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ABSTRACT 

Two approaches were used to study the murE gene encoding the 

diaminopimelic acid adding enzyme of Escherichia coli. In the first 

approach, the cloning and nucleotide sequencing of the murE gene 

has been performed. The coding region of murE consisted of 1,413 

base pairs. The open reading frame of murE gene was separated from 

the ftsl ( penicillin-binding protein 3 ) gene by 61 base pairs, and it 

overlapped the initiation codon of the murF ( D-Ala-D-Ala adding 

enzyme) gene by one base pair. The deduced primary structure of 

MurE comprised 41 7 amino acid residues with a molecular mass of 

50.6 kilodaltons. Amino acid sequences corresponding to the domains 

A and B of proposed ATP binding sites were identified in the deduced 

amino acid sequ~!l~e of MurE. The close linkage of the murE gene to 

its upstream and downstream neighbouring genes was similar to the 

close linkage of the other genes in 2-min region of E. coli genetic 

linkage map. The interesting physical arrangement of the genes in this 

region and the fact that they are all involved in cell envelope 

metabolism or cell division has prompted the speculation of some 

novel form of regulation. As a second approach, extragenic suppressor 

mutations, which suppress the temperature- sensitive lysis phenotype 

of the murE16 allele, have been isolated and preliminarily 

characterized. Growth studies indicated that the murE16 mutation 

was at least partially osmoremedial, Further more, the two suppressor 

mutations characterized in this study functioned as suppressors of 
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murE16 only in high osmolarity medium. The attempt to map the 

suppressor mutations were unsuccessful, and the products of the 

suppressor genes have not been identified. 
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CHAPTER 1. INTRODUCTION: STRUCTURE, 

PROPERTIES AND SYNTHESIS 

OF E. coli PEPTIDOGLYCAN 

I. Structure of E. coli Peptidoglycan 

1. General Structure of E. coli Peptidoglycan 

All eubacteria have cell walls containing a rigid sac-like macro­

molecule called peptidoglycan. Peptidoglycan is a net-like macro­

molecule composed of long glycan chains interlinked by peptide side 

chains. The glycan chains are composed of alternating residues of N­

acetylglucosamine and N-acetylmuramic acid. The sugars are linked by 

13( 1-4 ) glycosidic bonds. In E. coli, the estimated length of the glycan 

chain is about 35 disaccharide units, ( 1, 2, 3, ) with a nonreducing 

1,6-anhydromuramic acid at the end of each strand (4 ). Each N­

acetylmuramic acid residue carries a short peptide substitution. 

There are variations in the amino acid composition and sequence of 

the peptide side chains among different bacterial species ( 5 ). These 

variations are of taxonomic importance. Thus peptidoglycan can be 

structurally viewed as being composed of small basic subunits which 

are disaccharide-peptides. These units are called muropeptides, and 

the structure of the basic E. coli muropeptide is shown in Fig. 1. The 

net-like structure in Fig. 2 is an schematic representation of E. coli 

peptidoglycan. The peptidoglycan in Fig. 2 is represented as a 

monolayer with apparent ordered structural features. It must be 

emphasized that this structure is almost certainly oversimplified as 

discussed below in sections 2 and 3. Recent studies suggest that 
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Fig. 1. Disaccharide-pentapeptide unit ( muropeptide ) of E. coli 

peptidoglycan. 
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Fig. 2. Schematic representation of a section of E. coli 
peptidoglycan. M: N-acetylmuramic acid. G: N-acetylglucosamine. 

Bars between G and M represent glycosidic bonds. Bars between two 

M residues represent crosslinked peptides. Bars extending from M 

residues represent peptide side chains which are not crosslinked. 
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E. coli peptidoglycan is multilayered and contains minor structural 

modifications which will undoubtedly detract from the ordered 

appearance depicted in Fig. 2. The amino acid sequence of the peptide 

substitution is L-Ala-D-Glu-meso-2,6-diaminopimelic acid ( DAP )-D­

Ala-D-Ala. The occurrence of D-amino acid isomers and the novel 

amino acid, DAP, make peptidoglycan a unique biological polymer. It is 

also important to note that the amino sugar, N-acetylmuramic acid, 

does not occur in any other known substance. 

The individual peptidoglycan chains are crosslinked to each 

other through adjacent peptides to yield the net-like structure shown 

diagrammatically in Fig. 2. In E. coli about 40 to 60% of the peptides 

are involved in these crosslinkages. About 50% of the crosslinkages 

involve peptide bonds between the carboxyl group of the D-alanine of 

one muropeptide and the free amino group of DAP of an adjacent 

muropeptide. More rarely, crosslinkage may involve peptide bonds 

between the DAP residues of neighbouring chains (2). 

A unique lipoprotein is covalently linked to 10% of the peptide 

chains ( 6, 7 ). The linkage occurs between the amino terminal lysine 

residues of the lipoprotein and the diaminopimelic acid residues of 

the muropeptide. The carboxy terminus of the lipoprotein is 

substituted with a lipid which in tum is anchored in the cell wall outer 

membrane. This arrangement provides a physical connection between 

peptidoglycan and the outer membrane. This association may be 

necessary in regulating the coordinated growth of the two separate 

cell wall layers. This aspect is discussed further below. 
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2. Composition of E. coli Peptidoglycan 

It was thought until recently that the detailed chemical 

structure of peptidoglycan was reasonably well understood. Our 

understanding of this structure was based on the determination of the 

structure of soluble peptidoglycan fragments generated either by 

enzymatic degradation or by controlled acid hydrolysis of 

peptidoglycan ( 4, 8 ). These soluble peptidoglycan derivatives were 

separated by paper chromatography or by thin layer chromatography, 

and the structure of each derivative was subsequently determined. 

However recent studies involving the superior separation power of 

high performance liquid chromatography ( HPLC ) coupled with more 

sensitive detection methods indicate that the structure of 

peptidoglycan is far more complex than originally thought ( 2, 9 ). For 

example, the standard paper chromatographic separation of a 

lysozyme digest of E. coli peptidoglycan permits the identification of 6 

soluble products. In contrast, HPLC separation applied to the same 

digest permits the resolution and identification of about 80 different 

soluble fragments. The use of HPLC separation has also forced us to 

modify and expand our views on the synthesis of peptidoglycan. Some 

of the main findings in these recent studies are as follows. (i) A novel 

type of interpeptide crosslinkage between 2 diaminopimelic acid 

residues has been discovered. (ii) Peptides containing glycine instead 

of D-alanine occur. (iii) Newly synthesized peptidoglycan is structurally 

different from "older" or mature peptidoglycan in several ways. For 

example, new peptidoglycan is less crosslinked and contains fewer 

covalently linked lipoprotein than old peptidoglycan. These findings 

raise the question of whether the structural variants are simply 



accidental or whether they actually serve an important structural or 

regulatory role. The fact that they are consistently encountered 

suggests the latter. 

3. Three Dimensional Structure of E. coli Peptidoglycan 

For a long time, a chitin-like monolayer structure had been 

accepted as the model of peptidoglcan. According to this model, the 

peptidoglycan sacculus was described as a quasicrystalline 

arrangement of glycan strands interlinked by peptide bonds in a .13-

sheet ( 7, 10, 11 ). But this model has lost favour due to recent 

physical studies. These studies involve X-ray diffraction, infrared 

spectroscopy and NMR analyses ( 12, 13, 14 ). A comparative study 

between peptidoglycan and chitin using these techniques clearly 

demonstrated that the crystalline arrangement were unlikely 

structures for bacterial peptidoglycan. 

A new model for E. coli peptidoglycan has been proposed by 

Bamickl et al. ( 12 ). They suggest that peptidoglycan is a multilayered 

structure rather than a simple monolayer. In their model, the glycan 

strands of peptidoglycan are arranged parallel to each other and run 

perpendicular of the cell cylinder.The consequence of this 

arrangement is that the peptidoglycan strand exists in the form of 

helix with each peptide side chain tilted 90 degrees around the helix 

relative to its neighbours. With this arrangement, about one of every 

four peptide side chains are positioned adjacent to each other within 

one plane and can be crosslinked. The rest of peptide side chains 

which are not positioned correctly cannot be crosslinked. Some of 

them, especially those positioned perpendicular to the plane of 

6 



peptidoglycan layer they belong to, may however be involved in the 

crosslinks which connect other planes of peptidoglycan layer. Since 

the average length of individual glycan strand is 30 nm, about 80 

strands aligned end to end will provide enough length to cover the 

cell circumference once ( 15, 16 ). This model is consistent with 

many experimental data. According to this model, peptidoglycan is 

flexible and rigid enough to carry out its biological function. In a 

recent electron microscopic study of cell envelope, a thick gel-like 

E. coli peptidoglycan structure with high water content was 

demonstrated. This result provides further structural evidence for a 

multilayer peptidoglycan model ( 17 ). 

4. Relationship of the Peptidoglycan to the Outer Membrane and 
Cytoplasmic Membrane 

The cell envelope of Gram negative bacteria such as E. coli is 

composed of three layers, the cytoplasmic membrane, the 

peptidoglycan and the outer membrane. The peptidoglycan lies 

between the cytoplasmic membrane and the outer membrane. The 

peptidoglycan sacculus is associated with the outer membrane and the 

cytoplasmic membrane. The anchoring of peptidoglycan to the outer 

membrane by the covalently linked lipoprotein molecules is the 

primary force which connects these two layers together ( 6, 7 ) . The 

outer membrane proteins called porin, e. g., the ompC and ompF gene 

products, are also involved in maintaining a connection between 

peptidoglycan and outer membrane. The porins are noncovalently 

associated with peptidoglycan ( 18 ). The basis for the interaction 

between the porins and peptidoglycan is unknown. An apparent 

7 
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connection between the cytoplasmic membrane and peptidoglycan has 

been observed in ultrastructural studies, but the actual fusion between 

the two structures has never been directly demonstrated ( 19 ) . It has 

been proposed that the so called fusion site may actually represent a 

site where the outer membrane components are being synthesized 

and new peptidoglycan strands are being inserted into the wall 

sacculus. Such sites may represent localized fusions between the 

cytoplasmic membrane and the outer membrane. 

II. Biological Functions and Activities of Peptidoglycan 

1. Introductory Comments 

It is well known that peptidoglycan is a rigid polymer which 

determines both the shape and the size of bacterial cells. 

Furthermore, it performs an essential function as an exoskeleton 

which provides mechanical support for the underlying cytoplasmic 

membrane. Its destruction invariably results in the osmotically 

induced lysis of bacteria. In recent years, it has become apparent that 

peptidoglycan also exhibits an array of biological activities with 

relevance to an animal host. Some of these activities are summarized 

below. It should be emphasized that the activities described are those 

elicited by small, soluble fragments of peptidoglycan and not the 

insoluble, intact wall peptidoglycan. 
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2. Immunogenicity 

Peptidoglycan is a very good immunogen. It can induce B cell­

mediated as well as T cell-mediated immune responses ( 20, 21 ). 

There are four immuno-determinant groups which are responsible for 

the immunogenicity of peptidoglycan. They are N-acetylglucosamine, 

N-acetylmuramic acid, the interpeptide bridge structure, and D-Ala-D­

Ala residues ( 22, 23 ). Since these four groups are part of the basic 

structural component of peptidoglycan in all bacterial species, an 

extensive immunological cross reaction occurs. 

3.AdjuvantFunction 

Peptidoglycan can act as immunoadjuvant to modulate the 

immune response ( 24 ). The modulation can represent either an 

enhancement or a suppression of the immune response depending on 

the host, the dose of peptidoglycan, and the time of injection relative 

to that of antigen ( 25 ). The minimum structure required for the 

immuno-modulation activity is N-acetylmuramyl-L-alanyl-D-glutamic 

acid ( muramyldipeptide or MDP) ( 25, 26 ). Thus, muramyl­

dipeptide or derivatives of muramyldipeptide have been added to 

vaccines to boost the immune response ( 27 ). 

4. Complement Activation 

Peptidoglycan from both gram positive and gram negative 

bacteria can activate both the classical and the alternate pathways of 

complement in vitro ( 28 ). The expression of the complement 

activation property is dependent on the size of the peptidoglycan 

fragment and the degree to which it is structurally modified. In 
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general, the higher the molecular weight of peptidoglycan fragment, 

the stronger the activity in complement activation ( 28 ). It has been 

reported that the minimum structure required for the activation of 

both complement pathways is a glycan chain with the length of 10 to 

11 disaccharide units ( 29 ). The activation of both complement 

pathways is believed to be mediated by anti-peptidoglycan antibodies 

and direct activation of the Cl component ( 30 ). The significance of 

complement activation by peptidoglycan in vivo requires further study. 

5. Inflammatory Reaction 

Four hours after injection of peptidoglycan fragments, there is 

an intensive infiltration of polymorphonuclear neutrophil leukocytes 

and disruption of collagen bundles at the injection site. These 

histological changes are believed to be induced by the acute toxicity of 

peptidoglycan. Soluble peptidoglycan fragments induce fever and other 

aspects of the inflammatory reaction ( 31 ) . When peptidoglycan is 

modified by covalently bound polysaccharide, it becomes even more 

toxic. Polysaccharide modification can apparently protect 

peptidoglycan from tissue enzymes resulting in an enhanced 

persistence of peptidoglycan in tissue, and this results in chronic 

inflammation ( 32 ). Certain autoimmune diseases have be proposed to 

be caused by persistence of soluble peptidoglycan in tissues ( 33, 34 ). 

6. Somnogenicity 

A group of soluble compounds that can induce slow wave sleep in 

experimental animals have been purified from human brain and urine. 

Structural analysis of these compounds indicated that they were 
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muramylpeptides, presumably derived from bacterial cell walls. 

Authentic muramylpeptides prepared from bacteria were subsequently 

shown to be active in a sleep induction assay. It has been proposed 

that the soluble somnogens found in urine and brain were derived 

from the cell walls of bacteria in the normal human flora ( 35 ). 

7. A Possible Mechanism to Account for the Biological Activities of 
Peptidoglycan 

From above information, it is clear that peptidoglycan can 

exhibit a wide variety of biological activities. It can function as an 

immunogen, an immunoadjuvant, an inflammatory factor, and a 

somnogen. The search for a unified mechanism which could account 

for such a wide array of activies has resulted in an interesting 

possibility ( 36, 37, 38, 39 ). Recent studies indicate that 

muropeptides induce the synthesis of interleukin-1 ( IL-1 ) and other 

cytokines in macrophages and lymphocytes ( 40 ). It is possible that 

the various biological activities attributed to peptidoglycan are actually 

directly mediated by cytokines such as IL-1. For example, IL-1 has a 

well-documented role in immune regulation and in the inflammatory 

response. Furthermore, IL-1 is a potent somnogen ( 41 ). Macrophages 

probably routinely process peptidoglycan derived from either the 

normal bacterial flora or invading bacteria. The processed 

peptidoglycan could serve as an inducer of cytokine synthesis. The 

ultimate activity exhibited ( e. g., inflammation, immune regulation, or 

somnogenicity ) , according to this proposal, will be determined by 

what cytokines are produced and by what type of cells the cytokines 

interact with. 
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m. Synthesis of E. coli Peptidoglycan 

1. Introductory Comments 

The synthesis of peptidoglycan is a very complex process 

involving many precisely programmed reactions and specific enzymes. 

The biosynthetic reactions occur both in the cytoplasm and on the cell 

membrane. The cytoplasmic reactions are a series of reactions 

catalyzed by a group of soluble enzymes to produce UDP-activated 

peptidoglycan precursors. The membrane- bound reactions result in 

the incorporation of precursors into the existing wall peptidoglycan. 

Some of the main steps in peptidoglycan synthesis are shown in Fig. 3. 

2. Cytoplasmic Reactions: Synthesis of UDP-activated Precursors 

A group of soluble enzymes catalyze the synthesis of the 2 main 

soluble precursors of peptidoglycan, UDP-N-acetylglucosamine ( UDP­

GlcNAc) and UDP-N-acetylmuramyl-L-Ala-D-Glu-meso-DAP-D-Ala-D­

Ala ( UDP-MurNAc-pentapeptide )( 42, 43 ). The synthesis of UDP­

GlcNAc is obviously an important process in E.coli since this 

compound serves as a source of GlcNAc for peptidoglycan as well as for 

cell wall lipopolysaccharide synthesis. It is therefore interesting that 

the reactions involved have not been characterized in detail in E. coli 

and are therefore omitted from Fig. 3. As shown in Fig. 3, UDP-GlcNAc 

is also the precursor for UDP-MurNAc ( reactions 1 and 2 ). This is 

followed by the synthesis of the pentapeptide substitution on UDP­

MurNAc. This involves the sequential addition of L-Ala, D-Glu, meso­

DAP, and D-ALa-D-Ala ( reactions 3 to 8 ). Each addition requires a 

specific ATP-dependent enzyme. This thesis is primarily on the meso­

DAP-adding enzyme ( reactions 5, Fig. 3 ). 
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Fig. 3. The major steps in the biosynthesis of E. coli peptidoglycan. 

The enzymes involved in each of the steps are: 1. phosphoenol­

pyruvate: UDP-GlcNAc-pyrophosphorylase; 2. UDP-GlcNAc­

enolpyruvate reductase; 3. L-alanine adding enzyme; 4. D-glutamate 

adding enzyme; 5. meso-DAP adding enzyme; 6. alanine racemase: 

7. D-alanyl-D-alanine synthetase; 8. D-ala-D-ala adding enzyme; 

9. UDP-MurNAc-pentapeptide translocase: 10. GlcNAc-translocase; 

11. glycan polymerase and/or transpeptidase; 12. pyrophosphatase. 

14 
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3. Membrane-Bound Reactions: Synthesis of Lipid-linked 
Intermediates and Peptldoglycan Polymerization 

The membrane-bound reactions can be subdivided into those 

reactions which occur on the cytoplasmic side of the membrane and 

those reactions which occur on the periplasmic side of the membrane. 

As shown in Fig. 3, the reactions occuring on the cytoplasmic side of 

the membrane involve the sequential translocation of P-MurNAc­

pentapeptide and GlcNAc to undecaprenylphosphate ( labeled "GCL-P" 

in fig. 3 for "Glycosyl Carrier Lipid Phosphate": reactions 9 and 10 ). 

Undecaprenyl-phosphate is a minor membrane lipid which serves as a 

glycosyl carrier to mediate transport of the hydrophilic · disaccharide­

pentapeptide peptidoglycan subunit across the cell membrane barrier 

( 44, 45, 46, 47 ). 

On the periplasmic side of the membrane, the disaccharide­

pentapeptide units are translocated from the lipid carrier to the 

acceptor sites on the existing cell wall peptidoglycan ( reaction 11 ) . 

The bioch.emical and genetic evidence currently favors the view that 

this polymerization reaction is catalyzed exclusively by one of several 

membrane-bound enzymes refered to as penicillin-binding proteins 

( PBPs ) ( 48, 49, 50 ). In E. coli, there are at least seven major PBPs, 

and these are designated PBP lA, lB, 2, 3, 4, 5, and 6. The four high 

molecular weight PBPs ( lA through 3 ) are the peptidoglycan 

polymerases. The three low molecular weight PBPs appear to act as 

peptidoglycan hydrolases ( See below). Finally, a pyrophosphatase acts 

on undecaprenylpyrophosphate to recycle the lipid carrier ( reaction 

12 ). 
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Peptidoglycan polymerization by PBPs may occur in two ways. 

One way is by a transglycosylation, or glycan chain extension, reaction 

which links the disaccharide portion of the precursor to an existing 

glycan chain in the cell wall. The second way is through a 

transpeptidation reaction which creates the DAP to D-Ala interpeptide 

cross-linkage. Thus, the PBPs IA, lB and 3 of E. coli are actually 

bifunctional enzymes, i. e. , they possess 2 active sites and are capable 

of catalyzing either transglycosylation or transpeptidation ( 51 ). On 

the other hand, PBP 2 is exclusively a transpeptidase { 52 ). The 

transglycosylase activity of the PBPs is inhibited by the antibiotic 

moenomycin and the transpeptidase activity by penicillin and 

cephalosporin derivatives { 53 ) . The name given to these enzymes is 

obviously derived from the latter characteristic. At present, there is no 

information regarding when and where each of these 2 reactions 

occur during the growth of the peptidoglycan sac. Further details on 

the specific functions of the individual PBPs is presented below. 

IV. Regulation of Peptidoglycan Synthesis 

I. Introductory Comments 

The mechanism of the regulation of peptidoglycan biosynthesis 

is poorly understood. However, there are reports of stringent response 

( 54 ) and feedback inhibition ( 55 ) involved in the regulation of both 

cytoplasmic stage and reactions in the outer phase of the cytoplasmic 

membrane of peptidoglycan synthesis. 
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2. Stringent Response 

The stringent response is a regulatory mechanism by which the 

synthesis of key cellular macromolecules such as stable RNA species, 

phospholipids and cell wall peptidoglycan is shut down due to a rapid 

accumulation of guanosine 5'-triphosphate 3'-diphosphate ( pppGpp) 

and guanosine 5'-diphosphate 3'-diphosphate ( ppGpp ). The accumu­

lation of these com ponds occurs during the growth arrest of relA + 

strains of E.coli induced by amino acid deprivation. The inhibition of 

peptidoglycan synthesis during the stringent response apparently 

occurs at both an early step in the synthesis of UDP-MurNAc­

pentapeptide ( 56 ) and a late step in the polymerization of 

peptidoglycan ( 57 ). The mechanism of stringent response of the 

peptidoglycan polymerization reactions appears to be due to the 

inhibition of phospholipid synthesis by ppGpp. It has been shown that 

peptidoglycan polymerization, presumably by PBPs, is dependent on 

ongoing phospholipid synthesis ( 54 ). Therefore, the inhibition of 

phospholipid synthesis results in the reversible inhibition of 

peptidoglycan polymerization. 

3. Feedback Inhibition 

For the reactions of the peptidoglycan synthetic pathway, feed 

back inhibition by a soluble precursor is a control mechanism one can 

expect to encounter. Attempts have been made to prove this 

expectation ( 57 ). When E. coli is treated with a ..6-lactam antibiotic, 

i. e., to inhibit PBP activity, UDP-MurNAc-pentapeptide does not 

accumulate, suggesting that its synthesis may be controlled by 

feedback inhibition. However, if E. coli is treated with D-cycloserine, a 
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drug capable of blocking the synthesis of D-Ala-D-Ala and therefore of 

UDP-MurNac-pentapeptide, an apparently uncontrolled accumulation 

of UDP-MurNAc-tripeptide occurs. The accumulation of UDP-MurNAc­

tripeptide in the absence of UDP-MurNAc-pentapeptide suggests that 

the latter feedback inhibits an early step in its own synthesis ( 58, 

59 ). The exact site of this regulation has not been determined. 

V. Growth of Peptidoglycan Sacculus 

1. Introductory Comments 

As already noted, peptidoglycan serves as a cellular exoskeleton 

which is the determinant of both the characteristic shape and the size 

of a bacterium. The morphogenetic events involved in peptidoglycan 

synthesis which ensure the species-specific uniformity of these 

characteristics must clearly depend on an exquisite topological and 

temporal control system. This process is still far from being 

understood, but it very likely will involve the activities of the PBPs and 

a group of enzymes known as peptidoglycan hydrolases. 

2. The Role of PBPs in E. coli 

All bacterial species examined to date have multiple PBPs. For 

example, as mentioned above, E.coli possesses at least 7 major PBPs 

( 60, 61 ). The functions of these PBPs in E. coli have been elucidated 

by a combination of biochemical and genetic analysis, and it is 

reasonably clear that each individual PBP has its own function. 
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The growth of an E. coli cell involves the elongation of a 

cylindrically shaped peptidoglycan sac. The enzymes responsible for 

this process are PBP lA and PBP lB. The progress of cell elongation is 

interfered with by a mutation affecting either PBP lA or PBP lB. 

Although such mutants are viable, strains carrying mutations affecting 

both PBP lA and PBP lB are inviable. Similar conclusions can be 

drawn from experiments involving treatment of wild type bacteria 

with penicillin derivatives which have high affinity for PBPs lA and lB. 

Under conditions where such antibiotics specifically inhibit only PBPs 

lA and lB, cell elongation is inhibited, and the cells eventually 

undergo lysis ( 62, 63 ). 

The blockage of PBP 3 activity either by a mutation in the ftsI 

gene ( which encodes PBP 3; see Chapter 2 ) or by treatment with 

penicillin derivatives which specifically inhibit PBP 3 results in the 

formation of filamentous cells. These filaments result because cell 

division is blocked, and it is therefore clear that PBP 3 is responsible 

for the synthesis of septal peptidoglycan during cell division. The 

septum, which will eventually represent a cell pole upon completion of 

division, can be viewed as a hemispherically shaped form of peptido­

glycan. It now appears that the PBP 3 activity is turned on at a specific 

time during the cell division cycle to initiate the formation of septa. 

The signal for activating this activity appears to be the completion of 

chromosome replication but the details of this process are unkown 

( 62, 64, 65 ). 

The function of BPB 2 can also be blocked either by a mutation 

in the PBP 2 structural gene or by treatment of cells with a PBP 2-

specific penicillin derivative. In both cases, the bacteria lose their 



characteristic rod-shaped morphology and become spherical. It has 

therefore been proposed that PBP 2 activity is necessary for the 

synthesis of cylindrical peptidoglycan; i.e., when PBP 2 activity is 

blocked, cells continually synthesize only hemispherical peptido­

glycan, anci this results in their spherical morphology ( 64, 66 ) . 

3. Involvement of Hydrolase System 

20 

The peptidoglycan hydrolases are a group of enzymes capable of 

hydrolyzing interglycan, interpeptide or glycan-peptide bonds in 

peptidoglycan. In E. coli there are eight known hydrolase activities 

which include some of the PBPs ( 55, 67 ). The cleavage pattern of 

each hydrolase activity is illustrated in fig. 4. 

Although peptidoglycan hydrolases appear to be ubiquitous in 

bacteria, their functions are, at best, poorly understood. They are 

presumably involved in some aspect of peptidoglycan morphogenesis 

( 1, 68, 69 ). They are undoubtedly involved in the process known as 

turnover in which soluble fragments of peptidoglycan are generated 

from the existing cell wall peptidoglycan during normal growth ( 70 ). 

Turnover has been observed in many bacterial species and may very 

well be universal. Because it is so commom, turnover is thought to be 

an essential event during normal growth which serves a morpho­

genetic function. It has also been suggested that peptidoglycan 

hydrolases play an essential role in cell division ( 71, 72 ). A current 

popular hypothesis is that the synthesis of peptidoglycan requires the 

coordinated activities of the enzymes belonging to the biosynthetic 

pathway and one or more of the peptidoglycan hydrolases. It is not yet 

known how the activities of peptidoglycan hydrolases are regulated 
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Fig. 4. Cleavage sites of peptidoglycan hydrolases within the E. coli 
peptidoglycan net work. 1. lysozyme and transglycosylase. 2 . N­
acetyl-glucosaminidase. 3 . amidase. 4 . carboxypeptidase 1B and-- .- -. ,; / I::.' 

penicillin-insensitive endopeptidase. 
6. carboxypeptidase lA, lB. 

5. carboxypeptidase II. 
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during normal growth and how this control is dissociated under the 

various conditions which result in cellular lysis, e. g., during penicillin 

treatment. 

VI. Genetics of Peptidoglycan Biosynthesis and Metabolism 

in E.coli 

In E. coli, at least twenty-five genes which are directly involved 

in or closely related to peptidoglycan synthesis and metabolism have 

been mapped. These genetic studies are based on temperature 

sensitive mutants which have a common phenotype. These mutants 

either lyse or undergo a morphological change at the nonpermissive 

temperature ( usually 42° C ). 

A summary of peptidoglycan genetics is shown in Table 1. The 

genes encoding eight of the soluble enzymes involved in the first step 

of biosynthesis have been identified and mapped. Among these, the 

murF ( 112, 113). alr ( 85 ). and ddl ( 114 ) genes have been cloned 

and sequenced. The dapF gene coding for DAP epimerase has also 

been cloned recently ( 78 ). The genes encoding D-glutamic acid 

synthetase and D-glutamic acid adding enzyme have yet to be 

identified. The genes encoding penicillin-binding proteins lA, 1B, 3, 

4, 5 have been mapped, cloned, and sequenced ( 84, 115, 116, 117 ). 

The gene encoding PBP 6 has not been mapped on the E.coli genetic 

linkage map due to the fact that a mutation apparently yields no 

detectable phenotypic change. However, the gene designated dace 

which encodes PBP6 has been cloned and sequenced ( 59 ) . Six genes 
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coding for the peptidoglycan hydrolases have been identified. 

In addition to these 25 genes. there are at least 43 genes 

involved in the cell division cycle. The discussion of these genes is not 

the purpose of this thesis. But their function and regulation must be 

closely related to the peptidoglycan synthesis and metabolic process. 

Uncovering the relationship between the two will help us understand 

the mechanism of the growth of sacculus, septation, and cooperations 

of these processes. 
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Table 1. Genes and their protein products involved in peptidoglycan 

metabolism in E . coli 

Map Gene 
Gene Location Product Reference 

------------------------------------------------------
mrbA 90 min UD P-N-acetylglucosaminyl 

-3- enolpyruvate reductase 73 

murA 90 min UDP-GluNAc:phosphoenol-
Soluble Bio- pyruvate transferase 74 

synthetic murC 2 min L-alanine adding enzyme 58. 75. 76. 77 

Enzymes dapF 85 min DAP epimarase 78 

murE 2 min DAP adding enzyme 58. 73. 79.80 

air 93 min alanine racemase 81 

ddl 2 min D-Ala-D-Ala ligase 75.82.83.84 

murF 2 min D-Ala-D-Ala adding enzyme 58.77.85 

Membrane- mrcA 75 min PBP lA 62 

bound Bio- mrcB 4 min PBP 1B 62.63 

synthetic pbpA 15 min PBP2 86.87 .88.89 

Enzymes fu1 2 min PBP3 62.77.89,90 

Peptido- ~ 69 min PBP 4 

glycan Hy- ~ 15 min PBP 5 

90.91.92 

86.91.93,94 

59 drolases ~ unknown PBP 6 

amiA 51 min N-acetylmuramyl-
L-alanine amidase 95 

mepA 51 min Penicillin-insensitive 
peptidoglycan DD-endo-
peptidase structure gene 96 

mepB 92 min Penicillin-insensitive pepti-
doglycan DD-endopeptidase 96 

mraA 2 min D-alanine carboxypeptidase 7 3 
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VII. Purpose of This Thesis 

As discussed above, the synthesis of peptidoglycan is a complex 

process involving the coordinated activities of many enzymes. Little is 

known about the regulation of this process. The original objective of 

this thesis was to clone and sequence the murE and murF genes 

which appeared to be directly Joined to each other. Furthermore, as 

discussed in Chapter 2, these genes are located in a region of 

chromosome which is enriched in genes encoding proteins involved 

in peptidoglycan synthesis, cell division, or other aspects of cell 

envelope function. The murE and murF genes encode the meso­

diaminopimelic acid adding enzyme ( uridine diphosphate-N­

acetylmuramyl-L-Ala-D-Glu-meso-2, 6-diaminopimelate ligase; EC.6, 3, 

2, 13 ) and the D-alanyl-D-alanine ligase ( EC 6, 3, 2, 10 ), 

respectively. These enzymes are involved in the synthesis of UDP-N­

acetylpentapeptide. It was thought that the cloning and sequencing of 

murE and murF would yield information concerning the regulation of 

gene expression as well as information on the primary structures of 

their protein products ( neither enzyme has been purified ). However, 

while this work was in progress, we learned that the work on the 

murF sequence was almost completed in another laboratory ( cited by 

Walsh in ref. 85 ). We therefore decided to complete the murE 

sequence and to terminate the attempts to sequence murF. The murF 

sequence was reported ( 113 ) while the writing of this thesis was in 

progress. The murE sequence is reported in Chapter 2. The thesis 

objective was modified to include preliminary studies on extragenic 

mutations which suppress a mutation in the murE gene. It was thought 

that such studies would reveal a protein(s) which interact directly or 



27 

indirectly with the murE gene product. These studies are reported in 

Chapter 3. 



CHAPTER 2. 

I. Introduction 

NUCLEOTIDE SEQUENCE 

OF THE murE GENE OF E. coli 

A total of 13 genes involved in functions related to cell division, 

peptidoglycan synthesis or cell envelope function have been mapped 

in the 2-minute region of the Escherichia coli genetic linkage map 

( 118). There is considerable interest in this region because, as shown 

in Fig. 5, these 13 genes appear to be arranged contiguously. Takeda et 

al. ( 90 ) first demonstrated that at least 3 of these genes, ftsl ( also 

known as pbpB ), murE and murF, were present along with the leuA 

locus on plasmid pLC26-6 from the Clarke and Carbon gene bank 

( 119 ). The ftsl gene which encodes penicillin-binding protein 3 

( PBP 3 ) was subsequently cloned and sequenced by Nakamura et al. 

( 116 ). 

As mentioned in Chapter 1, the murE and murF genes encode 

the ATP-dependent diaminopimelic acid and D-alanyl-D-alanine 

adding enzymes, respectively ( Fig. 3 ). Maruyama et al ( 112 ) have 

recently reported the localization of the murE and murF genes on the 

restriction map. They also identified the murE: and murF gene 

products as 56-KDal and 52-KDal proteins, respectively, by sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis after expression of 

the cloned genes in maxicells. We report here the nucleotide 

sequence of murE gene. 

28 
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II. Material and Methods 

1. Bacteria and Plasmids 

The E. coli K-12 strains and the plasmids used in this study are 

presented in Table 2 and Table 3. 

2. Enzymes and Biochemicals 

The restriction endonucleases KpnI, EcoRI, Pstl were 

purchased from Boehringer Mannheim Canada, and HindIII, PvuI, 

EcoRV were from Pharmacia LKB Biotechnology AB. The lambda DNA, 

lambda DNA/Hind III standard were from Bio-RAD. DNA T4 ligase was 

from Boehringer Mannheim Canada. The Sequenase DNA sequencing 

kit was from Bio-RAD, and the T7 polymerase DNA sequencing kit was 

from Phamacia LKB Biotechnology AB. [35 S]-dATP ( specific activity 

1000 Ci/ mmol) was purchased from Amersham. 

3. Bacterial Growth Conditions 

a) Media 

In most cases, Tryptic Soy Broth ( TSB, from Difeo laboratories ) 

or Tryptic Soy Agar ( TSA. from Dif co laboratories ) were used as rich 

medium. Thymine and uracil ( 100 µg per ml of each ) were added to 

the medium when it was used to grow strain TKL-11 and TKL-46. In a 

few cases, LB medium and 2Yf medium were used for specific 

purposes. M9 medium or Davis minimal agar (DMA, from Difeo 

laboratories ) were used as minimal media for the selection of 

auxotrophic mutants. Minimal media were supplemented with 
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Table 2. E. coli K-12 strains 

Strain Sex Genotypea 

DH5- alpha F"" thi hsdR 1 7r-km +k recA relA 

TKL-11 F"" thrl leuB6 murE16(ts) codAl 

pyrFlOl thyA6 argG66 his-108 

iluA634 thi-1 deoCl lacYl tonA21 

·· tsx-95 supE44 

AAl 02-F'lac F' [recA pro thi supE endA hsdRK 1 

(g_gl-che-p_gl-att) (F':traD36 proAB 

laclqz.::1Ml5)] 

TKL46 

JM107 

F"" thrl leuB6 murF2(ts} codAl 

pyrFlOl thyA6 argG66 his-108 

iluA634 thi-1 deoC 1 lacYl 

tonA2 l tsx-95 supE44 

F' ~(lac proA.B) thi pyrA96 endAl 
hsdRl 7 relAl supE44(r-kmk+) 

lambda -/F'traD36 proAB lac lqz~M 15 

a) For genetic symbols see Bachmann ( 118 ) 

Source 

Laboratory 
Stock 

B.J.Bachmannb 

Gold Biotech­

nology Inc. St 

louis. MO. USA 

B.J.Bachmannb 

Laboratory 

Stock 

b) Address of B.J .Bachmann: E.coli Genetic Stock Centre, 

Department of Human Genetics, Yale University School of 

Medicine. New Haven. CT. U.S.A. 
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Table 3. 

Plasmid 

pLC26-6 

pUC18 

pUC19 

pAA-PZ618 

pAA-PZ619 

pJS718 

pJS719 

pJS800 

pJS900 

pJS801-
pJS804 

pJS901-
pJS906 

Plasmids 

Relevant Characteristics 

ftsI+, murE+, murF+ 

AmpR 

ArnpR 

AmpR, ISI-Tn9, Ml3-origin 

AmpR, ISI-Tn9, Ml3-origin 

pUC18 carrying 4.0 Kb EcoRI-KpnI 

murE and murF clone 

pUC19 carrying 4.0 Kb EcoRI-Kpnl 

murE and murF clone 

Source 

I..a.boratory 
Stock 

I..a.boratory 
Stock 

I..a.boratory 
Stock 

Gold Biotech­
nology Inc. St. 
louis. MO. USA 

Gold Biotech­
nology Inc. St. 
louis. MO. USA 

this study 

this study 

pAA-PZ618 carrying 4.0 Kb EcoRI-Kpnl 

murE and murF clone this study 

pAA-PZ619 carrying 4.0 Kb EcoRI-Kpnl 

murE and murF clone this study 

deletion derivatives of plasmid pJS800 
this study 

deletion derivatives of plasmid pJS900 
this study 
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0.2% carbon source, 0.5 µg of thiamine per ml, and 100 µg per ml of 

required amino acids and nucleotides. 

b) Bacterial Growth 

Bacterial cultures were incubated in gyrotory water bath shakers 

at 30° C or 37° C depending on the specific strain used. Incubation at 

42° C was used as the nonpermissive growth condition for 

temperature-sensitive mutants. Culture turbidity was followed with a 

Klett-summerson colorimeter using a green filter ( 540 nm ) for rich 

media or a blue filter ( 420 nm ) for minimal media. 

4. Recombinant DNA Technology 

a) Small Scale Plasmid Isolation 

Plasmid purification procedure was based on the modified 

alkaline lysis method of Bimboim and Doly ( 120 ). 

b) Determination of the Concentration, Size and Purity of DNA 

Preparation 

The concentration of DNA was determined by reading the 

absorption of DNA solution at 260 nm ( A 260) ( 121 ). One A 260 unit .. 

equals a DNA concentration of 50 µg per ml. DNA concentration was 

also determined by agarose gel electrophoresis of serially diluted DNA 

samples using lambda DNA as the standard. The size of plasmid DNA 

was determined by agarose gel electophoresis of linearized DNA 

sample using lambda/Hind III DNA as the standard. 
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c) Agarose Gel Electrophoresis Analysis 

Tris-acetate solution ( TAE, 40 mM Tris, 10 mM sodium acetate 

and 1 mM EDTA. pH 7.8 )( 121) was used as the running buffer in 

agarose gel electophoresis. DNA samples were heated to 65°C for 7 

minutes and mixed with a solution of 5% sucrose and 0.025% 

bromophenol blue. The mixture was loaded on the gel. The gel 

concentration used was between 0.5-1.5% depending on the size of 

DNA fragment to be analyzed. After electrophoresis, the gel was 

stained with ethidium bromide ( 2 µg per ml ) for 20 minutes. DNA 

bands were visualized by illumination with ultraviolet light. 

d) Extraction of DNA from Agarose 

DNA bands required were recovered either by electrophoretic 

elution at 100 volts for 3 hours or by the freezing method. In the 

freezing method, the agarose gel was cut into pieces and deep frozen 

( 70° C ) in the presence of phenol. After removal of the agarose by 

centrifugation, the DNA was recovered by a combination of phenol­

chloroform extraction and ethanol precipitation ( 121 ). 

e) Restriction Endonuclease Digestion 

Restriction endonuclease digestions were carried out using the 

procedure of Maniatis et al ( 121 ). Restriction mixtures were 

incubated at 37° C for 60 min. Reactions were stopped by heat 

denaturation at 70° C for 10 minutes. 
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f) Formation of Recombinant DNA 

Both vector and insert DNA were linearized. purified. and mixed 

in a ratio of 1: 10 respectively. The ligation reactions were catalyzed by 

T4 DNA ligase. The ligation reaction mixtures were incubated 

overnight at 12° C. The reactions were stopped by 70° Cheat 

denaturation ( 121 ). 

g) Transformation 

A modification of Hanahan's ( 122) procedure was used for 

transformation. 

(i). Preparation of Competent Cells 

An overnight culture was diluted 100 fold in TSB medium and 

grown to a density of 5 x 107 cells per ml ( 20 Klett units). The 

culture was chilled on ice for 15 minutes. This was followed by 

centrifugation at 5,000 rpm for 5 minutes at 4° C. The supernatant 

was discarded, the pellet was resuspended in half of the original 

culture volume of ice cold solution of 50 mM CaC12 and 10 mM Tris-

HCl (pH 8.0 ). The suspension was incubated on ice for 15 min. After 

incubation, the suspension was centrifuged at 2500 rpm for 5 min. 

The supernatant was discarded, and the pellet was resuspended in 

one tenth of the original culture volume of ice cold 50 mM CaCl. 10 

mM Tris-HCI ( pH 8.0 ). 

(ii). Storage of Competent Cells 

Competent cells from above steps were stored at -70° C in 10% 

sterile glycerol. 
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(iii). Transformation 

1 µl DNA ( 0.5 µg per µl ) was added to 0.2 ml of competent 

cells. The mixture was then incubated in ice for 60 minutes. At the 

end of 60 minutes incubation, the sample was quickly moved to the 

42° C and incubated for 75 seconds . 1 ml of TSB was added to the heat 

treated mixture. The mixture was incubated at the appropriate 

temperature for 90 minutes to allow expression of antibiotic 

resistance mark. After expression, 0.1 ml cell suspension was plated 

on selective medium and incubated at appropriate temperature for 1-2 

days. 

5. Complementation Assay 

Complementation assays were carried out by transforming 

recombinant DNA carrying required gene into temperature sensitive 

mutant cells. The transformation mixture was plated onto the rich 

medium containing antibiotic. The plates were incubated at 30° C to 

select drug resistant marker. The drug resistant transformants were 

further screened for temperature resistant complementation. 

6. Construction of Overlapping Deletion Derivatives 

The DNA to be sequenced was cloned into either plasmid pAA­

PZ618 or pAA-PZ619 ( 123 ). The in vivo deletion strategy is based on 

the fact that the vectors pAA-PZ618 and pAA-PZ619 contain a 

modified transposon Tn9 element close to the cloning sites, and the 

spontaneous excision of this element promotes deletions which could 

extend into the cloned fragment. To construct random deletion 

derivatives, plasmids pJS800 and pJS900 ( Fig. 6 ) were transformed 
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into strain AA102F'lac. The transformants were plated onto the TSA 

medium containing ampicillin ( Amp ). Amp resistant colonies were 

picked and grown overnight. During growth, the random deletions 

occurred. The deletion derivatives were selected using restriction 

endonuclease digestion and gel electrophoresis for those with 

required size. 

7. Sequencing Strategy 

Plasmids containing deletions derivatives of murE were 

transformed into E.coli K-12 strain JM107. The transformants were 

infected with helper phage Ml3K07. Upon infection, the Ml3 origin 

presented on the plasmids permits phage-directed plasmid 

replication and results in high yields of single-stranded plasmid DNA. 

The single stranded DNA of deletion derivatives were used to 

sequence both strands in their entirety by the dideoxy chain 

termination method of Sanger et al ( 124 ) in the presence of [35 S] 

dATP. The DNA sequence data were compiled and analysed with a 

computer program. 
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m. Results 

1. Genetic Complementation Tests and Identification of DNA 
Fragment Containing murE and murF Genes. 

A 4.0 kilobase-pair (Kb) fragment was obtained from the 

plasmid pLC26-6 by digestion with the restriction endonucleases KpnI 

and EcoRI. This fragment was subcloned in both orientations into the 

KpnI-EcoRI-digested polylinker sites of plasmids pUC18 and pUC19 

to yield the recombinant plasmids pJS718 and pJS719, respectively. 

Both pJS718 and pJS719 were found to complement the temperature 

sensitive phenotype of strains TKLl 1 ( murE) and TKL46 ( murF) 

indicating that the 4.0 Kb KpnI-EcoRI fragment carried both the murE 

and the murF genes. 

2. Determination of the Nucleotide Sequence of murE 

The DNA sequencing strategy is summarized in Fig. 6. The first 

step was to prepare sets of overlapping deletions of murE DNA. For 

this purpose, the 4.0 Kb KpnI-EcoRI fragment was cloned in both 

orientations into the vectors pAA-PZ618 and pAA-PZ619 to yield the 

plasmids pJS800 and pJS900. Fig. 6 also shows a restriction map of 

the cloned fragment. The vectors pAA-PZ618 and pAA-PZ619 contain 

a modified transposon Tn9 element which promotes deletions which 

could extend into the cloned fragments. Two sets of over-lapping 

deletions were prepared in this way. Plasmids pJS801 through 

pJS804 were deletion derivatives of pJS800, and pJS901 through 

pJS906 were derived from pJS900 Fig. 6. The polarity of murE is as 

shown in Fig. 6 with the 5'-end of the gene close to the KpnI site of 

the cloned DNA fragment. The 5'-end was not on plasmid pJS801 
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which carried the smallest deletion of the Kpnl-end of the cloned 

DNA. Thus, the 5'-end of murE must lies within 500 base pairs of the 

Kpnl site. We were unable to obtain deletions in this area and were 

consequently unable to more accurately localize the 5'-end of murE. 

The 3'-end of murE was present on pJS901 but not on pJS902 

indicating that it was located close to the EcoRV site. 

It should be noted that our data do not allow us to accurately 

localize the murF gene. What we can say is that the deletion derivatives 

pJS901 through pJS906 do not carry murF whereas pJS801 through 

pJS804 all carry murF. 

The deletion derivatives were used to sequence both strands of 

the murE gene in their entirety as summarized in Fig. 6. The sequence 

obtained is shown in Fig. 7. 

3. murE Gene Sequence Analysis 

The first 487 bases of the sequence shown in Fig. 7 have been 

previously reported (137 ). The initial 128 base pairs represent the 3'­

end of the ftsl gene which encode the C-terminal 38 amino acids of 

PBP 3. I now extend this sequence to the unique EcoRV site shown in 

Fig. 6. An analysis of this sequence revealed only a single large open 

reading frame (ORF). This ORF could start 62 base pairs from the end 

of ftsl at position 179 to encode a 50.6 KDal polypeptide consisting of 

471 amino acids. Alternatively, the GTG codon at position 146 is also 

in frame with this ORF. This would extend the N-terminus by 11 

amino acids and increase the molecular weight of the deduced 

polypeptide to 51.8 KDal. The GTG was considered the least likely of 

the two possible initiation sites because it was not preceded by a 
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pJS903 
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p]S802 
p]S803 
p]S804 1 l(l, 

Fig. 6. Sequencing strategy. The larger arrows below the 

restriction map indicate the positions and orientations of the ftsI, 

murE, and murF genes determined by restriction mapping and 

complementation analysis. The smaller arrows indicate the direction 

and extent of each sequence determination. The closed circle on 
one of these arrows indicates a reaction which was primed with a 

synthetic ol!gonucleotide. The DNA fragments used for sequencing 

are represented by the bars, and their murE complementation 

characteristics are indicated. 
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121 

119 

239 

299 

3S9 

◄ 19 

◄ 79 

S39 

599 

6~9 

119 

119 

• • • • • • 
~~TCA~~TCMCATCGN,CCCG.\TCCGC'TCAC>. 
~M-Cl1Al1Il.,..;tGlyCly~q'Thntet>.1nlleGluPro>.1pAl11.AuThr 

• • •end fl§L • 
ACGCG :G>.TMM>. TGM TTTGT'GATTM~ TCGTM 
Thr<::l1>.spLy1AsnGluPheV1llle..\JnGlnGlyGluGlyThrClyGlyArqSer 

• • 
TTTGC' ~ 

"~~CCTCTGCCTGCCGCO TCTC I I TGTAOCTGTN>TM;CTO.T 
Met n1 :r Leu>.spserArgV1 l>.l&>.l&>.l.Cl yAspLeuPheVI lAl IVI l Va lGlyHl S 

• 
0.CCC'~TAT,..~T~TT"TT 
Clr.>.l.t.A1pGlyArgArqT'yrlleProGlMl1lle.Al1GlnGlyV1l>.l&Al1llelle 

• 
~ ~ ~ TCCTCAAA TCCGTCAAA TGCACOOCCT >.ccCC1'C 
A.l1GluA11LylA.lpGlu>.l1ThrAspGlyGlulle>.rgGluHetHi1GlyV1lProV1l 

ATCT>-~C>.CCCTTTA.~~TG.I.A. 
IleT)rLeuserclnLeu>.1nClu>.rgLeuSerAl1Leu>.l1GlyArgPheTyrHi1Glu 

• 
CCCT( 'TG,t,CAA TTr.-.cGTCTCGTGCGC ~CCN::GN:TNX. 
Pros~rA..lp>.snLeu>.rgLeuV1lClyV1lThrGlyThrA.snGlyLy1ThrThrthrThr 

• 
C>.CO'GTTG(:;cGiC>,GT<::Q.CCC>JICT'GC'ITC:GCGA.AATC.I.GCGCGGTMTGGGCACCGTT 
GlnI.A•uLeuA11GlnTrpserGlnLeuLeuGlyGlulleSerAl1V1lHetGlyThrVal 

• 
GGT,..;.t:;~TCCCG.'.o.G>.>.AATACAACCGGTTCGGCAGTCCAT 
Gl yA.;nGl yLeuLeuGl yLysVal I leP roThrGl u>.snThrTl\rClySerAlaV& lAsp 

GTI'u\GCA~ TC.t.GCGCCCCACG'TTTTCCGCAA TCGMGTT 
Vale ' ·"" 1 sCl uLeu>.l ICl yLeuVl l>.spGl nGl yAl &ThrPhecy s>.l &Met Cl uV& l 

TCCT:CC>.CCGCCTCGT~TTGAAATTTGCGGCGTCGGTC 
SerStrH1sGlylAuV1lGlnHil.l.rgV1l>.l&Al11AuLy1Phul&Al1SerV1lPhe 

ACC~.>.CTTMGCCGCG>.T'C>.CCTTG>.TT>.TC>.TCGTGA.T>.TGCMC>.CTA<XMGCCGCG 
Thr, ,snLeuSer11rgAspH1 sLeu>.spTyrHi sCl yAspHetGl uHisTyrGl u>.laAl a 

>-.M' 'GGCTGCTTT 11 TTCTGAGCATC.a. TTGCCCTCAGGCG>. TT>. TTMCGCCGACG>. TGM 
Ly s' 'rpLeuLeuTyrSerGl uH is Hi sCy sGl yGln.>.l a I le I leAsn.>. l&>.sp11spG l u 

839 

899 

9S9 

CTGGGCCCCC~CGG>.CGCCG'T"f'CCCCT"'t'CMTCC.V.GATCAT 
V1lCly,..rg,..rqTrp1.Au>.laLy11.AuProA1p,..laValAlaValSerHetClu>.spHls 

"TT M TCC'CMCTCTCACGG>.CccrocTTCA.MGCCACCGMGTCAACT" TC>.CCACMX. 
I l,e>.snProAsnCysHi sGl y"rgTrpLeuLys"l aThrCluVa 1AsnT'yrH1 sA.spSe r 

GGTGCC>.CCA. TTCGCTTTA.GCTCMCTTGCCGCCA TCCCGM>. T'T'GA.MGCC-'TCTGA TC 
Cly,..l1ThrileArgPheSerSerSerTrpGlyAspGlyGluile6luSerHisLeuMet 

1019 GGCGCTTTTMCGTCAGCMCCTCCTCCTCGCGCTGCACAC'T'GTTCGC>.cTCGCCTAT 
ClyAlaPheA.snValSerAsnLeuLeuLeu>.laLeu>.laThrLeuLeu>.laLeuGlyTyr 

l 08 9 CCACTCGCTCA ~CGCGCCTCi'CCMCCGGTT,._ CCCCN:GT" T'GGAA 
ProlAu>.l &>.apLel't,euLyaThrA.l &>.l &>.rgl.AuC l nP roV1 lCy sG l y"rqHet Cl u 

113 9 GTCTTCACTGCCCCAGGC>.M~ TT~ TACccccc.a. TCC" 
V1lPheThr,..l1ProGlyLy1ProThrV1lValV1l,..spTyr,..lltii1ThrPro>.1p"ll 

• 
1199 CTGGM>.MGCCTT,..CAGGCGGCGCGTC1'GCACTGTGCGGGCMGCTCTGGTG1'CTCTTT 

LeuCluLys>.laLeuGlr.>.l&>.l&>.rgLeuHisCysAlaGlyLysl..euTrpCysValPhe 

12S9 GGC"l'CTGGTGGCGATCGCCATM>C,CTMCCGTCCACTG.\TGGGCGCAA't"T'GC~G 
GlyCysGlyGly>.spArgAspLysGlyLys>.rgProLeuHetGlyAl1IleAl1GluClu 

1319 

1319 

1 ◄ 39 

TTT'GCTCACCTGCCGGT'GCTCACGG>.CG>.TMCCCGCGTACCGA>.&.ACCGCG1vCC11TC 
Phe1ll&>.spV1lAl1ValValThr1lsp1lspAsnPro>.rqThrGlu~luPrMrg-'latl~ 

"TCMCGATA.TTCTGGCGGGMTCTTw:.A.TCCCCG>.C>.TGCCAMCTGAT'GGM,GGCCGT 
IleAsl\AsplleLeu>.l1ClyMetLeu>.spAl1ClyHls>.l1LysValHetGluGly"rg 

GCTCAAGCCCTCACTTGCCCCCTT11TGC.I.GCCT~ TCA TGTCGT>-CTCG'T'CGCG 
"l•Clu>.l1V1lThrCysAlaV1lHetGln>.laLysGluAsn>.spV1lV1lLeuV1lAla 

1 4 9 9 ~CA TGMGA TT ACC>.GA TTCTTGGCM TC>.GCGTCTCGA.CT ACTCCCA TCGC 
GlyLy1ClyHitGlu>.1pTyrGlnileV1lGlyAsnCln.>.rgLe•A.1pTyrS.rA1p>.rg 

• start ITIUIF • 
1 5 S 9 GTC>.CCG'TCGCCCCTCTGCTCGGGGTCA TTGC>. TG>. TTAGCGTAACCCTTWXCMCTT A 

V1lThrV1lAl&>.rgLeuLeuGlyValile,._l-a-

161 9 CCG>.CA TTCTCMCGGTGMCT'GC>.>.GGTcc.aaIAIC 
E.ccrN +>--



Fig. 7. Nucleotide sequence and deduced amino acid sequence of 

murE. The sequence covers the 3'-end of the ftsl gene to the unique 

EcoRV site located past the 3'-end of the murE gene. Boxed sequence 

may represent the promoter of murE gene. Underlined amino acid 

residues are putative ATP-binding site of murE gene product. 

Underlined ATG at position 1.591 is the start codon of murF gene. 
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ribosome-binding sequence. On the other hand, the GAG at position 

165 to 167 may represent a ribosome-binding site, albeit a weak one, 

for the proposed initiation site. In either case, the deduced molecular 

masses of the deduced polypeptides are smaller than the reported 56 

KDal value for the murE gene product ( 130 ). 

The murE gene was expressed in the absence of the complete 

ftsl gene when it was cloned in either orientation into the polylinker 

region derived from plasmids pUC 18 and pUC 19. e.g; pJS800 and pJS 

900. It is therefore possible that promoter activity resided either 

within the ftsl gene or in the short interval between ftsl and 

murE.The only possible -35 and -10 sequence found in these regions 

were TTGGTG beginning at position 2 and TATTGC beginning at 

position 23, respectively ( the underlined bases correspond to the 

consensus sequences), with a spacing of 15 bases. 

The codon usage in murE summarized in Table 4 was generally 

characteristic of genes which are weakly expressed . Thus, codon usage 

was relatively random, and only 4 of the 61 codons were not used. 

Furthermore, in most cases, NNU was favoured over NNC when N was 

either U or A, whereas NNC was favoured over NNU when N was 

either G or C, and these seem to be the rules followed by weakly 

expressed genes ( 14 7 ) . 

As indicated in Chapter 1, the enzymes involved in the synthesis 

of the peptide portion of UDP-N-acetylmuramyl-pentapeptide are ATP­

dependent ( 72, 94 ). It has been previously reported that enzymes 

capable of catalyzing either ATP synthesis or ATP hydrolysis exhibit 2 

conserved regions designated domains A and B which are proposed to 

represent ATP-binding sites ( 148, 149, 150 ). We analyzed the murE 
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sequence for these regions. As shown in Fig. 5 ( underlined areas) and 

Table 5, residues 82 through 105 and 366 through 389 from the 

deduced amino acid sequence of murE appear to represent domains A 

and B, respectively. 

IV. Discussion 

In this work, we cloned and sequenced the murE gene encoding 

the mesa-OAP-adding enzyme which is involved in the cytoplasmic 

stage of peptidoglycan biosynthesis. The murE gene was present on a 

4.0 Kb fragment obtained from Clark-Carbon plasmid pLC26-6 ( 140) 

by Kpnl and EcoRl digestion. This fragment also carried the murF 

gene. The restriction map for this region Fig. 6 was in agreement with 

that reported previously ( 130 ) except that we found an additional 

Pvul site within the murE coding region. The nucleotide sequence of 

the murE gene presented in Fig. 7 shows an ORF of 1,413 base pairs 

which would encode a 50.6 Kd protein with 471 amino acid residues. I 

think this is reasonably close to the 56 Kd value reported by Maruyama 

et al ( 130 ). Their value was obtained by sodium dodecyl sulfate­

polyacrylamide gel electophoresis after in vitro expression of the 

cloned murE gene. The codon usage of murE suggests that the gene is 

weakly expressed. The codon usage of genes for the high molecular 

weight PBPs lA, 1B, 2 , and 3 have also been reported to have 

characteristics of weakly expressed genes ( 151 ). However, it is not 

known whether these observations are relevant. It is worth noting that 

the ftsl gene which lies immediately upstream of murE encodes the 

PBP 3 protein ( 137 ). 
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Table 4. Codon usa9e in IDll.tL 

-----------------------------------------------------------------
uuu Phe 9 

uuc Phe 1 

UUA Leu 5 

UUG Leu 4 

CUU Leu 3 

CUC Leu 7 

CUA Leu 0 

CUG Leu 29 

AUU Ile 11 

AUC Ile 7 

AUA Ile 1 

AUG Met 12 

GUU Val 7 

GUC Val 7 

GUA Val 9 

GUG Val 20 

ucu Ser J 

ucc Ser 3 

UCA Ser 2 

UCG Ser 2 

CCU Pro 0 

CCC Pro 1 

CCA Pro 3 

CCG Pro 10 

ACU Thr 3 

ACC T.hr 10 

ACA Thr 4 

ACG Thr 8 

GCU Ala 8 

GCC Ala 10 

GCA Ala 10 

GCG Ala 34 

UAU ·i·yr 6 

UAC Tyr 5 

UAA 0 

UAG 0 

CAO His 11 

CAC His 8 

CAA Gln 3 

CAG Gln 13 

AAU Asn 5 

AAC. Asn 11 

AAA Lys 14 

AAG Lys 2 

GAU Asp 22 

GAC Asp 9 

GAA Glu 21 

GAG Glu 7 

vuu ._,I:, .. 
UGC Cys 4 

UGA 1 

UGG Trp 6 

CGU Arg 15 

CGC Arg 8 

CGA Arg 1 

CGG Arg 0 

AGU Ser 1 

AGC Ser 9 

AGA Arg 0 

AGG Arg 0 

GGU Gly 10 

GGC Gly 2 '4 

GGA Gly 4 

GGG Gly 5 

---------------------------------------------------------------- -



T1ble 5. Comparison of putative ATP binding domains of murE gene product and other 
AfP binding proteinsa 

Ptotdn Residue 

D,>maln A 

&,...£9.!L murEgene product 82-105 

&..~ rnurF gene product 97-120 

&. £Q1! ATI'ase J3 142-16.5 

~~ ATPase alpha 171-184 

BlVinATI'ase..(3 149-173 

/ Jenylate kinase 

GnHB.S~b 

6-30 

Sequence Ref. 

SDNLRLVGVTG- TNGKTTTTQLLAQ 

Q V P A R V V A L T G - S S G K T S V K E M T A A 113 

K G G K V G L F - G G A. G V G K T V N M M E L I R 138 

R G G R E L I I - G D R G T G K T A L A I D A I I 139 

k G G K I G L F - G G A G V G K T V F I M E L I N 126 

KKSKI I FV G SIG K GIT Q C E K I V Q 140 

G X X X X G K T X X X X X X 1/V 126 

D>maln B 
ILcQUmurEgeneproduct 366--389 0n - KIGIK R PIL MG A.1..JA EE FAD VA V VT D 

~ collmurf geneproduct 348-372 A.EM PG YR v L v v cln MAE LG A E s EA c G 113 

~~ATPase..(3 

~..cQU ATPase alpha 

BcNin AT?asci3 

Adenylate kinase 

0)nsensus ~erx:e b 

232-255 R D - E G R D V L L F V D N I Y R Y T L A G T E V 138 

270-293 R D - R G E D A L I I Y D D L S K Q A V A T R Q I 139 

24&270 D Q E G Q D V L L F I D N I F R F T Q A G S E V 126 

107-130 R K - I G Q P T L L L T V D A G P E T M T K R L L 140 

R/K X X X G X X X L ( bydropboblcl4 126 

a . The sequences have been aligned to achieve maximum homology. The 11 

-
11 represent 

insertions made during optimization. Conserved residues are boxed. 
b ) The II X II designations in the consensus sequences refer to variable amino acid 

residues. 
.i:,.. 
0\ 



The murE gene product is expected to be an ATP binding 

protein. It has been proposed ( 148 ) that ATP binding proteins 

contain two conserved domains which may represent the actual ATP 

binding sites. Amino acid sequences coresponding to domains A and B 

were located in murE, and these are compared in Table 5 with similar 

sequences previously reported in other ATP binding proteins. The list 

also includes the recently published murF sequence ( 131 ). The G XX 

X X G consensus sequence in domain A is believed to form a flexible 

loop structure which may interact with the adenine nucleotide ( 148 ). 

The lysine which follows G X X X X G is considered essential for the 

interaction with phosphate ( 152 ) . The consensus sequence of 

domain B apparently represents a hydrophobic ..6-sheet which is 

located at the back of the nucleotide binding loop ( 148 ). 

As noted above, the nucleotide sequence of the murF gene has 

been recently published ( 131 ). The last 144 bases of our sequences 

shown in Fig. 7 are identical to the first 144 bases of the reported 

murF sequence. Furthermore, the proposed murF ORF starts within 

the murE ORF at position 1,591 ( Fig. 7 ). The murF gene thus 

overlaps with the preceding murE gene by one base pair. 

It should be noted that we were unable to accurately locate the 

5'-end of murE by deletion analysis. Furthermore, the nucleotide 

sequence does not appear to contain typical E.coli promoter and 

ribosome binding site. The only possible -35 and -10 promoter 

sequences found were TTGGTG beginning at position 2 and TATl'GC 

beginning at position 23, respectively ( the underlined bases 

corespond to the consensus sequences ), with a spacing of 15 bases. It 

should also be noted that the murF gene which is located downstream 
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of murE also appears to be devoid of obvious promoter and ribosome 

binding sequences. It seems possible that murF and murE are 

cotranscribed and cotranslated in view of the sequence data discussed 

above. This is discussed further below. 

As mentioned in Chapter 1, there are eight genes involved in 

peptidoglycan biosynthesis, three genes involved in the cell division 

process and two cell envelope related genes in the 2-min region of the 

E. coli genetic linkage map ( 139 ). The order of these genes is mraA, 

mraB, ftsI, murE, murF, murG, murC, ddl, ftsQ. ftsA., ftsZ, envA and 

secA . In general the average coding capacity of the E. coli 

chromosome is utilized to the extent of about 70% ( 153 ). But 

considering the number of reported genes, the capacity of the 2-min 

region is close to being 100% utilized. Many of these genes have now 

been sequenced. It was reported that the translational terminator of 

ddl gene is one base pair away from the initiation codon of ftsQ gene 

( 133 ). Furthermore, the termination codon of ftsQ gene overlaps the 

initiation codon of ftsA gene by one base pair ( 133, 154 ). Note that 

these arrangements are identical to the murE and murF situation 

described above. The terminator of ftsA gene is 60 base pairs away 

from the initiation codon of ftsZ gene ( 89 ) and as we have reported 

above, the murE and ftsI genes are separated by 61 pase pairs. In 

addition, all of the genes that have been sequenced so far are found 

transcribed in the clockwise direction. The same polarity and physical 

proximity of these genes strongly suggest the existence of translational 

coupling which may guarantee sequential translation of these genes 

( 133 ) . The possible translational coupling between the ddl gene and 

the ftsQ gene further suggests the translational coregulation of genes 
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involved in peptidoglycan synthesis and cell division ( 133 ). This may 

not be unexpected since peptidoglycan metabolism is an important 

part of cell division. Thus, the unusual clustering of these genes in the 

2 min region has prompted the speculation that one or more operons 

may exist in this region ( 90, 133, 137, 130, 131 ). 

An operon usually contains genes which are functional related. 

They are usually coordinately regulated through a single promoter at 

the 5' end of the operon. Although it is far from proven, it is possible 

that the genes in the 2-min region are arranged as a series of operons. 

Furthermore, it is possible that some of these operons may contain 

alternative internal promoters. This suggestion reflects the fact that 

most of the cloned genes in this region appear to have their own 

promoters and to be able to be expressed independent of the 

presence of upstream genes. These internal promoters could be 

activated under certain conditions to facilitate differential regulation of 

gene expression within an operon ( 155 ). Examples of this form of 

regulation have been described ( 156, 157, 158 ). Of course, it is also 

possible that there are no operons in the 2-min region. Nevertheless, 

the arrangement of the individual genes suggests some form of novel 

regulation. 

The operon concept is supported by preliminary data in several 

reports. For example, the ddl gene cloned into a phage lambda single 

copy vector required an upstream sequence from the murG-murC 

region for biologically effective levels of transcription, although it was 

adequately expressed without the presence of this upstream sequence 

when it was cloned in either direction into multicopy vectors ( 90 ). 

Scanning the sequence of ftsl, murE, murF region we found no 
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apparent transcriptional terminator structure after the translational 

termination codon of each of the three genes. It was also reported that 

there is no transcriptional terminator within the ddl. ftsO. ftsA, ftsZ 

region ( 159,133 ). This indicates that transcription initiated 

upstream of the ddl gene could continue through to ftsZ. Similarly, we 

did not find transcriptional terminators in the ftsI, murE, and murF 

region suggesting that transcription initiated upstream of the ftsl gene 

could continue through to at least murF. Based on the above 

discussion, it is clear that the control of the genes in the 2-min region 

is poorly understood, and this area deserves further study. 
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CHAPTER 3. ISOLATION AND PRELIMINARY 

CHARACTERIZATION OF EXTRAGENIC 

SUPPRESSORS OF THE murE MUTATION 

I. Introduction 

A suppressor mutation is a second site mutation which can 

correct the phenotypic defect caused by an initial mutation ( 141 ). 

Intragenic suppressors are those second site mutations which occur 

within the same mutant gene that they suppress. An intragenic 

suppressor mutation either causes a frame shift of the open reading 

frame of the gene or creates an amino acid substitution in the gene 

product to restore the function of the protein. Extragenic suppressors 

are those second site mutations which occur outside of the mutant 

gene. There are several possible mechanisms for extragenic 

suppression. Extragenic suppression can be achieved by: (i) altering 

the protein synthesis machinery through a mutation in tRNA; (ii) 

activating a new pathway to bypass the blockage caused by the original 

mutation: (iii) inducing overproduction of the mutant gene product: or 

(iv) inducing a change in a protein which interacts with the original 

mutant protein ( 142 ). 

As noted in the preceding chapters, the murE gene encodes an 

essential enzyme involved in cytoplasmic step of peptidoglycan 

biosynthesis. Although the enzyme and its coding gene have been 

known for almost two decades ( 58 ), the regulation of the gene 

expression and the enzymatic activity are still not understood. In this 
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chapter, I will describe preliminary studies on extragenic suppressor 

mutations which suppress the temperature-sensitive phenotype of the 

murE16 mutation. 

II. Material and Methods 

1. Bacteria 

The E. coli K-12 strains used in this study are described in 

Table 6 . 

2. Preparation of Pl Phage Lysate 

A stationary phase bacterial culture was diluted 1: 100 in 5 ml of 

Tryptic Soy Broth ( TSB) medium and incubated at 30° C or 37° C 

depending on the bacterial host strain used. After about one doubling 

time ( 60 min at 30° C, 30 min at 37° C ), 0 .05 ml of phage Pl vir 

preparation ( 1010 phage per ml). along with 0.03 ml of 1 M CaCl 

were added. The culture was further incubated for another 3 hours 

until the cells were lysed. Then the culture was centrifuged at 6000 

rpm for 10 min. The supernatant was collected and vortexed in the 

presence of a few drops of chloroform. 

3. Pl Transduction 

The procedure for Pl transduction was a modified version of 

Miller's method( 143 ). Four ml of overnight recipient cell culture was 

centrifuged at 10,000 rpm for 3 min. The pellet was suspended in half 

volume of MC solution ( l0mM MgSO and 5 mM CaCl ). Recipient cell 

suspension ( 0.5 ml) was mixed with one tenth volume of Pl lysate. 
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Table 6 

Strain 

CP78 

VC1025 

VC1026 

VC1027 

VC1047 

VC1062 

VC1063 

E. coli K-12 strains. 

a Genotype 

leuA arg his thr strepR 1h! 

leu:TnlO arg his thr .th! strepR 

leu:TnlO 

leu+ murE16(ts) TnlO 

leu+ murE16(ts) 

leu+ murE l 6(ts) sup? 

leu+ murE16(ts) sup? 

a) For genetic symbols see Bachmann ( 11 8 ). 
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Source 

Laboratory 
Stock 

This study 

This study 

This study 

This study 

This study 

This study 



The mixture was then incubated at 37° C for 20 min. The infection 

was terminated by adding 0.025 ml of 0.5 M EGTA to the mixture. 

Finally 0. 1 ml of transduction mixture was plated onto selective 

medium. 

4. Plating Efficiency Assay 

Stationary phase cultures grown in TSB were serially diluted in 

saline. Dilutions were plated in duplicate onto Tryptic Soy Agar 

( TSA ), Nutrient Agar (NA), and NA+l% NaCl medium. The plates 

were divided into two sets. One set was incubated at 42° C, and the 

other was incubated at 30° C. After 48 hours, the colonies on the 

individual plates were counted. The ratio of the plate count at 42° C to 

the plate count at 30° C was used to express plating efficiency. The 

figure represents the relative ability of the bacterial strains to form 

colonies at 42° C; i.e., their relative temperature sensitivity. 

5. Growth Studies of Temperature-sensitive Mutants 

An overnight culture grown in TSB at 30° C was diluted 100 fold 

in fresh TSB. The culture was incubated in a 30° C waterbath shaker. 

Growth was followed in a Klett-Summerson colorimeter with a green 

filter. When the culture density reached about 5 x 10s cells per ml, a 

portion was shifted to 42° C water bath shaker. 

6. Transposon Random Insertion 

Phage lambda 849 carries the modified transposon designated 

mini-Tnl0 ( 144 ). Strain VC1062 was infected with lambda 840 at a 

multiplicity of infection of 0.2 as described previously ( 144 ). The 
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mixture was incubated at 37° C for 1 hr and then plated on LB agar 

containing tetracycline and 0.0025 M sodium pyrophosphate to select 

cells which gained transposon insertions in their chromosomes. The 

tetracycline-resistant colonies were washed off the plate with a small 

volume of saline. The cell suspension was then heavily inoculated into 

TSB medium. The cell culture was grown overnight for the Pl lysate 

preparation next day. 
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m. Results 

1. Characterization of the murE Mutant 

Strains VC1026 ( murE+ ) and VC1047 ( murE16 ts) are 

isogenic except for the allelic state of the murE locus. Fig. 8-A shows 

that the murE16 ts allele had no apparent effect on growth at 30° C in 

TSB, and strain VC 1026 and VC 104 7 both exhibited identical doubling 

times of 60 min. On the other hand, the doubling time of VC 1026 in 

TSB decreased to 45 min at 42° C whereas VC1047 underwent lysis 

within 1 doubling time under the same conditions ( Fig. 8-B ). 

VC 1026 plated efficiently on all media tested ( Table 7 ). 

VC 104 7 was clearly temperature-sensitive on NA but exhibited a 

relatively high plating efficiency ( 1.5 x 10-4 ) on TSA ( Table 7 ). The 

difference was very likely due to the higher salt concentration of TSA 

since the addition of 1 o/o NaCl to NA resulted in a 106-fold increase in 

the plating efficiency. Therefore, the temperature-sensitive phenotype 

associated with the murE 16 allele could be partially suppressed by 

increasing the osmolarity of the growth medium. 

2. Isolation and Preliminary Characterization of Extragenic 
Suppressors of murE 

As indicated in Table 7, VC 104 7 exhibited a relatively high 

efficiency of plating on TSA, i.e., higher than expected to account 

simply for spontaneous reversion frequency ( this would be in the 

order of about 10-6 at best). It was possible that this could be at least 

partly due to the occurrence of double mutants carrying extragenic 

suppressor mutations which suppressed the murE16 allele. Colonies 

from TSA plates incubated at 42° C were therefore tested for the 
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occurrence of such suppressor mutations. Two temperature-resistant 

isolates, designated strains VC1062 and VC1063, were characterized. 

The original murE16 allele could be demonstrated in both strains by 

cotransduction with the closely linked leu+ locus serving as a directly 

selectable marker. For this purpose, strain CP78 ( leu- murE+) was 

used as a recipient. With VC1062 and VC1063 as donors, 40% of the 

leu+ transductants were shown to acquire the temperature-sensitive 

lysis phenotype of the murE16 allele. The cotransduction frequency 

correlates well with the reported 0.5 min linkage between the leu and 

murE loci. Thus, the temperature-resistance of VC1062 and VC1063 

was apparently due to extragenic suppression. 

Strains VC 1062 and VC 1063 grew normally in TSB at 30° C 

( Fig. 8-A ). At 42° C, the 2 strains had different phenotypes ( Fig. 8-B). 

VC 1062 grew with a reduced doubling time of 60 min but did not 

apparently lyse. VC1063 showed an initial 30 min of apparent normal 

growth which was then followed by a decrease in optical density. This 

was apparently due to partial lysis of the culture. Eventually, the 

culture attained steady state growth at a doubling time of longer than 

120 min. These results indicate that the extragenic suppressor 

mutation in VC1062 completely suppresses the lysis phenotype of the 

murE16 allele but strain VC1063 carried a mutation which conferred 

only partial suppression of murE16. 

The plating efficiencies of strains VC 1062 and VC 1063 are 

shown in Table 7. VC 1062 was clearly temperature-resistant on TSA 

and NA containing 1 % NaCl but was temperature-sensitive on NA. 

VC 1063 was markedly, but not completely, temperature-resistant on 



Table 7. Plating efficiency studya of the murE+ strain VC 1026, the 

murE mutant strain VC1047, and the murE suppressor strains 
VC1062 and VC1063 
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TSA 
Plate 

NA 
Plate 

NA 
+1% NaCl 

VC1026 1.0 1.0 1.0 

VC1047 1.5 X 10-4 1.4 X 10-8 2.0 X 10-2 

VC1062 1.0 4.7 X l0-8 . 1.1 

VC1063 5.0 X 10-2 1.1 X 10-9 9.4 X 10-1 

a) Plating efficiency assays were performed by plating serially 
diluted overnight TSB culture onto specific medium. The 
plates were divided into two sets, one set were incubated at 
30° C, and the other were incubated at 42° C for 48 hr. The 
figures in the table represent the ratio of the number of the 

viable colony on 42° C plate to that on 30° C plate. 
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VC1026 

VC1047 

VC1062 

VC1063 

VC1026 

VCrD47 

VC1062 

VC1063 
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Fig. 8. Growth curves of the murE+ strain VC1026. the murE mutant 

strain VC1047. and the murE suppressor strains VC1062 and VC1063 

in TSB medium. A: Bacterial cultures were grown at 30° C. 

B: Bacterial cultures were grown at 30° C to 50 klett units. The 

cultures were then shifted to 42° C at 0 min and incubated for 

another 180 min. 
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TSA. Furthermore, VC 1063 was completely temperature-resistant on 

NA containing 1 % NaCl but was temperature-sensitive on NA. When 

these results are compared with those obtained with VC 104 7 

( murE16 ), it is clear that the effect of the extragenic suppressor 

mutation in both VC1062 and VC1063 on the restoration of growth at 

42° C was dependent on medium osmolarity, i.e., the suppressors 

effectively restored growth when the medium had a relatively high 

osmolarity ( TSA or NA plus 1 % NaCl ) but not when the medium was 

low in osmolarity (NA). 

An unsuccessful attempt was made to locate the extragenic 

suppressor in VC1062 on the genetic linkage map of E.coli. The 

approach involved the preparation of a pool of random transposon 

Tnl0 insertions in VC1062. The pool contained 16,000 random 

insertions. This should have been sufficient to include numerous 

insertions linked to the extragenic suppressor. These insertions were 

screened for linkage to the suppressor by phage Pl-mediated 

generalized transduction into the murE mutant strain, VC1047. 

Tetracycline-resistant ( encoded by transposon Tn 10 ) transductants 

were screened for temperature resistance. A total of 50 independent 

transductants which were both tetracycline-resistant and 

temperature-resistant were re-screened. Phage Pl lysates prepared on 

these transductants were used to attempt the cotransduction of 

tetracycline resistance and temperature-resistance into VC 104 7 

( murE16 ). Linkage between the Tnl0 insertion and the extragenic 

suppressor activity could not be demonstrated during this re­

screening procedure, and the original transductants were therefore 

apparently due to false positive results. 
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IV. Discussion 

The isolation and characterization of extragenic suppressor 

mutants has proven to be a useful approach in the analysis of complex 

biochemical phenomena such as cell division and DNA replication 

( 142, 145 ) . This approach is based on the hypothesis that a mutation 

which inactivates one protein may be compensated for by another 

mutation affecting a second protein which interacts directly or 

indirectly with the original mutant protein. The method has been 

valuable in the identification of the proteins involved in a complex 

process. We have shown here that it is possible to obtain extragenic 

suppressor mutations which suppress the temperature-sensitive lysis 

phenotype of the murE16 allele. In one case ( VC1062), the 

suppression appeared to be complete, and in a second case, only 

partial suppression was observed. 

Osmoremedial mutations are mutations which can be suppressed 

by increasing the osmolarity of the growth medium ( reviewed in 

reference 146 ). The phenomenon is apparently very common and 

occurs with all classes of mutations, including temperature-sensitive 

mutations. The mechanism has not been determined, and it is likely 

that several different mechanisms may be involved. Internal osmolarity 

is directly related to external osmolarity in bacteria. Therefore, one 

possible mechanism may involve the stabilization of a temperature­

sensitive protein by the increased internal solute concentration in 

cells grown in high osmolarity media. 

The murE 16 mutation was at least partially osmoremedial. For 

example, colony formation on NA at 42° C could be partially restored 

by the addition of 1 % NaCl to the medium. It is interesting that both of 
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the suppressor mutations characterized in this study functioned as 

suppressor of murE16 only in high osmolarity media. Thus, both 

apparently were osmoremedial mutations. 

Attempts to map the suppressor mutations were unsuccessful. 

The main problem encountered was due to the fact that the 

suppressor activities were expressed only in high osmolarity media. 

Under these conditions, the murE16 mutation was also partially 

suppressed, and this resulted in a high background of temperature­

resistant colonies. It was therefore impossible to distinguish those 

temperature-resistant colonies which were specifically due to the 

activity of a suppressor mutation. Other approaches are clearly 

necessary to permit genetic mapping of the suppressor loci. The 

proteins affected by the suppressor mutations presumably interact 

directly or indirectly with the murE16 gene product, and it is 

obviously necessary to identify the suppressor gene products in order 

to determine the mechanism of suppression. 
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