transferred to the 3’-hydroxyl of UDP-GlcNAc via an 

addition-elimination mechanism with subsequent release of inorganic phosphate (Pi) (64-

66). The reaction product, UDP-GlcNAc-enol-pyruvate, is reduced by MurB, together with 

one equivalent of NADPH and a solvent-derived proton, to create the lactyl ether of UDP-

MurNAc (67).  

After the production of UDP-MurNAc, the peptide stem can be attached to the 

lactyl moiety. The attachment of the peptide proceeds in the following order: L-Ala, D-

Glu, a diamino acid residue (m-Dap or L-Lys) and the dipeptide D-Ala-D-Ala. This 

process requires three unusual amino acid residues i.e., D-Glu, D-Ala and m-Dap.  

D-Glu is produced from L-Glu by glutamate racemase. In E. coli, this enzyme is 

encoded by a single gene, murI (68). The conversion of L-Ala to D-Ala is catalyzed by 
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alanine racemase, a pyridoxal 5’-phosphate (PLP)-dependent enzyme. Some bacterial 

species have only one alanine racemase, whereas others, such as E. coli, have two, which 

are encoded by the alr and dadX genes (69). The alr gene is expressed constitutively 

ensuring production of sufficient D-Ala to maintain cell-growth, while the dadX gene is 

inducible and only expressed when sufficient L-Ala is available as a carbon and energy 

source. Biosynthesis of m-Dap residues is coupled to that of L-lysine: by decarboxylation 

m-Dap is converted into L-Lys. Different pathways of m-Dap synthesis have been 

identified in bacteria (70). In E. coli, biosynthesis of m-Dap starts with the conversion of 

aspartate and pyruvate to L-2,3,4,5-tetrahydrodipicolinate (THDP). Subsequent conversion 

reactions to produce m-Dap involve a number of succinylated intermediates. The four-step 

reaction pathway is catalyzed subsequently by DapD, DapC, DapE and DapF. Finally, 

formation of the D-Ala-D-Ala dipeptide is catalyzed by an ATP-dependent D-Ala:D-Ala 

ligase (Ddl). The Ddl enzyme has two D-Ala binding sites: one for binding the N-terminal 

D-Ala that acts as the donor site and the other for binding the C-terminal D-Ala that acts as 

the acceptor site. While the donor site is highly specific for D-Ala, the acceptor site is more 

promiscuous and can accept other types of D-amino acids (71). 

The attachment of the three amino acids (L-Ala, D-Glu, and m-Dap or L-Lys) and 

the dipeptide D-Ala-D-Ala to the lactyl moiety of UDP-MurNAc requires four enzymes: 

MurC, D, E and F (Figure 5). The MurC ligase attaches the first amino acid of the peptide 

stem, L-Ala, to the lactyl moiety of UDP-MurNAc. Although MurC from E. coli is highly 

specific for the D-enantiomer of alanine (i.e. it will not attach L-Ala), it can also attach Gly 

and L-Ser residues, albeit with much lower efficiency (72-74). Building of the peptide 

stem is continued by MurD, which attaches the D-Glu residue. Like MurC, MurD from E. 

coli is highly stereospecific for the D-enantiomer form of the substrate, but, similar to 

MurC, also shows a weak activity with substrate homologs like homocysteic acid, 3- or 4-

methyl-D-Glu, and cyclopentane or cyclohexane D-Glu analogues (75, 76). The third 

amino acid of the peptide stem, which usually is either an m-Dap (in Gram-negative 

bacteria and Bacilli) or a L-Lys residue (in Gram-positive bacteria), is ligated to the 

growing peptide stem by MurE (77). Finally, the D-Ala-D-Ala dipeptide is appended by 

MurF (78).  
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A more detailed review on the cytoplasmic steps of the peptidoglycan biosynthesis 

pathway has been presented by Barreteau et. al. (56) 

Lipid-linked precursor biosynthesis — Once the PG precursors are synthesized in 

the cytoplasm they are, in principle, ready to be transported to the periplasm. However, 

since the precursors are hydrophilic, a C55-polyisoprenoid lipid carrier has to be attached to 

promote their transport across the membrane (79, 80). MraY is an integral membrane 

protein, which is responsible for the attachment of the lipid carrier (undecaprenyl 

phosphate, C55-P) to MurNAc to form the undecaprenyl pyrophosphoryl-MurNAc-

pentapeptide, also known as lipid I (81). MraY accepts two substrates: C55-P and UDP-

MurNAc-pentapeptide. The reaction starts with the attack of the catalytic nucleophile of 

MraY (D267 in E. coli MraY) on the β-phosphate of the UDP-MurNAc-peptide, resulting 

in the formation of a covalent MraY-phospho-MurNAc-pentapeptide intermediate with 

concomitant release of UMP. Following this step, a negatively charged phosphate oxygen 

of C55-P attacks the phosphate of the covalent intermediate, forming the lipid I complex 

and returning the enzyme to the native form (82, 83). This attachment reaction is a 

prerequisite for the next step: the addition of the GlcNAc residues by the MurG 

transferase. MurG transfers the GlcNAc moiety of UDP-GlcNAc to the C4 hydroxyl group 

of MurNAc in lipid I to generate a β-linked disaccharide (lipid II) (84).  

Lipid II, which is synthesized on the cytoplasmic side (inner leaflet) of the 

membrane, needs to be flipped to the periplasmic side (outer leaflet, extracellular side in 

Gram-positive bacteria) of the membrane where this building block will be polymerized to 

form the PG mesh. A fluorescence energy transfer study of S. aureus membranes, using 

fluorescently labeled peptidoglycan precursors as probes, indicated that the rate of 

spontaneous flipping is too low to support PG synthesis during cell division (85). Similar 

observations were obtained from other fluorescence studies (86), leading to the hypothesis 

that the flipping process of lipid II must be assisted by some protein(s). In 2008, an 

elaborate bioinformatics study pointed out MurJ as a likely candidate for the lipid II 

flippase in E. coli and related bacteria (87). However, a recent study provided convincing 

experimental evidence that not MurJ, but FtsW is the actual lipid II flippase in E. coli (88).  

A more comprehensive discussion on the biosynthesis of peptidoglycan lipid-linked 

intermediates has been presented by Bouhss et al. (89). 
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Polymerization of PG — In the perisplasm (extra-cellular side of the membrane in 

Gram-positive bacteria), PG synthases use the lipid II PG-precursors to enlarge the PG 

sacculus. These enzymes take care of the formation of glycosidic bonds (transglycosylation 

reaction), as well as the formation of peptide cross-bridges (transpeptidase reaction). 

Glycosidic bonds are formed between the C1 carbon of a MurNAc residue from the 

growing chain, acting as donor, and the C4 carbon of the GlcNAc residue of an incoming 

lipid II subunit, acting as acceptor, with subsequent release of the undecaprenyl lipid 

(Figure 6B) (90-92). The transpeptidase reaction covalently links the D-Ala residue at 

position 4 from a donor peptide stem to the m-Dap residue from an acceptor peptide stem. 

The DD-transpeptidase reaction catalyzed by transpeptidases is preceded by formation of 

an intermediary acyl-enzyme complex, which results from the attack of an active site 

serine at the peptide bond linking the two D-alanines of the donor stem peptide (DD-

carboxypeptidase activity). The intermediate bond is then cleaved by the ε-NH2-group of 

the m-Dap residue to form the cross-link (93). 

Some PG synthases are bifunctional enzymes with a transglycosylase and 

transpeptidase domain, while others are monofunctional transpeptidases or 

transglycosylases. They are immobilized on the cytoplasmic membrane through a single 

membrane-spanning helix near the N-terminus, while their transglycosylation and/or 

transpeptidation domains are facing into the periplasm (or extracellular space in Gram-

positive bacteria). The peptidase domains are targets for inhibition by β-lactam antibiotics, 

such as penicillin, which mimic the D-Ala-D-Ala moiety of the pentapeptide stem. The 

penicillin-sensitive PG synthases are also known as Penicillin Binding Proteins (PBPs). In 

E. coli, twelve different PBPs have been characterized, which can be divided into two main 

categories, the high molecular mass (HMM) PBPs and the low molecular mass (LMM) 

PBPs. Only the HMM PBPs have PG synthesizing activities (PBP1a, PBP1b, PBP1c, 

PBP2 and PBP3). The LMM PBPs of E. coli (PBP4, PBP4b, PBP5, PBP6, PBP6b, PBP7 

and AmpH) are monofunctional DD-endopeptidases and DD-carboxypeptidases with roles 

in cell separation, PG maturation and PG recycling (94).  

On the basis of similarities in sequence and structure, the HMM PBPs of E. coli 

have been further divided into class A and class B enzymes. PBP1A, PBP1B and PBP1C 

belong  to  class A  and  are  bifunctional  enzymes  with  a  transglycosylase and peptidase  
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Figure 6. (for figure caption, see next page)  
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Figure 6. PG metabolism in Gram-negative bacteria. (A) Fragmentation of PG by lytic 

transglycosylases. Exo-acting and endo-acting LTs cleave the PG chain into small 1,6-

anhydroMurNAc-containing muropeptides. (B). The PG polymer is assembled in the periplasmic 

space after its subunits have been transported through the membrane as Lipid II complex. 

Synthesizing transglycosylases form saccharide-linkages between the subunits, while 

transpeptidases connect adjacent peptide stems to form the PG network. The small 1,6-anhydro-

muropeptide products produced by the lytic transglycosylases are transported back to cytoplasm by 

AmpG for recycling. Adapted from Suvorov et. al., 2008 (47, 95).  

 

domain. PBP1A and PBP1B are the major murein synthases in E. coli, together responsible 

for most of the PG-polymerization activity in the cell. Single deletion of the genes 

encoding PBP1A and PBP1B gave no effects in cell growth, but simultaneous deletion of 

both genes is lethal (96, 97). The role of PBP1C is not clear. It cannot replace the function 

of PBP1A and PBP1B in cells deficient in both proteins (98). PBP2 and PBP3 belong to 

class B and are monofunctional transpeptidases. PBP2 participates in cell elongation 

whereas PBP3 is a major protein of the divisome, the cell division complex (99, 100). 

 

1.4. Morphology and growth of peptidoglycan 

The classical model of PG predicts the murein sacculus to grow as a planar layer 

that is parallel to the cytoplasmic membrane. In Gram-negative bacteria like E. coli, about 

75-80% of the surface of the sacculi shows a thickness of 2.5 nm, whereas the remaining 

20-25% of the surface has a maximum thickness of 7.5 nm, as revealed by small-angle 

neutron scattering analysis (101). With this thickness, it can be concluded that most of the 

surface is single layered, with the remaining part being triple layered.  

X-ray diffraction studies combined with quantum chemical analysis suggest that the 

PG glycan strands, with their rather bulky lactyl groups attached to the MurNAc residues, 

adopt a helical structure with four disaccharides units forming one complete turn (102-

104). If the glycan strands in the PG layer are arranged parallel to the membrane, then 

every second peptide of a glycan strand would protrude into the plane of the murein layer. 

The idea is that only the in-plane peptides from two adjacent glycan strands can make a 

cross-link. With this arrangement, only 50 % of the peptides would be cross-linked to form 
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a perfect monolayer. This number is consistent with experimental data showing about 40-

60% of the peptides in mature E. coli PG to be present as monomeric peptides (43).  

In 2006, Meroueh et al., using NMR analysis, showed that the angle between two 

adjacent peptides in a glycan strand is about 120 degrees (105). This observation suggests 

that three disaccharide units, and not four, are required to complete one turn. With this 3-

fold symmetry, a PG strand that is positioned perpendicular with respect to the cytoplasmic 

membrane, could make cross-links with a maximum of three neighboring PG strands. In 

silico modeling of larger cell wall segments revealed that such interactions would result in 

a honeycomb pattern, similar to the “tessera” model, with a smallest pore size of ~70 Å 

(105). This honeycomb pattern is in accordance with pictures of the murein sacculus of 

Staphylococcus aureus produced by atomic force microscopy (106). This so-called 

scaffold model of PG was initially proposed by Dmitriev et al. (107, 108).  

Several additional experimental observations support the scaffold concept: (1) The 

transpeptidase domain of PBPs, as in the Gram-positive R61 transpeptidase, has two 

binding grooves for accommodating the entering and departing glycan strands that undergo 

cross-linking (109). The two binding grooves are separated by ~20 Å, which is in 

agreement with the distance between two cross-linked glycan strands in the scaffold 

model. (2) The TolC channel protein, which is a needle-shaped protein with two domains 

(an outer membrane and periplasmic domain), connects the exterior of the bacterium with 

the cytoplasm via the formation of a complex with the periplasmic domain of the AcrAB 

efflux enzyme (110). TolC has a diameter of ~70 Å for the PG-interacting part, which is 

the size of the PG pores in the scaffold model. (3). It has been suggested that the glycan 

strands in E. coli PG predominantly contain 5 to 10 disaccharide (GlcNAc-MurNAc) units. 

The length distribution of the E. coli glycan strands is consistent with the experimental 

width of the PG layer (40, 111). 

The correctness of the reported length distribution of glycan strands in E. coli PG, 

peaking at 5 to 10 disaccharide repeats, has been seriously questioned, though (40). The 

length distribution was analyzed by standard methods using C18 reversed-phase 

chromatography, which only provides separation of glycan strands which are not longer 

than 30 disaccharides in length (40). Glycan strands with more than 30 disaccharides elute 

in a single peak and were not further analysed. Actually, alternative experiments show that 
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a significant fraction of the glycan strands in the murein sacculus (25-30%) has an average 

length of 45.1 disaccharide units, while the average length of all glycan strands is 21 

disaccharide units (40). Furthermore, by prolonging the chromatography run, a regular 

pattern of peaks for glycan strands with sizes of maximally 80 disaccharide units could be 

resolved (112). In a vertical orientation, such long glycan strands do not fit the 

experimentally derived 2.5-7 nm thickness of the PG cell wall (101). Thus, considering 

also that 40-60% of the peptides in E. coli PG are not involved in cross-linking, the 

“classical” model with parallel-oriented glycan strands is considered to be much more 

probable than the scaffold model with perpendicular-oriented glycan strands. 

 

 1.5 PG cleavage, recycling and the role of lytic transglycosylases 

PG degradation and recycling is important to allow bacterial cell growth and 

division. When doubling their cell population, Gram-negative bacteria like E. coli degrade 

about 60% of their PG. Almost all degraded PG material is transported back into the cell 

and reused for biosynthesis of new cell wall material (113, 114). In E. coli, there are three 

classes of periplasmic PG recycling enzymes, each with a cleavage activity directed to a 

different bond in the PG polymer. Class 1 PG degrading enzymes include endopeptidases 

such as PBP4, PBP7, and MepA, which cleave the peptide cross-links between D-Ala and 

m-Dap residues. PG degrading enzymes of class 2 comprise the MurNAc-L-Ala amidases 

AmiA, AmiB, AmiC and AmiD, which have an important role in cell separation (115, 

116). These enzymes cleave the covalent bond between MurNAc and the peptide stem of 

intact PG, releasing murein tri-, tetra-, and pentapeptides into the periplasm. Class 3 PG 

degrading enzymes include the lytic transglycosylases (LTs), which cleave the β-1,4-

glycosidic bonds between the MurNAc and GlcNAc residues (44). 

Lytic transglycosylases — LTs have a key role in the recycling process of PG (117, 

118). Class 1 and class 2 PG degrading enzymes act on the peptide stem of PG, but leave 

the long polysaccharide chains intact. Assistance of LTs is required to produce small, 

disaccharide-containing anhydro-muropeptides, which are suitable for transport back into 

the cytoplasm by AmpG. AmpG is an integral membrane transport protein which only 

accepts GlcNAc-1,6-anhydroMurNAc disaccharides with a tripeptide, tetrapeptide or 
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pentapeptide moiety (119). In addition, LTs have been implicated as “space-makers” for 

creating space within the PG sacculus to allow insertion of new material during cell wall 

expansion (reviewed in (120)), and to facilitate the transport of protein and DNA 

molecules through the PG layers (reviewed in (121)). Furthermore, some LTs also have a 

function in cell division by splitting the septum and thus allowing the separation of 

dividing cells (122). LTs are not hydrolases, but cleave the glycosidic bond between a 

MurNAc ad GlcNAc saccharide with concomitant formation of a 1,6-anhydro bond in the 

MurNAc residue (Figure 6A) (44). 

Bacterial species often possess multiple LT-encoding genes. The reason for this 

high redundancy is unknown. Possibly, the multiple LT proteins serve as a backup system, 

allowing one protein to take over the role of another, in case of failure. In E. coli, seven 

different LTs have been identified: Slt70, MltA, MltB, MltC, MltD, MltE and MltF (118, 

123). Most of these enzymes are attached to the outer membrane via an N-terminal lipoyl 

anchor or single transmembrane helix (Mlt stands for membrane-associated lytic 

transglycosylase). Slt70 (soluble lytic transglycosylase of 70 kDa) is not attached to the 

outer membrane, but its movement in the periplasmic space is still restricted due to strong 

associations with the PG polymer. On the basis of consensus sequence motifs, LTs can be 

classified into four distinct families (124). Slt70, MltC, MltD, MltE and MltF belong to LT 

family 1, and share a common, lysozyme-like catalytic domain. A similar lysozyme-like 

catalytic domain, albeit with more sequence and structural divergence, is also present in 

MltB, a member of LT family 3, MltA belongs to LT family 2 and lacks the lysozyme-like 

catalytic domain. The fourth LT family includes enzymes from bacteriophages. LTs can 

also be distinguished by the presence of additional non-catalytic domains, some of which 

are presumed to play a role in PG binding and protein-protein interactions. MltF is an 

intriguing example: this bi-modular protein combines a catalytic lysozyme-like C-terminal 

domain with an N-terminal domain that shares similarity to ABC-type periplasmic binding 

proteins. The function of the N-terminal domain of MltF is still unknown: it lacks the 

ability to bind or act on PG and it is not required for LT activity (125). Most LTs are exo-

enzymes, which presumably start cleavage from the glycan end that contains the terminal 

1,6-anhydro-MurNAc residue. Among LTs of E. coli, only MltE (also known as EmtA) 

shows an endo-specific cleavage activity (126). Although all LTs catalyze the same 

reaction, they differ with respect to reaction rate, preference for the presence or absence of 
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the MurNAc-linked peptides, and length of the 1,6-anhydro-muropeptide products (118, 

123) None of the LTs seems essential for cell survival, at least when tested under 

laboratory conditions: single and even multiple deletion of lt genes in E. coli is possible 

without causing cell death (127).  

 

Crystallographic analysis of LTs — Crystal structures have been determined of 

four different LTs from E. coli: Slt70, MltA, MltB and MltE (128-131). The structures of 

Slt70, MltB and MltE confirm the presence of a common catalytic domain (named the LT 

domain), whose fold is highly similar to that of goose-type lysozyme, despite the lack of 

significant sequence homology. MltA has a completely different structure and its catalytic 

domain shows a double-psi β-barrel fold, resembling the catalytic domain of 

endoglucanase V. All LT structures show the presence of a long groove for binding a PG 

glycan chain, with a length that is sufficient for accommodating at least six saccharides. 

The PG binding groove is usually divided into six saccharide-binding subsites, numbered -

4 to +2. A glycan chain is bound such that the scissile β-1-4,-glycosidic bond, connecting a 

MurNAc and GlcNAc residue, straddles subsites -1 and +1. Crystallographic binding 

studies with oligosaccharides, PG fragments and substrate analogs have revealed many 

aspects of the mechanism of PG binding and cleavage by LTs (132-135). The exo-lytic 

activity of most LTs is explained by the presence of an extra domain or loop near the +2 

subsite, which restricts the accessibility of the PG binding groove. Exo-lytic LTs are 

assumed to bind six saccharide units of a glycan strand, with a terminal 1,6-

anhydroMurNAc residue in subsite +2 (132). The smallest substrate that is still cleaved by 

exo-LTs is therefore a hexasaccharide of two GlcNac-MurNAc-peptidyl units and one 

GlcNAc-anhydroMurNAc-peptidyl unit. Exo-LTs will cleave this substrate into a 

tetrasaccharide of (GlcNac-MurNAc-peptidyl)-(GlcNAc-1,6-anhydroMurNAc-peptidyl) 

and a disaccharide of GlcNAc-anhydroMurNAc-peptidyl.  Some exolytic LTs may further 

cleave the tetrasaccharide to produce two GlcNAc-anhydroMurNAc-peptidyl 

disaccharides. This has been demonstrated for MltB using synthetic PG fragments (95).  
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Reaction mechanism of LTs — LTs have a single acidic catalytic residue (Glu or 

Asp) in the active site cleft which is located between subsites -1 and +1. This residue acts 

as the general acid/base in the lytic transglycosylation reaction by a mechanism involving 

substrate-assisted catalysis (MltA uses a slightly different mechanism and thus forms an 

exception) (136-138). The cleavage reaction starts with protonation of the glycosidic 

oxygen of the scissile bond by the catalytic residue, acting as general acid. Protonation 

leads to bond breakage and formation of an oxocarbenium ion intermediate. The N-acetyl 

group of the muramoyl residue at subsite -1 may stabilize the intermediate via an 

intramolecular electrostatic interaction between its partially negatively charged carbonyl 

oxygen and the positively charged C1 ring carbon of the oxocarbenium ion. This 

electrostatic interaction may also progress towards C-O bond formation, resulting in the 

formation of an oxazolinium intermediate (Figure 7). In the next step, the unprotonated 

catalytic residue acts as a general base to activate the 5-methylhydroxy group (O6 oxygen) 

of MurNAc for a nucleophilic attack. Intramolecular nucleophilic attack of the O6 oxygen 

on the C1 carbon results in a collapse of the oxazoline intermediate with concomitant 1,6-

anhydro bond formation (138, 139). For MltA, the positively charged oxocarbonium 

intermediate is proposed to be stabilized by the helix dipole from an adjacent helix (helix 

α5, Figure 7) (132).  

Endo-acting transglycosylase MltE —MltE from E. coli is an endo-lytic LT which 

cleaves glycosidic bonds in a glycan strand that are at least one disaccharide unit separated 

from the terminal GlcNAc-1,6-anhydroMurNAc unit (126). In-vitro experiments showed 

that the enzyme is only active on purified glycan strands missing the peptides: isolated PG 

from E. coli with intact peptide cross-bridges is not cleaved. In-vivo, however, the enzyme 

is fully able to cleave PG, as judged from an increase in the relative amount of terminal 

1,6-andhyro-MurNAc residues when MltE is overproduced (126). Probably, in the 

periplasm MltE collaborates with another enzyme to cope with the PG peptides. As is the 

case for most LTs, the specific role of MltE remains unknown. Possibly, it has a role in PG 

maturation, trimming the initially synthesized glycan strands to their final lengths. 

Alternatively, MltE may play a role in providing passage for bulky compounds to cross the 

murein barrier. Alternatively, MltE may be involved in the production of pili in 

enteropathogenic E. coli strains (unpublished result, personal communication mentioned in 

Kraft et al. 1998 (126)). A more recent finding connects MltE with biofilm formation in  
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Figure 7. LT reaction mechanisms.  

 

certain Salmonella enterica subspecies (140). More specifically, it was shown that MltE, in 

combination with MltC, increases the expression of the transcriptional regulator CsgD, 

which in turn activates biofilm formation. These findings suggest the existence of a 

signaling pathway that links cell wall metabolism to biofilm formation. 
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Recently, the crystal structure of MltE from E. coli has been reported (128). MltE is 

structurally similar to the catalytic LT domains of Slt70 and MltB. It has an open extended 

groove for binding of a glycan strand with residue Glu64 acting as the catalytic residue. 

The PG-binding groove is fully accessible for substrate from any incoming direction, 

which explains why it is an endo-acting enzyme. A few functional properties of MltE are 

not explained by the structure. Why is isolated MltE only able to cleave E. coli derived 

glycan strands which lack the peptide moieties? Even more surprisingly, MltE from E. coli 

is able to cleave the murein sacculus of Micrococcus luteus, suggesting that the inhibitory 

effect of the peptides in E. coli PG is not merely explained by steric hindrance. Also, the 

specific glycan cleavage pattern of MltE is not fully understood from its three-dimensional 

structure. The minimal glycan fragment that is cleaved by MltE is an oligosaccharide 

containing three GlcNac-MurNAc units linked to a terminal GlcNAc-anhydroMurNAc 

unit. MltE exclusively cleaves this oligosaccharide at the central glycosidic bond, 

producing two identical (GlcNac-MurNAc)-GlcNAc-anhydroMurNAc oligosaccharides. 

This cleavage pattern implies that subsite +2 of MltE, unlike the equivalent subsites in the 

exolytic LTs, cannot accommodate a terminal 1,6-anhydroMurNAc residue. To understand 

the molecular basis for these specific properties of MltE, and to gain a better understanding 

of its mode of action, requires further structural and biochemical studies, aimed at 

characterizing the interactions with substrate or substrate analogs.  
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Part two: Aspartate ammonia lyase 

L-Aspartate ammonia lyases, commonly known as aspartases, are enzymes that 

catalyze the reversible elimination of ammonia from L-aspartate to produce fumarate. 

These enzymes participate in alanine and aspartate metabolism, and in microbial nitrogen 

metabolism. The existence of an aspartase was first revealed by Quastel and Woolf in 1926 

(141) during experiments with Escherichia coli cells, and the first cell-free preparation was 

achieved five years later by Virtanen and Tarnanen (142), who succeeded to isolate an 

aspartase from Pseudomonas fluorescens. The initial functional characterization of an 

aspartase, from Propionibacterium petersonii, was decribed in 1953 by Ellfolk (143, 144). 

Subsequently, several other aspartases from Gram-positive and Gram-negative bacteria, 

including E. coli (145-148), Hafnia alvei (149, 150), Cytophaga sp. KUC-1 (151), Bacillus 

subtilis (152) and Bacillus sp. YM55-1 (153-155) have been purified and characterized.  

Among the aspartases mentioned above, the enzyme from E. coli (AspA) is the 

most extensively studied, and its characterization includes a determination of its crystal 

structure (156). The initial isolation and characterization of AspA took place in the early 

1970s (157), but it was not until 1984 when AspA was finally cloned (158). AspA is 

biologically active as a homotetramer, like other aspartases, with each subunit containing 

478 amino acid residues. The tetramer contains four identical active sites, each of which is 

built from residues originating from three subunits. In addition, activator-binding sites are 

present in the structure where L-aspartate and magnesium ion can bind and activate 

deamination as well as amination reactions at alkaline pH (146).  

In 1999, a novel thermostable aspartase from Bacillus sp. YM55-1 (AspB) was 

discovered and described (154). Also this enzyme has been extensively studied, and there 

are reports describing its cloning, overexpression, kinetic analysis, site directed 

mutagenesis and crystal structure determination (155, 159). Like AspA, AspB exists as a 

homotetramer with each subunit containing 468 amino acid residues. However, AspB 

distinguishes itself from AspA due to some unique characteristics: (1) the enzyme is not 

allosterically activated by the binding of L-aspartate or magnesium ions, (2) it shows a 

higher resistance to thermal and chemical denaturation and (3) its specific activity is about 

four times higher.   
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Aspartases like AspA and AspB are of considerable industrial interest due to their 

potential as biocatalysts. For instance, the reverse reaction catalyzed by aspartases 

(amination of fumarate) is exploited in the industrial production of the artificial sweetener 

aspartame (N-L-α-aspartyl-L-phenylalanine 1-methyl ester) (160, 161). Despite available 

structures and a wealth of functional data, the precise reaction mechanism of AspA and 

AspB has remained elusive, due to lack of structures of enzyme-substrate complexes (156, 

159). This thesis describes crystallographic studies of AspB in complex with its substrate 

L-aspartate, revealing the residues important for substrate binding and catalysis. Using 

site-directed mutagenesis and kinetic studies the role of the functional residues was further 

analysed. Here, an overview is provided of current knowledge about the structure and 

function of aspartase-fumarase superfamily members, with an emphasis on aspartases. 

 

2.1 Aspartase-fumarase superfamily 

Aspartases are members of a superfamily of enzymes called the aspartase-fumarase 

superfamily, which also includes fumarase C (162), adenylosuccinate lyase (163), δ-

crystallin (164), argininosuccinate lyase (165), and 3-carboxy-cis,cis-muconate lactonizing 

enzyme (CMLE)(166). Aspartase-fumarase enzymes share extensive sequence homology, 

have similar overall structures, and catalyze a cleavage reaction on similar, succinyl-

containing substrates leading to the formation of fumarate as the common product (except 

for CMLE) (Figure 1-3). Due to these similarities, members of the aspartase-fumarase 

superfamily are predicted to use a common catalytic reaction mechanism.  

Fumarase (or fumarate hydratase, EC 4.2.1.2) catalyzes the reversible addition of 

water to fumarate to yield L-malate. In eukaryotes, this enzyme has been found in two 

forms depending on its localization: in mitochondria or in the cytosol. Mitochondrial 

fumarase participates in the citric acid cycle, whereas cytosolic fumarase appears to 

function in the metabolism of amino acids and fumarate (167, 168). In prokaryotes such as 

E. coli, two distinct classes of fumarases are known. One class, the class II fumarases, 

resembles the eukaryotic fumarases and contains members of the aspartase-fumarase 

superfamily. Class I fumarases are iron-dependent dimeric proteins, which are structurally 

distinct from aspartase-fumarase enzymes (169). 



Chapter 1                                                                                                 General Introduction 

37 

 

Figure 1. Sequence alignment of aspartase-fumarase superfamily members (AspB: aspartase from 

Bacillus sp. YM55-1; AspA: aspartase from E. coli; FumC: fumarase from E. coli; d1-crystallin: 

duck δ1-crystallin; d2-crystallin: duck δ2/argininosuccinate lyase; ASL: argininosuccinate lyase 

from E. coli; ADL: adenylosuccinate lyase from E. coli; CMLE: 3-carboxy-cis,cis-muconate 

lactonizing enzyme from P. putida). The secondary structure and residue numbers of AspB are 

shown on the top of the sequence and conserved regions C1, C2, and C3 are underlined and 
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labeled. Residues forming the putative catalytic acid (in C2) and its charge-relay partner (in C3) are 

indicated by a blue star, the putative catalytic base (in C3) by a green star. 

 

Figure 2. Structures of aspartase-fumarase superfamily members in cartoon representation. 

The subunits of the tetramers are depicted in different colors with the corresponding PDB 

entry codes shown under the structures. The subunit structure is shown at the bottom-right 

corner (AspB monomer). 



Chapter 1                                                                                                 General Introduction 

39 

Adenylosuccinate lyase (EC 4.3.2.2) (ADL) catalyzes two non-sequential steps in 

the de-novo synthesis of purine nucleotides. Similar to other aspartase-fumarase family 

members, ADL catalyses a β-elimination of fumarate, but with dual substrate specificity. It 

catalyzes the conversion of 5-aminoimidazole-(N-succinylcarboxamide) ribotide to give 5-

aminoimidazole-4-carboxamide ribotide, as well as the conversion of adenylosuccinate 

(ADS) to give adenosine monophosphate (AMP). In humans, structural or functional 

defects in the enzyme due to point mutations in the ADL gene lead to muscle wasting, 

psychomotor retardation, mental disorder with autistic features, and epilepsy, emphasizing 

the important role of ADL (170-172). Several structures of ADL enzymes have been 

solved including those from Thermatoga maritima (173), E. coli (174), and Pyrobaculum 

aerophilium (175). 

δ-Crystallin is the major soluble protein in the eye lenses of birds and terrestrial 

reptiles. Together with other crystallins, it probably has a main role to ensure clarity of the 

lens and increase its refractive index. Interestingly, the protein is a close homologue of 

argininosuccinate lyase (ASL), a key enzyme in the biosynthesis of arginine found in all 

organisms, which also participates in the urea cycle in ureotelic organisms (176, 177). 

Duplication of the ASL gene yielded two isoforms of δ-crystallin, which are known as δ1 

and δ2 crystallin. The δ2 isoform has retained ASL activity and has been used to study the 

enzymatic mechanism of ASL, while the δ1 isoform has no ASL activity despite being 

~94% identical in sequence with δ2 (as observed for the δ-crystallins of duck) (177). ASL 

catalyzes the reversible β-elimination reaction of argininosuccinate into arginine and 

fumarate. Genetic deficiency of ASL causes argininosuccinic aciduria in humans. Crystal 

structures of both isoforms of δ-crystallin, and of ASL enzymes, have been reported in the 

literature (164). 

The last member of the aspartase-fumarase superfamily is 3-carboxy-cis,cis-

muconate lactonizing enzyme (CMLE), an enzyme that participates in aromatic 

degradation pathways. At aerobic conditions, the degradation of aromatic compounds 

occurs via two alternative routes, the catechol and protocatechuate routes of the 3-

oxoadipate pathway (178, 179). In the catechol route, cycloisomerization of cis,cis-

muconates is catalyzed by cis,cis-muconate lactonizing enzyme (MLE), whereas 

conversion from 3-carboxy-cis,cis-muconate into 4-carboxymuconolactone in the 
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protochatecuate route is catalyzed by 3-carboxy-cis,cis-muconate lactonizing enzyme 

(CMLE).  Two different reaction mechanisms have been observed on CMLE. Prokaryotic 

CMLEs catalyze the lactonization via an anti-1,2-addition-elimination reaction, while 

eukaryotic CMLEs catalyze the reaction using a syn-1,2-addition-elimination reaction 

(180). 

 

 

Figure 3. Substrates of the aspartase-fumarase superfamily members. The common 

succinyl moiety is highlighted in blue. 
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The aspartase-fumarase fold 

Although the sequence identity between members of the aspartase-fumarase 

superfamily can be as low as 15%, these enzymes share a common tertiary and quaternary 

structure (Figure 2). A number of structures of individual members of the superfamily have 

been solved including those of the aspartases AspA and AspB (156, 159), the fumarase 

FumC (181), ADL (163), ASL (164, 182) and also CMLE (183). All these enzymes exist 

as tetramers and their subunits have a fold consisting of three, mainly α-helical domains: 

the N-terminal domain (D1), the central helix-domain (D2) consisting of six long α-helices 

and the C-terminal domain (D3).  In the tetrameric structure, the long α-helices of the 

central helix-domain from one subunit interact with those of the other three subunits to 

form a 20-helix bundle (Figure 2).  

Sequence alignment shows that there are three stretches of conserved amino acid 

residues denoted C1, C2 and C3, residues of which have been implicated in catalysis 

(Figure 1). Conserved region C1 is located at the beginning of domain D2, while regions 

C2 and C3 form loops that connect helices of the D2 domain. While within each subunit 

the conserved regions are spatially far away from each other, in the tetramer the regions 

C1, C2 and C3 from three different subunits come together to form four active sites. 

Conserved region C3 contains the signature sequence GSSXXPXKXNPXXXE and is aptly 

called the SS-loop, because of its two highly conserved serine residues. The SS-loop, 

which is located at the entrance of the active site, is highly flexible. Crystallographic 

studies of duck δ2-crystallin (164) and E. coli ADL (163) revealed that binding of the 

substrate at the active site introduces a conformational change in the SS-loop from an open 

position to a position in which the loop closes over the active site. It has been hypothesized 

that this SS loop movement has an important role in catalysis (163, 184). 

 

A common catalytic mechanism for aspartase-fumarase members 

Functional and structural studies indicate that most aspartase-fumarase members 

use a common catalytic mechanism involving general acid/base catalysis (163, 185, 186). 

In this mechanism, a catalytic base abstracts the pro-R proton from the Cβ-carbon of the 

succinyl moiety of the substrate, leading to the formation of an enzyme-stabilized aci-
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carboxylate intermediate with two negative charges on the β-carboxylate. The existence of 

this enediolate intermediate (also named carbanion-like intermediate) has been inferred 

from inhibition studies of aspartase and fumarase with 3-nitro-2-aminopropionate, which, 

in its resonance-stabilized nitronate state (aci-form), acts as a reaction intermediate mimic 

(187). Next, the enediolate intermediate collapses and fumarate is formed via anti-

elimination of the non-hydrogen Cα-substituent of the succinyl moiety. This later step is 

facilitated by a general catalytic acid, which protonates the leaving group prior to its 

elimination. For some time the identities of the catalytic acid and catalytic base in various 

aspartase-fumarase members have been subject of debate, mainly owing to the absence of 

crystal structures of these enzymes with a liganded competent active site. In particular, the 

highly flexible SS-loop, with its open or ill-defined conformation in unliganded structures, 

has confused the view of the active site. However, the recently determined structure of E. 

coli ADL with bound AMP/fumarate revealed that, in the closed conformation, the SS-loop 

is able to position one of its conserved serine residues (S295) in close proximity to the Cβ-

carbon of fumarate. Combined with data from mutagenesis studies, and considering the 

strict conservation of this residue in all aspartase/fumarase members (Figure 1), this 

strongly implicates this residue as the base catalyst. Furthermore, it was shown that a 

conserved histidine in region C2 of ADL (H171) most likely forms the catalytic acid. 

Double protonation of the histidine at Nδ1 and Nε2, which is required for a role as 

catalytic acid, is facilitated via a hydrogen bond interaction with a highly conserved 

glutamate residue from the SS-loop/C3 region (E308). H171 of ADL is conserved as a 

histidine in the sequences of ASL, δ2-crystallin, FumC and AspB, but not in AspA and 

CMLE, for which the equivalent residue is a glutamine and tryptophan residue, 

respectively (Figure 1). In these latter enzymes another residue could perhaps act as 

catalytic acid. However, in the case of aspartases, a more likely explanation is that their 

enzymatic activity does not critically depend on the presence of a catalytic acid. For the 

reaction catalyzed by aspartases, it is not unambiguously established whether the leaving 

group is ammonia or an ammonium ion. If the functional group is released as ammonia, the 

general acid catalyst is not necessary for the aspartase reaction (Scheme 1). Indeed, a 

H188A mutant of AspB (H188 is the equivalent of H171 in ADL) exhibited an activity and 

pH-profile comparable to those of wild-type AspB (153). The precise functional role of 

residues in the C1, C2 and C3 regions of aspartases, however, has only become clear by 
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determining the structure of AspB in complex with aspartate, as presented in chapter 3 of 

this thesis.  

 

 

Scheme 1. Reaction mechanism catalyzed by aspartase-fumarase superfamily members. 
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Industrial application of aspartases 

As outlined above, aspartases catalyze the reversible conversion reaction of L-

aspartate into fumarate and ammonia. Catalysis of the reverse reaction, i.e., the amination 

of fumarate, is performed enantioselectively, which makes these enzymes highly useful as 

bio-catalysts for the industrial synthesis of L-aspartate and L-aspartate derivatives. AspA 

from E. coli has been used for years in the industrial production of the artificial sweetener 

aspartame (N-L-α-aspartyl-L-phenylalanine 1-methyl ester) by providing L-Asp as the 

starting compound for further reactions (188, 189). The high substrate specificity of AspA, 

however, limits a broad application of this enzyme for the production of aspartate 

derivatives.  

For industrial applications, enzymes with a high specific activity and stable 

structure are highly desired. Two of the currently known aspartases are thermophilic 

enzymes, i.e., AspB from Bacillus sp. YM55-1 and an aspartase from Cytophaga KUC-1 

(151, 154). Both enzymes retain ~80% of their activity after a 60 minute incubation at ~50 

°C. Apart from its higher thermostability, the enzyme from Cytophaga KUC-1 has similar 

functional properties as AspA from E. coli. It has the same high substrate specificity and is 

activated by Mg2+ ions and L-aspartate at neutral and alkaline pH (190). At 55 °C, the 

aspartase from Cytophaga KUC-1 has a specific activity which is about twice as high as 

that of AspA from E. coli at 25 °C. AspB from Bacillus sp. YM55-1 is not allosterically 

regulated, and its specific activity is four times higher than that of AspA from E. coli 

(154). With those properties, AspB is a good candidate to replace AspA as a biocatalyst. 

Furthermore, AspB has a broad nucleophile specificity, which allows the use of a range of 

alternative nucleophiles, for example methylamine, hydroxylamine, hydrazine, and 

methoxylamine, in the conjugate addition reaction (188). These additional properties give 

the opportunity to synthesize enantiopure N-substituted aspartic acids which are interesting 

building blocks for peptide synthesis and peptidomimetics (188, 191). 

In conclusion, research on aspartases has led to new exciting insights and 

developments, strengthening the promise of this group of enzymes for future 

biotechnological applications. Extensive knowledge about the structure and function of 

aspartases, and related aspartase-fumarase superfamily members, has allowed an almost 

complete understanding of their catalytic mechanism. This will certainly aid future protein 
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engineering efforts to optimize these enzymes as industrial biocatalysts. The crystal 

structure of AspB with its natural substrate, described in this thesis, provides an important 

step in understanding and confirming the catalytic mechanism of this aspartase. 
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Scope of this thesis 

This thesis describes how protein X-ray crystallography, combined with 

biochemical methods such as site-directed mutagenesis, activity assays, kinetic studies, and 

limited proteolysis, was used to elucidate the mechanism of action of two different 

enzymes: (i) the membrane-bound lytic transglycosylase MltE from E. coli and (ii) the 

aspartate ammonia lyase AspB from Bacillus sp. YM55-1. These enzymes are members of 

two different protein families, have completely different roles in the bacterial cell and 

catalyze distinct reactions. However, MltE and AspB are related by the fact that various 

aspects of their catalytic mechanism are poorly understood, despite the availability of a 

wealth of structural and functional data. In particular, lack of crystal structures of these 

proteins with bound substrate, inhibitors or substrate-analogs has prohibited a full 

understanding of their catalytic mechanism. Our research therefore aimed at determining 

crystal structures of these proteins in functionally relevant, ligand-bound states, and at 

combining the newly obtained structural data with old and new biochemical data. 

In Chapter 2, three crystal structures of MltE are presented: in a substrate-free 

state, in a binary complex with a chitin fragment (chitopentaose), and in a ternary complex 

with the glycopeptide inhibitor bulgecin A and the muropeptide GlcNAc-MurNAc-L-Ala-

D-Glu. The crystal binding studies allowed a precise mapping of the relevant protein-

saccharide interactions at six subsites of the peptidoglycan-binding groove of MltE. 

Combined with results from site-directed mutagenesis and peptidoglycan-cleavage activity 

measurement studies, the structures allowed an accurate modeling of the mechanism of 

peptidoglycan binding and cleavage. Moreover, the crystallographic data provide a 

structural framework that more accurately explains the endo-specific cleavage behavior of 

MltE.  

In Chapter 3, the crystal structures of wild-type AspB without ligand and in 

complex with L-aspartate are described. Comparison between the liganded and unliganded 

structures reveals a large conformational change of the SS-loop, from an open 

conformation in the absence of substrate to one where it closes over the active site in the 

presence of substrate. These structures provide a better understanding of the functional 

roles of the active site residues and the SS-loop in substrate binding and catalysis, and 

allowed us to identify the general base catalyst in AspB. The functional role of the SS-loop 
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in AspB, as well as that of the nearby C-terminal domain, was further analysed by site-

directed mutagenesis and limited proteolysis. 

 

In addition to the above-mentioned structural and functional studies of MltE and 

AspB, this thesis also describes the crystal structure determination and analysis of two 

transcription factors from Bacillus cereus, named bcPadR1 and bcPadR2 (chapter 4). 

These proteins are members of a large, but poorly characterized family of bacterial 

transcriptional regulators, known as the PadR family. Target genes controlled by PadR-like 

transcription factors are often associated with bacterial virulence, detoxification and multi-

drug resistance. One of the better-characterized PadR-like proteins is LmrR from 

Lactococcus lactis, which controls expression of a multidrug ABC transporter via a 

mechanism of multidrug binding and induction. The crystal structure of LmrR has been 

reported previously and reveals a unique dimeric architecture with a large central pore at 

the dimer interface, which harbors the multi-drug binding site. Limited functional data is 

available for the bcPadR1 and bcPadR2 proteins, although bcPadR1 has been associated 

with increased anti-microbial resistance of B. cereus cells. However, similarities at the 

genomic level, i.e., in the organization of genes within their putative operons, and at the 

protein level, i.e., in their amino acid sequences, raises the question whether bcPadR1 and 

bcPadR2 also function as ligand-binding transcription factors, and whether their 

architectures and mechanisms of action are similar to those of LmrR. The results of the 

crystallographic studies bcPadR1 and bcPadR2 provide some answers to these questions, 

but additional functional experiments are required to allow a full characterization of their 

modes of action. 
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